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1. INTRODUCTION 

This repor t  contains background information which i s  believed t o  be 
per t inent  i n  es tabl ishing a pol icy  with respect  t o  t h e  s i t i n g  of spent-fuel 
processing p lan ts  and t h e i r  radioact ive waste management f a c i l i t i e s .  It 
contains much basic  information that has been published previously; how- 

ever, t h i s  mater ia l  has been reviewed and revised, where required, t o  

serve present needs. 
pa r t i cu la r ly  on t h e  hea l th  and safety aspects  of the problem. 

I n  addi t ion,  much new information has been included, 

The information i s  organized t o  conform general ly  with an out l ine 

transmitted t o  ORNL by t h e  WAEC ( le t ter  from Milton Shaw, USAEC, t o  

F. L. Culler, Jr., ORNL, dated February 16, 1968). It was developed i n  

cooperation with Battelle-Northwest, the Idaho Nuclear Corporation, the 
Savannah River Plant  and the Savannah diver Laboratory, t he  At lan t ic  

Richfield Hanf ord Company, and t h e  Atmospheric Turbulence and Diffusion 

Laboratory of t h e  Ehvironmental Science Services Administration. 

The information i s  analyzed and discussed p r inc ipa l ly  within the 
context of  the  sub jec t  matter contained i n  individual  sect ions;  however, 
an attempt has been made to  i n t e r p r e t  a number of key i ssues  more conrpre- 

hensively i n  t h e  Summary and Conclusions, Sect.  2.  Section 3 contains the  

basic  data on r eac to r  and f u e l  cha rac t e r i s t i c s ,  project ions of spent-fuel 

processing loads, f u e l  shipping requirements, and waste cha rac t e r i s t i c s  

and production. 
and waste management technology i s  considered i n  s ign i f i can t  d e t a i l ;  
considerations of cask design as re la ted  t o  safe ty  i n  t ransport ing spent 

f u e l  and s o l i d i f i e d  waste are discussed i n  Sect. 5 ;  f u e l  reprocessing and 

waste management cos ts  are considered i n  Sect ,  6; environmental and geo- 
graphical  considerations of s i t i n g  are  reviewed i n  Sect.  7; and heal th  
and safe ty  aspects are presented i n  Sect.  8. 

I n  Sect. 4, f u e l  reprocessing i s  discussed very b r i e f l y  
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2. SUMMARY AND CONCLUSIONS 

The pr inc ipa l  objective of t h i s  s tudy is  t o  i d e n t i f y  and character ize  
the  fac tors  t h a t  may influence the growth pat terns  of the  f u e l  reprocessing 
industry.  
waste storage and disposal  f a c i l i t i e s ,  pa r t i cu la r ly  those f o r  high-level 

waste. 
which, while f u l l y  meeting t h e  requirements imposed by considerations of 

public hea l th  and safety,  would not present  an impediment to t h e  growth 

of economic nuclear power. 

Emphasis i s  placed on t h e  s i t i n g  of reprocessing p lan ts  and 

Another purpose i s  t o  explore the  need f o r  an AEC pol icy  on s i t i ng ,  

I n  t h i s  sect ion,  a compilation of the key i ssues  under consideration 
and the  pr inc ipa l  conclusions of t h e  study are presented. 

technical  information found i n  the body of t h e  r epor t  r e l a t i n g  t o  these  
issues  and conclusions is  summarized. 

Then, the  

I n  t h i s  study, it has been assumed that f u t u r e  f u e l  reprocessing 

p lan ts  and t h e i r  associated waste management f a c i l i t i e s  w i l l  b e  located,  

b u i l t ,  and operated subjec t  t o  the  following bases, which a r e  believed to  

be p rac t i ca l  and reasonable: 

(1) The secondary confinanent ba r r i e r s  ( the c e l l ,  vault ,  water i n  the 

s torage  pool, and v e n t i l a t i o n - f i l t e r  sys tem)  and t h e  t e r t i a r y  

ba r r i e r  ( the building) w i l l  be designed, tes ted ,  and rout ine ly  
inspected t o  ensure t h a t  t h e i r  confinement po ten t i a l  is maintained 
following exposure t o  any credible  i n t e r n a l  forces.  

( 2 )  Process and confinement systems w i l l  be designed, tes ted ,  rout inely 
inspected, and maintained so  t h a t  exposure t o  credible  external  

events or forces ( l o s s  o f  power, earthquakes, tornados, f loods,  
hurricanes,  impaction by moving vehicles ,  e tc . ,  but  not including 
a c t s  of war) w i l l  not  impair t he  a b i l i t y  t o  shut down t h e  plant  

s a f e l y  and maintain sa fe  shutdown conditions,  

(3) While the  circumvention of adminis t ra t ive measures (as well, i n  
general ,  as those involving instrument systems) f o r  prevention of 
accidents i s  considered credible,  it i s  considered incredib le  t h a t  

the obvious remedial measures for mitigat ion of t he  consequences 
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of  accidents would not be i n s t i t u t e d  within hours following a 

c l ea r  no t i f i ca t ion  of  t h e  occurrence of an accident. 

2 . 1  Key Issues  

The key issues  of this study were considered t o  be t h e  following: 

1. Are new federal  regulations needed t o  govern the  siting of f u e l  

reprocessing plants  and waste management f a c i l i t i e s ,  o r  should 
l icens ing  procedures continue t o  be performed using exis t ing 

federal  regulations for protect ion of  t h e  public aga ins t  radia-  

t i on  (10CFR20), s i t i n g  of nuclear power reactors  ( l O C F R l O O ) ,  and 

l icens ing  of production and u t i l i z a t i o n  f a c i l i t i e s  (lOCFRSO)? 

2 .  Do rout ine releases  or potent ia l  re leases  from accidents cont ro l  
the s i t i n g  of f u e l  reprocessing plants  and waste storage f a c i l i t i e s  

with respect  t o  s i t e  boundaries and population centers? After 
what period of time w i l l  it be necessary t o  limit t h e  r e l ease  of  

noble-gas f i s s ion  products and tritium t o  t h e  atmosphere t o  pre- 
vent worldwide pol lut ion of t h e  troposphere? What l o c a l  r e s t r i c -  

t i o n s  a r e  imposed by t h e  rout ine r e l ease  o f  rad ioac t ive  mater ia ls  

t o  the  environment? 

3.  Current fuel-cycle economics favor the  use of large-capacity f u e l  

reprocessing p lan ts .  
indicate  preference for e i the r  a few large-capacity, o r  more 
numerous small-capacity, f i e 1  reprocessing p l an t s  ( s i t e s )  ? Are 
there l imi ta t ions ,  e i t h e r  inherent  o r  as a matter of prudence, 
which should be imposed on t h e  capacity of f u e l  reprocessing 

p l an t s  (independent of s i t e  s i z e  and geography) from a publ ic  

sa fe ty  standpoint? 
inventories of hazardous materials? 

Are there  technical  and sa fe ty  fac tors  which 

Is t h e  r i s k  t o  t he  public increased by higher 

4. Does the storage of high-level l i qu id  waste i n  subsurface tanks 
represent an acceptable waste management approach? 
report ,  "storage" connotes intended r e t r i e v a b i l i t y  and a high 
degree of surveil lance,  whereas I'disposal" connotes the reverse.  ) 

( In  t h i s  
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5. What a r e  the  technical ly  acceptable a l te rna t ives  t o  tank s torage 
of high-level waste? Is a s ign i f i can t  economic penalty involved 
i n  providing greater  assurance of  containment than has been demon- 

s t r a t e d  by tank storage of waste? Does immediate s o l i d i f i c a t i o n  
of l i qu id  waste r e s u l t  i n  an appreciable decrease i n  r i sk  t o  t h e  

public? 

6. What a r e  t h e  considerations tha t  a f f ec t  the decisions t o  dispose 

of radioact ive waste on other than government-owned land? 

7. Can the  reprocessing p l an t  ever be decontaminated t o  the  degree 
necessary t o  permit subsequent abandonment? If not, is government 
ownership of  t h e  property required? 

Are the  hazards o r  t h e  economics of  shipping spent fue ls ,  s o l i d  
wastes, and f i s s i l e  mater ia l s  of such magnitude t h a t  these ship- 
ments should be l imi ted  t o  spec i f ied  routes within regional 

boundaries or t h a t  shipping o f f - s i t e  should be precluded? 

8. 

2 . 2  Conclusions 

1. Minimal impediments t o  t h e  growth of economic nuclear power, 

while meeting the r equirements imposed by considerations of 
public sa fe ty ,  may r e s u l t  from the  promulgation of standards 

o r  regulations that es tab l i sh  (1) the acceptable chronic and 
acute rad ia t ion  exposure of each of t h e  c r i t i c a l  organs of men, 

women, and children, both i n  individuals and i n  c r i t i c a l  popula- 
t i o n  groups, and ( 2 )  performance c r i t e r i a  f o r  engineered sa fe ty  
fea tures .  Information is  present ly  ava i lab le  t o  allow subs tan t ia l  

progress toward these  goals through revis ion of e d s t i n g  AEC regu- 
l a t ions .  Any revisions should attempt t o  provide an appropriate 
balance of r i s k  vs benefi t  on the bas is  of  current  technological 
a l te rna t ives ,  should be subject  t o  periodic upgrading, and, 
preferably,  should be su f f i c i en t ly  inc lus ive  t o  apply t o  a l l  

nuclear fuel-cycle i n s t a l l a t i o n s  including t h e i r  waste s torage 
and disposal  f a c i l i t i e s .  The c r i t e r i a  for chronic exposure of 

members of t h e  publ ic  should be re la ted  t o  m a x i m u m  acceptable 



doses and t o  body organs rather than t o  permissible concentra- 
t i ons  of radioact ive e f f luen t s  i n  a i r  and water. The l a t t e r  do 
not e x p l i c i t l y  consider perhaps more l imi t ing  pathways of rad ia-  
t i o n  exposure than  those caused by submergence i n  (or inha la t ion  

of )  a i r  and inges t ion  of water. Given acceptable doses and dose 

rates, the  designer ( w i t h  t h e  ass i s tance  of experts i n  the  f i e l d  

of r ad ia t ion  protect ion)  can evaluate a l l  important pathways of 

r ad ia t ion  exposure. However, it may be des i rab le  t o  r e t a i n  t h e  
"maximum allowable" concentrations in a i r  and water as point-of - 
departure reference values to  f a c i l i t a t e  monitoring and inspect ion.  

The c r i t e r i a  f o r  acute o r  emergency exposure of members of the 
public surrounding a nuclear f a c i l i t y  should provide guidel ines  
f o r  acceptable doses and dose commitments t o  a l l  organs and be 
developed i n  conformance with the  recommendations of au thor i ta -  

t i v e  agencies such as t h e  Federal Radiation Council (FRC) and 

the  National Council on Radiation Protect ion and Measurenent. 

The acceptable acute doses and dose commitments f o r  members of 

the publ ic  would presumably be appl icable  t o  t h e  quant i ta t ive  
d e t e r d n a t i o n  of a s i t e  boundary and the required d is tance  from 
a la rge  population center .  

The performance c r i t e r i a  f o r  engineered s a f e t y  fea tures  i n  f u e l  
reprocessing p lan ts  and waste management f a c i l i t i e s  would pre-  
sumably be similar t o  those proposed f o r  nuclear power reac tors  

i n  the proposed Appendix A of l O C F R 5 0  en t i t l ed ,  "General Design 
Criteria f o r  Nuclear Power Plant  Construction Permits. I t  

2. These s tudies  ind ica t e  that ,  based on the current  technology of  
systems f o r  cleaning off -gas streams from f u e l  reprocessing 

p lan ts ,  rou t ine  re leases  tend t o  cont ro l  t he  s i t e  boundaries. 

It i s  estimated t h a t  on-site waste s torage f a c i l i t i e s  do not  

mater ia l ly  increase e i the r  the  ra te  of rout ine  re lease  o f  radio- 

ac t ive  material o r  t h e  po ten t i a l  r e l ease  of such material as a 
r e s u l t  of accidents,  provided these f a c i l i t i e s  are designed t o  
ensure containment following exposure t o  internal and external 
forces.  For l a rge  p l an t s ,  t h e  estimated s i t e  boundaries a re  of 
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such a s i z e  tha t  economics w i l l  probably favor the  i n s t a l l a t i o n  
of noble-gas removal equipment i n  p lan ts  handling more than a few 

tons  of f u e l  per day. 
a capabi l i ty  of rou t ine ly  removing iodine by a fac tor  of about 

10 

periods approximating only 30 days. 

Study indica tes  t ha t  t h e  worldwide d i s t r ibu t ion  of 85Kr and H 
i n  t h e  year 2000, assuming the complete re lease  of  these nuclides 

during fue l  reprocessing, r e su l t s  i n  dose equivalents t o  man t h a t  
a r e  small (<1%) compared with current  guidelines f o r  population 

exposure. 
problems t o  the  l o c a l  environment long before they cause worldwide 
pol lu t ion  hazards. 

The development of off-gas systems having 

8 is  necessary if FBR fue l s  a re  t o  be processed a f t e r  decay 

3 

I n  other words, these nuclides w i l l  cons t i tu te  rad ia t ion  

3. These s tudies  ind ica te  t h a t  the  confinement ba r r i e r s  of f u e l  

reprocessing p l an t s  i n  t h e  s i z e  range of i n t e r e s t ,  including 
t h e i r  waste s torage f a c i l i t i e s ,  can be designed t o  maintain 

t h e i r  confinement po ten t i a l  following exposure t o  c red ib le  
in t e rna l  o r  e x t e r n d  forces  (excluding a c t s  o f  war o r  sabotage). 

Regardless of s i ze ,  p lan ts  t h a t  a r e  s i t e d  and constructed within 
a given s e t  of acceptable c r i t e r i a  f o r  chronic and probably acute 
exposure of members of t h e  public a t  t h e  s i t e  boundary a r e  con- 
sidered t o  be equivalently safe.  
and t h e  r e l a t i v e l y  expensive confinement systems a re  estimated t o  
sca le  i n  such a way t h a t  l a rge r  p l an t s  a re  favored, while the 
costs of  of f  -gas treatment f a c i l i t i e s  required t o  achieve p rac t i -  
c a l  s i t e  sizes i n  l a r g e  p lan ts  a r e  estimated t o  be modest. 

quently, t h e  conclusion t h a t  economics favors fewer l a rge r  p lan ts  
is  valid.  

The costs o f  preventive measures 

Conse- 

4. High-level l i qu id  wastes can be s tored s a f e l y  in tanks t h a t  have 
been provided with adequate engineered s a f e t y  fea tures .  
features include, a s  a minimum, two independent cooling systems 
(e.g., submerged co i l s  and a ref lux condenser); reinforced 

concrete vaul ts ,  l i ned  with s t e e l ,  which a r e  designed e i the r  t o  
withstand credible i n t e r n a l  pressures without rupture o r  t o  

These 
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5 .  

r e l i e v e  these pressures s a f e l y  by vent i la t ion  t o  a containment 

system with l a rge  capacitance o r  t o  a pool of water f o r  steam 
suppression; i n s t a l l a t i o n  of a containment s t ructure , located 

above the  waste vaul t s ,  that i s  ven t i l a t ed  through a condenser 
and f i l t e r ;  provision of spare tankage; and t h e  capab i l i t y  f o r  

prompt, e f f i c i e n t  t r ans fe r  of t h e  waste from any tank t o  a spare. 
Because of t h e  requirement f o r  the continuous removal of heat ,  

t h e  effectiveness of t h e  containment system w i l l  r equi re  a very 
high degree of surveil lance.  

doned only a s  long as t h e  reprocessing p l an t  remains f u l l y  ac t ive .  

I n  t h i s  context, J'storagel' does not cons t i t u t e  disposal ,  and 

"perpetual tank storage," even under government auspices, i s  not  

an acceptable subs t i t u t e  f o r  disposal.  

Liquid waste s torage can be con- 

The only current, technical ly  acceptable a l t e rna t ive  t o  tank 
storage of high-level l iqu id  wastes i s  immediate s o l i d i f i c a t i o n  
of the wastes. Currently, t he  disposal  o f  s o l i d i f i e d  wastes by 
emplacement i n  bedded s a l t  deposits is believed t o  be t h e  s a f e s t  

method and has been shown t o  be technologically feas ib le .  Eco- 

nomic s tudies  ind ica te  tha t  the se r i e s  of operations consis t ing 
of immediate so l id i f i ca t ion ,  s torage of  the  s o l i d  wastes on-si te  

f o r  3 t o  4 years, and shipment and disposal i n  salt  mines, could 
be carried out for about 0.038 mill/kwhr ( e l e c t r i c a l ) .  This i s  
about 2% more than i s  estimated f o r  perpetual storage of l i qu id  
wastes i n  tanks. 
mines a f t e r  storage on-si te  f o r  only one year (the e a r l i e s t  time 
believed t o  be f eas ib l e ) ,  the  t o t a l  cos t  would be about 0.Ou 

mill/kwhr. 
r a t e s  by hydrofracturing or by emplacement i n  bedrock caverns 

may be acceptable a t  sites w i t h  su i t ab le  geology. 

t i o n  of  properly engineered s a f e t y  features ,  together with a 
high degree of  surveil lance,  can r e s u l t  i n  low r i sk  t o  the  public,  
regardless of  whether the waste i s  s tored  as  a so l id  o r  l iqu id .  

If the  s o l i d i f i e d  wastes are shipped t o  salt 

Disposal of  wastes of low s p e c i f i c  heat generation 

The applica- 
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6 .  Considerations of t h e  long-term hazard of t h e  wastes and t h e  

near ly  prohib i t ive  cos ts  f o r  reclaiming l a rge  areas of contami- 

nated land mili tate against  any disposal  (or  bu r i a l )  of wastes 
on p r i v a t e l y  owned land. A l l  radioact ive wastes must be main- 

tained i n  a r e t r i evab le  condition as long as they a r e  re ta ined 

on-site.  In-tank s o l i d i f i c a t i o n  of wastes, as pract iced a t  
Hanford and SRP, i s  not  an acceptable form of s torage on p r iva t e ly  
owned land because of t h e  d i f f i c u l t i e s  t h a t  would be encountered 

a t  t he  t i m e  of  removal. 

Government ownership m u s t  extend t o  any subsurface geological 

formation used f o r  d i sposa l ,  as well as t o  t h e  land areas above. 

Control of t h e  land surface m u s t  be maintained t o  prevent 
unauthorized explorations of the formations u t i l i z e d  for disposal,  

although the  surface per  s e  can be put t o  ag r i cu l tu ra l  o r  recrea- 

t i ona l  use. 

7. P lan ts  and s torage  f a c i l i t i e s  b u i l t  w i t h  proper fores ight  can be 

decontaminated and/or made s u f f i c i e n t l y  inaccessible  (e.g. , by 
grouting) s o  t h a t  they do not represent  hazards t o  public sa fe ty ,  

If it can be s t ipu la t ed  tha t  a l l  contaminated equipment and mater- 

i a l s  outs ide the  massively shielded concrete canyons and vau l t s  
be removed from the premises before abandonment of t h e  s i t e ,  then 

government ownership i s  not required. 
s i t e  should be permitted, however, only i f  the  s i t e ,  with a l l  i t s  

f a c i l i t i e s ,  appurtenances, buildings, tanks, c r ib s ,  and lands,can 
be returned t o  unres t r ic ted  use within some f i n i t e  time (perhaps 
10 t o  50 years) a f t e r  p lan t  retirement.  

Pr iva te  ownership of t h e  

8. These s tudies  ind ica t e  t h a t  shipping of a l l  nuclear mater ia ls ,  
except high-level l i qu id  wastes, can be conducted safely and 

economically. The cos ts  of shipping w i l l  tend t o  favor loca t ion  

of t h e  various f u e l  cycle and waste disposal  f a c i l i t i e s  i n  c lose 

proximity. 
unwise because of considerations of steam-pressure buildup within 
casks following a 10s s -of -cooling incident .  

The shipment of l i q u i d  wastes i s  considered t o  be 
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2.3 Magnitude of t h e  Problem 

Projections of t h e  Civ i l ian  Nuclear Power Program (Table 2 . 1 )  i n d i -  
ca te  t h a t  t he  nuclear economy w i l l  expand from about 4 gigawatts (e lec-  

t r i c a l )  i n  1970 t o  about 1.53 gigawatts by 1980, and t o  about 735 gigawatts 

by the year 2000. It i s  expected that most of t he  nuclear power s t a t i o n s  
w i l l  be located i n  F'PC Power Supply Regions I11 (southeastern s t a t e s )  and 

I (northeastern states) by the year 2000, and t h a t  the fewest w i l l  be found 
i n  Regions V I  and V I 1  ( the western p la ins  and mountain s t a t e s ) ,  
shipping industry w i l l  a l s o  expand a t  a very rap id  r a t e .  
casks t o  be shipped annually w i l l  increase from 30 i n  1970 (an average of 

one i n  t r a n s i t  on any given day) t o  1200 i n  1980 (h i n  t r a n s i t  on any 
day) and to  9500 i n  2000 (85 i n  t r a n s i t ) .  Approximate t o t a l  f u e l  reproc- 

essing rates ( i n  metr ic  tons/year) w i l l  increase from 100 i n  1970 t o  35'00 

i n  1980, and t o  15,000 i n  the year 2000. The heat-generation ra te  of FBR 

core f u e l s  a t  the time of processing, i .e.,  a f t e r  30 t o  75 days of cooling 
f o r  FBR f u e l  
high as t h a t  f o r  LWR fue l .  The gross  beta a c t i v i t y  of FBR core f u e l s  w i l l  
be 8 t o  5 times tha t  of LWR fue ls .  

The f u e l  
The number of 

and a f t e r  150 days f o r  LWR fue l ,  w i l l  be 10 t o  6 times as 

The t o t a l  r ad ioac t iv i ty  due t o  be ta  emit ters  i n  the  accumulated 

wastes w i l l  i ncrease  from 210 megacuries i n  1970 t o  18,800 megacuries i n  
1980 and t o  2O9,OOO megacuries i n  2000. 

l e v e l  wastes w i l l  increase from 17,000 g a l  i n  1970 t o  1,000,000 ga l  i n  
1980 and t o  4,600,000 gal  i n  2000. 

60,000,000 ga l  i s  expected to  accumulate by the year 2000. 
hand, i f  they a re  converted t o  s o l i d  forms, volumes may be reduced by a 
f ac to r  of about 13. 

The annual generation o f  high- 

If these wastes are s tored as l iquids ,  
On the  other  

Another s ign i f i can t  type of  s o l i d  waste w i l l  b e  spent-fuel hu l l s .  
Induced a c t i v i t y  w i l l  be produced i n  e i t h e r  s t a in l e s s  s t e e l  o r  Zircaloy 

by ( 2 , ~ )  o r  (n,_p) react ions;  i n  each case, shielding w i l l  be required to  
handle o r  t o  sh ip  these hu l l s .  I n  addi t ion  t o  the  induced a c t i v i t i e s ,  up 
t o  0.1% of the plutonium i n  t h e  f'uel can be associated with t h e  cladding. 

P 
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Table 2 .l. Projected Fuel Processing Requirements and High-Level Waste 
Conditions f o r  the Civilian Nuclear Power Program 

Calendar Year 

1970 1980 1990 2000 

Instal led capacity, Mw(e)a 
Electr ic i ty  generated, lo9 kwhr/yeara 
Spent fuel  shipping 

Number of casks shipped annually 
Number of loaded casks i n  t r ans i t  

Spent-fuel processed, metric tons/yeara 
Volume of high-level l iqu id  waste generatedbJc 

6 Annually, 1 0  gal/year 
Accumulated, 10 gal  

~ n n u l l y ,  103 ft3/year 
Acdumulated, l o3  f t 3  

Solidified Waste Shippinge 
Number of casks shipped annually 
Number of loaded casks i n  t ransi t f  

Significant radioisotopes i n  wastegjh 
Total accumulated weight, metric tons 
Total accumulated beta  act ivi ty ,  megacuries 
Total heat-generation rate ,  megawatts 
90Sr generated annually, megacuries 
90Sr accumulated, megacuries 
137Cs generated annually, megacuries 
137Cs accumulated, megacuries 
1291 generated annually, curies 
1291 accumulated, curies 
05Kr generated annually, megacuries 
85Kr accumulated, megacuries 
jH generated annually, megacuries 
jH accumulated, megacuries 
238Pu generated annually, megacuries 
238Pu accumulated, megacuries 
239Pu generated annually, megacuries 
239Pu accumulated, megacuries 
2hoPu generated annually, megacuries 
2hoPu accumulated, megacuries 
“‘Am generated annually, megacuries 
’“Am accumulated, megacuries 
a43Am generated annually, megacuries 
2h3Am accumulated, megacuries 
2w1Cm generated annually, megacuries 
z‘Cm accumulated, megacuries 

Annually, l o3  f t 3  
Accumulated, 10’ f t3  

6 

Volume of high-level waste, i f  sol idif iedbjd 

Volume of cladding h u l k  generatedl 

a, 000 
7 1  

30 
1 

9L 

0.017 
0.017 

0.17 
0.17 

0 
0 

1.8 
210 
0.9 
h.0 
h. 0 
5.6 
5.6 
2.0 
2.0 

0.6 
0.6 

0.Oh 

0.a 
0.0007 
0.0007 
0.00009 
0.00009 
0.00012 
0.00012 

0.009 
0.009 

0.00021 

0.00021 
0.13 
0.13 

0.3 
0.3 

153,000 
1000 

1200 
l l 4  
3500 

0.97 
h.hO 

9.73 

w1.0 

3 
1 

450 
18,900 
80 
230 
960 

320 
1300 
110 

h80 
33 
12h 
2 . 1  
7.3 
0. ou 
1 . 2 0  

0.005 

0.02 

0.007 
0. oh 
0.5 
2 . 3  
0.01 

0.23 
7.h 
30 

8 

40 

368,000 
2410 

6800 
60 

13,500 

2.69 

23.8 

26.9 

238 

172 
b 

2hOO 
85,000 
3hO 
560 
4600 
880 
6500 

W l O  

2 700 
90 
570 
6 . 2  
36 
0.2 

8.3 
0.05 

0.2L 

0.06 

0.4 

h.4 
2 3  
0.1 

1.5 
18 

1hO 

LO 

320 

735,000 
442 0 

9500 
85 
15,000 

h.60 
60.1 

46.0 
601 

h77 
10 

6200 
209,000 
810 
770 
10,000 

1500 
15,600 
670 
7600 

150 
1200 

1 2  

90 
0.6 
31 
0.2 

1.3 
0.21 

1 .9  
15 

0.5 
5.2 
23 
260 

120 

90 
1030 

aData from Phase 3, Case h2, Systems Analysis Task Force (Apr. 11, 1968). 
bBased on an average fuel  exposure of 33,000 Mwd/ton, ard a delay of 2 years between power 

‘Assumes wastes concentrated t o  100 ga l  per 10,000 Mwd (thermal), 
dAssumes 1 f t 3  of so l id i f i ed  waste per 10,000 Mwd (thermal). 
eAssumes 10-year-old wastes, shipped i n  thir ty-s ix  6-in. -diam cylinders per shipment cask. 
fOne-way t r a n s i t  time i s  7 days. 
gAssumes LWR fuel  continuously i r radiated a t  30 Mw/ton to 33,000 Mwd/ton, and fue l  processing 

90 days a f t e r  discharge from reactor; LMFBR core continuously i r radiated t o  80,000 Mwd/ton a t  
lh8 Mw/ton, ax ia l  blanket t o  2500 Mwd/ton a t  k.6 Mw/ton, r ad ia l  blanket to 8100 Mwd/ton a t  
8.h Mw/ton, and f u e l  processing 30 days a f t e r  discharge. 

generation and fue l  processing. 

hAssumes 0.5% of Pu i n  spent fuel  i s  l o s t  to waste. 
h a s e d  on 2 . 1  f t 3  of cladding hul ls  per ton of LWR f u e l  processed, and 8.7 f t 3  of cladding 
hardware per ton of LMFBR mixed core and blankets processed. 
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Present-day f u e l  reprocessing p lan ts  make use of organic-aqueous 

solvent-extraction processes t o  separa te  U, Pu, and Th from mixtures of 

f i s s i o n  products and i n e r t  materials. 
separated during d isso lu t ion  of t h e  fue l .  These f i s s i o n  products, and 
radioact ive pa r t i cu la t e s  from t h e  process a r e  removed from the p lan t  
off-gas, as required before discharge, by sorpt ion,  chemical in te rac t ions ,  

and f i l t r a t i o n .  I n  addi t ion  t o  t h e  treatment of normal radioact ive 
e f f luent  streams, s p e c i a l  consideration must be given, during the  design 

and operation of these plants ,  t o  t he  containment of r ad ioac t iv i ty  i n  

the event of accidents  o r  natural phenomena such as earthquakes and 
tornados. 

Vo la t i l e  f i s s i o n  products are 

The fu tu re  t rends  i n  p l an t  design f o r  the nuclear power indus t ry  

must take  both s a f e t y  and economy i n t o  account while reprocessing f u e l s  

containing higher quant i t ies  of fissionable mater ia l s  and f i s s i o n  products 

a t  shor te r  cooling times. T h i s  implies more severe problems a t  almost a l l  

s tages  of reprocessing, including shipment and management of t h e  waste 

e f f luents .  

F ina l ly ,  i n  designing these p lan ts ,  consideration must be given t o  
the problem of  eventual decommissioning of t h e  p lan ts  and t h e  r e t u r n  of 
the s i t e  t o  other uses. Much of the technology f o r  resolving these  prob- 

lems e i thes  ex i s t s  or i s  being developed. This includes the  design of 
c a r r i e r s  f o r  s a fe  t ranspor t  of fue l s ,  e f f i c i e n t  mechanical head-end 
equipment, continuous d isso lu t ion  equipment , high -speed solvent -extrac - 
t i on  contactors,  methods f o r  improved separat ion and containment of 
fission-product gases and pa r t i cu la t e s ,  and improved methods of waste 

management. 

High-level wastes o r ig ina t e  mainly from the  f irst  cycle o f  solvent 
ex t rac t ion  and contain grea te r  than 99.H of the nonvolat i le  f i s s i o n  
products. The present  p rac t i ce  is  t o  concentrate and s t o r e  these  wastes 
on an inter im bas is  i n  underground carbon and s t a i n l e s s  s t e e l  tanks, which 
are equipped with devices f o r  removing decay hea t  i f  necessary. 

than 80,000,000 ga l  of waste are now i n  storage a t  AEC production sites. 

More 
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Although corrosion da ta  ind ica te  tank l i f e t imes  i n  excess of 100 years 

might be expected, there  have been 15 known instances of tank f a i l u r e ,  
a l l  i n  carbon s t e e l  systems a t  Hanford and Savannah River. Eleven of 
the failures have occurred a t  Hanford, where i t  is estimated that l i q u i d  
waste containing 140,000 cur ies  of 137Cs has leaked t o  the  ground and 
been re ta ined  i n  the  s o i l  about 1 0  f t  below the tank bottoms, I n  one of 
the four  tank f a i l u r e s  a t  t h e  Savannah River Plant  (SRP), about 700 g a l  

of waste may have escaped the l i n e r ,  although ground water has shown 

contamination l e v e l s  equivalent t o  only a few gallons of waste. The 
causes of these  failures are establ ished as s t ress-corrosion cracking 

and/or thermal s t r e s s  of t h e  reinforced concrete s t ruc tures ,  and these  
f ac to r s  are being taken i n t o  account i n  new tankage under construction; 

however, it i s  c l e a r  that  many of the  l i q u i d  waste s torage  f a c i l i t i e s  now 
i n  exis tence do not  merit  confidence i n  t h e i r  long-term in t eg r i ty .  

Waste management plans a t  Hanford c a l l  f o r  separating about 99% of 
the 90Sr and 137Cs from the waste and concentrating t h e  residue, af ter  a 

su i t ab le  decay period, by in-tank evaporation u n t i l  the r e s idua l  salts 
s o l i d i f y  i n t o  a massive cake. The strontium and cesium f r ac t ions  are t o  

be s o l i d i f i e d  and packaged for  i n t e r im  storage i n  on-site s torage basins 
pending decisions on t h e i r  long-term disposi t ion.  A t  SRP, t h e  most prac- 
t i c a l ,  safe, and economical long-term a l t e rna t ive  t o  present tank storage 

prac t ices  is  believed t o  be s torage of these wastes i n  vaul t s  excavated 
i n  c rys t a l l i ne  bedrock about 1500 f t  beneath t h e  p lan t  s i te .  Toward t h i s  

end, exploratory d r i l l i n g  has been done, hydrologic data have been co l lec-  
ted,  and safety analyses have been made. A s  present ly  conceived, the 
storage f a c i l i t y  would cons is t  of  tunnels, about 30 f t  wide, 15 f t  high, 
and 1000 t o  2000 f t  long, rad ia t ing  from a cen t r a l  access s h a f t  t ha t  

extends v e r t i c a l l y  from the surface. A t  ICPP, a l l  s tored  waste so lu t ions  
a r e  converted t o  granular so l id s  i n  the  Waste Calcining F a c i l i t y  (WCF). 

These so l id s  a r e  s tored  i n  underground s t a i n l e s s  s t e e l  bins .  

The s torage of l i qu id  wastes from power-reactor f u e l  reprocessing 
w i l l  be even more d i f f i c u l t  than the  s torage  of cur ren t  production wastes 
because of t h e i r  higher heat-generation rates, s ign i f i can t  rates of radio- 
l y t i c  hydrogen production, and corrosive nature ,  Nevertheless, it should 
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be possible t o  s t o r e  them safely f o r  a l imited period of time and a t  an 
acceptable cost ,  provided adequate engineered safeguards are b u i l t  i n t o  
the s torage sys terns. 

The a l t e rna t ive  t o  long-term o r  perpetual  s torage  of wastes i n  tanks 
i s  conversion of t he  wastes t o  thermally and r a d i o l y t i c a l l y  s t a b l e  so l ids  

of low s o l u b i l i t y  f o r  bu r i a l  i n  se lec ted  geologic formations o r  s torage  
i n  man-made vaul t s .  Processes f o r  conversion of these  wastes t o  s o l i d s  
are being developed both i n  t h e  United S t a t e s  and overseas. The fou r  U.S. 

s o l i d i f i c a t i o n  methods cur ren t ly  emphasized are the po t ,  spray, phosphate- 
glass ,  and fluidized-bed processes. The pot ,  spray, and phosphate-glass 
processes have been demonstrated f o r  the AEC on a fu l l - rad ioac t iv i ty- leve l ,  
engineering sca l e  
been demonstrated a t  the  ICPP i n  a large-capacity p l an t  operating on i n t e r -  

mediate-level feeds s ince  1963. Within the  next few years,  t he  AEC's waste 
s o l i d i f i c a t i o n  development program of cu r ren t ly  known concepts w i l l  be 

completed. 
advanced fue l s ,  and e f f ec t s  of severe temperature and r ad ia t ion  on t h e  
propert ies  of t h e  s o l i d i f i e d  waste products w i l l  have been measured and 
evaluated. This technology w i l l  provide a r e l i a b l e  bas i s  f o r  t h e  design 
and safe operation of waste s o l i d i f i c a t i o n  p l an t s .  

i n  t h e  WSEP a t  Hanford. The fluidized-bed process has 

The processes will have been demonstrated using wastes from 

Once so l id i f i ed ,  the wastes may be s tored  safely on-si te  (pr ior  t o  

disposal)  and a t  l e s s  expense than can the corresponding l i q u i d  wastes. 

Conceptual designs have been published f o r  t he  s torage of encapsulated, 
so l id i f i ed  wastes i n  water-f i l led canals and air-cooled vaul t s ,  and f o r  
the s torage  of granular so l id s  from fluidized-bed processing i n  air-cooled 
bins .  

The most promising method f o r  disposal  of the  s o l i d i f i e d  high-level 
wastes involves t h e i r  placement i n  natural s a l t  formations. I n  t h i s  
regard, a 19-month demonstration d isposa l  of high-level rad ioac t ive  waste 
so l id s  was car r ied  out i n  a s a l t  mine a t  Lyons, Kansas, using spent reac tor  
f u e l  i n  l i e u  of ac tua l  s o l i d i f i e d  wastes. I n  t h e  course of this program, 
most of t h e  technical  problems r e l a t e d  t o  d isposa l  i n  s a l t  were resolved. 

The f e a s i b i l i t y  and s a f e t y  of handling highly radioact ive materials i n  an 
underground environment were demonstrated; sa l t  was shown t o  be s t a b l e  

c 
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under the e f f ec t s  of heat and rad ia t ion ;  and data on the creep and p l a s t i c  
flow cha rac t e r i s t i c s  of s a l t  were obtained, thereby making possible  the  
design of a sa fe  disposal  fac i l i ty .  
is economically acceptable. 
t o  disposal  purposes by the  year 2000 is  only a small f r ac t ion  of t h e  
500,000 square miles tha t  a r e  underlain by s a l t  i n  the  United S ta tes .  

Cost s tud ie s  ind ica t e  tha t  t h i s  method 
The 2000 acres  o f  s a l t  t h a t  may be committed 

Dry openings t h a t  could be u t i l i z e d  f o r  the storage o f  radioact ive 

s o l i d  wastes can be excavated i n  rocks other than  sa l t ;  however, i nves t i -  
gations a r e  needed t o  de l inea te  the e f f ec t s  of heat  and rad ia t ion  on the  

rock media, as well as t o  def ine more prec ise ly  t h e  geological conditions 
t h a t  determine t h e  usefulness of l o c a l  s i t e s  wi th in  the most desirable  
geographic regions. 

Intermediate- and low-level wastes are usually l a r g e  i n  volume and 
a r e  handled by s torage i n  tanks, by disposal  t o  the  ground, o r  by p a r t i a l  

decontamination and re lease  t o  surface waters. 

quan t i t i e s  of these wastes t o  t h e  environment has been controlled s o  that 
the exposure of members of  t he  public from t h i s  source has been consider- 

ably l e s s  than the  limits recommended by the  ICRP and other au tho r i t a t ive  

bodies. However, t he  t rend is  toward less dependence on environmental 
disposal  and grea te r  emphasis on methods f o r  concentration and containment 
of t he  radioact ive material .  Evaporation, i on  exchange, and coprecipi ta-  
t i o n  and coagulation processes a r e  f requent ly  used f o r  concentrating the  
radionuclides,  and waste-water recycle schemes have been studied. The 
radioact ive concentrates from treatment may be inso lubi l ized  by incorpora- 
t i on  i n  asphal ts  o r  ce r t a in  p l a s t i c  mater ia ls  f o r  long-term storage,  land 

bur ia l ,  o r  disposal  i n  s a l t  mines. 

The r e l ease  of l a r g e  

Disposal of intermediate- and low-level wastes by a method based on 
the technique of hydraulic f rac tur ing  has been demonstrated t o  be both 

sa fe  and economical. This method prevents radionuclides from being 

released, v i a  any credible  accident,  i n to  t h e  b io logica l  environment by 
depositing them deep underground i n  a so l id  matrix. The technique i s  
l imited,  however, t o  use a t  s i t e s  t h a t  a r e  underlain by s u i t a b l e  geological 

formations of low permeability. 
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Tri t ium causes d i f f i c u l t y  i n  waste management because it i s  unre- 
sponsive t o  separat ion and concentration by conventional procedures. 

example, t h e  75 t o  grea te r  than 99% of the tritium i n  spent f u e l  t ha t  
appears i n  the  low-level l i qu id  wastes cannot be s u f f i c i e n t l y  d i lu ted  
with process water i n  the  p lan t  to obtain the concentration specif ied i n  
10CFR20 ( i . e . ,  3 x loe3 pc/cc) before discharge t o  surface waters. 

can be released more e f fec t ive ly  as  a gas t o  t he  atmosphere by vaporizing 
the t r i t i a t e d  water up the  stack; under t h i s  condition, t h e  tritium would 

be dispersed widely and d i lu t ed  wel l  below acceptable concentrations. 

For 

T r i t i u m  

Currently, from 2,000,000 t o  3,000,000 ft3 of  low- and intermediate- 

l e v e l  s o l i d  wastes a re  buried annually above the water t ab le  on s t a t e  or 
f ede ra l  land; about one-fourth of t h i s  volume i s  f rom commercial sources. 

Projections of  f u t u r e  land requiranents f o r  bu r i a l  of the so l id  wastes 
tha t  w i l l  accrue from power-reactor f u e l  reprocessing ind ica t e  t h a t  land 
consumption w i l l  increase from 1 acre/year i n  1970 t o  80 acres/year i n  
2000, and tha t  the accumulated area of l and  devoted t o  t h i s  purpose should 

increase from 4 acres  i n  1970 t o  940 acres  i n  2000. 
land conservation, i t  may be desirable  t o  s t o r e  p a r t  o r  a l l  of this mater ia l  

i n  s a l t  mines. Suf f ic ien t  space already has been mined i n  bedded s a l t  t o  
contain a l l  s o l i d  wastes t h a t  a r e  expected t o  be generated through t h e  
year 2020. It should also be possible t o  u t i l i z e  p a r t  of t he  space t h a t  
may be mined f o r  disposal  of high-level s o l i d i f i e d  wastes. 

I n  the i n t e r e s t s  of 

2 .5  Transportation Considerations 

The t ransportat ion of radioact ive materials t o  and from the  reprocess- 
Fuel reprocessing ing p l an t  i s  an important consideration i n  p lan t  s i t i n g .  

p l an t s  receive f u e l  elements from the reactor ,  export pur i f ied  f i s s i l e  and 

f e r t i l e  materials t o  fue l  fabr ica t ion  p l an t s ,  and t ranspor t  wastes t o  desig- 

nated disposal  s i t e s .  

Heavily shielded containers a r e  used f o r  shipping both spent f u e l  and 
The main difference i s  i n  the i n t e g r i t y  of t h e  mater ia l  so l id i f i ed  waste, 

t h a t  is  being shipped. Available evidence, based on experience, i s  t h a t  
a l l  types o f  spent-fuel shipping casks can be designed t o  meet present 
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contamination requirements. Ruptured spent f u e l  must be encapsulated 
p r i o r  t o  shipment, while f a s t  reactor  f u e l  w i l l  probably have t o  be 
encapsulated with sodium f o r  heat  d i ss ipa t ion  purposes, 
closure can be designed such t h a t  containment of t h e  contents is  main- 
tained even under accident conditions. Containment may be l o s t  due t o  
r e l a t i v e  def lect ions of t he  l i d  and cask body i n  a 30- f t  impact; however, 
t e s t s  have shown t h a t  f eas ib l e  shock-absorbing members can s u f f i c i e n t l y  

d i s s ipa t e  energy and d i s t r i b u t e  t h e  impact load i n  such a manner t h a t  

seals a r e  maintained. 

A can is te r  and 

A reprocessor has more control  over the s o l i d  wastes leaving h i s  

p lan t  than he has over t h e  spent f u e l  entering it. Decay times of the 
wastes a r e  e a s i l y  var ied without incurr ing the economic penal t ies  t h a t  
e x i s t  f o r  spent fue l .  I n  addition, waste containers can be designed f o r  
shipment v i a  e i the r  t ruck  or r a i l ,  whereas the re  may be l i t t l e  choice 
ava i lab le  f o r  t ransport ing spent f u e l .  
contained, f i r s t  by a welded steel  container and then by the  shipping 

cask i t se l f .  The calcined or glass  waste product i s  r e l a t i v e l y  immobile; 

although the  30-ft  impact accident condition could c rea te  some f r ac tu r ing  
of the product, t h i s  amount would be of l i t t l e  consequence. 

f i r e  accident condition could increase  t h e  center- l ine tem-p erature  of 
calcined wastes above 1650"~, but  the consequences of t h i s  thermal t ran-  
s i en t  do not appear t o  be severe. 
ce r t a in ly  within the  r e s i s t ance  capabi l i t i es  of t h e  s t e e l  po t  whose 
maximum temperature w i l l  not r ise more than 300°F above normal, 
the degree of control  over s o l i d  waste shipments, coupled with t h e  f a c t  
t ha t  t h e  f i s s i o n  products a re  i n  a r e l a t i v e l y  nondispersible form, ind i -  

cate  t h a t  such waste shipments should be safe .  

The waste product w i l l  be doubly 

The 1475°F 

Pressure increases would be small, 

I n  short ,  

The shipment of high-level l i q u i d  wastes is not considered sa fe  
because of t h e  p o s s i b i l i t y  of r ad io ly t i c  gas explosions or steam-pressure 

buildup within casks following loss -of -cooling incidents .  

Considerable experience has been accumulated i n  the  shipment of 
f i s s i l e  mater ia l  i n  both l i qu id  and s o l i d  forms, 
a birdcage-type package, often a SS-gal drum i n  which a cen t r a l  cav i ty  
i s  formed by metal, wood, o r  o ther  support. 

Shipments are made i n  

Since the  mater ia l  i s  f r e e  
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from m o s t  f i s s i o n  products, l i t t l e  o r  no shielding is  required; and, s ince 

there is  negl igible  heat evolved from the  mater ia l ,  subs t an t i a l  i n su la  t ion  

may be i n s t a l l e d  t o  pro tec t  t h e  mater ia l  f rom external  f i r e s .  
reasons, the shipment of f i s s i l e  and f e r t i l e  products i n  e i the r  l i q u i d  o r  

so l id  forms is  feas ib le .  Designs of  product containers t ha t  w i l l  meet 

(and exceed) the requirements o f  t h e  shipping regulations a r e  avai lable .  
Potent ia l  damage r e su l t i ng  f r o m  severe accidents may be expected t o  be 
minimal and thus should not a f f e c t  s i t i n g  of the plant .  

For these 

2.6 Economic Considerations 

Present-day spent-fuel processing costs,  including waste disposal,  
a r e  approximately 0.2 mill/kwhr ( e l e c t r i c a l )  for standard light-water 
reactors  (LwR's).  Unit reprocessing costs a r e  expected t o  decrease 
s ign i f i can t ly  a s  plant  s i z e  increases;  unit  waste disposal costs  w i l l  

a l so  decrease, but not a s  rapidly a s  reprocessing costs.  The combined 

t o t a l  reprocessing cos t  f o r  LWR f u e l  i s  projected t o  decrease t o  0.1 

mill/kwhr ( e l ec t r i ca l )  by 1985-1990 and t o  0.05 mill/kwhr ( e l ec t r i ca l )  

by 2010, assuming t h a t  our  cos t  estimates a r e  va l id  up t o  about a 40- 
metric ton/day capacity for LWR f u e l  o r  a 20-metric ton/day capacity f o r  
FBR f u e l  and t h a t  p l an t  s i z e  i s  permitted t o  increase t o  these  l eve l s  by 
about the year 2010. (By 2020, there  should be about ten reprocessing 
p lan ts  i n  operation in t h e  U.S., with capaci t ies  ranging from 20  t o  40 
metric tons/day f o r  LWR f u e l  o r  10 t o  20 metric tons/day f o r  FBR fue l . )  

I n  making these estimates, we have used 1970 do l l a r s  and made no allow- 
ance f o r  escalation. 

Reprocessing costs f o r  FBR fue l s  a r e  projected t o  be about twice 

those of LWR fue l s  on a weight basis ,  but can be about t h e  same on a 

mills/kwhr ( e l ec t r i ca l )  basis  i f  t h e  (core-plus-blanket) FBR burnup 

averages about 6% higher (and the  thermal e f f ic iency  averages 25% higher) 
than f o r  LWR's. 
10  metric tons/day f o r  LWR f u e l  o r  t o  5 metric tons/day f o r  FBR fue l ,  the  
cos t  w i l l  s top decreasing by about 1990. 
essing p lan ts  would be needed i n  the  United S ta tes  by the  year 2010, a t  

If individual reprocessing p l an t  s i z e s  a r e  l imited t o  

I n  t h i s  case, about 30 reproc- 

F 

6 

c 
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a cos t  penalty of 755% as compared with ten l a rge r  p lan ts  ($1.3 b i l l i o n  vs 
$0.8 b i l l i o n  per year i n  2010). 

Present-day spent-fuel shipping costs f o r  LWR fue ls  a r e  about 0.020 

t o  0.025 m i l l / k w h r  ( e l e c t r i c a l )  f o r  700-mile shipments (estimated average 

distance i n  1970). 
f u e l  vary from 0.04 t o  0.11 mill/kwhr ( e l e c t r i c a l ) ,  fo r  a va r i e ty  of pro- 
posed designs. The costs  f o r  700-mile shipments would be about 15% l e s s .  
Assuming t h a t  reprocessing p lan ts  can be b u i l t  i n  a l l  geographical regions 
of  t h e  United S ta t e s  (as required by economic optimization of shipping and 

reprocessing c o s t  t o t a l s ) ,  shipping costs  should decrease about 20$ by the  

year 2000 as the  average shipping dis tance decreases from 700 miles ( i n  
1970) t o  350 miles; they should decrease an addi t iona l  10% a s  a r e s u l t  o f  

technological improvements, 
t o  be $120 mil l ion f o r  spent fue l ,  plus $15 mil l ion f o r  recovered uranium 
and plutonium. 
the average shipping dis tance t o  1000 miles, the t o t a l  cos ts  for the year 

2000 would increase from $135 mil l ion t o  $200 m i l l i o n  (not including an 
estimated $6 mi l l i on  increase i n  inventory charges associated with 

increased shipping time). 

O u r  e s t i m t e s  for  1000-mile shipments of  spent FBR 

Shipping costs  i n  t h e  year 2000 a r e  projected 

I f  s i t i n g  pol ic ies  a r e  s u f f i c i e n t l y  r e s t r i c t i v e  t o  increase 

The current c o s t  f o r  perpetual tank storage of neutralized wastes a t  
Nuclear Fuel Services, Inc. (NFS) has been reported t o  be about 0.012 

mill/kwhr ( e l e c t r i c a l )  j however, this does not include operating cos t s  o r  

any i n t e r e s t  o r  re turn  on investment during t h e  first 15 years,  
somewhat more conservative bas i s ,  we estimate a t o t a l  of 0.031 t o  0.032 

mill/kwhr ( e l ec t r i ca l )  f o r  perpetual tank storage of acid wastes i n  a 
p lan t  reprocessing 688 metric tons/year of spent f u e l  i r r ad ia t ed  t o  
33,000 Mwd/ton, 0.034 t o  0.039 mil lhwhr ( e l ec t r i ca l )  for waste manage- 
ment by a se r i e s  of operations consis t ing of inter im l iqu id  s torage,  pot 
calcination, in te r im storage of solids, shipment, and disposal  i n  a s a l t  

mine, Waste management uni t  cos t s  decrease only s lowly  a s  the p l an t  s i z e  
increases,  perhaps 35% as t h e  s i z e  increases by a f a c t o r  of 10. Thus, i n  

1970, waste management may contr ibute  15% of a t o t a l  reprocessing cos t  of 
0.20 mill/kwhr ( e l e c t r i c a l ) ,  but  may contr ibute  25% of a t o t a l  of 0.07 
mill/kwhr ( e l e c t r i c a l )  i n  the  year 2010. 

On a 
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These reprocessing and waste management cos t  estimates probably 

should be revised upward about lG$ t o  allow fo r  improved containment 

systems costs  t o  cover enhanced removal of r a r e  gases and iodine, improved 

containment of i n t e r n a l  explosions, and ear thquake-resis t a n t  design and 
construction, T h i s  a l t e rna t ive  appears t o  be more economical than accept- 
ing  the  extremely l a rge  and remote sites that would otherwise be required 

f o r  l a r g e  reprocessing plants ,  espec ia l ly  f o r  those handling short-cooled 

FBR fue l .  

We have not estimated t h e  cos t  of inspect ion t o  safeguard against  
the divers ion of f i s s i l e  mater ia l  t o  unauthorized use; instead,  we have 

assumed t h i s  t o  be a na t iona l  o r  i n t e rna t iona l  pol ic ing c o s t  t h a t  would 

not be charged d i r e c t l y  t o  t h e  e l e c t r i c  power industry.  

however, sca le  i n  such a manner t h a t  fewer l a rge r  reprocessing p l an t s ,  

r a the r  than many small ones, would be favored. 

T h i s  c o s t  should, 

2 . 7  S i t i ng  Considerations 

I n  general ,  except possibly f o r  dispers ive events caused by a c t s  of 
sabotage o r  war, engineered safety fea tures  can be devised t h a t  K i l l  m i t i -  
ga te  p r a c t i c a l l y  a l l  of the  environmental o r  geographical def ic ienc ies  of 

a s i t e .  
p lan t  on a known ac t ive  f a u l t  o r  i n  t h e  center of a metropolitan c i t y ) ,  
an economic analysis  of t h e  cos ts  of development, design, construction, 

and t e s t i n g  of spec ia l ,  engineered s a f e t y  fea tures  w i l l  d i c t a t e  aga ins t  
a rad ica l  departure from the conservative norm. The following sec t ions  
w i l l  d iscuss  environmental and geographical f a c t o r s  i n  s i t e  se lec t ion .  

However, i n  some cases (e.g., those involving the loca t ion  of a 

2 . 7 . 1  Fnvironmental Considerations 

The environmental f ac to r s  o f  p r inc ipa l  concern i n  s i t e  s e l ec t ion  are 
meteorology, geology, hydrology, and geos eismology. 

c 

c 

c 

Meteorology. - An understanding of the meteorology of a s i t e  i s  
important because the atmosphere provides a po ten t i a l  means of conveying 

an ac t ive ,  and p r a c t i c a l l y  unavoidable, t h r e a t  t o  the s a f e t y  of persons 
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downwind. Conversely, it can serve  as a very l a rge  s ink  f o r  t he  s a f e  
d ispersa l  of radioact ive mater ia ls  i f  l o c a l  problems can be avoided. 
Fortunately, meteorology is perhaps t h e  bes t  understood and most easily 
quant i f ied of t h e  environmental f a c t o r s  t h a t  inf luence s i t i n g .  
methodology fo r  estimating concentrations and deposit ion of materials i s  

r e l a t i v e l y  well established, and appropriate data f o r  a given s i t e  may 
usual ly  be obtained by r e l a t i v e l y  simple measurements, complemented with 

data  from l o c a l  or regional  weather s t a t ions .  

The 

Geology and Hydrology. - The geology and hydrology of the s i t e  of a 
nuclear f u e l  reprocessing p l an t  can influence: (1) t h e  foundations of 

the  p lan t ,  ( 2 )  the emplacanent of underground waste-storage tanks, (3)  
the water supply, (4) the  rout ine disposal  of l i q u i d  and s o l i d  radioact ive 

wastes, ( 5 )  t he  danger from earthquakes, and (6) t h e  consequences of an 
accidental  re lease  of s i g n i f i c a n t  quant i t ies  of radioact ive mater ia ls .  
Geologic conditions t h a t  would be favorable f o r  one of these  considerations 
might be unfavorable for another; therefore ,  an i d e a l  environment does not 
exist, and the  se l ec t ion  of any ac tua l  s i t e  w i l l  require  compromise. Per-  
haps the  only va l id  general izat ion is t h a t  a l l  of these considerations 
w i l l  be easier to evaluate  i f  t h e  geology and hydrology of the  s i t e  a r e  
simple and predictable .  

I n  connection with the  consequences o f  acc identa l  re lease,  s impl ic i ty  

i n  t h e  hydrologic and climatologic environment i s  p a r t i c u l a r l y  desirable .  

O n l y  i n  cases where the conditions can b e  analyzed i n  d e t a i l  and with con- 
s iderable  confidence can predict ions of the possible  r e s u l t s  of an accident 

be made, 
aga ins t  such an  eventual i ty ,  as well as suggest e f f ec t ive  remedial measures 
i n  t h e  event of an accident. 
a l s o  makes it possible  to  determine, with confidence, the most e f fec t ive  
l o c a l  methods for ultimate disposal,  the  maximum quan t i t i e s  of radioact ive 
mater ia l  t ha t  may be  released t o  t h e  environment, and t h e  b e s t  methods f o r  

monitoring the environment t o  make c e r t a i n  t h a t  safe l e v e l s  of discharge 

are not being exceeded. 

These predictions w i l l  allow proper precautions t o  be taken 

A simple geologic and hydrologic environment 
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Geoseismology. - Faults,  vibrat ions,  and tsunamis are the major ear th-  

quake-induced phenomena t o  be considered i n  t h e  s i t i n g  and the  design of 
nuclear f a c i l i t i e s  (including f u e l  reprocessing p l a n t s ) .  A l l  of these  a r e  
important f o r  some s i t e s  along t h e  West Coast of the  United S ta t e s ;  on the 

other hand, v ibra tory  e f f ec t s  a r e  generally t h e  s o l e  concern i n  t h e  eas te rn  

p a r t  of the  country. I n  many regions of the United S ta tes ,  it appears t ha t  

earthquake-induced phenomena can be adequately considered through cur ren t ly  
acceptable engineering pract ices;  however, i n  some highly seismical ly  
ac t ive  regions, t he  high degree of geoseismological conservatism requi res  

that unique and present ly  improved designs be considered. 

2 . 7 . 2  Geographic Considerations 

The primary consideration i n  acquiring a s i t e  f o r  a f u e l  reprocessing 
p lan t  i s  t o  provide s u f f i c i e n t  dis tance between the  p l an t  and p r i v a t e  lands 

t o  ensure t h a t  the  general  public w i l l  not  be harmed by e i the r  normal oper- 
a t ions  or by cred ib le  accidents.  Second, t h e  s i t e  should be located a t  a 
place where the  aggregate cos t  of raw mater ia ls ,  t ranspor ta t ion  of mater ia ls  

t o  t h e  plant ,  manufacturing, and t ransportat ion of f in i shed  products t o  the  

market w i l l  be a t  a m i n i m u m .  
a r e  water, n i t r i c  acid,  solvent,  and. aggregate for concrete. Ei ther  a 

r a i l road  spur or a waterway with barging f a c i l i t i e s  i s  a p r a c t i c a l  necessi ty  
s ince s o m e  spent-fuel shipping casks weigh 50 t o  100 tons. 

a r e  necessary f o r  trucking smaller casks, raw mater ia ls ,  f inished products, 
and waste. 
s k i l l e d  labor and on the  prevai l ing wage sca l e s  i n  the  v i c i n i t y .  
i e n t l y  located housing and community f a c i l i t i e s  a r e  desirable .  
commuting distances,  poor s o c i a l  f a c i l i t i e s ,  and undesirable climates 

a l l  tend to  r e s u l t  i n  a l a rge  labor  turnover. 
acreage f o r  poss ib le  fu tu re  expansion, s u i t a b l e  s o i l  or rock foundations 

f o r  heavy concrete s t ruc tures ,  and r e l i a b l e  e l e c t r i c  power, preferably from 

two independent sources. 
near power reac tors  and s i t e s  designated f o r  t h e  disposal  of high- and 
low-level wastes. 

I n  present  p lan ts ,  t he  basic raw materials 

Paved highways 

Manufacturing cos ts  a r e  dependent on an adequate supply of 
Conven- 

Long 

The p l a n t  must have adequate 

Idea l ly ,  the p l a n t  should be located r e l a t i v e l y  

c 
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S i t e  Size. - The s i t e  boundary is determined most accurately and 
r e s t r i c t i v e l y  by the  requirement t ha t  the  d i r e c t  exposure of the  surround- 
ing public t o  radioact ive gaseous o r  l i q u i d  effluents must be maintained 
a t  allowable l eve l s .  
shielding used i n  the  plant  i s  not normally a consideration. 

Penetrating rad ia t ion  that escapes through the 

Studies a t  Hanford ind ica te  t h a t  controlled areas  extending 0.5 t o  
1 mile f rom the  p l a n t  a r e  desirable  f o r  t he  control  o f  ''nuisance contami- 

nation" resu l t ing  f r o m  a temporary loss of  control  of r e l a t i v e l y  small 
quant i t ies  of radioact ive materials. Such minor re leases  might r e s u l t  
f rom outside decontamination operations on l a rge  pieces of process equip- 
ment or  shipping casks, This i s  not an absolute l imi ta t ion ;  it is  possible  
(i.e.,  a t  increased cos t )  t o  house those f a c i l i t i e s  t h a t  would po ten t i a l ly  
disperse low-level contaminants. It w a s  found tha t  t he  rout ine r e l ease  of  

noxious nonradioactive chemicals t o  t he  atmosphere (most s ign i f i can t ly  NO2) 
would d i c t a t e  a s i t e  boundary about 1 m i l e  f rom the stack. 

not an absolute l imi ta t ion ,  s ince  such gases may be removed f r o m  s tack  
e f f luents  t o  p r a c t i c a l l y  any extent  required using present  technology. 

The discharge o f  low-level l i qu id  radioactive e f f luents  i s  determined 
primarily by the  r e l a t i v e  flow r a t e  of groundwater and surface water a s  
a function of dis tance f rom the  p l a n t  and t h e  subsequent use of  t he  water. 

This is a l s o  

Surrounding Population Density. - Federal regulations (10CFR100) 
specify that  t h e r e  s h a l l  be a zone o f  low population (presently not quan- 
t i t a t i v e l y  defined) surrounding a reactor  plant .  
t o  prevent the general public from receiving somatically or genet ical ly  
s ign i f i can t  doses of rad ia t ion .  The cos t  of indemnification i s  a l so  o f  

concern; c l a i m  resu l t ing  from overexposure t o  rad ia t ion  during an accident 
would probably be d i r e c t l y  proportional t o  the number of persons involved. 

The primary concern i s  

Land and Water Usage. - Special  considerations a re  required when f u e l  
reprocessing p l an t s  a r e  located i n  areas where there  a re  mechanisms f o r  
reconcentration of the  radioact ive eff luents  and pathways f o r  ingest ion 

by the  public.  Since cer ta in  radionuclides (e.g., 90Sr, 137Cs) are  known 

t o  concentrate i n  crops and f i s h ,  the r e s t r i c t i o n s  on t h e  discharge of 

low-level l i qu id  waste effluents containing these nuclides t o  surface 
waters subsequently used f o r  i r r i g a t i o n  or f i sh ing  may be more severe 
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than if the  water were used only f o r  drinking. 
from gaseous wastes on grass,  followed by the  cow-milk pathway t o  the  thy- 

roidsof small children, may r e s u l t  i n  m a x i m u m  permissible a i r  concentrations 
which a r e  lower by a f ac to r  of 500 t o  1000 than those f o r  inha la t ion .  

Deposition of radioiodine 

Relation of t h e  Plant  t o  Other Nuclear F a c i l i t i e s .  - The f u e l  reproc- 

essing p l a n t  should be designed and located t o  take i n t o  account adjacent 
nuclear f a c i l i t i e s ,  including reac tor  plants ,  other reprocessing p l an t s ,  
and waste disposal  sites. Eff luents  from t h e  p l a n t  must not mask nuclear 
instrumentation a t  adjacent s i t e s .  Accidents i n  t h e  p l a n t  should not cause 

undue has te  and unsafe evacuations of adjacent s i t e s .  I n  addition, the 
eff luents  from each p l an t  m u s t  be r e s t r i c t e d  i n  such a way t h a t  t h e i r  

combined e f f e c t  w i l l  not endanger the sa fe ty  of t he  publ ic .  
the e f f e c t  of these r e s t r i c t i o n s  has been minimal a t  the production p l a n t s  
and nat ional  labora tor ies ;  the incremental cos ts  of addi t iona l  engineered 
sa fe ty  f ea tu res  are general ly  o f f s e t  by the  decreased cos t s  r e su l t i ng  from 

shared personnel, se rv ices ,  and f a c i l i t i e s .  

I n  prac t ice ,  

Regional Distr ibut ion of Poten t ia l  S i t e s .  - Results of a r a the r  general  
s tudy (see Sec t .  7 . 2 . 5 ) ,  which takes i n t o  account the r e s u l t s  presented 
elsewhere i n  t h i s  report ,  i nd ica t e  t h a t  t he re  a r e  many p o t e n t i a l  sites 
f o r  f u e l  r ep rocess ingp lan t s  i n  each of the  e l e c t r i c  u t i l i t y  d i s t r i c t s  i n  
the United S ta t e s .  
concentration of  power reactors ,  it appears that t h e  l e a s t  d i f f i c u l t y  

would be encountered by s i t i n g  i n  the  Southeast because of t h e  low popu- 
l a t i o n  dens iw,  adequate access to  ra i l roads ,  and low seismic probabi l i ty ;  

the  most d i f f i c u l t y  should be encountered i n  s i t i n g  near t he  West Coast, 
primarily because of t h e  high seismic probabi l i ty .  

Of t h e  d i s t r i c t s  t h a t  are predicted t o  have a l a r g e  

2.8 Health and Safety Aspects of Plant  S i t i n g  

The pr inc ipa l  c r i t e r i o n  for judging the  adequacy of a s i t e  f o r  a f u e l  
reprocessing p l a n t  is  the provis ion that no undue r i s k  ex i s t s  with regard 
t o  public hea l th  and s a f e t y  i n  t h e  surrounding areas. 
ab le  technology requires  t h a t  such p l an t s  rout ine ly  discharge small quan- 
t i t i e s  of radioact ive materials t o  t h e  atmosphere; f o r  t h i s  reason, and 

Present and foresee- 

L 

c 
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a l so  because of  

always a small, 

t he  large inventory of hazardous mater ia ls ,  there is  
but f i n i t e ,  p robabi l i ty  of a major discharge, 

2.8.1 Routine Release of Radioactive Materials 

The consequences of ,  and the s i t e  boundary distances d i c t a t ed  by, 
rout ine re leases  from f u e l  reprocessing plants  were estimated by assuming 
the following: (1) ORNL meteorological conditions, ( 2 )  the complete 
re lease  of noble gases and tritium, (3) iodine decontamination f a c t o r s  

(DFIs) of 1000 (present technology) and lo7 i n  p lan ts  f o r  processing 
highly i r r ad ia t ed  f u e l s  a f t e r  cooling periods of 150 and 30 days, respec- 

t ive ly ,  and (4) a par t icu la te - re lease- ra te  model t h a t  agrees s a t i s f a c t o r i l y  
with ex is t ing  data .  For reference purposes, the acceptable concentrations 
a t  the  s i t e  boundary were se lec ted  as  one-third of t he  a i r  concentrations 

l i s t e d  i n  10CFR20, Appendix B, Table 11, Column 1, with the  exception tha t  
the l3'I concentrations were reduced by a fac tor  of 700 t o  account f o r  the 
grass-cow-milk pathway t o  t he  thyroids of small children. 

Table 2 . 2  compares the average annual a i r  concentrations of radio- 
nuclides a t  the (d ic ta ted)  s i t e  boundaries of conceptual plants  with those 

estimated f o r  t h e  NFS, MFRP, and BNFP plants .  The downwind doses r e su l t i ng  

from the normal re lease  of radionuclides from p lan t s  a re  estimated t o  be 
controlled by the noble gases and iodine.  

The magnitude o f  the distances t o  the s i t e  boundary estimated fo r  
p lan ts  of l a rge  capacity ind ica tes  the  need f o r  a t  l e a s t  p a r t i a l  removal 
of t h e  noble gases and removal of a larger  f r ac t ion  o f  t he  iodine than was 
assumed f o r  t h e  analysis .  
by rout ine re leases  should be no greater  than those d ic ta ted  by "upper 
l i m i t  accident, t t  equipment f o r  removing 50 t o  9% of the  noble gases 
appears necessary f o r  plants  having capaci t ies  of more than a few tons 

per day; an iodine removal capabi l i ty  grea te r  than t h a t  demonstrated i n  

present technology w i l l  be required f o r  LWR plants  having capaci t ies  
greater  than about 6 t o  10  tons/day, while DFIs as  high as lo8  w i l l  be 

required for FBR p lan ts  if the  FBR fue l  i s  t o  be processed a f t e r  decay 
times of only 30 days. 

On t h e  bas i s  t h a t  the s i t e  boundaries d ic ta ted  



Table 2 . 2 .  Fraction of Maldmum Permissible Average Annual A i r  Concentrations Resulting from the Routine 
Release of Radionuclides a t  the S i t e  Boundaries of Existing, Proposed, and Conceptual 

Pr ivate  Indus t r ia l  Fuel Processing Plants  

(260 days of operation per year) 

Average 

Aeolian Plant  Specific Decay t o  S i t e  

Diluti?n 85Kr -133& 'H 1291-1311 Solids  Solids 
Capacity Burnup Power Period Boundary 

Plant  (metric tons/day) (Mwd/ton) (Mw/ton) (days) (km) (sec/m ) 

Distance Annual Fraction of 1/3 x(lOCFR20) Concentrations a t  S i t e  Boundaryajb Fuel Character is t ics  

Fiss ion Product Actinide 

NFS 1 20,000 32 150 1.5 2.2 10-7 0.23 0.002 0.47 0.0007c 
(3,300,000) (18,000) (3.1) (-1) 

MFRP 1 43,800 30 160 0.6-3 1.1 10-7 0.12 0.005 0.23 <0.0005 <o .11 
(3,300,000) (100,000) (3.1) ( d . 2 )  (~0.63) 

BNFP 5.8 35,000 40 160 2 5.7 x 10-8 0.24 0.02 0.27 0.003 0.017 
(1.4 x l o 7 )  (600,000) ( 2 1 )  (60) (3.5) 

LWR 1 
r\) 33,000 30 150 <0.6 6.3 10-7 0.58 0.054 0.15 0.003 0.021 

( 2 . 9  x lo6! (180,000) (0.56) (13) (0.43) I w 
LWR 6 33,000 30 150 0.5-6 1.8 10-7 1 .0  0.093 0.25 0.002 0.018 r 

(1.7 107) (1,100,000) (3.4) (41 ) (1.3) 

LWR 96 

FBR 

33,001, 30 150 5-29 3.0 x lo-' 1.0 0.093 0.25 0.001 0.009 
(1.0 x io (6,~00,000) (20) (120) (3.8) 

1 33,000 58 30 ~0.6 6.3 10-7 0.92 0.073 0.52 0.0003 0.008 
(4.6 x 10 ) (240,000) (3.6) (4.5) (0.16) 

FER 6 33,000 58 30 1.5-10 1.1 10-7 1.0 0.079 0.56 0.0001 0.003 
(2.8 x lo7) (l,h50,000) (22) ( 9 . 0 )  (0.31) 

FBR 36 33,000 58 30 7-42 1.9 x 1.0 0.079 0.56 0.0001 0.003 
(1.7 x 10') (8,700,000) (130) (54) (1.9) 

aThe reference values selected a r e  one-third of the concentrations found i n  10CFR20, Appendix B, Table 11, Column 1. They a r e  1 x 7 x lo-', 1 x 3 x lo-'', 
The 1OCFR20 value fo r  l3lI was reduced by and h x 

a f ac to r  of 700, resulting in  a reference concentration of 1.4 x 
of 1 .4  x The 10CFR20 value f o r  1291 was reduced by a f ac to r  o f  7000, r e s u l t i r g  i n  a reference concentration of 3 x 

for  85Kr -133Xe, 'H, mixed LWR f i s s ion  products, mixed FBR f i s s i o n  products, and mixed act inides  respect ively.  
The 10CFF20 value f o r  l3lI was reduced by a fac tor  of 700,  resu l t ing  i n  a reference concentration 

bRelease r a t e s ,  i n  curies/year, a r e  given i n  parentheses. 
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2 .8 .2  Releases from Upper Limit Accidents 

The consequences of upper l i m i t  accidents were estimated assuming 

t h a t  the acceptable annual dose commitments r e su l t i ng  from exposure to  
the radioact ive cloud or  inha la t ion  a t  t h e  s i t e  boundary a re  values 

recommended by t h e  National Committee on Radiation Protect ion f o r  annual 

occupational exposure. 
assumptions of f l a t  downwind t e r r a in  and exposure t o  the radioact ive 
cloud, The consequences of downwind ground contamination and addi t ional  
exposures by such phenomena as reentrainment were not  considered as 
mechanisms t h a t  would l i m i t  p l an t  s i t i n g .  Excessive l eve l s  of ground 
contamination would cause inconveniences, require  expensive decontamina- 

t i o n  procedures, and r e s u l t  i n  property loss; however, they probably 
would not present  an unavoidable th rea t  to the hea l th  and safety of the  

public. 

The dose commitment analysis  was based on the 

I n  Table 2.3, t h e  t o t a l  dose commitments r e su l t i ng  from various upper 
l i m i t  accidents a t  t he  accident -dictated s i t e  boundaries of t he  conceptual 

p lan ts  a r e  compared with estimated dose commitments a t  t h e  s i t e  boundaries 
of t h e  NFS, MFRP, and BNFP p l an t s .  Confinement and ven t i l a t ion  systems i n  
f u e l  reprocessing p lan ts  remove pa r t i cu la t e s  of nonvolati les dispersed 
under accidental  conditions t o  such an extent  t ha t  t he  upper l i m i t  acc i -  

dents a r e  control led by t h e  r e l ease  of such v o l a t i l e  and semivolat i le  

materials as t h e  noble gases, iodine, ruthenium, cesium, and tellurium, 

The maximum s i t e  boundaries f o r  a l l  p lan ts  are estimated t o  be determined 
by the whole-body dose r e su l t i ng  from the r e l e a s e  of v o l a t i l e  l'freshl' 

f i s s i o n  products from a nuclear excursion (3% and 1% re lease  of iodines 
from LWR and FBR plants ,  respect ively,  plus 10% re lease  of the  noble 

gases ) . 
Credible upper l i m i t  accidents i n  well-designed f a c i l i t i e s  f o r  the 

in te r im storage of e i ther  l i q u i d  or s o l i d  wastes are estimated t o  be 
inconsequential with respect  t o  those from processing operations i n  the 

p l an t .  

be designed t o  maintain t h e i r  containment poten t ia l  when exposed t o  
credible  i n t e r n a l  (e. g . , a hydro gen-air explosion) or external  (e. g . , 
loss of power, earthquake, e t c . )  forces.  

It i s  assumed t h a t  future  l i q u i d  waste s torage fac i l i t i es  w i l l  

The consequences of a l i qu id  



Table 2.3. Estimated Li fe t ime Dose Commitments t o  C r i t i c a l  Organs Resul t ing  f rom Upper mlt  Accidents 
a t  NFS, WRP, BNFP, and Conceptual P l an t s  f o r  Process ing  LWR and FBR Fuelsa '  6. ' 

Conceptual LWR P lan t s  of Capacity:  Conceptual FBR F l a n t s  of  Capacity:  

1 Metr ic  6 Metr ic  36 Metr ic  1 Metric 6 Metr ic  36 Metr ic  
NFS MFRP BNFP Ton/Day Tons/Day Tons/Day Ton/Day Tons/Day Tons/day Type of Release  

"Fresh" f i s s i o n  products  
To ta l  number of f i s s i o n s  
Thyroid dose commitment, rems 
Whole-body dose commitment, rems 

Noble gases and 133Xe) 
Release,  c u r i e s  
Whole-body dose commitment, rems 

Halogens (I3% and 1291) 
Release,  c u r i e s  
Thyroid dose commitment, rems 

Semivo la t i l e  f i s s i o n  products  
Release ,  c u r i e s  

l o 6 ~ u ,  c u r i e s  
Lung dose commitment, rems 

Nonvola t i le  f i s s i o n  p r o d u c t s  
and t r a n s p l u t o n i c s  

Release,  c u r i e s  

'UCe, c u r i e s  

'b2Crn, c u r i e s  
Lung dose commitment, rems 
Bone dose commitment, rems 

Plutonium 
Release,  a lpha  c u r i e s  
Bone dose commitment, rems 

Distance t o  s i t e  boundary, lun 

1 O 2 O  
26 
0.09 

20 2 . 7  x i o  
9.4 
5.0 - 

2 1  1.6 x 10 1.6 x 1021 8.0 x 10'' 
0.65 - 5.0 

1.6 x 1021 
1 . 0  - 5.0 

2.h x 1021  
1 . 3  
5.0 - 

-2 
0. 002c 

70,000 
0.054 

420,000 
0.18 

2,500,000 
1.0 

2,100,000 
0.88 

13,000,000 
4.h 

1 . 7  1 . 2  
0.017 

1.1 3.1 
0.05 

18 
0.2 

55 
0.5 

1100 
4.6 

6500 
22  

9700 
2 7  

4500 
2500 
8.9 

h500 1900 

1500 
-0.0007c 

760 3600 7300 
2600 
7.9 

11,000 

3900 
13  

410 
2 . 7  

2500 
53.9 

13 00 
5.0 

1.1 1 2 0  

23 
3.3 
0.58 

0.011 
0.008 
0.024 (0.005) 

20 

3.5 
0.068 
0.077 0.03 (0.017) 

20 

3.5 
0.068 
0.03 0.077 (0.017) 

37 
2.3 

74 
4.7 

111 

7.1 

1 . 7  
<O. 0007' 0.04 

0.060 (0.024) 
0.06 
0.10 (0.04) 

0.07 
0.12 (0.05) (-0.02) 0.075 

0.65 <3 
13  

0.6 

0.11 
c0.0007c 

2 

0.16 
6 .7  (0.26) 

0.U 

0.98 
22  (0.8) 

0.98 
22  (0.8) 

2.0 

0.30 
8.6 (0.3)  

0.61 
14 (0.5) 

2.0 

0.91 
18 (0.7) 

2.8 1.5 2.0 1 . 2  

a 'he  under l ined  numbers a r e  those  t h a t  f i x  the  r a d i a l  d i s t a n c e  t o  t h e  s i t e  boundary. 

bThe numbers i n  pa ren theses  a r e  t h e  f i r s t - y e a r  dose commitment f o r  t hose  cases  i n  which t h e  f i r s t - y e a r  dose commitment i s  not  equal  t o  the  

'The A l l i e d  Chemical Corpora t ion  r e p o r t s  t h e  ex te rna l  exposure dose f r o m  be ta  and gamma r a d i a t i o n .  

l i f e t i m e  dose commitment. 
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waste tank boildown tha t  occurs over severa l  days (assuming t h a t  no 
remedial ac t ion  i s  taken) w i t h  the  accompanying r e l ease  of radioact ive 
mater ia l  d i r e c t l y  t o  the  atmosphere by entrainment i n  the steam, or a 
l o s s  of  canal water with r e su l t an t  meltdown and entrainment of calcined 
waste, a r e  s u f f i c i e n t l y  ser ious tha t  they m u s t  be rendered incredible  by 

the  provision of adequately engineered safe ty  fea tures .  
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3. MAGNITUDE OF THE PROBLEM 

- 
I 

This sec t ion  contains the  da t a  characterizing the  f u e l  reprocessing 
and waste management operations associated w i t h  t he  c i v i l i a n  nuclear 
power economy that i s  projected f o r  t h e  United S ta tes  over the  next 

three t o  f o u r  decades. Much of  t he  mater ia l  serves a s  the bas is  f o r  

fur ther  calculat ions and considerations i n  subsequent sect ions of  t h e  

report .  
essing requirements f o r  the e n t i r e  nation i s  broken i n t o  components 

corresponding t o  the geographical regions of t he  Federal Power Commission; 
design and performance cha rac t e r i s t i c s  a re  summarized f o r  a typ ica l  l i g h t -  
water reac tor  (LWR) and a liquid-metal-cooled f a s t  breeder reac tor  (LMFBR) ; 
isotopic  compositions and r ad ia t ion  cha rac t e r i s t i c s  of t h e  i r r ad ia t ed  
fuels  from these reac tors ,  and o f  t h e  wastes generated by the  reprocessing 
of these fue ls ,  a r e  tabulated; and projections of  spent-fuel shipping 

requirements and waste management operations a r e  made. For the  primary 

purposes of t h i s  repor t ,  only project ions through the end o f  t h i s  century 
a r e  emphasized; however, i n  many of the  following tables  and f igures ,  the 

forecasts  have been extended an addi t ional  20 years  as a matter of  general  

i n t e r e s t .  

A recent project ion of nuclear power growth and o f  f u e l  reproc- 

3.1 Projected Nuclear Power Buildup and Reprocessing Loads 

The project ion of nuclear power growth and f u e l  reprocessing require- 
ments t h a t  served as  a bas i s  f o r  t h i s  study was taken from Phase 3, Case 

42, a study made by t h e  AEC Systems Analysis Task Force (SATF) i n  April 

1968.* 
types. 
breeder reactors  go on-stream during the 1980-1981 period and assume an 
increasingly s ign i f i can t  ro l e  thereaf te r  (Table 3.1 and Fig. 3.1). The 

This par t icu lar  case considers power generation by only two reac tor  
Light-water reactors  predominate u n t i l  t h e  ear ly  1990 Is, but f a s t  

+$ 
More recent  project ions have been made by the  AEC (see USAEC Report 
FIASH-1149, i n  press ) ,  but these forecasts  were not ava i lab le  a t  the 
inception of this study. The differences between them and Phase 3, 
Case 42 a r e  not  of suf f ic ien t  magnitude t o  a f f e c t  the fundamental 
t hes i s  and conclusions of t h i s  report .  
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Table 3.1. Projected Ins t a l l ed  Nuclear Capacity i n  the United S ta tesa  

Ins t a l l ed  Capacity [gigawatts ( e l e c t r i c a l )  3 b 

To t a l  Period LWR LMFBR 

19 70-1 9 71 
1972-1973 
1 9 74 -1 9 75 
19 76 -1 97 7 
1978 -1979 
1980-1981 
1982 -1983 
1984 -1 98 5 
1986-1987 
1988 -198 9 
1 990 -1 9 91 
1992 -1993 
1 994 -1 995 
1996 -1997 
1998-1999 
2000-2001 

2 002 -2 003 

2 004-2 005 

2006 -2007 
2 008 -2 00 9 
2 010 -2 011 

2 012 -2013 

2014-2015 

2 016 -2 017 
2 018 - 2 01 9 

0 

0 

0 

0 

0 

4 
12 

28 
60 

95 
145 

265 
33 7 
420 

526 
655 
768 
861 
990 

1023 

1150 

1329 
1357 
1493 

201 

14 
32 

52 

77 
112 

153 
193 
2 31 
2 71 
318 
368 
424 
488 
560 
643 
735 
847 
96 9 
1099 
1237 

1383 
1537 
1697 
1863 

2034 

Taken from Phase 3, Case 42, Systems Analysis Task Force (April 11, 1968). 

the midpoint of t h e  respective two-year per iods,  

a 

bThe i n s t a l l e d  capac i t ies  given here correspond t o  those i n  exis tence a t  

C 

c. 

F 

b 

P 
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Fig. 3.1. I n s t a l l e d  Nuclear Elec t r ic  Generating Capacity i n  the 
United S ta t e s  (SATF Phase 3, Case 4 2 ) .  
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t o t a l  i n s t a l l e d  nuclear generating capac i ty  increases  from 14,000 Mw 
( e l e c t r i c a l )  i n  1970 t o  153,000 Mw i n  1980, and reaches 735,000 Mw i n  
the year 2000. 
by f u e l  type a re  presented i n  Table 3.2. 
uranium and plutonium recycle  fue l s  a r e  l i s t e d  separately;  the UOBR 
estimates include both core and blankets .  

The quant i t ies  of spent f u e l  discharged by reac tor  and 
I n  t h e  case  of LWR's, enriched 

The Phase 3, Case 42 project ions for t h e  e n t i r e  United S ta t e s  were 

apportioned i n t o  t h e  eight geographical power supply regions of  t h e  

Federal Power Cormnission (FPC), as shown i n  Fig. 3.2.l 
by using previous AEC estimates of nuclear power growth through 1980 
and a d i s t r ibu t ion  proposed by Sear13 f o r  t h e  year 2000. For the  pres-  

ent  study, the  AEL' data  were regrouped according to  FPC region to  serve  

for the  1970-1980 period. For the period between 1980 and 2000, t h e  data 
were smoothed and normalized i n  order t o  y i e l d  the same d i s t r ibu t ion  i n  

the year 2000 as was forecas t  by Sear l .  

2000, t he  assumption was made t h a t  t h e  nuclear power d i s t r i b u t i o n  remained 
unchanged. Table 3.3 presents t h e  r e su l t i ng  pro jec t ions  of i n s t a l l e d  

nuclear power capacity f o r  t h e  FPC regions,  and these  data  are presented 

graphical ly  i n  f i g .  3.3. 

This was done 
2 

Final ly ,  f o r  t h e  years following 

The projected regional d i s t r i b u t i o n  of  spent f u e l  i s  given i n  Table 

3.4 and Fig. 3.4. 
tween power generation and spent-fuel discharge computed on the bas i s  
that the d i s t r ibu t ion  i n  any year is proportional t o  two-thirds of t he  
power d i s t r ibu t ion  one year e a r l i e r ,  and t o  one-third of t he  power d i s t r i -  

bution two years e a r l i e r .  Mathematically, 

These data were generated by assuming a time l ag  be- 

where L = load generated i n  region, r, a t  time t, 
t , r  

T 
f 

= t o t a l  load generated a t  time t, 
= f r a c t i o n  of power generated i n  region r .  

P 
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TabIe 3.2. Projected Spent Fuel Discharge Schedule 
by Reactor and Fuel Type" 

(Metric tons discharged during the two -year period indicated)  

Period LWR-u LWR-Pu Recycle LMFBR Total 

19 70-19 71  
1972 -1973 
19 74 -19 75 
19 76 -197 7 
19 78 -19 79 
1980 -1981 
1982 -1983 
1984-1985 
1986-198 7 
1988 -198 9 
1990 -1991 
1992 -1993 
1994 -1 995 
1996 -1 99 7 
1998 -1999 
2000-2031 

2002 -2003 
2 004-2005 
2 006 -2 00 7 
2 008 -2 009 
2 010 -2 011 

2012 -2013 
2 014 -2 015 

2016 -2 01 7 
2018 -2 01 9 

415 
1,291 
2,238 
3,307 
5,276 
6,308 
6,483 
7,028 
7,621 
7,284 
7,981 
7,965 
7,553 
6,863 
6,764 
6,610 
4,984 
4, 434 
4,168 
3,037 

0 

0 

0 

0 

0 

0 

34 
164 
386 
509 

1.,445 
4,104 
7 , 2 1 1  
9,118 
9,574 
9,943 
8,911 
7,100 

6,822 
5,897 
5 , 640 
4,803 
5,299 
6,467 

10,018 
15,299 
18,107 
20 ,727  

20,785 
23,813 

0 

0 

0 

0 

0 

91 
35 9 
749 

2,475 
5,439 
9,221 

10,612 
11,994 
4 , 4 7 7  
16 , 135 
17,872 
21,232 
25,044 
26,118 
27,082 
32,493 
30,973 
33 , 708 
36,264 
4 0 , 2 2 1  

415 
1,325 
2 ,  Lo2 

3,693 
5,785 
7,844 

10,946 
14,988 
19,214 
22,297 
27,145 
27,488 
26,647 
28,162 
28,796 
30,12 2 

34,777 
36,753 
40,13 7 
47,992 
49,080 

31,019 

54 , 434 
57,049 
64,034 

~~ 

Taken from Phase 3, Case 42,  Systems Analysis Task Force (April 11, 1968). a 
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Table 3.3. Projected Geographical Distr ibut ion of Nuclear Power Capacity 

(Gigawatts i n s t a l l e d  as  o f  beginning of year) 

FPC Region Designation Total  
i n  

Year I I1 I11 Iv V V I  V I 1  VI11 U.S.A.a 

1970 
1971 
1972 
1973 
19 74 
19 75 
1976 
1977 
1978 
1979 

1980 
1982 
1984 
1986 
1988 

1990 
1992 
1994 
1996 
1998 

2000 
2 002 
2 004 
2 006 
2 008 

2010 
2 012 
2 014 
2 016 
2 018 

2020 

2.8 
5.9 
8.8 
10.3 
12.9 

16.1 
19.7 
23.4 
28.3 
33.8 

39.1 
49.4 
58.3 
66.1 
73.8 

81.2 
88.0 
95.8 
104.7 
115. 3 

127.5 
143.6 
161.9 
181.2 
202.4 

225.0 
249.7 
275.2 
301.7 
328.6 

357.2 

0.3 
0.5 
0.8 
2.9 
2.9 

3.9 
4.2 
5.4 
5.9 
7.4 

8.9 
12.7 
16.8 
21.6 
27.2 

33.9 
41.6 
50.9 
61.5 
73.9 

87.4 
103.2 
121.4 
141.3 
162.5 

185.3 
208.3 
233.3 
259.0 
285.8 

313 9 3 

0.5 
2.8 
6.6 
8.0 
lo. 8 

14.0 
16.9 
20.7 
25.7 
30.5 

% .4 
47.3 
57.4 
66.9 
77.5 

88.4 
98.6 
110.1 
122.5 
136 3 

151.8 
170.7 

216.6 
2u.7 

269.2 
297.6 
325 5 
35'8.4 
390.8 

424.0 

192 9 

2.3 
4.0 
4.8 
6.6 
7.7 

9.0 
10.7 
12.3 
14.4 
16.9 

19.1 
23.7 
28.1 
32 -4 
37.6 

43.2 
49.3 
56.6 
64.4 
73.4 

83.3 
94.6 
108.0 
122.8 
138.3 

154.7 
172.2 
190.2 
209.4 
229.4 

250.1 

0.0 
0.0 
0.0 
0.0 
0.7 

0.7 
0.7 
1.4 
1.4 
1.5 
2 03 
4.1 
6.3 
9.2 
13.8 

20.2 
29.6 
39.7 
51.3 
64.6 

78.8 
95.7 
113.8 
133.6 
154.4 

176.9 
200.3 
225 3 
250.9 
277.1 

304.2 

0.0 
0.0 
0.5 
1.3 
1.2 

1.6 
1.6 
1-05 
2.3 
2.4 

3.2 
4.2 
5.1 
6.0 
7.1 

8.3 
9.6 
11.1 
12.8 
14.8 

16.9 
19.4 
22.3 
25.4 
28.8 

32.5 
36.3 
40.4 
44* 7 
49.0 

53.6 

0.6 
0.7 
0.8 
0.8 
1.6 

2.4 
3 05 
4.1 
5.1 
6.2 

7.2 
9.4 
11.5 
13.7 
16.3 

19.2 
22.7 
26.7 
31.7 
37.8 

45.6 
54.2 
64.3 
75.3 
87.3 

99.5 
113.2 
127.1 
42.0 
156.5 

172.1 

0.4 
0.4 
0.5 

3.6 

4.6 
6.5 
8.5 
10.9 
13.7 

16.6 
22.7 
28.5 
34.3 
kl.0 

48.1 
55.8 
64.4 
73.7 
84.2 

95.2 

2.0 

108.3 
122.3 
136.7 
151. 5 
165.8 
181.5 
197.1 
213.8 
230.4 

247.0 

7 
4 
23 
32 
41 

52 
64 
77 
94 

112 

133 
173 
212 
250 
2 94 

342 
395 
455 
52 3 
600 

686 
790 
907 
1033 
116 7 

1309 
14.59 
1616 
1779 
1948 

2122 
~~ ~ ~ 

"Phase 3, Case 42, Systems Analysis Task Force (April 11, 1968). 
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Table 3.4. Projected Geographical Distr ibut ion of Spent Fuel Discharges 

(Metric tons discharged during year) 

FPC Region Designation Total  
- 

i n  a Year I I1 I11 IV V VI VI1 VI11 U.S.A.  

1970 
1971 
1972 
1973 
1974 

1975 
1976 
1977 
1978 
1979 

1980 
1982 
1984 
1986 
1988 

1990 
1992 
1994 
1996 
1998 

2 000 
2 002 
2 004 
2 006 
2 008 

2010 
2 012 
2 014 
2 016 
2 018 

2020 

56 
156 

314 
357 

430 
490 
653 
805 
950 

1064 
14.49 
1966 
2506 
2 744 

3332 
3211 
2866 
2897 
2803 

2839 
2767 
3092 
3182 
3335 

4124 
4094 
45 93 
4 704 
5378 

5556 

218 

2 
11 
20 
28 
75 

105 
116 
146 
181 
2 05 

340 
524 
75 2 
930 

12 78 
1400 
l-411 
15 96 
1703 

228 

1863 
1931 
2261 
2422 

3340 
338 7 
3857 
4006 
4639 

4849 

2629 

0 
16 
82 
206 
2 75 

351 
421 
562 
705 
85 7 

963 
1359 
18 93 
248 7 
2803 

3542 
3543 
3247 
3353 
3302 

3362 
32 99 
3685 
38 03 
3982 

4928 
48 93 
54 76 
55 91 
6393 

6605 

12 
88 
156 
185 
216 

263 

358 
42 7 
48 9 

535 
701 
94 2 
1210 
1360 

1722 
1742 
16 36 
1734 
1749 

1824 

2 048 
2138 

281 

1816 

2267 

2828 
2819 
3171 
3256 
3 741 

3884 

0 
0 
0 
0 
0 

16 
23 
25 
41 
50 

48 
98 
177 
2 94 
421 

685 
887 
1037 
12 71 
1444 
1646 
1763 
2105 
2277 
248 7 

3182 
3249 
3 710 
3868 
4.480 

4701 

0 
0 
0 

12 
35 

43 
46 
55 
56 
72 

78 
120 
16 7 
2 21 
254 

328 
337 
320 
343 
349 

368 
3 70 
42 0 
442 
470 

58 9 
593 
6 71 
692 
799 

832 

15 
31 
32 
32 
29 

46 
69 

105 
138 
169 

193 
270 
378 
501 
578 

750 
778 
759 
830 
877 

956 
1016 
1192 
1285 
1403 

1794 
1830 

2187 
2 096 

2 540 
2 661 

9 
20 
20 
20 
52 

109 
139 
204 
282 
358 

424 
6 31 
918 
1250 
1453 

1892 
1952 
1857 
1978 
2004 

2 093 
2078 
2 338 
2404 
2513 

30 75 
3007 
3318 
3349 
3788 

3868 

94 
321 
528 
797 
1040 

1362 
1585 
2108 
2635 
3150 

3534 
4968 
6 966 
9222 

10,542 

13,530 
13,849 
13 , 134 
l4,002 
14,232 

14,949 
15,040 
17,1.k1 
17,953 
19,087 

23,860 
23,871 
26,891 
27,651 
31.9 757 

32 , 956 

Phase 3, Case 42, Systems Analysis Task Force (April 11, 1968). a 
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The projected annual discharge o f  f i s s i l e  plutonium isotopes i n  t h e  
eight  FPC power supply regions during the  period 1970-2020 is presented 
i n  Table 3.5 and Fig. 3.5. Again, a time lag,  which was computed i n  the  

same manner as  t h a t  used t o  estimate the  d i s t r ibu t ion  of spent-fuel dis- 

charges, was applied. 

3.2 Reactor Design and Performance Character is t ics  

Two 1000-Mw ( e l e c t r i c a l )  reactors  whose design and performance charac - 
t e r i s t i c s  have been previously defined were chosen a s  representat ive types 
f o r  this study (Table 3.6). The LWR i s  the reference pressurized-water 
ty-pe described i n  a recent AEC-sponsored task fo rce  study.4 Fueled w i t h  

Zircaloy-clad U 0 2  (3.3% 235U), it operates a t  an average power l e v e l  of  

34.8 Mw/metric ton and achieves a f u e l  exposure of  33,000 Mwdhetric ton. 

The IMFBR i s  t h e  reference oxide design t h a t  was developed by Atomics 

In te rna t iona l  ( A I )  f o r  the  Systems Analysis Task Force Study? 
fueled with s ta inless-s teel-clad U02--15.6% Pu02 i n  the  core, and s t a i n -  
less-s teel-clad,  s l i g h t l y  enriched U02 i n  t h e  a x i a l  and r a d i a l  blankets.  

Fuel exposures of  80,000 Mwd/metric ton a t  a spec i f ic  power o f  175 Mw/metric 
ton, 2500 Mwd/metric ton a t  5.5 Mw/metric ton, and 8100 Mwd/metric t on  a t  
10 Mw/metric ton a r e  achieved i n  the core, t h e  ax ia l  blanket, and the 

r a d i a l  blanket respect ively.  The projected refueling cycle i s  once every 
153 days, when one-third of the core  and t h e  a x i a l  blanket  and about three- 
s ix teenths  o f  t h e  r a d i a l  blanket are discharged. 

It i s  

3.3 Radiation Character is t ics  o f  I r rad ia ted  Fuels and of  Wastes 
Generated During Spent-Fuel Processing 

The masses, rad ioac t iv i ty ,  and thermal power of  f i s s ion  products, 

ac t in ide  isotopes, and ac t iva t ion  products present i n  t h e  i r r ad ia t ed  fue ls  
from t h e  LWR and t h e  LMFBR described above, and i n  t h e  wastes generated 

during spent-fuel processing, were calculated a s  a funct ion of decay t i m e  
using the  computer program ORIGEN. The nuclear cha rac t e r i s t i c s  of the 

Diablo Canyon Nuclear Power Plant reactor were used i n  the  calculat ions 
f o r  the  reference LWR since some of  the required data were not given f o r  

6 
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Table 3.5. Projected Geographical Dis t r ibu t ion  of 
F i s s i l e  Plutonium Discharged by Reactors 

(Metric tons discharged during year)  

FPC Region Designation To t a l  
i n  

Year I I1 I11 IV V VI VI1 VI11 U.S.A." 

1970 
1971 
1972 
1973 
1974 

1975 
1976 
1977 
1978 
1979 

1980 
1982 
1984 
1986 
1988 

1990 
1992 
1994 
1996 
1998 

2 000 
2 002 
2 004 
2006 
2 008 

2 010 
2 012 
2 014 
2 016 
2 018 

2020 

0.5 
0.5 
1.4 
1.5 
2.1 

2.9 
3.4 
4.0 
5*2 
6.8 

8 
13 
21 
26 
37 

55 
66 
73 
84 
91 

97 
111 
134 
140 
147 

180 
18 2 
198 
2 02 
2 38 

244 

0 
0 
0.1 
0.1 
0.4 

0.8 
1.0 
1.1 
1.2 
1.4 
2 
3 
6 
8 
13 

21 
29 
36 
46 
5s 
64 
77 
98 
106 
116 

146 
151 
166 
172 
2 05 

213 

0 
0 
0.5 
1.0 
1.6 

2.2 
2.8 
3.5 
4.6 
5.8 

7 
12 
20 
26 
38 

59 
72 
82 
97 
107 

115 
132 
160 
16 7 
175 

215 
218 
2 36 
240 
282 

2 90 

0.2 
0.3 
1.0 
1.1 
1.2 

1.8 
2.0 
2.2 
2.6 
3.1 

4 
6 
10 
13 
18 

29 
36 
47- 
so 
57 

62 
73 
89 
94 
100 

123 
125 
13 7 
140 
165 

171 

0 
0 
0 
0 
0 

0.1 
0.1 
0.2 
0.2 
0.3 

0.4 
1 
2 
3 
6 

11 
18 
26 
37 
47 

56 
70 
91 
100 
109 

139 
145 
160 
166 
198 

2 07 

0 
0 
0 
0.1 
0.2 

0.2 
0.3 
0.4 
0.4 
0.8 

1 
1 
2 
2 
3 

5 
7 
8 
10 
11 

13 
15 
18 
19 
21 

26 
26 
29 
30 
35 

37 

0.1 
0.1 
0.2 
0.2 
0.2 

0.3 
0.4 
0.7 
0.9 
1*3 

1 
2 
4 
5 
8 

12 
16 
19 
24 
29 

33 
41 
5 2  
56 
62 

78 
81 
90 
94 
112 

11 7 

0.1 
0.1 
0.1 
0.1 
0.3 

0.7 
1.2 
1.8 
2.0 
2.8 

3 
6 
10 
13 
20 

31 
40 
47 
57 
65 

71 
83 
101 
106 
110 

134 
134 
143 
144 
16 7 

170 

0.9 
1.0 
3.3 
4.1 
6.0 

9.0 
11 
4 
17 
23 

26 
44 
74 
97 
140 

22 0 
280 
330 
400 
46 0 

510 
600 
740 
7 90 
840 

1040 
1060 
1160 
1190 
4 0 0  

1500 

c- 

c 

P 

%base 3, Case 42, Systems Analysis Task Force (April  11, 1968). 

v 

h 
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Table 3.6. Summary of Reactor Design and Performance Character is t ics  

Fuel form 
Power, Mw (thermal) 
Thermal efficiency, % 
Core 

Avg. sp. power, Mw/metric ton 
Burnup, Mwd/metric ton 
Charge, metric tons 
Enrichment, % 
Refueling i n t e r v a l ,  full-power days 
Refueling f r ac t ion  
Fuel element 

Rods /element 
Elements/reactor 
Rod length,  with plenum, in .  
Cladding 

Outside diameter, i n .  
Wall thickness, in .  

Axial blanket 
Avg. sp. power, Mw/metric ton 
Burnup, Mwd/metric ton 
Charge, metric tons 
Enrichment, % 

Avg. sp. power, Mw/metric t on  
Burnup, Mwd/metric ton  
Charge, metric tons 
Enrichment, % 
Refueling in te rva l ,  full-power days 
Refueling f rac t ion  
Fuel element 

Radial blanket 

Rods/el ement 
Elements/reactor 
Rod length,  with plenum, i n .  
Cladding 

Outside diameter, i n .  
Wall thickness, i n .  

Oxide p e l l e t s  Oxide p e l l e t s  
3083 2500 

35.4 40 

34.8 
33 , 000 
88.6 (u) 

-365 
113 
Square 
204 
193 
148 
Z i r  caloy-4 
(Inconel spacers) 
0.422 
0.0243 

3.3 (235u) 

175 
80,000 
12.6 (U + Pu) 
15.6 (239Pu) 
1.5'3" 
1/3" 
Hexa 
2 1  7" 
252" 
144a 
304 SSa 

0. 2Sa 
0.015" 

5.5 
2500 

10 
8100 
26.7 ( U j  
1.96 ( 2  
153 
-3/16 
Hex 
169, 91 
39, 87 
84, 72 
304 SS 
0.35, 0.51 
0.015 

Also appl icable  t o  the ax ia l  blanket which i s  an in t eg ra l  uni t  w i t h  
the  core assembly. 

a 

c 

P- 

o 

F 

F 

k 
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' 

the reference reac tor  t ha t  was described i n  the task fo rce  report .4 
LWR was assumed t o  operate a t  a constant average spec i f i c  power of  30 Mw/ 
metric ton (equivalent t o  a load fac tor  o f  0.85). 

The 

I n  the  case o f  t h e  A I  Reference Oxide LMFBR, the  core was assumed 

t o  operate a t  a constant average spec i f i c  power of &8.15 Mw/metric ton  
f o r  540 days (equivalent t o  a load fac tor  o f  0.85). The spec i f ic  power 

o f  t he  a x i a l  blanket was input a s  a s t e p  function, varying from 2 . 2 7  

Mw/metric ton ( a t  s t a r tup )  t o  6.99 Mw/metric ton ( a t  a discharge t i m e  
of 540 days) and averaging 4.63 Mw/metric ton. The spec i f ic  power of 

the  r a d i a l  blanket var ied from 2 .32  Mw/metric ton (a t  s t a r tup )  t o  14.38 
Mw/metric ton  ( a t  discharge) and averaged 8.4 Mw/metric ton.  
study, it i s  assumed t h a t  the core and blankets a r e  mixed proportionately 
("homogenized") p r io r  t o  processing, yielding a f u e l  mixture having an 
average burnup of 33,000 Mwdhetric ton. 

I n  t h i s  

Transient conditions of  about 700 nuclides i n  t h e  current da ta  

l i b r a r i e s  of ORIGEN were calculated f o r  each reactor ,  and t h e  r e s u l t s  

a r e  presented i n  the form of summary tables  of  t h e  most s ign i f i can t  
isotopes present i n  spent fue ls  and wastes i n  terms o f  mass, ac t iv i ty ,  

and t h e r m 1  power. 
f o r  each element. A l l  r e su l t s  a r e  based on one metric ton of uranium 
charged t o  the LWR, and on one metric ton of uranium-plus-plutonium 
or ig ina l ly  charged i n  the  "homogenized" W B R  core and blankets. 

These propert ies  a r e  tabulated f o r  each isotope and 

3.3.1 Diablo Canyon Reference LWR 

Fission Products. - Tables 3.7 through 3.12 present  the calculated 
masses, rad ioac t iv i ty ,  and thermal power of s ign i f icant  f i s s i o n  products 
present i n  the  wastes generated by t h e  processing of spent Diablo Canyon 
reference f u e l  (or i n  the  spent f u e l  before reprocessing) a s  a function 
of pos t i r rad ia t ion  decay times of  90 t o  365,250 days. Tables 3.7, 3.9, 
and 3.11 give the  weight, a c t i v i t y ,  and thermal power, respectively,  f o r  

individual isotopes;  these same data, summed f o r  each fission-product 
element, a r e  given i n  Tables 3.8, 3.10, and 3.12 respectively.  
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Table 3.7.  
i n  Spent Diablo Canyon Reference LWR Fuel ard in t h e  Wastes Generated 

by the Reprocessing of This Fuel 

Masses of Fission-Product Nuclides Calculated to  Be Present 

OIABLO CANYON RFFERENCE LWR - WASTE @ € C A Y  T I M E S  (PROCESSED 00 DAYS) 
PnWFR= 10.00 MW/HT*  BURNUP= 3 ' C O O .  MWO/MTv FLUX= 2.91E 13 N/CM**2-SEC 

NUCCIDF CONCENTRATIONS* GRAMS / M E T R I C  TON FUEL CHARGE') T O  REACTOR 
CHAPGF 

SF 7 R  0.e 
SF 70 9.p 
SF PC" r .r  
BR A I  0.0 
SE R 2  0.0 
KR 83 p.q 
KR e4 0.0 
K R  85 0.0 
R U  e5 r.r 
KR At.  0.0 
R R  97  c.0 
SR 34 n.?' 
S R  RO c.c 

Y eq  0.0 
s s  00 0 . r  
ZR QO 0.0 

Y 01 0.0 
Z R  91 C.C 
ZR a7 0.0 
ZR 9' 0.0 

ZR 95 0.0 
NP 95  0.0 
yo 9 5  s.fl  
Z R  96 
MO 96 0.0 
YO 07 fl.0 

Z R  94 r . 0  

MO 9 R  C.6 
TC Qq 0.0 
M O l O O  0.9 
RUIC" 
RU!Fl 0.0 
RU l02  0.0 
~ u i r 3  c . 0  
RH103 C . 0  
RUXC" 0.0 
PDIC4 
P0'05 0.0 
RU!06 0.0 
PD?C6 P.C 
PD!Of 0.0 
PO108 0.0 
AG'_po C . 0  
P D l l O  0.0 
CD110 0.0 
c3111  r.0 
c3112 0.0 
CD114 0.0 
IN115  0.0 
C0116 0.0 
SN'1!6 010 
~ ~ 1 1 7  0.n 
SN118 0.0 
S N ? 1 9  0.0 
SNl2CI 9.P 

I' 

L( 

c 

c 

b 

F 

I 

*. 

k 

c 

r 

c 

c 

ba 
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Table 3 .7  (Continued) 

OTABLO CANYON REFERENCE LWR - WASTE DECAY TIMES (PROCESSED 90 DAYS) 
POWER= 30.00 MW/HTr BURNUP* 3 3 C O O .  MWD/MT* FLUX= 2.91E 1 3  N/CM**z-SEC 

NUCLIDE CONCENTRATIONSI GRAMS / UETRIC TON FUEL CHARGED TO REACTOR 
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Table 3.8 .  Total Masses of Significant Fission Product Elements Calcu- 
l a t ed  to Be Present i n  Spent Diablo Canyon Reference LWR Fuel and in 

the Wastes Generated by the  Reprocessing of This Fuel 

n I a 6 L O  CANYON REFEREYCE LWR - WaSTE OFCAY TIMES (PROCESSED 90 DAYS1 
PflWFR= 1C. r f '  MW/MTv BURNUP= 3 3 r W .  HWDlMTt FLUX= 2 . Q l F  13 N/CM**2-SEC 

ELEYCNT CONCFNTRATIONS, GRAMS / METRIC TON FUEL CHARGED TO REACTOR 
CHARGF 90.0 15000 365.0 3652.D 3 4 5 2 5 . 0  365259.0 

H 
GA 
GF 

SF 
8R 
K R  
R B  
S Q  

Y 
Z R  
NB 
MO 
TI: 
R IJ 
RH 
Pn 
AG 
CQ 
IN 
SN 
S R  
T F  

I 
X '  
r S  
Bcr 
LA 
r F  
PR 
NO 
P M  
S M  
CU 
G@ 
T 8  

Hn 
EP 

a5 

r y  

F 
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Table 3 .9 .  Calculated Radioactivity Levels of Significant Fission 
Product Nuclides Present i n  Spent Diablo Canyon Reference LWR Fuel 

and in the Wastes Generated by the Reprocessing of This Fuel 

D I A B L O  C4NYON REFERENCE LWR - WASTE DECAY T I M E S  (PROCESSED 9 7  D A Y S J  
POWER= ?P.PC MH/HT. BURNUP= 3?0Cr. MWD/MT, FLUX= 2091E 23 N/CM**2-SEC 

NUCLIDE P A O I O A C T I V I T Y *  C U R I E S  / METPIC TON FUEL CHARGED T O  REACTOR 
CHARGF 159.F 365.0 3652.0 36575.0 365253.0 



3-20 

Table 3.10. Calculated Radioactivity (Total) of Fission Product Elements 
Present i n  Spent Diablo Canyon Reference LWR Fuel and in the Wastes 

Generated by the  Reprocessing of This Fuel 

~ I A B L O  CANYON RFFFRCYCF CWR - W A S T E  D E C A Y  T IMES (PROCESSED or D a y s )  
POWcR= Y W / Y T q  BURNUP= 72n3Co MWI?/MT? FLIJ)!= 7 .91c  I '  N / C M + * Z - S E C  

ELCMFNT R A n I O A C T I V l T Y v  C U R I E S  / M F T P l t  TON CUEC CHARGFP TO F F A C T O R  

H 
GA 
SF 
KR 
9 9  
5 Q  

Y 
ZR 
NR 
YO 
TC 
R IJ 
RH 
4 G  
Cn 
I N  
Srrl 
S R  
T F  

I 
Y r  
5 s  
R A  
L 4  
CF 
PR 
N n  
P M  
S M  
EU 
GP 
TI3 
DY 
HC 

P 

c 

c 

W 

I 

c 

* 

c 



3-21 

Table 3.11. 
Nuclides Present i n  Spent E a b l o  Canyon Reference LWR Fuel and i n  the 

Wastes Generated by the Reprocessing of This Fuel 

Calculated Thermal Power of Significant Fission Product 

DIAPCO CANYON REFERENCE LWR - WASTE O K A Y  TIMES ( P R O C E S S F D  90 DAYS) 
P@WFR= MW/MT 9 BURNUP= 370cn. MWD/MTv FLUX= 7 o Q l F  1' N/CM**?-SEC 

NUCLl OF THFRMAL 
CHARGE 

H 2 0.r) 
K R  8= r.r 
R R  e t  c.e 
sn 89 0.9 

Y QC 0.0 
Y Q ?  c.0 

NS O C M  C . 0  

TC QQ 0.n 

S Q  O r  P.r 

ZR 0 5  r .r 

N R  Q* 0.P 

P U I C ?  9.0 
R H I O ? H  0 . 0  
RU'C6 .P 
RH106 0.0 
AG11QM 0.0 
A G I ~ ~  c . 5  
A G ? ? . I  0.0 

S N I I q Y  r e ?  
S N 1 2 ? Y  .̂O 
S812L n.0 
S N j 2 5  C.C: 
SR'25 ".F 
TFT25Y 0.0 
S R 1 2 6  0 . R  
TF127M n.C' 
T F W 7  0.0 
TF'ZQM 0.0 
TE729 G.C:  

I 2 3 1  0.0 
X F l l ' Y  @.@ 
t S 1 3 4  
C S 1 3 E  e.0 
cs137 0.0 
8A137Y r.0 
8A140 0.0 
LA140 0.0 
CE141 " 0 0  
PRI.43 0.0 
C f 1 6 4  0.0 
PR144 p.0 

C n ? ? q M  0.0 

~ 0 1 . ~ 7  0.0 
PMlh? 0.0 
PM148M P.C 
PM14R 0.0 
SM151 0.0 
EU152 !'oC 
GDL53 0.0 
EUX54 0.0 
E U l 5 5  0.0 
EU?56 0.0 
TB160 0.0 
GO162 C . 0  
TB162M 0.0 
SUBT(37 0.0 
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Table 3.12. Calculated Thermal Power (Total) of Signif icant  Fission 
Product Klements Present i n  Spent Diablo Canyon Reference LWR Fuel and 

i n  t h e  Wastes Generated by the Reprocessing of This Fuel 

P I A P L O  CANYON REFFRFNCF LW9 - WASTE P C T b Y  T I Y C S  (PROCFSSEO Q C  P b Y S )  
PnWCR= 7 , ' o r  I\ MW/MT t 9 U 9 N U P =  ?'ptp MWOIMT, F L U X =  2 - 0 1 '  1 3  N / C M * * ? - S E C  

ELFMFNT THFRMAL POWERr WATTS / Y F T R X C  TON EUEL CHARGED TO R E A C T O R  
C H b R G F  on .0  1157.0 

Y 
G b  
SF 
KR 
P B  
S Q  

Y 
Z R  
NS 
MO 
T C  
RU 
RH 
4 G  
C D  
I N  
SN 
S R  
T F  

I 
XF 
c s  
R4 
L t  
C F  
PR 
N') 
P Y  
SM 
FU 
GQ 
T B  
D Y  
HO 

r .r 
c.9 
c. 0 
'\." 
e.? 
0.0 

. p  
C .(? 
C.C - .P 
0 .o 
e.0 
r . n 
0.0 
r?.n 
I- .n 
0.9 
c.0 

.C 
0.9 
Il .f 
'.C 
3.0 
!-l * I -  

n ." 
3.0 @.* 
c .(' 
0 .c 
P.0 

O.n 
9.P 

e "  

i? 

TOTALS f'.r 

I' 

h 

u" 

c 

c 

*- 

I 

c 

c 

P 

c 
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Actinides. - Tables 3.13 through 3.24 present the calculated masses, 
radioact ivi ty ,  and thermal power of important ac t in ide  isotopes (and 

elements) present i n  discharged Diablo Canyon Reference LWR fuel ,  and i n  

the  wastes generated by  the  reprocessing of t h i s  fuel .  
of many of the  transuranium isotopes i n  the wastes depend on the  e f f ic iency  
of uranium and plutonium recovery during reprocessing, as well as  on the  

decay time p r io r  t o  reprocessing. 
t ha t  reprocessing i s  done 90 days a f t e r  the f u e l  is  discharged f r o m  the  
reactor,  and t h a t  0.5% each of t h e  uranium and the plutonium is l o s t  t o  
the waste. 

The concentrations 

I n  these calculations,  we have assumed 

Cladding. - Tables 3.25 through 3.30 present t h e  calculated masses, 
radioact ivi ty ,  and thermal power o f  ac t iva t ion  products o f  t he  Zircaloy-4 

cladding and Inconel spacers used i n  current  LWR f u e l  assemblies. A s  can 

be seen from Table 3.27, t h e  calculated 95Zr-Nb a c t i v i t y  predominates f o r  
about the f i rs t  half-year following discharge of the  f u e l  from the reactor ;  
however, ra ther  subs tan t ia l  contributions fmm 6oCo, "Fe, and 6 3 N i  p r eva i l  
thereaf te r .  These l a t t e r  nuclides a r e  derived from the Inconel spacers. 
I n  addi t ion t o  t he  neutron-induced a c t i v i t i e s  calculated here, experience 
a t  Nuclear Fuel Services, Inc. ,  indicates  t ha t  about 0.1% of the plutonium 
i n  t h e  f u e l  can be associated w i t h  t he  cladding, presumably due t o  d i f fu-  

s ion  while i n  the  reactor .  

3.3.2 Atomics Internat ional  Reference Oxide LMFBR 

I n  a l l  of  t he  calculations f o r  the A I  Reference Oxide LMFBR given 
below, we have assumed t h a t  t he  core and blankets a r e  mixed f o r  reprocess- 
ing i n  the same proportions as they a re  discharged from the reactor ;  
consequently, the  calculations a re  based on one metric ton  of uranium- 
plus-plutonium charged t o  the reac tor  i n  the  mixed core and blankets. 
Reprocessing i s  assumed t o  begin 30 days a f t e r  t he  f u e l  i s  discharged 
from the  reactor .  

Fission Products. - Tables 3.31 through 3.36 present t he  calculated 
masses, rad ioac t iv i ty ,  and thermal power of s ign i f i can t  f i s s i o n  products 

i n  the  spent fue l  and i n  the  waste t h a t  is  generated during the  processing 

of the  l a t t e r .  Tables 3.31, 3.33, and 3.35 give the  weight, radioact ivi ty ,  
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Table 3.a. Total Masses of Important Actinide Elements Calculated t o  
Be Present i n  Spent Diablo Canyon Reference LWR Fuel 

DIABLO CANYON RFFERENCE LWR - FUEL DECAY T I M E S  
POW'R= ?I?.('" MW/MTT BURNUP= 33CtOC. MWD/MT, FLUX= 2.91F 13 N/CM**Z-SEC 

ELEMFNT CONCENTRATIONST GRAMS / METRIC TON FUEL CHARGED TO REACTOR 
CHARGF DISCHARGF Q 0 . D  120.D 150.n 365.D 1396.0 

TH 0.0 i! ? 6E-U'i 2 5hE-06 2 M E - 0 4  2 77 E-04 3 5 1 F-@& 6 I 5 F-0 4 
PA 0 .i? 2.78F-06 2.11E-06 2*08F-06 2.06E-06 2.09F-06 2.24F-06 
U l . f iC'E '6 9.55E C 5  0.55E C5 q.5EF C5 Q.55F C 5  9.55F 75 9.55E.05 

NP 0.0 P.2hF 02 7.62E 0 2  7062E 0 2  7.62E 02 7.12E 07 7 . 6 t E  0 2  
PU 0.0 0.01~ 0 3  a.e3F c2 0 . c ~  o? 9 . 0 8 ~  03 9 . 0 5 ~  01 8 . 9 5 ~  03 
4 Y  , l o o  1.7ctE ('2 1044F  0 7  7.4RE r32 1,5?F 03 1.SkE ?2  2.82E 02  
C M  ? .c 3.99F C 1  3 . h n E  01 '3.60E 01 3 o 5 3 E  01 3.19E 01 2,POF 01 

T n T A L S  1.3OE 06 Q . 6 5 F  0 5  9.65E 0 5  O o h q F  0 5  9.65E 05 9.65E 05 Q . 6 5 E  3 5  

c 

f 
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Table 3.16. Calculated Ftadioacti6ty (Total) of Important Actinide 
Elements Present i n  Spent Diablo Canyon Reference LWR Fuel 

D I A R L f l  C A N Y O N  Q F r E R E N C E  Lk iR - FUFL D F C A Y  TIMES 
P O H F R =  3O.OC M C / Y T *  SURNUP= 7 q O C C .  MWD/MTv F C U Y =  ?.91E 13 Y/CM**Z-SEC 
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Table 3.17. Calculated Thermal Power of  Important Actinide Isotopes 
Present i n  Spent Diablo Canyon Reference LWR Fuel 

POWCQ= 29.00 Y W / Y T ,  BURNUP= 7 7 O O C .  HWD/MT* FLUX= 2.9!F 1 7  N/CM**Z-SEC 
Q I A R L O  CANYON RFFFRFNCE L W R  - FUFL DFCAY TIMcS 

Table 3.18. Calculated Thermal Power of Important Actinide Elements 
Present i n  Spent Diablo Canyon Reference LWR Fuel 

PIABLO CANYON REFERENCE LMR - FUFL DECAY TIMES 
POWER= 30.00 MW/MTv BURNUP= 33000. MUD/MT* FLUX= 2.91E 13 N/CM**?-SEC 

ELEMENT THERMAL 

TH 0.c 
PA n.p 

NP 0.0 
PU n .a 
A M  9.r 
C M  0 .Q 

TOTALS 8*17F-n3 

CHARGF 

U P 1 f E-03 



3-27 

Table 3.19. Masses o f  Actinide Isotopes Calculated to Be Present i n  
Wastes Generated by the Processing of Spent Diablo Canyon 

Reference LWR Fuel 
~ I A B L O  CANYON REFFRENCF LWR - W A S T E  D E C A Y  TIMFS (PROCESSED 90 D a y s )  

POWER= 30000 MW/MTv BURNUP= 31000. MWD/MT, FLUX= 2-91!! 13 Y / C M * * 2 - S E C  

ELEMENT CONCENTRATIONS* GRAMS / METRIC TON FUEL CHARGED TO REACTOR 
CHARGE 90.0 150.0 365.0 3652  00 36525 .0  365250-.-D 

I H  0 00 2.56E-04 2056E-04 2056E-04 2.67E-04 8.49F-34 1.67E-02 
PA fl  .o 2.1 1E-Q6 2005E-OE 2.03E-Ilr6 2.04E-06 2 . 0 7 E 4 6  2.37E-06 

U l.OO€ 06 4.78E 0 3  4078E 03 4.78E 03 4078E 03 4.786 03 4079F 0 3  
NP 0.0 7.62E 02  7.62E 0 2  7.62E 02 7062E 02 7.70E 02 Ro06E 3 2  
PU 0.0 4054E Pl 4o69E 01 50OCE (rl 5.81F 01 7.28E 0 1  7.30E 3 1  
AM 0.0 1044E 02 1.44E 0 2  l o w €  02 1.45E 02 1.40E 0 2  Q . 5 4 F  01  
CM 0.0 3.68E 0 1  3053E 01 3-19E 01 2.13c 01 6.88E-01 1.04E-05 

TOTALS 1oCOE 06 5.76E 03 5.76E 03 5076E 0 3  5.766 0 3  5.76E 03 5.76E 0 3  
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Table 3.22. Calculated Radioactivity of Actinide Elements Present i n  
Wastes Generated by the Processing of Spent Diablo Canyon 

Reference LWR Fuel 

O I A B L O  C 4 N Y O N  R E F E R C N C F  LWF - WASTF D E C A Y  T T Y F S  ( P R O C E S S E D  Q C  D A Y S )  
PC?WCQ= '' e C f  MW/MT 9 B U R N U P =  33C;P. YWD/MT*  F L U X =  2 - 9 1  F 1 3  N/CM**? -SEC 

P 
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Table 3.2k. Calculated Thermal Power of Actinide Elements Present i n  
Wastes Generated by the Processing of Spent Diablo Canyon 

Reference LWR Fuel 

Q I A B L O  rANYON REFESFNCE LWR - W A S T F  C'ECAY T I M F S  (PROCESSEn 9 P  DAYS) 
POWER= 3r.rr M W / H T ?  BURNUP= 72rr.f. MWDIMT, FLUX= 3 . 9 1 ~  1 3  N/CM**+SEC 

FCFMFYT THFRYAC PflWFR, WATTS / M E T R I C  TEN F U E L  CHARGED TO RFICTDR 
CHARGE 00.9 1517.D 365.0 'h52.D 36515.0 365253.D 

T H  r- . f? ?.45F-@5 2.24E-95 2,64'=-P5 4.2F'E-f'h 2 -3  1 E-?& R .7? E-36 
PA 0.0 4,34E-06 F . A R F - C 7  h.PPE-r)a 7.06E-OQ 3.01F-09 3.45F-09 

Q.l7E-03 1.5??-03 n.llF-1)5 9.!4F-O5 I.'QF-r)4 6.97E-Cb 1,27F-I43 
5.16E-PZ 5..?4E-!-*2 5. ?6F-f'7 5.15E-02 5.17 E 4 2  4.71'=-32 NP .' 

PU 0.0 6 .12F-Cl  ?,.33F 00 7 . P 7 F  00 3.5RE 00 2 o O 5 F  00 3.25E-01 
A M  Q.0 h .?Ot  C O  6 . 3 O F  C0 h.71F 0 0  h.47F 130 5.97F O C  1.0CE 00 

* - .  U 

C M  9% .r 7 .QnF C2 C.3aF P 2  7 . % F  r 2  5.':*F f ?  .?.-IF 1.27E-33 

T O T A L S  R*17€-03 RsnhF @ 2  6.46F 0 2  3.15F 02 7.OC.F 01 1.01F C 1  2e27F 00 
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Table 3.26. Masses of Activation-Product ELements Calculated t o  Be 
Present i n  the Zircaloy-4 Cladding and Inconel Spacers of  

I r radiated Diablo Canyon Fuel Assemblies 

P14BLO C4NYQN REFEZENCF LWP -- C L A D P I N G  A C T I V A T I O N  
POWFR= 2 F . T C  MW/MT, BURNUP= 33Ci?r. MUO/MT* F L U X =  5 .  R ? E  la Y / C M * * 7 - S E C  

FLEYFNT Cf fNtFNTRbTIDNS,  G R A M S  / M E T P I C  TUN FUEL CHARGED TO RFACTDR 

H 
H’ 
LT 
R f  

P 
r 
N 
0 

NG 
N A  
MG 
A l  

P 
S 

Ct 
4 Q  
K 

C A  
SC 
T I  

V 
f P  
MN 
F F  
CCl 
M I  
C V  
SR 

Y 
ZR 
NR 
MO 
T C  
RU 
C3 
SN 
SB 
TF 

r 

sr 

T O T 4 L S  7.7XF 2 5  2,716 C 5  ? . 7 t F  C 5  2.71E 05  2.71F 05 2.71E lr5 3 . 7 f F  05 
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Table 3.27. Calculated Radioactivity of Activation-Product Isotopes 
Present i n  t h e  Zircaloy-4 Cladding and Inconel Spacers of 

I r radiated Diablo Canyon Fuel Assemblies 

DIABLO CANYON REFEQFNCE LWR -- CLADDING ACTIVATION 
PflWcR= 30.00 MIJ/MTt BURNUP= 37000. MWD/MT, FLUX= 5.5?E 1 3  q/CM**2-SEC 

Table 3.28. Calculated Radioactivity of Activation-Product Elements 
Present i n  the  Zircaloy-4 Cladding and Inconel Spacers of 

I r radiated Diablo Canyon Fuel Assemblies 

D I  ABCO CANYON REFERENCE LWR -- CLAODI NG ACTT VATION 
PCI,WFR= 30.00 HII/MTI BURNUP= 3?00C. MWD/MTt FLUX= 5 0 8 t E  1 3  Y/CM**2-SEC 

e 

U 

P 

F 
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Table 3.29. Calculated Thermal Power of Activation-Product Isotopes 
Present i n  the  Zircalog-4 Cladding and Inconel Spacers of 

I r radiated Diablo Canyon Fuel Assemblies 

nIA6LO CANYON REFERENCE LYR -- C L A O D I  NG ACTIVATTON 
POWER= 30.00 HWYHTq BURNUP= 33000. MYD/MT, FLUX= 5082E 1 3  N/CM**2-SEC 

NUCLIDE THERMAL 

sc 46 0.0 
CR 51 0.0 
MN 54 Po' 

FE 5 5  C . 2  
F E  59 0.0 
CO 58  0.0 

CHARGE 

co .m r.0 
N I  63 0.0 
S R  80 0.0 

Y Q X  0.0 
ZR 9 5  0.0 
N R  92 0.0 

SNl19M 0.0 
SN123Y 0.0 

NR 95 n.9 

SB?ZI* Pen 
SB125 0.0 
SI3126 0.0 
TE?25M C*O 
SUBTOT 0.C 

Table 3.30. Calculated Thermal Power of Activation-Product Elements 
.Present i n  the Zircaloy-4 Cladding and Inconel Spacers o f  

I r radiated Diablo Canyon Fuel Assemblies 

D I A B L O  CANYON REFERENCE LWR -- CLADDING ACTIVATION 
POWFQ= 30.00 NW/MTT BURNUP= 33000. MWO/MT, FLUX= 5 . S 2 E  13 N/CM**?-SEC 

FLEMENT THERMAL 
CHARGE 

H 0 .Q 
C F .e 

or? P 
S 0.0 

CL P .c 
AR .r 
C A  0 00 
SC 0 . P  
C R  0 .Q 
MN 0.0 
FF 0 00 
Cr) c .I! 
N 1  0.0 
5P c 00 

Y c; .r 
Z R  0.0 
NR 0.0 
MO 00 
T C  0.e 
CD 0 00 
SN r .p 

SR 0.0 
T F  0.0 

n 
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Table 3.31. Masses of Fission Product Isotopes Calculated t o  B e  Present 
i n  Spent LMFBR (AI Reference Oxide) Fuel and i n  the Wastes Generated 

by the  Reprocessing of This Fuel 
A I  REFERENCE O X I D E  LMFBR - WASTE DECAY TIMES (PROCESSED AT 30 DAYS) 

POWER= 58.23 MW/MT? BURNUP= 32977. MWD/MT? FLUX= 2.65E 1 5  N/CM**2-SEC 

NUCLIDE CONCENTRATIONSI GRAMS / METRIC TON FUEL CHARGED TO REACTOR 
CH4RGE 30.0 365.0 1096.D 3652.0 36525.P 365250.0 

SE 80 0.0 
BP 81 0.0 
SE 82 0.0 
KR 83 0.0 
KQ 8 4  0.0 
KQ 85 0.0 
RB 85 0.0 
KR 86 0.0 
RB 87 0.0 
SR 88 0.0 
SR 8 9  0.0 

Y 89 0.0 
SR 90 0.0 
ZR 90 9.0 

Y 9 1  0.0 
ZR 91 0.0 
ZR 92 0.0 
ZR 9 3  0.0 
ZR 94 0.0 
ZR 95 0.0 
N3 95 0.0 
MO 95 0.0 
ZR 96 0.0 
MO 96 0.0 
YO 97 0.0 
YO 9 9  0.0 
i t  39 0.0 
M O l O O  0.0 
RUl00  0.0 
R U l O l  0.0 
RU192 0.0 
RU103 0.0 
RH103 0.0 
RU104 0.0 
PO105 3.0 
RU106 0.0 
PO106 0.0 
PO107  0.0 
PO108 0.0 
AG109 0.0 
P G l l O  '3.0 
C O l l O  0.0 
C D l l l  3.0 
CD112 0.0 
CD113 0.0 
C0114 0.0 
I N 1 1 5  0.0 
C D l l 6  0.0 
S N l l 7  0.0 
SN118 0.0 
SN l19  0.0 
SN120 0.0 
S N l 2 l M  0.0 
56121. 0.0 
SN122 O e O  
SB123 0.0 
SN124 0.0 
SB125 0.0 
TE125 0.0 
SN126 9.0 

1.34E 00 1.34E 00 1.34E 0 0  1.34E 00 1034E 00 1.34E 00 
2.23E 00 2.23E 00 2.23E 03 2.23E 00 2.23E 00 2.23E OC 
4.29E 00 4.29E 00 4.29E 03 4.29E 00 4o29E 00 4 o 2 9 E  CQ 
6.54E 0 1  6.54E 01 6054E 01  6.54E 0 1  6.54E 01  6054E 01 
1.14E 0 2  1.14E 02 1.14E 0 2  l o 1 4 E  0 2  1.14E 02 1.14E 02 
2.61E 01 2.46E 01  2o16E 01  1.38E 01 4o18E-02 0.0 
4.41F 01 4.56E 3 1  4085F 01 5.64E 01  7.0lE 01 7002E 01 
1oOBE 0 2  1.08E 0 2  1o08E 0 2  1.08E 0 2  1oGBE 02 1.08'2 0 2  
1-34!! 02 1.34E t 2  1.34E 02 1.34E 0 2  1.34E 02 1.34E 0 2  
2.04E 02 2.04E 02  2.04E 0 2  2o04E 02  2.04E 02 2.04E 02 
2o26F 01 2.60E-01 1.52E-05 2.43E-20 0.0 0.0 
2.23F: 0 2  2.45E 0 2  2.46E 02 2.46E 0 2  2.46E 02 2o46E 02 
3.07E 02 3.OOF 0 2  2.86E 02 2o41E 02 2.6l.E 01 5.96E-09 
6.656 00 1.35E 01 2.80E 0 1  7.33E Cl 2088E 02 3.14E 02 
3077E 01 7.27E-Gl 1.32E-04 1.OBE-17 0.0 0 00 
3e09E 0 2  3o46E C 2  3047E 0 2  3047E 02 3047E 0 2  3047E 02 
4049E 02 4.49E 02 4.49E 0 2  4049E Q2 4049E 0 2  4049E 0 2  
5.56E 0 2  5056s 0 2  5.56E 02  5o56E 02 5.56E 02 5.56E 0 2  
6.30E 0 2  6.3GE 02 6.30E 0 2  6o30E 02 6.30E 0 2  6o30E 02 
3.92E 01 2.79E 00 l . lSE-03 1.67E-15 0.0 0.0 
6078E 01 3.19E 00 1.3lE-03 1.91E-15 G o C  c.0 
6.17E 02 7.78E 02 7.84E 02 7084E 0 2  7084E 02 7084E 02 
7034E 0 2  7.34E 02 7034E 0 2  7034E 0 2  7e34E 02  7034E 02 
1o30E 01 1.30E 01 1.30E 01 1.3GE 0 1  1o30E 01 1.3GE 0 1  
9.84E 0 2  9.84E 02 9084E 02 9.846 0 2  9.84E 02 9.84E 02 
8,566 0 2  8.56E 02 8.56E 02 8.56E 02 8.56E 02 8o56E 0 2  
8074E 02 8.74E 02 8.74E 0 2  8.74E 0 2  8074E 02 8.71F 02 
1.01E 0 3  1.01E 0 3  1.01E 03 1oOlE 03 1oOlE 03 1.01E 0 3  
2.04E 01 2.04E 01 2o04E 01 2.04E 0 1  2.04E 01 2004E 01 
8034E 02 8.34E 0 2  8o34E 02 8034E 0 2  Be34E 02 8034E 02 
9030E 0 2  9.36E 02 9o36E 02 9.36E C 2  9o36E 02 9036E 02 
5.49E 01 1.56E-31 4o37E-07 0.0 0 00 0.0 
8.19E 02 8.74E 02 8074E 02 8o74E 02 8074E 02 8074E 02  
8 . 7 0 ~  02 8 . 7 0 ~  02 8.70~ 02 8 . 7 0 ~  02 8 . 7 0 ~  02 8 . 7 0 ~  02 
5.61E 02 5.61E 02 5.6l.E 02  5061E 02 5.61E 02 5.51E 0 2  
3084F 02 2004E 02 5.13E 01 4-11E-01 0.0 0 00  
2.94F 02 4074E 0 2  6e27E 02 6.77E 0 2  6.77E 02  6.77E 02 
4.96E 02 4.96E 02 4.96E 0 2  4.96E 0 2  4.96E 02 4o96E C2 
3.11F 02 3011E 0 2  3011E 0 2  3.11E 02 3 o l I E  0 2  3 0 l l E  02 
3.63E 02 3o63E 02 3o63E 0 2  3.63E 02 3063E 02 3.63E 02 
3095E 00 3095E 00 3095E 09 3095E 00 30956 00 3095E 00 
1.84E 01 1 0 8 6 E  01 1.87E 01  1.88E 01 1.88E 01 1o88E 01 
6.13E 01 6.13E 01  6013E 01 6.13E 0 1  6.13E 01  6.13E 01 
3075E 01 3015E 0 1  3.75E 01 3075E 01 3075E 01 3075E 01 
3049E 00 3049E 00 3049E 00 3049E 00 3049E 00 3.49E 00 
4.01E 00 4001E 00 4o01E 00 4.01E 00 4.01E 00 4oOlE 00 
2.03E 00 2e04E 00 2004E 00 2004E 00 2.04E 00 2.04E 00 
1.05E 00 1.05E 00 1.05E 00 1005E 00 1.05E 00 1oO5E 00 
4.16F 00 4.16E 00 4016E 00 4.16E 00 4.16E 00 4.16E 00 
1048E 00 1.48E 00 1048E 00 1.48E 00 1.48E 00 1.48E 00 
2.26E 00 2.26E 00 2027E 00 2.27E 00 2027E 00 2027E 00 
1047E 00 1.47E GO 1047E 00 1.47E 00 1.47E 00 1.47E 00 
1o39E 00 1038E 00 1035E 00 1027E 00 5059E-01 1.53E-04 
1024E 01 1024E 01 1.24E 01 1.25E 01 1o32E 01 1o38E 01 
l o 6 l E  00 1061E 00 1 0 4 l E  00 1.61E 00 1.61E 00 1.61E 00 
1052E 00 1.59E 00 1.60E 00 1.60E 00 1.60F 00 1.6OE 00 
1o63E 00 1o63E 00 1063E 00 1063E 00 1.63E 00 1.63E 00 
1.85E 01 1o47E 01 8077E 00 1045E 00 1035E-10 0.0 
3o65E 00 7.65E 00 1.37E 0 1  2012E 01 2.26E 01 2.26E 01 
5099E 01 5099F 01 5e99E 0 1  5099E 0 1  5099E 01 5095E 01 

F 

1 

c 

1 

(r 

c 

6 

a 

F 

e 

F 

D 

m- 

c' 
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Table 3.31 (Continued) 

A I  REFERENCE rJXIDE LMFER - WASTE DECAY TIMES (PROCESSEO AT 30 DAYS) 
POWER= 58.23 MW/MT, BURNUP= 32977. MWO/MT, FLUX= 2.65E 15 N/CM**2-SEC 
NUCLIDE CONCENTRATIONS. GRAMS / METRIC TON FUEL CHAPGED TC REACTOR 

CHARGE 
TE126 0.0 
TE127M 0.0 

1127 0.0 
T E l 2 8  0.0 
XE128 0.0 
TEl29H 0.0 

I 1 2 9  0.0 
TE130 0.0 
XE130 0.0 
XE131 0.0 
XE132 0.0 
CS133 0.0 
XE134 0.0 
CS134 0.0 
BA134 0.0 
CSL35 0.0 
XE136 0.0 
EA136 0.0 
CS137 0.0 
BA137 0.0 
BA138 0.0 
LA139 0.9 
BAT40 0.0 
CE140 0.0 
CE141 0.0 
PR141 C O O  

CE142 0.0 
NO142 0.0 
PR143 0 .0  
ND143 0.0 
CE144 0.0 
NO144 C O O  
NO145 0.0 
NO146 0.0 
NO147 0.C' 
P M l 4 7  0.0 
S Y l 4 7  0.0 
NO148 0.0 
PM148M 0.0 
SH148 0.0 
S M 1 4 9  0.0 
NO150 0.0 
S M 1 5 0  0.0 
SH151 0.0 
EU151 0.0 
SH152 0.0 
EU153 0.0 
SH154 0.0 
EU154 0.0 
EU155 0.0 
GO155 0.0 
60156 0.0 
GO157 0.0 
GO158 0.0 
TB159 0.0 
GO160 0.0 
OY l60  0.0 
DY161 0.0 
GO162 0.0 
OY162 006 
DY163 0.0 
SUBTOT 0.0 

TOTALS 0.0 

30.0 365.0 1096.0 3652.0 36525.0 365250.0 
1060E 00 1061E 00 1 0 6 2 E  33 1.62E 00 1.66E 00 2.03E OC 
6047E 00 1069E-01 7036F-03 6o44E-10 0.0 0.0 
1.15E 02 1021E 02 1022E 02 1022E 0 2  1022E 0 2  1022E 02 
1061E 02 1.61E 0 2  1061E 02 Lo61E 0 2  l.61E 0 2  1.61E 0 2  
3.76E 00 3.76E 00 3.76E 03 3.76E 00 3.76E 00 3.76E 00 
6.08E 00 6.58E-03 2o22E-09 0.0 0 00 0.0 
3.27E 0 2  3033E 02  3.33E 0 2  3.33E 0 2  3033E 0 2  3033E C2 
3.65E 02  3065E 02  3.65E 0 2  3.65E G2 3.65E 02 3.65E 02 
9077E 00 9.77E 00 9077E 00 9077E 00 9077E 00 9077E 00 
6080'E 0 2  6081E 0 2  6.81E 0 2  6.81E 0 2  6.81E 0 2  6.81E 02 
q078E 02  9078E 0 2  9078E 02 9.78E 0 2  9078E 0 2  9.78E 02  
1024E 03 1024E 03 1024E '33 1.24F 0 3  1.24E 0 3  1.24E 03 
1.37E 03 1.37E 03 1.37E 03 1.37E 0 3  1037E 0 3  1.37F 03 
2022E Ql 1063E 01 8029E 09 7.78E-01 4.96E-14 0.0 
4.61E 00 1.05E 01  1.86E 01 2.61E 01 2.68E 01 2.686 01  
1033E 0 3  1033E 03  1033E 03 1.33E 0 3  1.33E 0 3  1.33E 0 3  
1022E 03 1022E 0 3  1022E 0 3  1.22E 03 1022E 0 3  1022E 03 
3.79E 01 3082E 01 3.82E 01 3.82E 01 3o82E 01 3.82E 01  
1.25E 03 1.23E 63 1.17E 0 3  9097E 02 1.25E 0 2  l o l 6 E - 0 7  
2.45E 01 5.08E 0 1  loO6E 0 2  2.81E 02 1.15E 0 3  1028E 03  
1022E 0 3  1022E 03 1022E 0 3  1022E 03 1022E 0 3  1022E 03 
l o 1 4 E  03 1.14E 0 3  l o l 4 E  03 1.14E 0 3  1-14E 03 1.14E 03 
7.17E 00 9.34E-08 0.0 0 00 0 00 0.0 
1024E 03  1.25E 03 1.25E 03 1.25E 0 3  1o25E 03 1.25E 0 3  
5.18E 01 4.00E-C2 6.45E-09 0.0 0.0 0.0 
1.085 0 3  1.13E 03 1.13E 03 1.13E 03 1.13E 03 1.13E 0 3  
1001F 03  1.01E 03 1.01E 03 1.0I.E 0 3  1.01E 0 3  1.01E C3 
4.78E 00 4.78E 00 4o78E 00 4.78E 00 4.78E 00 4.78E 00 
9.66E 00 4.15E-07 3.60E-23 0.0 0 00 0.0 
1.03E 0 3  l o 0 4 E  03 1.04F 0 3  1.04E 03 1.04E 03 1o04E 0 3  
4.00E 02  1.77E 0 2  2.96E 01 5.79E-02 0.0 0 00 
4.46E 02  6.69E 0 2  8.16E 0 2  8046E 0 2  8046E 0 2  8.46E 0 2  
6.65E 0 2  6.65E 0 2  6.65E 0 2  6.65E 02 6.65E 02 6065E 0 2  
6.17E 02 6.17E 02  6 o l f E  0 2  6.17E 0 2  6.17E 0 2  6.17E 0 2  
2.31E 00 1.90E-09 0.0 0 00 0 00 0.0 
3.80E 0 2  3.00E 02 1.77E 02 2.77E 01 1026E-09 0.0 
8.71E 01 1.70E 02 2093E 0 2  4.42E 0 2  4.70E 02 4o70E 0 2  
3083E 02  3.83E 02 3.83E 0 2  3.83E 02 3o83E 0 2  3o83E 0 2  
1.97E 00 7.83E-03 4.55E-38 0.0 0 00 0.0 
3044E 01 3.64E 01 3064E 01 3.64E 01  3064E 0 1  3.64E 01 
2.83E 02 2.83E 02 2083E 02  2.83E 0 2  2083E 0 2  2.83E 0 2  
2.26E 0 2  2.26E 02 2.26E 0 2  2.26E 02 2026E 0 2  2.26E 0 2  
2.07E 01 2007E 01  2.07E 01 2.07E 01 2.07E 01 2.07E 01 
1.72E 0 2  l o 7 l E  02 1.68E 0 2  1.59E 0 2  7078E 01 5-97E-02 
1.09E 00 2.34E 00 5.05E 00 1.42E 0 1  9057E 01 1073E 02 
1.53E 02 1.53E 0 2  1.53E 0 2  1.53E 0 2  1.54E 0 2  1.54E 6 2  
7.48E 01 7048E 01 7048E 01  7 0 4 8 F  0 1  7048E 01 7048E 01. 
6.04E 01 6.04E 01 6.04E 01 6.04E 01 6.0442 01 6.04E 01 
6o72E 00 6.466 00 5093E 00 4038E 00 8.87E-02 1.03E-18 
6.23E 01 4038E 01 2.04E 01 1.40E 00 1.51E-15 0.0 
2.08E 01 3093E 01 6.27E 01 8.17E 01  8031E 01 8031E 01 
4.80E 01 4.85E 01 4085E 01 4.85E 01 4.85E 01 4085E 01 
2.76E 01 2.76E 01 2.76E 01 2.7BE 01 2.76E 01 2.76E 01 
7054E 01 7054E 01 7054E 01 7.54E 01 7054E 01 7054E 01 
3075E 01 3075E 01 3075E 01 3075E 01 3o75E 01 3075E 01 
3o12E 00 3o12E 00 3.12E 00 3.12E 00 3.12E 00 3.12E 00 
2.72E 00 3052E 00 3o55E 00 3.556 00 3055E 00 3055E 00 
7o68E 00 7.69E 00 7.69E 00 7.69E 00 7.69E 00 7.69E 00 
2o00E 00 1o06E 00 2065E-01 2o07E-03 000 0.0 
1.79E 00 2.73E 00 3053E 00 3079E 00 3079E 00 3079E 00 
1.46E 00 1.46E 00 1.46E 00 1046E 00 1046E 00 1.46E 00 
3049E 04 3049E 04 3049E 0 4  3049E 04 3049E 04 3049E 04 

3049E 04 3049E 04 3049E 04 3049E 04 3.49E 04 3049E 04 
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Table 3.32. Masses of Fission Product Elements Calculated to Be Present 
i n  Spent LMl%lR (AI Reference Oxide) Fuel and i n  the Wastes Generated 

by the Reprocessing of "his Fuel 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY T I M E S  (PROCESSED AT 30 D A Y S )  
POWER= 5 6 - 2 3  HW/HT? BURNUP= 32977. MWDIYT? FLUX= 2.65E 1 5  N/CM**2-SEC 

ELEMENT CONCENTRATIONS* GRAMS 1 METRIC TON FUEL CHARGED TO REACTOR 

H 
ZN 
GA 
GE 
A S  
SE 
BR 
KR 
RB 
SR 

Y 
ZR 
NB 
MQ 
TC 
RU 
RH 
PO 
A G  
CD 
I N  
SN 
SB 
TE 

I 
XE 
cs 
BA 
LA 
CE 
PR 
NO 
PY 
SM 
EU 
GO 
18 
DY 
HO 
€ R  

CHAR GE 30.0 365.0 1096.D 3652.0 36525.D 365250.D 
9.61E-02 9.13E-02 8.16E-02 5.5DE-02 3.45E-04 0.0 0.0 

0.0 
0.0 
0 00 
0 00 
0.0 
0 00 
0.0 
0.0 
C 00 
0.0 
0.0 
0 .e 
0.0 
0.0 
0.0 
0 00 
0.0 
0.0 
0.0 
0 00 
0.G 
0.0 
0.0 
0.0 
C.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . G  
0.0 
0.0 
0.0 
0 00 
0 00 
0 00 
0.0 
0.0 

1.20E-08 0.0 0.0 0 00 coo 6.0 
5.24E-09 0.0 0.0 0.0 0 00 0.0 
1o63E-01 1.63E-Cl l o 6 3 E - 0 1  1.63E-01 1o63E-01 1.63E-01 
1.86E-02 1.86E-02 1.86E-02 1.86E-02 1.86E-02 1086E-02 
6o57E C.0 6o57E 00 6.57E 00 6.57E 00 6o57E 00 6 0 5 6 E  OC 
2.23E 00 2.23E 0 0  2.23E 0 0  2.23E 90 2o23E 00 2024E 00 
3o13E 02 3.11E 0 2  3.08E 0 2  3.01E 0 2  2.87E 0 2  2087E 0 2  
1.70E 02 1.79E 02 l o 8 2 E  02 1o90E 0 2  2.04E 02 2004E 0 2  
5034E 02 5005E 0 2  4o90E 0 2  4045E 0 2  2.32E 02 2m04E 02 
2.61E 02 2 0 4 6 E  02 2.46E 0 2  2.46E 0 2  2o46E 02 2 0 4 6 E  0 2  
2.78E 03 2o73E 03  2.74E 0 3  2.79E 0 3  3.00E 0 3  3.03E 03  
6.79E 01 3.19E 0 0  2.28E-03 2.76E-03 2059E-02 2057E-01 
3.48E 0 3  3o64E 0 3  3o64E 0 3  3.64E 0 3  3.64E 0 3  3o64E G3 
6.74E 02 8.74E 0 2  8.74E 0 2  8.74E 0 2  8.74E 0 2  8.71E 0 2  
3.10E 0 3  2.86E 03  2.71E 0 3  2 0 6 6 E  0 3  2.66E 03 2066E 0 3  
8.19E 02 8.74E 02 8.74E 02 8.74E 02 8.74E 02 8.74E 02 
1.67E 03 1.85E 03  20OOE 0 3  2.05E 0 3  2o05E 0 3  2m05E 0 3  
3.64E 32 3063E 02 3.63E 0 2  3.63E 02 3o63E 0 2  3063E 02 
1.26F 0 2  1.27E 0 2  1.27E 0 2  1.26E 0 2  1.26E 0 2  1.26E 0 2  
2.04E 00 2.08E 00 2.13E 09 2.z7E 00 2.60E 00 2.61F 00 
7.42E 01 7.41E 0 1  7.40E 01 7039E 0 1  7.32E 01  7.23E 01 
3.24f 0 1  2.80E 0 1  2.28' 01  1.55E 01 1.48E 0 1  1054E 01 
5045E 0 2  5037E 0 2  5-42!! 0 2  5.50E 02 5o51E 0 2  5.51E 02 
4043F 0 2  4054E 02 4055E 0 2  4055E 0 2  4-55E 0 2  4055E 02 
4.26E 03 4 0 2 6 E  33  4o26E 03 4.26E 0 3  4o24E 03 4.26F 0 3  
3o85E 0 3  3o82E C3 3075E 03 3057E 03 2o70E 03  2.57E 03 
1o29E 0 3  1.32E G3 1.38E 03 1.56E 03  2.44f 0 3  2.56E 03 
1.14E 03 1.14E 03 l o 1 4 E  93  1.14f 0 3  1o14E 03 1.14E 03  
2 o 7 C E  03 2.43E 03  2020E 03  2o25E 0 3  2.25E 0 3  2.25E 03  
1.09E 03  1o13E 03 1.13E 0 3  l o 1 3 E  0 3  1.13E 0 3  1.13E 03  
3.38E 0 3  3.61E 0 3  3075E 03 3.78F 03  307RE 0 3  3.76E 03  
3.82F 02  3o00E G2 1.77E 0 2  2.77E 01 1o26E-09 0.0 
8 o l l E  02  8.95E 02 1.02E 03 1.16E 03 l o l O E  0 3  1002E 0 3  
1.45E 0 2  1.27E 02 1.06F 02  9.48E 0 1  1 o 7 1 E  0 2  2.4BE 0 2  
1.77E 02 1o95E 02 2.19E 02 2.39E 3 2  2o45E 0 2  2.45E 0 2  
3.83E 01 3075E 01 3075E 01 3075E 01 3075E 01 3075E 0 1  
1.43E G 1  1.61E 0 1  1o69E 0 1  1.7l.E 0 1  1.71E 0 1  l o 7 1 E  01 
2021E-01 2021E-01 2021E-01 2021E-91 2021E-01 2021E-01 
1.56F-01 1o5bE-01 1o56F-01 1.56E-01 1o56E-01 1.56E-01 

c 

c 

TOTALS 0.0 3.49E 0 4  3049E 0 4  3049E 04 3049E 04 3049E 04 3049E 04 

c 
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Table 3.33. Calculated Radioactivity of F'ission Product Nuclides Present 
i n  Spent LMFBR (AI Reference OxLde) Fuel and i n  the Wastes Generated 

by the Reprocessing of This Fuel 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED AT 3 0  DAYS) 
POWER= 58.23 YW/MTt BURNUP= 32977. MWD/MTt FLUX= 2.65F 15 N/CM**Z-SEC 

NUCLIDE RADIOLCTIVITY? CURIES / METRIC TON FUEL CHbRGED TO REACTOR 
CHARGE 30.0 365.0 1 0 9 6 . ~  3652.0 36525.0 365250.0 

H 3 0.0 
KR 8 5  0.0 
R B  86 0.0 
SR 8 9  0.0 
SS 90 0.Q 

Y 90 0.9 
Y 91 0.0 

ZR 9 3  0.0 
ZR 95 C.0 
NS 95M 0.G 
MB 95 0.0 
MO 99 0.0 
TC 99m 0.0 
TC 99 0.0 
RU103 0.0 
RH103M 0.0 
R U l 0 6  0.D 
RH106 0.0 
AGl lOM 0.0 
A G l l O  0.0 
A G l l l  0.0 
CD113M 0.0 
IN114M 0.0 
I N 1 1 4  0.0 
CDl15M 0.0 
S N l l 9 M  0.0 
S N l Z l M  0.0 
SN123M 0.0 
fE123Y 0.9 
SB124 0.0 
SN125 0.0 
58125  0.0 
TE125Y 0.0 
SY126 0.0 
SB126M 0.0 
58126 0.0 
SI3127 COO 
fE127M 0.0 
T E t 2 7  0.0 
TE129M 0.0 
TE129 0.0 

1131 010 
XE131M 0.0 
TE132 0.0 

I132  0.0 
XE133 0.0 
CS134 0.0 
CS135 0.0 
C S 1 3 6  0.0 

9032E 02 8085E 02 7o91E 02  5033E 0 2  3034E CO 0.0 
1.02E 64 9.63E 03 8 0 4 6 E  03 5039E 03 l o b 4 f  C 1  0.0 
1092E 03 4.03E-03 6049E-15 0.0 0 00 0.0 
6037E 0 5  7033E 03 4.29E-01 6.85E-lb 0.3 0 00 
4034E 04 4.25E 04 4.04f 04 3.40E 04 3069E 03 8,435-07 
4.35E 04 4.25E 3 4  4.04E 04 3040E 04 3076E 03 8043E-07 
9.21E 05 1.78E 04 3o21E 09 2.64E-13 0.0 0 00 
1.43E 00 1.43E 00 1.43E 03 1.43E 00 1043E 00 1.42E 00 
201OE 06 5.89F 34 2.43E Ql 3.53E-11 0.0 0.0 
4045E 04 1.25E 0 3  5o15E-r) l  7.49E-13 0.0 O.@ 
2.66E 05 l o 2 5 F  05 5.15E 01 7.49E-11 0.0 0.0 
1.81E 03 0.0 0.0 0.0 0 00 0.0 
1.73E 0 3  0.0 0.0 l3.G C.C 0.0 
1o4QE 01 1.49E 01 1o49E 0 1  1.49E 0 1  1.49E 01  1.48E 01 
1076E 06 5.00E 0 3  1.40E-02 0.0 0 .o 0.0 
1.76E 06 5.00E 0 3  1.40E-02 3.0 0 00 0.0 
1.29E 06 6.85E 05 1.72E 05 1038E 03 C.0 0.0 
1.29E 06 6.85E 05 1.72f 0 5  1.38E @3 0.0 0.0 
l o 5 9 E  0 3  6.31E 0 2  8.55E 01 7.78E-02 Em0 0.0 
2.06E 02 8.24E 0 1  Lo11E 01 1oCjlE-32 0.0 0.0 
1*26E 04 4o50E-10 0.G 0 00 0 . 0  coo 
1.26E 02 1020F  02 1.09E 02 7.72E 01 5.95E-01 3.98E-2C 
1.43E 00 1.38E-02 5.45E-07 0.0 0 09 0.0 
1038E 00 1.33E-02 5.26E-07 0.0 0 00 0.0 
2.69E 02 1022E 00 9-33E-06 0.0 0 00 0 00 
201GE 01 8028E 00 1009E 00 9.12E-G4 0.0 0.0 
5.41E 01 5.36E 0 1  5o26E 0 1  4094E 01 t o l 7 E  01 5.96F-03 
6086E C 2  1.07F 02 1.86E 09 1.29E-06 Q.0 0.c 
2 o o l E  00 4.00E-01 5.27E-03 1.39E-09 0.0 0 00 
7o67E 01  1.60E 00 3044E-04 5.16E-17 0.0 0.0 
6.72E 03 1.26E-07 0.0 0.0 0 00 0.0 
1.96E 04 1.55E 04 9.29E 03 1-54!! 03 1.43E-C7 0.0 
6086E 03 6.41E 03 3.86E 0 3  6.39E 02 5-91s-08 0.0 
1.70E 09 1.70E 00 1.70F 00 l.7OE 00 1.70E 00 1.69E 00 
1070F 00 1.70E 60 1.70E OC 1.70E 00 1.70E OC 1.69E 00 
9035E 0 2  l o 6 8 E  00 1.68E 03 i.6SE 00 Lob8E 00 1o67E 00 
1.6OE 03 0.0 0.0 0 00 0 00 0.0 
6.11E 04 7.26E 0 3  6.95F 01 6.08E-06 0.0 0 00 
6.18E 04 7.17E 03 6.87E 01 6.01E-06 0 0 0  0 .@ 
1.81E 05 1.96E 0 2  6.61E-05 0 . C  0 00 0.0 
1.16E 05 1.26E 02 4.23E-05 0.0 0 00 0.0 
1.39E C5 4012E-08 0.0 0 00 0 00 0.0 
6.19E 03 2.44E-05 0.0 0.0 0 . G  0.0 
4.17E 03 0.0 0.0 0.0 0.0 0.0 
4.30E 0 3  0.0 0.0 0 00 0.0 0.0 
7044E 04 5.44E-15 0.0  0 00 0 00 0.0 
2.90E 04 2.12E 04 1.08E 34 1.01E 0 3  6046E-11 0.0 
1.17E 00 1.17E 00 1.17E 00 1017E 00 l . l?E 00 1.17E 00 
2088E 04 5.01E-04 0.0 0 00 0 00 0 00 
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Table 3.33 (Continued) 

A I  REFERENCE O X I D E  LYFBR - WASTE DECAY T I M E S  (PROCESSED A T  3 0  D A Y S )  
POWER= 58.23 YW/MTt BURNUP= 32977, MWD/YTv FLUX= 2o65E 15 N/CM**2-SEC 

NUCLIDE RAOIOACTIVITYI CURIES I METRIC TOY FUEL CHARGED T O  REACTOR 
CHARGE 30.0 365.0 1096.D 3652.0 36525.0 365250.0 

t S 1 3 7  0.0 1.09E 0 5  l o 0 7 E  0 5  1.GZE 9 5  8067E 04 1000E 04 1 . 0 1 E 4 5  
6A137M 0.0 1.02C 0 5  9.99E 04 9.53E 06 8.11E 0 4  1.OlE 04 9.44E-06 
6 ~ 1 4 0  0.0 5.23F 0 5  6.8l.E-03 0.0 0 00 0 00 0.0 
LA140 0.0 6.01F 0 5  7.83E-03 0.C 0 00 0.0 0 00 
C E 1 4 1  0 .0  1.48E 06 1.14E 03 1.85E-04 0.0 0 00 C .G 
PR143 0.0 6.44E 05  2o77E-02 2o4CE-18 0.0 0 00 0.0 
C E 1 4 4  ('00 102BE 0 6  5.64E 0 5  9047E 0 4  1085E 02  0.0 c 00 
PR144 0.G 1.28E 0 6  5.64E 85 9047E 06 1.85E 0 2  0.0 0.c 
~ ~ 1 4 7  0.c 1.85E 0 5  1.52E-04 0.0 0 .c 0.0 0 00 
PM147 0.0  3053E 05 2.79E 0 5  1.64E 05  2.58E 04 1o17E-06 0.C 
PM149M 0.0 4o15E 04 1.65E 0 2  9.56€-0+ 0.0 0 00 COO 
PY148 0.0 4093E 0 3  1.32E 01 7o68F-05 0.0 0 .O 0.0 
PM149 0 . G  6.15E 01 0.0 0.0 0.0 c; 00 0.0 
SMl51  0.0 4o69E 0 3  4.66E 0 3  4059E 0 3  4.34E 0 3  2012E 0 3  1o63E 00 
EU152 0.0 1.05E 0 1  9093E 00 9o84F 0.3 5.90E 00 3026E-02 0.0 
EU154 0.0 9.76E 02 9038E 02 806CE 0 2  6.35E 32 1o29E 0 1  1.50E-16 
EU155 0.0 7094E 04 5059E 04 2.60F 04 1.78E 03 i.93E-12 0.0 
EU156 0.0 3.06E 04 5.8CE-03 1.24E-17 0.C c a 0  0 00 
~ ~ 1 6 0  0.0 9o46E 0 3  3078E 02 3.35E-01 7.13E-12 0.0 0 00 
TB161 C.0  9oCi8E 0 2  2020E-12 0.0 c 00 0 00 0 00 
GD162 0.0 4.42E 03 2.34E 03 5.04E 0 2  4057E 00 C . 6  0 00 
TBlSZY 0.0 4o42E 0 3  2.34E 03 5.84E 02 4.57E 03 0 . C  0.0 
SURTOT 0.0 2o01E 07 3043E C6 1.04E 35 2 o E l E  0 5  3o06E C4 2.41E 01 

TOTALS 0.0 20OlE 07 3043E 06 1 0 0 4 E  0 6  2.81E 0 5  3rC6E 04 2.56F 01 

L' 

P 

c 

P 

P 
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Table 3.34. Calculated Radioactivit  of Fission Product Elements Present 
i n  Spent LMFBR (AI Reference Oxide7 Fuel and i n  the Wastes Generated 

by the Reprocessing of This Fuel 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED AT 3 0  DAYS) 
POWER= 58.23 M W I M T V  BURNUP= 32977. MWD/MTv FLUX= 2.6% 1 5  N/CM**Z-SEt 

ELEMENT RADIOACTIVITYI CURIES / METRIC TON FUEL CHARGED TO REACTOR 

H 
ZN 
GA 
A S  
SE 
BR 
KR 
RB 
SR 

Y 
ZR 
NB 
HO 
TC 
RU 
RH 
PO 
AG 
CD 
IN 
SN 
SB 
TE 
I 

XE 
c s  
8A 
LA 
C E  
PR 
NO 
PH 
SM 
EU 
GO 
TB 
DY 
HO 

CHARGE 
0.0 
0 .0  
0.0 
0 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0 00 
0 00 
0.0 
0.0 
0.0 
0 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 00 
0 00 
0.0 
0.0 
0.0 
0.0 
0 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 00 
0 00 
0.0 

TOTALS 0.0 

30.0 365.0 1096.0 3652.D 36525.D 365250.0 
9.32E 0 2  8.85E 0 2  7.91E 0 2  5.33E 0 2  3.34E 00 0.0 
1.13E-02 0.0 0.0 0 .C G.0 0.0 
1.62E-02 0.0 0 00 0 00 0 .o 0.0 
8.92E-C4 0.0 0.0 0 00 0 00 0.c 
3.92E-02 3.92E-02 3.92E-02 3.92E-02 3.92E-02 3088E-02 
2.06E-04 0.0 0.0 0.0 0 00 0.0 
1002E 04 9.63E 03 8.466 0 3  5.39E 0 3  1.64E 01 0.0 
1.02E 03  4.04E-03 l. lOE-05 l . lCE-05 1.lOE-05 l.lOE-05 
6.81E 0 5  4.98E 04 4o04E 04 3.40E 04 3.69E 03 8043E-07 
9.64E 05 6.02E 04 4.04E 04 3 0 4 0 E  04 3.70E 0 3  8.43E-07 
2.1OE 06 5089E 04 2o57E 01 1.43E 00 1.43E 00 1.42E 00 
2071E 06 1.27E 05 5.23E 01 6.01E-01 1.42E OG 1.42E 00 
1.81E 0 3  0.0 0.0 0.0 0.0 0.0 
1.74E 03 1.49E 01 1.49E 0 1  1.49E 0 1  1.49E 0 1  1.48E 01 
3.05E 06 6.90E 0 5  1012E 05 1.38E 03  0 0 0  0.0 
3.05E 06 6.90E 0 5  1.72E 05 1.38E 0 3  0.0 0.0 
5.03E-06 0.0 0.0 0 00 0 00 0.0 
1.44E 04 7016E 02 9.66E 01 8.79E-02 0.0 0 00 

3.40E 00 2.70E-02 1.07E-06 0.0 0 00 0 00 
7e48E 03 1.71E 0 2  5.?3€ 01 5.11E 0 1  2.34E 01 1.69E 00 
2.22E 04 1 0 5 5 E  04 9e29E 0 3  1.54E 03 3.38E 00 3.36€ 00 
4.31E 05 2.12E 04 3099E G3 6.39E 0 2  5.91E-08 0.0 
1.43E 0 5  5.43E-02 5.43E-02 5.43E-02 50435-02  5.43E-02 
8.06E 04 2.44E-05 0.0 0 00 0 00 0.0 
1.67E 0 5  1.28E 0 5  1.13E 05  8.78E 04 1.OBE 04 l.17E 00 
6.25E 0 5  9.99E 04 9053E 04 8.11E 04 1.01E 04 9.44E-06 
6.01E 0 5  7.83E-03 0.0 0.0 0 .o 0.0 
2e76E 06 5e65E 0 5  9.47E 04 1.85E 0 2  0.0 0.0 
1 0 9 2 E  06 5 e 6 4 E  05 9047E 04 1.85E 02 0.0 0.0 
1.85E 05 1.52E-04 0.0 0 00 0 00 0 00 
3099E 05 2.79E 05 1.64E 0 5  2.58E 04 1.17E-06 0.0 
4.70E 0 3  4 0 6 6 E  03 4.59E 03 4034E 03 2012E 03 1.63E 00 
1.11E 05 5.69E 04 2.68E 04 2.42E 03  1.29E 01 1.50E-16 
4.42E 0 3  2.34E 03 5.84E 0 2  4.57E 00 0.0 0.0 
1.48E 04 2.72E 0 3  5.85E 0 2  4.57E 00 010 0.0 
6.13E-01 0.0 0.0 0 00 0 .o 0.0 
9.14E-01 0.0 0.0 0 00 0.0 0 00 

3 . 9 6 ~  0 2  1 . 2 2 ~  02 1.09~ 02 7 . 7 2 ~  01 8.95~-01  3 .9e~-20  

2.01E 07 3.43E 06 1.04E 06 2.01E 05 3006E 04 2.56E 01 
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Table 3.35. Calculated Thermal Power of Fiss ion Product Nuclides Present 
i n  Spent LMFBR (AI Reference Oxide) Fuel and i n  the  Wastes Generated 

by the  Reprocessing o f  This Fuel 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED AT 30 DAYS) 
POWER= 58.23 MW/MTT BURNUP= 32977. MUDIMTI FLUX= 2.65E 1 5  N/CM**Z-SEC 

NUCLIDE THERMAL POWER* WATTS / METRIC TON FUEL CHARGED T O  REACTOR 
CHARGE 30.0 365.0 1096.0 3652.0 3 6 5 2 5 0 0  365250.0 

H 3 0.0 
KR 85 0.0 
R 6  86 0.0 
SR 8 9  0.0 
SR 90 0.0 

Y 90 0.0 
Y 91 0.0 

ZR 9 5  0.0 
N8 95M 0.0 
NB 95 0.0 
MO 99 0.0 
TC 9 9 Y  0.0 
ft 99 0.0 
RU103 0.0 
RHl03M 0.0 
RU106 0.0 
RH106 0.0 
AGllOM 0.0 
A G l l O  0.0 
A G l l l  0.0 
CD113M 0.0 
IN114M 0.0 
I N 1 1 4  0.0 
C D 1 1 5 M  0.0 
SN119M 0.0 
S N l Z l M  0.0 
SNl23M 0.0 
TE123M 0.0 
58124  0.0 
SN125 0.0 
S6125 0.0 
TEL25M 0.0 
58126  0.0 
SB127 C . 0  
TE127Y 0.0 
TE127 0.0 
TE129M 0.0 
TE129 0.0 

1 1 3 1  0.0 
XE131M 0.0 
TE132 0.0 

I 1 3 2  0.0 
XE133 0.0 
CS134 0.0 
CS136 0.0 
CS137 0.0 
BA'137M 0.0 
BA140 0.0 
LA140 0.0 

3.31E-02 3.15E-02 2081E-02 1090E-02 l s 1 9 E - 0 4  0.0 
1.64E 01 1.55E 01 1.36E 01  8066E 00 2063E-02 0.0 
4.81E 00 1.90E-C5 3005E-17 0.0 0 00 0.0 
2.29E 03 2.64E 01 1.54E-03 2.4fE-18 0.0 0.0 
5 0 6 7 E  01  5.54E 01 5027E Of 4044E 0 1  4 0 8 2 E  00 l . lOE-09 
2.49E 0 2  2.43E 0 2  2.31E 0 2  1.95E 0 2  2011E 01 4s82E-09 
3.50E 0 3  6.76E 01 1022E-02 1000E-15 0.0 0 00 
l . lOE 04 3.08E 0 2  1.27E-01 1.85E-13 0.0 0.0 

1.28E 04 6.Ol.E 02  2047E-01  3.59E-13 0.0 0.0 
8.11E 00 0.0 0.0 0.0 0 SO 0.0 
1.46E 00 0.0 0.0 0.0 0.0 0 00 
10OlE-02 1.01E-02 1001E-02 1001E-02 1.01E-02 1000E-02 
5.75E 0 3  1063E 01 4057E-05 0.0 0.0 0.0 
4 0 1 8 E  02 1 0 1 9 E  00 3032E-05 0.0 0 00 0.0 
7.656 01 4.06E 01 1002E 01 8s18E-02 0.0 0 00 
1.25E 04 6.62E 0 3  1.66E 0 3  1.33E 01  0.0 0 00 
2056E 01 1002E 01 1.38E 0 3  1025E-03 0.0 0.0 
1.50E 00 5.98E-01 8006E-02 7.34E-05 0.0 0.0 
3001E 01 1*08E-12 0.0 0 00 0.0 0.0 
1067E-01  1059E-01 l . 44E-01  1002E-01 1.18F-03 5026E-23 
2.03E-03 1.96E-05 7.76E-10 0.0 0 s o  0 00 
6049E-03 6.25E-05 2.48E-09 0.0 0 00 0 00 
l o l O E  00 4095E-03 3.80E-08 0.0 0 00 0.0 
loll€-02 4037E-03 5.75E-04 4.8l.E-07 0.0 0.0 
5.67E-02 5062E-02 5.52E-02 5.18E-02 2.28E-02 6025E-06 
2.34E 00 3.65E-01 6.33E-03 4.4OE-09 0.0 0.0 
4.28E-03 5088E-04 7eT4E-05 2.04E-12 0.0 0 00 
1.04E 00 2.16E-02 4.65E-05 6.97E-19 0.0 0.0 
4.06E 01 7060E-10 0.0 0.0 0 .o 0.0 
6.57E 01 5.21E 01 3.12E 01  5.17E 00 4076E-10 0.0 
5.89E 00 5.51E 00 3.31E 09 5.49E-01 foO8E-11 0.0 
1002E 01 1.85E-G2 1.85E-02 l o 8 4 E - 0 2  1084E-02 1083E-02 
8.81E 00 0.0 0.0 0 .@ 0 00 0.0 
3037E 01 4 o O C E  00 3.83E-02 3.35E-09 0.0 0.0 
1oOlE 0 2  1.17E 01 1.12E-01 9.80E-09 0.0 0.0 
3059E 0 2  3086E-01 1 o 3 l E - 0 7  0.0  0 00 0.0 
4.21E 02 4.56E-01 1.54E-07 0.0 0 00 0.0 
5.71E 02 1.70E-10 0.0 0.0 0.0 0.0 
6.02E 00 2.37E-08 0.0 0 00 0.0 0.0 
5069E 00 0.0 0.0 0 00 0 00 0.0 
6.88E 01 0.0 0.0 0 00 0 00 0.0 
8003E 01 508fE-18 0.0 0 00 0 00 0.0 
3.04E 0 2  2.23E 0 2  1.13E 0 2  l o O 6 E  01  6.77E-13 0.0 
4045E 0 2  7.75E-06 0.0 3 00 0.0 0.0 
1.77E 0 2  1.73E 0 2  1.65E 0 2  1.40E 0 2  1075E 01 1.63E-08 
4.00E 0 2  3.92E 02 3074E 0 2  3.18F 02 3098E 01 3.70E-08 
1.76E 03 2.30E-05 0.0 0 00 0 00 0.0 
9.96E 03 ls30E-04 0.0 0 00 0 00 0.0 

6020E 01 1.74E 00 7.17E-04 1.04E-15 0.0 0.0 

i 

C 

b 

F 

b 

P 

In 

c 

c 

CI 

c 

'* 

C 

Is 



Table 3.35 (Continued) 

A I  REFERENCE OXIDE LNFBR - WASTE DECAY TIMES (PROCESSED AT 30 DAYS) 
POWER= 58.23 MW/MTr BURNUP= 32977. HWD/MTt FLUX= 2065E 15 N/CM**2-SEC 

NUCLIDE THERMAL 

C E 1 4 1  0.0 
PR143 0.0 

CHARGE 

CE144 0.0 
PR144 0.0 
NO147 0.0 
PY147 0.0 
PMl48M 0.0 
PM148 0.0 
PM149 0.0 
SM151 0.0 
EU152 0.0 
EU154 0.0 
EU155 0.0 
EU156 0.0 
TBl6O 0.C' 
TI3161 0 .0  
GO162 0.0 
TB162M 0.0 
SUBTOT 0.0 

POWERI WATTS / YETRIC TON FUEL CHARGE0 TO REACTOR 

2.91E 03 2 0 2 5 E  00 3.63E-07 0.0 0 .O 0.0 
1.40E 03 6oOlE-05 5.20E-21 0.0 0 00 0.0 
1012E 03 4095E 0 2  8.31E 01 1.62E-01 0.0 0.0 
9.50E 03 4020E 03 7.05E 0 2  1038E 00 0.0 0.0 
5.18E 0 2  4.26E-07 0.0 0 08 0 00 0.0 
1.82E 02 1.44E 0 2  8.46E 01 1033E 01 6.05E-10 0.0 
5.26E 0 2  2.09E 00 1.21E-05 0 . 0  0 00 0.0 
4.03E 01 1 o O B E - 0 1  6028E-07 0.0 0 00 0 00 
1.54E-01 0.0 000 0 00 0.0 0 .c 
8.1SE 00 8.12E 00 7099E 09 7.56E 00 3069E 00 2.83E-03 
1.28E-01 1021E-01 1.08E-01 7021E-02 3.98E-04 C O O  
9.14E 00 8079E 00 8.06E 00 5095E 00 1021E-01 1.4lE-18 
6068E 01 4070E 01 2019E 01 1.50E 00 1062E-15  0.0 
3.23E 0 2  6.12E-05 1.31E-19 0.0 0.0 0.0 
7.96E 01 3.18E 00 2.82E-03 6000E-14 000 0.0 
1048E GO 3.59E-15 0.0 0 00 0 00 0.0 
1.50E 01 7o96E 00 1.99E 00 1.55E-02 0.0 0.0 
2.96E 01 1.57E 01 3091E 00 3.06E-02 000 0.0 
8.03E C 4  1.38E 04 3.58E 33 7ob6E 0 2  8.72E 01  3.12E-02 

30.D 365.0 1096.0 3652.0 36525.0 365250.0 

TOTALS OoC' 8.03E 04 1.38E 04 3058E 03 7 0 6 6 f  0 2  8.72E 01 3.41E-02 



Table 3.36. Calculated Thermal Power of Fission Product Elements Present 
i n  Spent LMFBR (AI Reference Oxide) Fuel and i n  the  Wastes Generated 

by the Reprocessing of This Fuel 

A i  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED AT 30 DAYS) 
POWER= 58.23 MW/MTv BURNUP= 32977. MWD/MT, FLUX= 2.65E 15 N/CM**2-SEC 

ELEMENT THERMAL POWER, WATTS / METRIC TUN FUEL CHARGED TO REACTOR 
CHARGE 30.0 365.0 l f96.D 3652.0 36525.D 3 6 5 2 5 0 0 0  

H 
ZN 
64 
A S  
SE 
BR 
KR 
RB 
SR 

Y 
ZR 
NB 
M O  
TC 
RU 
RH 
PD 
AG 
CD 
IN 
SN 
SB 
TE 

I 
XE 
cs  
BA 
LA 
CE 
PR 
NO 
PY 
SM 
EU 
GO 
TB 
DY 
HO 

0 00 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 00 
0.0 
0 00 
0 .o 
0.0 
0.0 
0.0 
C 00 
0 00 
0 00 
0 00 
0 00 
0.0 
0.0 
0 00 
C .Q 
C 00 
0.0 
0.0 
0 .o 
0 .G 

3.31E-02 3.15E-02 2081E-02 1.90E-02 1.19E-04 0.0 
1064E-05 0.0 0.0 0 .c 0 00 0.c 
3.32E-04 0-0 0.0 0 00 0 -0  0 00 
1.24E-06 0.0 0.0 0 00 0 00 0.e 
1.49E-05 1.49E-05 1049E-05 1.49E-05 1o49E-05 1047F-05 
3.4DE-06 0.0 O.@ 0 00 0.0 0.0 
1.64E 01 1.55E 01 1.36E 01 8066E 00 2063E-02 0.0 
4.81E 00 1.90E-05 7.18E-09 7.18E-09 f s 1 8 E - 0 9  7.leE-09 
2.35E 0 3  8018E 01 5.27E 01  4044E 0 1  4.82E 00 l . lOE-09 
3075E 0 3  3.11E 0 2  2.31E 02 1.95E 0 2  2.1l.E 01 4.82E-09 
1.1OE 0 4  3.08E 02 1027E-01 1.69E-04 1.69E-04 1.69E-04 
1028E 04 6.03E 02 2.48E-01 1oOtE-04 2.52E-04 2053E-04 
8.11E 00 0.0 9.0 0 .e 0.0 0.0 
1047E 00 1.OlE-02 1001E-02 1001E-02 1001F-02 l o00E-02  
5.82E 0 3  5.69E 31  l o O 2 E  01 8.18E-02 0.0 0.e 
1.29F 04 6.62F 0 3  1.66E 0 3  1.33E 01  0.0 @ 00 
2o86E-09 0.0 0.0 0 00 0 00 0 00 
5 . 7 2 ~  01 1 . ~ 8 ~  01 1 .46~  ect i . 3 3 ~ - 0 3  0.0 0 00 
1.27E 0.3 1.64E-01 1.44E-01 1 -02E-01  lo18E-03 5-26E-23 
9.7lE-03 8.2GE-05 3.25E-09 0.0 0 00 o*o  
4.31E @l 4.26E-01 5.30E-02 5*27E-02 2.37E-02 9oC7E-04 
8.58E 01 5.21E 01 3.12E G l  5.19E 00 1o94E-02 1.93E-02 
9.26E 02 2.20E 01 3.46E C 3  5.49E-01 5.08E-11 0.0 
6.40E 02 2035E-05 2.35E-05 2.35E-05 2035E-05 2.35E-05 
8.63E 01 2.37E-08 0.0 0.0 0.0 0 00 
9.25E 0 2  3.96E 0 2  2.78F 0 2  1.51E 0 2  1 * 7 5 E  61 5.71E-04 
2016E 03 3.92E 02 3074E 0 2  3.18E 02 3.98E 91 3.79E-08 
909BE 03 1.30E-04 0.0 0 00 0 00 0.0 
4 0 0 3 E  @3 4097E 02 8031E 01 1.62E-01 C O O  0 00 
1 .09E 04 4.20F 03 7005E 0 2  1.38E 00 0.0 0.0 

7049E 02 1.46E 0 2  8.46E 0 1  1.33E 01 6.05E-lC 0.0 
8019E 00 8012E 00 7039E 03 7.56E 03 3.69E 00 2.83E-03 
3099E 02 5059E 01 3oOCE: 0 1  7.52E 00 1.21E-01 1.41E-18 
1.50E 01 7.96E C O  1.99E 00 1055E-02 0 . 0  0.0 
l o l l €  0 2  1.88E 0 1  3.92E 09 3006E-02 0.0 0.c 
5.19E-04 0.0 0.0 0 00 0 00 0 .G 
4.01E-03 0.0 0.0 0 -0 e 00 0.0 

5.18E 02 4.26E-67 0.0 0 00 0 00 0.a 

TOTALS 0.0 8.C3E 0 4  1.38E 04 3.58E G3 7066E 02 8.7,2E 01 3.41E-02 

1 
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and thermal power, respectively,  f o r  individual  isotopes;  t h e  same data, 
summed f o r  each fission-product element, a re  given i n  Tables 3.32, 3.34, 
and 3.36 respect ively.  

Actinides. - Tables 3.37 through 3.42 present the calculated masses, 
rad ioac t iv i ty ,  and thermal power of important ac t in ides  i n  t he  fue l ,  com- 
p i l ed  f o r  each isotope and summed f o r  each element; Tables 3.42 through 
3.48 present  comparable data for the  waste. I n  making the ca lcu la t ions  

f o r  the waste, we assumed t h a t  reprocessing occurs 30 days a f t e r  t he  f u e l  

i s  discharged from t h e  reactor  and t h a t  0.5% o f  t h e  uranium and 0.5% of 

the plutonium i n  t h e  spent f u e l  appear i n  t h e  waste. 

Cladding. - Tables 3.49 through 3.54 present t he  calculated masses, 
rad ioac t iv i ty ,  and thermal power of  neutron-induced ac t iva t ion  products 
of the  oxygen, s t a i n l e s s  s t e e l ,  and sodium i n  the  cladding of t he  mixed 
core and blankets. 

exposed t o  neutrons, and assume a 0.001-in. -thick layer of  sodium a t  the 
fuel-cladding in te r face .  

calculated here, ORNL hot-cel l  experience ind ica tes  t h a t  about 0.03% of 

the plutonium i n  t h e  core and blankets may be associated with t h e  

These data include only the  cladding i n  the zones 

I n  addi t ion  t o  t he  neutron-induced isotopes 

cladding. 7 

3.4. Shipments of Spent Fuel 

Spent nuclear f u e l  w i l l  continue t o  be shipped, a s  a t  present, f r o m  
Cask s i z e s  w i l l  reactors t o  a processing p lan t  i n  l a rge  shielded casks. 

tend t o  become l a rge r  t o  permit higher payload r a t i o s  and t o  minimize 
the shipping cost .  
Most shipments w i l l  be car r ied  by r a i l ;  barges and t rucks w i l l  be used 
t o  a l e s s e r  extent. Although t ransportat ion by barge i s  economical, 
water routes  between reactor  and processing p l an t  s i t e s  a r e  not always 

avai lable .  
weight i n  t h i s  case i s  l imited t o  about 30 tons. 

Sizes  i n  t h e  100- t o  120-ton range a r e  ant ic ipated.  

Shipments by truck a r e  r e l a t i v e l y  expensive because the cask 

The an t ic ipa ted  growth of t he  shipping industry from 1970 t o  2020 
The f igures  are  based on Phase 3, Case 4 2  i s  indicated i n  Table 3.55. 

of  t h e  SATF study, which assumes an LWR-LMFBR nuclear economy, and are,  
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Table 3.37. Masses of Actinide Isotopes Calculated t o  Be Present i n  
Spent LMFEIR (AI Reference Oxide) Fuel 

A I  REFERENCE OXIDE LHFBR - FUEL DECAY TIMES 
POWER2 58.23 MW/MTT BURNUPS 32977. MWD/MTT FLUX= 2.65E 15  N/CM**2-SEC 

NUCLIDE CONCENTRATIONST GRAMS / METRIC TON FUEL CHARGED TO REACTOR 
CHARGE DISCHARGE 30.0 60 OD 90.0 150.0 365.0 

TH228 0.0 4.91E-07 5.78E-07 bor3E-07 7.78E-07 IoOIE-Ob 2.05E-06 
TH229 0.0 1.17E-08 1.2OE-08 1.22E-08 1.25E-08 1.31E-08 1.51E-08 
TH230 0.0 1o71E-05 1.89E-05 2.09E-05 2 . 2 9 5 0 5  2.73E-05 4.63E-05 
TH231 0.0 4.99E-09 5074E-11 5.74E-11 5.74E-11 5.74E-11 5.75E-11 
TH232 0.0 1 08&-06 1 16E-06 1 2 5E-06 1 34E-Ob 1 52E-06 2 17 E-06 
TH233 0.0 1.76E-12 0.0 0.0 0 00 0.0 0.0 
PA231 0.0 5.89E-07 5.94E-07 5.95E-07 5.91E-07 5099E-07 6o07E-07 
PA232 0.0 4.11E-10 5.92E-17 0.0 0 00 0 00 0 00 
PA233 0.0 2.81E-09 1.32E-09 6.16E-16 2.89E-10 6.33E-11 2o75E-13 
PA234M 0.0 2.76E-16 0.3 0.0 0.0 0.0 0.0 
PA234 0.0 9.12E-14 0 - 0  0.0 0 00 0.0 0.0 

U232 0.0 l.Z-+E-04 1.40E-04 1055E-04 1.69E-04 1.97E-04 2.89E-04 
U233 0.0 8.04E-04 8.04E-04 8.04E-04 8.04E-04 8.04E-04 8004E-04 
U t 3 4  0.0 8004E 00 8.46E 00 8088E 00 9.30E 00 1001E 01 1032E 01 
U t 3 5  1.46E 03 1.42E 03 1.42E 0 3  1042E 03 1042E 03  1.42E 03 l o 4 2 E  03  
U236 0.0 3o75E 01 3077E 0 1  3079E 01 3.80E 01 3.83E 01 3095E 01 
U237 0.0 2.28F 00 1.05E-01 4.81E-03 2.21E-04 4.65E-07 1.20E-16 
U238 9.20E 05 8.77E 05 8077E 05 8077E 05 8.77E 05 8.77E 05 8077E 0 5  
U239 0.0 1.4BE 00 0.0 0.0 0 00 0.0 0.0 

NP236 0.0 5.01E-06 7.05E-16 0.0 0 00 0 00 0.0 
NP237 0.0 1.24E 02 1.26E 02 1027E 0 2  1027E 02 1027E 0 2  1027E 02 
NP238 0.0 9.06E-02 4054E-06 2.32E-10 1.19E-14 2098E-23 0.0 
NP239 0.0 2.13E 0 2  3.10E-02 2.18E-04 2.13E-04 2.13s-04 2.13E-04 
PU236 0.0 7.84E-04 7.72E-04 7.56E-04 7041E-04 7o12E-04 6.17E-04 
PU238 9.40E 02 6.62E 02 6.64E 02 6066E 02 6068E 0 2  6.71E 02 6.74E 0 2  
PU239 4.69E 04 5073E 04 5075E 04 5075E 04 5075E 04 5075E 04 5075E 04 
PU240 1.88E 04 1093E 04 1.93E 04 1.93E 04 1w93E 04 1093E 04 1093E 04 
PU241 9043E 03 5.28E 03 5.25E 0 3  5.23E 03 5.21E 0 3  5.16E 03 5000E 03 
PU242 3.17E 03 3026E 03 3.26E 0 3  3.26E 0 3  3.26E 03  3.26E 03 3.26E 03 
PU243 0.0 I.~BE-OI 0.0 0.0 0 .o 0 00 0 00 
A M 2 4 1  0.0 4.61E 02 4084E 0 2  5007E 0 2  5.29E 0 2  5075E 02 7034E 0 2  
AM242M 0.0 8.92E 00 8.91E 00 8.91E 00 8091E 00 8090E 00 8088E 00 
AM242 @ e 0  1.76E-01 1.07E-04 1.07E-04 1.07E-04 1.07E-04 1.07E-04 
AM243 0.0 2.57E 02 2.58E 02 2.58E 02 2058E 0 2  2.58E 02 2.58E 02 
AM244 0.0 lo78E-03 0.0 0.0 0 00 0 00 0.0 
CM242 0.0 2.23E 01 1.98E 01 1.74E 01 1.53E 01 1.19E 01 4078E 00 
CM243 0.0 8.42E-01 8.40E-01 8.39E-01 8.37E-01 8.34E-01 8.24E-01 
CY244 0.0 1.53E 01 1.53E 01 1w53E 01 1.52E 01  l o 5 1 E  01 1.48E 01  
SUBTOT 1.00E 06 9.66E 0 5  9.666 0 5  9.66E 0 5  9o66E 0 5  9w66E 0 5  9.66E 0 5  

TOTALS 1.00E 06 9.66E 05 9066E 0 5  9066E 0 5  9o66E 0 5  9.66E 0 5  9066E 05 

Table 3.38. Masses of Actinide Elements Calculated t o  Be Present in 
LMFBR (AI Reference Oxide) Fuel and i n  t h e  Wastes Generated by the 

Reprocessing of This Fuel 

A I  QEFERENCE OXIDE LMfBR - FUEL DECAY TIMES 
POWER= 58.23 MW/MTv BURNUP= 32977. MWD/MTv FLUX= 2.65E 1 5  N/CM+*2-SEC 

ELEMENT CONCENTRATIONST GRAMS 1 METRIC TON FUEL CHARGED TO REACTOR 
CHARGE DISCHARGE 30 .  D 60.D 90.0 15C.D 365.D 

TH 0.0 1.86E-05 2007E-05 2028E-05 2.51E-05 2.99E-05 5.05E-05 
PA 0 .o 5092E-07 5.96E-07 5.96E-01 5w97E-07 5.99E-07 6.07E-07 

U 9.21E 05 8.79E 0 5  8079E 05 8079E 05 8.79E 05 8.79E 05 8.79E 05 
NP 0 00 3038E 02 1026E 02 1.27E 0 2  1.27E 02 1.27E 02 1027E 02  
PU 7093E 04 8058E 04 8.60E 04 8.60E 04 8.60E 04 8059E 04 8058E 0 4 .  
AM 0.0 7.27E 02 7.50E 02  7.73E 0 2  7.96E 02 8.41E 0 2  1oOC)E 03 
C M  0.0 3085E 01 3059E 01  3035E 01 3014E 01 2.78E 01  2.04E 01 

TOTALS 1oOOE 06 9w66E 05 9066E 05  9.66E 05 9.66E 05 9.66E 0 5  9.66E 05 

c 

f? 

c 
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Table 3.39. Calculated Radioactivity of Actinide Isotopes Present i n  
Spent LMFBR (AI Reference Oxide) Fuel 

A I  REFERENCE O X I D E  LMFBR - FUEL DECAY TIMES 
POWER= 58.23 HW/MT, BURNUP= 32977. MWD/MT, FLUX+ 2.65E 15 N/CH**2-SEC 

NUCLIDE RADIOACTIVITYs CURIES / METRIC TON FUEL CHARGED TO REACTOR 
CHARGE DISCHARGE 30.0 6O.D 90.D 150.D 365.0 

TH228 0.0 4-03E-04 4074E-04 5.53E-04 6039E-04 8029E-04 1.68E-03 
TH229 0.0 2050E-09 2.56E-09 2.62E-09 2068E-09 2.80E-09 3.22F-09 
TH230 0.0 3.31E-07 3.68E-07 4.06E-07 4.46E-07 5e32E-07 8.99E-07 
TH231 0.0 2.65E-03 3.04E-05 3.04E-05 3.05E-05 3.05E-05 3.05E-05 
TH232 0.0 1.18E-13 l.27E-13 1o37E-13 1.47E-13 1.66E-13 2.38E-13 
TH233 0.0 6.45E-05 0.0 0.0 0 00 0 00 0 00 
PA231 0.0 2.80E-08 2.83E-08 2.84E-08 2.84E-08 2.85E-08 2.89E-08 
PA232 0.0 1.?5E-04 2.52E-11 0.0 0.0 0 .o 0 00 
PA233 0.0 5e75E-05 2.69E-05 1026E-05 5090E-06 1.29E-06 5.625-09 
PA234H 0.0 1.90E-07 0.0 0.0 0 00 0 00 0.0 
PA234 0.0 1081E-07 0.0 0.0 0 00 0 00 0.0 

U232 0.0 2.66E-03 2.99E-03 3.31E-03 3o62E-03 4.23E-03 6.2OE-03 
U233 0.0 7062E-06 7o62E-06 7.62E-Ob 1.62E-Ob 7.62E-06 7.62E-06 
U234 0.0 4.98E-02 5023E-02 5.49E-02 5.75E-02 6027E-02 8.15E-02 
U235 3.12E-05 3.C4F-05 3.04E-05 3.04E-05 3.05E-05 3.C5E-05 3.05E-05 
U236 0.0 2038E-03 2o39E-03 2o40E-03 2041E-03 2.43E-03 2.50E-03 
U237 0.0 1o86E 05 8.54E 03 3092E 02 1080E 01 3.80E-02 9.80E-12 
U238 3.06E-01 2.9215-01 2.92E-01 2.92E-01 2092E-01 2.92E-01 2.92E-01 
U t 3 9  0.0 4.97E 07 0.0 0.0 0 .o 0 .o 0.0 

NP236 0.0 3.03E CO 4.26E-10 0.0 0 00 0 00 0.0 
NP237 0.0 8.756-02 8.91E-02 8092E-02 8.93E-02 8.94E-02 8.98E-02 
NP238 0.0 2o37E 04 1.19E 00 6.07E-05 3 . l lE -09  7079E-18 0 - 0  
NP239 (3.0 4.96E 07 7022E 03 5006E 0 1  4.96E C 1  4.96F 01  4.96E 0 1  
PU236 0.0 4.17E-01 4.10E-01 4.02E-01 3094E-01 3079E-01 3.286-01 
PU238 1o59E 04 1.1ZE 0 4  1012E 04 1e13E 04 1.13E 0 4  1.13E 04 1.14E 0 4  
PU239 2.88E 03 3.525 03 3.53E 03 3.53E 03 3.53E @3 3.53E 03 3.53E 03 
PU240 4.14E 03 4.26E 03 4.26E 33 4.26E 0 3  4.26E 03 4.26E 63 4.266 0 3  
PU241 1.08E 06 6002E 05 6.00F 05  5097E 05 5.95E 0 5  5.89E 05 5.71E 05 
PU242 1.24E 0 1  1.27E 0 1  1.27E 0 1  1o27E 01 l o 2 7 E  0 1  1.27E 0 1  1.27E 0 1  
PU243 0.0 4.36E 05 0.0 0 00 0 00 0.0 0.0 
AM241 0 . G  1.49E 03 1.57E 03 1.64E 03 1o72E 03 1.86E 03 2.38E 03 
AMt42M 0.0 8.67E 0 1  8.67E 0 1  8.66E 0 1  8.66E 0 1  8.65E 0 1  8.63E 0 1  
AM242 0.0 1.42E 05 8o67E 01 8.6bE 0 1  8.66E 0 1  8.65E 0 1  8.63E 0 1  
AH243 0.0 4.95E 0 1  4.96E 0 1  4.96E 0 1  4o96E 01 4-96E 0 1  4096E 01 
AM244 0.0 5.2PK 04 COO G . 0  0.0 0.0 0.0 
CM242 0.0 7040E 04 6.55E 0 4  5.77E 04 5.08E 04 3.94E 04 1.58E 0 4  
CY243 0.0 3.87E 01 3.86E 0 1  3.86E 01 3.85E 0 1  3.84E 0 1  3.79E 0 1  
CY244 0.0 1.24E 03 1o24E 6 3  1.24E 03 1.23E 03 1.22E 03 1.20E 0 3  
SUBTOT l . l O E  06 1.01E 08  7.03E 05 6.77E 05 6.685 '25 6.51F 05 6.10E 05 

. 

T'3T4LS l . l O E  06 1001E 08 7.03E 0 5  6.77E 05 6.68E 05 6.51E 05 6.10E 0 5  

Table 3.40. Calculated Radioactivity of Actinide Elements Present i n  
Spent LMFBR ( A I  Reference Oxide) Fuel 

A I  REFERENCE OXIDE LMFBR - FUFL DECAY TIMES 
POWER= 58.23 MW/MT*  BURNUP= 32977, MWD/HTt FLUX= 2065E 1 5  N/CM**2-SEC 

ELEMENT R A D I O A C T I V I T Y  9 CURIES / METRIC TON 
CHARGE D I S C H A R G E  30.D 60 .I) 

TH 0.0 3.12E-03 5.05E-04 5.84E-04 
PA 0 .o 2033E-04 2.70E-05 1.26E-05 

U 3.Q6E-01 4.99E 07 8.54E 03 3093E 02 
NP 0.0 4.975 C7 7.22E 03 5.07E 0 1  
QU l . l O E  06 1.06E 04 b.19E 05 6.16E O S  
AM 0.0 1.97F 05 1.79E 03 l .@6E 03 
C M  0.0 7.52F 04 6.68E 0 4  5.93E 04 

FUEL CHARGED TU REACTOR 
90.D 150.0 365.0 

6.70E-04 8.60E-04 1.7lE-03 
5.93E-06 1.32E-06 3.45E-08 
1084E 0 1  4.00E-01 3.83E-01 
4.97E 0 1  4.97E 0 1  4.96E 01 
6.14E 05 6-08!? 05 5.90E 05 
1.94E ('3 2.08E 0 3  2.60E 03 
5.21E 0 4  4.06E 04 1.71E 0 4  

TOTALS l.l@E C 6  1.OlE 08 7.03E 05 6.77E 9 5  6.68E 05 6o51E 05  6.lOE 0 5  



Table 3 . b .  Calculated Thermal Power of Actinide Isotopes Present i n  
Spent LMFBR (AI Reference Oxide) Fuel 

A I  REFERENCE O X I D E  LMFER - FUEL CECAY T I M E S  
POHER= 5 6 - 2 3  M W / Y T  @URNUP= 32977. N & D / M T *  FLUX= 2.05E 15 W/CM**Z-SEC 

NUCLIDE THERMAL POWER, WATTS / M E T R I C  TON FUEL CHARGED TO R E A C T O R  
C H A R G f  DI SCHPRGE 3O.C 60.D 90.G 150.0 365.0 

TH228 0.0 1.32E-05 1.55E-C5 1.81E-05 2+09E-05 2.72E-05 5.51E-05 
TH229 0.0 7.56F-11 7.74F-11 7.92E-11 JolOE-11 R.46E-11 9.74E-11 
TH230 0.0 9. 3 7 ~ - 0 9  I . O ~ E - O C J  i . 1 5 ~ - 0 8  i . 2 6 ~ - ~ 8  i . 5 o ~ - o a  2 .54~-08  
TH231 0.0 3.665-06 ‘-.20€-08 4.21E-08 L.21E-CE 4.21E-08 4021E-08 
TH232 0.0 2 .  d4E-15 3.08F-15 3.31E-15 3.55E-15 4.02E-15 5.75E-15 
TH233 0.0 l .o lE-07 0.0 0.0 0.0 0.0 0.0 
PA231 0.0 8.56E-10 3.66€-10 8.66E-10 8067E-10 Bo71E-10 Raf32E-10 
PA232 0.0 5.82c-07 8.39E-14 0.0 0.0 0.0 0.0 
PA233 0.0 1.4C.E-07 h.PbF-C3 3.20E-08 1.50E-C8 3.28E-09 lo43E-11 
PA234M 0.0 9.76t-10 0.0 0.0 0.0 0.0 0.0 
PA234 0.0 1o83E-09 0.0 0.0 0.0 0.0 0.0 

U232 0.0 8.55F-05 3 o t O E - 0 5  1.06E-04 1.16E-04 1.36E-04 1.90E-04 
U233 0.0 2022E-07 2.22E-07 2.22E-07 2.22E-C7 2.22E-07 2.22E-07 
U234 0.0 l .S3€-03 1*51E-C3 1.58F-03 1.56E-03 1.81E-03 2.35C-03 
U235 8.67E-07 h.45F-07 8.45C-C7 e.45E-07 8.45E-C7 8.45E-07 8046E-07 
U236 0.0 4 . 4 5 E - O f  6.4PE-05 C.5lE-05 0.53E-C5 6.59E-OF. 5.79E-05 
U237 0.0 3099F 02 1.E3F C 1  6.42E-01 3.87E-02 8.15E-05 Z o l O E - 1 4  
U23a 7.75E-03 7.39E-03 7.3.9F-03 7.3qE-03 7.39E-C3 7.39E-03 7.39E-03 
U237 0.0 1.18E 05 0.0 0.0 0.0 0.0 0.0 

NP235 0.0 E. 54C-03 1.2OF-12 0.0 0.0 0.0 0.0 
NP237 0.0 0. 0 0.0 0.0 0.0 0.0 0.0 
NP239 0.0 1.22C 02 6.13E-03 3.14E-07 1.60E-11 4002E-20 0.0 
NP239 0.0 1.47E 05 2.14E 0 1  1.50E-01 1.47E-01 1.47E-01 1.47E-01 
PU236 0.0 1.45E-02 l.L3E-C2 1.40E-02 1.37E-02 1.32E-02 l.l.iE-02 
PU238 5.266 02 3. 70E 02 3.72E CZ 3.73E 02 3074E C2 3.75E 02 3077E 02 
PU239 8095E 01 1.OQE 02 l o l O E  C2 l . l O E  02 l . l O E  C2 l o l O E  02 l.lOE 0 2  
PU240 1.29E 02 1.33E 02 1.33F C2 1.33E 02 1.33E 02 1033E 02 1.33E 02 
PU241 4.47E 01 2.50f 0 1  2.69E 0 1  2048E 0 1  2.47E 0 1  2045E 01 2.37E 0 1  
PU242 3.6SE-01 3076E-01 3.76E-01 307OE-01 3076E-01 3076E-01 3.76E-01 
PU2-3 0.0 6.21F 02 0.0 0.0 0.0 0.0 0.0 
AM241 0.0 4.98F 0 1  5023E 01 5.48E 01 5.72E C 1  6021E 0 1  7.93E 0 1  
AM242M 0.0 2.47E-32 2047E-02 2.47E-02 2046E-02 2046E-02 2046E-02 
AM2+2 0.0 1.905 02 1.16€-01 1.16E-01 1.16E-01 1015E-01 1015E-01 
AM243 0.0 1.60E 00 l e t 0 E  00 1.60E 00 1.60E 00 1.60E 00 1.60E 00 
AM244 0.0 l o 6 8 E  02 0.0 0.0 0.0 0.0 0 .o 
tM242 0.0 2.73t 03 2.42F 03 2o13E 03 1.R7E 03 1.45E 03 5083E 0 2  
CM243 0.0 1 . 4 1 ~  00 1 . 4 1 ~  00 1 . 4 1 ~  00 1 . 4 ~ ~  00 1 . 4 0 ~  00 1 . 3 6 ~  00 
CM244 0.0 4.35E 0 1  *.31E 01 4032E 0 1  4.31E 0 1  4028F 0 1  4o19E 0 1  
SUBTOT 7o89E 02 2.70E 05 3.19F C3 2087E 03  2.62E 03 2020E 03 1.35E 0 3  

TOTALS 7.89E 02 2070E 05 3.19E 03 2.87E 0 3  2.62E 03 2020E 03 1035E 03  

Table 3.42. Calculated Thermal Power of Actinide Elements Present i n  
Spent IMFBR (AI Reference Oxide) Fuel 

A I  REFERENCE O X I D E  LMFBR - FUEL CECAY T I M E S  
POWER= 59.23 M & / M T I  BURNUP= 32977. MWC/MT, FLUX= 2.65E 15 N/CM**2-SEC 

ELEMENT THERMAL POWER, WATTS / M E T R I C  TON FUEL CHARGE0 TO REACTOR 
CHARGE D I  SCHARGE 30.C 60.0 90.0 150.0 365.0 

1 H  0.0 1. TOE-05 1o5CE-05 1. 82E-05 2.10E-05 2072E-05 5.52E-05 
PA 0.0 703 lE -07  6.92E-08 3029E-08 1.59E-C8 4.16E-09 8.97E-10 

U 7.75E-03 1.18E 05 1.83E 01 8.51E-01 4079E-C2 ?.48E-03 1000E-02 
NP 0.0 1.47E 05 2.14E 01 1.50E-01 l 0 4 7 E - 0 1  1047E-01 1047E-01 
PU 7.89E 02 1.26E 03  6.39E C2 6040E 02 6 0 4 1 E  02 h.42E 02 6043E 02 
AM 0.0 4.09E 02 5 0 4 0 E  0 1  5065E 0 1  5o90E 0 1  6039E 0 1  6.11E 01 
C M  0.0 2.77E 03 2.46E 03 2.17E 03 1.92E 03 1050E 03 6026E 02 

P 

c 
TOTALS 7.89E 02 2.70E 05 3.19E 0 3  2.87E 03 2.62E 03  2020E 03  1.35E 03 
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Table 3.43. Masses of Actinide Isotopes Calculated to  Be Present i n  
Wastes Generated by the Reprocessing of Spent LMFBR 

(AI Reference Oxide) Fuel 

POWER= 58.23 MW/MTT BURNUP- 32977. MWD/MT* FLUX. 2.65E 15  N/CH**Z-SEC 

NUCLIDE CONCENTRATIONS, GRAMS / METRIC TON FUEL CHARGE0 TO REACTOR 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED A T  30 DAYS) 

C HAR GE 30.0 365.0 1096.0 3652.0 36525.0 365250.0 
TH228 0.b 5o78 f -07  4.22E-C7 2.33E-07 1.06E-07 4.76E-08 8.27E-12 
TH229 9.0 1020E-08 1.2CE-08 1.20E-08 1.21E-08 1.35E-08 2.70E-08 
TH230 0.0 1.89E-05 1.91E-05 2.07E-05 4.09E-05 1.98E-03 6.64E-02 
TH231 0.0 5.74E-11 2087E-13 2.88513 2.90E-13 3.2CE-13 6o21E-13 
TH232 0.0 1.16E-06 1.17E-06 l o l 8 E - 0 5  1.23E-06 3o21E-06 1.61E-04 
TH233 0.0 0.0 3.0 0.0 000 0 00 0.0 
PA231 0.0 5o94E-07 5095E-07 5.95E-07 5o95E-07 6.01E-07 6.89E-07 
PA232 0.0 5.92E-17 0.0 0.0 0.0 c o o  000 
PA233 0.0 1.32E-09 2.75E-13 2.56E-21 0.0 0.0 0.0 
PA234M 0.0 0.0 0.0 0.0 000 0 00 0.0 
PA234 0.0 0.0 0.0 0.0 0.0 0 .o 0.0 

U232 0.0 6.98E-07 1.45E-06 Zo58E-06 3.87E-06 1.78E-06 3.09E-10 
U233 0.0 4.02E-06 4002E-06 4.02E-05 4002E-06 4oO2E-06 4.00E-06 
U234 0.0 4.23E-02 1029E-01 4o53E-01 1063E 00 1.29E 01 2.92E 01 
U235 1.46E 03 7.10E 00 7.llE 00 7.13E 00 7.18E 00 7.91E 00 1.54E 01 
U236 0 . G  1.88E-01 1097E-01 2017E-01 2087E-01 1027E 00 1.09E 01 
U237 0.0 5o23E-04 6.00E-19 0.0 0 .o 0 -0  0.0 
U238 9.20E 0 5  4039E 03 4039E 03 4039E 0 3  4039E C3 4039E 03 4039E 0 3  
U239 0.0 0.0 0.0 0.0 c .o 0 00 0.0 

NP236 0.0 7oO5E-16 0.0 0.0 0.0 0 00 0 00 
NP237 0.0 1.26E 02 1.27E 02 1028E 02 1.34E 02  1 o 9 6 E  02 5.17E 02 
NP238 0.0 4054E-06 000 0.0 0 00 0 00 0.0 
NP239 0.0 3olOF-02 2.13E-04 2.13E-04 2.13E-04 2.11E-04 1.95E-04 
PU236 0.0 3.86E-06 3.09E-C.6 1.90E-05 3.46E-07 1.08E-16 0.0 
PU238 9.4OE 02 3.32E 00 1080E 01 2022E 01 2015E 01 1.23E 01 1 0 1 l E - 0 1  
PU239 4.69E 04 2o88E 02 2088E 02 2.88E 02 2o88E 0 2  2.90E 02 3.02E 0 2  
PU240 1.88E 04 9065E 01 9070E 01 9081E 01 1.01E 02 l o l O E  0 2  1.01E 02 
PU241 9043E 03 2.63E 01 2.50E 01  2025E 01 1o55E 01 1028E-01 1.84E-22 
PU242 3.17E 0 3  1063E 01 1063E 01  1.63E C 1  1.64E 0 1  1069E 01 1o79E 01 
PU243 0.0 0.0 0.0 0.0 0 00 0 00 0.0 
AM241 0.0 4084E 02 4.84E 0 2  4.85E 0 2  4087E 0 2  4039E 02 1012E 02 
AM242M 0.0 8.91E 00 8088E 00 8.80E 00 8.52E 00 5065E 00 9.33E-02 
AM242 0.0 1.07E-04 1.07E-04 1.06E-04 1.02E-04 6079E-05 l o l 2 E - 0 6  
AM243 0.0 2.58E 02 2.58E 02 2058E 02 2057E 02 2.55E 02 2.35E 02  
AM244 0.0 0.0 0.0 0.0 0 00 0.0 0.0 
CM242 0.0 1.98E 01 4o78E 00 2034E-01 2oO6E-02 1036E-02 2025E-04 
CM243 0.0 8.40E-01 8-24E-01 7.89E-01 6.78E-01 9.65E-02 3o29E-10 
CM244 0.0 1.53F 01 1.48E 01 l o 3 7 E  01 1.05E 01 3033E-01 3.60E-16 
SUBTOT 1.00E 06 5074E 0 3  5074E 03 5074E 03 5074E 0 3  5074E 0 3  5074E 0 3  

TOTALS 1.00E 06 5074E 0 3  5074E 03 5074E 0 3  5074E 0 3  5074E 0 3  5074E 03 

Table 3.44. Masses of Actinide Efsments Calculated t o  Be Present i n  
Wastes Generated by the  Reprocessing of Spent IMIBR 

(AI Reference Oxide) Fuel 

A I  REFERENCE O X I D E  LMFBR - WASTE DECAY TIYES (PROCESSED AT 30  DAYS) 
POWER- 58.23 M W / M f *  BURNUP= 32977. MXD/MT* FLUX= 2.65E 15  N/CM**Z-SEC 

ELEMENT CONCENTRATIONS* GRAMS / METRIC TON FUEL CHAKbtO TO REACTOR 
CHARGE 30.0 365.0 1096.0 3652.0 36525.0 365250.0 

TH 0.0 ZoOfE-05 2.07E-05 2.21E-05 4022E-05 1.98E-03 6065E-02 
PA 0.0 5o96E-07 5095E-07 5095E-01 5.95E-07 6oOlE-07 6089E-07 

U 9.2LE 05 4039E 03 4039E 0 3  4039E 03 4040E 03 4041E 03 4044E 0 3  
NP 0.0 1o26E 02 1.27E 02 1.28E 02 1.34E 0 2  1096E 02 5.17E 02 
PU 7o93E 04 4o30E 0 2  4044E 02 4047E 0 2  4043E 02 4029E 02 4021E 02 
AM 000 7o50E 0 2  7o51E 02 7052E 0 2  7053E 0 2  7000E 0 2  3048E 02 
CM 0.0 3059E 01 2.04E 01  1 0 4 7 E  0 1  1012E 0 1  4043E-01 2.25E-04 

TOTALS 1oOOE 66 5074E 03 5074E 03 5074E 03 5074E 03  5074E 03 5074E 03 



3 -48 

Table 3.45. Calculated Radioactivity of Actinide Isotopes Present i n  
Wastes Generated by the Reprocessing of Spent LMFBR 

( A I  Reference Oxide) Fuel 

A I  REFERENCE OXIDE LMFBR - WASTE DECAY TIMES (PROCESSED AT 3 0  DAYS) 
POWERS 58.23 HW/MT, BURNUP= 32977- HWO/MT* FLUX= 2.65E 15 N/CM**2-SEC 

NUCLIDE RADIOACTIVITYI CURIES / METRIC TON FUEL CHARGED TO REACTOR 
CHAR GE 30.0 365.0 1096.0 365290 36525.0 365250.0 

TH228 0.0 9.74E-04 3 0 4 7  E-04 1 9 1 E-0 4 8 7 1 E-05 3 9 1 E-05 6 80 E-09 
TH229 0.0 2e56E-09 2.56E-09 2057E-09 2.59E-09 2-89E-09 5077E-09 
TH230 0.0 3.68E-07 3.71E-07 4.02E-07 7.94E-07 3.85E-05 1.29F-03 
TH231 0.0 3.04E-05 1.52E-07 1.53E-07 1054E-07 1.7OE-07 3029E-07 
TH232 0.0 1.27E-13 1.28E-13 1.29E-13 1.35E-13 3.51E-13 1.76E-11 
TH233 0.0 0.0 0.0 0.0 0 00 0.0 0.0 
PA231 0.0 2.83E-08 2.83E-08 2.83E-08 2.84E-08 2086E-08 3.28E-08 
PA232 0.0 2.52E-11 0.0 0.0 b 00 0 00 0.0 
PA233 0.0 2.69E-05 5062E-09 5.23E-17 0.0 0 .o 0.0 
PA234M 0.0 0.0 0.0 0.0 0.0 0 00 0.0 
PA234 0.0 0.0 0.0 0.0 G.0 0 00 0.0 

U232 0.0 1.50E-05 3olOE-05 5.52E-05 8.29E-05 3.80E-05 6062E-09 
U233 0.0 3.8lE-08 3.81E-08 3.8lE-08 3.81E-08 3.81E-08 3.79E-08 
U234 0.0 2.62E-04 8.00E-04 2.805-03 1.01E-02 8o01E-02 1o81E-01 
U235 3.12E-05 1o52E-07 1e52E-07 1.53E-07 1.54E-07 1070E-0’ 3.29E-07 
U236 0.0 1.20E-05 1.25E-05 1o38E-05 1.82E-05 8004E-05 6088E-04 
U231  0.0 4.27E 01 4.9OE-14 0.0 0 00 0 00 0.0 
U238 3oO6E-01 1.46E-03 1.46E-03 1.46E-03 1.46E-03 1046E-03 1046E-03 
U239 0.0 0.0 0.0 0.0 0.0 0 00 0.0 

NP236 0.0 4026E-10 0.0 0 00 0 00 0.0 0.0 
NP237 0.0 8.91E-02 8.96E-02 9.06E-02 9.42E-02 1.38E-01 3.65E-01 
NP238 0.0 1.19E 00 0.0 0.0 @ .C 0 00 0.0 
NP239 0.0 7022E 0 3  4.96E 01 4095E 01 4 0 9 5 f  0 1  4.91E 01 4.536 01 
PU236 0.0 2.05E-03 1.64E-03 1.01E-03 1oA4E-04 5.73F-14 0.0 
PU238 1.59E 04 5e61E 01 3004E 02 3075E 02 3.62E 02 2.07E 02 1o88E 00 
PU239 2.88E 0 3  1.76E 01 1.77E 01 1.77E 01 l o 7 7 E  01 1.78E 01 1.85E 01 
PU24C 4014E 0 3  2.13E 01 2.14E 01 2.16E 01  2.23E 0 1  2.43E 01 2.22E 01 
PU241 1.08E 0 6  3.0OE 0 3  2.86E 0 3  2.57E 0 3  1.77E 0 3  1.46E 01 2.1QE-2C 
PU242 1.24E 01 6.36E-02 6o36E-02 6e37E-02 6.39E-02 6.59E-02 6097E4’2 
PU243 0.0 0.0 0.0 0.0 0 00 0 00 0.0 
AM241 0.0 1.57E 03 1.57E 0 3  1.57E 0 3  1.58E 03 1.42E 0 3  3064E 02 
AM242W 0.0 8.67E 01 8.63E 01 8055E 0 1  8.28E 01 5.50E 01 9o07E-01 
AM242 0.0 8067E 01 8063E 01  8055E 01 0.28E 01 5050E 0 1  9.07E-01 
AM243 0.0 4.96E 01 4.96E 01 4095E 01 4095E 0 1  4.91E 01  4053E 01 
AM244 0.0 0.0 0.0 0.0 0.0 0 00 0.0 
CM242 0.0 6.55E 0 4  1.58E 04 7074E 02 6.82E 01 4.51E 01 7.44E-01 
CM243 0.0 3.86E C 1  3079E 0 1  3.63E 0 1  3.12E 01 4044E 00 1.52E-08 
CM244 0.0 1 0 2 4 E  03 1.20E 0 3  1.1I.E 03 8.48E 02 2.79E 0 1  2.91E-14 
SUBTOT l * l O E  06 7.90E 04 2021E 04 6.74E 0 3  4.96E 03 1.97E 03 5.01E 02 

TOTALS l o l O E  0 6  1.90E 04 2021E 0 4  6.74E 0 3  4.96E 0 3  1.97E 0 3  5.01E 62 

Table 3.46. Calculated Radioactivity of Actinide Elements Present i n  
Wastes Generated by the  Reprocessing of Spent LMFBR 

( A I  Reference Oxide) Fuel 
A I  REFERENCE OXIDE LWFBR - WASTE DECAY TIMES (PROCESSED AT 30 DAYS) 

POWER= 58.23 MW/HT, BURNUP= 32977. MWO/MTr FLUX= 2.65E 15 N/CH**2-SEC 

ELEMENT RADIOACTIVITY, CURIES / HETQIC TON FUEL CHARGFD TO REACTOR 
CHAQGE 30.0 365.0 1096.0 3652.0 36525.0 365250.0 

TH 0.0 5.05E-04 3e47E-04 1e92E-04 8.8lE-05 7077E-05 1o29E-03 
PA 0.0 2.7OE-05 3.40E-08 2.83E-08 2e84E-08 2.86E-08 3e28E-08 

U 3006E-01 4.27E 01 2.30E-03 4.33E-03 l o l 6 E - 0 2  8.16E-02 1.83E-01 
NP 0.0 7.22E 03 4.96E 01 4.96E 01 4 e 9 6 E  01 4093E 01 4056E 01 
PU 1olOE 06 3009E 03 3.20E 0 3  2.98E 0 3  2017E 0 3  2.64E 02 4o27E 01 
AM 0.0 1.79E 03 1079E 03 1.79E 0 3  1.79E 0 3  1058E 0 3  4.11E 02  
C Y  0 00 6-68!! 04 1.71E 04 1.92E 0 3  9047E 02 7o65E 01 7.44E-Ol 

n+ 

b 

D- 

It 

b 

c 

c 

c 

c 

I 

c 

TOTALS l o l O E  06 7090E 04 2021E 04 6.74E 03 4096E 03 1o97E 0 3  5.01E 02 
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Table 3.47. Calculated Thermal Power of  Actinide Isotopes Present i n  
Wastes Generated by the Reprocessing of Spent LMFBR 

( A I  Reference Oxide) Fuel 
A I  REFERENCE O X I D E  LMFBR - WASTE CECAY T I M E S  fPROCESSEO AT 30 D A Y S )  

POWER= 58.23 M W / M T *  BURNUP= 32977. M#D/MTq FLUX= 2.65E 15 N/CM**2-SEC 

NUCLIDE THERMAL POWER, WATTS / P E T R I C  TON FUEL CHARGED TO REACTOR 
CHARGE 3C.D 3oS.C 1096.0 3652.0 36525.D 36525000  

TH228 0.0 1.55F-05 1 . 2 + E - C 5  6.27E-06 2.85E-06 1028E-06 2.23E-10 
TH229 0.0 7074E-11 7 . 7 5 F - l l  7,776-11 7.84E-11 8o75E-11 1.74E-10 
TH230 0.0 1.04E-08 1.05E-C8 1. 14E-08 2.25E-Ca 1o09E-06 3.65E-05 
TH231 0.0 k.2OF-08 2.10E-10 2 0 l l E - 1 0  2013E-10 2.31E-10 4.55E-10 
TH232 0.0 3. 08E-15 3.096-15 3.12E-15 3026E-15 8.50€-15 4025E-13 
TH233 0.0 0.0 0.0 0. 0 0.0 0.0 0.0 

PA232 0.0 R.38E-14 0.0 0.0 0.0 0.0 0.0 
PA233 0.0 6. d4E-Oe lo'3E-11 1.33E-19 0.0 0.0 0.0 
P4234M 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
PA234 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

PA231 0.0 8 . 6 4 ~ - 1 0  9.65~;-10 8 . 6 5 ~ - 1 0  8 . 6 5 ~ - 1 0  a . 7 3 ~ - i o  L . O O E - O ~  

U232 0.0 4.8OF-07 9.?4E-C7 1.77f-06 2.66E-06 1.22E-06 2.12E-10 
U233 0.0 1.11E-06 l . l l E - 0 9  l o l l € - 0 9  L o l l E - 0 9  1 . l lE -OCJ  1.10E-09 
U234 0.0 7.53E-Ot 2030E-05 8.07E-05 2.90E-04 2.30E-03 5.2 1E-03 
U235 9.67E-07 4.22E-04 4 o 2 3 E - 0 9  4.24E-09 4o27E-09 4.70E-09 9.13E-09 
U236 0.0 3.24.E-07 3.3QE-07 3.73E-07 4.94E-07 2.18E-06 1.87E-05 
U237 0.0 9.17E-02 1.05E-16 0.0 0.0 0.0 0.0 
U239 7075E-03 3.70E-05 3.70E-05 3.70E-05 3.70E-C5 3. TOE-05 3.70E-05 
U239 0.0 0. 0 0.0 0.0 0.0 0.0 0.0 

NP236 0.0 1.20E-12 0.0 0.0 0.0 0.0 0.. 0 
NP237 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
~ ~ 2 3 8  0.0 6.13E-03 0.0 0.0 0.0 0.0 0.0 
NP239 0.0 2.14E 0 1  1.47F-01 1.47E-01 1.47E-01 1.h6E-01 1.34E-01 
PU236 0.0 7. l 4 E - 0 5  5.7l.E-05 3.51E-05 6.40E-06 1.3QE--15 0.0 
PU238 5.266 02 1.86E 00 1.01E C1 1.24E 01 1-20E 01 0.fl6E 00 6023E-02 
P U Z ~ ~  a.95E 01 L ~ Y E - O ~  ~ . L B L - O L  5 . 6 o ~ - o i  ~ . + Q E - o ~  5 . 5 3 ~ - 0 1  5 . 7 6 ~ - 0 1  
PU260 1.29E 02 6.53E-01 6.t7E-01 6.74E-01 6.95E-01 7.57E-01 6.92E-01 
PU241 4.47E 0 1  1.24F-01 1 .1RF-Cl  1.06E-01 7.33E-02 Ss04E-04 B.7I.E-25 
PU242 3.656-01 1. e8E-03 f.?BE-03 1. €?BE-03 1.83E-C3 1.95E-03 2.06E-03 
PU243 0.0 0.0 0.0 0. 0 0.0 0.0 0.0 
AM241 0.0 5.23E 0 1  5.24F 0 1  5.25E 01 5.27E C 1  4074E 0 1  1.22E 0 1  
AM242M 010 2.47E-02 2.46:-02 5.43E-02 2.36E-02 l o % € - 0 2  2.5eE-OL 
AM242 0.0 1.16E-01 1.15F-01 1.14E-01 1.1OE-01 7033E-02 1.2lE-03 
4M243 0.0 1.6CE 00 l . O O F  00 l r 6 O E  00 1.60E 00 1.56E 00 1.*6E 00 
AM244 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
CM242 0.0 2.42E 03 5.$3E C2 2.85E 0 1  2.51c 00 1.b9E 00 2.74.E-02 
CM243 0.0 l . L l E  00 1.38E 00 1.32E 00 1.14E 00 1.62€-01 5.53E-10 
CM246 0.0 4.3LE 01 4.14E CI 3088E 01 2.97E 01 0.45E-01 1002E-15 
SUBTOT 7.93E 02 2.54E 03 6.s2E 0 2  1.37E 02 1.01E C2 5 o 0 2 E  01 1.51E 0 1  

TOTALS 7.83E 02 2.54E C3 b.92F C2 1.37E 02 1.01E C2 h.02E 01 1.51E 0 1  

Table 3.48. Calculated Thermal Pcwer o f  Actinide Elements Present i n  
Wastes Generated by the Reprocessing of Spent LMFBR 

( A I  Reference Oxide) Fuel 
A I  REFERENCE O X I D E  L M F P Q  - WASTE O E C A Y  T I M E S  ( P R O C E S S E D  A T  30 D A Y S )  

POWER; 58.23 MW/MT 9 BORNUP= 32777. MirlD/MT, FLUX= 2.65E 15 N/CM**2-SEC 

ELEMENT THERMAL POkER, W A T T S  / M E T R I C  TON FUEL CHARGED TO REACTOR 
CHARGE 3000  365.C 109b.O 3652.0 36525.D 365250.0 

TH 0.0 1.56E-05 1.14F-C5 6.28E-06 2.99E-06 2.37E-06 3.65E-05 
P A  0.0 6.32F-08 r3.79E-10 8.65E-10 3.65E-10 e.73E-10 1.00E-09 

U 7.75E-03 3.17F-02 6.13E-C5 1.2OE-04 3.30E-04 2.35E-03 5.26E-03 

PU 7.83E 02 3.20E 00 1.1LC 0 1  1.33E 0 1  1.33F 0 1  a.18E 00 1.33E 00 
NP 0.0 2.14f 0 1  l . L ? F - 0 1  1o47E-01 1.47E-01 1046E-01 1.34E-01 

A M  0.0 5.40E 0 1  ?.'Tit 0 1  5.42E 0 1  5044E 0 1  4.91E 0 1  1.36E 01 
C M  0.0 2.46E 03 b.2bz  '22 C.96F 0 1  3033E 01  2.80E 00 2.74E-02 

TOTALS 7083E 02 2.54E 03 5.92E 02 1s37E 02 1.01E 02 S o 0 2 E  01 1.51E 0 1  
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Table 3.49. Masses of Activation-Product Isotopes Calculated t o  B e  Present 
i n  Irradiated LMFBR Fuel Cladding 

PnWEa= 5 8 . 2 3  M W / M T ,  BURNUP= 3 7 0 7 7 ,  MWO/HT, FLUY= 2.65E 1 5  N/CM**2-SEC 
A 1  R F F E S E N C E  U ~ I C F  L Y F B R  - C L A D D I N G  P C T I V A T I O N  

c 



Table 3.50. Masses of Activation-Product Wments Calculated t o  Be Present 
i n  I r radiated IMFBR Fuel Cladding 

A I  QEFFRFNCF O X I C E  LMFRR - C L A D 3 I N G  P C T I V A T I O N  
POWER= ';9*23 Y W I Y ' T ?  511RNUP= 7 7 9 7 7 .  MWP/MT, F L U X =  2.55F l e  Y / C M * * i ? - S € C  

FLFYFNT CONCENTRATTONSt G R A M S  / MFTPI I :  TON FUEL C H A R G E 0  TO PEACTOR 
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Table 3.52. Calculated Radioactivity of Activation-Product Elements 
Present i n  I r radiated LMFBR Fuel Cladding 

A I  REFERENCE O X f D F  LMFBR - CLADDING ACTIVATION 
POWFR= 58-73 MW/YTp BURNUP= 32977 .  MWD/MTp FLUX= 2.65F 1 5  Y/CM**2-SEC 

P 

c 

F 

T O T A L S  a.0 5.67E 0 5  2.5OE 0 5  !.?3F 05 !.28E 05 2.2SE 04 5.18E 01 

Table 3 . 5 3 .  Calculated Thermal Power of Activation-Product Isotopes 
Present i n  I r radiated LMFBR Fuel Cladding 

AT REFERFNCE @ X I P €  LMFBR - CL4DDING ACTIVATION 
POW'R= C9.23 MWIMT. RURNUPz 72977 .  MHD/MTv FLUX= ? . h 5 E  1 5  N/CM**2-SEC 

c 
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Table 3.54. Calculated Thermal Power of Activation-Product Elements 
Present i n  I r radiated LMFBR Fuel Cladding 

A I  RFCFQFNCF O X I D E  LHCRR - CLADDING A C T I V A T I O N  
POWFP= 59.23 M k / M T p  BURNUP= 329770 MWI?/MTv F L U X =  2 . 6 5 E  I5 Y/CM*+?-SEC 



Table 3.55. Anticipated Growth of the Spent-Fuel Shipping Industry from 1970 t o  2020 

~~ 

Number of Loaded 
Casks i n  Transit  

Estimated System Growth Pa t te rn  Ins t a l l ed  Fuel Load Number of 
Year Nuclear Capacity (metric Casks Shipped Number Shipping Loaded Casks 

Ending [lo00 Mw ( e l ec t r i ca l ) ]  tons/year)a per year 500 Miles 1000 Miles of Plants Distance‘ i n  Transitd 
~ -~ 

1970 14 94 30 1 1 1 700 1 

1975 64 1,400 470 6 9 3 600 6 
1980 153 3, 500 1,200 14 
1985 250 7,500 2,700 30 52 5 450 27 

1990 368 13 , 500 6,800 75 130 6 400 60 

735 15 , 000 9,500 105 181 6 400 85 2 000 

2020 

23 4 500 14 w 
I 
ul cr 

2210 33,000 20,000 220 382 6 400 170 
~ ~ ~~~~~ 

a Metric tons of t o t a l  heavy metal per year. 
bEstimated number of  f u e l  processing plants  i n  operation. 
‘Approximate average dis tance i n  miles, assuming roughly uniform geographical d i s t r ibu t ion  o f  plants .  
dThis i s  the  average number of loaded casks that  might be expected t o  be i n  t r a n s i t  on any given day of t h e  year. 

Source: Systems Analysis Task Force, Phase 3, Case 42. 
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of course, very approximate. 
calculated on the basis of average loads of 3 and 1 . 2  metr ic  tons per 
cask f o r  LWR and LMFl3R fue ls  respectively.  
case of t he  LMFBR fue l ,  includes both core and blanket mater ia l .  
r a d i a l  blanket material has a r e l a t i v e l y  low rad ioac t iv i ty  leve l  because 

of  i t s  low exposure, and can be car r ied  i n  loads of 3 o r  4 metric tons 
per cask. Loads of core--axial blanket f u e l ,  however, a r e  l imited t o  
about 0.5 t o  1 metric ton p e r  cask because of the  heat-removal problem 

under accident conditions. 

The number of casks shipped annually was 

The average load, i n  the  

The 

The number of loaded casks i n  t r a n s i t  a t  a given time depends on 
the average length of the  t r i p  from the reac tor  t o  the reprocessing 

plant .  
miles, using one-way t r a n s i t  times of 4 days and 7 days respect ively.  
The las t  th ree  columns i n  the  t a b l e  a r e  based on calculat ions using 
current estimates of t h e  growth pa t t e rn  of the  fuel reprocessing industry.  
These estimates were made i n  connection with t h e  work of the AEC Fuel 

Recycle Task Force. 

mately uniform geographical d i s t r i b u t i o n  of  plants ,  which i s  equivalent 
t o  t h e  assumption t h a t  su i t ab le  s i t e s  can be found i n  most areas o f  the 
country. No attempt was made t o  weight the average by locat ing p l an t s  
c lose t o  l a rge  load centers, although t h i s  fac tor  i s  always considered 
when choosing ac tua l  p l an t  locat ions.  

Table 3.55 shows estimates for average dis tances  o f  500 and 1000 

The average shipping dis tance i s  based on an approxi- 

3.5 Waste Management Project ions 

Estimates were made of waste management conditions an t ic ipa ted  f o r  
the period 1970 t o  2020. 

Case 42 project ions of nuclear power growth i n  the  United S ta t e s  (Fig. 

3.1). 
separately,  and the  results were combined to  obtain composites r e f l ec t ing  

the  overa l l  economy. 

These estimates were based on t h e  SATF Phase 3, 

I n  making these estimates,  t h e  LWR and the  W B R  were considered 

3.5.1 High-Level Wastes 

Light-Water Reactors. - I n  t h e  case of LWR's (Table 3.56) ,  it i s  

assumed t h a t  t he  f u e l  has  been continuously i r r ad ia t ed  t o  a burnup of 
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Table 3.56. Projected Wastes from LWR Reactor Fuels 
(Aqueous processing of a l l  fue l s )  

; 
1970 1980 1990 2000 2020 

I n s t a l l e d  capacity,  10  3 Mw 14 
Volume of waste generated, as  l i qu id  b 

6 Annually, 1 0  gal/year 
Accumulated, 10  6 ga l  

Volume of  waste generated, as sol id '  
Annually, 10  3 3  f t  /year 

Accumulated, lo3 f t 3  
Accumulated radioisotopes d 

Total weight, metric tons 

Total  ac t iv i ty ,  megacuries 

Total  heat-generation r a t e ,  Mw 
9Osr, megacuries 

137~s ,  megacuries 

1291, cur ies  
85Kr, megacuries 

'H, megacuries 
238~u, megacuries e 

*39~u, megacuriese 

240~u, megacuriese 

241~u, megacuriese 
2 4 2 ~ u ,  cur ies  e 

241Am, megacuriese 
243Am, megacuries 
2 4 b n ,  megacuries 
2 4 2 ~ m ,  megacuries 

0.017 
0.017 

0.17 
0.17 

1.75 
210 

0.91 
3.98 
5.27 
1.85 
0.56 
0 033 
0.002 

0.00009 

0.00013 

0.354 
0.0295 

0.0089 
0.0009 
0.128 
0.725 

209 541 153 223 

0.97 1.98 1.58 4.62 
4.40 21.4 39.2 87.4 

9.73 19.8 15.8 46.2 
44.0 214 392 8 76 

451 
18,900 
81.6 
96 2 
1280 
k76 
1 2 4  
7.29 
1.20 
0.022 

0,0409 
6.63 
91 
2.31 
0.232 
29.9 
43.2 

2180 
5k ,  500 
226 
4340 
5800 
2320 
501 

6.3 
0.107 
0.239 
27 .7  
44l 

30.2 

11.3 
1.13 
13 0 
90 

4000 

62,550 
24Lc 
7085 
9530 
4250 
701 

43.4 
11.6 
0.196 
0.53 
40.3 
807 
20.8 
2.07 
200 

72 

8 960 
142,700 

5 7 1  
13 9 900 
18,900 
9510 
1280 
80 
24.5 
0.438 
1.37 
74.1 
1806 
46.6 
4.62 
379 
2 1 1  

Data from Phase 3, Case 42, Systems Analysis Task Force (April 11, 1968). 

there  i s  a delay of 2 years between power generation and waste generation. 

a 

bAssumes tha t  wastes a re  concentrated t o  100 ga l  pe r  10  4 Mwd (thermal) and t h a t  

C Assumes 1 f t 3  of so l id i f i ed  waste per l o 4  Mwd (thermal). 

dAssumes t h a t  f u e l  was continuously i r r ad ia t ed  a t  30 &/metric ton t o  a burnup of  
33,000 Mwd/metric ton,  and t h a t  f u e l  i s  processed 90 days a f t e r  being discharged 
from reactor .  

e Assumes t h a t  0.5% of the plutonium i n  the  spent  fue l  i s  l o s t  t o  waste. 

P 
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33,000 Mwd/metric ton a t  an average spec i f i c  power of 30 Mw/metric ton, 
t ha t  reprocessing i s  done 90 days a f t e r  t he  fue l  has been discharged from 

the reactor ,  and t h a t  there i s  a two-year delay between power generation 
and waste generation. 

methods and tha t  the  resu l t ing  waste i s  concentrated t o  100 gal  per  
10,000 Mwd (thermal) burnup, t h e  volume of  waste generated annually w i l l  
increase from 17,000 gal  i n  1970 t o  1.58 mil l ion ga l  i n  2000. 

waste i s  s tored  a s  a l iqu id ,  39.2 mil l ion ga l  w i l l  accumulate by t h e  year 
2000. 

may be reduced by a factor  of about 13. The weight, rad ioac t iv i ty ,  and 
heat-generation r a t e  of a l l  the  f i s s i o n  products, and the  accumulated 
a c t i v i t i e s  of each s ign i f i can t  f ission-product and ac t in ide  isotopes 
(tl,2 > 10 years) ,  is  also shown i n  Table 3.56. 

Fast  Breeder Reactors. - For LMFBR’s (Table 3.5’7), it  is assumed t h a t  

Assuming t h a t  the f u e l  i s  reprocessed by aqueous 

If the 

On the  other hand, i f  it i s  converted t o  a so l id  form, waste volumes 

the core i s  continuously i r r ad ia t ed  a t  a spec i f i c  power of 14.8 Mw/metric 
ton t o  a burnup of 80,000 Mwd/metric ton, the ax ia l  blanket  i s  i r r a d i a t e d  

a t  4.6 Mw/metric ton t o  a burnup of 2500 Mwd/metric ton, and the  r a d i a l  

blanket i s  i r r ad ia t ed  a t  8.4 Mw/metric ton t o  a burnup of 8100 Mwd/metric 
ton. 

a f t e r  it has been discharged from the reac tor ,  and t h a t  a two-year delay 
occurs between power production and waste generation. 

essing o f  t he  spent fue ls ,  i t  i s  estimated tha t  20.9 mil l ion ga l  of l i qu id  
waste, concentrated t o  a volume of  100 ga1/10,000 Mwd (thermal) w i l l  
accumulate by the year 2000. If t h i s  waste i s  converted t o  so l ids ,  
209,000 f t 3  w i l l  accumulate by 2000. The l eve l s  of accumulated f i s s i o n  

products and ac t in ides  i n  these wastes a r e  a l so  given i n  Table 3.57. 

I n  addition, it i s  assumed t h a t  t h e  f u e l  i s  reprocessed 30 days 

With aqueous proc- 

T o t a l  Nuclear Economy. - The projected annual and accumulated v9lumes 
of wastes f o r  t h e  t o t a l  U. S. nuclear economy are  given i n  Table 3.58. 
Data f o r  the  p r inc ipa l  radioisotopes i n  the wastes from spent LWR and 
LMFBR f u e l  processing a r e  a l so  given. 

and thermal power of  these radioisotopes a r e  shown i n  Figs. 3.6 and 3.7 
respectively.  
ac t in ides  i n  the wastes would be l e s s  than is  estimated here i f  t he re  i s  

a s ign i f i can t  contr ibut ion from thorium-fueled reac tors  i n  t h e  nuclear 

The t o t a l  accumulated rad ioac t iv i ty  

It should be pointed out that t h e  t o t a l  quant i t ies  of  

economy. 
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Table 3.5'7. Projected Wastes f rom LMFBR Reactor Fuels 

(Aqueous processing of a l l  f u e l s )  

~ ~~~~ 

Calendar Year Wding 

1985 1990 2000 2020 

Ins t a l l ed  capacity, l o 3  Mw ( e l e c t r i c a l ) a  
Volume of waste generated, as  l i qu id  b 

6 Annually, 10 gal/year 

Accumulated, 10 ga l  6 

Volume of waste generated, a s  solid '  
Annually, 10 3 3  f t  /year 

Accumulated, 10 3 3  f t  
Accumulated radioisotopes d 

Total  weight, metric t o n s  

Total  a c t i v i t y ,  megacuries 
Total  heat-generation r a t e ,  megawatts 

9 O ~ r  , megacuries 
'37~s, megacuries 

1291, cur ies  

"e, megacuries 

'H, megacuries 

238~u, megacuriese 
239~u, megacuries e 

2 4 0 ~ u ,  megacuries e 
241Pu, megacuries e 

242pu, curies '  
21iLA,, megacuriese 
243Am, megacuries 
244Cm, megacuries 
242m, megacuries 

28 

0.118 
0.248 

1.18 
2.48 

25 
4,388 
17.4 
31.8 
78.3 
39.1 
7.2 
0.653 
0.18 
0.013 
0.0161 
2.12 

48 
1.18 
0.037 
0.73 
L . 5  

145 546 1669 

0.n 3.02 9.08 
2.4 20.9 150.6 

7 .1  30.2 90.8 
24 209 1504 

26 0 

30, ooo 
11 7 
300 
740 
380 
66 
6.0 
1.98 
0.128 
0.156 
19.5 
469 
11.4 
0.36 
7 
95 

2200 

146,450 
563 
2465 
6070 
3300 
48 9 
46.1 
9.1 
1.114 
1.38 
150.7 
4063 
100 

3.12 
55 
41.5 

15,640 
523,300 
1949 
15 Y 500 
38,600 
22,690 
2620 
252 

1111.5 
8.01 

835 
2 9,094 
716 
22 .4  

321 
1279 

10.0 

a Data from Phase 3, Case 42, Systems Analysis Task Force (April  11, 1968). 
bAssumes t h a t  wastes a r e  concentrated t o  100 gal  pe r  10  4 Mwd (thermal) and 

t h a t  there  i s  a delay of 2 years between power generation and waste 
generation. 

CAssumes 1 f t 3  of  s o l i d i f i e d  waste per lo4  Mwd (thermal). 

dAssumes t h a t  t he  core was continuously i r r ad ia t ed  a t  148 Mw/metric ton t o  a 
burnup of  80,000 Mwd/metric ton,  the  a x i a l  blanket  was i r r a d i a t e d  to 2500 
Mwd/metric ton a t  4.6 Mw/metric ton, and that the r a d i a l  blanket  w a s  i r r a d i -  
a ted  t o  8100 Mwd/metric ton a t  8.4 Mw/metric ton. 
the  f u e l  was processed 30 days a f t e r  discharge from the reac tor .  

It was a l s o  assumed t h a t  

I 

1 

c 

F 

c 

m 

e Assumes that 0.5% of the  plutonium i n  the  spent f u e l  i s  l o s t  t o  waste. 
c 
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Table 3.58. Projected Fuel Processing Wastes from Total U. S .  Nuclear Power Economy 
(Aqueous processing of a l l  fuels)  

Calendar Year Ending 
1970 1980 1990 2 000 2020 

Instal led capacity, l o 3  Mw (e lec t r ica l )a  
volume of waste generated, as l iqu id  

Annually, 10 gal/year 
Accumulated, 10 ga l  

Annually, l o 3  ft3/year 

b 

6 
6 

Volume of  waste generated, as  solid' 

Accumulated, 10 3 3  f t  
d Accumulated radio is0 topes 

Total weight, metric tons 
To t  a1 ac t iv i ty  , mega curies 
Total heat-generation ra te ,  megawatts 

9 * ~ r ,  megacuries 

'37~s, megacuries 
1291, curies 

3H, megacuries 
2 3 8 ~ u ,  megacuries e 
239~u ,  megacuries e 

2 4 0 ~ u ,  megacuriese 
e 2 4 l ~ u ,  mega curies 

2 4 2 ~ u ,  curies e 

241Am, megacuries e 
243Am, megacuries 
2%m, megacuries 
242Cm, megacuries 

, megacuries 

14  153 

0.017 0.97 
0.017 4.40 

0.17 9.73 
0.17 44.0 

1 .75  451 
210 18,900 
0.91 81.6 

3.96 96 2 

5.27 1280 

1.85 476 
0.56 1 2 4  

0.033 7.29 
0.002 1.20 

0.00009 0.022 

0.00013 0.0409 
0.0295 6.63 

0.354 91 
0.0089 2.31 
0.0009 0.232 

0.128 29.9 
0 .725  43.2 

368 

2.69 

23.8 

26.9 

238 

2440 

84,500 
343 
4640 
6540 

56 7 
36.2 
8.28 

0.235 
0.395 
47.2 
910 
22 .7  

1.49 
137 
185 

2 700 

735 2 210 

4.60 13.7 
60.1 2 38 

46.0 13 7 
600 2380 

62 00 

209,000 

807 

9550 
15,600 

7550 
1190 

89.5 
30.7 
1.31 
1 .91  
1 9 1  
4870 
1 2 1  

5.19 
255 
48 7 

24,600 
666,000 
2520 

29,400 

57,500 
32,200 

3900 
33 2 
166 

8.45 
11.4 
909 
30,900 
763 
27.0 

700 
1490 

Data from Phase 3, Case 42,  Systems Analysis Task Force (April 11, 1968). 

a delay of 2 years between power generation and waste generation. 

a 

bAssumes tha t  wastes a re  concentrated to  100 gal per lo4  Mwd (thermal) and tha t  there  i s  

CAssumes 1 f t  
dAssumes tha t  LWR fue l  i s  continuously i r radiated a t  a specif ic  power of 30 Mwlmetric 

3 of so l id i f ied  waste per lo4 Mwd (thermal). 

ton t o  a burnup of 33,000 Mwd/metric ton, and that  the fue l  i s  processed 90 days a f t e r  
discharge from reactor;  LMFBR core continuously i r radiated t o  80,000 Mwd/metric ton a t  
148 Mwd/metric ton, ax ia l  blanket t o  2500 Mwd/metric ton a t  4.6 Mw/metric ton, and 
radial  blanket t o  8100 Mwd/metric ton a t  8.k Mw/metric ton, and tha t  fue l  is processed 
30 days a f t e r  discharge. 
Assumes tha t  0.5% of the plutonium i n  the  spent fue l  i s  l o s t  t o  waste. e 
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Reprocessing Spent LWR and LMFBR Fuels.  
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Annual Generation Rates. - The estimated annual generation o f  key 
fission-product and ac t in ide  isotopes is  presented i n  Table 3.5’9. 

3.5.2 Management of Sol id i f ied  High-Level Wastes 

Estimates were made of the conditions t h a t  would e x i s t  i f  high-level 

l i qu id  wastes from f u e l  reprocessing were s o l i d i f i e d  and then  shipped t o  
a s a l t  mine reposi tory f o r  permanent storage.  
volumes i n  storage,  t he  required storage canal capaci t ies ,  t h e  number of 
waste shipments, and t h e  t o t a l  and accumulated mine space needed if the  

wastes were s o l i d i f i e d  immediately and shipped a f t e r  5 years  of inter im 

storage on-si te .  
the  s o l i d i f i e d  wastes on-site f o r  10  years. 

Table 3.60 presents  the 

Table 3.61 gives analogous data f o r  t h e  case of s to r ing  

3.5.3 Intermediate- and Low-Level Liquid Wastes 

The projected generation of so-called intermediate- and low-level 

l i q u i d  wastes a s  t he  r e s u l t  of LWR and LMFBR fue l  reprocessing i s  given 
i n  Table 3.62. Volumes of these wastes were calculated on the  bas i s  t ha t  

about 200 g a l  and 10,000 ga l ,  respectively,  are produced per metric ton 
of f u e l  reprocessed. This corresponds rou&y t o  present prac t ice ;  how- 

ever, it can be ant ic ipated tha t ,  i n  t h e  fu ture ,  intermediate-level wastes 

w i l l  be combined with high-level wastes and converted t o  a s o l i d  form. I n  
addi t ion t o  the  volumes o f  low-level wastes shown i n  Table 3.62, about 
3 million g a l  of low-level waste i s  generated annually a t  each reprocessing 
p l a n t  from sources such a s  c e l l  drainage, equipment decontamination flushes,  
and laboratory sinks.  

3.5.4 Solid Wastes 

If mechanical decladding , as exemplified by a shear-leach head-end 

step,  is  used i n  reprocessing, t he  cladding h u l l s  and associated fue l -  

assembly hardware containing neutron-induced radioisotopes (as well as 
some of  the  ac t in ides)  w i l l  cons t i t u t e  an important source of s o l i d  waste. 
Calculated l eve l s  of these isotopes f o r  Zircaloy cladding and f o r  s t a i n -  
less s t e e l  cladding are given i n  Tables 3.25-3.30 and Tables 3.49-3.5’4 
respect ively.  Annual and accumulated volumes of cladding wastes, assuming 
compaction t o  70% of their theore t ica l  densi t ies ,  a r e  given i n  Table 3.63. 

c 

r 

b 

c 



Table 3.59. Pro jec ted  A n n u a l  Generat ion of Key F i s s i o n  Product  a d Act in ide  
I so topes  i n  Wastes from LWR and LMFBR Fuel  Processinga,  6 

Light-Water Reactor  Fuels  Fast-Breeder Reactor  Fuels T o t a l  

1980 1985 1990 2000 2020 1985 1990 2000 2020 1970 1980 1990 2000 2020 Calendar Year Ending 1970 

9O~r ,  megacuries/year 

'37~s, megacuries/year 

12%, cur ies /year  

85Kr, megacuries/year 

'H, megacuries/year 

'38~u,  megacuries/yearc  

'39~u, megacuries/yearc  

*4Opu, megacuries/yearc 

*41pu, megacuries/yearc 

21-12pu, cur ies /yearc  

2 4 1 ~ ,  megacuries/year 

243Am, megacuries/yea.r 

2 4 2 ~ m ,  megacuries/year 

244cm, megacuries/year 

3.99 
5.55 
1.96 
0.59 
0.036 

0.00008~ 

0.000123 
0.03 
0.35 
0.009 

0.00021 

0.99 
0.129 

0.00072 

227  

316 
112 

33 
2.1 

0.041 
0.0049 
0.00705 

1 . 7 1  
20 .1  

0.51 
0.012 

56.9 
7.37 

410 

571 
202 

60 
3.7 
0.074 
0.0088 
0.0127 

3.09 
36.3 
0.92 
0.021 

103 

13.3 

462 
643 
320 
68 
4.2 
0.084 
0.0099 
0.Olwl 

3.48 
40.9 
1.03 
0.024 
116 
15.0 

36 7 
511 

54 
3.3 
0.066 
0.0079 

181 

0.01.14 

2.76 
32.5 
0.821 
0.0192 
92.1 
11.9 

1080 
1500 

531 
158 
9.8 
0.195 
0.023 
0.0335 
8.11 

95.4 
2.u 
0.056 
270 

35 

15.5 
38.8 
19.0 
3.63 
0.33 
0.02 

0.0063 
0.0076 
1 . 0 7  
22.6 
0.56 
0.0177 

23.3 
0 . h  

93.5 
2 35 
115 
22 

2.0 
0.121 

0.0379 
0.046 
6.46 
137 
3.38 

141 
2.67 

0.107 

398 
1000 

48 9 
93.6 
8.6 
0.515 
0.162 
0.196 
27.5 
584 
14.4 
0.46 
601 
11.5 

1180 
3010 
1470 
282 
25.8 
1.55 
0.486 
0.589 
82.9 
1760 
43.4 
1.37 
1810 
34.3 

3.99 
5.55 
1.96 
0.59 
0.036 
0.00072 

0,000055 

0.000123 
0.03 

0.35 
0.009 
0.00021 

0.99 
0.129 

227  

316 
1 1 2  

33 
2 . 1  
0.041 

0.0049 
0.0071 

1 .71  
20.1 

0.51 
0.012 

56.9 
7.37 

556 
878 
435 

6.2 
0.205 

0.0478 
0,0604 
9.94 
178 
4.41 
0.131 
257 
17 .7  

90 

765 
1510 

670 
148 

0.58 
0.17 
0.207 

30.3 
617 
1 5 . 2  

0.474 
693 
23.3 

11.9 

2280 
4510 
2000 

4k 
35.6 
1.75 
0.509 w 

I 

w 0.623 m 
91.0 
1850 

45.8 
1.43 
2080 

69.3 

aBased on Systems Analysis Task Force, Phase 3, Case 42 (Apr i l  11, 1968), and assumes a 2-year l a g  i n  waste genera t ion  a f t e r  power product ion.  

bAssumes t h a t  t h e  LWR file1 is cont inuously i r r a d i a t e d  t o  a burnup of 33,000 Mwd/metric t o n  a t  a s p e c i f i c  power of 30 Mw/metric ton;  a l s o  assumes that t h e  LMFBR 
core  is cont inuous ly  i r r a d i a t e d  t o  a burnup of 80,000 Mwd/metric t o n  a t  &8 Mw/metric ton, t h e  a x i a l  Dlanket is cont inuous ly  i r r a d i a t e d  t o  2500 Mwd/metric t o n  
a t  4.6 Mw/met,ric ton,  and t h e  r a d i a l  b lanket  is cont inuously i r r a d i a t e d  t o  8100 Mwdhe t r i c  t o n  a t  6.4 Mw/metric ton. 

'Assumes t h a t  0.5% of t h e  plutonium i n  t h e  spent  f u e l  i s  l o s t  t o  waste. 
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Table 3.60. Waste Management Data f o r  Conversion-toSol ids  Concept 
(5-year interim s o l i d  s torage)  

Calendar Year Ending 

1980 1990 2 000 

Sol id  waste generation, f t3/yeara 9,730 26,900 46,000 
5-year in te r im s o l i d  s torage 

volume i n  s torage,  f t 3  34,400 117,500 206,000 
Length of 24-ft-wide canals ,  f t  690 2,340 4,100 

Number o f  shipments per year 62 332 614 

b 1000-mile shipment to s a l t  mines 

Number of casks i n  t r ans i t ‘  2 7 1 2  

Area required,  acres/year 1 7  83 1.5 7 
Disposal i n  s a l t  mines 

Accumulated a rea  used, acres  43 540 1780 

One cubic f o o t  of s o l i d  waste per LO4 Mwd (thermal) i r r a d i a t i o n .  

8 megacuries of r ad ioac t iv i ty  and generating 100,000 Btu/hr. 

a 

bEach shipment cons i s t s  of t h i r t y - s i x  6- in .  -diam pots containing 

‘One-way transit time i s  7 days. 

Im 

b 
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Table 3.61. Waste Management Data f o r  Conversion-toSolids Concept 
(10-year i n t e r im  s o l i d  s torage)  

-~ ~~ 

Calendar Year mding 
1980 1990 2 000 (2010)" 

Sol id  waste generation, ft3/Year 9,730 26,900 46,000 (-4 
10-year in te r im s o l i d  s torage  

Volume i n  s torage,  f t  3 43,800 194,000 363,000 (--) 
Length of 24-ft-wide canals,  f t  870 3,860 7,230 (-4 

Number of  shipments per year  3 1 7 2  477 
1000-mile shipment t o  salt mines' 

1 4 10 (16) d Number of casks i n  transit 
Disposal i n  s a l t  mines 

Area required,  acres/year 0- 7 40 113 (197) 
Accumulated a rea  used, acres  0.7 186 1010 (2560) 

a Commitments made i n  the year 2000. 

cubic f o o t ' o f  s o l i d  waste per 10,000 Mwd (thermal) f u e l  exposure. 

'Each shipment cons i s t s  o f  t h i r t y - s i x  6- in .  -diam pots  containing 

dOne-way t r a n s i t  time i s  7 days. 

5 megacuries of r a d i o a c t i v i t y  and generating 56,000 Btu/hr. 
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Table 3.62. Estimated Volumes o f  Low- and Intermediate- 
Level Liquid Wastesa 

Calendar Year 
Ending Gallons per Year 

Accumulated 
G a l  l o  ns 

1970 
1980 
1990 
2000 

1970 
1980 
1990 
2 000 

Intermediate-Level Was tee  

31, ooo 
777,000 
2.6 x 10 

3.2 x 10 

Low -Level Waste 

6 
6 

d 

6 1.6 x i o  
3.9 107 
1.5 x lo8 
1.4 x lo8 

31,000 
6 
7 

3.5 x 10 
2.0 x 10 

4.9 1 0 7  

%ased on fue l  processing project ions of  Phase 3, Case 42, Systems 
Analysis Task Force (April 1968). 

wastes and so l id i f i ed .  

metric ton of fuel processed. 

of fue l  processed. 
required leve ls  and discharged t o  the environment. 

tihe future ,  these wastes w i l l  probably be combined with high-level 

‘Based on the  generation of 200 ga l  of intermediate-level waste per 

dBased on the generation of 10,000 ga l  of low-level waste per metric ton 
These wastes a re  decontaminated o f  radioisotopes t o  

c 
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Table 3.63. Solid Wastes from Spent LWR and LMFBR Fuel Processing" 

Calendar Year Ending 
1970 1980 1990 2 000 

b Volume of cladding waste 
Annual, 10 3 3  f t  0.3 8.3 41 87 
Accumulated, 10 3 3  f t  0.3 37 320 1030 

Total volume of so l id  waste' 

Annual, 1 0  6 3  f t  0.03 0.8 2.2 3.2 

Accumulated, 10 6 3  f t  0.03 3 s  16 49 
d Burial  ground area  

Annual, acres 0.6 16 wc 64 
A c cumulated, acre  s 0.6 70 320 980 

%ased on f u e l  processing projections of  Phase 3, Case 42, Systems 

bBased on 2.1 f t  
Analysis Task Force (April 1968). 

of  cladding hu l l s  per  ton of LWR f u e l  processed, and 
8.7 f t 3  of cladding hardware per t o n  of  LMFBR mixed core and blankets 
processed. 

'Based on an average volume of 200 ft3 of  so l id  wastes per ton of f u e l  
processed. 

dBased on b u r i a l  of 50,000 f t  

3 

3 o f  so l id  waste per acre  of b u r i a l  ground. 
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Other s o l i d  wastes t h a t  a r e  generated as a r e s u l t  of rou t ine  reproces- 

s ing  p l an t  operat ion vary widely i n  s i z e  and cha rac t e r i s t i c s .  Annual and 
accumulated volumes were estimated (see Table 3.63) by using 200 f t  3 /metric 

ton a s  the average volume of  a l l  s o l i d  wastes produced i n  f u e l  reprocessing. 
The land area needed f o r  t h e  ult imate d isposa l  of a l l  these  s o l i d  wastes, 
assuming t h a t  t h e  b u r i a l  of a 50,000-ft 3 volume requi res  one acre ,  i s  a l s o  

shown i n  t h e  t a b l e .  

1. 

2. 

3. 

4. 

5 .  

6. 

7. 
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L . TECHNICAL CONSIDERATIONS 

4.1 Design o f  Fuel Reprocessing Plants  

n 

Fuel reprocessing p lan ts  a r e  characterized by t h e i r  complexity. 

Typically, a f u e l  recovery process e n t a i l s  shearing the f u e l  ( t o  rupture 

the corrosion-resis tant  sheath and expose t h e  f u e l ) ,  d issolut ion of the  
f u e l  i n  n i t r i c  acid,  separation and pur i f ica t ion  of  the uranium and plu- 

tonium by solvent extract ion and ion exchange, and conversion of the 
product n i t r a t e s  t o  oxides su i t ab le  f o r  re fabr ica t ion  in to  f u e l  elements. 
In addi t ion t o  the  primary process, there  a r e  many auxi l ia ry  operations: 
treatment of t he  solvent  t o  provide f o r  i t s  reuse, recovery o f  n i t r i c  
acid from the  aqueous streams, management o f  t h e  gaseous, l i qu id ,  and 
so l id  waste e f f luents ,  and t h e  specialized techniques and equipment re -  
quired for process cont ro l  and personnel protect ion.  

The spent f u e l  is  transported from the  reactor  t o  the  reprocessing 
p lan t  i n  heavy, shielded casks. The cask i s  unloaded i n  a water-f i l led 

pool, and the f u e l  i s  s tored under water, which serves both a s  a t rans-  
parent rad ia t ion  shield and a s  a coolant.  
essed a re  t ransfer red  t o  a head-end c e l l  and sheared in to  2-in.  lengths 
t o  expose the  inner core, which is then leached with n i t r i c  acid i n  batch 
dissolving tanks.  
ul t imately disposed o f  by land b u r i a l .  

fue l ,  containing the  uranium, plutonium, and near ly  a l l  of the  f i s s i o n  
products, i s  t h e  feed solut ion f o r  t he  solvent extract ion process. 

The f u e l  elements t o  be proc- 

The leached hu l l s  cons t i tu te  a so l id  waste tha t  i s  

The n i t r i c  acid solut ion o f  the  

Solvent extract ion processes exploi t  the wide difference i n  concen- 
t r a t i o n  d i s t r ibu t ion  between two immiscible phases - the  organic and the  
aqueous. Nearly a l l  major f u e l  reprocessing f a c i l i t i e s  employ some form 

I of the Purex process, 
t r i b u t y l  phosphate (TBP), i n  an i n e r t  hydrocarbon di luent  . 
organic mixture i s  brought in to  countercurrent contact with the aqueous 

feed solut ion,  t he  TBP ext rac ts  both the  uranium and the  plutonium into 

the organic phase, leaving the  f i s s i o n  and corrosion products behind i n  

the aqueous phase. 

which makes use of t he  organic complexing compound, 
When t h i s  
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The TBP-organic solut ion of uranium and plutonium i s  s t r ipped o r  

back-extracted with d i l u t e  n i t r i c  ac id .  The back-extraction of plutonium 

can be v a s t l y  enhanced i f  t h e  plutonium i s  reduced t o  the t r i v a l e n t  form, 
usually with ferrous sulfamate; t h i s  makes it possible  t o  back-extract 
se lec t ive ly  f i rs t  the  plutonium and then the uranium. The two aqueous 

solut ions a r e  usual ly  fur ther  pur i f ied  by a second extract ion cycle o r  by 
ion exchange. 

The ferrous sulfamate t h a t  i s  used f o r  reducing plutonium i s ,  i t s e l f ,  

oxidized t o  f e r r i c  su l f a t e  i n  the reduction process, and thus contr ibutes  
t o  the waste and in te r fe res  i n  the chemistry of subsequent plutonium 
pur i f ica t ion  s t eps .  

used by the  Europeans f o r  t h i s  purpose; a l s o ,  plutonium reduction can be 
effected with hydrogen .* 
chemicals to  the  process. 

Uranium i n  the  t e t r ava len t  s t a t e  has been successful ly  

Neither o f  these reductants contr ibutes  spurious 

The uranium and plutonium my be prec ip i ta ted  from d i l u t e  n i t r i c  ac id  
These oxalate  p rec ip i t a t e s  a r e  then remved by solut ion with oxal ic  ac id .  

f i l t r a t i o n ,  and t h e  f i l t e r  cakes a r e  thermally decomposed t o  produce ura- 

nium and plutonium oxides. 
into p e l l e t s  f o r  fabr icat ion in to  new f u e l  elements. 

The oxides a r e  s in te red  and ground, o r  extruded 

I n  t h e  recent ly  developed sol-gel  p r o ~ e s s , ~  the  n i t r i c  acid is  
removed from t h e  aqueous solut ions of plutonium or  uranium by extract ing 
the acid with an amine solvent.  
s table ,  co l lo ida l ly  dispersed suspension of uranium oxide i s  formed. 

This i s  a l t so l , f f  which can be handled l i k e  a t rue  solut ion.  

removal of water by evaporation o r  by ex t rac t ion  with a hygroscopic solvent 
converts the sol t o  a p l a s t i c  ge l ,  
spheres of controlled s i ze  by adding t h e  s o l  dropwise i n t o  a stream of t he  

hygroscopic solvent.  
near the theo re t i ca l  densi ty  and i s  su i t ab le  f o r  fabr ica t ion  i n t o  reactor  
elements. 
"mixed" oxide microspheres i n  which the  two elments a r e  homogeneously 
dispersed. 

A s  the  acid extract ion proceeds, a 

Progressive 

The s o l  can be formed in to  ge l  micro- 

When fired t o  about 12OO0C, the gel  a t t a i n s  a densi ty  

So l s  of plutonium and uranium can be combined and gel led t o  form 

c 

Radioactive gaseous wastes from these operations are t r e a t e d  chemi- 

cally, as well as by f i l t r a t i o n ,  sorption, and scrubbing i n  order t o  reduce 
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t h e i r  radioisotope content t o  l e v e l s  t h a t  can be discharged t o  the atmo- 
sphere. The aqueous radioactive wastes t h a t  contain e s sen t i a l ly  a l l  t he  
f i s s i o n  products a r e  generally concentrated by evaporation and stored on 
an interim bas i s  i n  underground tanks.  
su f f i c i en t ly  decontaminated o f  radioisotopes t o  permit t h e i r  discharge 

t o  the environment under ex is t ing  regulat ions.  

The evaporator overheads a r e  

4.1 . I  Preventive Measures and Containment Cr i t e r i a  

C r i t i c a l i t y ,  - C r i t i c a l i t y  i s  normally prevented by a combination 
of t he  following: 
Ifin-process" by administrative means; imposing dimensional l imi ta t ions  
on the  process equipment; and addkg  pa ras i t i c  neutron absorbers, e i t h e r  
soluble or f ixed t o  t he  process tanks.  

form of raschig r ings o r  p a r a l l e l  spaced p l a t e s .  ) 

l imi t ing  the concentration o r  quant i ty  of  mater ia l  

(The l a t t e r  a r e  usually i n  the 

Administrative control  i s  usual ly  arranged so t h a t  the pos i t ive ,  

simultaneous ac t ion  o f  two responsible operators i s  required t o  add c r i t i -  

c a l  mater ia l  t o  an l l in-plant" inventory and t o  t r ans fe r  mater ia l  within 
the p l an t .  
i n  each area i s  maintained, and t r ans fe r  valves a re  kept locked with the  
keys i n  the  immediate control  o f  supervision. Wouble-batchingff i s  thus 
prevented, and the p lan t  or d i sc re t e  portion o f  the plant  i s  made safe  by 
l imit ing i t s  in-process inventory t o  l e s s  than the minimum c r i t i c a l  quant i ty  

A v i sua l  display o f  the f iss ionable  material  inventory s t a t u s  

Neutron absorbers, such a s  boron and cadmium added d i r ec t ly  t o  the  
dissolver  a s  soluble s a l t s ,  a r e  e f fec t ive  f o r  c r i t i c a l i t y  control  i n  the  
dissolut ion and feed adjustment s teps  .4 These absorbers remain with the 
aqueous waste. 
r ings may be used f o r  the  storage o f  f i s s i le  product solut ions.  F a r a l l e l  
p l a t e s  of boronated s t a in l e s s  s t e e l  have been used i n  the bell-shaped end 

sect ions of pulsed columns. 

Tanks o f  l a rge  volume packed with borosi l icate-glass  raschig 

Radiation. - Airborne rad ioac t iv i ty  i n  the c e l l  ven t i l a t ion  system, -- 
and i n  personnel operating areas ,  i s  usually detected by radiation-sensing 

instruments focused upon a f i l t e r  through which a constant volume o f  a i r  

is drawn. Some designs use continuous f i l t e r s  and a r e  s e t  t o  alarm a t  
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ce r t a in  rad ia t ion  leve ls ;  others  employ a f ixed  f i l t e r  but a r e  s e t  t o  
alarm at  a given rate-of-r ise  of the f i l t e r  a c t i v i t y ,  

i n  operating a reas  a re  monitored by ion chambers with l e v e l  alarms. 
order t o  avoid the  hazard of spurious alarms, s igna ls  f r o m  two out  of 

three instruments a r e  required before an alarm sounds. The inadvertent 

entry o f  personnel into shielded process areas  having high rad ia t ion  
f i e l d s  i s  prevented by securely locking these areas ,  with access i n  the  
immediate control  of supervision o r  other  properly designated au thor i ty .  

Radiation f i e l d s  
In  

Containment Systems. - Processing p l an t s  a r e  designed to ensure con- 

tainment o f  airborne rad ioac t iv i ty  by providing increasing l eve l s  o f  
vacuum i n  three successive envelopes so  that a l l  a i r  leakage f l o w s  from 

areas o f  low t o  those of high contamination po ten t i a l .  
the  outermost envelope, and it i s  operated a t  a pressure approximately 

0.3 i n .  H,O lower than atmospheric pressure.  
than a 30-mph wind could be expected t o  produce on the  l e e  s ide  of a 
rectangular building. A l l  openings i n  the  building communicate e i t h e r  

with uncontaminated personnel areas ,  o r  with two doors i n  se r i e s ,  only 
one of which can be open a t  any time. 
between t h e  doors i s  maintained a s  an uncontaminated a rea .  

The building forms 

This i s  a higher vacuum 

The vest ibule  formed by the space 

The shielded process c e l l s  form the second envelope o f  containment 

and a r e  operated with a vacuum o f  about 0.7 i n .  H20 with respect t o  the  

building. 
0.1 c e l l  volume per minute ( t o  accommodate explosions o r  f i r e s  without 
pressurizing the  c e l l ) ,  and the  c e l l  in-leakage r a t e  i s  l imited t o  approxi- 

mately 
Seals t h a t  a r e  used to c lose  cracks and crevices a r e  designed t o  withstand 
a minimum pressure of 10 i n .  H,O. The c e l l  s t ruc ture  and i t s  closures a r e  

designed t o  withstand the  pressure t h a t  could be generated by any credible  

accident .  
negative pressure,  with respect t o  the c e l l ,  of about 10 i n ,  H,O, 

The c e l l  exhaust system has a ra ted  capacity of approximately 

c e l l  volume per  minute a t  a 2-in. H20 d i f f e r e n t i a l  pressure.  

F ina l ly ,  the process equipment i n  the c e l l  i s  operated a t  a 

Similarly,  the d i rec t ion  of a i r  f l o w  through personnel a reas  i n  the  
building i s  control led by introducing a pos i t ive  a i r  flow in to  o f f i ces  
t h a t  exhaust i n to  corr idors .  
s ive ly  toward operating areas ,  t o  l imited access a reas ,  and to  hot Labora- 

t o r i e s ,  from which the a i r  i s  exhausted through f i l t e r s  to the atmosphere. 

From the  corr idors ,  the a i r  f lows  succes- 
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Off-Gas Treatment. - Because o f  i t s  higher rad ioac t iv i ty  and chemi- 
c a l  fumes content, the  dissolver  off-gas i n  most radiochemical p lan ts  i s  

t rea ted ,  i n  turn,  f o r  n i t r i c  acid recovery, f o r  iodine removal, and f o r  
removal of res idua l  acid fumes before being blended with the  off-gas from 

the  vessels  i n  t h e  balance o f  the  p l an t .  The vesse l  off-gas is  usual ly  
scrubbed with caust ic ,  d r ied ,  and f i l t e r e d  through one roughing and two 
high-efficiency f i l t e r s  (HEPA, asbestos-glass f ibe r  paper, 99.97% DOP 

ef f ic iency) .  

Iodine i n  most o f  i t s  chemical s t a t e s  i s  removed from gas streams 
by react ion with AgNO, impregnated on ceramic packing and by scrubbing 
with Hg(NO,)z-HNO, o r  caus t ic  solut ions.  

t i c u l a r l y  methyl iodide, can be removed most e f f i c i e n t l y  by c a t a l y t i c  
decomposition and sorption on s i l v e r ,  copper, o r  iodine-impregnated char- 

coal .  
t he  concentration of t he  iodine, but 99.5% i s  a commonly quoted design 
eff ic iency i n  cases where organic iodides a r e  not  remved.5 The ef f ic iency  
o f  charcoal impregnated with potassium iodide has been quoted a t  99.99%. 

However, organic iodides,  par- 

The e f f ic iency  o f  iodine removal un i t s  i s  sharply dependent upon 

6 

A l l  off-gas streams from the  plant  a r e  blended with the c e l l  vent i la -  
t i on  streams and passed through a sand f i l t e r , 7  a deep-bed f iber -g lass  

f i l t e r , 8  o r  a bank of high-efficiency pa r t i cu la t e  a i r  f i l t e r s  before 

being monitored and discharged up a s tack.  

4.1 - 2  Probable Trend o f  Plant Design 

The pr inc ipa l  concern i n  chemical plant  design i s  safety,  but economy 
The s i z e  o f  processing p lan ts  w i l l  i n -  i s  a necessary p a r a l l e l  object ive.  

crease t o  take advantage of the lower uni t  processing cos ts  associated with 
higher p lan t  capacity.  Newer reactor fue ls ,  the LMFBR f u e l s  i n  pa r t i cu la r ,  
w i l l  contain higher quant i t ies  of f i ss ionable  mater ia l .  
t h i s  f i s s ionable  mater ia l  w i l l  supply an economic inducement f o r  minimizing 

out-of-reactor processing time; thus f u e l  may be processed with a s  l i t t l e  

as 30 days preprocessing decay t ime, 

with the increasing spec i f ic  power and high burnups of fu ture  reactor  de- 
signs, w i l l  exaggerate many f u e l  processing problems; f o r  example, there 
w i l l  be more decay heat t o  d i ss ipa te ,  more radioact ive off-gas t o  contend 

The high value o f  

This shor t  decay period, combined 
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with, more extensive d is in tegra t ion  of  process reagents due t o  rad ia t ion ,  

and more severe plutonium c r i t i c a l i t y  considerations.  In  addi t ion,  t he  
product-finishing end of the  plant  must be shielded owing t o  the presence 

o f  ce r t a in  isotopes i n  recycled plutonium and uranium (238Pu, 232U). 

The e f f ec t  will be t o  d i r e c t  p lan t  design toward t h e  use of high- 
capacity, small-volume equipment; t h i s  i s  equivalent to minimizing the 
plant  inventory of  both reactor  f u e l  and process reagents.  Continuous 

equipment (as  opposed t o  the  batch operations character iz ing the  industry 
i n  the  p a s t ) ,  and perhaps p a r a l l e l  l i n e s  t o  ensure operat ional  cont inui ty ,  
w i l l  be eas i e r  t o  maintain and cheaper t o  operate.  Minimizing the  in- 
process inventory w i l l  serve both safe ty  and economic considerations.  

Transport. - Spent f u e l  shipping casks a r e  expensive, but a r e  most 

economical i n  la rge  s i zes  (about 120 t o n s ) .  
r e l a t i v e l y  inexpensive removable can i s t e r s  of such i n t e g r i t y  a s  t o  ensure 

containment of the  enclosed f u e l  throughout the postulated accidents  t h a t  
might occur during shipment. 

t o  be r ead i ly  loaded and unloaded a t  the  processing p lan t  t o  minimize 
cask turnaround time, and the can i s t e r s  w i l l  provide safe ,  contained s t o r -  

age while t h e  f u e l  i s  awaiting processing. 

Casks w i l l  be designed with 

The sealed containers w i l l  permit t h e  cask 

Head-Fnd. - Present mechanical shears a re  designed t o  accept e n t i r e  
subassemblies, denuded only o f  t h e i r  hardware. If f u e l  elements could be 
designed t o  be readi ly  disassembled (preshipment disassembly may prove 
des i rab le  with f u e l  elements of  high spec i f ic  power i n  order t o  f a c i l i t a t e  
heat d i ss ipa t ion  during shipment), small high-capacity shears,  operating 
continuously a t  high output, would decrease the  cost o f  t he  head-end 
equipment as w e l l  as f a c i l i t a t e  i t s  maintenance. 

Outgassing of Volat i le  Fission Products. - One o f  the most d i f f i c u l t  

problems i n  reprocessing i s  t h a t  of containment of t h e  v o l a t i l e  f i s s i o n  
products, espec ia l ly  13’I. 
nium, tellurium, cesium, tritium, krypton, and xenon) have been found to  
v o l a t i l i z e  from oxide f u e l  a t  moderate temperatures (450 to  750°C) .  9,10 

Outgassing of these elements i s  accelerated when the  atmosphere contains 

oxygen because the in te rs t i t i a l ly -bound gas i n  t h e  f u e l  i s  released during 

The v o l a t i l e  f i s s i o n  products (iodine,  ruthe- 
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the  resu l t ing  oxidation o f  UO, t o  U,O,. This preoxidation will r e l i eve  

the dissolut ion s t e p  o f  such treatment, thus reducing t h e  consumption o f  

n i t r i c  ac id  and the  formation o f  nitrogen oxides. 
c e l l  atmosphere i s  minimized, the  v o l a t i l e  f i s s i o n  products can remain 

concentrated, thereby making t h e i r  capture and eventual encapsulation 
much more e f f i c i en t  and r e l i a b l e .  

If d i lu t ion  by the  

Although t h e  noble gases a re  chemically i n e r t ,  they can be concen- 
12 t r a t ed  by cryogenic d i s t i l l a t i o n ,  absorption i n  fluorocarbons, o r  

diffusion through permselective membrane. The concentrated noble gases 
could then be compressed and stored," or immobilized with foam ( p l a s t i c ,  

g lass ,  or metal),15 assuming tha t  t h i s  method can be shown to be p rac t i ca l .  

Dissolution. - Simple batch dissolvers  a r e  f requent ly  preferred f o r  

small plants ,  pa r t i cu la r ly  i n  instances where process control  r e l i e s  upon 

chemical analyses.  

development i n  response t o  the obvious advantages of small physical  s i z e  

and be t t e r  c r i t i c a l i t y  control .  The use o f  oxygen sparging promises t o  
enhance the  dissolut ion r a t e  and t o  inh ib i t  s t i l l  fu r the r  t he  evolution 
o f  the nitrogen oxides t h a t  complicate vesse l  off-gas treatment. 

However, continuous leachers a r e  present ly  under ac t ive  

&trac t ion .  - Countercurrent solvent extract ion has been car r ied  out  
i n  a va r i e ty  o f  contactors: 

recent ly ,  f a s t  cen t r i fuga l  contactors such as those i n  service a t  Savannah 
RiverJ6 or t h e  stacked-clone contactors under development a t  ORNL. 
Whereas the solvent has a t o t a l  residence time i n  pulsed columns (and, 
therefore ,  exposure t o  t h e  f i s s i o n  product rad ia t ion  associated with t h e  
aqueous feed stream) on the order of 1 h r  per ex t rac t ion  cycle,  t he  cen- 
t r i f u g a l  contactors reduce t h i s  time t o  a few minutes. 
radiat ion damage t o  t h e  solvent subs tan t ia l ly  reduced, but t he  volume of 
organic i n  the  system and t h e  at tendant  f i r e  hazards a r e  a l so  reduced. 

mixer-set t lers ,  pulsed columns, and, m r e  

17 

Not only i s  the 

Instrumentation and Control, - Continuous equipment, such a s  the  
cent r i fuga l  solvent extract ion contactors,  have such a rapid response t o  
process var iables  t h a t  automatic controls  a r e  almost mandatory. Centrifu- 

g a l  contactors a r e  control led by t h e  pos i t ion  o f  the uranium concentration 
gradient i n  the  cascade, l a rge ly  eliminating the  accumulation of  off-grade 

mater ia l  resu l t ing  from operator e r ro r .  
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Cel l  and Vessel Off-Gas. - The ce l l -vent i la t ion  and vesse l  off-gas 
systems a re  primary sources o f  rou t ine  and accidental  re leases  o f  radio- 

a c t i v i t y ,  
minimize t h e  volume o f  off-gas needing rout ine treatment.  Recycle w i l l  ' 
probably be economical, and the use of an i n e r t  c e l l  atmosphere may become 
p rac t i ca l .  
f i r e s  i n  process c e l l s ,  

The recycle o f  gas from both systems i s  f eas ib l e  and w i l l  

This would p rac t i ca l ly  eliminate t h e  p o s s i b i l i t y  o f  solvent 

Liquid and Solid Wastes. - It can be ant ic ipated t h a t  a l l  radioact ive 
l i qu id  wastes from f u e l  reprocessing w i l l  be evaporated and blended t o  

y ie ld  only two streams: a high-level waste consis t ing of a highly concen- 
t r a t e d  solut ion of f i s s i o n  products and ac t in ides ,  and a low-level aqueous 

waste t h a t  has been s u f f i c i e n t l y  decontaminated o f  radioisotopes t o  permit 

it t o  be e i t h e r  discharged t o  the environment o r  recycled t o  t h e  process.  
The conventional p rac t i ce  of accumulating aqueous solut ions of f i s s i o n  

products i n  underground storage tanks w i l l  probably be cu r t a i l ed  because 
of t he  d i f f i c u l t y  i n  providing safe containment o f  the more concentrated 
solut ions derived from reprocessing highly exposed power-reactor f u e l s .  

Adequately engineered storage systems may be so complex and expensive, as 
compared with the  cost  o f  ea r ly  so l id i f i ca t ion  of  the wastes, that l i qu id  

s torage systems w i l l  be l imited i n  capaci ty  merely t o  those surge volumes 
needed fo r  p lan t  f l e x i b i l i t y .  Under these circumstances, l i qu id  waste 

inventor ies  i n  storage would represent,  a t  most, only a few weeks ( o r  
months ) o f  p l an t  operations.  

4.1.3 Plant Decommissioning Considerations 

With the  exception of the  s tud ies  o f  land reclamation cos ts  a t  AEC 
production s i t e s ,  there  has been no known, careful  consideration given t o  
the  eventual decommissioning of fuel-reprocessing p l an t s .  In  the  absence 
o f  a formal review, only the following general  comments on t h i s  subject  

a r e  offered.  

The problem may be considered i n  two parts: one r e l a t ed  t o  the p lan t  

process s t ruc tures ,  and the  other  to t h e  surrounding land, including t h a t  
devoted t o  waste tank farms, so l id  waste b u r i a l  grounds, and low-level 
l i qu id  waste disposal .  With respect  to the  p lan t  buildings,  the question 
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might be ra i sed  a s  t o  the -3 need i n  an expanding nuclear power economy, 
f o r  them to be decommissioned i n  a manner t h a t  would re turn  them t o  un- 
r e s t r i c t e d  use.  Experience within the AEC has demonstrated tha t  build- 
ings housing f u e l  reprocessing and other types of radiochemical f a c i l i t i e s  
can be decontaminated t o  l eve l s  t ha t  permit routine access by personnel 
and conversion of t he  f a c i l i t i e s  t o  other nuclear-related uses.  One o f  

the  bes t  documented instances of such a decontamination operation i s  t h a t  

which followed an accidental  plutonium re lease  i n  an ORNL f u e l  reprocess- 

ing p i l o t  plant  . l 8  

been used to develop and demonstrate processes f o r  recovering i r r ad ia t ed  

reactor  f u e l s  since 19kk. Following t h i s  incident ,  they were decontami- 
nated t o  l eve l s  wel l  below those present ly  required by the  AEC i n  termi- 
nating l icenses  f o r  a l l  m t e r i a l s  l icensees .  Furthermore, there  i s  
experience i n  decontaminating nuclear power p l an t s .  
BONUS, Hallam, Carolinas Virginia Tube, and Piqua reac tors  have a l l  been 
r e t i r e d  from nuclear service.  In most instances,  t h e  uncontaminated areas  
were converted t o  non-nuclear uses, while t he  radioactive areas  and major 

equipment were confined within biological  shielding and sealed t o  prevent 

access by the  publ ic .  
w a s  demolished and removed from the s i t e .  The cos ts  t h a t  have been re -  
ported for operations o f  t h i s  kind cannot be considered t o  be exhorbitant; 
y e t  it seems reasonable t o  expect t h a t  they might have been even l e s s  if 

the f a c i l i t i e s  had been designed and constructed with the  need f o r  eventual 

decontamination and decommissioning i n  mind. 

The f a c i l i t i e s  i n  which t h i s  re lease  occurred had 

The Pathfinder, 

In  the  case o f  H a l l a m ,  the  reactor-complex building 

Regulations have already been established t h a t  e f fec t ive ly  l i m i t  t he  

disposal of radioactive materials on other than federal-  o r  state-owned 
land to  very small (i .e . ,  v i r t u a l l y  negl ig ib le )  quan t i t i e s .  
that t h i s  very prudent policy w i l l  not  be relaxed t o  any s ign i f i can t  ex- 

t en t ,  and considering t h e  prohibi t ive cos ts  o f  reclaiming subs tan t ia l  
areas o f  contaminated ground, it i s  obvious t h a t  the r i s k s  o f  contaminating 

land must be minimized. 

ac t ive  wastes i n  concrete o r  o ther  impervious enclosures f rom which they 
can be re t r ieved .  Similarly, a l l  -- ex te r io r  piping and vesse ls  containing 
radioactive solut ions,  including l i qu id  waste storage tanks, must be 

Assuming 

This e n t a i l s  interim storage o f  a l l  so l id  radio- 
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designed t o  meet the same containment c r i t e r i a  a s  a r e  specif ied f o r  the 

processing a reas .  

4 .1 .4  Design Cr i t e r i a  f o r  Resistance t o  Earthquakes and Tornadoes 

The design ana lys i s  made f o r  the Midwest Fuel Recovery Plant" (MFRP) 
tends to  demonstrate t ha t  f u e l  reprocessing p lan ts  can be made r e s i s t a n t  
t o  the damaging e f f ec t s  of earthquakes and tornadoes. 

One of the bases f o r  MFRP design i s  t h a t  maximum earthquake and t o r -  
nado conditions s h a l l  not impair the a b i l i t y  t o  shut down the p lan t  sa fe ly  

and t o  maintain safe  shutdown conditions,  A l l  po t en t i a l ly  mobile radio- 
ac t ive  process streams a r e  confined t o  the Main Process Building. Proc- 

ess  design i s  such t h a t  those operations which provide p o t e n t i a l  sources 
of  mobile r ad ioac t iv i ty  can be suspended on short  no t ice .  Control under 

abnormal or emergency conditions i s  based on: 

operations; maintenance of the  i n t e g r i t y  of confinement provisions,  in-  
cluding systems f o r  off-gas control;  and assurance t h a t  radioact ive decay 

heating does not lead t o  conditions o f  po ten t i a l  mobili ty,  

prompt shutdown of process 

On these bases, f a c i l i t i e s  c r i t i c a l  t o  plant  s a fe ty  under emergency 

conditions a re  : 

ment f o r  major process systems; radioact ive mater ia l  storage a reas ,  in- 
cluding the Fuel Storage Basin, Waste Vaults, and f a c i l i t i e s  f o r  on-si te  
re ten t ion  of Pu and Np product p r io r  t o  shipment, and sand f i l t e r  and 
associated off-gas control  and handling equipment. 

the shielded c e l l  (canyon) area,  which provides confine- 

Seismic design c r i t e r i a  fo r  the  MFRP plant  a r e  compared with those of  

The MFRP plant  i s  located i n  
A l l  foundations extend t o  bedrock, which 

The design earthquake forces ,  f o r  which no 

three operating power reactors  i n  Table 4.1. 
a zone of low seismic a c t i v i t y .  

i s  e i t h e r  shale  o r  limestone. 
damage t o  c r i t i c a l  s t ruc tures  and components s h a l l  occur, a r e  those associ-  

a ted with a ground accelerat ion o f  0.1 g .  Maximum earthquake ground accel-  
erat ion,  f o r  which there  s h a l l  be no l o s s  of safe shutdown capabi l i ty ,  i s  

- 
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"General Elec t r ic  S ta f f ,  "Design and Analysis - Midwest Fuel Recovery 
Plant ,"  Amendment 3 .  
General Elec t r ic  and i s  pr inted with the permission o f  t h e i r  s t a f f .  

This sect ion i s  based l a rge ly  on the work a t  

P 



Table 4 .1 .  Examples of P r inc ipa l  Seismic Design Cr i t e r i a  f o r  Containment 

Power Plant San Onofre Connecticut Yankee Malibua MFWb 

Horizontal ground acce lera t ion  25% gc 
o f  MPE 

30% gd 1 @% 

St re s s  bas i s  Working' 2/3 y i e lde  Working 

Ratio of v e r t i c a l  t o  hor izonta l  2/3' 
ground acce lera t ion  

Provision f o r  "safe shutdown" No l o s s  of func t ion  S t r e s s  < y ie ld  and S t r e s s  < yie lde  a t  45% g S t re s s  s y ie ld  and 
earthquake and accident at 50% gc no l o s s  f func t ion  no loss of func t ion  

a t  20% g 8. a t  17% g 

M a x i m u m  hor izonta l  ground 40% gi 17% gJ 
acce lera t ion  estimate by 
Coast and Geodetic Survey 

30% gk 20% g8 

aCurrent s t a t u s  does not include possible design provisions f o r  f a u l t  displacement. 

bFrom 1, Amendment 3 .  

'Final Engineering Report and Safety Analysis, Sec t .  1 1 . 2 .  

$reliminary - Hazards Sununary Report, Amendment 3,  Exhibit  C ,  F ig .  1 .  

ePreliminary Hazards Summary Report, Amendment 7, Exhibit  F, p .  9 .  

fPreliminary Hazards Summary Report, Amendment 2, Sect .  2.5 ( rev ised)  . 
gHorizontal and v e r t i c a l  responses a r e  considered separa te ly .  

hpreliminary Hazards Summary Report, Amendment 8, p . 3 .  

U.S. Coast and Geodetic Survey Report (Oct. 4, 1963).  i 

jU.S. Coast and Geodetic Survey Report (Jan.  9,  1964). 

kU.S. Coast and Geodetic Survey Report ( b v .  24, 1964).  

f 
P 
P 

%. S.  Coast and Geodetic Survey Report (June 30, 1967). 
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0.2 g .  
Fig.  4.1. 

spec t ra l  amplitude shown i n  the  f igu re .  

The response spectra f o r  the  Design Earthquake a r e  shown i n  - 
Response spectra f o r  t h e  maximum condition have twice the  

MFRP p lan t  s t ruc tures  aredesigned t o  withstand sustained wind veloci-  
t i e s  of 110 mph without impairment o f  any safety-related function. In  

addition, c r i t i c a l  s t ruc tures  a re  designed to withstand the  e f f e c t s  o f  

short-term wind ve loc i t i e s  o f  300 mph without l o s s  o f  shutdown and inven- 
tory cont ro l  capabi l i ty .  

Seismic design o f  c r i t i c a l  s t ruc tures  u t i l i z e s  t h e  shears,  mounts, 
and displacements obtained from the  preliminary ana lys i s  of  t h e i r  response 

t o  the specif ied ground accelerat ions under an t ic ipa ted  p lan t  operating 
conditions.  Recommendations s e t  f o r t h  i n  the  Uniform Building Code my 

be followed by using horizontal  s t a t i c  forces  t h a t  a r e  equivalent i n  t h e i r  
design e f f ec t  t o  the  dynamic loads, and by taking i n t o  account t he  i n t e r -  

act ion of adjacent s t ruc tures .  

s t ruc tures  thus designed may be subjected t o  addi t iona l  dynamic analysis  
by the  methods of modal analysis  now being applied t o  c r i t i c a l  power-reactor 
f a c i l i t i e s .  

Final ly ,  t o  v e r i f y  seismic design adequacy, 

In  the seismic design of c r i t i c a l  mechanical equipment, vesse ls  and 
piping procedures developed f o r  c r i t i c a l  power-reactor system design may 

be u t i l i z e d .  This requires determination o f  t h e  na tura l  periods o f  vibra-  
t i o n  o f  t he  equipment; these periods a r e  c l a s s i f i e d  as r i g i d ,  resonant, o r  
f l ex ib l e ,  depending on whether the r a t i o  of t he  fundamental frequency o f  
the equipment t o  t h a t  of the s t ruc tu re  i s  grea te r  than ( o r  t h e  fundamental 
frequency o f  the equipment i s  grea te r  than 20 cps) ,  between 0.5 and 2.0,  
o r  l e s s  than 0.5 respect ively.  A t  MFRP, r i g i d  equipment i s  designed t o  
r e s i s t  the spec t r a l  accelerat ions determined f rom the  response spec t ra ,  
Items f a l l i n g  i n  the resonant category w i l l ,  if possible,  be modified by 
design t o  avoid t h i s  c l a s s i f i ca t ion .  

the design of such equipment w i l l  take i n t o  account t h e  in te rac t ion  be- 

tween the  item and i t s  supporting s t ruc ture  by u t i l i z i n g  appropriate ana- 
l y t i c a l  procedures ( e . g . ,  response determined from time-history accelerat ion 

input .  ) 

In  cases where t h i s  i s  not f eas ib l e ,  

F 
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In  responding e l a s t i c a l l y  with sm11 damping, s t ruc tu res  d i s s ipa t e  

only a minor port ion of the  input  energy; t he  remainder goes in to  s t r a i n  

energy and k ine t i c  energy. 
sis  with i n t e r n a l  v ibra t ion  t h a t  converts input energy in to  hea t .  Damping 

f ac to r s  allow estimates o f  values of e l a s t i c  energy absorption under exci- 
t a t i o n  and a r e  expressed a s  percentages o f  f l c r i t i ca l f l  damping. 

gives examples of assumed damping f ac to r s  used f o r  t he  design o f  th ree  
operating power reac tor  p lan ts  and the  MFRP p l a n t ,  

Damping i s  a type o f  deflection-energy hystere- 

Table 4.2 

If the energy input under exc i ta t ion  exceeds the  e l a s t i c  energy s to r -  
age capacity o f  t he  s t ruc ture ,  t he  response must become i n e l a s t i c ,  and the  

excess energy must be d iss ipa ted  through y ie ld  of  the  s t ruc tu re .  In turn,  

t he  elements t h a t  a r e  most r i g i d  i n  the  d i rec t ion  o f  d i s t o r t i o n  w i l l  y i e ld .  

One cha rac t e r i s t i c  t ha t  an earthquake-surviving s t ruc ture  must have i s  
toughness, f o r ,  i n  many places,  b r i t t l e  f a i l u r e s  cannot be to l e ra t ed .  In  
other ,  l e s s - v i t a l  pa r t s  of the  p lan t ,  t h e  design f o r  i n e l a s t i c  response 
(based on the  energy absorption capaci ty)  can lead t o  an important savings 

i n  mater ia ls .  

4 . 2  Waste Management Technology: General 

Radioactive wastes - so l ids ,  l i qu ids ,  and gases - are produced a t  a l l  

nuclear i n d u s t r i a l  and research establishments. These waste mater ia ls  w i l l  
vary i n  chemical composition, volume, and r ad ioac t iv i ty  l eve l ,  depending 
on the  operations 
pr inc ipa l  concern 
processed and, t o  
i n  f a c t ,  t h e  r e a l  
f uel-repro ce ss ing 
t i m e ,  most of  t h e  

involved i n  t h e i r  production. Normally, the  sources o f  
a r e  the p lan ts  i n  which i r r ad ia t ed  reactor  f u e l s  a r e  re- 
a very much l e s s e r  extent ,  t h e  reac tor  power s ta t ions ;  
foca l  point of  t h e  waste management problem r e s t s  a t  t he  
p lan ts  and waste-disposal f a c i l i t i e s  because, a t  any given 

total  inventory of long-lived, b io logica l ly  hazardous 
f i s s i o n  product will be found here.  

The management o f  these waste m t e r i a l s  cur ren t ly  i s  governed by t h e  

appl icat ion of th ree  widely accepted pr inciples:  

t he  low-level l i qu id  and gaseous wastes; ( 2 )  "delay and decay" the  i n t e r -  
mediate- and high-level l i qu id  and gaseous wastes, pa r t i cu la r ly  those waste 

(1  ) Ifdilute and disperse" 
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Table 4 . 2 .  Damping Factors i n  Percent of Cr i t i ca l  Damping 

San a Connecticut 
Component Onofre Yankeeb Malibu' mRPd 

Reinforced concrete structure 4 .O 
(including the reactor vessel ,  
reactor support structure,  o r  
process c e l l s )  

Containment structure and foundation 4 -0 
Concrete structures above ground 

a .  Shear w a l l  type 
b .  Rigid frame type 

Steel  frame structures,  including 
supporting structures and founda- 
t ions 
a .  Welded 
b .  Bolted o r  riveted 

7.9 
5.0 

2.5 
2.5 

Mechanical equipment, including - 
pumps, fans, and similar items 

V i t a l  piping systems 

7 

- 
5.9 

1 .o 
2.5 

2 .o 

7 *O 5 .O 

8.5 to  9.5e 5 .O 

7 .O 
5.9 

1 .o 
2.5 

- 
5 .O 

1 .o 
2 .o 

2 .o - 

a .  Carbon s t e e l  
b .  Stainless s t e e l  

9.5 0.5 0.5 0.5 
0 e 5  1 .o 1 .9  0.5 

From Final Fngineering Report and Safety Analysis. a 

bFrom Preliminary Hazards Summary Report , Amendment 3 .  

From Preliminary Hazards Summary Report, Amendment 2,  Sect. 2 .5 (revised).  c -- 
%,om Preliminary Design and Analysis Report, Amendment 3 ,  
e Tentative, assuming subsoil shear modulus of 60 k s i .  
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streams t h a t  contain short-l ived radionuclides; and (3) ''concentrate and 
contain" the  intermediate- and high-level so l id ,  l i qu id ,  and gaseous 

wastes. 

i n  preference t o  the  other two,  some combination o f  the  three i s  of ten  
followed; of course, t he  nature and t h e  volume o f  t h e  waste, the  limita- 

t i ons  of the s i t e  f o r  sa fe  disposal ,  t h e  possible  rad ia t ion  risk t o  nearby 

populations stemming from releases  t o  the  environment, and t h e  cos t  must 

be taken in to  account. 

Since it i s  not always a simple matter t o  s e l e c t  one pr inc ip le  

4.2.1 Applications o f  t he  Dilution-Dispersion Pr inc ip le  

The appl icat ion o f  t h i s  pr inc ip le  requires  an understanding of the 
behavior of radioact ive materials i n  the environment and o f  the  pathways 

by which the  released radionuclides, p a r t i c u l a r l y  those t h a t  a r e  considered 
t o  be c r i t i c a l ,  may l a t e r  lead t o  t h e  exposure o f  man. There i s  a l a rge  

body of knowledge avai lable  f o r  use i n  t h e  appl icat ions of  t h i s  pr inc ip le ,  

pa r t i cu la r ly  i n  t h e  f i e l d s  of meteorology, geology, geography, hydrology, 
hydrography, oceanography, ecology, s o i l  science,  and environmental engi- 
neering. Also,  the  experience with the  disposal  of gaseous e f f luents  i n to  

the atmosphere, of l i qu id  wastes in to  streams and oceans, o f  so l id  wastes 
a t  sea and on land, and o f  l i qu id  wastes in to  t h e  ground should prove in-  
valuable.  Applications o f  t h i s  pr inc ip le  have been made cautiously,  and 
wisely so,  thus ensuring t h a t  the re leases  a r e  minimal and well within 

what i s  judged t o  be the  l o c a l  environment's capacity t o  receive them. 

4.2.2 Applications o f  the  Delay-Decay Pr inc ip le  

This pr inc ip le  i s  concerned with techniques dealing with the handling, 
storage,  and disposal  o f  intermediate- and high-level l i qu id  and gaseous 
wastes - i n  some circumstances, even with the  methods used t o  handle low- 

l e v e l  wastes. 
o r  t o  lessen the  r i s k  of re leases  to  the  environment, taking advantage o f  

the  passage of  time and t h e  decay o f  some of t h e  radionuclides (pa r t i cu la r ly  

those having shor t  ha l f - l ives) .  O f  course, i f  waste i s  held i n  storage i n  
a l i qu id  form, the  grea te r  r i s k  involved might, i n  some circumstances, 

d i c t a t e  t he  need f o r  ea r ly  conversion t o  so l id s .  

The in ten t  i s  t o  ease the  problems of subsequent handling 
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4.2.3 Applications o f  t he  Concentration-Containment, Pr inciple  

This pr inc ip le  i s  invoked i n  techniques dealing with: a i r  and gas 

cleaning; treatment o f  l i qu id  wastes by scavenging-precipitation, ion 

exchange, and evaporation; treatment o f  s o l i d  wastes by incinerat ion,  

baling, and packaging; treatment of  so l id  and l i qu id  wastes by insolubi- 

l i z a t i o n  i n  asphal t ;  conversion of high-level l i qu id  wastes t o  insoluble 
so l ids  by high-temperature calcinat ion o r  incorporation i n  glass;  tank 
storage of  intermediate- a d  high-level l i qu id  wastes; storage of so l id  
wastes i n  vau l t s  o r  caverns; and disposal  of l i qu id  and so l id  wastes i n  

deep geological formations. 

4.2.4 Applications of I C R P  Recommendations t o  Waste Releases 

The pol icy  of  the nuclear industry has always been to t r y  t o  keep 

radiat ion exposures of the  general population within the dose l eve l s  s e t  
by the  I C R P  and various other  na t iona l  bodies. Indeed, i t s  a i m  has been 
to  reduce the  po ten t i a l  exposures below these leve ls ,  having regard f o r  

what i s  reasonable and economical i n  t h e  pa r t i cu la r  circumstances. 

m r e  r e s t r i c t i v e  l imi ta t ions  a r e  sometimes applied than those considered 

adequate by t h e  I C R P .  

Thus, 

In  preoperational surveys o r  invest igat ions i n  the i n i t i a l  phases o f  

operation, crude estirrates of permissible re lease r a t e s  a re  calculated i n  

r e l a t ion  to appropriate dose l i m i t s  f o r  members o f  the publ ic .  

l a t i o n s  are based on information r e l a t i v e  t o  (1 ) the  propert ies  of t h e  
waste, ( 2 )  t he  physical and biological  cha rac t e r i s t i c s  of the s i t e  and 
surrounding areas ,  and (3)  the  a c t i v i t i e s  and habi t s  of the nearby popula- 

t i ons .  
sa fe ty  f ac to r s  a r e  of ten  applied to a r r i v e  a t  working standards (usually 
derived concentration l i m i t s )  t ha t  a r e  applicable to environmental media 

and/or foodstuffs .  

mental monitoring become avai lable ,  t h e  re la t ionships  between discharge 

r a t e s  and working standards a re  brought i n to  c learer  focus and the permissi- 

b le  discharge r a t e s  and/or derived concentration l i m i t s  a r e  revised a s  

required.  

The calcu- 

Because of  imprecisions i n  much of  the  information, addi t iona l  

A s  the  operations proceed and the  r e s u l t s  o f  environ- 
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4.2.5 Assessment of  Current Waste Disposal Pract ices  

Ultimately, the  effect iveness  o f  waste-disposal operations i n  the  

nuclear industry must be evaluated i n  terms o f  doses o r  dose commitments 

t o  members o f  the  public a s  a r e s u l t  of these operations.  
t h a t  such operations may have on the  physical and b io logica l  environment 

must a l so  be taken in to  account. 

t o  make a t  the  present time. 

re leases  have not received much a t t en t ion  because t h e  re leases  have been 

minimal and l imited t o  a few l o c a l i t i e s .  

require more a t t en t ion  by ecologis ts  i n  the  fu tu re .  

The e f f e c t s  

Such an evaluation i s  almost impossible 

To date ,  the  ecological e f f ec t s  of waste 

However, these e f f e c t s  may 

A grea t  deal  of a t t en t ion  has been given t o  the  d i spe r sa l  o f  wastes 

from the nuclear industry i n  the  past  10 t o  15 years .  

t i v e  has been t o  obtain pos i t ive  assurance t h a t  the resu l t ing  rad ia t ion  
exposures o f  members of the public have not exceeded t h e  recommended popu- 
l a t i o n  dose l i m i t s .  

The primary objec- 

4.2.6 Definit ions of Terms 

Wastes a re  usua l ly  c l a s s i f i e d  as high-, intermediate-, o r  low-level, 
depending on the concentrations and the  t o x i c i t i e s  of t h e  radioact ive 

const i tuents  present .  However, there  a re  no generally accepted quant i ta-  
t i v e  de f in i t i ons  of these categories,  possibly because of the many compli- 

cated, and sometimes unknown, f ac to r s  t h a t  m u s t  be taken in to  account to  
s a t i s f y  a rigorous def in i t ion .  Each i n s t a l l a t i o n  usual ly  c l a s s i f i e s  i t s  
e f f luen t s  on t h e  bas i s  of i t s  own requirements f o r  handling, treatment, 
and release,  although the  c l a s s i f i ca t ion  i s  generally re la ted ,  a t  l e a s t  
qua l i ta t ive ly ,  t o  the  maximum permissible concentrations i n  a i r  (MPC ) 
and water (MF'C ) recommended by the In te rna t iona l  Commission on Radiological 

Protection ( I C F P )  .20 In  t h i s  report ,  unless  otherwise specified,  low-level 
wastes a r e  defined as wastes tha t  contain radionuclides a t  concentrations 

l eve l  wastes a r e  defined a s  wastes t h a t  contain nuclides from I O  4 t o  10 6 

times t h e i r  MPC; and high-level wastes are defined as wastes t h a t  contain 
radionuclides i n  excess of 10 times t h e i r  MPC. 

a 

W 

from 10 t o  10 4 times t h e i r  MPC fo r  the  general  population; intermediate- 
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.“ 

In  prac t ice ,  the words J1storage’J and lIdisposall1 a r e  of ten  used i n t e r -  
changeably with respect t o  radioact ive waste management. 
the word ffstorage’’ means emplacement of mater ia ls  with the in t en t  and i n  
such a manner t h a t  t he  materials can be re t r ieved  l a t e r .  

emplacement of mater ia ls  i n  a manner o r  locat ion t h a t ,  f o r  a l l  p r a c t i c a l  

purposes, makes them i r r e t r i evab le .  

In t h i s  repor t ,  

IIDisposal” means 

4.3 Waste Management Technology: High-Level Wastes 

The high-1evel.wastes obtained from decladding t h e  f u e l  and from the  

f i r s t - cyc le  solvent extract ion a r e  usual ly  so d i f f e ren t  with regard to  

physical, chemical, and radiochemical cha rac t e r i s t i c s  t h a t  they a r e  handled 
separately.  
s t e e l ,  a l l  of which become radioact ive by v i r t u e  of neutron ac t iva t ion  of 

the primary const i tuents  o r  of impuri t ies .  
disposal,  the  mst  s igni f icant  o f  these isotopes a re  58-s0C0 9 5sFe, 5 4 ~ ,  

and 59-63Ni i n  s t a i n l e s s  s t e e l ,  95Zr-Nb and lZ5Sb i n  Zircaloy, and “Al 

i n  aluminum. In the  United S ta tes ,  aluminum cladding from natural-uranium 

metal f u e l s  i s  removed by dissolut ion i n  NaOH-NaNO, solut ions,  whereas 
European prac t ice  has been t o  remve the cladding by mechanical means. 

In  e i t h e r  case, t he  resu l t ing  wastes require long-term containment. A l u m i -  

nun cladding solut ions a r e  s tored i n  underground carbon s t e e l  tanks.  
In t h e  United Kingdom, metal l ic  cladding waste i s  s tored i n  spec ia l  concrete 
buildings,23 whereas, i n  France, it i s  compressed and stored i n  baskets 
under w a t e r .  

Fuels a r e  clad i n  a l loys  of Al, Mg, Be, Z r ,  and s t a i n l e s s  

From the standpoint of waste 

21,22 

24 

Processes have been developed f o r  the dissolut ion o f  Zircaloy i n  
WNO,-NbF solut ions and f o r  the  d isso lu t ion  o f  s t a i n l e s s  s t e e l  i n  H,SO, 

solut ions.  
wastes contain about 0.1% o f  t h e  t o t a l  f i s s i o n  products and other const i tu-  

Hot-cell s tud ies  of these processes have shown that the cladding 

en ts  of t he  fuel,‘’ a s  much a s  90% of  t h e  f i s s i o n  product 137Cs may also be 

present i n  t h e  cladding wastes from oxide f u e l s .  
l a rge  i n  volume, averaging l!3)0 t o  2000 g a l  per metric ton of f u e l  proc- 

essed. 

on neut ra l iza t ion ,  form bulky sludges and p rec ip i t a t e s  t h a t  make handling 

d i f f i c u l t .  Because o f  these f ac to r s ,  mechanical methods f o r  remving the  
claddings appear espec ia l ly  a t t r a c t i v e  from t h e  standpoint o f  waste manage- 
ment. 

These wastes a r e  very 

They a r e  qui te  corrosive t o  ordinary materials of construction and, 
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The f i r s t - cyc le  r a f f ina t e s  contain greater  than 99.9% of t h e  non- 

v o l a t i l e  f i s s i o n  products o r ig ina l ly  present i n  the fue l ;  a s  a consequence, 

they a r e  the  wastes t h a t  represent t he  grea tes t  po ten t i a l  hazard. 

most prevalent waste o f  t h i s  type a r i s e s  from processing na tu ra l  o r  s l i g h t l y  

enriched uranium fue l s ,  and can be a r e l a t i v e l y  pure solut ion of f i s s i o n  

products i n  d i l u t e  n i t r i c  ac id .  
a r e  such, however, t ha t  addi t iona l  i n e r t  const i tuents ,  such a s  i ron ,  sul- 

f a t e ,  aluminum, phosphate, mercury, and s i l i c a ,  m y  a l s o  be present .  
Raffinates obtained from processing other  types o f  f u e l s  ( e  .g . ,  a l l oys  o f  

enriched uranium with s t a in l e s s  s t e e l s ,  zirconium, molybdenum, and a l a -  

num) contain subs tan t ia l  concentrations of  t he  al loying n a t e r i a l s .  If 
these r a f f ina t e s  a r e  neutral ized,  many of  the al loying cons t i tuents  and 
f i s s i o n  products t h a t  a r e  present form p rec ip i t a t e s .  A s  much as 80% o f  

the decay heat  may be associated with t h e  so l ids  under such conditions,  

thus complicating the  problems o f  heat removal and waste t ranspor t .  

The 

The operating prac t ices  a t  some p lan t s  

Fission products a r e  present i n  typ ica l  f i r s t - c y c l e  r a f f ina t e s  i n  
concentrations from I O  4 t o  1010 grea ter  than t h e i r  M P C  values; t h i s  ind i -  

W 
cates  t h a t  a high degree o f  separation would be required before the  water 
and o ther  i n e r t  const i tuents  o f  the  waste could be sa fe ly  released t o  the  
environment. A t o t a l  o f  about 9 x 10 m (5 cubic miles) o f  water would 

be required t o  d i l u t e  t o  MPC 
waste obtained f rom processing 1 me t r i c  ton o f  f u e l  t h a t  had been i r r a d i -  

a ted t o  10,000 Mwd ( thermal) ,  From 1000 t o  1500 years would be required 
f o r  the  longest-l ived nuclides,  "Sr and 151Sm, t o  reach MPCw through 
na tura l  decay. Furthermore, i n  addi t ion t o  f i s s i o n  products, these wastes 

contain var iab le  quan t i t i e s  of ac t in ides ,  notably isotopes o f  Pu, Am, and 
Cm, with half  - l ives  and biological  t o x i c i t i e s  t h a t  impose addi t iona l  re- 
s t r i c t i o n s .  Clearly, fission-product separation, d i lu t ion ,  o r  decay alone 
does not o f f e r  a feas ib le  method of managing these wastes; however, a l l  of 

these methods may be used s ingly  o r  i n  combination a s  important s teps  i n  
achieving t h a t  end. 

9 3  

a l l  the  f i s s i o n  products present i n  the  
W 

4.3.1 Liquid Wastes 

Interim Liquid Storage. - Currently, the  f i r s t - c y c l e  r a f f ina t e s  a r e  
reduced i n  volume, by evaporation, f o r  w r e  economic storage i n  tanks.  
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During the  evaporation s tep,  the v o l a t i l i t y  of n i t r i c  acid may be enhanced 
by steam str ipping,  and part of t he  acid may be decomposed by react ion with 
formaldehyde 
r i ed  out under a vacuum corresponding t o  a pressure o f  70 mm Hg. 28 

26 o r  sugar.27 In the  United Kingdom, the evaporation i s  car -  

A t  AEC production s i t e s ,  the volumes of  concentrated r a f f ina t e s  range 
from 40 t o  several  hundred ga l  per  metric ton o f  f u e l  processed; and ac- 

t i v i t y  l eve l s  may be a s  high a s  several  thousand cur ies  per  gallon, r e su l t -  

ing i n  heat generation r a t e s  o f  20  t o  30 Btu hr-' gal-'. I n  both the United 

Kingdom and France, great  care  i s  taken during processing t o  keep t h e  first- 
cycle wastes f r e e  of  i n e r t  salts; consequently, volume reductions t o  10 t o  
15 ga l  per metric ton of f u e l  (and proportionately higher volumetric heat  

generation r a t e s )  a r e  rout ine ly  achieved. 

The wastes a r e  s tored as acid solut ions i n  s t a i n l e s s  s t e e l  tanks,  o r  
they a r e  neutral ized and s tored i n  carbon-steel tanks.  
S ta tes ,  these tanks, which range i n  capacity f r o m  0.33 t o  1.3 mil l ion gal ,  

a r e  encased i n  concrete and buried underground. 21y29,30 Decay heat i s  
remved during storage e i the r  by allowing the  neutral ized wastes t o  s e l f -  

heat,  condensing t h e  vapors, and returning the  condensate t o  the tanks, o r  

by use of water-cooling c o i l s  submerged i n  the  waste. The smaller volumes 

o f  more-concentrated f i s s ion  product solut ions i n  Europe a r e  stored a t  
environmental temperatures i n  s t a i n l e s s  s t e e l  tanks o f  15,000- t o  20,000- 

g a l  capaci ty .  These tanks a r e  equipped with water-cooling co i l s ,  and a r e  
housed i n  concrete vau l t s  t h a t  a r e  enclosed i n  industr ia l - type buildings. 26,28 

I n  t h e  United 

The tanks a r e  equipped with devices f o r  measuring temperatures and 

l i qu id  leve ls ,  detect ing leaks,  and ag i t a t ing  the  contents; they a r e  a l so  
equipped with emergency f a c i l i t i e s  t o  maintain cooling and o ther  e s s e n t i a l  

services .  
the degree o f  cooling and secondary containment required.  
S ta tes ,  c a p i t a l  cos t s  range from about $0.50 per gallon of storage capacity 

f o r  1 .3 x 10 -gal  carbon-steel tanks without cooling f a c i l i t i e s  t o  $5.40 
per gallon for 300,000-gal s t a in l e s s  s t e e l  tanks equipped with cooling 

c o i l s .  

Costs a r e  dependent on tank s ize ,  mater ia ls  of construction, and 
In  the  United 

6 

The experience with tank storage over the  pas t  20 years has not been 

uniformly good. A t o t a l  o f  more than 80 mil l ion g a l  of  waste i s  current ly  
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being stored i n  about 200 underground tanks i n  the  United S ta t e s .  
tank f a i l u r e s ,  a l l  i n  carbon-steel systems," have been reported.  

of these f a i l u r e s  occurred a t  Hanf'ord, where it i s  estimated t h a t  140,000 

cur ies  o f  137Cs (and r e l a t i v e l y  minor amounts of "Sr and 239Pu were re-  
leased t o  the ground .31 

c l ides  were retained by t h e  s o i l  wi thin 10 t o  15 f t  below the  tanks.  

tank f a i l u r e s  and one release during a waste t r ans fe r  operation occurred 
a t  t he  Savannah River Plant (SRP). 32y33 
o f  waste may have leaked from the tanks,  although measurements o f  ground- 

water contamination indicated tha t  the  re lease  was much smaller than t h i s .  
A plugged waste tank i n l e t  a t  SRP caused an overflow of  waste concentrate 

containing about 2000 cur ies  of 137Cs during a waste t r a n s f e r .  However, 

no appreciable amount o f  rad ioac t iv i ty  reached the  r i v e r  due t o  the sorp- 

t i o n  of cesium by sediments i n  the  sewer and i n  t h e  stream in to  which the 
sewer discharged. 
t o  be wel l  understood and appropriate correct ive measures a r e  believed t o  
have been incorporated i n  the  designs of new tanks now under construction, 

a general  lack of confidence i n  the  long-term i n t e g r i t y  o f  these systems 

seems t o  be merited, pa r t i cu la r ly  as they per ta in  t o  the Civ i l ian  Nuclear 

Power Program, 

F i f teen  
\c Eleven 

Subsequent invest igat ion showed t h a t  the  radionu- 
Four 

It i s  estimated t h a t  about 700 g a l  

Although t h e  causes o f  the  tank f a i l u r e s  a r e  believed 

An a l t e rna t ive  t o  l i qu id  storage may be immediate so l id i f i ca t ion  o f  
the  wastes and inter im storage a s  s tab le ,  s o l i d  products encapsulated i n  

r e l a t i v e l y  small, portable containers of high i n t e g r i t y .  If t h e  wastes 
a r e  so l id i f i ed ,  using a fluidized-bed ca lc iner ,  it may be more economical 
t o  s to re  the  granular so l ids  on an inter im bas is  i n  vented, air-cooled 
bins  (s imilar  t o  those a t  ICPP) before encapsulation and shipment t o  perma- 
nent storage.  34 However, it i s  possible t h a t  the  p r a c t i c a l  and economic 
advantages t o  be gained by allowing many f i s s i o n  products with shor t  and 

intermediate ha l f - l i ves  t o  decay p r i o r  t o  addi t iona l  waste processing w i l l  
make interim l i q u i d  storage f o r  a t  l e a s t  a few years a v i r t u a l  necessi ty .  

- -  
"No leaks have been detected i n  the s t a i n l e s s  s t e e l  tanks a t  t h e  Idaho 
Chemical Processing Plant (ICPP) during the  16 years t h a t  some o f  them 
have been i n  service.  

c 
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If so,  the problems of heat removal, the requirement t h a t  the  waste be 
maintained i n  a condition amenable t o  rapid,  e f f i c i e n t  t r ans fe r ,  and the  

economics of fu ture  so l id i f i ca t ion  would d i c t a t e  that the  f i s s i o n  prod- 

ucts  be s tored a s  r e l a t i v e l y  pure, ac id  solut ions under non-boiling con- 
d i t i ons .  This statement i s  based on the considerations discussed below. 

Heat Generation Rates. - Power-reactor wastes t h a t  a r e  derived from 
f u e l s  of high nuclear burnup w i l l  contain much l a rge r  quan t i t i e s  of f is-  
sion products than do current wastes. 

systems t o  remove decay heat,  consideration m u s t  be given to:  

age and concentration o f  t he  f i s s i o n  products a t  the time they are  to be 
added t o  the tank, ( 2 )  the  thermal cha rac t e r i s t i c s  o f  the waste, as de ter -  
mined la rge ly  by the physical s t a t e s  and concentrations of the  i n e r t  
chemicals present ,  and (3)  the r a t e  a t  which the tank i s  t o  be f i l l e d .  
There i s  l i t t l e  experience i n  s tor ing  power-reactor wastes, but a carefu l  

review o f  Hanford and Savannah River operating experience with ex is t ing  

tank farms indica tes  t h a t ,  a s  acid solut ions 120 t o  150 days o ld ,  wastes 

with concentrations o f  i n e r t  salts comparable t o  present Purex production 

wastes could be s tored a t  a volume of about 100 g a l  per IO4 Mwd (thermal) 

of f u e l  exposure. 

removal f rom the prec ip i ta ted  so l ids  indicate  t h a t  storage a t  about 600 g a l  

per 10 
the  rad ioac t iv i ty  l e v e l  of the acid wastes 150 days a f t e r  removal o f  the 

f u e l  from the  reactor  i s  about 13,700 curies/gal ,  which is equivalent t o  
200 Btu h r - l  gal-'; i n  the a lka l ine  case,  it i s  about 2300 curies/gal ,  or 

30 Btu hr ' l  gal-'. 

In  designing tanks and cooling 

( 1 )  the  

I f  these wastes a r e  neutral ized,  considerations of heat 

4 Mwd (thermal) of f u e l  exposure would be p r a c t i c a l .  On t h i s  basis ,  

If a plant  handled the  f u e l  from an i n s t a l l e d  capacity of 23,500 Mw 

( e l e c t r i c a l )  (an annual load of - 687 tons of 33,000 Mwd/ton f u e l ,  decayed 
150 days) f o r  a period of 20 years,  it would accumulate f i s s i o n  products 

( i n  i t s  waste storage system) having heat  generation r a t e s  a s  shown i n  

Fig.  4 . 2 .  
of ac id  waste o r  1,360,000 g a l  of a lka l ine  waste would be accumulated 

annually. 
100,000 t o  900,000 ga l  o f  acid waste, o r  t he  proportionate amun t s  o f  

a lka l ine  waste, 

If the  wastes were s tored a s  l iqu ids ,  approximately 227,000 g a l  

Figure 4.2 shows example cases o f  tanks containing from about 

Maximum heat-generation r a t e s  of 1 .7  x I O 7 ,  2.8 x I O 7 ,  
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4 . 2  x I O 7 ,  and 5.6 x IO7  Btu/hr a r e  obtained when tanks A through D,  
respectively,  a r e  first f i l l e d .  
reach a value o f  I O 5  Btu/hr a f t e r  a decay period of 100 t o  250 years .  
This i s  about the r a t e  o f  heat l o s s  by na tura l  conduction t o  the  environ- 
ment from each of these tanks. 

The r a t e s  then decrease with time and 

Radiolytic Hydrogen Production. - The rad io lys i s  of  water o r  aqueous 
solut ions r e s u l t s  i n  t h e  production o f  hydrogen and oxygen. 

o f  n i t r a t e  solut ions,  the  hydrogen y ie lds ,  G(H,), defined as the number 
of  molecules formed per 100 ev o f  absorbed energy, have been shown t o  be 

dependent on the  n i t r a t e  ion concentration. From the  data  of Mahlman, 

it i s  estimated tha t  G(H,) fo r  the acid wastes and the a lka l ine  wastes 
a r e  0.03 and 0.10 respect ively.  

3 f t 3  o f  H, (STP) per 10" Btu of fission-product heat i n  acid waste, and 
10 ft3/I0" Btu i n  the  a lka l ine  case.  If the  waste is not s tored under 
self-boi l ing conditions, provisions must be made t o  sweep the  hydrogen 

from the  vapor space above the  waste and prevent i t s  accumulation i n  the  

tank,  

In  the case 

35 

These values a r e  equivalent t o  about 

Corrosion. - Although the  general  corrosion r a t e  for carbon s t e e l  

t ha t  i s  used to s tore  a lka l ine  waste i s  only about 0.02 mil/year, some 
p i t t i n g  has been o b ~ e r v e d ; ~ '  a l so ,  s t r e s s  corrosion which occurs a t  the  
weld-affected areas ,  has indicated the  need f o r  heat treatment of t h e  

tanks, i n  place,  before use." 

347 s t a i n l e s s  s t e e l  during storage o f  acid wastes a t  about I4O"F a r e  a 
few hundredths of a mil per  month, w i t h  grain-boundary but no intergranular  
a t t ack .  37y38 

39 wastes i s  accelerated t o  30 t o  45 mils/year a t  temperatures near bo i l ing .  

Overall  corrosion r a t e s  o f  types 304L and 

However, the r a t e  o f  corrosion o f  s t a i n l e s s  s t e e l  by ac id  

40 4.3.2 So l id i f i ca t ion  

The conversion o f  high-level l i qu id  wastes t o  so l id s  as a pretreatment 

f o r  disposal  i s  being developed i n  labora tor ies  of  near ly  a l l  countr ies  
with s ign i f i can t  near-future nuclear energy. 

reasonably a t t a inab le  technique f o r  achieving a subs tan t ia l  increase i n  

the safe ty  associated with the s tor ing  and disposal of  t he  high-level waste 
from the  nuclear power industry.  Other techniques, more exotic and perhaps 

Sol idif icat ion i s  the  only 
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more pos i t ive  (such a s  transporting wastes t o  o ther  p lane ts  o r  t o  s t a r s ,  
o r  f fneutral iz ingl l  t h e  rad ioac t iv i ty  by nuclear physics)41 a r e  ce r t a in ly  

not a t t a inab le  i n  the  immediate fu tu re .  

It i s  expected that, f o r  any given storage environment, storage of 

high-level wastes as so l ids  w i l l  provide grea te r  safety,  by severa l  orders  

o f  magnitude, than storage a s  l i qu ids .  
the so l id  f o r m  because t h i s  form is: 

Increased sa fe ty  i s  provided by 

( 1 )  immobile, 

( 2 )  less soluble i n  water, 

( 3 )  considerably smaller i n  volume, and 

(4) more rugged physically.  

These advantages a r e  s ign i f i can t  and r e a l  f o r  mater ia l  t h a t  must be s tored 

f o r  many years  o r  transported over pr ivate  property.  

It must be recognized t h a t  so l id i f i ca t ion  i s  only part of t he  total 
disposal scheme. 

s tab le ,  control led conditions.  Although guidelines f o r  such storage a r e  
very important to the  problem, they have not y e t  been establ ished on a 
nat ional  o r  world-wide bas is .  

The other  p a r t  i s  storage v i r t u a l l y  forever'' under 

A considerable amount of work has  been conducted i n  the  pas t  13 years,  
and i s  in progress presently,  for the  development of s o l i d i f i c a t i o n  tech- 
niques fo r  high-level l i qu id  wastes. 
high-level l i qu id  wastes have been developed i n  the  United S ta tes  t o  the 
point of radioact ive demonstration on an engineering sca le .  
processes a r e  pot calcinat ion,  spray so l id i f i ca t ion ,  phosphate g lass  
so l id i f i ca t ion ,  and fluidized-bed ca lc ina t ion .  

Four processes f o r  s o l i d i f i c a t i o n  of 

These four  

Overall S ta tus .  - The f o u r  s o l i d i f i c a t i o n  processes (pot,  spray, phos- 

phate g lass ,  and f luidized bed) developed t o  the  point of radioact ive 

~~ 

\c 
"Five t o  ten  centur ies  a r e  required f o r  decay of radioact ive f i s s i o n  
products. Storage periods of hundreds of thousands of  years a r e  
required f o r  decay o f  t he  small amount o f  plutonium present as a 
waste loss during reprocessing. 
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demonstration on an engineering scale  i n  the United S ta tes  a r e  shown i n  

Fig.  4.3. 
s t r a t e d  f o r  t he  AEC on a fu l l - l eve l ,  engineering scale  i n  the Waste Sol idi-  

f i c a t i o n  f igineer ing Prototypes (WSEP)  by Battelle-Northwest a t  Richland, 

Washington, since November 1966. 42-44 This demonstration w i l l  be completed 
i n  1970. 
demnstrated f o r  the AEC i n  a large-capacity p lan t  i n  the  Waste Calcining 

F a c i l i t y  (WCF) by Idaho Nuclear Corporation a t  Idaho Fa l l s ,  Idaho, oper- 
a t ing  with aluminum and zirconium type wastes. 

The pot ,  spray, and phosphate g lass  processes have been demon- 

For the  past  seven years,  the fluidized-bed process has been 

The pot ,  spray, and phosphate g lass  processes have been developed 
and demonstrated a t  processing r a t e s  o f  10 to  20 l i t e r s  o f  l i qu id  waste, 
per hour, comparable t o  waste from processing about 1 metric ton of nuclear 

f u e l  per day. The fluidized-bed process has been demonstrated a t  r a t e s  a s  
high a s  300 l i t e r s / h r  with wastes containing r e l a t i v e l y  low concentrations 

of  self-heat-generating const i tuents .  
the equivalent of about 1 metric ton o f  f u e l  per  day w i l l  require some 

addi t ional  nonradioactive development unless t he  present un i t s  a r e  paral-  

l e led .  An overa l l  summary of the  status of development of these and sev- 

e r a l  other  processes i s  given i n  Table 4.3. 

Scale-up of a l l  processes beyond 

In each of the  f o u r  processes, heat i s  applied t o  r a i s e  the temperature 

of t he  waste t o  400 t o  1200°C. 
v o l a t i l e  const i tuents  (primarily water and n i t r a t e s )  a r e  driven o f f ,  leaving 
a so l id  o r  a melt t h a t  w i l l  cool t o  a so l id .  

r e l a t i v e l y  s t ab le  chemically, espec ia l ly  a t  temperatures lower than those 

used during processing, 

A t  these temperatures, e s sen t i a l ly  a l l  t h e  

The resu l t ing  so l ids  a re  

General Chemical Considerations f o r  Waste So l id i f i ca t ion .  - Solvent 
extract ion using n i t r i c  ac id  or n i t r a t e  s a l t s  i s  the  only production-scale 
means cur ren t ly  being used f o r  t he  f i r s t - s t a g e  r e m v a l  of f i s s i o n  products 
from the  f i ss ionable  mater ia l  i n  spent nuclear fue l .  
high-level wastes a r e  pr imari ly  aqueous solut ions o f  inorganic n i t r a t e  

s a l t s  (which w i l l  decompose a t  temperatures below S O O ' C ) .  

wastes occur mainly i n  the  amounts and types of s a l t s  added to  the solu- 

t i ons  during reprocessing o f  t he  spent reac tor  f u e l ,  The amounts of these 

a r t i f i c i a l l y  added chemicals can vary from being predominant t o  being mere 

Consequently, a l l  

Differences i n  
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Fig. 4.3 .  Primary So l id i f i ca t ion  Techniques i n  the United S ta tes .  
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Table h.3.  S m r y  of Research and Development on t h e  So l id i f i ca t ion  of High-Level Wastea 

Process P i l o t  Plant 
and Lab Scale Capacity Chemical s t a t u s  

S i t e s  Time Span Radioactivity Radioactivityb ( l i t e r s / h r )  Product Additives of  Work 

Pot Calcination 

ORNL 1958-1 965 No ne 
BNW 1959-1 962 None 

1962 to  da t e  H 

None 
None 

H 

25 Calcine Calcium, su l f a t e  Completed 
10 Calcine Su l f a t e  Completed 
20 Calcine Sul fa te ,  calcium In  progress 

Spray 
BNW 

USSR 

1959 to  da te  H 

1961 t o  da te  ? 

H 

? 

20 Ceramic, Phosphate, In progress 

20 Calcine, Boros i l ica te  I n  progress 
g l a s s  boropho sphat e 

g l a s s  

Phosphate Glass 

BNL 1960 to  d a t e  None 
BNW 1964 to da te  H 

Fluidized Bed 

None 
H 

20 Glass Phosphate In progress 
20 Glass Phosphate In progress 

1955-1 959 

1959-1 961 
1955 to date  

-1962 t o  da te  

ANL 
INC 
BNW 
USSR 

None 
L 

No work 
? 

L 
I 

None 
? 

6 
300 

20 
30 

Granules 
Granules 
Granules 
Glass,  
granules 

None 
None 
None 
Boros i l ica te  

Completed 
In progress 
Completed 
In  progress 

Pot Glass 
AERE 
FAR 

1959-1 966 
1962 t o  da te  

None 
H 

H 
L 

6 
20 

Glass 
Glass 

Boros i l ica te  
Boroalumino- 

s i l i c a t e  
Phosphosil icate 
Bo roalumino - 

s i l i c a t e  
Phosphate , 

Boropho sphate 

Completed 
In progress 

CPP 

ORNL 

I969 s t a r t u p  

1961 -1 966 

No work 

None 

H 

None 

20 

3 

Glass 

Semiglass 

In  progress 

Completed 

Rotary K i l n  
BNL 
FAR 

1955-1 963 None 
1960 t o  da te  None 

None 
None 

20 Powder None Completed 
6 Glass Phosphosil icate,  In  progress 

Boros i l ica te  

Ceramic Sponge 

LAX. 195s-1964 None L ii Ceramic None 
b a l l s  

Completed 

%ork i s  a l s o  being done i n  Canada, Gerrmny, Denmark, India,  Japan, and Czechoslovakia. 

bValues a r e  based upon re f  45: 
H i s  z 70 Ci/kg of so l id ;  
I i s  0.07 to  70 Ci/kg of so l id ;  
L i s  c 0.07 Ci/kg of s o l i d .  

'Abbreviation summary: 
1 .  
2 .  

ORNL 
BNW 
USSR 
BNL 
ANL 
I N C  
AERE 
FAR 
CPP 
LASL 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 
Battelle-Northwest, Richland, Washington 
Union o f  Soviet  S o c i a l i s t  Republics 
Brookhaven National Laboratory, Upton, Long Is land ,  New York 
Argonne National Laboratory, Argonne, I l l i n o i s  
Idaho Nuclear Corporation, Idaho Fa l l s ,  Idaho 
Atonic Energy Research Establishment, Hamel l ,  Berks, England 
Center f o r  Nuclear Studies,  Fontenay-am-Roses, France 
Center for Plutonium Production, Marcoule, France 
Los  Alamos Sc ien t i f i c  Laboratory, Los A l a m o s .  New Mexico 

3. 
4 .  
5. 
6. 
7. 
8. 
9. 

10. 
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impurit ies when compared with the  chemical f i s s i o n  product content of the  

wastes,  
process conditions and on the nature o f  the  f i n a l  s o l i d i f i e d  waste. 

The var ia t ions  usual ly  have marked impact on the s o l i d i f i c a t i o n  

A l l  processes f o r  so l id i fy ing  high-level waste generate addi t iona l  

waste streams t h a t  contain intermediate l eve l s  o f  rad ioac t iv i ty .  These 

a r e  the  vapor o r  condensate streams from the  s o l i d i f i e r  tha t  have been 
decontaminated by f ac to r s  o f  10 to  1000, 

requirements of the  e f f luen t s  are comparable t o  those from the  high-level 
l i qu id  waste handling system of the f u e l  reprocessing p l a n t ,  Processing 

o f  these e f f luent  streams would log ica l ly  and readi ly  be done by recycle 

routing t o  the  ex is t ing  high-level l i q u i d  waste concentration and proces- 

s ing equipment. Only a modest increase i n  capaci ty  (on the order  of 10%) 

of the  l i qu id  waste processing capacity o f  t he  reprocessing p l an t  would 
be required.  

From t h i s  point ,  decontamination 

The first part of Table 4.4 describes f i v e  waste compositions t h a t  

bracket t h e  ranges of nonfission product compositions of wastes expected 

from f u e l  reprocessing by solvent ex t rac t ion .  

a t  a volume of 378 l i t e r s  pe r  metric ton of uranium f u e l  (100 gal/metric 
ton) t o  provide a common bas is ,  although concentrations grea te r  than about 

4 2 i n  t o t a l  metal l ic  ions w i l l  generally r e s u l t  i n  excessive p rec ip i t a t ion  
The compositions shown which i s  unmanageable f o r  extended s torage.  

i n  Table 4.4 assume t h a t  t h e  f u e l  cladding i s  not dissolved with t h e  f u e l ;  
consequently, the  f u e l  cladding cons t i tuents  a r e  not present i n  t h e  high- 
l eve l  waste,  

All  compositions a r e  shown 

28,26,46 

Waste composition No. 1 i s  typ i f ied  by a very high content o f  i ron  

and a low content of other cons t i tuents .  

one r e p r o c e ~ s o r ~ ~  by dissolving an i ron  f u e l  container  with the  f u e l .  

Composition No, 2 i s  a moderately "d i r ty"  waste from f i r s t - cyc le  waste 
combined with second-cycle waste t h a t  contains s u l f a t e  (which comes from 

a reductant i n  the  uranium-plutonium pa r t i t i on ing  s t e p ) .  Waste No, 3 i s  
the  same a s  waste No. 2 except t h a t  it has been neutral ized p r i o r  t o  s t o r -  
age.  
solvent ex t rac t ion  cycle i f  reasonable care  i s  taken t o  maintain a f low-  
sheet reasonably f r e e  of nonradioactive chemicals. 

This waste has been generated by 

Waste No. 4 i s  a rlcleanfr waste, which would come from the first- 

This i s  expected t o  
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Table 4 .4 .  Range of  Chemical Compositions o f  High-Level Liquid Wastes 

-- 
Concentrat ion (E a t  378 l i t e r s / m e t r i c  t o n )  f o r  No. Waste 4 Composition No. 5 

Const i tuent  No. 1 No. 2 No. 3 
- 

A .  General  Chemical Composition of  I n e r t  M a t e r i a l s  

Na 
Fe 
A l  
334 

H 
Fe 
C r  
N i  
Al 
Na 
U 
Hg 
No 3 
a 4  

Po4 

F 
Si03 

C M ~ + ~ ~ ~  ( r e f .  a )  

kg oxide/metr ic  t o n  

High LOW LOW 
LOW 

0 

High 
Medium Medium 
0 

b W  

0 

Low 
High 0 0 High 
0 
0 High High 

B .  Actual  Chemical Composition o f  I n e r t  M a t e r i a l s  

3 .7  
0.93 
0.012 
0.005 
0.001 
0 .138  
0.01 0 

<o ,001 
7.5 
0.003 
0.01 0 
<0 .001 

3.03 

- 

31.7 

3 .v3 
0 .h45 
0 .024 
0.010 
0.001 
0 .93  
0.01 0 
<0 .001 

5.37 
0.87 
0.006 
0.010 

<o .001 

2 .48 

- 

28.1b 

(-)0.01 
0.445 
0.024 
0.010 
0.001 
3.67 
0.010 

<0 .001 
2 .0 
0.87 
0.006 
0.010 

<0 .001 

5 . 2 2  

60b 

6.29 
0 .05 
0.01 2 
0.008 
0.001 
0 .10  
0.01 0 
c0 ,001 

6.66 

0.003 
0.010 

<0 .001 

0.365 

4 .6 

4.25 
0 .05 
0.01 2 
0 .008 
0.65 
0.10 
0.010 
<0 .001 

6.5 

0.003 
0.010 

<o .001 

2.31 

1 7 . 2  

C .  Chemical Composition of  Major M a t e r i a l s  from Nuclear F i s s i o n  

Fuel  Exposure i n  Thermal Reactors  

20,000 Mwd/metric t o n  a t  
1s Mw/metric t o n  

45,000 Mwd/metric t o n  a t  
30 Mw/metric ton  

Mo 
Tc 
Sr 
Ea 
cs 
Rb 

Z r  
Ru 
Rh 
Pd 
Ag 
Cd 
Te 

Y +REc 

- 
( r e f .  a )  

kg oxide/metr ic  t o n  

0.065 
0.014 
0.0155 
0.01 95 
0.035 
0.007 
0.12 
0.065 
0.032 
0.0074 
0.017 
0.0008 
0.0008 
0.006h 

0.91 

- 

22 

0.130 
0.031 
0.036 
0 .Ob1 
0.078 
0.014 
0.274 
0.143 
0.082 
0.01 3 
0.043 
0.001 6 
0.0025 
0.01h 

2 . 1 1  

49 

%I+ i s  metal  e q u i v a l e n t s ,  o r  normal i ty  o f  meta l  i o n s  (does not  inc lude  a c i d ) .  

bLbes not  inc lude  t h e  s u l f a t e .  If s u l f a t e  i s  n o t  v o l a t i l i z e d ,  approximately 2 7  kg of  a d d i t i o n a l  
ox ides  p e r  met r ic  t o n  a r e  formed. 

'RE i s  r a r e  e a r t h  e lements .  
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be a f a i r l y  typ ica l  waste i n  the near fu tu re .  

t h a t  i s  generated i n  a TBP-25 process i n  which aluminum n i t r a t e  i s  used 
f o r  the  s a l t i n g  agent i n  the solvent ex t rac t ion  process.  

Waste No, 5’ i s  a waste 

Chemical adjustment o f  waste No. 3 i s  required before so l id i f i ca -  

t i on  since d i r e c t  calcinat ion w i l l  f o rm unstable,  hygroscopic Na,O. 

a c id i f i ca t ion ,  t h e  composition of t h i s  waste then approaches t h a t  o f  
waste No. 2 .  

Purex process f o r  commercial plants ;  therefore ,  waste No. 5 is  believed 

t o  have only minor importance i n  the fu ture .  
composition Nos. 1 ,  2 ,  and 4 bracket t h e  range o f  expected high-level 

l i qu id  waste compositions. 

Upon 

The TBP-25 process o f f e r s  no known major advantages over t he  

Consequently, wastes having 

The t h i r d  p a r t  of Table 4.4 shows t h e  amounts o f  f i s s i o n  product 
elements resu l t ing  from f i ss ioning  i n  thermal reac tors  with moderate- and 

high-exposure h i s t o r i e s .  

o f  current  reac tors ,  and the 45,000 Mwd/metric ton  exposure represents  
probable maximum exposures i n  future thermal r eac to r s ,  48 It i s  obvious 

tha t ,  unless intermediate-level wastes from f u e l  reprocessing a r e  mixed 

with the high-level wastes, t he  chemical content of f i s s i o n  produces w i l l  
be s ign i f i can t  i n  e s sen t i a l ly  a l l  f u e l  reprocessing schemes. 
with moderate attempts t o  minimize the  i n e r t  contaminants i n  the waste, 

the  chemical equivalents of f i s s i o n  products w i l l  exceed those o f  t he  non- 
f i s s ion  products, and t h e  chemistry o f  t h e  f i s s ion  products w i l l  be the  
control l ing f ac to r  i n  the waste treatment s t eps .  

The 20,000-Mwd/metric ton exposure i s  typ ica l  

In f a c t ,  

Another point o f  i n t e r e s t  i s  t h a t  t he  absolute  minimum weight of 
s o l i d i f i e d  waste ( t h a t  o f  f i s s i o n  product oxides alone) i s  about 1 . 1  kg/ 
1000 Mwd thermal exposure. 

compositions shown i n  Table 4.4 can increase t h a t  volume by a f a c t o r  up 

t o  about 4. 
chemical functions during so l id i f i ca t ion .  

the  t o t a l  composition o f  chemicals present,  and can increase the waste 
volumes by as much a s  a fac tor  o f  2 .  

Contributions from i n e r t  chemicals i n  the  

Additional chemical addi t ives  a re  of ten needed t o  perform 

These addi t ives  a r e  based on 

Ir 

Sol id i f ica t ion  processes t h a t  form melts require  s ign i f icant  chemi- 
c a l  m d i f i c a t i o n  of a l m s t  any waste composition. Compositions for waste 
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so l id i f i ca t ion  generally require  a t  l e a s t  70 mole % of  i n e r t  chemicals 
t o  incorporate the  f i s s i o n  products in to  materials t h a t  a r e  meltable a t  

reasonably l o w  temperatures ( i . e . ,  a t  l e s s  than about 1000°C). ( A  more 

typ ica l  value f o r  i n e r t  chemical content i n  melts i s  85%). 
been developed i n  which the  major melt-making f luxes  a r e  phosphates, 
borophosphates , 5*-54 s i l i c a t e s ,  55 56 boros i l ica tes  , 52y55,56 and borates .  

In  most cases,  workable chemical composition ranges have been defined. 
However, general cor re la t ions  f o r  chemical compo s i t  ions a re  somewhat 
d i f f i c u l t  to define because o f  the complex in te rac t ion  of a l l  the const i -  

tuents  i n  the wastes. Therefore, each waste composition encountered 
usually requires  a t  l e a s t  some laboratory invest igat ion o f  melt-forming 

composition. Similar s tud ies  a r e  usual ly  necessary t o  predict  the occur- 

rence of special  problems, such as ruthenium o r  s u l f a t e  v o l a t i l i t y ,  foam- 

ing, s t ick iness ,  e t c  . , f o r  a l l  so l id i f i ca t ion  processes. 

Melts have 
49 -5 1 

57 

Three o f  t he  i n e r t  chemical const i tuents  l i s t e d  i n  Table 4.4 a r e  
su f f i c i en t ly  troublesome during so l id i f i ca t ion  t o  merit e f f o r t s  t o  keep 

them out  o f  high-level wastes. 
and mercuric ions.  
higher range o f  temperatures reached i n  so l id i f i ca t ion  (700°C and higher) 

and tends t o  v o l a t i l i z e .  Retention of s u l f a t e  i n  the so l id i f i ed  waste a t  
temperatures above 700°C requires  chemical addi t ives  (usual ly  calcium) ; 
f o r  melts, it becomes very d i f f i c u l t  above 950 t o  1000°C. 49 The v o l a t i l -  

i za t ion  o f  s u l f a t e  r e s u l t s  i n  added corrosion problems i n  the off-gas 

system recycle and i n  increased su l f a t e  concentrations i n  the l i qu id  waste 
f o r  cases o f  p a r t i a l  vo la t i l i za t ion ;  i n  cases o f  complete vo la t i l i za t ion ,  
another medium-to-high-level waste stream requiring special  treatment and 
disposal  is  produced. Sulfate also causes severe prec ip i ta t ion  and resul-  
t a n t  solut ion handling problems from sodium - r a re  ear th  su l f a t e s  when the 
l a t t e r  a r e  present a t  concentrations o f  approximately 0.5 - M o r  grea te r .  

These const i tuents  a r e  su l fa te ,  f luor ide ,  
Sulfate  ion i s  generally unstable chemically a t  the  

58 

Fluoride i s  retained with d i f f i c u l t y  (by using calcium) during so l id i -  

f i e d  waste processing up t o  temperatures of about ~ c I O " C , ~ ~  and i s  nearly 
impossible t o  r e t a i n  s ign i f i can t ly  a t  higher temperatures. 6o If it cannot 

be retained,  it must be disposed o f  by another means (e .g . ,  v i a  the  p lan t  
stack o r  discharge i n  a separate lower-level waste stream). A f luor ide  



4 -34 

content much grea te r  than about 0.001 - M w i l l  s i gn i f i can t ly  increase corro- 

sion o f  s t a i n l e s s  s t e e l  and t i tanium (used generally i n  waste processing 
systems), although t h i s  corrosion can be p a r t l y  overcome by use o f  com- 
plexing agents (aluminum, zirconium, e t c  . ) .  

Mercury cannot be retained i n  s o l i d i f i e d  waste tha t  i s  processed a t  
temperatures above 400 t o  sOO°C, 
oxides condense a t  temperatures o f  about 350°C and provide r e l a t i v e l y  

serious po ten t i a l  plugging problems. A means f o r  pre t rea t ing  the  waste 

f o r  removal o f  mercury has been developed i n  the laboratory,  

When vo la t i l i zed ,  the mercury and i t s  

61 

Ruthenium i s  j u s t  a s  troublesome i n  waste s o l i d i f i c a t i o n  as it is  
Its removal from t h e  off-gas stream i s  more d i f f i -  i n  f u e l  reprocessing. 

c u l t  than t h a t  o f  nonvolati le mater ia ls .  
ruthenium w i l l  usual ly  oxidize and v o l a t i l i z e  during so l id i f i ca t ion .  

Additions o f  ce r t a in  chemicals are sometimes required t o  minimize oxida- 

t ion  t o  the v o l a t i l e  RuO, form. 
1% i s  usual ly  encountered. 

One t o  eighty percent of t h e  

Even then, v o l a t i l i z a t i o n  of a t  l e a s t  

Pot  Calcination. - Pot calcinat ion,  which was developed a t  ORNL, i s  
a batch process t h a t  has been developed t o  a s t a t e  o f  readiness f o r  com- 

mercial radioact ive use.  
l e v e l  r ad ioac t iv i ty  on a p i lo t -p lan t  sca le .  
i s  a simple process and i s  adaptable t o  a wide va r i e ty  o f  feed compositions. 
Its disadvantages are:  ( 1 )  a s t a i n l e s s  s teel  pot i s  required, ( 2 )  the  

amun t  of heat  t h a t  can be incorporated in to  a pot i s  l imited,  (3 )  t he  
capacity of a system using t h i s  process must be increased by multiple-pot 
l i n e s ,  and (4) t h e  s o l i d i f i e d  waste i s  more leachable than glassy so l id s .  

It i s  present ly  being demnst ra ted  with f u l l -  

Its advantages a r e  t h a t  it 

Pot calcinat ion i s  a batch process i n  which the  p r inc ipa l  processing 

vessel ,  t h e  pot ,  i s  a l so  t h e  f i n a l  container f o r  the s o l i d i f i e d  waste. 
In  pot calcinat ion,  l i qu id  waste i s  added t o  a pot t h a t  i s  heated i n  a 
multiple-zone heating and cooling furnace.  

centrated a t  a constant volume tha t  sca le  ( s a l t  cake) forms on the  w a l l s  
of the pot .  A s  calcinat ion continues, the sca l e  grows i n  thickness and 
reduces the  capaci ty  f o r  heat t r ans fe r  from the  pot  wal l  t o  the boi l ing 

sludge; therefore ,  the feed r a t e  must be reduced proportionately.  When 
the feed rate i s  reduced to an "unprofitable" r a t e  (about 5 l i t e r s / h r ) ,  

The waste i s  s u f f i c i e n t l y  con- 
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I 

* 

t he  feed supply i s  shut o f f .  
from the pot  wal l  and upward from t h e  bottom of the  pot to f i l l  t he  pot,  

except f o r  a thin-cone-shaped liquid-containing void i n  the  upper 2 t o  
3 f t  of t he  sal t  cake. 
boiled to dryness and a l l  of t h e  waste i n  the  pot has been calcined and 

has reached the  temperature of 850 t o  900°C. The pot i s  then cooled i n  

the furnace, remved, sealed, and sent  t o  storage.  

A t  t h i s  point ,  the sca le  has grown inward 

Heating i s  then continued u n t i l  the  l i qu id  i s  

The product from pot calcinat ion ( i , e . ,  t he  so l id i f i ed  waste) i s  a 

mixture o f  the  oxides (and su l f a t e s ,  i f  su l fa te  i s  present i n  the  waste) 
of the  metal l ic  const i tuents  i n  the o r ig ina l  l i qu id  waste. 
i s  a porous, f r i a b l e  calcine with a low thermal conductivity and a r e l a -  
t i v e l y  high s o l u b i l i t y  i n  aqueous solut ions.  

The product 

The basic  items o f  equipment required f o r  pot calcinat ion a re :  (1  ) a 
multiple-zone furnace f o r  heating and cooling the  calcine,  ( 2 )  a pot  f o r  

calcining the waste, and (3) an off-gas l i n e  from the  pot  t o  the first 

process condenser which can be washed down continually.  The successful 

performance o f  pot calcinat ion equipment f u l f i l l i n g  these requirements 

has been demonstrated, using f u l l - l e v e l  wastes i n  the  Waste Sol id i f ica t ion  
Engineering Prototypes. 

Because the  pots  serve as the  processing vessels ,  they a r e  exposed 

t o  severe corrosion conditions during clacinat ion;  therefore ,  they must 
be made o f  corrosion-resis tant  mater ia l .  
s teel  was found t o  be negl igible  during processing (< 0.0003 in , /day) .  
The pots  must be equipped with l iqu id- leve l  and temperature-measurement 

devices. 
or with an in t e rna l  temperature sensor located near the  top o f  t he  po t .  
In demonstration t e s t s ,  temperature measurements were taken, with in-place 
thermocouples, a t  t he  center l i n e  and a t  t h e  pot walls i n  each zone. 
Because o f  the  s ign i f i can t  cos t  o f  thermocouples, an incentive e x i s t s  f o r  

e i t h e r  reducing t h e  required number of  these devices o r  f o r  making them 

reusable.  

Corrosion o f  type 304L s t a i n l e s s  

Liquid l e v e l  may be measured with a standard gas-purged d ip  tube 

In te rna l  heat from the decay o f  radioact ive cons t i tuents  requires  

s l i g h t  modifications o f  operating techniques. When i n t e r n a l  heat  i s  
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present,  the pot  w a l l  must be cooled before the mater ia l  a t  the  center  
of the pot has reached i t s  f i n a l  maximum temperature; i f  cooling i s  not 

avai lable ,  the center  temperature w i l l  exceed t h a t  desired.  
temperatures r e s u l t  i n  severe corrosion and po ten t i a l ly  undesirable vola- 
t i l i t y  o f  some cons t i tuents . )  

f u l l y  demnst ra ted  by using a simple three-s tep reduction of furnace tem- 

peratures ,  based on pot  wall  and center  temperatures, 

(Higher 

Control of t h i s  temperature has been success- 

62 

The pot calcinat ion cycle may be divided into three major periods: 

( 1 )  feeding and concentrating the  waste a t  a constant feed r a t e ,  ( 2 )  pot  
wall  scal ing and calcining,  which cause a gradual reduction of feed r a t e ,  
and (3)  calcining and cooling when the  feed supply i s  turned o f f  and the 

calcine i s  heated t o  850 to 900°C and then cooled i n  preparation f o r  re -  

mving the pot from the furnace.  Typical time requirements f o r  the s t eps  
a r e  summarized i n  Table 4.5. Since t h e  diameter of the pot has a r e l a -  
t i v e l y  small e f f e c t  on the  ove ra l l  processing capacity,  an increase i n  

capacity must be obtained by effect ing changes i n  pot geometry ( e . g . ,  by 

use o f  annular po t s )  o r  by multiple pot  l i n e s .  

62 Table 4.5. Time Cycles and Capacities f o r  Pota Calcination 

~ ~~ ~~ ~ ~~~ ~ ~~ ~ - 

Pot diameter, i n .  

Pot  height o f  f i l l ,  f t  

Volume o f  calcine,  l i t e r s  
Feed volume, l i t e r s  

b I n i t i a l  feed r a t e ,  l i t e r s / h r  
Time a t  i n i t i a l  feed r a t e ,  h r  
Time a t  reduced feed r a t e ,  h r  

Calcining and cooling time a f t e r  feed i s  turned o f f ,  h r  

b 

T o t a l  time cycle, h r  
Overall  cycle capacity,  l i t e r s / h r  

Equivalent waste processing capacity,d metric tons/day 
with Feed Concentration = 378 l i te rs / tonne  

~ ~ 

8 
6 

60 

500 

30 
10 
20 
10 

40 
12 

0.75 

12 

6 
120 

1000 

60 
10 

30 

3oc 
70 

14 

0.9 

a For pots  with an in t e rna l  
bFor feeds r e l a t i v e l y  f r ee  

Estimated; exact data not 

%th  a feed concentration 

C 

heat o f  5 kw. 

of foaming tendencies.  
ava i lab le .  

of 378 l i t e r s /me t r i c  ton.  
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Longer pots provide a s l i g h t  increase i n  capacity because there  i s  no 
marked increase i n  calcining and cooling times f o r  such pots .  Maximum 
boilup r a t e  i s  l imited by entrainment i n  the  upper p a r t  of the pot ,  o r  
by the  cross sec t iona l  area of t h e  pot .  
cant amounts of foam-making const i tuents  (e .g . ,  d ibutyl  phosphate f rom 

the reprocessing p l a n t ) .  If foaming i s  present,  feed r a t e s  during the 
i n i t i a l  boi l ing period must be reduced from those shown i n  Table 4.5. 

Some feeds may contain s i g n i f i -  

During the  pot  calcinat ion o f  P u r a  wastes, ruthenium i s  vo la t i l i zed  

t o  the  extent o f  about 5% and 10 t o  30% f o r  low-sulfate wastes and high- 
su l f a t e  wastes respectively.62 Lower v o l a t i l i t y  can be effected by the  
addition o f  chemical reductants,  such as n i t r i c  oxide o r  phosphites. 63 

When su l f a t e  is  present i n  the  waste, l e s s  than 2% of it w i l l  be 

vo la t i l i zed  from the calcine i f  the  chemical composition o f  t he  feed i s  
adjusted i n  such a manner t h a t  the  chemical equivalent of a l k a l i  o r  
a lkal ine-ear th  metal l ic  ions i s  present .  In  prac t ice ,  sodium and/or 

calcium n i t r a t e s  a r e  usual ly  used. 

The v o l a t i l i t y  of cesium and rubidium, which a r e  always present a s  

f i s s ion  products, can be v i r t u a l l y  eliminated by adding enough su l f a t e  

o r  phosphate ions to the feed to be chemically equivalent t o  the t o t a l  
amunt  o f  a l k a l i  metals present .  

When t h e  pot ca lc iner  i s  operated on a reasonably conservative bas i s ,  
62 entrainment from it corresponds t o  approximately 0.4% of the  t o t a l  feed.  

Spray Sol id i f ica t ion .  - Spray so l id i f i ca t ion  i s  a continuous proc- 
ess  t h a t  has been extensively developed and i s  approaching readiness f o r  
commercial use.  

a c t i v i t y  on a pi lot-plant  sca le .  The spray so l id i f i ca t ion  process w a s  
developed a t  Battelle-Northwest. ( 1 )  it i s  a con- 

tinuous process with low hold-up volumes, ( 2 )  it i s  adaptable t o  a mod- 

e r a t e l y  wide va r i e ty  o f  feed compositions, and (3)  it produces a va r i e ty  
of good-quality so l id s .  Its disadvantages are:  

complicated system, ( 2 )  it requires  good f l o w  control  o f  sometimes 

diff icul t - to-handle  feed solut ions,  (3 )  i t s  performnce requires  high- 

qua l i t y  atomization, and (4) a t  present ,  it requires  the use o f  a re la -  

t i v e l y  expensive platinum melter.  

It i s  cur ren t ly  being demnst ra ted  with f u l l - l e v e l  radio- 

I ts  advantages are:  

( 1 )  it i s  a moderately 

Results obtained from current  p i l o t  



plant  t e s t s  o f  melting the calcined powder i n  t h e  receiver pot,  r a the r  
than using an expensive platinum melter, may eliminate one o f  t he  d i s -  
advantages. 

In  t h e  spray calciner  ( see  Fig.  4 .3) ,  l i qu id  waste (which contains 
some or a l l  o f  t he  melt-making addi t ives)  i s  fed through a pneumatic 
atomizing nozzle in to  the top o f  a heated cy l ind r i ca l  tower. 

ized waste i s  sequent ia l ly  evaporated, d r ied ,  and calcined to a powder 
a s  it f a l l s  in to  a continuous melter (below the ca l c ine r ) ,  where it i s  
melted a t  temperatures o f  800 to 1200°C. 

flow in to  the adjacent f i l t e r  chamber, carrying much of the calcined 
powder a s  dus t .  
gas passes through. 
f i l t e r s  by sudden pulses o f  high-pressure steam o r  a i r  t h a t  i s  d i rec ted  
backward through the  f i l t e r s  by small nozzles. 
in to  the  melter with the  main stream o f  powder, 
through an overflow weir o r  a freeze valve into the receiver-storage pot 

below. After the pot i s  f i l l e d ,  it i s  cooled i n  the furnace, sealed,  and 
sent  t o  s torage.  

The atom- 

Process gases from ca lc ina t ion  

The dust  co l l ec t s  on the porous metal f i l t e r s  a s  the 
The dust deposi ts  a r e  per iodica l ly  blown o f f  the 

The dislodged dus t  f a l l s  
The molten calcine f l o w s  

The product f rom spray s o l i d i f i c a t i o n  i s  a monolithic so l id  t h a t  i s  
formed a f t e r  the melt i s  cooled. The so l id  i s  a tough, microcrystall ine,  

rock-like mater ia l  having a good thermal conductivity and a moderately 
low s o l u b i l i t y  i n  aqueous so lu t ions ,  
pared i n  t h e  spray s o l i d i f i e r ,  but primary emphasis has been on micro- 
c rys t a l l i ne  mater ia l s . )  

(Glassy so l ids  have a l so  been pre- 

The basic  items of equipment required f o r  spray s o l i d i f i c a t i o n  a re :  
( 1  ) a pneumatic atomizing nozzle and a spray tower f o r  atomizing and 

drying-calcining the  feed, ( 2 )  a multiple-zone furnace f o r  heating the  
spray tower, (3)  an off-gas cleaning system near the  spray tower t o  remove 

the  bulk o f  the  entrained calcine dust  from the off-gases,  ( k )  a continuous 

melter f o r  melting the powdered calcine,  (5) a furnace f o r  heating the  
melter, (6 )  a pot f o r  receiving the molten waste, and ( 7 )  a multiple-zoned 

'!furnaceJf for cooling (and possibly heating) the receiver po t .  
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U 

In  the  continuous melter,  the  small amounts o f  res idual  n i t r a t e  and 

water present i n  the  calcine a r e  vo la t i l i zed ,  and the calcine i s  melted. 
To date ,  platinum i s  the only r e l i a b l e  metal l ic  mater ia l  o f  construction 
tha t  has been found t o  withstand the environment o f  corrosion and high 

temperature. 
and has a I l - in . -high heated sect ion i s  1 .7 l i t e r s  o f  melt per  hour. 

Platinum has been used extensively a t  temperatures up t o  1250°C. 

c i a l  a l loy  o f  50% chromium - 50% nicke l  i s  generally sa t i s f ac to ry  a t  
temperatures up t o  1000°C; a l so ,  s t e e l s  with high chromium and n icke l  

contents, a s  wel l  a s  some a l loys  with a high n icke l  content, a r e  s a t i s -  

factory a t  temperatures up t o  900°C. 

melter has been adequately demonstrated both on a continuous bas is ,  using 

overflow weirs, and batchwise, using s t ra ight- tube freeze valves i n  which 
a plug o f  melt about 2 i n .  long i s  melted or frozen t o  provide on-off 

f l o w  cont ro l .  

The capacity of a platinum melter t h a t  i s  10 i n .  i n  diameter 
57 

A spe- 

The discharge of melt f rom the  

The pot f o r  receiving t h e  molten waste may be made o f  mild s t e e l  
i f  the  pot i s  t o  be f i l l e d  with melt by la rge ,  rapid,  batchwise ''dumpsJ' 

f rom the  melter, o r  i f  the  pot i s  t o  be f i l l e d  with a melt having a low 

melting point  ( l e s s  than about 700°C). 

the  pots  must be heated under most conditions only t o  t h e  point  where the  

melt w i l l  slump; t h i s  ensures complete f i l l i n g  o f  t he  pots,  without forma- 
t i o n  o f  stalagmites o r  voids .  
temperatures up t o  about 6 5 0 " ~  f o r  several-day periods .) Corrosion o f  mild 

s t e e l  o r  s t a i n l e s s  s t e e l  pots by phosphate melts a t  temperatures o f  about 
700°C o r  lower i s  negl igible .  

Mild s t e e l  i s  acceptable since 

(Mild s t e e l  pots can acceptably r e s i s t  

64-66 

The spray s o l i d i f i e r  concept requires  tha t  t h e  s in te r ing  point  o f  

t he  calcined feed i n  the spray tower be higher than the  temperature of 

the  w a l l s  of  t he  spray tower. 

s t ick ing  o f  calcine to the tower wal l s .  In  addi t ion,  the  melting point 

of t h e  f i n a l  powder must be no rmre than about 900°C (see above). 
chemical composition of t he  feed i s  then adjusted to f i t  these l imi t a t ions .  

Some o r  a l l  o f  t h e  melt-making f lux  can be added, a s  a so l id ,  d i r e c t l y  t o  
t h e  melter t o  fu r the r  widen flowsheet and operat ional  f l e x i b i l i t y .  

Adherence t o  t h i s  l i m i t  w i l l  prevent gross 

The 
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The capacity o f  a spray tower increases s ign i f i can t ly  with ( 1 )  wall  

temperature, ( 2 )  degree of atomization, or spray drop s i ze ,  (3) decreased 

s t ick iness  o f  t h e  feed, and (4) length and diameter o f  t he  tower. 

capacity increases by about 30% f o r  each 100°C increase i n  wal l  tempera- 
t u re  i n  the normal operating range o f  500 t o  750°C. 
can a f f e c t  capacity by a f ac to r  of  2 .  
calcinat ion o f  nonmelting calcines  i s  about 30% less than t h a t  with water; 
the  capacity f o r  t h e  calcinat ion o f  flmeltingff feeds i s  approximately a 

f ac to r  o f  2 lower than tha t  f o r  nonmelting ca lc ines .  
increases approximately l i n e a r l y  with diameter up t o  about 2 f t  and with 

length up t o  about 10 f t .  Scale-up f ac to r s  beyond these s i z e  l i m i t s  a r e  

not ye t  well-defined. 
calciner  of t h e  s i z e  used i n  Waste So l id i f i ca t ion  Engineering Prototypes 

(13 i n .  i n  diameter by 6 f t  long) i s  20 l i t e r s  o f  l i qu id  waste per  hour. 

The 

Atomizing qua l i ty  

The drying capacity during the  

The calcine capacity 

The typ ica l  capacity f o r  a melting feed i n  a spray 

Most o f  the flowsheets used f o r  spray s o l i d i f i c a t i o n  a t  Ba t t e l l e -  
Northwest produce a l k a l i  metal -phosphate so l id s .  These a r e  used p r i -  
marily because ( 1  ) they o f f e r  a r e l a t i v e l y  la rge  l a t i t u d e  i n  chemical 

composition, ( 2 )  they have general ly  low melting points  (700 t o  9 O O 0 C ) ,  

(3) they produce melts with reasonably l o w  v i s c o s i t i e s  ( l e s s  than 50 poises)  
a t  operating temperatures, and (4) t h e  chemically adjusted feed so lu t ions  

a r e  eas i e r  t o  handle than those o f  o ther  flowsheets and generally produce 

homogenous melts,  
associated corrosion r a t e  which i s  higher than that f o r  other  melts such 
a s  s i l i c a t e s ,  b r a t e s ,  e t c .  
t a l l i n e  so l id s  a r e  formed i n  spray so l id i f i ca t ion  by adding enough phos- 

phate t o  approach the  composition o f  orthophosphate melts ( t o t a l  normality 
o f  cations/phosphorus = 2 . 5  t o  3 . O )  . 
t o  reduce the  melting point  t o  700-900°C. 
always compatible with the spray s o l i d i f i e r ,  g lassy so l ids  a r e  formed by 

adding more phosphate t o  t h e  range of metaphosphate of hypophosphate melts 

( t o t a l  normality of cations/phosphorus = 1 .O t o  2 . O )  , 

The primary disadvantage of phosphate melts i s  the  

With the  typ ica l  phosphate melts, microcrys- 

Suff ic ient  a l k a l i  metals are added 

Although the flowsheets a r e  not 

Calcium i s  added i n  excess t o  melts containing sulfate;  t he  calcium 
combines chemically with the su l f a t e  and r e t a ins  i t .  
small amount of aluminum i s  added t o  increase the  s in t e r ing  temperature t o  

In  some cases,  a 
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achieve more e f f i c i e n t  operation i n  the  spray ca lc iner .  Then, enough 
alkal i -metal  and phosphate ions a re  added t o  reduce the  melting point t o  
about 700°C. 

d i r e c t l y  t o  t h e  melter t o  permit operation o f  the spray calciner  with a 
melt of a chemical composition having a higher melting point than t h a t  

o f  t he  f i n a l  melt .  
95% of the  s u l f a t e  i s  retained i n  the  f i n a l  so l id .  

Some o f  these ions a re  added, i n  the  f o r m  of so l id s ,  

With the conditions used i n  the  spray s o l i d i f i e r ,  

Up t o  75% o f  the  ruthenium can be vo la t i l i zed  from t h e  spray calcina-  

t ion  s tep  (not during melting) with the  phosphate flowsheets. 67 
v o l a t i l i t y  can be reduced by eliminating the melt-making f lux  from t h e  

feed and adding it  t o  the melter, 
i n  the ca lc iner .  The v o l a t i l i t i e s  o f  cesium and rubidium have not been 

s igni f icant  i n  spray so l id i f i ca t ion  flowsheets. 

This 

66 o r  by reducing the  oxidizing po ten t i a l  

Phosphate Glass Sol id i f ica t ion .  - Phosphate g lass  so l id i f i ca t ion  i s  
a continuous process t h a t  has been extensively developed a t  Brookhaven 

National Laboratory (BNL) and i s  approaching readiness f o r  commercial use.  

It i s  being demonstrated with fu l l - l eve l  rad ioac t iv i ty  on a p i lo t -p lan t  

s ca l e .  
a good-quality g lass  product. 

a t e l y  complicated system, ( 2  ) it requires  operation with s l u r r i e s  t h a t  

a r e  d i f f i c u l t  t o  handle, (3 )  it cannot r e t a i n  su l f a t e  i n  the f i n a l  so l id ,  
and (4 )  a t  present ,  it requires  the  use of a r e l a t i v e l y  expensive platinum 

melter . 

Its  advantages a r e  t h a t  it i s  a continuous process and it yie lds  
I ts  disadvantages are:  ( 1 )  it i s  a moder- 

In phosphate g lass  so l id i f ica t ion ,  l i qu id  waste t h a t  contains a l l  of 
the  melt-making addi t ives  i s  f i rs t  fed  t o  t h e  evaporator, where it i s  con- 
centrated and deni t ra ted,  by f ac to r s  o f  2 t o  10, t o  a thick,  syrupy, 
aqueous phosphate slurry.68 The s l u r r y  i s  fed t o  the continuous melter,  
where f i n a l  v o l a t i l i z a t i o n  o f  t he  water, n i t r a t e s ,  and other  v o l a t i l e  con- 
s t i t u e n t s  i s  accomplished; then t h e  resu l t ing  mater ia l  i s  heated t o  1000 

t o  7200°C t o  form a molten g lass .  

f l o w  weir o r  a f reeze valve in to  the  receiver-storage pot below. 
the pot i s  f i l l e d ,  it i s  cooled i n  the  furnace, sealed, and sent t o  storage.  

The molten g lass  f lows through an over- 
After 
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The product f rom the  phosphate g lass  process is  a monolithic, moder- 
This g l a s s  a t e l y  b r i t t l e  g lass  t ha t  i s  formed a f t e r  t h e  melt has cooled, 

has a f a i r l y  good thermal conductivity and a low s o l u b i l i t y  i n  aqueous 
solut ions,  

The basic items o f  equipment required f o r  phosphate g lass  s o l i d i f i -  

cat ion are:  
syrupy consistency, ( 2 )  a means t o  provide control led feeding of the 

syrupy concentrate to  the  melter, (3) a continuous melter f o r  f i n a l  evapo- 

r a t ion  and melting of the  waste, ( 4 )  a furnace f o r  heating the  melter, 

(5) a pot f o r  receiving the  molten waste, and (6)  a multiple-zoned fur- 
nace for heating and cooling the  receiver  po t .  The l a s t  four  needs a r e  

e s sen t i a l ly  iden t i ca l  to those i n  the  spray s o l i d i f i e r .  

( 1 )  a continuous evaporator t o  concentrate the feed t o  a 

The requirements for the  continuous melter a r e  e s sen t i a l ly  the  same 
a s  those discussed previously f o r  the spray s o l i d i f i e r .  Exceptions a r e  

t h a t ,  i n  the  phosphate g lass  melter,  the  ne t  heat  t r ans fe r  requirements 
a re  50 t o  100% higher (pr imari ly  because of the  added evaporation load)  
and the desired freeboard requirements above the  melt l e v e l  a r e  somewhat 

higher because of the foaming tendency i n  t h e  melter.69 The capacity of  
a platinum melter t ha t  is  10 i n .  i n  diameter and has a 14 in.-high heated 
sect ion i s  1 .2 l i t e r s  of g lass  per hour, o r  about 3 l i t e r s  o f  slurry feed 

per hour. 43y70 The vapor stream from the  melter i s  hot (400 t o  600°C) and 
corrosive,70y71 and must be routed through platinum piping u n t i l  t he  tem- 
perature i s  reduced t o  about 120°C. 

The pot  f o r  receiving the  molten g lass  i s  similar t o  t h a t  f o r  the  
spray so l id i f i ca t ion  process. 
continuous viscosity-temperature re la t ionship  f o r  t he  phosphate glasses  

permit the  f i l l i n g  of pots  by t h e  s l o w  continuous dripping of the  melt 

while the  pot  i s  heated only t o  500-600°C.71 

these conditions during the  f i l l i n g  of one pot .  

The low slump point  (600 t o  700°C) and t h e  

Mild s t e e l  can t o l e r a t e  

The phosphate g lass  process can readi ly  s o l i d i f y  high-level waste 
solut ions t h a t  contain su l f a t e ,  but t h e  su l f a t e  i s  completely v o l a t i l i z e d  
from t h e  melter.  
separate stream of intermediate-level waste. This stream contains a l l  the  

In t h i s  case,  t he  vapor stream from the  melter forms a 
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su l f a t e ,  and normally about 30% of the n i t r a t e ,  5 t o  10% o f  the radio- 
ruthenium, and l e s s  than 0.5% of a l l  other rad ioac t iv i ty  t h a t  was o r i g i -  
na l ly  i n  the l i qu id  waste stream.70 
it requires  spec ia l  treatment f o r  f i n a l  disposal .  
present,  the  condensate from the melter contains only n i t r a t e s  and can be 

combined with the  condensate from the denitrator-evaporator;  a l t e rna t ive ly ,  

it can be condensed separately and recycled t o  the  denitrator-evaporator 

t o  reduce the  ove ra l l  off-gas a c t i v i t y  from the s o l i d i f i e r  t o  l e s s  than 
about 1% f o r  radioruthenium and to 0.5% or l e s s  f o r  all other  radionuclides.  

Because the su l f a t e  cannot be reused, 
When su l f a t e  i s  not 

The chemical adjustments required f o r  the  phosphate glass process 
consis t  mainly of adding phosphoric acid t o  the feed t o  obtain a meta- 
phosphate melt ( t o t a l  normality of metal ions/phosphorus = l ) . 
centrat ion (mole %) of  t he  oxides o f  the a l k a l i  metals i s  maintained a t  
about one-half o f  t h a t  of the t o t a l  metal oxides i n  the melt i n  order t o  

obtain a g l a s s  t ha t  forms a t  a reasonable temperature (850 t o  1000°C), melts 

a t  a low temperature (650 t o  7 O O 0 C ) ,  and has good handling proper t ies .  The 

so l ids  i n  the  chemically adjusted feed t o  the denitrator-evaporator a re  

gelatinous and a r e  r ead i ly  suspended. Concentration i n  the deni t ra tor -  
evaporator sometimes progresses through stages of foaming or heavy c rys t a l -  

l i n e  deposi ts  a t  lower than, as wel l  a s  higher than, normal concentration 

f ac to r s .  72 

The con- 

These conditions must be defined f o r  each flowsheet. 

Fluidized-Bed Sol id i f ica t ion .  - The f luidized-bed so l id i f i ca t ion  proc- 

ess  t h a t  has been extensively developed f o r  use with aluminum n i t r a t e  and 
zirconium f luor ide  - aluminum n i t r a t e  wastes. 
was i n i t i a t e d  a t  ANL, and has been extensively demonstrated by Idaho Nuclear 
Corporation. 
a c t i v i t y  l eve l s  i n  production-scale equipment since 1963, and i s  now ready 
f o r  commercial appl ica t ion .  Development w i t h  the m r e  complex Purex wastes 
has been l imi ted .  The advantages of the  fluidized-bed process a r e  t h a t  it 
i s  a continuous process with a r e l a t i v e l y  high capacity f o r  a given equip- 
ment s i ze ,  and the  so l id i f i ed  waste product i s  r ead i ly  t ransportable  by 

pneumatic means. I ts  disadvantage i s  t h a t  it i s  a moderately complicated 

system. 

Development of t h i s  process 

It has been extensively demonstrated with mdera te  radio- 
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I n  fluidized-bed so l id i f i ca t ion ,  l i qu id  waste i s  continuously con- 

verted t o  granular so l id s  by being heated i n  a f lu id ized  bed o f  t he  so l id s ,  
and the  so l id s  a r e  continuously withdrawn from the ca lc ines  t o  s torage bins  
( o r  the so l id s  may be fur ther  converted t o  monolithic fo rms) .  The l i qu id  

waste i s  in jec ted  through pneumatic atomizing nozzles in to  the s ide of a 

heated (400 t o  6 0 0 " ~ )  bed of granular s o l i d s .  
ag i ta ted  ( f lu id i zed )  by sparging gas upward through the fluidized-bed 
reac tor .  

r a t ion  and ca lc ina t ion  of the feed a s  coatings of the  bed p a r t i c l e s .  The 
calcine tha t  i s  entrained with the process gases from t h e  ca lc iner  i s  re -  

moved from the  gas stream by cyclone separators o r  f i l t e r s ,  and i s  then 

returned t o  the main stream of p a r t i c l e s .  The main stream of p a r t i c l e s  

i s  continuously remved from the reac tor  and transported t o  storage b i n s ,  

This bed i s  continuously 

Contact of the waste with the  hot,  granular bed r e s u l t s  i n  evapo- 

The product from fluidized-bed s o l i d i f i c a t i o n  i s  granular,  with a 

mean p a r t i c l e  diameter of about 500 pm, 

c rys t a l s  o r  amorphous s o l i d s .  
shaped, and a r e  moderately s o f t  and f r i a b l e .  

the bulk calcine i s  r e l a t i v e l y  l o w .  

The granules may be composed of 
The granules a r e  generally spher ica l ly  

The thermal conductivity of 

The basic items of equipment required f o r  fluidized-bed ca lc ina t ion  

are:  (1 ) an atomizing nozzle and a reac tor  f o r  atomizing and calcining 
the feed, ( 2 )  a means f o r  heating the  bed of calcine i n  the  reac tor ,  
(3 )  an off-gas cleaning system located immediately downstream of the 
fluidized-bed reactor  t o  remove the bulk of the entrained calcine dust  
from the  ~ f f - g a s e s , ~ ~  and (4) a s torage container f o r  the calcined s o l i d s .  

The heat for calcining must be provided i n  such a manner t h a t  the 
m a x i m u m  temperature of the heat- t ransfer  surface i s  l e s s  than the s i n t e r -  
ing point o f  t he  calcine,  and the heat must be d i s t r ibu ted  i n  such a 

manner t h a t  i s  can be absorbed by the  needs of the  reac tor .  

reactors  ( l e s s  than about 12 i n .  i n  diameter),  the  heat has been provided 

so le ly  through t h e  walls of the reac tor ,  using conventional e l e c t r i c  heat- 

ing systems. 74-76 For la rger  reactors  (and f o r  some smaller r eac to r s ) ,  

addi t iona l  heat has been added through heat- t ransfer  surfaces inside the 
reactor  bed t o  provide be t t e r  heat d i s t r ibu t ion .  
s a t i s f a c t o r i l y  demonstrated as a heat- t ransfer  f l u i d  a t  t he  Waste 

For small 
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Calcination F a c i l i t y  (WCF), located a t  Idaho Fa l l s ,  Idaho, and the com- 

bustion of gases i s  being investigated a s  an a l t e r n a t i v e  heating method. 
For high-level wastes having high r a t e s  of self-heat generation, t h e  
fluidized-bed system requires  a means f o r  cooling t h e  contents of t he  bed 
o r  f o r  dumping the bed during shutdown periods.  
eliminate the po ten t i a l  f o r  self-overheating o f  the bed when the flow of 

feed t o  the  bed i s  terminated. 

77 

Such provisions will 

Containers f o r  fluidized-bed calcine may be individual  pots,  a s  d i s -  

cussed previously, o r  they may be l a rge  s l ab  o r  annular containers,  as 
demnstrated a t  the  WCF,7g 
by a i r  o r  water c i rcu la t ing  around the outs ides  of t h e  concentric annul i  

between the  concentric storage b ins .  Thus far,  containers f o r  s tor ing  
fluidized-bed calcine have been made of s t a i n l e s s  s t e e l ;  however, mild 
s t e e l  could possibly be used if a i r  cooling were provided. 

The l a t t e r  geometry provides fo r  heat r e m v a l  

The fluidized-bed process has been amply demonstrated i n  the  WCF 

with aluminum n i t r a t e  and aluminum n i t r a t e  - zirconium f luor ide  wastes 

having moderately high rad ioac t iv i ty  l eve l s .  77y79yg0 The r e l a t i v e l y  

l imited development with Purex wastes ind ica tes  that the  calcinat ion of 

such wastes by fluidized-bed ca lc ina t ion  i s  expected t o  be successful.  
Purex wastes a re  l e s s  amenable t o  processing than aluminum wastes because 

of  t h e i r  greater  s o l u b i l i t y  i n  the  feed solut ion,  t h e i r  r e l a t i v e l y  high 
decomposition temperature, and the  low melting point o f  t he  sodium n i t r a t e  

i n  the  wastes. Although these cha rac t e r i s t i c s  cause increased agglomera- 
t i o n  o f  p a r t i c l e s  and increased formation of lumps around the  nozzle, the  
formation o f  agglomerates can be control led by impingement a i r - j e t  grinding, 

var ia t ions  i n  f lu id iz ing  gas r a t e s ,  and simple modifications t o  commercial 
atomizing nozzles . 

75,81 

75,81 

The v o l a t i l i t y  o f  ruthenium from aluminum n i t r a t e  wastes va r i e s  f rom 

l e s s  than 1% a t  550°C t o  greater  than 90% a t  3S0°C,75 and averages 40% i n  
the  WCF during operation a t  40OoC. go The addi t ion of chemical reductants 

g rea t ly  reduces the  v o l a t i l i t y  o f  ruthenium. For example, the  v o l a t i l i t y  
from Purex wastes a t  500°C was about TO%, but w a s  reduced t o  about 1% when 

sugar ( a  chemical reductant)  was added t o  the feed.  75 



Sulfate is  retained (greater  than 99%) i n  the  fluidized-bed calcina-  

Fluoride i s  a l s o  re ta ined (99%) with the ca lc ine .  t i o n  of Purex waste .75 
Corrosion i s  control led i n  the fluidized-bed calcinat ion of zirconium 
f luor ide  - aluminum n i t r a t e  wastes by adding calcium i n  stoichiometric 
equivalence to the amount of f luo r ide  present .  59 

Character is t ics  of Sol idif ied Waste. - The three conditions t h a t  w i l l  
determine the  desirable  cha rac t e r i s t i c s  of so l id i f i ed  waste are:  (1 ) in-  

terim storage,  ( 2 )  t ransportat ion t o  long-term storage,  and (3)  long-term 

storage.  

i s  not permitted t o  en ter  t h e  human environment. 
i s t i c s  of s o l i d i f i e d  waste with primary importance are:  

conductivity, ( 2 )  low l eachab i l i t y  by water ( o r  possibly a i r ) ,  ( 3 )  good 
chemical s t a b i l i t y  and radiat ion res i s tance ,  (4)  mechanical ruggedness, 
(5) noncorrosiveness t o  container,  ( 6 )  minimum volume, and ( 7 )  minimum 

c o s t .  

The basic  c r i t e r i o n  i s  t h a t  r ad ioac t iv i ty  beyond safe  limits 
The desired character-  

( 1  ) high thermal 

The net  e f f ec t  of high thermal conductivity i s  t o  increase the allow- 

able  heat-generation r a t e  i n  a po t .  This cha rac t e r i s t i c  a l s o  reduces the  

amount of time that l i qu id  waste must be s tored  before s o l i d i f i c a t i o n  and 

permits possible  reductions i n  the volumes f o r  s o l i d i f i e d  wastes. These 
e f f ec t s  a r e  summarized i n  F i g .  4 .4  f o r  values tha t  a r e  typ ica l  for wastes 
from thermal reac tors .  
the  mixed core and blanket f u e l s  o f  fu ture  f a s t  reac tors  w i l l  not be s i g -  

n i f i can t ly  d i f fe ren t  from those i n  Fig.  4.4 a f t e r  t h e  f i r s t  half-year o f  
decay. 

The heat-generation r a t e s  of wastes from processing 

Low l eachab i l i t y  o f  the so l id i f i ed  products i s  desired i n  order  t o  
minimize the  amount o f  contamination r e su l t i ng  i n  any water t h a t  might 

contact a breached container o f  s o l i d i f i e d  waste. 

other  cha rac t e r i s t i c s  of wastes s o l i d i f i e d  by t h e  processes developed i n  

the United S ta t e s  a r e  shown i n  Table 4 .6 .  
f i e d  waste mater ia ls  produced t o  da te ,  l e s s  than one-millionth of the  
radionuclides a r e  leached per un i t  spec i f i c  surface per day. 

The l eachab i l i t y  and 

In  the  case o f  the  bes t  s o l i d i -  

On the f i r s t  contact of mel t -sol idif ied waste with water, the leach- 
a b i l i t y  i s  r e l a t i v e l y  high; then, over a period o f  10 t o  50 da s, it 
decreases by about a f ac to r  of 10 t o  a r e l a t i v e l y  steady r a t e .  g2 - 84 
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I I I I I I I I I I I 1 I 
Bases: Solidified Waste Volume= 1 ft3/ton. 

Thermal Conductivity Units to: 
Solidified Waste are Btu hr- ft-' OF-' 

- 

- 

Maximum Power 

Pot 
-in 6-in.- diam 

Maximum Power in - 
- 

45,000 Mwd/ton at 30 Mwlton - 
00 Mwdlton at 15 Mw/ton - 

I I 
*-  

I I I I I I I I I I I 

ORNL DWG 68-584OR1 

Fig. 4.4. Effect of Thermal Conductivity upon Maximum Thermal Power 
Which May B e  Stored i n  Containers of So l id i f i ed  Wastes. 



Table 4.6.  Charac te r i s t ics  of  S o l i d i f i e d  High-Level Waste 

-- 
Pot Spray Phosphate Fluidized-  

Calcine Melt Glass Bed Calcine 

Fo rm 

Descript ion 

Chemical composition, 
m l e  % 

Fiss ion  product oxides 
I n e r t  metal oxides 
Sulfur oxides  ( i f  i n  waste) 
Phosphorous oxides 

Bulk dens i ty ,  g/rd 

Thermal conduct ivi ty ,  
Btu/hr-' f t - I  

Maximum hea t ,  w h i t e r  
s o l i d d  

Leachabi l i ty  i n  cold water, 
g/cm-" day-' 

Hardness 

F r i a b i l i t y  

Residual n i t r a t e ,  w t  $ 
of product 

Volume, l i t e r d l  000 Mwd ( thermal)  

M a x i m u m  s t a b l e  temperature, "C 

Container mater ia l  

Calcine cake Monolithic 

Scale  Microcrys t a l l i n e a  

15 to  - 80 5 t o  30 
10 t o  50 
0 t o  40 

1 .I t o  1.5 2.7 to  3.3 

0.15 to  0.25 0.h t o  1 .0 

bo t o  50 

25 to 40 
0 to  40 

- 0  

a5 2 05 

1 .0  t o  10-1 10-3 to 10-6 

Sof t  

Crumbly 

5 0.05 

Hard 

Tough 

s 0.005 

1 to 2.5 1 . 2  to 3 

* 900 Phase separa t ion  
a t  - 900 

S t a i n l e s s  s t e e l  Mild s t e e l  o r  
s t a i n l e s s  s t e e l  

Monolithic 

Glass 

5 t o  25 
10 to  30 
0 
~ 60 

2.7 to 3.0 

0.4 t o  1 .o 

190 

IO-* to 10-7 

Very hard 

B r i t t l e  

5 0.005 

1 .5 t o  5 
D e v i t r i f i e s  
a t  - 500 

Mild s t e e l  or 
s t a i n l e s s  s t e e l  

Granular 

Amorphousb 

5 to 5oc 
o to 40 
10  t o  > 90 

- 0  

1 .0 t o  1.7 

0.10 to 0.25 

7'7 

1.0 to 10-1 

Moderate 

Mode rat e 

$ h.0 

1.5 to 5 

~ 600 

Mild s t e e l  o r  
s t a i n l e s s  s t e e l  

aGlassy products  can a l s o  be made with some d i f f i c u l t y .  

bMicrocrystal l ine products can a l so  be made. 

CComposition ranges f o r  f l u i d i z e d  bed a r e  a l s o  f o r  Purex waste and a r e  es t imated.  

dApproximte va lues  f o r  s torage i n  a i r  i n  8 in.-diam c y l i n d r i c a l  p o t s  t o  l ra intain pot  cen ter -  
l i n e  temperatures a t  l e s s  than 900°C and pot wall temperatures a t  l e s s  than  b25'C. 
k va lues  were used.  

Average 
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The chemical s t a b i l i t y  and rad ia t ion  resis tance of so l id i f i ed  waste 
a re  important f o r  t w o  reasons. F i r s t ,  they ensure that gases, which may 
s ign i f i can t ly  a f f e c t  t h e  i n t e g r i t y  o f  the product ( o r  container,  i f  pres- 

e n t ) ,  a r e  not generated during storage.  

basic s t ruc ture  and propert ies  of  the  so l id i f i ed  waste a r e  known. Expe- 

rience to date  indicates  t h a t  t h e  formation of gas from so l id i f i ed  waste 

i n  enclosed containers i s  generally not s ign i f i can t  i f  the storage tem- 

However , perature does no t  approach processing temperature. 
a few exceptions have been indicated f o r  calcine prepared from feeds with 
a high sodium n i t r a t e  content (nitrogen oxide v o l a t i l i t y )  

phosphate-sulfate melts ( su l fu r  oxide v o l a t i l i t y ) .  
const i tuents  have been found t o  v o l a t i l i z e  a t  temperatures above process- 
ing temperatures. For example, a t  8 O O 0 C ,  s i gn i f i can t  v o l a t i l i z a t i o n  of 

cesium and ruthenium occurs from alumina so l id s  prepared by the f lu id ized-  

bed process;78 a t  1200°C or higher, boron i s  vo la t i l i zed  from boros i l ica te  
glasses ,  and some phosphate i s  vo la t i l i zed  from phosphate melts.  

Second, they ensure tha t  the 

78,82385-87 

86 and f o r  some 

Some "no nvo l a  t i l e  88 

82 

The basic s t ruc tu re  and chemical propert ies  of so l id i f i ed  waste w i l l  
change with time because about 15% o f  the f i s s i o n  products present a f t e r  

6 months out of the reactor  w i l l  eventually decay t o  other chemical e le -  
ments. 
i n  the t o t a l  waste; f o r  melts, it represents up t o  5% of the oxides present .  
A c lea r  def in i t ion  of these changes with regard to propert ies  and t h e i r  
e f f ec t s  i s  n o t  wel l  known. Some glasses  w i l l  d e v i t r i f y  t o  microcrystall ine 

s t ruc tures  i f  held a t  400 t o  800"c f o r  days or weeks, 
calcined alumina granules change from amorphous to c rys t a l l i ne  form; 
some v o l a t i l e  const i tuents  migrate from thermally hot locat ions and con- 

dense a t  cooler locat ions,78 and phosphates and o ther  glasses  sometimes 

For ca lc ines ,  t h i s  15% represents up t o  10% o f  the  oxides present 

, 82,83,85,89,90 
78 

exude l i qu ids .  S5,89  

Mechanical ruggedness of the  s o l i d i f i e d  waste package is  desirable ,  

pr imari ly  during t ranspor ta t ion .  In  the event t h a t  the container i s  
breached, the ruggedness o f  the so l id i f i ed  waste i s  important i n  terms o f  

i t s  tendency t o  be dispersed. A waste t h a t  has low leachabi l i ty ,  but i s  

very b r i t t l e  or e a s i l y  scat tered,  may contaminate the  environs t o  the same 

degree t h a t  a physical ly  rugged waste with a higher l eachab i l i t y  would. 
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The corrosiveness o f  t he  s o l i d i f i e d  waste t o  the  container de te r -  

mines, i n  p a r t ,  the l i f e  o f  the  container.  Corrosion of containers  by 
so l id i f i ed  wastes has indicated no problem areas  i n  l imited measurements 

t o  date; 64-66 however, very long-term ef fec ts  have not  been evaluated. 
useful  l i f e  of t h e  containers i s  expected t o  be much longer than the  1s 

t o  40 years f o r  containers f o r  l i qu id  wastes. 

The 

91,92 

The minimum volume of t h e  so l id i f i ed  waste i s  important, pr imari ly ,  
f o r  economic reasons. 

s ize  and cos% o f  containers,  container s torage areas, shipping equipment, 

and land t o  be used for storage a reas .  

qual i ty ,  i s  an obvious merit .  

In  general, reducing the  volume w i l l  reduce the  

Minimizing cos t ,  without a f fec t ing  

Near Future Technology, - The technology of s o l i d i f i c a t i o n  has prog- 
ressed t o  the point t h a t  three of t h e  major processes i n  the United S ta t e s  
a re  being demonstrated with fu l l - ac t iv i ty - l eve l  wastes i n  engineering-scale 

equipment, and the four th  major process has been demonstrated with lower- 

ac t iv i ty - l eve l  wastes i n  large-scale equipment for six years .  

basic technology has been obtained; nonradioactive development work i s  
nearly completed; and f u l l y  radioact ive t e s t s  a r e  i n  progress.  

of the  radioact ive demnst ra t ion  program a t  the  WSEP has been summarized 
recently,93 and experimental r e s u l t s  from t h a t  program a re  presented i n  
Table 4 .7 .  

Most of t h e  

The s t a t u s  

The modest amount of nonradioactive development work on s o l i d i f i c a t i o n  
processes now i n  progress i n  the  United S ta tes  i s  expected t o  be completed 
within the next two years,  unless new appl icat ions a r i s e .  
of laboratory-scale flowsheet work f o r  spec ia l  problems may continue beyond 
tha t  time. 

phosphate g lass  so l id i f i ca t ion  a t  BNL, and spray so l id i f i ca t ion  a t  BNW. 
On completion of these s tudies ,  basic  process and equipment technology w i l l  

have been developed f o r  general  use. 

A smll  amount 

Current work includes t h a t  on fluidized-bed calcinat ion a t  ICPP, 

Also, during 1970, demnst ra t ion  o f  th ree  processes (pot ,  spray, and 
phosphate g lass  s o l i d i f i c a t i o n )  with Purex wastes w i l l  be completed i n  the  

WSEP. The processes w i l l  have been demnst ra ted  using f u l l y  radioact ive 
wastes with thermal power and fission-product contents equivalent t o  the 
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m a x i m u m  expected from advanced l ight-water reac tors  and fast-breeder 
reactors .  The operation of the fluidized-bed calcinat ion f a c i l i t y  a t  

ICPP w i l l  continue t o  convert aluminum n i t r a t e  and zirconium f luoride 

wastes t o  granular calcine having a thermal power up t o  about 1 w / l i t e r .  

Table 4.7. Overall Status  o f  Radioactive Demnstrations 
a t  the WSEP as of February 1970 

~~ 

Sol id i f ica t ion  Method 

Pot Spray Glass Total  
Phosphate 

R u n s  completed 

Megacuries so l id i f i ed  

Equivalent metric ton 
processed 

Mwd ( e l e c t r i c a l )  repre- 
sented by wastea 

Metric ton/day r a t e  
Maximum kw i n  one pot 

Maximum w/ l i te r  i n  
8-in.- d i a m  p o t  

Maximum center- l ine 
temperature i n  pot,  "C 

Li te rs  o f  solid/metric t o n  
R u n s  t o  complete 

6 

4.0 

11.3 

75,000 
0.6-1 .O 

5.1 

85 

940 
40-50 

6 

10 

17.5 

14.6 

98,000 

0 -5-0 a9 
12.7 

205 

930 
30-65 
3 

1 1  

19.3 

12.8 

1 06,000 

0.3-0.7 

1 1  .8 

1 9sb 

840 
50-1 00 

0 

Assuming 33% thermal e f f ic iency  for 20,000 Mwd/metric ton and 
45,000 Mwd/metric ton.  

a 

a 6-in.-diam pot,  315 w/ l i t e r  has been a t t a ined .  

Total  ki lowatts  encapsulated t o  da t e .  C 

In  about two years,  the fluidized-bed so l id i f i ca t ion  system a t  the  

Midwest Fuel Recovery Plant w i l l  be converting Purex wastes, d i lu ted  with 

aluminum n i t r a t e ,  t o  so l id i f i ed ,  granular calcine having power dens i t i e s  

up t o  about 200 w per l i t e r  o f  s o l i d .  
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During the  next two t o  four years,  the technology obtained from t h i s  
t e s t ing  program w i l l  be a s  complete a s  reasonably possible .  
i s t i c s  o f  t h e  so l ids  generated i n  the  WSEP program w i l l  have been measured 
and evaluated f o r  t h e  f irst  few years following s ~ l i d i f i c a t i o n . ~ ~  
i s  the time period during which the so l id  i s  a t  i t s  highest  temperature and 

about one-half of the t o t a l  rad ia t ion  dose i s  obtained. Measurements w i l l  
be made on core-dr i l led specimens from ac tua l  s o l i d i f i e d  wastes.  

t e r i s t i c s  of  so l id s  generated i n  the  I C E '  and s tored a t  higher temperatures 

(about 700°C) w i l l  a l so  have been invest igated.  
on economics o f  waste so l id i f i ca t ion  and i t s  management w i l l  be updated and 

wel l  defined. 

The character-  

This 

Charac- 

73 Current data  34,92,95 

A t  l e a s t  a small amount of developmental e f f o r t  on any process i n  the  

nuclear f u e l  reprocessing industry,  including waste so l id i f i ca t ion ,  w i l l  

be required f o r  any spec i f ic  appl icat ion that has no t  been previously demon- 
s t r a t ed .  The developmental requirements may be l imited t o  laboratory t e s t s ;  
however, because o f  t h e  high degree o f  r e l i a b i l i t y  needed i n  t h e  nuclear 
fue l  reprocessing industry,  a short  demnst ra t ion  program i n  p i l o t  p lan ts  

i s  frequent ly  warranted. 

4.3.3 Interim Storage of Sol id i f ied  Wastes 

Conceptual designs and cost  estimates have been m d e  f o r  t h e  storage 
o f  solidified, encapsulated power-reactor-fuel wastes f o r  periods up t o  
30 years i n  water-f i l led canals, i n  air-cooled annular bins ,  and i n  a i r -  

cooled concrete vau l t s .  While t h e  bins  and vau l t s  were not characterized 
spec i f i ca l ly  as f a c i l i t i e s  f o r  e i the r  "interim storage" or llpermanent 
disposa1,If %he systems, a s  conceived, should probably be considered s u i t -  

able  f o r  storage over decades ra ther  than centur ies .  

The inter im storage o f  so l id  wastes can be accomplished sa fe ly  i n  much 

l e s s  complex and l e s s  expensive systems than those required for the  storage 
o f  the  corresponding l iqu id  wastes, although equivalent awun t s  o f  decay 

heat must be diss ipated i n  a l l  f a c i l i t i e s  having comparable inventories o f  
radionuclides.  

r e l i a b l e  and independent backup method f o r  removing t h i s  heat i n  t h e  event 

of  a f a i l u r e  o f  t h e  primary system, 

An es sen t i a l  safeguard t o  be supplied i s  a thoroughly 
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Water-Filled Canals. - Canals were chosen f o r  the  interim storage 
o f  so l id s  i n  ORNL waste-management evaluations because of  t h e i r  b e t t e r  
heat- t ransfer  environment and because canals present simpler mechanical 

problems i n  handling and t r ans fe r  o f  the packaged wastes.96 The storage 
f a c i l i t y  (Fig.  4.5) cons is t s  of a cen t r a l - f ac i l i t y  canal,  storage canals,  
and a service area containing water-cooling and pur i f ica t ion  equipment. 

The cen t r a l  f a c i l i t y  was designed f o r  receiving cylinders o f  waste from 
the so l id i f i ca t ion  p lan t ,  and f o r  routing them t o  the  proper canal f o r  

storage.  
mounted on t racks overhead. The containers of so l id i f i ed  waste were stored 
upright i n  a s e r i e s  o f  24-ft-wide canals adjoining the  cen t r a l  f a c i l i t y .  

The depth o f  the  canals,  a s  determined by the  thickness of water needed f o r  
shielding and by the depth required t o  maintain the cyl inders  i n  an upright 

posit ion,  var ied from 23 t o  28 f t .  

inders during storage,  aluminum p a r t i t i o n s  were provided, spaced 8 f t  apar t ,  

along the  lengths o f  t he  canals .  

f o r  purposes o f  monitoring. 
t i o n  and cooling, and a s t ruc ture  was provided t o  house the  a rea .  
500 f t  of 24-ft-wide canals would be required t o  s tore  the so l id i f i ed  ac id  

wastes that would accumulate over a IO-year period from an in s t a l l ed  23,500- 

Mw nuclear economy. In  the year 2000, it i s  projected t h a t  7230 f t  of 
24-ft-wide canals w i l l  be required f o r  IO-years interim storage o f  a l l  so-  

l i d i f i e d  high-level f u e l  reprocessing wastes (see Table 3.61).  

It w a s  equipped with bridge cranes o f  100- and 5-ton capac i t ies  

A s  an a i d  i n  locat ing defect ive cyl-  

These p a r t i t i o n s  would channel the water 

The cana l  water was recycled f o r  demineraliza- 

About 

Air-Cooled Annular Bins. - A conceptual design f o r  t he  storage of 
granular so l ids  obtained from the  fluidized-bed so l id i f i ca t ion  o f  power- 
reac tor  fuel-reprocessing wastes was patterned a f t e r  t h e  o r ig ina l  sol ids-  
storage f a c i l i t i e s  a t  t h e  ICPP .97 The so l ids  a r e  pneumatically transported 
t o  nested annular, vented, air-cooled, s t a i n l e s s  s t e e l  bins contained i n  
underground concrete vau l t s .  
the  volumetric heat-generation r a t e  and the thermal propert ies  o f  t he  so l ids ;  

heat i s  remved by a i r  t h a t  i s  c i rcu la ted  by forced convection through 2- in . -  
wide passages separating t h e  annular sect ions.  

The thickness of the bins  is  dependent upon 

Air-Cooled Concrete Vaults. - Five 15O-ft-long, 28-ft-wide, and 18-f t -  
high concrete vaul t s ,  vent i la ted  through a s ing le  stack, were proposed by 
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STON BRIDGE CRANE 
5-TON BRIDGE CRANE CYLINDERS IN STORAGE CRANE 

BULKHEAD IN PLACE 
DRAINAGE OF 

DEM IN ERALIZA TI ON 
SYSTEM COOLING SYSTEM 

Fig. 4.5. Concept of Interim Solids Storage Facility. 
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t h e  Br i t i sh  for stor ing waste tha t  had been converted into cyl inders  o f  
g lass  by the  Fingal process.98 
s t ructed above grade and equipped with a mild-steel  l i n e r ,  which i s  

surrounded by thermal insu la t ion  t o  maintain the concrete a t  ambient 

temperature. 
ea r ly  years o f  storage,  with the  expectation tha t  natural-draf t  vent i la -  

t ion  would su f f i ce  the rea f t e r .  

concept would contain the so l id i f i ed  wastes t h a t  would accumulate from 

reprocessing 1500 metric tons o f  Magnox f u e l  annually over about a 28-year 

period. 
f o r  200 years.  

In t h i s  concept, the vau l t s  a r e  con- 

A i r  i s  c i rcu la ted  by fans t o  remove decay heat during the 

A f a c i l i t y  o f  the s i z e  considered i n  t h i s  

To maintain safe  storage conditions,  vent i la t ion  would be required 

4.3.4 Disposal o f  Sol id i f ied  Wastes i n  Bedded S a l t  Formations 

Background. - In  September 1955, a t  the  request of the  AJX, a com- 
mittee o f  geologis ts  and geophysicists was established by the  National 
Academy of Sciences - National Research Council (NAS - NRC) t o  consider 

the disposal o f  high-level radioact ive wastes i n  geologic s t ruc tures  within 

the  cont inental  United S ta t e s .  This committee proposed storage i n  na tu ra l  

s a l t  formations a s  the  most promising method for t h e  near fu tu re .  99 

r e s u l t  o f  t h e  recommendations o f  t h i s  committee, a study o f  t he  problems 
o f  disposing of high-level radioact ive waste i n  s a l t  was begun. 

Some o f  the  advantages of na tura l  s a l t  formations a s  repos i tor ies  f o r  

AS a 

radioactive wastes a re  : 

1 .  

2 .  

3. 

4. 

5 .  

Salt  i s  e s sen t i a l ly  impermeable due t o  i t s  p l a s t i c  proper t ies .  

S a l t  i s  widely d is t r ibu ted  and abundant, underlying about 

500,000 square miles i n  t h e  United S ta tes  (see Fig.  4.6) and 
with known reserves greater  than 6 x 1013 tons.  100,101 

The cos t  o f  developing space i s  r e l a t i v e l y  low as compared 

with o ther  rock types.  

The heat- t ransfer  propert ies  of s a l t  a r e  good a s  compared 

with other  rock types (k = 2.5 Btu hr’l ft’l O F ”  a t  200°F). 102 

Salt formations i n  t h e  United S ta tes  a r e  located i n  a reas  o f  
low seismici ty .  
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6.  The compressive s t rength of s a l t  i s  s imi la r  t o  t ha t  of 
concrete, o r  about 3000 p s i .  

Early invest igat ions i n  the  laboratory and i n  the f i e l d  were aimed 
a t  the disposal  o f  l iqu id  wastes.  '03- '07 This approach was prompted by 
the f a c t  t h a t ,  while processes f o r  converting aqueous fuel-reprocessing 
wastes t o  so l id s  had been proposed, they were, a t  t h a t  time, i n  a very 
ear ly  stage of development. 

In December 1961, the  NAS-NRC committee met a t  A E C I s  Savannah River 
Plant t o  discuss progress made s ince the  1955 meeting and to  make recom- 

mendations regarding fu ture  work. The conclusions and recommendations of 
108 the  committee a t  t h i s  meeting were: 

!%hat experience both i n  the  f i e l d  and i n  the laboratory on 
disposal  o f  wastes i n  s a l t  have been very productive, well- 
conceived; and t h a t  plans for the  fu tu re  a r e  very promising. 
The Committee noted t h a t  t he  in te rpre ta t ions  r e l a t ing  t o  
disposal  i n  s a l t  a r e  by the  very nature o f  s a l t  deposits 
capable o f  being extrapolated t o  a considerable degree from 
one deposit  t o  an0 ther  . . . ; l 1  [and] 

" tha t  the e f fec t  of s tor ing dry packaged radioactive wastes 
i n  a s a l t  deposit  be tes ted ,  and urges the Atomic Fhergy 
Commission t o  consider using, a t  an ea r ly  date ,  Federally 
controlled land i n  the Hutchinson a rea .  !I 

Following t h i s  meeting, the AEC requested t h a t  ORNL consider the 

p o s s i b i l i t y  of  t e s t ing  or demonstrating the  disposal  of  high-level radio- 
ac t ive  so l id s  i n  a s a l t  mine, using whatever sources might be ava i lab le .  
Consequently, several  rad ia t ion  sources were examined, with the f i n a l  

choice being f u e l  assemblies from the  Engineering Test Reactor (ETR)  a t  
the National Reactor Testing Stat ion (NRTS). 

In 1962, a preliminary study indicated t h a t  it w a s  f ea s ib l e  t o  use 

i r r ad ia t ed  f u e l  elements t o  e s t ab l i sh  the p r a c t i c a l i t y  of using s a l t  f o r  

waste d isposa l .  
p r a c t i c a b i l i t y  of the disposal- in-sal t  concept before s ign i f i can t  quanti-  

t i e s  o f  s o l i d i f i e d  waste would be produced. 

I n  t h i s  way, it would be possible  t o  demonstrate the 

Early i n  1963, discussions between ORNL and the AEC l ed  t o  a decision 
t o  extend considerably the  scope o f  the demonstration a s  conceived i n  the 
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preliminary study. 

a vas t  amount of addi t iona l  information on the  deformational proper t ies  
o f  s a l t  a t  elevated temperatures, which would be valuable i n  the design 
o f  an ac tua l  disposal  f a c i l i t y ,  and t o  demonstrate t he  use o f  prototype 
waste-handling equipment. 

This extension i n  scope made it possible t o  obtain 

Major Conclusions from Studies of t h e  Disposal i n  Natural Salt 

Formations. - 
posal of  high-level radioactive waste so l ids  i n  a bedded s a l t  mine a t  
Lyons, Kansas, using Engineering Test Reactor f u e l  assemblies i n  l i e u  

o f  ac tua l  s o l i d i f i e d  wastes) successful ly  demonstrated waste-handling 

equipment and techniques s imilar  t o  those required i n  an ac tua l  disposal  
~ p e r a t i o n . " ~  A t o t a l  o f  about 4 mill ion C i  o f  f i s s i o n  products i n  21 

containers,  each containing an average o f  about 200,000 C i ,  was t rans-  
fe r red  t o  the d isposa l  f a c i l i t y  i n  the mine and then returned t o  the  NRTS 
a t  the  end o f  t he  t e s t .  
under these conditions, the  maximum personnel exposure was only about 200 

mads  t o  t he  hands and head. 

would 
tainment. 
double containment, ) 

The operation o f  Project  S a l t  Vault (an experimental d i s -  

No hot c e l l s  were used a t  t h e  mine; and, even 

In  an ac tua l  disposal f a c i l i t y ,  hot c e l l s  
be required s ince the  waste containers w i l l  o f f e r  only s ingle  con- 

(The f u e l  cladding and t h e  sealed canis te r  w a s  considered as 

During the  19-month operation o f  the radioactive phase of the  demon- 
s t r a t ion ,  the  average dose t o  the salt over t he  depth of the  f u e l  assembly 
container holes was about 8 x IO' rads,  and the peak dose w a s  about 10' 

rads.  The dose decreased very rap id ly  with dis tance out  i n to  the  s a l t ;  

f o r  example, the dose a t  6 i n .  i n to  the sal t  was only about 10' rads .  A s  
ant ic ipated from the  laboratory s tudies ,  no s ign i f i can t  radiat ion e f f e c t s  

were detected.  

Theoretical  s tudies  ind ica te  t h a t  some f r e e  chlor ine should be 

r ad io ly t i ca l ly  produced within the sal t  s t ruc ture ;  however, as predicted 
from laboratory s tudies ,  no detectable  quant i t ies  o f  chlorine were re-  
leased.  

duced organic peroxide were detected when the salt  temperature exceeded 
17S°C, but t h i s  i s  expected t o  be o f  no consequence i n  an ac tua l  disposal  
operation. 

Small quant i t ies  o f  what i s  believed t o  be a r ad io ly t i ca l ly  pro- 

Although ult imate doses t o  the  s a l t  by wastes of the  fu ture  

I,, I 

*r 

c 

x 

b 
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may exceed IO1’ rads,  the mass of s a l t  involved w i l l  s t i l l  be small and 

no detrimental  e f f e c t s  a re  an t ic ipa ted .  

Both theo re t i ca l  and experimental r e s u l t s  ind ica te  tha t  rock salt  
i s  approximately equivalent t o  concrete a s  an absorber of gamma radia-  

t i o n .  ’ l o  

o f  crushed s a l t  (assuming one-third t o  be composed of voids)  w i l l  give 

adequate biological  shielding t o  a l l o w  unlimited access t o  a s a l t  mine 
room whose f l o o r  i s  f i l l e d  with the most radioactive waste containers of 
the fu tu re .  The containers would be located i n  backfi l led holes i n  the 

f l o o r ,  with the tops o f  the containers a t  the proper depth and with con- 

t a ine r  spacing based on heat d i ss ipa t ion  ca lcu la t ions .  

I f  t h i s  i s  t rue ,  approximately 5 f t  of  so l id  s a l t  o r  7-1/2 f t  

Field t e s t s  have indicated t h a t  the heat- t ransfer  propert ies  of s a l t  
a r e  s u f f i c i e n t l y  c lose t o  the values determined i n  the laboratory tha t  

110 confidence can be placed on theore t ica l  heat- t ransfer  ca lcu la t ions .  
Calculations t o  date have generally been approximate and on the  conserva- 
t i v e  s ide,  but more precise  ca lcu la t ions  a re  being made by using more 
sophis t icated heat- t ransfer  models. 

A t  the  beginning of the study o f  the use o f  s a l t  fo r  waste disposal ,  
very l i t t l e  was known about the e f f e c t s  o f  heat on the behavior o f  s a l t  

i n  mines. 

propert ies  o f  rock s a l t ,  there  was l i t t l e  hope of developing exact theo- 
r e t i c a l  solut ions f o r  t he  e f f e c t s  of s t r e s s ,  temperature, and other  va r i -  
ables  on the  behavior o f  s a l t  i n  mines. 
s a l t  p i l l a r s  was investigated and found t o  be appl icable .  

of model p i l l a r s  a t  ambient temperatures was found t o  co r re l a t e  with 
observed phenomena under ac tua l  mine conditions.  It was thus concluded 
t h a t  t he  behavior a t  elevated temperatures could be extrapolated t o  mine 
conditions.  

It soon became apparent t h a t ,  due t o  the unusual quasi-plast ic  

Consequently, the use of  model 
The behavior 

This conclusion has been borne out by the  f i e l d  t e s t s .  

The most s ign i f i can t  f inding i n  the f i e l d  t e s t s  regarding the e f f e c t s  
o f  heat on s a l t  behavior is  t h a t  the  inser t ion  of heat sources i n  the  floor 

of a mine room produces a thermal s t r e s s  whose e f f e c t s  a re  instantaneously 
transmitted around the opening ( t o  the p i l l a r s  and r o o f ) ,  lo’ 

produce increased p l a s t i c  flow r a t e s  i n  the  s a l t ,  and could possibly cause 
These s t r e s ses  



4-60 c* 

mine s t a b i l i t y  problems i f  the  roof of the room i s  very near a shale  
layer  ( a  plane of weakness). 
l ayer  exis ted a t  about 2 f t  above the  ce i l i ng ;  however, it w a s  found 

t h a t  conventional roof-bolting techniques were adequate t o  handle the 
problem. 
would be f i l l e d  with waste and then backf i l led  with crushed s a l t  rapidly 

enough t h a t  roof bo l t s  would probably not be required.  

In  the  demonstration a rea ,  such a shale  

In an ac tua l  disposal  operation, it i s  an t ic ipa ted  t h a t  rooms 

The combined f i e l d  and laboratory t e s t s  have provided s u f f i c i e n t  

information on the deformation cha rac t e r i s t i c s  o f  the s a l t  t o  allow the  

development of both general  and spec i f i c  empirical c r i t e r i a  for design 
of a disposal  f a c i l i t y  i n  almost any bedded s a l t  deposi t .  

In the course o f  these t e s t s ,  it was discovered t h a t  small brine-  

f i l l e d  cav i t i e s  ( i n  general, roughly cubic i n  shape, with s i zes  ranging 
109 f rom a few mill imeters t o  microscopic) migrate toward a heat source. 

A t yp ica l  bedded salt  deposit  might contain about 1/2% water by volume. 

Calculations based on theo re t i ca l  models and laboratory t e s t s  o f  the 
migration r a t e s ,  a s  a function o f  temperature, were i n  reasonable agree- 

ment . ’I2 
inflow of 2 t o  10 l i t e r s  of brine per  waste container hole, which would 
take place over a period of 20 t o  30 years a f t e r  b u r i a l .  
r a t e  of 200 m l  t o  1 l i t e r  per year per hole would occur about 1 year a f t e r  
b u r i a l .  
zero a f t e r  20 t o  30 years ,  Inflow r a t e s  similar t o  these were observed 
i n  the demonstration. 

Based on theo re t i ca l  ca lcu la t ions ,  one might expect a t o t a l  

The peak inflow 

This br ine inflow r a t e  would be expected t o  taper  o f f  and approach 

The f i e l d  t e s t s  indicated t h a t ,  once the  migrating brine reaches the 
crushed s a l t  backf i l l ing  the hole, t he  moisture moves upward and condenses 

i n  the  colder regions above the waste containers .  Since the upper regions 
o f  the waste containers may not be f u l l  of waste, the upper ends of the 

containers may be located i n  the condensation zone under some conditions.  
If t h i s  i s  the case, stress-corrosion-cracking o f  these port ions o f  con- 
t a ine r s  made of s t a i n l e s s  s t e e l  may be an t ic ipa ted .  However, container 

f a i l u r e  would not be ant ic ipated during the r e l a t i v e l y  s h o r t  period of 

operation i n  an individual room ( typ ica l ly ,  about 1 month), 
t a ine r s  a r e  made of mild s t e e l ,  then only generalized rus t ing  may be 

If the con- 

Ir’ 

U 

L”, 



expected, and container i n t e g r i t y  should be maintained f o r  an inde f in i t e  
period o f  years .  
any problem since there  should be no gas pressure i n  the containers .  
the event t h a t  a cylinder becomes pressurized and then ruptures,  t h e  7 
t o  8 f t  of crushed s a l t  above the containers  would be expected to a c t  as 
a f i l t e r  and absorber for any n a t e r i a l  released. 

manage to escape the  hole i n  s p i t e  of t he  crushed s a l t ,  the  an t ic ipa ted  

operating procedure w i l l  prevent ven t i l a t ing  a i r  f rom coming i n  contact 
with personnel a f t e r  it passes a waste storage room. 

be made t o  route the  ven t i l a t ing  a i r  through an air-cleaning system and 
up a stack i n  the  event of an a c t i v i t y  re lease .  

Even if some containers do f a i l ,  t h i s  should not produce 
In  

If  some mater ia l  should 

Provision w i l l  a l s o  

Generalized Concept of a Disposal-in-Salt F a c i l i t y .  - A generalized 
concept1l3 o f  a mine f a c i l i t y  to dispose of containers  o f  so l id i f i ed  high- 
l e v e l  radioactive wastes has evolved over a period of more than 10 years 
o f  research a t  ORNL. The f a c i l i t y  i s  discussed here pr imari ly  t o  i n t ro -  

duce the  mode of operation, the  basic  elements, and the  various require- 

ments. 
where an a rea  underlain by bedded s a l t  o f  appropriate thickness and depth 
is  ava i lab le .  One quadrant of t h i s  postulated area i s  shown i n  F ig .  4 . 7 .  
Each quadrant o r  sector  around a c e n t r a l  sha f t  complex would be developed 
and u t i l i z e d  i n  sequence. 

sector  with dual cor r idors  i n  order t o  maintain a dual ven t i l a t ion  system 
throughout the operat ions.  Also,  one row o f  rooms would have to be exca- 
vated before disposal  could commence, 
s a l t  excavation a c t i v i t i e s ,  while t h e  other  i so l a t ed  system provides f r e s h  
a i r  to the waste-disposal operat ions,  Operations would be conducted i n  

such a manner t h a t  the  f r e s h  a i r  never passes t h e  f ron t  of a previously 
f i l l e d  room before reaching areas  of ac t ive  waste-disposal operations.  

Such a disposal  f a c i l i t y  could be located a t  any su i t ab le  place 

I n i t i a l  development requires  out l ining the  

One ven t i l a t ion  system serves the 

The top of t h e  waste sha f t ,  which i s  used so le ly  f o r  lowering waste 
containers i n to  the  mine, i s  contained within a topside hot c e l l .  

shipping casks, containing a number o f  waste containers ,  a r e  unloaded i n  
t h i s  f a c i l i t y ;  t he  containers a r e  inspected, recanned o r  decontaminated 

i f  required, and lowered, successively,  in to  the mine, 
located a t  the bottom of the  waste sha f t ,  serves primarily a s  a radiat ion 

The 

A second hot c e l l ,  
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sh ie ld  and a containment s h e l l .  Each waste container i s  lowered in to  
t h i s  hot c e l l  and into an underground waste t ransporter ,  which might be 
similar to tha t  shown i n  F i g ,  4 .8 .  
lead-shielded t ranspor te r ,  i s  ca r r i ed  t o  the  cur ren t ly  ac t ive  waste- 

disposal  room and deposited i n  a hole d r i l l e d  i n  the f l o o r ;  then the hole 
i s  backfi l led with crushed s a l t  v i a  remote methods. When the en t i r e  f l o o r  

area o f  a s ing le  room has been f i l l e d  with waste containers,  i n  a spacing 

pa t te rn  d ic ta ted  by the  heat-generation r a t e  of the waste, the room i t s e l f  
i s  backfi l led with crushed s a l t  obtained from the  excavation of the next 

row o f  rooms. 
f i l l e d  waste rooms would a l so  be backfi l led,  allowing the deformed s o l i d  
salt  t o  reconsolidate and, i n  time, the  crushed sal t ,  t o  r e c r y s t a l l i z e .  
Recrystal l izat ion o f  the  crushed sal t  a t  the elevated pressure and tempera- 

t u re s  would completely i s o l a t e  the waste mater ia ls  and thus prevent any 
possible contact with the  environment. 

The waste container,  enclosed i n  the 

In t h i s  general  concept, the cor r idors  connecting the 

Concept o f  an I n i t i a l  Repository. - A study was made of the  f e a s i -  

b i l i t y  of es tabl ishing a reposi tory i n  s a l t  t o  serve the  na t ion ' s  needs 
f o r  the next two to three  decades. The a v a i l a b i l i t y  o f  so l id i f i ed  wastes 
from the nuclear power industry and the cumulative space i n  s a l t  required 
f o r  t h e i r  b u r i a l  a f t e r  4 years and 10 years of aging a r e  summarized i n  
Table 4 .8 .  
the study because bu r i a l  p r io r  to 4 years a f t e r  t h e i r  generation would 
e n t a i l  a considerable cost  premium, whereas there  would be r e l a t i v e l y  

l i t t l e  cost  reduction f o r  wastes aged m r e  than about 10 years .  
p rac t ice ,  wastes may become avai lable  a t  some intermediate age or, what 

i s  more probable, i n  a mixture of ages and container s i z e s .  It w a s  con- 
cluded from Table 4.8 t h a t ,  f o r  4-year-old wastes, the quant i ty  ava i lab le  
f o r  b u r i a l  w i l l  be la rge  enough and w i l l  increase so rapidly tha t  a d i s -  
posal f a c i l i t y  should be ready t o  accept wastes near t he  end of calendar 

year 1975. 
f i r s t  f a c i l i t y  should be ready by 1981. Although the wastes could be back 
logged a t  t h e i r  source f o r  several  addi t iona l  years before they a re  buried 

i n  salt ,  it is considered e s sen t i a l  t o  inaugurate a new f a c i l i t y  o f  t h i s  

nature slowly and t o  gain experience with waste-handling equipment and 

These two pa r t i cu la r  aging periods were chosen a s  a bas i s  f o r  

In  ac tua l  

In the case o f  wastes t h a t  have been aged fo r  10 years, t he  
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Table 4 .8 .  Estimated Quan t i t i e s  of So l id i f i ed  Wastes ana cumuianve 
S a l t  Space Requirements f o r  Nuclear Power I n d u s t r p  

Number o f  Waste Containers 
Buried k i n g  Yearb 

Cumulative Acres of S a l t  
Space Used by End of Year 

Calendar Reprocessing Wastes Aged For: Reprocessing Wastes Aged For: 

4 years 10 years  4 years 10 years Year 

1975 

1976 
1978 
1 980 
1981 

198b 
1986 
1988 

1990 

1992 
1 99L 

1996 
1998 

1982 

2000 

2001 

170 

270 
660 

1410 

2000 

2 700 
4600 

6400 
8300 

10,300 

12,200 

14,300 
16,700 

- 

170 

270 
660 

1410 

2700 

4600 

6400 
8300 

10,300 

12,200 

14,300 
16,700 

1 . 2  

3 .2  
1 1  

28 

43 
65 

120 

2 OS 

31 5 
450 
530 

81 5 
1040 

aEased on an i n s t a l l e d  nuclear e l e c t r i c a l  capac i ty  of 11,000 Mw i n  1970, 145,000 Mw i n  1980, 
and 735,000 Mw i n  2000; a delay of 3 years between power generation and f u e l  processing was 
assumed. 

bAssumes 1 f t 3  of s o l i d i f i e d  waste per IO4 Mwd ( t h e r m l ) ,  and t h a t  wastes a r e  enclosed i n  
6-in.-diam by 10-ft-long conta iners .  
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procedures before undertaking high-volume operations.  

assumed t o  be a reasonable operating l i f e ,  based on economics and obso- 

lescence, a gross mine a rea  o f  835 acres  i s  indicated.  

If 20 years i s  

In the  consideration of s i t i n g  requirements f o r  an i n i t i a l  reposi-  
t o r y ,  s a l t  domes were eliminated because o f  inadequate knowledge of t h e i r  
possible behavior (some domes are  believed t o  be undergoing movement), 
and because some a r e  i n  contact with c i rcu la t ing  ground water, which i s  

known t o  have caused flooding in a t  l e a s t  one mine (see Sect .  4 .3 .2) .  
A su i tab le  bedded s a l t  deposit  should be a t  l e a s t  200 f t  th i ck  and l i e  
between 500 and 2000 f t  below the  sur face .  

a considerable thickness o f  shale  o r  some other  impermeable rock should 
over l ie  t h e  sal t ,  and the  excavation i t s e l f  should be located wel l  within 
the s a l t  deposi t .  The m a x i m u m  depth is governed by mine s t a b i l i t y  condi- 

t ions  during the operating period and cost  considerations (cos ts  increase 
a t  greater  depths due t o  sha f t  length and t h e  increased amount of salt 
t h a t  must be l e f t  as support p i l l a r s ) ,  
a t  a depth of  500 f t  (about t h e  minimum des i rab le  depth) could be operated 
a t  a cos t  about 5 to 7% less than a s imi la r  f a c i l i t y  a t  1000 f t .  

1500 f t ,  the  operating costs  would be 15 t o  18% more than a t  1000 f t ;  a t  
2000 f t ,  the cos t  would be 2 5  t o  33% grea ter  than a t  1000 f t .  

a reas  known to meet these c r i t e r i a  a r e  shown i n  Fig.  4.6. 
area (about 10,000 square miles) l i e s  i n  cen t r a l  Kansas; two smaller a reas  
a re  i n  Michigan; and one small area i s  i n  west-central New York. 

To ensure long-term s t a b i l i t y ,  

For example, a disposal  f a c i l i t y  

A t  

The four  

The l a r g e s t  

Other major s i t i n g  requirements are:  ( 1 )  the  s i t e  must o f f e r  means 
fo r  disposing of excess s a l t  as a Ifbackuplf i n  the  event t h a t  the sa l t  can- 

not be rout inely marketed, ( 2 )  it must not be adjacent to l a rge  population 
centers  and re la ted  high land values,  (3)  it must be accessible  by r a i l  and 
highway, and (4) it must be acceptable t o  public o f f i c i a l s  and pr ivate  

c i t i zens  of t he  a rea .  

For purposes o f  cos t  estimation, a mine depth o f  1000 f t  w a s  se lected 
and disposal  c o s t s  were calculated f o r  4- and IO-year old wastes over mine 
operating periods of 1975-1 995 and 1981 -2002, respect ively.  

t i e s  were considered: 

t h i s  purpose, and ( 2 )  t h a t  i n i t i a l  phases of the  operation began i n  an 

Two poss ib i l i -  
( 1 )  t h a t  a new mine was developed espec ia l ly  f o r  

v 
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exis t ing ,  inact ive mine. In a l l  cases,  cos t s  were escalated to 1971 
leve ls ,  and 5% was used a s  the cost  o f  money. 

For a new mine, the i n i t i a l  c a p i t a l  out lay required before start  of 
operations was about $1 7 .5 million; i n  cont ras t ,  the i n i t i a l  out lay f o r  

a f a c i l i t y  s t a r t i n g  i n  an ex is t ing  mine was only about $10.5 mill ion.  
The t o t a l  cos ts  over the e n t i r e  period ranged from $91 - $95 mill ion,  
f o r  use of an ex is t ing  mine, t o  $101 - $106 mill ion f o r  a new mine. The 

corresponding cos ts ,  i n  terms of kilowatt-hours of e l e c t r i c i t y  produced, 
ranged from 0.0055 t o  0.0067 mill/kwhr. 

4.3.5 Disposal o f  Sol id i f ied  Wastes i n  Rock Types Other than 
Bedded Sa l t  

The widespread occurrence of rock salt  throughout the United S ta tes  
has been commonly accepted a s  one of t he  p r inc ipa l  advantages f o r  the  use 

of these rocks a s  storage s i t e s  f o r  radioactive waste mater ia ls .  Indeed, 
s a l t  deposits do underlie portions of 24 of the 50 s t a t e s ;  however, from 

recent laboratory and f i e l d  s tudies  on the  flowage of rock s a l t  a t  e le-  

vated temperatures and high overburden loads,  it i s  apparent t h a t  many 
of these deposi ts  a r e  unsuitable f o r  disposal  s i t e s . ' l 4  A t  present,  
there  a re  perhaps three pr inc ipa l  a reas  i n  the United States  where d is -  
posal i n  salt  would appear t o  be highly des i rab le .  
(1  ) the S i lur ian  s a l t  deposits of t he  Northeast, which underlie pa r t s  of 

New York, Pennsylvania, West Virginia,  Ohio, and Michigan; ( 2 )  the  Permian 
basin s a l t s ,  which underlie p a r t s  of  Kansas, Oklahoma, Texas, and New 
Mexico; and (3) t h e  Gulf Coast Embayment salts, which underlie p a r t s  o f  

Louisiana, Texas, Arkansas, and Mississippi (see Fig.  4.6), 
areas  a r e  bedded deposits,  while the l a t t e r  contains only s a l t  domes. 

These a reas  a re :  

The first two 

Most of the other  deposits throughout the United S ta t e s  a r e  l e s s  
su i tab le  because of t h e i r  g rea t  depths below the  surface,  t h e i r  numerous 
inclusions of o the r  rock types, or a general lack of knowledge concerning 

t h e i r  extents ,  depths, e t c .  In  general ,  mine workings a t  g rea t  depths i n  

s a l t  a r e  i n i t i a l l y  expensive t o  open and, due t o  t he  greater  overburden 

loads, accelerated deformation o f  the sal t  occurs.  The presence of other  
rock types with the s a l t  beds may fu r the r  accelerate  t he  deformation of 
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the  s a l t .  

North Dakota, t h e  minimum depth t o  salt  i s  3600 f t ;  a l so ,  the  bed i s  only 
about 20  f t  t h i ck .  
and 2000 f t  below the  surface.  
but they a r e  only about 30 f t  thick and occur a t  depths of 10,000 t o  

12,000 f t .  

great  depths below the surface and contains numerous inclusions of o the r  

rocks. Perhaps the  pr inc ipa l  concern i n  the disposal  o f  waste i n  bedded 

deposits i s  t h e  s t a b i l i t y  o f  t he  s t ruc ture  a t  elevated temperatures and 

s t r e s ses .  
beds occur interbedded with the  sa l t .  
i n  dome deposits;  thus,  i n  t h i s  respect ,  domes may be favored over bedded 

deposits fo r  waste disposal  s i t e s .  

it appears t h a t  e f f i c i e n t  and safe  operations i n  bedded rock sal t  can be 
designed; however, there  a r e  several  problems, unique t o  sa l t  dome deposi ts ,  
t h a t  require invest igat ion before a s imi la r  operation can be designed f o r  
these s t ruc tu res .  

For instance,  i n  the  Wil l is ton basin,  which covers a p a r t  of 

Thicker deposits occur, but they l i e  between 4300 
Sa l t  beds a re  also present i n  Flor ida,  

Even i n  the  Permian basin,  much o f  t he  s a l t  i s  located a t  

This has been found t o  be espec ia l ly  s ign i f i can t  when shale 
These shale  beds a re  usua l ly  absent 

From recent laboratory and f i e l d  t e s t s ,  

More than 300 s a l t  domes a r e  now known t o  be present i n  t h e  Gulf Coast 

Embayment. There a re  no shale beds overlying these formations, the  sal t  

i s  o f  a higher pu r i ty  than t h a t  found i n  bedded deposi ts ,  and the  domes 

of ten occur r e l a t i v e l y  near the  land surface.  Many l i e  between 500 and 
1000 f t  below the  surface; and, o f  course, t h e  s a l t  extends t o  depths of 

mny thousands o f  f e e t .  
s a l t  deposi ts  a lso e x i s t s  i n  s a l t  domes. Approximately 40% of t he  t o t a l  
space vacated by rock salt  mining each year  r e s u l t s  from workings i n  t h e  

domes of  t h e  G u l f  Coast region. 

A l a rge  pa r t  of t h e  avai lable  mined-out space i n  

The pr inc ipa l  technical  concern i n  the disposal  o f  waste t o  sal t  domes 
i s  i n  ensuring tha t  migrating waters do not reach the  s tored waste,  The 
recent f looding o f  t he  Winnfield, Louisiana, dome mine may serve t o  i l l u s -  

t r a t e  t he  concern. Also, i n  Germany, where domal-type s a l t  s t ruc tures  have 

been mined f o r  mny years,  a t  l e a s t  20 mines have been reported t o  have 

been flooded by groundwaters. 

t he  movement of groundwater i n  the v i c i n i t y  of sa l t  domes; thus,  p r i o r  t o  

u t i l i z a t i o n  of these domes f o r  radioact ive disposal  media, invest igat ions 

A t  present ,  apparently l i t t l e  i s  known about 
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would have t o  be i n i t i a t e d  t o  ascer ta in  t h e  geohydrological f ac to r s  o r  
other  parameters t ha t  were, o r  appeared t o  be, instrumental i n  the flood- 

ing a t  Winnfield and o ther  sa l t  domes. It i s  obvious t h a t  the dis tance 
between mine workings and aqui fe rs  i s  important, but  it i s  not possible  
t o  s t a t e  a t  t h i s  time, f o r  example, what the minimum distance would be 

under specif ied conditions of mine depth, s t r u c t u r a l  and s t ra t igraphic  
conditions o f  t he  intruded nat ive rocks, e t c .  

meters that  bear most d i r e c t l y  on mine flooding a r e  ident i f ied ,  laboratory 

and/or f i e l d  invest igat ions,  i f  necessary, would have t o  be i n i t i a t e d  t o  
demnst ra te  t h a t  sa fe  and e f f i c i en t  disposals  can be made i n  s a l t  domes. 

Once t h e  important para- 

Even though sal t  i s  believed t o  be the  mst  su i tab le  environment f o r  
the ultimate disposal  of high-level waste, and it is  widely d is t r ibu ted  

throughout the country, it does not underlie any of the major AEC labora- 
t o r i e s  and p lan ts  t h a t  a r e  cur ren t ly  engaged i n  f u e l  reprocessing o r  
waste disposal .  

cussed by the American Association of Petroleum Geologists f o r  radioact ive 

waste-disposal po ten t ia l ,  only three contain s a l t  deposi ts  Thus, even 
though high-level wastes could be shipped t o  areas  where s a l t  s t ruc tures  

a re  avai lable  f o r  ult irrate disposal,  they could probably also be sa fe ly  
and economically s tored i n  o ther  rock types t h a t  my be avai lable  a t  a 
given s i t e  o r  areas  adjacent t o  it. 

In  addi t ion,  of t he  six geologic basins recent ly  d i s -  

Dry mine workings are probably not  as commonplace a s  a re  wet mines 

i n  the  United S ta tes .  
limestone and shale (and even grani te  and o ther  c rys t a l l i ne  rocks) e x i s t ,  
many of  which a re  e s sen t i a l ly  f r ee  of c i rcu la t ing  water.  

116 i n  Barberton, Ohio, a dry 2000-ft-deep limestone mine i s  i n  operation. 

Also, mined caverns i n  chalk near Demopolis, Alabama, have been found to  
be r e l a t i v e l y  free of water. 'I7 
I l l i n o i s  have remained dry s ince they were opened.99 

a mine in c rys t a l l i ne  rocks i n  Ontario, Canada, has remained f r e e  o f  water 

even though the  mine i s  s i tua t ed  d i r e c t l y  beneath a l a rge  lake .  99 
deposits o f f e r  another poss ib i l i t y  fo r  t h e  disposal of high-level waste 

i n  some areas  above the water tab le ,99  

s a l t  (e .g . ,  potash, trona,  anhydrite, gypsum, e t c .  ) may a lso  be su i tab le .  

However, th ick  and r e l a t i v e l y  undisturbed beds o f  

For instance,  

Excavations i n  th ick  shale beds i n  
It i s  reported t h a t  

Loess 

Evaporite deposi ts  other  than rock 
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For hard rock, such as limestone and grani te ,  it i s  expected t h a t  
mined cav i t i e s  w i l l  remain s t ab le  under loads up t o  several  thousand p s i  

and temperatures up t o  a few hundred degrees centigrade.  

p i l l a r  t e s t s  on samples o f  dolomite from a l o c a l  (ORNL) quarry show t h a t  
there a r e  negl igible  amounts of deformation i n  the  rock up t o  loads of 
10,000 p s i  and temperatures as high as 200°C. In  comparison, it i s  of 

i n t e r e s t  t h a t ,  i n  similar p i l l a r  model t e s t s  f o r  rock sal t  a t  tempera- 

t u re s  o f  200°C and 6000 ps i ,  p i l l a r  deformation had exceeded 35% a f t e r  
only 1 h r .  Thus it appears t h a t  t h e  s t r u c t u r a l  i n t e g r i t y  o f  the  exca- 

vated openings i n  these rocks, due t o  the  superincumbent load, w i l l  not 

be of primary concern i n  the event t h a t  these rocks should be used as 
storage media; however, it i s  l i k e l y  tha t  such f ac to r s  a s  ensuring t h e  

i so l a t ion  o f  these excavations from migrating groundwaters and the  geo- 

graphic locat ion of su i tab le  deposi ts  and t h e i r  v e r t i c a l  and l a t e r a l  
extents ,  along with possible rad ia t ion  and heat e f f ec t s  on the rocks, 
would be c r i t i c a l .  

Recent model 

On a regional basis ,  it appears t h a t  t he  mst  promising areas  of 

rock deposi ts  su i tab le  f o r  radioact ive waste storage would include re la -  

t i v e l y  tec tonica l ly  undisturbed areas  such a s  the mid-continent region 

of the United S ta t e s ,  Other areas ,  such as the Colorado Plateau, would 

a l so  appear t o  be highly des i rab le .  In  p a r t s  o f  the  a r i d  west, where 
there i s  no groundwater recharge f r o m  r a i n f a l l  and where s i t e  locat ions 
i n  rock exist above the  water tab le ,  su i t ab le  excavations may a l so  be 

prac t icable .  In many l o c a l i t i e s  within these areas ,  it i s  l i k e l y  t h a t  
horizontal  shaft-type or tunneling operations may be f eas ib l e .  
method of  excavation i s  preferable ,  i n  many respects ,  t o  v e r t i c a l  sha f t  

mining since i t  i s  generally agreed t h a t  mining cos t s  a r e  lower and the 

openings a re  more accessible .  
ments, o r  o ther  topographic fea tures  of high r e l i e f  i s  a common method 

f o r  mining limestone i n  many areas  where horizontal  bedding p reva i l s .  

Many mines of  t h i s  type i n  Middle Tennessee have been found t o  be s t ruc-  
t u r a l l y  s table;  and, except f o r  some leakage a t  the mine entrances, they 

a r e  e n t i r e l y  f r e e  o f  c i rcu la t ing  groundwater. On a l a rge r  sca le ,  under- 

ground excavations i n  limestone near Kansas City, Kansas a re  cur ren t ly  

This 

Tunneling in to  the  faces of h i l l s ,  escarp- 
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being used a s  re f r igera ted  cold storage bins .  Here, f a c i l i t i e s  have 

been provided to  accommodate t h e  storage of e n t i r e  r a i l  cars  and t h e i r  
refr igerated products i n  tunneled-out, dry c a v i t i e s .  

In  summary, it i s  apparent t h a t  dry openings t h a t  could be u t i l i z e d  
f o r  the  storage of radioactive wastes can be excavated i n  rocks o ther  

than s a l t ;  however, invest igat ions a r e  needed to define more prec ise ly  
such f ac to r s  a s  t h e  geohydrological and geotopographical conditions t h a t  
determine t h e  usefulness of l o c a l  s i t e s  within the  most desirable  geo- 

graphic regions and the e f f ec t s  of heat and rad ia t ion  on t h e  enclosed 

rock media. 

4 .k Waste Management Technology: Intermediate- 
and Low-Level Wastes 

The volumes o f  intermediate-level wastes obtained from evaporating 

second- and third-cycle  ra f f ina tes ,  product concentration, c e l l  and equip- 
ment decontamination, solvent cleanup, and o f f  -gas scrubbers, range f rom 

200 t o  500 ga l  per metric ton of f u e l  processed. 

n i t r a t e  solut ions o f  sodium, potassium, aluminum, and i ron ,  and of ten  

contain su l f a t e ,  f luor ide ,  and phosphate i n  addi t ion .  Their a c t i v i t y  
leve ls  a r e  generally several  tenths  of a cur ie  pe r  gal lon,  
States ,  they a r e  s tored i n  underground tanks, sometimes mixed with clad- 

ding wastes,  In the  United Kingdom, they a r e  discharged t o  coas ta l  waters 
118 under carefu l ly  monitored conditions a f t e r  su i t ab le  periods of  decay. 

A t  Marcoule, they a r e  p a r t i a l l y  decontaminated by coprecipi ta t ion and 

coagulation a t  a pH o f  about 11 .5, using l i m e ,  NaH,PO,, A12(S04)3, and 
tannin . I  

bar re l s ,  and s tored i n  protected areas;  t he  decontaminated e f f luents  a r e  

discharged t o  the  Rhone River. 

They a re  pr inc ipa l ly  

In  the United 

The r e su l t i ng  sludges a r e  mixed with asphal t ,  packaged i n  

In  addi t ion,  a p lan t  may discharge several  t ens  o f  thousands o f  gal-  

lons o f  contaminated organic solvent wastes annually.  These a r e  usually 

e i the r  burned o r  s tored i n  tanks.  

The low-level l i qu id  wastes from f u e l  processing a r e  not g rea t ly  

d i f f e ren t ,  chemically, from na tura l  waters. "hey contain only very small 

amunts  of i n e r t  chemicals and radionuclides i n  addi t ion to those chemicals 
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t ha t  contribute t o  na tura l  hardness, The radionuclides o f  g rea tes t  
routine importance i n  these wastes a r e  "Sr, 137Cs, loSRu, and 3H; 
however, under unusual circumstances o f  accidental  contamination, other  

f i s s ion  products, a s  wel l  a s  6QCo, U, Fu, and Th, may a l so  be present .  
These wastes a re  very large i n  volume. 
may average 10,000 g a l  per metric ton of  f u e l  processed, and the  t o t a l  

generation from a l l  sources within a p lan t  may average severa l  hundred 
thousands of  gal lons per  day. 

concentrations of radionuclides, these wastes have been su i t ab le  f o r  
environmental disposal .  

Evaporator condensates alone 

Because o f  t h e i r  g rea t  volumes and low 

A t  AEC production s i t e s ,  where processing p l an t s  a r e  located on 
la rge  t r a c t s  of land, ground disposal  v i a  seepage basins,  c r i b s ,  trenches,  

e t c . ,  has been pract iced.  
s o i l s  i s  such t h a t  the  majority of t h e  isotopes a r e  re ta ined and, i n  turn,  
contamination of the  ground water i s  reduced. 

5 years,  almost 1 b i l l i o n  g a l  o f  low-level waste, containing an average 

of 35 t o  4.15 ki locur ies  o f  radionuclides, has been sa fe ly  discharged i n  

t h i s  manner. In Europe, such wastes receive appropriate treatment f o r  
decay o r  decontamination and a r e  then released t o  t h e  sea o r  t o  r i v e r s .  

In  these cases,  t h e  sorpt ive capacity of t he  

Each year during the  past 

The re lease  of l imited amounts of radionuclides t o  the  environment 
It has played an important pa r t  i n  waste management prac t ices  t o  da te .  

has not been uncommon f o r  low-level l i qu id  wastes t o  be discharged d i -  
r e c t l y  t o  environmental waters without treatment, depending upon l a rge  
d i lu t ion  f ac to r s  t o  reduce po ten t i a l  rad ia t ion  exposure o f  populations t o  
acceptable l eve l s .  A review o f  these prac t ices  i n  North America I2O (sum- 
marized i n  Tables 4.9 and 4.10) shows t h a t  t he  quan t i t i e s  of isotopes 

released have been control led so t h a t  t he  exposure o f  people from t h i s  

source has been considerably l e s s  than t h e  l i m i t s  recommended by t h e  I C R P  
and other  au tho r i t a t ive  bodies. 

The trend, however, i s  toward r e l a t i v e l y  l e s s  dependence on the  

environmental disposal  o f  radioactive wastes. 

of the  projected grea t ly  increased production and appl icat ion of radio- 
isotopes,  and o f  the  r ea l i za t ion  t h a t  t he  pressures of an expanding popu- 
l a t i o n  and nuclear industry w i l l  make it  d i f f i c u l t  f o r  flremotenessl' t o  

This r e f l e c t s  an awareness 

1c 
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Table b . 9 ,  Quantities of Low-Level Radioactive Wastes Added t o  Streams 
( cur i e  s/da y ) 

r) 

.- 

Origin of Wastes 
Nuclear Power 

Nuclide Half-Life Chalk R. Hanford Oak Ridge Savannah R. Stations 

Activation Products 
64 cu 13 h 200a-1000b 

"4Na 15 h Td-1 0 200-1 000 

a 3 s N ~  2.3 d 200-1000 Z e  

C 

76As 26 h Td-5 50-300 

32P 
51~r  

5gFe 

SRco 

lb d 0.01 -0 .I 20-70 

28 d 600-2000 3.5 Td 
h5 d Td Td 
71 d Td Td 

35s 8 1  d 0.001 Td 0 .b  

='Go 5.3 y Td-O. 05 1-2 0 .Oh-0.2 0.01 Td 
"Zn 250 d 0.002 30-100 0.09 

3H 12 Y 0.1-20 T 205 

Fission Products 
1311 

14'Ba 
5Nb 

"Sr 

9 5zr 
1 4 4 ~ e  

lo6Ru 

137cs 

Total beta 

8 d  
13 d 
35 d 

50 d 
65 d 

285 d 

1 Y  

28 Y 
30 Y 

(Exclusive of "H) 

1-3 

Td 

Td 

Td 
0 . 0 0 ~ - 0 . 0 1 ~  

0.002 

0.001 -0.005 0.1 

0.002-0.02 Td 

0.05-15 2000 

0.001 -0.01 

0.002-0.2 

0.001 -0 .I 

0.003-0.1 

1-5 
0.02-0 .2 

0.01 -0.2 

1-6 

0.1 Td 
0.1 Td 

0.09 

0.1 

0.1 

0.03 

0.03 

0.3 

f 

(0.5 i n  r ive r )  10-6-0.01 

Receiving Stream 
Ottawa R .  Columbia R. Clinch R. Savannah R. Various 

Flow, Range 3-13 10-75 0.6-2 1 .h-8 1-10 
1 0l0 l i t e r d d a y  } avg . 6 27 1 2.5 

Measurement point Ottawa R. ;  Columbia R. White Oak Storage- Various 

Perch Lake discharge streams 
process sewer; (Pasco) Creek basin waste 

h e r e  a substantial variation i s  reported, both the low a and high b values are  l i s t e d .  

'(-) Indicates the nuclide i s  not reported. 

d~ = t race.  

%ere a yearly average is  reported, o r  there i s  l i t t l e  variation, only one value is  l i s t ed  

fFallout contributed from 0.1 t o  1 curie of 6oSr per day to large r ivers  of North America i n  1963 

a- 

It may be present, but i n  amunts tha t  are  t r i v i a l  i n  re la t ion to 
other nuclides encountered. 



Table 4 .  I O .  Significance of Exposure from Various Sources 

Nuclides of Mode Type of Person Percent 
of a Reference 

L i m i t  
Greatest of  Cr i t i ca l  Receiving 

S i t e  In te res t  Expo sure Organ Greatest Exposure L i m i t  Year 

Chalk R .  

Hanf ord 

Oak Ridge 

Savannah R .  

Power 

O S r  

32P 

32P 

6oco 

Drinking water 

Fish 

Fish and 
i r r iga ted  crops 

Drinking water 

Drinking water 

Fish 
Drinking water 
Drinking water 

Drinking water 

Drinking water 

Fish + water 

Fish 

Bone 

Bone 

Bone 

G .  I .  t r a c t  

Thyroid 

Bone 
Bone 
G . I .  t r a c t  

Whole body 

Thyroid 

Bone 

G . I .  t r a c t  

Pembroke resident <: I b  

Fisherman c 0.1 

Fisherman, farmer < 40 

Pasco resident c 8  

Pasco ch i ld  < 6  

F i  Sherman < 30e 

Clinch R .  residente < 5  
< 5  f Clinch R .  resident 

Savannah R .  resident < h 

Savannah R .  residentf c 0.3 

f 

b Fisherman < I  

Fisherman < 0.01 

I C R P ,  population 
a t  l a rge  

1963 ICRP, Group B 

ICRP, Group B ( c )  

1963 ICRP, population 
a t  l a rge  

FRC,d exposed 
population 

ICRP, Group B ( c )  
1361 ICW, Group B ( c )  

I C R P ,  Group B ( c )  

ICW, genetic 
apportionment 

a t  large 

a t  large 

1963 ICW, population 

ICRP, population 

ICRP, Group B ( c )  

aExcludes atmospheric pathways, but includes contributions to  the  same organ from other man-made isotopes present 

%lost of the  "Sr contributing t o  t h i s  exposure was from fa l lou t ,  and not from plant operations.  

CRecommendation adopted September 9, 1958. 

dFederal Radiation Council (US) Recommendations (September 1961 ) . 
eAssumes t h a t  whole f i s h ,  including bones, i s  eaten.  

f A  hypothetical  person who drinks untreated r ive r  water. 

i n  the water. 

Group B ( c )  i s  "members of the  public l iv ing  i n  the neighborhood of 
controlled a reas  .I( 

If only the f l e sh  i s  eaten, the e s t i m t e  i s  c 6 per cent .  

No such person has been found. 

a 9 
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provide the  necessary safe ty  f ac to r  between t h e  point  o f  waste discharge 

and the point  o f  population exposure. 
encourage a minimum of dependence on environmental dispersion and contain 
a standard clause requiring reduction of the  rad ioac t iv i ty  i n  e f f luents  

t o  10% of the  continuous occupational MPC before the e f f luents  a re  d i s -  
charged to unres t r ic ted  areas;  however, amendment o f  l i censes  to permit 
higher l i m i t s  i s  possible i f  t h e  l icensee mikes a ''reasonable e f fo r t "  t o  

minimize radioact ive discharges and if the resu l t ing  exposure o f  indi-  

viduals  i n  nearby areas  i s  not l i k e l y  to  exceed 10% of the continuous 
occupational MPC. 

Present regulations,  10 CFR 20, 

4.4.1 Treatment o f  Liquid Wastes 

Evaporation, ion exchange, and coprecipi ta t ion and coagulation proc- 
esses a r e  most f requent ly  used f o r  removing radionuclides from low-level 

wastes; the choice o f  treatment depends on fac tors  such as the  degree o f  

decontamination required, t h e  volume of waste t o  be t rea ted ,  and t h e  con- 

s iderat ions of cos t  that pe r t a in  a t  the  i n s t a l l a t i o n  i n  question. 
though evaporation generally y i e lds  the  highest  decontamination f ac to r s  
( i . e . ,  r a t i o s  of t he  a c t i v i t y  i n  the  feed t o  t h a t  i n  condensates o f  I O 4  

t o  I O 5  a r e  rout inely obtained),  the cos t  i s  i n  the  range o f  several  cents  

per gallon. Single-stage coprecipi ta t ion processes typ ica l ly  remove from 

60 t o  90% of  the  rad ioac t iv i ty  a t  a cos t  of $0.25 t o  $1 .OO per  thousand 

gal lons.  
f requent ly  used i n  conjunction with prec ip i ta t ion  for addi t ional  decon- 
tamination a t  ex t r a  c o s t ,  I n  addi t ion t o  p a r t i a l l y  decontaminated waste 
water (which can be released t o  surface waters) ,  each process produces a 
sludge, a slurry, or a so lu t ion  containing the separated isotopes.  This 
mater ia l  i s  usual ly  packaged and may have to  be shipped o f f - s i t e  f o r  

bu r i a l .  

Al- 

Ion exchange with e i the r  na tu ra l  minerals o r  organic res ins  i s  

There has been an increasing emphasis on research and development 

aimed a t  treatment processes t h a t  w i l l  provide high decontamination fac- 

tors f o r  t h e  bulk of the  waste volume. Such processes w i l l  permit envi- 

ronmental d i sposa l  a t  o r  near MPC l eve l s ,  and allow concentration o f  t he  
bulk of  the  radionuclides in to  a r e l a t i v e l y  small volume, which can be 
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stored o r  converted t o  an e s sen t i a l ly  insoluble so l id  su i tab le  f o r  d i s -  
posal by b u r i a l ,  

studied, both alone and i n  combination with ion exchange and o ther  sorp- 
t ion  processes. Attention has been given t o  incorporating the prec ip i ta -  

t i o n  sludges, organic wastes, the ion exchange regenerants, t he  ion 

exchange media, and ashes from the inc inera t ion  o f  combustible waste mate- 

r i a l s  i n to  low-solubili ty so l id  bodies f o r  disposal  by bu r i a l .  

t ion ,  a method, based on the  hydraulic f rac tur ing  of shale,  has been 

developed f o r  disposing of l i qu id  wastes. 

Improved scavenging-precipitation methods have been 

In addi- 

Scavenging-Precipitation. - The treatment o f  low-level l i qu id  waste 
has usual ly  involved a scavenging-precipitation s tep ,  e i t h e r  alone or as 

the  first s tep  i n  a s e r i e s ,  

p rec ip i t a t e  t ha t  contains some o f  t h e  t race- leve l  radioact ive species;  
or ( 2 )  p r ec ip i t a t ion  o f  a f loccula t ing  agent such a s  f e r r i c  hydroxide or 
aluminum hydroxide t o  p romte  separation of  suspended so l id s ,  p rec ip i t a t e s ,  

and co l lo ida l  species i n  the waste; or both ( 1 )  and ( 2 ) .  

o f  coprecipi ta t ion include strontium with calcium carbonate o r  calcium 

phosphate, and cesium with copper o r  n icke l  ferrocyanide.  

scavenging-precipitation processes do not usual ly  give high decontamina- 
t i on  f ac to r s  ( they  a r e  typ ica l ly  2 t o  10, and r a re ly  a s  high a s  100) .  

The ac tua l  value obtained depends on the radioact ive species ,  the  chemis- 

t r y  of t h e  p rec ip i t a t ion  s tep,  and the  e f f ic iency  o f  t he  c l a r i f i c a t i o n  
method. 
use o f  zeta-potent ia l  control  t o  optimize f loccula t ion  conditions, 
especial ly  with regard t o  radiocol loid removal, and the use of an optimum 
arrangement of f i l t e r  coa l  and sand i n  a polishing f i l t e r  a f t e r  f loccula-  

t i o n  and c l a r i f i c a t i o n .  

This s t e p  includes: ( 1 )  formation o f  a bulk 

Common examples 

Single-stage 121 

Recent work on improving c l a r i f i c a t i o n  e f f ic iency  includes the 
122 

123 

Inorganic Ion Exchange. - The use o f  inorganic exchange mater ia ls  i n  
waste treatment has received considerable a t t en t ion .  This a t t en t ion  can 

be a t t r i b u t e d  t o :  
been made i n  connection with ground disposal of wastes, ( 2 )  a des i r e  t o  
use inexpensive na tura l  sorbents t h a t  can be disposed of as so l id  wastes 
instead of more-expensive synthet ic  mater ia ls ,  which usual ly  m u s t  be r e -  
generated and reused, and (3) an attempt t o  f ind  sorbents t h a t  a r e  highly 

( 1 )  studies  o f  exchange react ions of minerals t h a t  have 

u 

P 
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se lec t ive  for par t i cu la r  waste components, 

umns by the Br i t i sh  t o  provide addi t iona l  waste decontamination, espe- 

c i a l l y  f o r  cesium, af ter  one o r  two scavenging-precipitation s teps  i s  
the f f c l a s s i ca ln  example o f  the  appl ica t ion  o f  na tu ra l  exchange mater ia ls  

t o  waste treatment.  12‘ The most promising na tura l  mineral exchange mate- 
r i a l  t o  be developed f o r  sorpt ion column appl icat ion i s  c l i n o p t i l o l i t e ,  

which has been studied extensively a t  Hanford, 125,126 
grundite c l ay  i n  scavenging-precipitation s teps  t o  improve cesium decon- 
tamination i s  another example of  the use o f  na tu ra l  exchange mater ia ls  

The use o f  vermiculite col-  

The addi t ion o f  

i n  waste treatment.  12* The use o f  an act ivated alumina bed t o  remove 

phosphate, which otherwise would i n t e r f e r e  with t h e  prec ip i ta t ion  o f  

calcium carbonate from low-level waste, i s  an in t e re s t ing  appl ica t ion  o f  

a synthet ic  inorganic sorbent.  122 

Organic Ion &change. - The appl icat ion o f  inorganic ion exchange 
res ins  t o  radioactive waste treatment has received considerable study, 

beginning ear ly  i n  the  atomic energy program. However, the use of organic 
ion exchange i n  ac tua l  low-level waste treatment has not been widely prac- 

t i ced  because i t s  cos t  i s  typ ica l ly  higher than a standard single-stage 
scavenging-precipitation process and because the  po ten t i a l ly  higher decon- 
tamination fac tors  have not been considered necessary. 

exchange res ins  a r e  too expensive t o  discard as a so l id  waste a f t e r  a 

single use; hence they a r e  normally regenerated, and the  regenerant waste 
is  subsequently t r ea t ed  a s  an intermediate- or high-level l i qu id  waste. 
Most ion exchange resins are not highly se lec t ive ;  t h a t  is, calcium and 
magnesium must general ly  be removed with strontium, sodium must be removed 
with cesium, e t c .  
exchange processes a r e  usually based not so much on se lec t ive  sorption a s  
on the  f a c t  t ha t  performance corresponding t o  a large number o f  t r ans fe r  

units o r  t heo re t i ca l  stages can be obtained with a s ingle  piece o f  equip- 

ment. 

A s  a ru le ,  ion 

The high decontamination fac tors  possible with ion 

An exception t o  the low-select ivi ty  r u l e  i s  the preference shown f o r  

cesium over sodium by phenolic-base cat ion exchangers a t  pH values high 
enough t o  ionize a s ign i f icant  f r ac t ion  o f  the  phenolic groups. 
sodium separation f ac to r  f o r  a r e s i n  containing only phenolic exchange 

The cesium- 
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groups i s  about 160; however, despi te  somewhat lower cesium-sodium sepa- 

ra t ion  f ac to r s ,  polyfunctional r e s ins  such a s  phenolic-sulfonic and 
phenolic-carboxylic have m r e  useful  capac i t ies  f o r  t r ea t ing  wastes con- 

ta ining calcium and mgnesium. 
t e s t s  o f  an integrated scavenging-precipitation, phenolic-ion exchange 

process were conducted a t  a lO-gal/min scale  with ORNL low-level waste. 
In i t s  f i n a l  form, the  flowsheet included a fluidized-bed alumina column 

t o  prevent t h e  interference of phosphate with calcium-magnesium-strontium 
prec ip i ta t ion .  
change regenerate waste t o  t he  scavenging-precipitation s t e p  with grundite 

c lay addi t ion .  

c l a r i f i e r  sludge. 22 

1200 t o  12,000 f o r  strontium, 100 t o  3000 for cesium, 20 t o  700 for r a re  

ear ths ,  10 t o  150 f o r  zirconium-niobium, and 1.5 t o  8 f o r  ruthenium; the  

rad ioac t iv i ty  of the e f f luent  was reduced t o  l e s s  than 2% o f  the  continuous 

occupational MPC, Cost  estimates f o r  a 750,000-gal/day p lan t  waste t r e a t -  

ment r a t e  were 60 t o  80b per thousand gallons f o r  t h i s  process under v a r i -  
ous conditions.  

A several-month s e r i e s  of p i lo t -p lan t  

It a lso  included a provision f o r  the  recycle of  ion ex- 

A l l  of the  removed radionuclides a r e  concentrated i n  t h e  

The ove ra l l  decontamination f ac to r s  var ied from 

Demineralization and Waste-Water Recycle. - High-decontamination- 
f ac to r  processes such a s  demineralization may y ie ld  t r ea t ed  water that i s  
o f  higher qua l i t y  than the  normal water supply o f  the waste-producing nu- 
c l ea r  f a c i l i t y .  This r a i se s  the  question o f  whether t he  waste water should 
be reused instead o f  being discharged t o  the environment. Burns and Glue- 
kauf considered three possible a l t e rna t ive  schemes and concluded that l i m -  

i t e d  reuse f o r  ce r t a in  purposes could be j u s t i f i e d  economically, but  t h a t  
complete demineralization and general reuse were more expensive, a t  l e a s t  
under the assumed Harwell conditions;’ 24 however, work concerning the  ion 

exchange and electrodeionization of waste water has been continued on labo- 
ra tory  and p i lo t -p lan t  scales  a t  Harwell. 

water“ process gave decontamination fac tors  of g rea te r  than 1000, 300, 1300, 

200, 600, and 25 for S r ,  C s ,  Go, Ru, Ce, and Zr-Nb, respect ively,  with a l l  

the a c t i v i t i e s  being reduced t o  ana ly t i ca l  background l eve l s  when low-level 

waste was t r ea t ed  successively by: 

po ten t ia l  conditions, ( 2 )  ion exchange demineralization, and (3) passage 
through act ivated carbon. 

Work a t  ORNL on a ”drinking 

( 1  ) alum coagulation under optimum zeta- 

122 

I, 

t 
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Inso lubi l iza t ion  o f  Waste Concentrates. - The immobilization of 

wastes by incorporation into r e l a t i v e l y  i n e r t  s o l i d  materials p r io r  t o  

storage o r  disposal  can be advantageous f o r  s a f e t y  and economic reasons.  
Liquid wastes, such a s  ion-exchange regenerant wastes, and so l id  wastes, 

such a s  scavenging-precipitation sludges and incinerator  ashes, have been 

mixed with cement o r  concrete t o  give moderately insoluble so l id  blocks.  

A 1 : I  mixture, by volume, o f  expanded vermicul i te  and cement gives a 
stronger so l id ,  with a lower leaching r a t e ,  than i s  obtained when vermicu- 

l i t e  i s  not included. 12 '  
conversion o f  l i qu id  and so l id  wastes t o  concretes because of  the r e l a -  

t i v e l y  large amounts of cement (and vermicul i te)  required.  A promising 

recent development i s  t h e  use of bituminous mater ia l  t o  s o l i d i f y  and in-  

so lubi l ize  waste concentrates.  This technology or iginated i n  Europe and 

cur ren t ly  i s  i n  widespread use there  on 2n i n d u s t r i a l  s ca l e .  

designed t o  incorporate a l l  types o f  organic and a lka l ine  aqueous wastes 
or s l u r r i e s  i n  asphal t  o r  polyethylene i s  being developed a t  OFU'JL. This 

process appears t o  o f f e r  grea te r  v e r s a t i l i t y  and economy than any o thers  

A subs t an t i a l  volume increase occurs during the 

A process 

.- 

A" 

-~ 
122,127 developed thus f a r .  

4.4.2 Problems with T r i t i u m  

T r i t i u m  i s  produced i n  the f i s s i o n  of '"U and 239Pu, with y ie lds  o f  

about 0.01% and 0.02% respect ively.  28 

f rom the standpoint o f  i t s  management i n  f u e l  reprocessing because it i s  
It merits spec ia l  consideration 

unresponsive t o  separation and concentration by conventional procedures 
f o r  t r ea t ing  waste. 129y130  In f u e l  reprocessing, a s  much as  25% of the 
tritium may be released a s  a gas during the  d isso lu t ion  of metal l ic  f u e l s ,  
but apparently l e s s  than 1 %  can be expected t o  v o l a t i l i z e  during the  
d isso lu t ion  of oxide f u e l s .  13' There i s  experimental evidence t h a t  tri- 

t i u m  tends t o  escape from oxide f u e l s  during reac tor  operation;'  32 however, 

the tritium remaining with the  f u e l  can be expected t o  appear as t r i t i a t e d  

water i n  the reprocessing plant  evaporator condensates. 

Based on the  project ions o f  Sect .  3.5, the  annual generation of 

fission-product tritium from the Civi l ian Power Program may be expected 
t o  increase from about 36,000 cur ies  i n  1970 t o  about 1 2  megacuries i n  the 
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year 2000. 
increase from about 36,000 cur ies  i n  1970 t o  about 90 megacuries i n  2000. 

The subsequent discussion i s  based on t h e  assumption t h a t  a l l  of t he  tri- 
t i u m  w i l l  be present i n  the f u e l  a t  t he  time o f  reprocessing. 

Allowing f o r  na tura l  decay, the accumulated quant i ty  should 

If t h i s  tritium could be uniformly dispersed throughout t h e  environ- 

ment, t h e  resu l t ing  increase i n  background would be o f  l i t t l e  s i g n i f i -  

cance . 133 
only i t s  immediate environs avai lable  f o r  dispers ion,  and t h e  capacity 

o f  these environs t o  accept tritium w i l l  depend on the r a t e  t h a t  the  l a t t e r  

i s  released, as wel l  a s  on the  many environmental f ac to r s  t h a t  per ta in  t o  
t he  pa r t i cu la r  s i t e .  

In the ac tua l  case, however, a fuel-processing p lan t  w i l l  have 

Two immediately avai lable  p o s s i b i l i t i e s  f o r  t he  re lease  of tritium- 
( 1 )  d i lu t ion  and re lease  bearing wastes under ex is t ing  regulations a re :  

d i r e c t l y  t o  surface waters, and ( 2 )  d i s t i l l a t i o n  in to  the  p lan t  off-gas 

system and subsequent re lease up the  s tack .  

The quant i ty  o f  tritium tha t  can be released t o  surface waters can 

be computed within the l imi ta t ions  t h a t  the  concentration s h a l l  not exceed 

the permissible concentration i n  water under 10 CFR 20, o r  3 x 
a t  the boundary of t he  controlled zone, and t h a t  the concentration s h a l l  
subsequently not exceed 1 x IO-" pc/cc f o r  the general  population. 

controlled zone borders a stream o f  any s ign i f i can t  s i ze ,  t h e  first o f  
these r e s t r i c t i o n s  i s  control l ing.  

pc/cc 

If the 

A ton o f  f u e l  i r r ad ia t ed  t o  a burnup of 33,000 Mwd contains about 700 
cur ies  of tritium, which would require  d i lu t ion  i n  water t o  t he  extent  o f  

about 63 mill ion gal lons before it could be released f rom the control led 
zone a t  t he  permissible concentration of 3 x IO-" pc/cc, 

e f f luent  from a p lan t  operating with a Purex process flowsheet may be as 
much a s  IO6 g a l  per ton of f u e l  processed, but t h i s  i s  f a r  short  o f  the 

requirements f o r  tritium d i l u t i o n ,  
t h e  on-si te  d i lu t ion  requirement would be t o  have avai lable ,  f o r  t h i s  
purpose, a stream flowing through the  control led a rea .  To meet t h e  speci- 
f i c a t i o n  f o r  use by the  general population, t h i s  stream would have t o  f l o w  
in to  a l a rge r  body of water to achieve addi t iona l  d i lu t ion  by a f a c t o r  of  

3 o r  more. 

The t o t a l  aqueous 

The most p r a c t i c a l  means of  achieving 
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It i s  desirable  t h a t  a plant  be s i tua ted  adjacent t o  a large,  p ref -  
erably navigable, r i v e r  f o r  other  (and possibly more important) reasons 

than tritium disposal;  however, it i s  much l e s s  obvious t h a t  acceptable 

s i t e s  should be l imited to  those which, i n  addi t ion,  encompass a stream 
of the s i z e  useful  f o r  d i lu t ion .  

r e s t r i c t i o n s  a s  present ly  interpreted,  the a l t e rna t ive  of re lease t o  sur- 
face waters i s  of very l imited app l i cab i l i t y  a s  a general case .  

Therefore, we conclude t h a t ,  with 

D i s t i l l a t i o n  into the plant  off-gas provides a more e f fec t ive  means 

Calculations presented i n  Sect .  8 indicate  t h a t  o f  re leasing tritium. 

plan ts  having spent-fuel capac i t ies  up t o  20 metric tons/day and s i t e  
boundaries two t o  three km d i s t an t  can release t h e i r  tritium i n  t h i s  manner 

under exis t ing regulat ions.  This i s  not t o  imply, however, t ha t  attempts 

should not be made t o  develop methods f o r  removing tritium, before it 
becomes grea t ly  d i lu ted  with a i r  o r  process streams, and encapsulating it 
f o r  long-term storage.  

4 .4 .3  Disposal by Hydraulic Fracturing 

The study of a method f o r  disposing o f  intermediate-level radioactive 
wastes, based on the  o i l - f i e l d  technique of hydraulic f rac tur ing ,  was i n i -  

t i a t e d  a t  ORNL i n  1959. 134 
1966. To date (February 1970), 540,000 ga l  of concentrated intermediate- 
l e v e l  waste containing almost 3k0,OOO cur ies  o f  f i s s i o n  products has been 

disposed o f  a t  depths of 360 t o  900 f t ,  wel l  below the  zone o f  c i rcu la t ing  
water.  

The f i r s t  ac tua l  waste was injected i n  December 

The method cons is t s  of mixing the  aqueous wastes with preblended dry 
so l ids  containing pr inc ipa l ly  cement, and then pumping the resu l t ing  s lu r ry  
down a wel l  and out in to  a conformable, near ly  horizontal  f r ac tu re  i n  a 
thick shale  formation a t  the desired depth (Fig.  4 . 9 ) .  The cased well  i s  

prepared f o r  the in jec t ion  by perforat ing the casing a t  the desired depth 

and pressurizing the wel l  with water.  

mcks,  which i s  fu r the r  extended as the s lu r ry  i s  pumped in to  it. 
the pumping phase i s  completed, the  cement s l u r r y  i s  allowed t o  harden 
under pressure,  thereby forming a t h i n ,  horizontal  grout shee t ,  This pro- 

cedure can be repeated successively up the well ,  creat ing a stack of hori-  
zontal grout shee ts .  

This induces a f r ac tu re  i n  the 

After 
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WASTE S1 

G R A Y  SHALE 

LIMESTONE BED 

RED SHALE 

Fig. 4.9. ORNL Fracturing Disposal P i l o t  P lan t ,  

ORNL-DWG 63-3830 
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I 

1 

The successful appl icat ion of t h i s  method required research and 
development i n  three main areas:  

of  the  p lan t  and equipment, including tanks, bins ,  mixers, and pumps 
capable o f  s a fe ly  handling the materials;  ( 2 )  chemical development of m i x  
formulations providing, a t  minimum cost ,  a pumpable slurry and a grout 
offer ing maximum radionuclide retent ion;  (3)  development o f  an understand- 

ing of the mechanical behavior of the host rock under the influence o f  

repeated in j ec t ions  and su i tab le  instruments and techniques f o r  monitoring 

t h a t  behavior. 

(1  ) design, construction, and t e s t ing  

The Plant and Its Operation. - Immediately p r i o r  t o  a waste in jec-  
t ion ,  the  dry so l id s  a r e  blended and temporarily stored a t  the s i t e  along 

w i t h  the waste so lu t ions .  After the equipment has been checked and the 

well  has been prepared, the dry so l id s  and the l i qu id  wastes a r e  vigor- 
ously mixed, a t  a constant flow r a t e ,  by the  j e t  mixer. 

then pumped t o  the wellhead, down the well ,  and out  into the  prefractured 

shale .  

about 1500 t o  2500 p s i .  

and the wellhead a r e  enclosed i n  individual  concrete c e l l s  t o  provide 

shielding and t o  f a c i l i t a t e  decontamination. 

The s l u r r y  is  

A t  ORNL t h i s  usual ly  requires  a pumping pressure ranging from 

The j e t  mixer, the high-pressure in jec t ion  pump, 

Development o f  the Mix, - The cos t  o f  the  dry so l id s  t o  be mixed with 

the waste solut ions represents one o f  the l a rge r  f ixed expenses o f  d i s -  
posal by the  hydraulic f rac tur ing  method. The development o f  the slurry 

formulation was, therefore ,  mainly a search fo r  less-expensive materials 
and the  establishment of  the m i n i m  required quan t i t i e s  o f  these materials 

Specif icat ions t h a t  had t o  be met with regard to the  s l u r r y  were: 
slurry should have a v i scos i ty  and a thickening time such t h a t  t he  s lu r ry  

could be pumped and would remain f l u i d  during the e n t i r e  in jec t ion  phase, 
which might l a s t  up t o  8 h r ,  ( 2 )  the  s l u r r y  should harden in to  a grout 
having a t  l e a s t  some physical i n t e g r i t y  within a reasonable period, 
(3)  a l l  o f  the f l u i d  should be taken up during the s e t t i n g  process so t ha t  
there  would be no phase separation, and (4) the  radionuclides should be 

firmly retained i n  the grout i n  a reasonably unleachable s t a t e .  

( 1 )  the 

These requirements were met by developing a so l ids  blend, based on 

Portland cement, which provided the hardening and s t rength cha rac t e r i s t i c s  
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of t he  grout sheet.  
strontium i n  the  waste, providing sa t i s f ac to ry  re ten t ion  o f  t ha t  nucl ide.  

Since a high-strength grout was not necessary, the  quant i ty  of cement 

used was approximately 5 lb/gal ,  about one-third the  usual concentration. 

Attapulgite c lay  was used to prevent any possible phase separation of 
the  s l u r r y  a s  the  r e s u l t  o f  t h i s  low quant i ty  of cement. 

ing time was assured by the  addition of a ma11 quant i ty  o f  commercial 

organic re ta rder  ( a  sugar, de l ta  gluconolactone ) . 
radionuclide i n  the  waste, was retained by the  addi t ion of i l l i t e  (Grundite) 

c lay .  F ina l ly ,  it w a s  discovered t h a t  highly s i l i ceous  possolanic mate- 

r i a l s ,  such a s  f l y  ash,  could be subs t i tu ted  for p a r t  of the  cement (up t o  
2 . 5  lb /ga l )  with a fu r the r  reduction i n  cos t  and t h e  added dividend o f  an 
improved strontium retent ion capacity.  

The cement a l so  combines chemically with the radio- 

Adequate pmp- 

Radiocesium, the  major 

The formula f o r  t he  m i x  was usual ly  modified s l i g h t l y  f o r  each in j ec -  
t ion  because of small differences i n  the composition and concentration o f  
the waste, but,  i n  general, it met the slurry spec i f ica t ions  and provided 

for  about 99% re ten t ion  o f  a l l  radionuclides a s  measured by water-leaching 

t e s t s .  

Monitoring. - It was real ized from the  beginning o f  the developmental 
program t h a t  t he  behavior of the shale  near t h e  in jec ted  grout sheets and 

the  rocks making up the r e s t  of the systemwould exercise  a control l ing 
influence on the  general app l i cab i l i t y  of t he  method. The rocks overlying 
the  in jec t ions  pmvide both shielding and an i so l a t ion  ba r r i e r ,  the  integ-  

r i t y  o f  which must be maintained i f  the method i s  to  be successful.  Obvi- 
ously, it i s  not possible to continue t o  i n j e c t  grout sheets  indef in i te ly ,  
one on top a f  another, with each in j ec t ion  adding an increment of rock 
deformation and surface u p l i f t .  

Monitoring o f  the operation a t  Oak Ridge i s  car r ied  out  i n  several  
ways. 

each in j ec t ion .  

t i n g  down the  operation until a survey could be made. A number of small- 
diameter cased wells,  which extend below the  deepest f rac ture ,  a r e  logged 
with a gamma-sensitive probe a f t e r  each disposal operation; new peaks o f  

a c t i v i t y  show where the  l a t e s t  in jec t ion  has in te rsec ted  each o f  these 

The in j ec t ion  pressures a r e  ca re fu l ly  noted during the  progress of 

Any departure from the  normal pa t t e rn  would require  shut- 
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wells .  
determined. 
t i o n  derived from the  logging and t o  obtain samples o f  the  grout sheet .  

The continued i n t e g r i t y  of t he  rock cover i s  t e s t ed  by per iodical ly  

attempting t o  pump water down each of a number of wel ls  t h a t  a re  uncased 
f o r  an in t e rva l  of about 100 f t ,  a l i t t l e  above the  depth o f  the  shallowest 
f r ac tu re .  A t  present,  each of  these wel ls  w i l l  accept only a few gallons 
of water before the  pressure reaches the  l i m i t  (75’ p s i )  of t he  t e s t  pump. 
Any marked increase i n  the  volume of water t h a t  can be injected i n  t h i s  
manner would indicate  an increase i n  the permeability o f  the  rock cover. 
The elevation of  each of a widespread network o f  bench marks i n  the d is -  
posal area i s  determined per iodical ly  with high-precision equipment. The 
normal response of the  land surface i s  t o  arch up very s l i g h t l y  with each 

in jec t ion ,  t h e  u p l i f t  forming a smooth dome without any marked s teps  o r  
d i scont inui t ies .  If the  cover rock f a i l s  i n  shear, there  should be irregu- 
l a r i t i e s  i n  the  surface u p l i f t .  These several  methods o f  mn i to r ing  pro- 
vide a high degree o f  assurance tha t  t he  disposal operation i s  proceeding 

a s  planned and t h a t  no hazardous conditions a re  being created.  

In t h i s  way, the  locat ion and extent o f  each grout sheet may be 
A t  in te rva ls ,  core d r i l l i n g  i s  used t o  confirm the informa- 

The cost  o f  disposing of  intermediate-level waste by hydraulic f r ac -  

tur ing has been estimated, based on the l imited experience with t h e  ORNL 
plant (which was, of course, o r ig ina l ly  an experimental f a c i l i t y ) .  

t o t a l  u n i t  cost ,  including c a p i t a l  investment charges, for a plant  o f  

approximately the  same s i z e  and s imi la r  design a s  the one now i n  operation 

a t  ORNL, disposing o f  approximately 400,000 gal/year i n  1~0,000-ga l  batches, 
would be expected t o  be i n  the  range o f  $0.30 t o  $0.35/gal. 

The 

Summary. - Although hydraulic f rac tur ing  has  been an extremely s a t i s -  
fac tory  disposal  method a t  the Oak Ridge s i t e ,  it i s  not y e t  possible t o  
consider it without reservation f o r  any other  s i t e .  Further work i s  r e -  

quired i n  two main areas:  

o f  the  mechanisms of f rac ture  propagation and the disturbance created i n  

the  host rock, and ( 2 )  determination o f  s i t e - t e s t ing  procedures and accep- 

tance c r i t e r i a .  
i s  more common than the (near) horizontal  f r ac tu res  required f o r  waste 
disposal ,  Since t h e  or ien ta t ion  o f  hydraul ical ly  induced f r ac tu res  i s  

( 1 )  f u r t h e r  development o f  the  understanding 

Oi l - f ie ld  experience suggests t h a t  v e r t i c a l  f rac tur ing  
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influenced by many fac tors ,  some o f  which (e .g . ,  t he  s ta te -of -s t ress  i n  
the ground a t  the s i t e )  cannot be predicted i n  advance, it w i l l  be neces- 

sa ry  to conduct s i t e  t e s t s  p r io r  t o  adopting t h i s  method o f  waste disposal .  

The development o f  improved s i t e - t e s t i n g  procedures, espec ia l ly  with a 

view toward reducing t h e i r  cos t ,  is cur ren t ly  i n  progress a t  O m .  Also, 
a research program to understand and predic t  the  underground behavior of 

the  injected grout sheets i s  being continued. 

4 .s Waste Management Technology: Solid Wastes 

This sect ion i s  l imited t o  considerations of t h e  s o l i d  wastes from 

f u e l  reprocessing operations other  than the  so l id i f i ed  high-level r a f f i -  

nates from the solvent extract ion processes t h a t  a r e  discussed i n  Sect .  4.3. 

4.5.1 Land Burial  

Much o f  the information summarized below w a s  taken from a repor t  t h a t  
was prepared primarily for those who may be involved i n  t h e  evaluation and 

approval of proposed waste bu r i a l  operations It contains current  i n -  
formation and recommendations regarding commercial waste b u r i a l  p rac t i ce .  

Waste so l id s  t h a t  may be radioact ive a r e  produced i n  p r a c t i c a l l y  a l l  
operations involving the  production o r  u t i l i z a t i o n  o f  nuclear mater ia ls .  

The low-level so l id  wastes of grea tes t  volume, f o r  which land disposal  i s  
mst  su i t ab le  and advantageous, a r e  designated a s  fllow-hazard po ten t i a l f1  
and cons is t  t yp ica l ly  o f  paper t r a sh ,  packing mater ia l ,  broken glassware, 

clothing, experimental animal carcasses,  and contaminated equipment o r  
building mater ia l .  

Table 4.11 shows the  volumes of so l id  waste buried a t  AEC s i t e s  begin- 

ning with f i s c a l  year 1961, Total volumes o f  so l id  waste buried a t  the  
commercial bu r i a l  grounds beginning i n  1962 a r e  shown i n  Table 4.1 2 .  136 

Burial  charges have ranged from $1 .SO t o  about $0.70/ft3. 

average charges o f  about $1 .00/ft3, t h i s  t ab le  i s  a reasonable indicat ion 

o f  the s i ze  o f  the market for b u r i a l  service.  

Based on current  

The prac t ice  o f  burying so l id  wastes a t  selected land s i t e s  began very 

The p o s s i b i l i t y  t h a t  the  ea r ly  i n  the Manhattan D i s t r i c t  and AEC programs. 
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, 

buried radionuclides might be leached, with resu l t ing  contamination of 

groundwater (and possibly of surface water) ,  prompted extensive s tud ie s  

of  various types o f  s o i l s  and o f  b u r i a l  techniques. 
s c i e n t i f i c a l l y  and technical ly  o f  the  proper procedures for disposing of 

so l id  wastes w i t h  maximum safe ty  i n  various s i t u a t i o n s .  

Much has been learned 

Table 4 .I 1 . Volumesa of Solid Rad'oactive Waste 
Buried a t  AEC S i tes  13k 

From AEC and From Other 
F i sca l  AEC Contractor Government From 
Yearb Operations AgenciesC Licensees To t a l  

1961 2,892,600 20,600 74,400 2,987,600 

1962 2,268,200 21,800 68,900 2,358,900 

1963 1,698,900 24,500 77,700 1,801,100 

1964 1,697,400 2, TOOd 15,300d 1,715,400 

1965 1,454,300 1,454,300 

1966 1,413,000 1 ,413,000 

1967 1,800,000 1,800,000 

~~ 

a Values a re  given i n  cubic f e e t .  

bFiscal  Year i s  from July 1 to June 30. 

Buried a t  Oak Ridge and National Reactor Testing Stat ion (Idaho) 
under AEC Interim Burial  Program. 

C 

dEkried during the period July-August 1963. 



Table 4.12. Volumesa o f  Sol id  Radioactive Waste 
Buried a t  Commercial S i t e s  136 

Year Jan, -June July-Dec . Annual T o t a l  

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

36,281 36,281 

119,069 95,821 214,890 

241,660 205,434 447,094 

258,997 230,982 @9,9 79 

264,800 2.38~ 72 502,972 

380,934 393,266 773,850 

324 , 940 341,630 666,570 

306,522 

a Values are given i n  cubic f e e t .  

A s  the  nuclear industry developed, ce r t a in  AEC i n s t a l l a t ions ,  which 

had establ ished f a c i l i t i e s  for t he  b u r i a l  of t h e i r  own wastes, made t h e i r  
b u r i a l  grounds avai lable  f o r  the  disposal  of  solid wastes from i n d u s t r i a l  
users  of radioisotopes and from other  AEC i n s t a l l a t i o n s ,  

In  1960 t h e  AEC announced tha t  regional s i t e s  f o r  t he  permanent dis- 

posal of so l id  low-level packaged radioact ive wastes would be establ ished 
on land owned by the  s t a t e  or f ede ra l  government, and s i t e s  were desig- 

nated f o r  t h i s  purpose a t  ORNL and a t  NRTS. 
t h i s  service u n t i l  1963, when commercial service became ava i lab le  a t  two 

locat ions (Beatty, Nevada, and Morehead, Kentucky) from one company. In  
l a t e  1969, service w a s  ava i lab le  f r o m  two companies operating b u r i a l  

grounds a t  f i v e  s i t e s  (Fig.  4.10). 
ta ined by the AEC a t  Oak Ridge National Laboratory, the  Savannah River 

Plant ,  t he  National Reactor Test Station (Idaho), Hanford, and h s  Alarms 

Sc ien t i f ic  Laboratory. 

The AEC continued t o  furn ish  

On-site b u r i a l  f a c i l i t i e s  a r e  main- 
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Fig. 4.10. Commercial Burial S i t e s  f o r  Low-Level Wastes. 
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Transportation of waste t o  the b u r i a l  s i t e  may be accomplished i n  

any one of th ree  ways: 
with ordinary shipment of f r e igh t ;  contract  ca r r i e r s  may handle only 

radioact ive mater ia ls  but  c o l l e c t  from various sources;  and p r iva t e  car-  

r i e r s  may t ranspor t  t h e i r  own wastes from t h e  poin t  o f  o r ig in  t o  the  

dispos a1 area.  

common c a r r i e r s  may haul t he  waste packages along 

I n  the evaluation of a proposal o r  an ex is t ing  operation f o r  land 
bu r i a l  of radioact ive wastes, a l l  the  conditions tha t  might reduce t h e  

effectiveness of  rad ia t ion  pro tec t ion  m u s t  be considered. 
s a ry  tha t  the applicant o r  l i censee  submit information from which the  

adequacy of  rad ia t ion  protect ion can be judged and the s i t e  and the e n t i r e  
operation can be appraised. 
AEC has prepared an out l ine  of l i cens ing  requirements f o r  land b u r i a l  of 

radioact ive wastes. Essent ia l ly  the same information a s  required by t h e  

agreement s t a t e s ,  s ince,  in accepting the  t r ans fe r  of mater ia ls  l i cens ing  

functions from the AEC, they have agreed t o  keep t h e i r  regulations and 

requirements compatible with those of t he  AEC. 

It is  neces- 

The Division of  Materials Licensing of the 

The AEC out l ine of l icensing requirements spec i f i e s  t ha t  an applica- 
t i o n  f o r  land b u r i a l  of radioactive wastes m u s t  include information re- 

garding: the amount of by-product mater ia l ,  source material ,  and spec ia l  
nuclear mater ia l  t o  be handled and disposed o f ;  qua l i f ica t ions  of the  
appl icant  and members of  his s t a f f  t o  engage i n  t h e  proposed a c t i v i t i e s ,  
including special ized t ra in ing  and experience i n  handling radioact ive 
mater ia ls  and deal ing with rad ia t ion  problems; a descr ipt ion of the rad i -  
a t i o n  detect ion instruments t ha t  w i l l  be avai lable;  the radiat ion pro tec t ion  
procedures, including emergency procedures, f o r  each phase of t he  program; 
and a descr ipt ion of t he  s i t e  and f a c i l i t i e s  tha t  w i l l  b e  used f o r  s tor ing ,  

processing, and disposing of the radioact ive wastes. 
of t he  proposed f a c i l i t i e s  and a descr ipt ion of t he  buildings and equip- 
ment t o  be used a r e  essent ia l .  The ou t l ine  r e f e r s  t o  the  AEC’s Rules and 
Regulations, which s p e c i Q  t h a t  the l icensee  must comply w i t h  the  regula- 

t ions ,  and tha t  standard operating procedures must be based on the  regu- 

l a t o r y  requirements. 

Maps and drawings 
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The ou t l ine  o f  l icensing requirements c a l l s  f o r  de ta i led  informat ion 
concerning geology, hydrology o f  the s i t e ,  groundwater conditions i n  r e l a -  

t i on  t o  b u r i a l  methods, the  use of groundwater and surface water a t  t he  
s i t e  and i n  the general area,  geochemical cha rac t e r i s t i c s  o f  the  s o i l  i n  
which the  b u r i a l  trenches a r e  excavated, and spec i f ic  plans for monitor- 

ing of s o i l s  and water by methods t h a t  a r e  re la ted  t o  techniques used i n  

the geologic and hydrologic evaluation o f  t he  s i t e  and i t s  environs. In 
t h e i r  t ransportat ion of radioactive mater ia ls ,  waste disposal  l icensees  

must adhere t o  appl icable  regulations o f  the I n t e r s t a t e  Commerce Commission 
and other  federa l  agencies having ju r i sd i c t ion .  

l icensees w i l l  be subject  to s t a t e  and l o c a l  regulations regarding highway 
safety,  handling of radiat ion emergencies, and other  problems tha t  may be 

involved . 

It i s  understood t h a t  

In  judging the  acceptab i l i ty  f o r  l icensing of a proposed f a c i l i t y  f o r  

waste bu r i a l ,  t h e  primary considerations a r e  radiological  heal th  and sa fe ty .  
Thus the  quan t i t i e s  o f  radionuclides and the  extent  of  t h e i r  dispersion t o  
t he  environment must be evaluated, and the  acceptab i l i ty  o f  t h e  po ten t i a l  
radiat ion exposures tha t  may r e s u l t  must be determined. 
o f  proposed waste bu r i a l  s i t e s  a re  necessary a s  a bas i s  f o r  these judgments. 

These s tudies  must develop information t h a t  i s  su f f i c i en t ly  accurate and 

complete t o  enable the  l icensing o f f i c i a l s  t o  decide whether o r  not the  
proposed s i t e  i s  acceptable from t h e  standpoints o f  heal th  and safe ty .  

Evaluation s tudies  

137 

Burial  grounds must be located on federa l ly  or s t a t e  owned land, and 

a r e  regulated by e i the r  t he  AEC o r ,  i n  t h e  case o f  agreement s ta tes ,  by 
the  appropriate s t a t e  agency. In  prac t ice ,  t h e  administrative cont ro l  over 
those waste disposal  operations must be a coordinated respons ib i l i ty  of 
federa l ,  s t a t e ,  and l o c a l  agencies. 
pa t ib l e  and technical ly  s imi la r .  
owned land, perpetual maintenance becomes the  respons ib i l i ty  o f  the s t a t e .  

Funds f o r  t h i s  a r e  secured by imposing a b u r i a l  f e e  (cur ren t ly  $ O . O S / f t " )  

f o r  t h e  establishment o f  a maintenance fund. 

Programs and standards must be com- 
When the b u r i a l  s i t e  i s  located on s t a t e -  

Projected volumes o f  so l id  wastes from spent-fuel processing, and 

estimates of land requirements f o r  t h e i r  bu r i a l ,  a r e  given i n  Table 3.63. 
These estimates a r e  based on averages of 200 f t 3  o f  so l id  waste produced 
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per metric ton o f  f u e l  processed (NFS experience) and 50,000 f t 3  o f  so l id  
waste buried per  acre  of  land,  Actually, these I1averagesf1 may be r a the r  

f a r  removed from ac tua l  prac t ice  a t  any pa r t i cu la r  p l an t  a t  any pa r t i cu la r  
time, but they a r e  believed t o  be r e a l i s t i c  f o r  purposes o f  ove ra l l  projec- 
t i ons .  The t o t a l  land requirements f o r  t he  spent-fuel reprocessing in-  
dustry should increase from about 1 acre/year i n  1970 to  64 acres/year i n  

2000, and the  accumulated area o f  land devoted t o  t h i s  purpose should 

increase from about 1 acre  i n  1970 t o  980 acres  i n  2000. Is i s  o f  i n t e r e s t  

t o  note tha t  t h i s  i s  only about one-half of t he  projected s a l t  mine area 
requirements f o r  disposing of  high-level so l id i f i ed  wastes (Table 3.60).  

4.5.2 Disposal i n  S a l t  Mines 

The disposal  o f  high-level s o l i d i f i e d  wastes i n  na tura l  sa l t  forma- 
t i ons  has been discussed previously ( see  Sect .  4.4.1). The la rge  amount 

o f  ex is t ing  space i n  s a l t  mines represents a very a t t r a c t i v e  p o s s i b i l i t y  
for t h e  disposal o f  the  other  types of so l id  wastes from f u e l  reprocessing 
More than kO,OOO,OOO f t2 of mined-out area e x i s t s  i n  nonproducing mines 

i n  bedded sa l t .  

so l id  wastes projected through the year 2020. 
mine space requirements fo r  t h e  disposal of these wastes i n  s a l t  through 

the  year 2020. 

This area,  approximately 915 acres ,  could contain a l l  the  
Table 4.13 gives projected 

The rout ine low-level so l id  waste material ,  which can be handled 
d i r e c t l y  by using standard material  handling procedures and equipment, may 
be stacked on the  f l o o r  i n  open rooms. It would probably be desirable  t o  
backf i l l  the  remaining space i n  the rooms with crushed s a l t .  In order t o  
car ry  out  sach an operation, the  s i ze  and weight of  t he  packages o f  waste 
would have t o  be l imited i n  such a manner t h a t  t he  packages could be placed 

on the mine hois t  and handled by the underground equipment. Is i s  unl ikely 

t h a t  disposal  of these so l ids  i n  salt-producing mines would be acceptable,  

However, a s  the mined areas  become la rger ,  it may become feas ib l e  t o  sepa- 

r a t e  o lder  areas  by bulkheads and car ry  on waste disposal operations through 

separate sha f t s .  
separate f o r  each area. 

Both vent i la t ion  and access would have t o  be e n t i r e l y  
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Table 4.13. S a l t  Mine Requirements f o r  Solid Wastes 
from Fuel Reprocessing 

Calendar Year Ending 
1970 1980 1990 2000 2020 

Total volume 

Annual, I O 6  f t 3  0.03 0.8 2 . 2  3.2 7 
Accumulated, I O 6  f t 3  0 -03 3.5 16 49 140 

Mine Area 

Net annual, acres  0 .I 2 .6  7 10 23 
Net accumulated, acres  0.1 11 52 160 460 
Gross annual, acres  0.2 5 . 2  1,b 20 46 
Gross accumulated, acres  0.2 22 104 320 920 

c 

Cladding hu l l s  (Zircaloy or s t a i n l e s s  s t e e l )  r e su l t i ng  from the  chop- 
leach d isso lu t ion  o f  f u e l  present a rad ia t ion  problem which approaches t h a t  
of high-level wastes (see Sec t .  3 .3) .  
range from 2 t o  10 f t3/ ton,  and the  hu l l s  w i l l  require several  inches o f  

lead shielding for shipment. 
p r inc ipa l ly  t o  5.2-year 6oCo, which w i l l  not decay s ign i f i can t ly  before 

disposal  i s  des i rab le .  
day "Zr, which w i l l  e s sen t i a l ly  be decayed i n  two years;  however, the 

6oCo rad ioac t iv i ty  induced i n  Inconel spacers presents a shielding problem. 

Although it w i l l  be necessary to handle the s t a i n l e s s  s t e e l  hu l l s  i n  the 
same way tha t  high-level wastes a re  handled due t o  t he  high rad ia t ion  f i e l d s  
present,  very l i t t l e  heat would be generated. 

placed i n  holes d r i l l e d  i n  the space between those holes containing s o l i d i -  
f i e d  f u e l  reprocessing wastes, 

Zircaloy hu l l s ,  i f  allowed t o  decay f o r  two years,  could probably be han- 

dled i n  drums using semiremote techniques, provided the  Inconel spacers 
were separated and handled separa te ly ,  

i n  addi t ion to induced rad ioac t iv i ty ,  several  hundredths t o  0.1% of the 

The volume, a f t e r  compaction, will 

The r ad ioac t iv i ty  of s t a i n l e s s  hu l l s  i s  due 

The rad ioac t iv i ty  of Zircaloy hu l l s  i s  due t o  65- 

Thus, the h u l l s  could be 

On t h e  other  hand, the  l e s s  radioact ive 

It i s  important t o  recognize t h a t ,  
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plutonium i n  t h e  spent f u e l s  i s  associated with t h e  cladding, presumably 

a s  a r e s u l t  of  diffusion while i n  the reac tor .  

Concentrates obtained from the  treatment o f  low- and intermediate- 

l eve l  l i qu id  wastes and other materials (see Sect .  4 .4 .1)  cons t i t u t e  
another source o f  so l id  waste t h a t  could be deposited i n  salt mines. 
rad ia t ion  l eve l s  o f  these concentrates would be su f f i c i en t ly  high t o  re -  
quire  remote handling and disposal  procedures similar t o  those considered 

The 

fo r 

1 .  

2 .  

3. 

4.  

5. 

6.  

7. 

8 .  

9 .  

10. 

11 * 

cladding hu l l s .  
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5. TRANSPORTATION CONSIDERATIONS 
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The s i t i n g  of a f u e l  reprocessing plant can be influenced by the  
f ac to r s  involved i n  transporting radioactive mater ia l  t o  and from the  

p l an t .  
while the  plant  discharges w i l l  cons is t  o f  f i s s i l e  product mater ia ls  and 
conditioned waste e f f luen t s .  

The plant  feed mater ia l  w i l l  cons is t  of spent f u e l  elements, 

The designs o f  the  three  types of shipping containers (spent f u e l ,  
product, and waste) a r e  d i f f e ren t ,  r e f l ec t ing  the  differences i n  radio- 

a c t i v i t y ,  thermal power, c r i t i c a l  mass, e t c . ,  of the mater ia l  being car- 

r i ed .  
specif ied by the  AEC and the Department of Transportation ( D O T ) .  

A l l  shipments, however, must conform to t h e  shipping regulations 
1 9 2  

The distances traversed by the  incoming and outgoing shipments w i l l  
vary with the s i t e  locat ion.  I f  t he  t o t a l  cost  o f  t ransport ing each of 
the three materials per vehicle mile were known, the minimum cost  could 
be obtained, based on given boundary conditions.  However, the t o t a l  cos t  
of transporting each o f  the three materials i s  made up not only o f  d i r e c t  

t ransport ,  insurance, handling, and c a p i t a l  equipment cos ts ,  but a l so  o f  

costs  associated with the accident po ten t i a l  per vehicle mile f o r  t ha t  

type o f  shipment. 
Diff icul ty  a r i s e s  when we attempt t o  ass ign cos ts  associated w i t h  acci-  

dents, since it i s  conceivable t h a t  such cos ts  could make up a large f r ac -  
t i on  o f  the t o t a l  cos t  of t ranspor ta t ion .  

Reasonable estimates of the former cos ts  can be made. 

Costs associated with po ten t i a l  accidents,  Ca, can be wr i t ten  a s  the 

product of three terms: 
an accident,  P i s  the probabi l i ty  o f  a hazard occurring a s  a r e s u l t  o f  

the accident ( e i t h e r  a re lease of a c t i v i t y  o r  an increased dose r a t e  from 
the cask) ,  and Cc i s  the  cost  o f  protect ing people f r o m  the hazard, which 

includes protect ion of a given area and, i f  necessary, res tora t ion  of the 
area t o  i t s  o r ig ina l  s t a t e .  

avai lable ,  both f o r  truck and r a i l  shipments. 

ca r r i e r s ,  typ ica l  of those t h a t  might t ransport  radioact ive materials,  has 
been estimated a t  3.626 per  mill ion vehicle  Freight t r a i n s  have 

a s l i g h t l y  lower accident frequency, approximately 2 .& per mill ion miles.  
F i re  has been estimated t o  occur i n  from 1 t o  3% of the accidents .  

Pa, Ph, and C c .  Here, Pa i s  the probabi l i ty  of 

h 

Some information on the magnitude of Pa i s  

The accident r a t e  of motor 

5 
3,436 



In evaluating the  r e s u l t s  o f  accidents ,  we estimate t h a t  only 5 t o  

10% o f  them a r e  severe enough t o  cause what might be classed as permanent 

damage t o  a shipping container.  It seems reasonable t o  assume t h a t  spent 
f u e l ,  waste, and product shipments w i l l  be subject  t o  t h e  same accident 

r a t e  per  mil l ion vehicle miles.  

i s  the do l l a r  l o s s  resu l t ing  from the accident,  could vary widely, depend- 

ing on the  type of  shipment t h a t  i s  involved i n  the accident.  

However, t he  product of P and Cc,  which h 

The po ten t i a l  do l l a r  l o s s  would depend on the container design; more 

spec i f ica l ly ,  i n  the  case of spent f u e l  shipments, it would be affected 

by the  h is tory  of the f u e l  being car r ied ,  t he  f i n a l  form of the f u e l  

( i . e . ,  whether o r  not it was encapsulated), the  type o f  primary coolant 
used, e t c .  Similar considerations would a f f e c t  t he  waste and product 

shipments . 
The regulat ions require  tha t  a l l  packages used i n  t ransport ing radio- 

ac t ive  and/or f i s s i l e  mater ia l  be ab le  to  withstand specif ic  accident con- 
d i t i ons  without re leasing greater  than a specif ied amount of radioactive 

material  o r  increasing the external  dose r a t e  more than a specif ied amount. 

The accident sequence that these packages must withstand, as specif ied i n  

the  regulat ions,  includes a 30-ft f r e e  f a l l  (impact ve loc i ty  = 30 mph) 
onto a so l id ,  unyielding surface,  followed by a 40-in. drop onto a 6-in.- 
diam pis ton .  This i s  t o  be followed, successively, by exposure f o r  30 min 
t o  a 1475°F f i r e  and submergence i n  water f o r  24 h r .  

It i s  generally understood t h a t  accident v e l o c i t i e s  grea te r  than 30 
mph and f i r e  temperatures higher than 1475°F do ac tua l ly  occur. 

the impact surface i s  never t r u l y  unyielding; nor i s  it l i k e l y  t h a t  the 
cask w i l l  be placed i n  such a manner t h a t  t he  maximum heat input i s  re-  

ceived by a l l  i t s  surfaces .  The regulations,  therefore,  o f f e r  a reasonable 
chance of proving, by mathematical analysis ,  t h a t  a package w i l l  meet t he  

requirements (and because o f  normal engineering conservatism, exceed them) 
without forbidding the  movement of radioact ive mater ia ls .  

ably p rac t i ca l  so lu t ion  t o  the  problem of protect ing t h e  public,  even 
though it i s  recognized there i s  s t i l l  the f i n i t e ,  although very small, 
probabi l i ty  t h a t  an accident could cause a l a rge  monetary l o s s .  

However, 

This i s  a reason- 
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I n  recent years,  the problems raised by the  prospect o f  an increasing 
number o f  l a rge  radioactive shipments have received ser ious a t t en t ion  by 

the AEC and by engineers involved i n  container design and fabr ica t ion .  
One outgrowth of t h i s  emphasis was the publication of a comprehensive Guide 

on cask design. 

and the manner i n  which they a f f e c t  the  design, a r e  described i n  the fo l low-  
ing sec t ions .  

7 

8 Areas i n  which the grea tes t  po ten t i a l  problems occur, 

5.1 Cask Requirements and Design Considerations 

O f  the  applicable AEC and D3T regulations governing shipments of fue l ,  
waste, and f i s s i l e  mater ia l ,  those having the grea tes t  e f f e c t  on cask 

design, and consequently on shipping economy, per ta in  to  the re lease  of 
radionuclides and the  reduction o f  shield-accident conditions a s  described 

i n  10 CFR 71 .  

shipments o f  f i s s i l e  material ,  the  use of f ixed  poisons and proper geomet- 

r i c a l  spacing provide su f f i c i en t  safeguards i n  most cases .  

Whereas consideration of c r i t i c a l i t y  must be given t o  a l l  

5 .I .I Release of Radionuclides 

The maximum amount o f  radionuclides tha t  can be released within the  
regulat ions is:  

( 2 )  0.01 C i  o f  Group I, 0.5 C i  of Group 11, and 10 C i  of Groups I11 and IV 
radionuclides, except t h a t  i n e r t  gases a re  l imited to a release o f  1000 C i . "  

The release o f  radionuclides from the  cask i s  most l i k e l y  t o  occur a s  the 

r e s u l t  o f  impact o r  of involvement i n  a fire. 

( 1 )  0.1% o f  the t o t a l  rad ioac t iv i ty  of the package, or 

\c 

An acceptable container design must provide two l i n e s  of  containment 
t o  r e s t r i c t  t he  movement o f  the contained radioactive mater ia ls .  The outer- 

most l i n e  i s  general ly  the container closure-and-seal, which i s  designed 
t o  remain i n t a c t  under the  hypothetical  accident conditions.  Recent re-  
search has indicated t h a t  such closures can be designed t o  withstand the 

30-f t  f r e e  f a l l ,  primarily by protect ing the  area surrounding t h e  closure 

>c 
"Almost a l l  radionuclides have been categorized i n  the regulations a s  
t o  t h e i r  r e l a t i v e  hazard and a r e  l i s t e d  by groups. (See r e f .  1 or 2 .  ) 
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f rom local ized,  concentrated impact loads.  Frequently, heat- t ransfer  

f i n s  can be expected t o  o f f e r  the required impact protect ion.  The inner 
l i n e  o f  containment may take severa l  forms, depending on the mater ia l  

shipped. The unruptured cladding on a spent thermal reac tor  f u e l  element 
may be an adequate ba r r i e r ;  ruptured and f a s t  reactor  fue l  elements may 

require separate capsules.  Additional work i s  required t o  make a quanti-  
t a t i v e  evaluation of the e f f ec t  of encapsulating individual  f u e l  elements. 

If a cask tha t  has been designed f o r  water coolant i s  involved i n  a 
Gener- f i r e ,  it i s  unl ikely tha t  the  outer cask s e a l  can be maintained. 

a l l y ,  such a cask contains a pressure r e l i e f  valve.  
actuated,  it i s  extremely d i f f i c u l t  t o  resea t ;  therefore ,  we must pos tu la te  

t ha t  a l l  the  coolant w i l l  be l o s t  i n  a f i r e ,  If the radioact ive mater ia l  
i n  the  cask is  encapsulated, t h i s  inner l i n e  of containment w i l l  probably 

prevent the re lease  of any radionuclides t o  the environment. In summary, 

it appears l i k e l y  t h a t ,  based on current  design technology, the spec i f ica-  
t i ons  regarding l i m i t s  for the  re lease  o f  radionuclides can be met f o r  a l l  

types o f  casks carrying fue l ,  f i s s i l e  material ,  or waste, even i f  the casks 

a re  involved i n  the postulated 30-ft  drop, followed by the puncture and 
30-min f i r e .  

Once t h i s  valve i s  

5 .I .2 Increased Dose Rate 

O f  the casks considered, the lead-shielded type would probably be the 
most vulnerable with regard t o  l o s s  o f  shielding, i f  it were involved i n  
the accident sequence mentioned above. 
t ions;  i t  has a low melting point and a high coef f ic ien t  o f  expansion t h a t  
could lead t o  rearrangement o f  the metal and a subsequent l o s s  of  shield-  

ing from important areas  a f t e r  melting. 

shielded casks cannot be designed t o  meet regulations;  however, the design 

may necessar i ly  be somewhat complex, thereby r e su l t i ng  i n  higher c a p i t a l  

cos ts .  
and uranium casks, the po ten t i a l  l o s s  of these shielding mater ia ls  i s  l e s s  

than t h a t  for lead exposed t o  the same environment. 

Lead can move under impact condi- 

This i s  not t o  say tha t  lead- 

Although impact and f i r e  could c rea t e  excessive s t r e s ses  i n  s t e e l  
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5 , I  .3 Temperature Limits 

The DOT regulat ions do not place spec i f ic  temperature limits on the 

cask sh ie ld  o r  on the  mater ia l  being transported; however, the tempera- 

t u re  of the accessible  surface of t h e  package (which may be a personnel 
sh ie ld)  is  l imited t o  122°F ( o r  t o  180°F i f  t he  cask i s  shipped tJexclusive 
use o f  the vehic le") .  In addition, the temperature o f  the lead i n  a lead- 
shielded cask should be l imited t o  400°F o r  l e s s  a s  a p r a c t i c a l  matter 
( the melting point of lead i s  621°F). Even a t  kOO"F, thermal cycling, 
thermal shock, and lead expansion during the  operating cycle must be con- 

sidered i n  the  cask design. 

A s  f a r  a s  t he  regulations a r e  concerned, the f u e l  or waste can melt 
as long a s  the  material  does not  achieve c r i t i c a l i t y  or escape from the  

cask. 
should be r e s t r i c t e d  a s  necessary t o  avoid any phase changes which could 
f a c i l i t a t e  the escape of radionuclides t o  the primary coolant, even under 
the  hypothetical  accident conditions.  

elements a r e  a f fec ted  primarily by f u e l  burnup, spec i f ic  power, decay time, 
f u e l  element design, and the number of f u e l  elements car r ied  per shipment. 
In the case o f  waste, t he  temperature a t ta ined  i s  affected by the thermal 
conductivity and the  isotopic  power densi ty  o f  t he  waste, and by the  diame- 

t e r  of the  waste containers .  
the  cooling time (both o f  f u e l  or waste) o r  t he  cask design. 

var iables  a f f e c t  economic considerations.  
increases,  the inventory and inventory charges increase,  and as cask designs 

become smaller, the  unit shipping cos ts  increase.  

A s  a p rac t i ca l  matter, t he  temperature o f  the transported mater ia l  

The temperatures a t ta ined  by f u e l  

Temperatures may be controlled by varying 

Both of these 
That is, a s  t h e  cooling t i m e  

5-1  .k Contamination o f  the Primary Coolant 

The primary coolant i s  defined a s  t h e  gas, l i qu id ,  and/or so l id  t h a t  
i s  used t o  remove decay heat  from the  radioactive material  o r  i t s  container,  

Under normal operating conditions, contamination o f  t he  primary coolant 

i s  l imited,  per m i l l i l i t e r ,  t o  

C i  o f  Group I1 radionuclides, and 3 x 
c l i d e s ,  
e i the r  ( 1 )  0.1% o f  t he  t o t a l  rad ioac t iv i ty  o f  the contents o f  t he  package 

C i  o f  Group I radionuclides, 5 x 
C i  o f  Groups I11 and I V  radionu- 

In  addi t ion,  i n  a hypothetical  accident,  re lease cannot exceed 



or ( 2 )  0.01 C i  of Group I, 0.5 C i  o f  Group 11, and 10 C i  o f  Groups 111 

and IV and radionuclides,  except i n  the  case of chemically i n e r t  gases. 

In the l a t t e r  instance,  the l i m i t  i s  1000 C i .  These spec i f ica t ions  can 

be met, with varying degrees of  d i f f i c u l t y ,  depending on the form and 

type o f  mater ia l  being shipped. 

5.1 .s Emission o f  Neutrons from Spent Fuels and Wastes 

Calculations ind ica te  t h a t  the quan t i t i e s  of ac t in ide  isotopes pres-  
ent i n  highly i r r ad ia t ed  reactor  f u e l s  w i l l  be su f f i c i en t  t o  require  these 

fue l s  and the so l id i f i ed  wastes a r i s i n g  from such f u e l s  t o  be provided 

with neutron shielding during shipment. 
taneous f i s s i o n  o f  z4zCm and 244Cm, and from (a, n )  react ions with the  

oxygen i n  the  f u e l  and wastes. Present design estimates ind ica te  t h a t  
shields  of  hydrogenous mater ia l  equivalent t o  3 t o  6 i n .  of H,O w i l l  be 
required i n  addi t ion t o  the gamma sh ie ld .  
e i the r  ins ide  o r  outs ide the  gamma sh ie ld .  

and weight o f  the cask w i l l  be increased; t h i s  increase w i l l ,  i n  turn,  
a f f e c t  both t h e  shipping cos t  and the cask optimization. 

The neutrons a r e  produced by spon- 

- 

Neutron shielding can be added 
In e i the r  case, the dimensions 

5.2 Shipments of Spent Fuel and Maste 

Shipments of spent f u e l  and waste a r e  discussed simultaneously s ince 
the heavy, shielded containers used i n  both cases a r e  s imi l a r .  It has 
been assumed, based on experience, t h a t  a l l  types o f  spent f u e l  shipping 
casks can be designed to meet the requirements discussed i n  Sec t .  5.1. 

Ruptured spent f u e l  elements should be encapsulated p r io r  t o  shipment. 
Fast  reactor  f u e l  may be encapsulated with sodium as a heat- t ransfer  agent .  
Containment may be l o s t  due t o  r e l a t i v e  def lec t ions  o f  the  l i d  and cask 

body resu l t ing  from a 30-ft  impact. 

be designed i n  such a manner t h a t  containment i s  maintained even under acc i -  

dent conditions.  Tests have shown that shock-absorbing members can d i s s i -  

pate  considerable energy and d i s t r i b u t e  the  impact load t o  the  extent t h a t  
s ea l s  m y  be maintained. 

However, a can i s t e r  and closure can 

Lead-shielded casks can absorb l a rge  amounts o f  impact energy when 

the lead i s  deformed; t h i s  shielding mater ia l  i s  r e l a t i v e l y  inexpensive and 
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simple t o  machine and f ab r i ca t e .  
more r e s i s t a n t  t o  f i r e s  and impact, have a po ten t i a l  t o  impart higher g 
loadings t o  t h e i r  contents,  which would increase the l ikelihood of f u e l  
damage and fission-product leakage t o  the cask coolant .  Impact t e s t s  

w i t h  a finned uranium cask have shown tha t  i n t e r n a l  g loadings can be 

reduced to  reasonable l eve l s  i f  the f i n s  a re  designed t o  a c t  a s  shock 
absorbers a s  wel l  a s  heat d i ss ipa tors  . 

S t e e l  and uranium casks, while being 

- 

- 

The loss of primary coolant,  pa r t i cu la r ly  water, i s  very d i f f i c u l t  
t o  prevent when a cask i s  involved i n  an accident .  

casks w i l l  probably be designed with pressure r e l i e f  valves t o  l i m i t  
the  in t e rna l  pressure i n  the event of f i r e .  
guaranteeing tha t  only a l imited quant i ty  o f  f i s s i o n  products w i l l  be 
released from the f u e l  ( o r  capsule) through the r e l i e f  valve or damaged 

closure s e a l  following an accident .  The quan t i t i e s  of f i s s i o n  products 

l o s t  w i l l  depend upon f u e l  burnup, rad ia t ion  damage, cooling time, f u e l  

element design, and other  f ac to r s .  L i t t l e  information i s  ava i lab le  on 
which t o  base predict ions concerning a re lease under such circumstances 

Most water-cooled 

The problem becomes one o f  

C r i t i c a l i t y  generally presents no severe r e s t r i c t i o n s  i n  the ship- 

ment o f  spent reac tor  f u e l .  
neutron mult ipl icat ion f ac to r  be maintained wel l  below 1 . 0  t o  l i m i t  the  
neutron source f rom s u b c r i t i c a l  neutron mult ipl icat ion.  Experience and 

calculat ions indicate  that r e l a t i v e l y  la rge  arrays of reactor  f u e l s  o f  

p r inc ipa l  i n t e r e s t  can be maintained appropriately subc r i t i ca l  through 
the use o f  f ixed neutron absorbers and judicious spacing o f  the  elements. 

It i s  important, however, t ha t  the e f fec t ive  

5.2.1 Effects of  Source Design on the Design o f  Spent Fuel Casks 

Fast  Reactors. - The f u e l  elements t o  be used i n  f a s t  reactors  a re  
designed t o  be about 1 7  f t  long and most o f  the heat i s  produced i n  the 

center t h i r d  o f  the elements. Because of t h e  high plutonium inventory, 

there i s  a strong economic incentive t o  sh ip  the  spent f u e l  to reprocess- 

ing p lan ts  a f t e r  cooling times o f  only 30 days or l e s s .  

of 1 to  2 tons of fue l ,  the high hea t  output of the  f u e l  a t  these ear ly  

decay times precludes the  use of lead-shielded casks, s ince the  operating 

temperature o f  t he  sh i e ld  mater ia l  under the  loss-of-coolant condition i s  

For shipments 



above the  melting point o f  l ead .  
a s t e e l  cask of approximately 120 tons w i l l  be r e q ~ i r e d , ~  and the mode 

of shipment w i l l  be l imited t o  r a i l .  

In order  t o  ship 18 elements per cask, 

Because of heat- t ransfer  problems, t h i s  f u e l  may require a sodium 

coolant, which implies t ha t  each element must be separately encapsulated 

i n  sodium (cons t i tu t ing  a "special  form" a s  defined i n  the  r egu la t ions ) ,  
Such cont ro l  over t h i s  f u e l  may make the  problems o f  contamination and 

po ten t i a l  leakage l e s s  severe than they a r e  f o r  thermal reac tor  fue l s ,  
although the t r a n s f e r  of heat becomes somewhat more d i f f i c u l t .  

Thermal Reactor Fuel. - The length of elements t o  be used i n  thermal 
reac tors  approaches t h a t  of  f a s t  reac tor  elements. The cooling time of 

the  f u e l  a t  the  time of shipment i s  usual ly  about 120 days a f t e r  discharge 

from the  reactor ;  thus,  heat d i ss ipa t ion  i s  not a s  severe a s  f o r  f a s t  
reactor  elements, Depending upon the  dimensions of the f u e l  elements and 
the number of elements t o  be car r ied  per cask, shipments can be made by 

truck o r  r a i l .  

casks. 
since the  cavi ty  can be made l a rge r  than f o r  a lead o r  s t e e l  cask of the  

same weight. 
has recent ly  been proposed. 

Truck shipments a re  general ly  l imited t o  20- t o  2S-ton 
For t ruck shipments, uranium may be an a t t r a c t i v e  sh ie ld  mater ia l  

A 6S-ton cask designed f o r  shipping 3 t o  5 tons o f  LWR f u e l s  
10 

Assuming t h a t  t he  f u e l  elements a r e  i n i t i a l l y  i n t a c t ,  heat t r a n s f e r  
i s  such t h a t  the  f u e l  w i l l  not  be expected t o  undergo excessive d i s t o r t i o n  

and fission-product re lease when a i r  i s  used a s  the primary coolant.  Fuel 
elements t h a t  a r e  known to be leaking can be encapsulated, but it i s  almost 
impossible t o  pred ic t  po ten t i a l  leakage r e su l t i ng  from cladding f a i l u r e  
during t r a n s i t .  

5 . 2 . 2  Shipment of Wastes 

The shipment of  wastes w i l l  be governed by the Code of Federal  Regula- 
t ions ,  T i t l e  IO, Part  71,  which has been discussed above. The shipping 
o f  high-level l i qu id  wastes i s  generally considered t o  be too hazardous 

because of the p o s s i b i l i t y  o f  r ad io ly t i c  gas explosions o r  excessive steam 
pressurizat ion i n  the event of a f i r e .  

shipments a r e  discussed. 
Consequently, only s o l i d  waste 
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Processed waste w i l l  be i n  the form of a calcined oxide o r  g lass ,  
encased i n  a 6-, 12- ,  o r  24-in.-diam s t e e l  pipe with a welded c losure .  

A reprocessor can exercise considerably more control  over the so l id  
wastes leaving h i s  p lan t  than he can over the spent f u e l  entering i t ,  
Cooling times of the waste containers a re  more e a s i l y  varied without in-  

curring the same degree o f  economic penal t ies  a s  f o r  spent f u e l .  

The waste product w i l l  be doubly contained, f irst  i n  i t s  welded- 
The calcined o r  g lass  s t e e l  can and then i n  the  shipping cask i t s e l f .  

waste product is r e l a t i v e l y  immobile; although the 30-f t  impact accident 
condition could c rea te  some fractur ing i n  the  product, it would be o f  

l i t t l e  consequence. 

The 14751°F f i r e  accident condition could increase the center- l ine 

temperature of calcined wastes; however, the consequences o f  t h i s  thermal 
t r ans i en t  do not appear t o  be severe.  The increases i n  pressure would be 

small, ce r t a in ly  within the res i s tance  capab i l i t i e s  o f  the s t e e l  pot whose 
maximum temperature increase i n  the hypothetical  fire will be i n  the  range 

of i o  t o  3 0 0 0 ~ .  

In  short ,  the  degree of  control  avai lable  over shipments o f  waste 

and the f a c t  t h a t  t he  f i s s i o n  products a re  i n  a nondispersible form argue 

tha t  such shipments should be qui te  sa fe .  

be more acceptable, from the standpoint of i n t e r s t a t e  t r a v e l ,  than incoming 

spent-fuel shipments. 

In  f a c t ,  these shipments should 

5.3 Shipment o f  Product Material  

Considerable experience has been accumulated i n  the shipment of f is-  

s i l e  mater ia l  both i n  l i qu id  and i n  so l id  form. 

birdcage-type package, of ten  a SS-gal drum i n  which a cen t r a l  cavi ty  i s  

held i n  place by metal, wood, or o the r  support .  Because the product i s  

f r e e  from most f i s s ion  products, l i t t l e  o r  no shielding i s  required; and, 
because only negl igible  quant i t ies  of heat a r e  evolved from the material  

and v i r t u a l l y  no rad io ly t ic  gases a r e  generated, subs tan t ia l  insu la t ion  

can be used t o  protect  the material  from external  f i r e s .  
shipments of  l i qu ids  a s  wel l  a s  so l id s  a r e  f e a s i b l e .  

Shipments a r e  made i n  a 

For t h i s  reason, 
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The s igni f icant  problem i n  such shipments i s  one o f  maintaining 

subc r i t i ca l i t y  under a l l  conditions.  

Flats" w i l l  permit the shipment of 100 packages, each containing 100 

l i t e r s  o f  plutonium n i t r a t e  a t  concentrations up t o  250 g / l i t e r .  
Similar containers designed a t  Rocky F l a t s  were t e s t ed  i n  a vehic le  t h a t  
impacted in to  an unyielding ba r r i e r  a t  mph.12 A l l  these containers 
maintained t h e i r  drum covers, and no damage to t he  inner  containment 
vessel  was noted. 

One container designed a t  Rocky 

11 

In summary, it appears t ha t  container designs which w i l l  exceed t h e  

requirements a s  noted i n  the regulat ions a r e  ava i lab le .  

resu l t ing  from severe accidents may be expected t o  be minimal and thus 
not a f f e c t  the  s i t i n g  of the reprocessing p l an t .  

Poten t ia l  damage 

5.4 Conclusions 

Based on the  information and arguments presented above, the  mst 
s igni f icant  po ten t i a l  shipping problem appears t o  be associated with the  
t ransport  of spent f u e l  elements t o  t h e  reprocessing s i t e .  The problems 

associated with the  t ransport  o f  waste o r  product mater ia l  a r e  considered 

t o  be l e s s  severe.  

Although there  i s  l i t t l e  doubt t h a t  casks can be designed to  meet 

exis t ing regulations,  the degree o f  complexity and the  expense involved 
depend l a rge ly  on the  cha rac t e r i s t i c s  o f  t he  f u e l  being t ransported.  

Since there  i s  insuf f ic ien t  information t o  allow a quant i ta t ive  
assessment of t he  safe ty  ac tua l ly  achieved by such addi t iona l  precautions 
a s  encapsulation o f  the  fue l ,  exclusive use o f  t he  vehicle ,  e t c . ,  it i s  
d i f f i c u l t  t o  determine whether o r  not these precautions a r e  economically 

j u s t i f i e d .  
standards need not be s ign i f i can t ly  more hazardous than shipments o f  
waste o r  product material;  therefore  shipping hazards, taken by themselves, 

need not markedly a f f e c t  plant s i t i n g .  

In our opinion, spent f u e l  shipping casks designed by today's 

\c 
"Rocky F la t s  Division, The Dow Chemical Co., Golden, Colo. 
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6. ECONOMIC CONSIDERATIONS 

6.1 Reprocessing Costs 

..m 

d 

d 

Chemical reprocessing p lan ts  are  generally thought of as being 
expensive, although t h i s  reputat ion is  l a r g e l y  undeserved i n  the ove ra l l  

context of a la rge ,  growing nuclear power econoqy. One 1000-Mw (elec- 
t r i c a l )  light-water reactor (LWR) requires  a refueling r a t e  o f  about 

27  metric tons/year (based on a burnup of 33,000 Mwd/metric ton, 80% 
load f ac to r ,  32.5% thermal eff ic iency) .  

reprocessing p lan t  is  expected t o  handle a nominal 5 metric tons of WR 
fue l  per day a t  an announced c a p i t a l  cost  of  about $70 mill ion.  
plant  operates a t  i t s  nominal production r a t e  of 1500 metric tons/year, 
it can service a nuclear economy of approximately f i f t y - f i v e  1000-Mw 

(e l ec t r i ca l )  LWRIs costing on the  order o f  $180 mill ion each. Based on 

the annual f ixed charge r a t e s  used i n  the AEC Systems Analysis Task Force 

(SATF) and AEC Fuel Recycle Task Force (FRTF) s tudies  (13.5% on reactor  
cap i t a l  and 24.@ on reprocessing plant  c a p i t a l ) ,  the  respective c a p i t a l  
contributions t o  t o t a l  power cos t  would be about 3.5 mil lshwhr for 

reactor  c a p i t a l  and 0.05 mill/kwhr f o r  reprocessing p lan t  cap i ta l .  
a t ing  costs  of  the reprocessing p l an t  add another 0.02 mill/kwhr. Thus, 
the t o t a l  contribution of chemical reprocessing t o  nuclear power cos t  i s  
comparatively s m a l l .  

The proposed All ied Chemical 

If t h i s  

Oper- 

I n  the  near term, of course, f u e l  reprocessing w i l l  be sanewhat more 
expensive, s ince the  reprocessing economy i s  s t a r t i n g  q with smaller 
p l an t s  than t h e  proposed Allied plant  and s ince each plant  w i l l  be oper- 

a ted i n i t i a l l y  a t  less than f u l l  load. The Nuclear Fuel Services,  Inc. 
(NFS) and t h e  General E lec t r i c  Company (GE) p lan ts  have a nominal 1-metric 
ton/day capacity each, although the  two may provide a combined "s t re tch" 
capacity of 5 metric tons/day (more i n  NFS than GE) . The near-term NFS 

base reprocessing charge for 20,000-Mwd/metric ton LWR f u e l  i s  $31.3/kg 
(plus escalat ion) ,  which corresponds t o  about 0.20 mill/kwhr ( e l e c t r i c a l ) .  

The NFS pr ice  would have t o  be s ign i f i can t ly  h i g h s  i f  the cost  o f  cap i t a l  

f o r  NFS were more typ ica l  of  chemical p lan ts ,  o r  i f  there  were no AEC 
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"base load." 
1985-1990, i n  LWR reprocessing cos ts  t o  0.10 mill/kwhr ( e l e c t r i c a l )  ( i n  

CRNL s tudies  f o r  t h e  FRTF have projected a decrease, by 

terms of  1967 do l l a r s ) ,  based on a burnup of 20,000 md/metric ton. 1 

6.1.1 Economies of Scale  

Two s tudies2 j3  of reprocessing p l an t  costs  made by du Pont during 
the 1961-64 period indicated a base p ro jec t  cos t  of  $58 t o  70 mil l ion,  
depending on maintenance philosophy and fuel type, f o r  a 9.07-metric ton/day 

p lan t .  
a t i ng  costs  of  $6.2 mill ion.  
having a 0.907-metric ton/day capacity, was estimated t o  cost  $43 mil l ion,  
with annual operating cos ts  of $3.7 mi l l ion .  

include land, s ta r tup ,  working cap i t a l ,  o r  ult imate waste disposal,  but  

d id  include interim waste storage. 
by t h e i r  low cost-scaling factors  o f  about 0.15 f o r  cap i t a l  cost  and 

about 0.22 f o r  operating cost ;  t ha t  i s :  

6 metric tons/day) 0.145 
9.07 

The reference $58 mil l ion p lan t  was estimated t o  have annual oper- 
A smaller version of t he  reference plant ,  

These estimates did not  

The estimates can be characterized 

Capital  cos t  = ($60.0 x 10 ) ( 

zz ($43.6 x 1 0  6 ) (metric tons/day) 0.145 

6 metric tons/day 0.224 
9.07 Annual operating cos t  ($6.23 x 1 0  ) ( 

6 0 .224  = ($3.80 x 10 ) (metric tons/day) 

More normal cost-scaling f ac to r s  f o r  t h e  chemical industry a r e  i n  the  
range of 0.6 t o  0.7; however, the fac tors  may increase t o  0.8 t o  1 .0  f o r  

scale-up (based on multiple units), o r  may decrease t o  0.3 t o  0.5 f o r  
processes involving extremes o f  temperature and pressure. 
the extremes of  rad ia t ion  involved i n  reprocessing may be considered t o  
be responsible f o r  t h e  extremely low sca l ing  f ac to r s  indicated by the  
du Pont s tudies .  

By analogy, 

The reported NFS c a p i t a  cost  ( i n  1964), f o r  a nominal 1-metric 

ton/day plant ,  was about $32 m i l l i ~ n , ~  including land, s ta r tup ,  working 

capi ta l ,  and inter im waste storage. The reported cost  estimate f o r  t h e  
GE 1-metric ton/day p lan t  i s  only $17.4 million;' however, t h i s  f igure  

r 

c 



does not include a l l  the  items t h a t  make up t h e  NFS cost.  The French ( i n  
1964 and 1965) estimated a cos t  o f  $ 2 9  mill ion f o r  a 1-metric ton/day 

p lan t ,6y7  but did not supply a su f f i c i en t ly  de f in i t i ve  breakdown t o  i nd i -  

ca te  how a l l - inc lus ive  t h i s  cos t  may be. Thus, there  i s  some doubt about 

the ac tua l  cos t  of a 1-metric ton/day reprocessing p l an t ,  although the  

differences between t h e  du Pont, NE'S, and GE p lan ts  can probably be 

explained on t h e  bas i s  of d i f f e r e n t  design philosophies (maintenance 
methods, on-stream time requirements, ease of  capacity expansion, e tc .  ) 
and on the  basis  of what items a r e  included i n  the  quoted figure. 

There i s  a l s o  some difference of  opinion about scal ing fac tors .  
French have used cos ts  i n  t h e i r  evaluation equivalent t o  t h e  

following scal ing laws, f o r  p l an t s  with capac i t ies  a t  least as  high a s  
26 metric tons/day: 

The 

(6.3) Capital  cost  z ($29 x 10 6 ) (metric tons/day) 0.4 

Annual operating cost  : ($1.45 x 10 6 )(metr ic  tons/day) 0.3 
+ ($0.36 x 10 6 )(metric tons/day)'" 

+ ($0.38 x 10 ) (metric tons/day) 
( $ 2 . 2  x 10 6 ) (metric tons/day) 0.54 

6 

(6.4) 

These equations give a cap i t a l  cost  of $29  million and an annual operating 

cost  of $2.2 mi l l ion  f o r  a 1-metric ton/day plant .  
metric tons/day, they give a cap i t a l  cos t  of  $70 mi l l ion  and an annual 

operating cost  of $7 .1  mill ion.  
of NFS f o r  a 1-metric ton/day p lan t  (we estimate the NFS annual operating 
cost  t o  be $2.5  t o  3.0 mil l ion)  and higher than those of  du Pont f o r  a 

9.07-metric ton/day plant.  The scal ing f ac to r s  used by the  French a r e  
more than twice those used by du Pont. The reason for t h i s  i s  not known. 
Using the  French f ac to r s  t o  extrapolate t o  a 10-metric ton/day p lan t  
would be more conservative ( i . e . ,  it would give higher cos ts ) .  

A t  a capacity of 9.07 

The French estimates a r e  lower than those 

For FRTF studies ,  t h e  following estimates, based on NFS estimates a t  

1 metric ton/day and du Pont estimates a t  9.07 metric tons/day, were used 

t o  make cos t  project ions:  



1.0-metric ton/day 9.07-metric ton/day 
Plant  P lan t  

( i n  mill ions o f  do l la rs  ) 

Basic pro jec t  cos t  ( l imited 
maintenance concept) 27.5 

Modifications f o r  LWR-U 
f u e l  +1.5 
Interim waste storage -3.0 - 

26.0 

Land, s ta r tup ,  and work- 
ing cap i t a l  +3.0 

Total c a p i t a l  
investment 29.0 

- 

Annual operating costs,  
exclusive o f  waste storage 2.57 

Ill" 

58.0 

+4.0 
-5.0 

57.0 
- 

+6.0 

63.0 

- 

6.47 

It should be noted tha t  the  t o t a l  c a p i t a l  investments given above 
do not include waste storage f a c i l i t i e s ,  e i t he r  inter im or permanent. 

These costs  y i e ld  scal ing f ac to r s  of 0.35 and 0.42 f o r  cap i t a l  cos t  and 
operating cost respectively.  
portions,  with t h e  l a rge r  p a r t  being proportional t o  p lan t  c a p i t a l  cos t  
and the  smaller p a r t  being proportional t o  p lan t  throughput. To obtain 

1970 costs ,  we multiplied by a f ac to r  of 1.3, which w i l l  account approxi- 
mately f o r  the  increases  i n  building and labor  costs  t ha t  have occurred 

s ince the FRTF estimates were made. 
1970 dol la rs ,  a r e  a s  follows: 

We separated the  operating cost  i n t o  two 

The resu l t ing  c o s t  equations, i n  

0*35 (6.5) 6 Capital  investment = ($38 x 10 ) ( s i ze ,  metric tons/day) 

Annual operating cos t  = 0.084 (capi ta l  investment) 
+ ($0.17 x 1 0  6 )(throughput, metric 

tons/day) (6 6 )  

I n  order t o  obtain costs  t h a t  would apply t o  o ther  f u e l  types, we made 

estimates of  t h e  incremental cap i t a l  cos t  of modifying a 1-metric ton/day 

LWR-U reprocessing p lan t  f o r  handling, i n  addition, 1 metric ton of LWR-Pu 

f u e l  or 0.5 metric ton of LMFBR fue l  per day. 
assumed t o  remain equal t o  0.35. 
as  a function of plant  s i z e  (excluding waste storage f a c i l i t i e s )  i n  Table 

The sca l ing  f ac to r  was 

!L%e resu l t ing  c a p i t a l  costs  a r e  shown 

6.1. 



Table 6.1. Capi ta l  Investment ( i n  f i l l i o n s  of Dollarsa) Required for 
Plants  of Various Sizes and Purposes 

Plant  
Plant Capacity (metric tons/day) 

1 5 10 20 40 

<.- 

Single-Purpose w e :  

LWR-u 38 67 85 108 138 
LWR -Pu 41 72 92 116 148 
LMFBR-Oxide 

91 116 147 - LMFBR-Carbide 

- 49 86 109 13 9 
5 2  

b 
b 

Multipurpose m e  : 

LWR-u + LWR-Pu 41 72 92 117 149 
LWR + LMIBR-O~de' 4s 79 100 12 7 161 

LWR + LMFBR-Carbide 
and -Oxidec 48 84 107 136 173 

~- ~~~ ~ 

%ased on 1970 dol la rs .  

single-purpose p lan ts ,  fas t  breeder reac tor  (FBR) f u e l  is assumed 
to  be handled a t  the nominal throughput capacity.  

I n  multipurpose p lan ts ,  FBR f u e l  is  assumed t o  be handled a t  one-half 
of the nominal throughput capacity.  

C 



6.1.2 Unit Reprocessing Costs 

Table 6.2 presents  estimates of t h e  u n i t  cos t  of reprocessing LWR-U 
and LMFBR-oxide fue l s  i n  fully loaded single-purpose p l an t s  having capac- 
i t i e s  of 1, 6, and 36 metric tons/day. Capital charges were based on the  

FRTF annual f ixed  charge r a t e  of 24%, which was, i n  turn,  based on t h e  
following assumptions : 

Plant  l i fe t ime 
Capital  investment i n  bonds 

Capital  investment in equity 
I n t e r e s t  r a t e  on bonds 

Rate o f  r e tu rn  on equity ( a f t e r  taxes) 
Federal income tax r a t e  

S ta t e  income t a x  r a t e  

Local property tax r a t e  
Annual cos t  of replacements 
Annual property insurance r a t e  

= 15 years 

= 30% 
= 7% 

= 5% 
= 165% 
= 50% 

= 3% 

= 0.35% 
= 0.25% 

= 3.2% 

By 1970 standards, t he  5% bond i n t e r e s t  r a t e  given above appears 
low. Increasing it t o  8% would increase the f ixed  charge r a t e  t o  about 

26%, and t h e  reprocessing ccs t s  i n  Table 6.2 would be increased accord- 

ingly.  
conditions. It i s  not c lear ,  of course, t h a t  t h e  cur ren t ly  high i n t e r e s t  
r a t e s  w i l l  p r eva i l  i nde f in i t e ly ,  

I n t e r e s t  on construction funds would a l so  be higher under 1970 

I n  t h e  FRTF studies ,  t h e  annual operating costs  f o r  a p lan t  were 
calculated f o r  each year during the buildup of  the load t o  nominal 
capacity,  
were about 2% higher than would have been calculated f o r  fully loaded 

plants .  
a r e  based on operation of t h e  p l an t s  a t  f u l l  capacity f o r  260 days per 

year 

On t h e  average, level ixed uni t  m s t s  i n  t he  as-loaded p lan ts  

The operating costs  i n  Table 6.2 are based on Q. (6.6), and 

c 

.1 

c 

c 

c 
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Table 6.2. Estimated Costsa of Reprocessing LWR-U and LMFBR-Oxide Fuels 
i n  Fully Loaded Single-Purpose Plantsb 

- 
Plant  Type and Nominal Capacity (metric tons/day) 

d LWR-UC LMFBR-Oxide 

1 6 36 1 6 36 

Capi a 1  cost  of plant ,  
$10 k 38 71 

1 operating cost ,  
3 04 7.0 

Tota annual cost ,  
$10 2 12.5 24.0 

$/kg of f u e l  48 15.4 

mills/kwhr ( e l e c t r i c a l )  0.19 0.060 

133 49 92 

17.1 4.3 8.8 

49.0 16.1 30.9 

5.2 62 19.8 

0.020 0.20 0.063 

172 

20.6 

61.9 

6.6 

0.021 

%ased on 1970 do l l a r s .  

bThe nominal capacity, i n  metric tons of  f u e l  per day, i s  based on 260 
days of operation per year,  Waste storage costs  a r e  not included, 

‘LWR f u e l  i s  assumed t o  have a bumup of 33,000 Mwd/metric ton, a t  a 
time-averaged spec i f i c  power of 30 Mw/rnetric ton, and a thermal-to- 
e l e c t r i c a l  conversion eff ic iency of 32.5%. 

h R  fue l  (core plus r ad ia l  and ax ia l  blankets)  is  assumed t o  have a 
burnup of 33,000 Mwd/metric ton, a t  a time-averaged spec i f ic  power of 
58 Mw/metric ton, and a thermal- to-electr ical  conversion eff ic iency 
of 40%. 
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6.1.3 Optimization Studies 

Reprocessing cos t  estimates f o r  t h e  main-line FRTF-SATF e f f o r t  were 

based on a I'marketplace" model of tihe reprocessing economy. This i n t u i -  

t i ve ,  somewhat a rb i t ra ry ,  model required tha t  the reprocessing capacity 

i n  a given year always be a t  l e a s t  equal t o  t h e  reac tor  discharge schedule 

f o r  t h a t  year; t h a t  is ,  "backlogging" of  spent f u e l  t o  postpone cap i t a l  

expenditures and allow operation nearer the fully loaded condition was 
not permitted. 
t o  the  NFS, GE, and All ied Chemical p lan ts  be on-stream by 1974 and tha t  
the t o t a l  number of p lan ts  i n  operation (not including those which l'diedf1 

after t h e i r  nominal l5-year l i f e )  increase approximately l i n e a r l y  with 

time a t  the r a t e  o f  about one every f i v e  years. The loca t ion  of t h e  

p lan ts  was not considered, 

It was required tha t  three plants approximately equivalent 

A simplified linear-growth-rate model used a t  ORNL provides some 
ins ight  i n t o  t h e  problem of optimization of  s iz ing  and timing f o r  the 
more general case o f  backlogging f u e l  before the s t a r t u p  of a reprocessing 

p lan t  s u f f i c i e n t l y  l a r g e  t o  handle an increasing spent-fuel load f o r  
severa l  years i n t o  the future .  8,9 This model assumes t h a t  f u e l  is back- 
logged f o r  y years,  incurr ing s torage and inventory costs,  a t  which time 

a p l an t  of capacity mx comes on-stream. 
p l an t s  o f  mx coming on-stream every x years  s t a r t i n g  a t  y. 
present-worth-levelixed processing cost, including f u e l  inventory costs,  
per un i t  amount of f u e l  f o r  this model i s  given by the following equation: 

The cycle i s  r epe t i t i ve ,  w i t h  
The t o t a l  

where 

g = the  p a r t  of t h e  u n i t  processing cos t  that i s  constant (e.g., 

expendable materials proportional t o  production rate),  

k = capi ta l ized  cos t  of building and operating a fuel-receipt-and- 

s torage (backlogging) f a c i l i t y  of unit capacity, such t h a t  

k (my /2)' is the  capi ta l ized  cost  of building and operating 
( indef in i te ly)  a backlogging f a c i l i t y  t ha t  accumulates f u e l  f o r  
y years  before processing begins, 

2 

I 

6 

u 

c 

c 

c 



m = r a t e  of growth of spent-fuel production, units per year per year, 

j = cos t  of money, the e f f ec t ive  (continuous) discount i n t e r e s t  r a t e  
fo r  the present-worth calculat ion,  f r ac t ion  per  year, 

4 

p = cost-scaling f ac to r  f o r  backlogging f a c i l i t y ,  dimensionless 

f rac t ion ,  

K = capi ta l ized  c o s t  of building and operating a processing p lan t  

of u n i t  annual capacity, such t h a t  K (mx)" i s  the capi ta l ized  
cost  of building, operating, and replacing ( indef in i te ly)  a 

processing p lan t  of throughput capacity mx, 

a = cost-scaling f ac to r  f o r  processing p lan t ,  

P = constant un i t  p r i c e  assumed f o r  sale of recovered fue l .  
S 

Table 6.3 shows the r e s u l t s  of a typ ica l  calculat ion.  It is based 

on LWR f u e l  value and processir?g-cost estimates, a growth r a t e  of 300 

metric tons/(year) (predicted f o r  the 1970's i n  t h e  United S ta t e s ) ,  and 
a discount r a t e  of 12%/year (applicable t o  common ownership of t he  fue l ,  
the  backlogging f a c i l i t y ,  and the reprocessing p l a n t  by a p r iva t e  corpor- 
a t i o n  with a t'medium'f cos t  of money). The growth r a t e  i s  roughly equiva- 

l e n t  t o  1 .0  metric ton  per  day per year,  s o  t h a t ,  i n  t h i s  case, x i s  equal 

t o  the  processing p l a n t  capacity i n  metric tons/day. 
r a t e  model, t he  value of y cannot exceed 0 . 5 ~ .  

$kO/kg i n  a 1.0-metric ton/day p lan t  ( r e l a t ive ly  independent of backlogging 

time) t o  less than one-half of t h i s  f igure  i n  a 5.0-metric ton/day p lan t  
( s t i l l  r e l a t i v e l y  in sens i t i ve  t o  backlogging time i n  t h i s  case) and t o  a 
l i t t l e  more than one-third of the 1-metric ton/day cos t  a t  the optimal 
conditions of y = 1 . 7  t o  1.8 years and x = 17 t o  18 years ( i .e . ,  a 17- 
t o  18-metric ton/day p l a n t ) .  The optimum is q u i t e  t l f la t ;T1 f o r  example, 
a 10.0-metric ton/day p l an t  with 1.0-year backlogging gives a leve l ized  
uni t  cos t  that i s  only 6% higher than the minimum, and might be preferable  
from the r i s k  point of view. 

2 

I n  t h i s  linear-growth 
The cos t  drops from about 

The loca t ion  of t h e  p l an t  is  not optimized. 

The assumed cost-scaling equations, pa r t i cu la r ly  the scal ing fac tors  

(exponents), and the i n t e r e s t  ra te  play an important p a r t  i n  t h e  optimiza- 

t ion .  I n  general ,  low scal ing f ac to r s  and low i n t e r e s t  r a t e s  l ead  t o  an 
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Table 6.3. Processing Costs* ( in  Dollars per Kilogramj f o r  Selected 
Values of Backlogging Time (y) and Plant Size (x) 

X x =  0 
(years) x 0.05 0.10 0.15 0.20 0.25 0.50 

1 
2 

3 
5 

15 
16 

17 
18 

13 
20 

25 

10 

39.55 
26.92 
22.02 

17.77 
14.74 
14.25 
14.25 
14.27 
4.33 
14.38 
14.46 
14.94 

40 35 
27.51 
22.48 

14.78 
14.05 
14.01 

13.99 
13.99 
14.00 

14.01 

14.25 

18.07 

40.78 
27.76 
22.63 
18.11 
14.61 
13.78 
13.73 
13.70 
13.70 
13.71 
13.74 
14.05 

4l.11 

27.94 
22 74 
18.10 

4.55 
13 83 
13 83 
13.86 
13.92 
4.00 

l.4.11 

14.96 

k1.38 
28.08 
22.80 
18.11 

14.64 
4.30 
14.42 
4.56 
14.76 
14.99 
15.26 
17.08 

k1.63 
28.20 
22.87 
18.15 

14.94 
15 25 
15.54 
15.87 
16.26 
16. n 
17.20 

20.33 

42 9 58 
28.76 
23.41 
19.29 
20.06 

26.83 
28.60 

30 47 
32.44 
34.49 
36.61 
47.97 

Basis : a = 0.35; p = 0.35; j = 0.12/year; m = 300 metric tons/(year)2; 

pS = $130,000/metric ton; g = $650/metric ton; k = $3.46 x 
0.35- K = $12.45 x 10 6 /(metric ton/year) 0.35 . 10 /(metric ton)  , 6 

Costs  a r e  i n  t e r n  of 1970 dol la rs  and have been escalated by a f ac to r  
of 1.3 t o  account f o r  the change s ince  1967. 

F 

c 

c 

P 

L 

c 
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optimal solution, which ind ica tes  t ha t  p lan ts  should be b u i l t  s u f f i c i e n t l y  
la rge  t o  handle the  fue l  load f o r  many years  i n  the  fu ture .  An optimiza- 

t i o n  study by the  French, mentioned previously,6 used an i n t e r e s t  r a t e  of  
s, a p lan t  l i f e  of 15 years,  and the following approximate cost-scaling 
laws (derived from ref. 7 and escalated by a f ac to r  o f  1.3): 

Capital investment =: ($37.70 x 10 6 ) (p lan t  capacity, metric tons/day) 0.4 
6 Annual expenses proportional t o  investment = ($0.47 x 10 ) (metric 

t o n ~ / d a y ) ~ * ~  
6 Annual expenses proportional t o  throughput r a t e  = ($0.49 x 10 ) 

(metric tons/day) 
6 Other annual expenses, primarily labor ($1.89 x 10 ) (metric 

tons/day) 

Their indicated optimal pol icy was t o  bu i ld  two reprocessing plants ,  one 
a t  a t i m e  (of s u f f i c i e n t l y  la rge  s i z e  t o  handle t h e  projected load f o r  

15 years ) .  
indicated optimal pol icy was t o  bui ld  both p lan ts  a t  the  same location, s o  

t h a t  the same r e s u l t  would have been obtained without considering the 

location. 

6 Their model included optimization of location; however, the  

?"ne ORNL linear-programming (LP) model (Sect. 6.1.3) of t h e  U.S. 

spent-fuel reprocessing economy during t h e  period 1970-2040 has been 
car r ied  through t o  two solutions:  

p lan t  s i zes ,  and another w i t h  Y.ntuitive" l i m i t s  on plant  s i z e  imposed 
i n  each year ( i .e . ,  t he  l i m i t s  increase with time). The method present ly  
used to  cor rec t  f o r  nonl inear i t ies  i n  reprocessing costs  does not guaran- 

tee t h a t  t h e  two so lu t ions  obtained w i l l  represent  t rue  global optima 
(minimum cos t  solut ions) ;  however, it i s  thought t ha t  these  solutions 
a r e  probably near -optimal a s  f a r  as present-worth t o t a l  cos t  (of shipping, 

inventorying, and reprocessing) i s  concerned. 

one with no l i m i t s  on reprocessing 

The estimated amount of spent f u e l  t o  be discharged from nuclear 
reactors  i n  each of e ight  geographical regions of  t h e  United S ta t e s  i n  

each of the 70 years,  i n  the period 1970-2040, together with i n t r a -  and 
interregional  shipping costs ,  estimated costs  of inventorying spent f u e l  

p r io r  t o  processing, and t h e  estimated cost-scaling laws f o r  reprocessing, 
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was supplied a s  input t o  the  IBM-360-75 WPS1' LP code. 

t o  what extent  fue l  should be backlogged before a reprocessing p l an t  is  
b u i l t .  

This code decides 

It a l s o  determines the desired locat ions and s i zes  of such p l an t s .  

Table 6.4 gives the solut ions obtained fo r  t he  problem with and 
without limits on individual reprocessing p lan t  s i zes .  The present-worth- 

averaged cost  over t he  70 years of  shipping, backlogging, and reprocessing 

fo r  t he  no-limits case was about $&.3O/kg; only nine plants  were b u i l t  
during the  en t i r e  period. When arb i t ra ry ,  " in tu i t ive ,"  p lan t  s i ze  limits 
were imposed ( s t a r t i ng  a t  2 metric tons/day f o r  plants  coming on-stream 

i n  1970, and increasing t o  5 metric  tons/day by 1974, 10 metric tons/day 

by 1980, and 40 metric tons/day a f t e r  2010), the present-worth-levelized 
cost  increased t o  about $18.2/kg, and t h e  number of p lan ts  b u i l t  increased 

t o  49. 

Essent ia l ly  the same problem was solved using another code, F'UELCO, 

t h a t  has been developed a t  ORNL. 
smaller p l an t s  (a t o t a l  o f  5 2 ) ,  and gave a present-worth-averaged reproc- 

essing cos t  of $&,95/kg, which would have t o  be adjusted t o  approximately 

$19.50/kg f o r  comparison with the optimized LP r e s u l t s  ( i .e . ,  by adding 

$k.SS/kg f o r  shipping cos ts ) .  

The FUELCO so lu t ion  indicated more, 

The LP results with no limit on p lan t  s i ze  a r e  thought t o  be unreal- 
i s t i c  because the cost-scaling laws a r e  known t o  be inva l id  f o r  the very 
la rge  s izes  indicated (e.g., 178 metric tons/day); and, a l s o ,  s i t i n g  and 
other considerations may limit individual  p lan t  s izes .  However, it i s  
economically important t o  determine what limits r e a l l y  a r e  appl icable  t o  

t h i s  problem on a more accurate basis  than f 'arbi t raryl '  o r  f r i n tu i t i ve . f r  
Apparently, the optimal so lu t ion  t o  the LP model w i l l  be t o  b u i l t  p lan ts ,  

mostly a t  t h e  upper limit imposed on size, with the code indicat ing where 

and i n  what year t o  bui ld .  

less i f  one 10-metric ton/day p lan t ,  of two 5-metric ton/day plants ,  were 

b u i l t  i n  t he  1973-1975 period. 

The near-term cos ts  could be s ign i f i can t ly  

I n  t h i s  mode l1  kg o f  FBR f u e l  i s  assumed t o  be equivalerrt t o  2 kg 
of LWR fuel ;  therefore,  the  uni t  cos ts  given above m u s t  be doubled f o r  the 

FBR fuel .  The fraverageft costs  apply, roughly, t o  the  1985-1990 period. 

P 

F 

h 

P 
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Table 6.4. Schedule Showing t h e  Loca t ions ,  S i z e s ,  and Dates of C o n s t r u c t i o n  of  P r o c e s s i n g  
P l a n t s ,  a s  I n d i c a t e d  by a  Linear-Programming Modela 

F i r s t  
Year of 

R e s u l t s  wi th  No L i m i t s  P laced  
on I n d i v i d u a l  P l a n t  S i z e  

Resu l t s  w i t h  Upper L i m i t s  P laced  on 
I n d i v i d u a l  P l a n t  S i z e  w i t h  Time 

Opera t ion  ( s i z e ,  m e t r i c  t o n d d a y )  ( s i z e ,  me t r i c  tons /day)  

1972 
197h 

1980 
1983 

1986 
1988 
1990 
1992 
1995 

1997 
1998 
1999 
2001 
2 002 

1976 

2 003 

2005 
2 004 

2007 
2 008 

2 010 
2011 
2012 
2014 
2 015 

2016 
2017 
2018 
2019 
2020 

2021 
2022 
2023 
2025 
2026 

2027 
2029 

2 031 
2030 

2032 

2033 
2035 
2037 
2 038 

T o t a l  No. 
of  p l a n t s  

18.4 (111) 

77.0 (111) 

185 (111) 

9 

40.0 (111) 
40.0 (V) 

40.0 (VI I I )  
40.0 (IV) 

40.0 (I), bO.0 (111) 
hO.0 (IV),  40.0 (VI I I )  
40.0 ( I ) ,  40.0 (V) 
40.0 (1) 

hO.0 (11) 
40.0 (111) 

llo.0 (VI I I )  
40.0 (II), 40.0 (V), 40.0 ( V I ) ,  hO.0 ( V I I )  

40.0 ( I V )  

40.0 (111) 

40.0 ( I ) ,  40.0 ( I I ) ,  40.0 (111) 
40.0 (m), 40.0 (VI I I )  

40.0 ( V I 0  

49 

% a s i s :  S p e n t - f u e l  d i s c h a r g e  schedu les  based on  SATF Phase 2, Case 7, f o r  no - l imi t s  
problem, and on Phase 3, Case 40, f o r  t h e  problem w i t h  limits. The two schedules  a r e  
q u i t e  s i m i l a r  t o  each o t h e r  and t o  Phase 3, Case 42, used elsewhere i n  t h i s  r e p o r t .  
S i zes  a r e  expressed i n  "equiva len t"  me t r i c  tons/day, w i t h  one me t r i c  t o n  of FBR o r  
thorium f u e l  assumed t o  b e  e q u i v a l e n t  t o  two m e t r i c  tons of PWR f u e l .  Backlogging of 
spen t  f u e l  f o r  one o r  more y e a r s  b e f o r e  r ep rocess ing  i s  p e r m i t t e d  i f  i t  i s  economically 
j u s t i f i e d .  Reprocessing p l a n t  l i f e  i s  assumed t o  b e  15 y e a r s .  I n t r a -  and i n t e r r e g i o n a l  
s h i p p i n g  c o s t s ,  backlogging c o s t s ,  and r e p r o c e s s i n g  c o s t s  (vary ing  wi th  s c a l e )  were 
e s t i m a t e d  by ORNL. Radioac t ive  waste d i s p o s a l  c o s t s  a r e  no t  i n c l u d e d  i n  t h e  op t imiza t ion .  
The Roman numerals i n  p a r e n t h e s e s  i n d i c a t e  F P C  r e g i o n  des igna t ion  numbers. 
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The LP code a l so  indicates  i n  which region (see Fig. 3.2 and Table 
6.4) the reprocessing p lan ts  should be b u i l t ;  however, t h e  present method 

of handling nonlinear costs i n  t h e  l i n e a r  program probably d i s t o r t s  t he  
loca t ion  r e su l t s  more severely than it does the s i z e  and time r e s u l t s .  

An improved version of the  LP code, using the  separable programming method 

of  handling nonl inear i t ies ,  i s  a l so  under current development a t  ORNL. 
It i s  expected t o  g rea t ly  increase the probabi l i ty  of  a r r iv ing  a t  a t rue  
minimum-cost so lu t ion  (as regards s iz ing,  timing, backlogging, and loca-  
t ion)  ins tead  of a l l localf '  optimum, 

6.2 Fuel Shipping Costs 

Shipping costs  include container cos ts  , f r e i g h t  charges, handling 

costs,  and property insurance covering damage t o ,  o r  loss o f ,  the ship-  

ment. 

provided under t h e  reac tor  o r  reprocessing p l a n t  pol ic ies .  
charges on the  f u e l  during cooling and shipping are not considered p a r t  
of the shipping c o s t  under the  de f in i t i on  used here, but are taken i n t o  
account i n  determining an optimal cooling and shipping s chedule. 

L i a b i l i t y  insurance is  not included s ince  such coverage i s  normally 
Inventory 

Fuel cycles may include shipments of t h e  following commodities: 

(1) f re sh  f u e l  assemblies t o  a reactor ,  

(2) spent f u e l  assemblies f r o m  a reactor ,  

(3) recovered uranium and plutonium solutions from a reprocessing 
p l an t ,  

(4) UF6 t o  and from a gaseous d i f fus ion  p lan t ,  and 

( 5 )  various chemicals, used i n  f u e l  preparation, t o  a f u e l  prepara- 
t i o n  p lan t .  

For t h e  purposes of t he  present s t u w ,  t h e  only  shipments of  interest 
a r e  ( 2 )  and (3) above; thus the discussion w i l l  be l imited t o  these two 

types. 

P 



6 -15 

6.2.1 Costs of  Shipping Spent Fuel 

1000-f i le  Shipments. - The cos t  estimating methods used i n  this study 

and i n  the  AEC systems analysis program have been discussed i n  previous 

ORNL repor t s ,  

e i ther  by computer code or by hand, that meets t h e  requirements of current  

AEC-ICC shipping regulations.  l3,l4 Spent f a s t  breeder f u e l  assemblies 
were assumed t o  be shipped i n  a f u l l y  assembled condition, with each 

assembly enclosed i n  a sealed metal can is te r  f i l l e d  with e i ther  l i q u i d  

They a r e  based on making an approximate cask design, 

sodium o r  some other l i qu id  metal. 

GE . 
This f o l l o w s  the concept proposed by 

15 

Spent-fuel shipping costs  t h a t  were estimated f o r  the systems analy- 

sis program a r e  shown i n  Table 6.5. 
1.3 t o  account for t he  escalat ion s ince 1967. 
t ions  used i n  a r r iv ing  a t  these cos t s  a re  l i s t e d  i n  Table 6.6. 
these costs ,  it should be noted t h a t  the shipping costs,  i n  do l l a r s  per 

kilogram and i n  mills/kwhr, a r e  a f fec ted  by the  fue l  exposure (burnup); 
the exposures used i n  estimating the cos ts  a r e  given i n  Table 6.5, 

Costs were increased by a fac tor  o f  

The ground rules and assump- 

I n  using 

The cos t  o f  shipping spent LWR f u e l  i s  about 0.02 to 0.03 mill/kwhr. 
For FBR fue l ,  cos t  estimates range f rom 0.03 t o  0.07 mill/kwhr, depending 

on the  f u e l  assembly design and operating charac te r i s t ics .  

heat-removal and handling problems involved i n  shipping FBR fue l s  have 

not been completely resolved, these estimates should be used with caution. 
The f igures  given here a re  f o r  r a i l  shipment i n  l a rge  casks, and assume 
tha t  the  cask costs  a re  shared among severa l  reactors  of the  same type. 

A complete discussion of  the cost-estimating methodology used i n  the  AEC 
systems analysis study is given i n  the repor t  o f  the Fuel Recycle Task 
Force. 

Since the 

1 

Effect of Distance. - The approximate e f f e c t  of dis tance on shipping 

cost  i s  shown by Fig. 6.1. 
i n  ORNL-3943,’* gives a mul t ip l ie r  t h a t  i s  applied t o  the 1000-mile cost .  
The curve may be used f o r  both r a i l  and motor f re ight ,  but is  only approxi- 

mate i n  e i ther  case. 

The curve, calculated from estimates presented 
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Table 6.5. Estimated Costs  f o r  Shipping Spent Nuclear Fuel" 

Shipping 
c o s t  Assumed 

Type Average 
of ($/kg Exposure 

Reactor Fuel heavy metal) (mills/kwhr) (Mwd/me t r i c  ton) 

Light-water reactor  

H E R  

Reference oxide LMFBR 
Core-axial blanket 
Radial blanket 
To t a l C  

Advanced oxide LMFBR 
Core -axial  blanket 
Radial blanket 
TotalC 

Reference carbide LMFBR 
Core-axial blanket 
Radial blanket 
Total' 

Advanced carbide LMFBR 
Core-axial blanket 
Radial blanket 
To t a l C  

4.88 
5.20 

32.50 

55.77 
6.37 

34.71 

43.16 
4.81 

28.21 

33.41 
3.90 

13.91 

30 03 
3.64 

16.90 

0.031 
0.022 

0.051 

0.100 
0.009 
0.109 

0.070 
0.005 
0.075 

0.066 
0.016 
0.082 

0.036 
0.004 
0.040 

20,000 
30, ooo 
61,600 

80, OOOb 
8,100 

33,000 

97, OOOb 
6,000 

35 , 400 

79, OOOb 
3,800 

19,600 

110, 3OOb 
8 , 340 

47,400 

a One-way distance,  1000 miles; r a i l  f r e igh t .  
term bas is ;  long-term costs a r e  estimated t o  be about 1@ less. 
costs  a r e  i n  1970 dol la rs .  

Costs a r e  given on a near- 
A l l  

bAverage core exposure. 

Average cost  based on t o t a l  fuel .  C 

c 
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Table 6.6. Ground Rules and Assumptions f o r  Spent-Fuel Shipping 

1. The chemical reprocessing p l an t  i s  located a t  a dis tance of 1000 

miles from the reac tor  s i t e .  
round t r i p  of 2000 miles. 

The shipping cos t  i s  given for  a 

2. The maximum allowable cask weight is  120 tons, f u l l y  loaded. 

3. Shipments of  spent f u e l  a r e  made by r a i l .  
s idings and f a c i l i t i e s  f o r  handling 120-ton casks. 

A l l  s i tes  have r a i l road  

k. R a i l  f r e igh t  rates are: 

5 .  
fu l l  cask, $O.O265/lb; empty cask, $0.0243/1b. 

The round-trip time is  20 days f o r  FBR f u e l  and 16 days f o r  other 

types of reactor fue l .  

6. Casks a r e  purchased a t  a cos t  of  $1.63 per pound of cask weight. 

Fixed charges on casks a r e  15% per year; t h i s  includes the recovery 
of investment, t he  return on investment, taxes, and maintenance. 

7. Shipments a r e  designed t o  comply with CF'R T i t l e  10 P a r t  71 and with 

I C C  Order 70. The cask i s  assumed t o  have the  exclusive use of t h e  

vehicle.  
from the vehicle.  

The maximum dose rate i s  10 m r / h r  a t  a distance of 6 f t  
13314 

8. Casks may be shared among reactors  of  t h e  same type. 

shared, a maximum limit of 80% i s  placed on the  cask u t i l i z a t i o n  

fac tor  (time i n  use divided by t o t a l  time). 

When casks a r e  

9 .  The cost  of property insurance against  damage to ,  o r  l o s s  of ,  the  
cask and i t s  contents i s  0.0005 times the value of t he  shipment. 

10. It i s  assumed tha t  it w i l l  not  be necessary f o r  a courier t o  accom- 
pany the  shipment. 

11. Individual canning of f u e l  assemblies is not required, except i n  the  

case o f  FBR fue l .  

1 2 .  Fuel assemblies a r e  not disassembled before being shipped. 

13. Costs  a r e  given i n  1970 do l l a r s .  
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Both the f r e i g h t  cos t  and the  container cos t  are affected by ship-  
Rental charges on containers a re  based on t h e  number of ping distance.  

days i n  use, which, i n  turn,  depends on t h e  distance.  If the  containers  
are capi ta l ized,  the  cost  pe r  t r i p  i s  equal t o  t h e  annual f i xed  charges 

on the  container investment divided by t h e  number of t r i p s  per year. 
things being equal, the number of t r i p s  t h a t  can be made annually i s  i n -  

versely proportional t o  the number of days required per t r i p .  

estimates of t he  time required f o r  t r i p s  of various distances a r e  as 

follows : 

Other 

Approximate 

One-way Distance 
(miles) 

250 
500 

1500 

1000 

2 000 

3 000 

Round-Trip T ime  (days) 

R a i l  Freight Motor Fre ight  

8 4 
1 2  6 
16 10 

20  1 2  

23 4 
36 18 

These estimates include one day each f o r  loading and unloading. 

The data given here  and i n  Sect.  3 can be used t o  compare the eco- 

nomics of various p lan t  loca t ion  pol ic ies .  For example, the annual 
expenditures f o r  spent-fuel shipping can be compared on t h e  basis  of 

r e s t r i c t e d  and unres t r ic ted  s i t i n g .  
the year 2000, f o r  example, the annual expenditure based on a shipping 

dis tance of 1000 miles would be approximately as follows: 

Using SATF Phase 3, Case 42,  and 

Type of Fuel metric tons/year $/kg f u e l  $lo6/year 

LWR 6100 4.7 29 
LMFBR 8500 17.5' 149 

Total  178 

When the cos t s  of shipping recovered enriched uranium and plutonium 

solut ions are included (see Sect. 6.2.2), the t o t a l  cos t  becomes about 

$200 mil l ion per year. If the average shipping d is tance  i s  reduced t o  
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350 miles, t h e  cos t  decreases t o  about $135 mi l l ion  (see Fig. 6.1). 

shipping cost  penalty associated with t h e  l a rge r  dis tance is  thus about 
$65 mil l ion annually. Inventory charges incurred because of t he  longer 

time i n  t r a n s i t  must be added t o  t h i s  penalty. 

kilogram of mater ia l  i s  worth $250 and t h a t  t he  addi t ional  time i n  t r a n s i t  
i s  5 days, the addi t ional  inventory charges associated with the longer 
shipping dis tance would be about $6 mil l ion pe r  year. 
some indicat ion of t h e  possible magnitude of t h e  cos t  pena l t ies  t h a t  might 

be associated with r e s t r i c t i v e  s i t i n g  prac t ices .  
annual shipping costs  ( for  spent f u e l  and recovered mater ia l ) ,  as a function 

The 

Assuming t h a t  the average 

These f igures  give 

Table 6.7 shows t o t a l  

of time, t h a t  were calculated f o r  1000-mile distances,  a s  w e l l  a s  f o r  the 

shorter average dis tances  projected i n  Table 3.55. 

Table 6.7. Projected Total  Annual Shipping Cos tsa 
(Based on SATF Phase 3, Case 4 2 )  

Annual Costs (millions o f  do l la rs )  

For 1000-Mile For Shorter 
Year Shipments Distancesb Difference 

1980 
1990 
2 000 

2 010 

2020 

21 

144 
200 

31 9 
395 

16 
101 

135 

247 
2 08 

5 
43 
65 

148 
111 

a 

bDistances were obtained from Table 3.55. 
A l l  costs  a r e  given i n  terms of  1970 d o l l a r s ,  

F 

i 

W* 

F 

F 
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6.2.2 Recovered F i s s i l e  and F e r t i l e  Materials 

Plutonium Ni t ra te  Solutions.  - Plutonium tha t  i s  recovered from spent 

nuclear f u e l s  i s  shipped from the reprocessing p lan t  as plutonium n i t r a t e  
so lu t ion  a t  a concentration of 250 g of plutonium per  l i t e r .  The primary 
container i s  a 1 0 - l i t e r  polyethylene b o t t l e .  
a 5-in. sched 40 s t a i n l e s s  s t e e l  pipe having a flanged and bol ted end; i n  

turn,  t h i s  pipe i s  centered i n  a s t e e l  drum tha t  is about 2 2  in .  i n  diam- 
e t e r  and about 6 f t  high. The drum is packed with vermicul i te  o r  similar 

material. 
bo t t l e s ,  o r  a t o t a l  of 170 kg of plutonium. 

4.40 l b .  

Each b o t t l e  is  enclosed i n  

A s i n g l e  motor f r e i g h t  t ra i ler  shipment cons is t s  of up t o  68 
Each package weighs about 

Shipping costs  a r e  estimated as follows: 

Distance (miles) Cost ($/kg Pu) 

500 19-26 
1000 26-39 
2500 39-52 

The higher cos ts  are based on present-day conditions; the  lower ones a r e  

those that might be expected t o  p reva i l  i n  the 1980-1990 period. 

The plutonium content of the spent f u e l  from LWR's operating on 2 t o  
3% enriched uranium i s  about 0.8%. 
from the FBR's considered i n  t h i s  s tudy  var ies  from 6 t o  11% of the t o t a l  
core and blanket.  
kilogram of t o t a l  f u e l  a r e  as follows: 

The plutonium content of spent  f u e l  

Using these f igures ,  the  plutonium shipping cos ts  per 

a 
One-way Distance LWR Fuel FBR Fuel 

(miles) (1970) (198  0 -1990 ) 

500 0.21 1 .20-2 .20  

1000 0.31 1.50-2.90 

2500 0.42 2.30-4.30 

Future mater ia l  from high-exposure power reac tors  w i l l  have higher 
concentrations of 238Pu and may, therefore ,  have t o  be shielded w i t h  a 
moderating mater ia l  t o  reduce neutron rad ia t ion  t o  acceptable l e v e l s ,  
This w i l l  increase the c o s t  of shipment s ign i f i can t ly .  
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The polyethylene bo t t l e s  tend t o  crack a f t e r  prolonged use. There- 

fo re ,  other container materials a r e  being invest igated.  

Uranyl Ni t ra te  (238U-235U) Solutions.  - Recovered uranium t h a t  i s  
only s l i g h t l y  enriched and has e s sen t i a l ly  z e r o  gamma a c t i v i t y  can be 

shipped as uranyl n i t r a t e  so lu t ion  i n  tank trucks of about 3000-gal 
capacity. This so lu t ion  must meet the  "low spec i f i c  a c t i v i t y "  c r i t e r i o n  

specif ied i n  CFR T i t l e  10 Pa r t  71. 
solut ion i s  typ ica l ly  320 g / l i t e r  and i s  l imi ted  t o  a maximum of 357 
g / l i t e r .  

The concentration of uranium i n  t h e  

The concentration of 235U m u s t  not exceed 5%. 

F 

Insulated s t a i n l e s s  s t e e l  tank t r a i l e r s  a r e  used. Freezing i n  cold 
weather m u s t  be avoided. 

c 

Shipping costs f o r  t h i s  method o f  t ransport  a r e  estimated a s  follows: 

Distance (miles) 

500 
1000 

2 500 

Cost ($/kg U) 

0.50-0.80 

0.80-1.05 

1.70-2.60 

The higher costs a r e  based on present-day conditions; the  lower ones a r e  
those t h a t  might be expected i n  the  1980-1990 period. 

Gamma-Active Uranyl Nitrate  Solutions. - The reprocessing of fue l s  
f rom thorium-uranium f u e l  cycles may require  t h e  shipment of 233U s o h -  

t i ons  containing gamma-active daughters of 232U. ORNL-3943 gives es t i -  
mated shipping costs  ranging from $30 t o  $50 per  kilogram of uranium for 

a shipping dis tance of  500 miles when an escalat ion f ac to r  of 1.4 (1966 
t o  1970) i s  applied.  The c o s t  depends on the  232U concentration and on 
the t o t a l  volume shipped per year. I n  making these estimates, it was 
assumed tha t  t h e  so lu t ion  w a s  shipped by r a i l  i n  l a r g e  lead-shielded 
s teel  casks and t h a t  i n t e rna l  compartmentation can be used to prevent 

c r i t i c a l i t y .  

c 
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_ -  6.3 Waste Management Costs 

A s e r i e s  o f  s tud ies  was made a t  ORNL during the  period 1961-1965 t o  
evaluate the economics associated with the treatment and the permanent 

disposal  o f  high-level wastes. 16-23 Analyses were made of each operation 
shown i n  Fig. 6.2 f o r  a nominal 20,000-Mw (e l ec t r i ca l )  nuclear power 
economy; based on government ownership of the  f a c i l i t i e s ,  it was estimated 

t h a t  management via the series of operations consis t ing of  in te r im l iqu id  
storage,  pot calcinat ion,  inter im so l id  storage, shipment, and disposal  
i n  s a l t  mines could be accomplished f o r  about 0.017 t o  0.020 mill per  

kwhr of  e l e c t r i c i t y  produced from t h e  o r i g i n a l  fue l .24  This was about 

t h e  same cost  a s  t h a t  estimated f o r  "perpetual1' tank storage of the 
wastes i n  l iqu id  form, which i s  a much more hazardous and less s a t i s f a c -  
tory method of  long-term management. 

Recently, these analyses were incorporated i n  a computer program t o  
f a c i l i t a t e  cos t  optimization over a wide range of conditions and f o r  

d i f f e ren t  methods of financing. 
averaged, early-1970 do l l a r  values based on indexes i n  Engineering News- 

Record and Cos t  Engineering, and on data from t h e  Bureau of Labor S t a t i s -  

t i c s .  
a t i v e  of  corporate financing, we calculated new estimates of  t h e  cos t  of 

high-level radioact ive waste management by so l id i f i ca t ion  and disposal i n  

s a l t  mines. 
$12,750 per metric t on  of fue l  i r r ad ia t ed  t o  a burnup of 33,000 Mwd/ton) , 
Perpetual s torage i n  tanks i s  estimated t o  cost  about 0.032 mill/kwhr 
($8160 per  metric ton  of fue l  i r r a d i a t e d  t o  a burnup of 33,000 Mwd/ton). 

Costs  were escalated t o  nat ional ly  

Using current i n t e r e s t  r a t e s  and economic models t h a t  a r e  represent- 

These f igures  range from 0.03 t o  0.05 mill/kwhr ($7650 t o  

6.3.1 Basis and Economic Model 

The current calculat ions a r e  based on a 20,000-Mw (e l ec t r i ca l )  

nuclear economy t h a t ,  annually, generates 1.753 x 10" kwhr of e l e c t r i c i t y  
and produces 687.5 metric tons of spent f u e l  i r r ad ia t ed  t o  33,000 Mwd/ton. 

The f u e l  i s  assumed t o  be reprocessed 150 days following i t s  discharge 
from the  reactor ,  and the  pot ca lc ina t ion  f a c i l i t y  i s  s ized  s o  tha t  the  
waste i s  s o l i d i f i e d  a t  the r a t e  a t  which it is generated during f u e l  
reprocessing. 
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U 

Waste management costs a r e  computed using an economic model based on 
the "payout method described by Salmon. 25y26 
a discounted cash flow calculat ion,  which requires  tha t  t h e  incomes received 
must provide f o r  the recovery o f  the investment, t he  des i red  re turn  on 
investment, a l l  cash expenses of the pro jec t ,  and the establishment of an 
escrow fund t o  pay f o r  t he  waste management operations tha t  rerrain t o  be 

completed a f t e r  a l l  income has ceased. The bas ic  fea tures  of  this model 

a r e  as  fol lows:  

This method is bas i ca l ly  

1. 

2 .  

3 .  

4. 

5 .  

The bond i n t e r e s t  for a given year is equal t o  the  bond i n t e r e s t  
r a t e  mult ipl ied by t h e  bond pr inc ipa l  outstanding a t  the beginning 
of  t h a t  pa r t i cu la r  year.  

The re turn  on equity f o r  a given year  is equal t o  the earning 
r a t e  on equity mult ipl ied by the  equity c a p i t a l  outstanding a t  

t he  beginning of t h a t  pa r t i cu la r  year. 

The i n t e r e s t  on the  escrow fund is  equal t o  t h e  i n t e r e s t  r a t e  

mult ipl ied by the t o t a l  amount accumulated i n  t h e  fund a t  the 

beginning of  the year. 

p r inc ipa l .  

Incomes and expenses a re  assumed t o  occur a t  t h e  end of each 
year;  c a p i t a l  expenditures occur a t  t h e  beginning of the  year. 

The cash income from s a l e s  received a t  the end of a given year 

i s  divided i n t o  six portions:  

(a) One port ion is  used t o  pay t h e  cash expenses for t h a t  year, 
including operating charges and taxes (but not including 

depreciat ion) ,  

This i n t e r e s t  i s  then added t o  the fund 

(b) The second portion i s  used t o  pay bond i n t e r e s t .  

(c) The t h i r d  port ion goes t o  re turn  on equity. 

(d) The four th  port ion is  paid i n t o  the escrow fund. 

(e) The f i f t h  por t ion  i s  used to  reduce the  outstanding bond 

pr inc ipa l  ( the c a p i t a l  i n  bonds and i n  equity i s  paid off 
i n  the same r a t i o  a s  t h a t  i n  which the debts were o r ig ina l ly  

established) . 
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( f )  The remainder is  used t o  reduce t h e  outstanding equi ty  
capi ta l .  

6 .  A t  the end of the income-receiving period, t he  outstanding i n -  

vestments both i n  bonds and in equi ty  are reduced t o  zero. 

7. After a l l  income has ceased, t he  escrow fund is  used t o  pay any 
cap i t a l  expenditures as wel l  as a l l  operating expenses that  have 
been incurred. 

8. The following items a r e  summed t o  give the t o t a l  tax-deductible 
expenses during t h e  income-receiving period: 

payment t o  the escrow fund, operating expenses, and depreciat ion,  

bond i n t e r e s t ,  

I n  these  calculat ions,  3C$ of t h e  c a p i t a l  investment i s  financed by 
bonds a t  8% in t e re s t ;  an after-tax re turn  of 16% i s  allowed on stockholders '  
equity;  the  s t r a igh t - l i ne  method of depreciat ion i s  used; and t h e  federa l  
income tax ra te  i s  48%. 
"cost of money" of 12.4% and t o  a fixed-charge r a t e  of 24%. 

fund draws 5% tax-exempt i n t e r e s t  annually. 

These conditions are equivalent t o  an e f f ec t ive  

The escrow 

6.3.2 Perpetual Tank Storage 

I n  a previous the  c o s t s  of perpetual  tank s torage  were 
examined f o r  th ree  representat ive types of financing: government owner- 
ship,  p r i v a t e  ownership, and a combination of government and pr iva te  
ownership. 
recovery of cap i t a l  and operating expenses, and f o r  i n t e r e s t  on the 

investment capi ta l ;  however, i n  t he  case of p r i v a t e  ownership, cos ts  
reflected a r e tu rn  on equity, as wel l  as the recovery of cap i t a l  and 
operating expenses, insurance, taxes, and i n t e r e s t .  I n  the t h i r d  case, 

p r iva t e  ownership was assumed during the  20-year period of waste accumu- 

l a t ion ,  a f t e r  which the government assumed re spons ib i l i t y  f o r  perpetual  
care of  the  tank farm. 

The case of  government ownership provided only f o r  the 

To provide f o r  perpetual care  of t he  waste a f t e r  cessat ion of income, 
a permanent, tax-free fund was establ ished by making annual deposi ts  during 

the  income-accumulation period. The s i z e  of t h i s  fund was calculated s o  
that the  annual tax-free i n t e r e s t  would be s u f f i c i e n t  t o  provide f o r  the  
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periodic replacement of tanks, t he  replacement of other  necessary equip- 
ment a t  30-year in te rva ls ,  and the annual operating expenses of  the  
f a c i l i t y .  The permanent fund a l so  included a contingency account, equal 
t o  the cost  of  replacing one tank unexpectedly, t ransferr ing i t s  contents,  
and f i l l i n g  t h e  defective tank with concrete. 
the  accumulation of i n t e r e s t  on t h i s  p a r t  of the permanent, tax-free fund, 

s ince t h i s  account might have t o  be expended a t  any time. 

No advantage was taken of 

The tank farms were designed f o r  s to r ing  high-level radioact ive 

wastes, i n  both acid and a lka l ine  forms, i n  tanks s imi la r  t o  those being 
used a t  the Savannah River Plant .  The wastes were assumed t o  be concen- 
t r a t e d  t o  100 ga l  per 10 4 Mwd (thermal) f o r  storage i n  acid form,  o r  

600 ga l  per 10  4 Mwd (thermal) f o r  s torage i n  a lka l ine  form. Capacities 
ranged from 200,000 t o  ~,OOO,OoO gal.  

each case and then used i n  computer code TASC023 t o  estimate the t o t a l  
costs  f o r  each method of  financing a s  a function of tank s i z e ,  tank l i f e -  

t i m e ,  and f i s s i o n  product concentration i n  the  waste. 
was made t o  determine t h e  hazards quant i ta t ively,  t h e  concept of double 

containment of rad ioac t iv i ty  was applied throughout; i n  a l l  instances,  

the s t ipu la ted  philosophy of design and operation emphasized s a f e t y  over 
any poten t ia l  savings in costs .  

Capital  costs  were estimated f o r  

Although no attempt 

We have recalculated the cos t s  of  perpetual storage a f t e r  revis ing 
TASCO t o  r e f l e c t  an esca la t ion  of 17% i n  t h e  c o s t  of tanks and 30% i n  t h e  
cost  of equipment. 

cos t  t o  100%; t h e  government i n t e r e s t  r a t e  w a s  s e t  a t  5%; and t h e  economic 
parameters described i n  Sect. 6.3.1 were used f o r  p r iva te  financing. 

Results show tha t ,  f o r  storage i n  optimum s ized  tanks, t h e  i n i t i a l  capi- 
t a l  expenditures vary from $10 mil l ion t o  $13 mill ion,  and t h e  annual 
operating expenses range from $0.6 mil l ion t o  $1.2 mill ion.  
of  t he  permanent tax-free fund needed f o r  "perpetual care" ranges from 
$19 mill ion t o  $39 million, and annual payments of from $0.6 mil l ion t o  
$1.2 mil l ion a r e  required t o  es tab l i sh  t h e  permanent fund. 

Also, overhead was increased from 50% of  t h e  labor  

The magnitude 

The t o t a l  cos t s  of perpetual tank s torage f o r  acid waste a re  given 

i n  Fig. 6.3. The t o t a l  cost ,  i n  mills/kwhr of e l e c t r i c i t y  generated, i s  
p lo t ted  against  tank capacity f o r  tank l i f e t imes  of  25, 50, and 75 years  

fo r  t he  three types of financing. Minima occur a t  a tank capacity of 
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about 1,000,000 ga l  i n  a l l  cases. 
0.0175 mill/kwhr f o r  Case 1, f r o m  0.0308 t o  0.0318 mill/kwhr fo r  Case 2, 
and from 0.0318 t o  0.0325 mill/kwhr f o r  Case 3. 
l i n e  waste storage were generally higher than the equivalent costs f o r  

acid storage (Fig. 6.4). For a lka l ine  wastes, t h e  optimum tank capacity 

was about 2,500,000 ga l ,  and t h e  m i n i m u m  t o t a l  cos t s  were from 0 t o  15% 
higher than those fo r  ac id  wastes. 

These minima range from 0.0160 t o  

The t o t a l  costs  f o r  alka- 

To obtain an ind ica t ion  of the e f f e c t  of f i s s i o n  product concentration 
on costs ,  a second s e t  of  cos t s  was computed, assuming that  the wastes a r e  
reduced i n  volume t o  one-half those of the or ig ina l  design bas i s ,  I n  t h i s  
instance, acid Purex and Thorex wastes a r e  assumed t o  be s tored  a t  50 g a l  
per 10 Mwd of  f u e l  exposure, while a lka l ine  Purex and Thorex wastes a re  4 
s tored  a t  300 ga l  per 10 4 Mwd of  exposure. This reduction i n  volumes 

caused a decrease of  15 t o  30% i n  t o t a l  costs.  
a tank f o r  s tor ing  acid waste remained a t  about 1,000,000 gal,  whereas 
the optimum s i z e  f o r  a lka l ine  waste s torage decreased from about 2,500,000 

t o  1,500,000 gal.  

The optimum capacity f o r  

Comparison with Reported Cos ts  a t  NFS. - Nuclear Fuel Services, Inc.  
(NFS), o f  West Valley, New York, has contractual  arrangements with the 
s t a t e  of New York f o r  the  management of high-level radioactive wastes 
from NFS on a "perpetual" tank-storage basis.' Under the  terms of t h i s  
contract ,  New York S t a t e  provides a tank farm needed f o r  1-5 years '  opera- 

t ion  of t he  p lan t  and i s  reimbursed by NFS for the  c a p i t a l  cos t  of t h i s  

farm as the tank capacity is  u t i l i zed .  I n  addition, NFS makes payments 
i n t o  a state-owned "perpetual care" escrow fund, which earns 4% annual 

i n t e r e s t  and matures i n  1s years ,  The t o t a l  cos t  of high-level waste 

management under t h i s  plan has been reported informally t o  be about $1870 
per ton of fue l  processed [ 0.012 mill/kwhr ( e l e c t r i c a l ) ] .  
d e t a i l s  of the f inanc ia l  arrangement a re  not avai lable ,  but  it i s  believed 
t h a t  t h i s  reported cos t  can be reconstructed approximately a s  discussed 

below. 

The exact 

On the basis  of processing 2 2 5  tons of 20,000 Mwd/ton f u e l  annually, 

and concurrently s tor ing  waste under a lka l ine  conditions a t  a concentra- 

t ion  of 400 gal/ton, NFS w i l l  generate about 1,400,000 gal  of waste over 
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a period of 15 years.  
and two 600,000-gal carbon-steel %orking" tanks, and decay heat i s  removed 
from the  wastes by allowing them t o  se l f -bo i l .  
farm was estimated a t  $3.2 mil l ion t o  $4.0 million. Nuclear Fuel Services 
repays the s t a t e  o f  New York $210,000 annually ($933 per ton of f u e l  proc- 
essed), based on a s t r a i g h t l i n e  depreciation of $3.2 mil l ion over a period 

of 15 years. 
$211,000 ($938 per ton  of f u e l )  i n t o  the "perpetual care" fund. 

the  t o t a l  cos t  of high-level waste management a t  NFS, excluding tank-farm 

operating costs,  i n t e r e s t ,  and re turn  on the  c a p i t a l  investment, i s  $1871 
per ton of f u e l  processed. 

Tankage is  supplied i n  the  form of one 320,000-gal 

The cap i t a l  cost  of  t h e  

Nuclear Fuel Services a l s o  makes an  annual payment of 
Thus, 

When the ORNL tank-farm design and cos t  model (computer code TASCO) 
was used t o  estimate the perpetual storage cos ts  f o r  wastes from an i n s t a l -  
l a t i o n  of a s i z e  s imi la r  t o  t h a t  of  NFS, a t o t a l  cost  of $3080 per t o n  o f  

f u e l  [0.02 mill/kwhr ( e l e c t r i c a l ) ]  was obtained. 

processing 2 2 5  tons of 20,000-Mwd/ton f u e l  annually f o r  1s years was 

assumed. 
th ree  530,OOO-gal tanks equipped with submerged co i l s  f o r  hea t  removal. 

The t o t a l  cos t  of $3080 per ton of f u e l  includes: 

payment; $430 f o r  operation, maintenance, and insurance; $1uO f o r  s t r a igh t -  
l i n e  depreciation of the  cap i t a l  investanent over 15 years;  and $410 f o r  
average i n t e r e s t  on t h e  investment, computed a t  5% per annum. It appears 

t ha t  the lower cost  reported f o r  NFS waste management i s  due primarily t o  

the exclusion of operating costs and i n t e r e s t  on the cap i t a l ,  and t o  the 
lower c a p i t a l  costs,  which a r e  possibly a r e f l e c t i o n  of l e s s  -expensive 
tankage required f o r  storage under self-boi l ing conditions. 

I n  t h i s  case, a p lan t  

Waste generated a t  the r a t e  of 90,000 gal/year was stored i n  

$800 f o r  t h e  escrow 

6.3.3 So l id i f i ca t ion  and Disposal i n  S a l t  

After escalat ing the cap i t a l  and operating cos ts  developed previously 
f o r  the various operations shown i n  Fig. 6.2, we calculated present-valued 
cos t s  f o r  inter im l iqu id  storage i n  acid form, pot  calcinat ion,  inter im 

so l id  storage,  shipment, and disposal  i n  s a l t  mines as a function of time 

(or  age of t h e  wastes), using the  financing model described i n  Sect. 6.3.1. 
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Inter im Liquid Storage, - Figure 6.5 presents the costs,  i n  un i t s  o f  

mill/kwhr, f o r  inter im l i q u i d  storage as  a function of s torage t i m e ,  
i n  years. 
design and c a p i t a l  and operating costs  that were used f o r  perpetual l i q u i d  

storage. 
100 gal per 10,000 Mwd (thermal), and a tank l i f e t ime  of 50 years was 

assumed. 
sions were made f o r  t he  reuse of tanks when possible.  

l iqu id  s torage ranged from 13 x 
periods of 1 t o  30 years  respect ively,  
i n  cost  between a 20- and a 30-year storage period because the same t o t a l  

storage capacity i s  required and none of the  tanks can be reused. 

Interim l i q u i d  storage cos ts  a r e  based on the  same tank-farm 

The wastes were s tored a t  a concentration corresponding t o  

The tank s i z e  was optimized f o r  each storage period, and provi- 

Cos t s  f o r  in te r im 

t o  27  x mill/kwhr f o r  s torage 

There i s  very l i t t l e  difference 

P o t  Calcination and Shipment. - Figure 6.6 presents  pot-calcination 

and waste-shipment costs as a function of the age of the  waste a t  t h e  time 
of calcinat ion and shipment. Costs were calculated f o r  ca lc ina t ion  i n  6-, 
1 2  -, and '&-in. -diam cylinders f o r  every case i n  which the center- l ine 

temperatures of  t h e  cylinders were permitted to remain a t  less than 1 6 5 0 0 ~  
when the  cyl inders  were standing i n  a i r .  
was taken t o  be 1 f t  Cal- 
c ina t ion  cos t s  were computed a f t e r  t h e  costs  from the e a r l i e r  study17 had 
been escalated a s  fo l lows:  permanent f a c i l i t i e s ,  50%; calcinat ion pots,  
3@; labor,  increased t o  $10,000 per man-year; overhead, assumed t o  be 
100% of t he  labor  costs.  

mill/kwhr, f o r  t h e  ca lc ina t ion  of 1-year-old wastes i n  6-in.-diam pots,  
t o  1.8 x 
in.-diam pots .  Cos ts  f o r  1000-mile shipment of t h e  pots i n  lead-shielded 
casks weighing 50 t o  90 tons,  without forced convection cooling enroute, 

The volume o f  calcined so l ids  
3 per 10,000 Mwd (thermal) of f u e l  i r r ad ia t ion .  

The calculated costs ranged from 16.5 x 

mill/kwhr f o r  t h e  ca lc ina t ion  of 30-year-old wastes i n  24- 

ranged from 2.3 x 
essing t o  l e s s  than 1 x mill/kwhr f o r  shipment 40 or  more years l a t e r .  
I n  a r r iv ing  a t  these estimates, f r e igh t  costs were escalated by 20% over 
those previously used;19 the purchase p r i c e  of  t he  casks was based on 
$1.25 per pound of weight; labor costs  were increased t o  $100 per man-day, 

including overhead; t he  cos t  o f  the loading crane was escalated t o  $1200 

per  ton; and a period of  14 days was allowed f o r  a 2000-mile round-trip 

shipment. 

mill/kwhr f o r  shipment two years a f t e r  f u e l  reproc- 
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Inter im Sol id  Storage. - Present-valued costs  f o r  inter im s o l i d  
storage of the  calcined wastes i n  water-f i l led canals a r e  presented as 
a function of the  age of  the  waste (spec i f ica l ly ,  inter im l iqu id  storage 

time) f o r  1, 3, 10, and 30 years of s torage (Fig. 6.7). The costs  range 
from 16 x mill/kwhr (obtained by extrapolation) f o r  30-year storage 
of  1-year-old waste i n  6-in.-diam pots,  t o  0.5 x 10-3 m i l l h h r  f o r  1-year 

storage of  30-year-old waste i n  6-, 12- ,  or 24-in.-diam pots.  
calculations,  the  costs t h a t  were escalated over those used i n  the previous 

$1.s0/ft2; aluminum pa r t i t i ons ,  $10/ft ; 5-ton crane, $7000; t rack,  $37/ft; 
demineralizer system, $45O/gpm; Geiger tube detectors ,  $1200 each; s c i n t i l -  

l a t i o n  detectors ,  $ 2 3 0  each; se rv ice  and o f f i ce  building, $35/ft ; and a 

For these 

study 18 are: excavation, $S/yd 3 ; concrete i n  place, $120/yd3; epow l in ing ,  
2 

2 

2 building t o  house the  s torage canals, $10/ft . The costs  of the aluminum 

stands t o  hold t h e  cylinders were estimated a t  $25, $39, and $63 each f o r  
6-, 1 2 - ,  and 24-in.-diam pots  respectively.  Cooling system costs,  which 

include cooling towers, heat  exchangers, and pumps, were increased by 25%. 

The discont inui ty  i n  each of t h e  cost  curves of Figs. 6.6 and 6.7 a t  
the 19- t o  20-year marks is  a charac te r i s t ic  o f  t h e  pa r t i cu la r  economic 
model t ha t  i s  used. I n  this model, i t  i s  assumed tha t  any investments 
made a f t e r  the  end of t he  20-year income-receiving period would have t o  

be financed out of t h e  escrow fund. Investments made during the 20-year 

period, on t h e  other hand, would be recovered from incomes received during 
t h a t  same 20-year period. Since aqy investments outstanding during t h i s  

period a r e  expected t o  y i e ld  an annual i n t e r e s t  of 12.4%, the  incomes used 
t o  r e t i r e  these investments are ,  i n  e f fec t ,  earning a t  t h i s  r a t e  a l l  through 

the payout period. 
covered (reduced t o  zero) a t  t he  end of t h a t  year. 
use of accumulated annual incomes tha t  have been received during the  

previous 2 0  years and tha t  have, i n  effect ,  been accumulating i n t e r e s t  

a t  12.4% per  year. 
r a t e  of only 5% per year,  the amount of annual income required t o  r e t i r e  

the same investment would have had to be much la rger .  The discont inui ty  

comes about because of t he  assumption tha t  an investment made i n  the  

twentieth year can be r e t i r e d  by incomes tha t  have been accumulating f o r  

An investment made i n  t h e  twentieth year must be re- 
T h i s  is done by making 

If these incomes had been accumulating a t  an i n t e r e s t  
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Fig. 6.7. Present-Valued Costs  of Inter im Storage of  So l id i f i ed  
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20 years a t  12.4% per  year, while the  same investment made i n  the  twenty- 
first year must be r e t i r e d  by incomes t h a t  have been accumulating a t  on ly  

5% per year.  
the t i m e  of calcinat ion means tha t  the investment f o r  t h e  calcinat ion 
f a c i l i t y  was made i n  year 20, while a 20-year age a t  t he  time of calcina-  
t ion  means tha t  t he  investment was made i n  year 21 .  I n  constructing t h e  

model, there  seemed t o  be no simple, va l id  method of eliminating t h i s  

discontinuity,  which never amounts t o  more than about 2% o f  the cos t  i n  

any event, 

For example, i n  Fig. 6.6, a 19-year age f o r  the waste a t  

Disposal i n  S a l t  Mines. - The estimated cos ts  f o r  t he  d isposa l  of 
A s  i n  the so l id i f i ed  wastes i n  a s a l t  mine a r e  presented i n  Fig. 6.8. 

previous study,21 the cylinders a r e  buried i n  v e r t i c a l  holes i n  the f l o o r  
of a mine that is excavated 1000 f t  below the surface.  The pots  a r e  

spaced i n  such a manner t h a t  t he  decay heat  can be diss ipated without 
increasing t h e  temperature of t he  s a l t  above 200°C. 

developed i n  t h e  study of an i n i t i a l  government-owned reposi tory (de- 
scr ibed i n  Sect .  4.3.4) were u t i l i z e d  i n  arr iving a t  the estimates shown 

i n  Fig. 6.8. 
a l l  cap i t a l  and operating cos ts  and 5% annual i n t e r e s t  on money, was an 

average of severa l  cases considered. To determine t h e  costs  o f  burying 

a can of waste, t he  required mine area was f irst  calculated from consider- 

a t ions  of t h e  heat-generation r a t e  and the  age of  the waste a t  t h e  t i m e  
of i t s  bur ia l .  
was converted t o  mills per kilowatt-hour of  e l e c t r i c i t y  or ig ina l ly  gener- 
ated,  and present-valued. 

t o  10.9 x mill/kwhr; they increase with pot diameter because the 
hea t  i s  diss ipated eas ie r  f r o m  smaller vessels ,  thus permitting more 

e f f i c i en t  u t i l i z a t i o n  of space i n  the  mine, 

Costs t h a t  were 

A cos t  of $381,000 per acre  of t h e  ne t  mine area,  including 

T h i s  area was multiplied by $381,000; then the product 

Disposal cos ts  l i e  i n  the  range of 0.1 x 

T o t a l  Costs  of Management. - Minimum t o t a l  cos ts  f o r  six cases repre- 
sent ing d i f f e ren t  schedules of  waste management operations car r ied  out  

sequent ia l ly  a r e  summarized i n  Table 6.8. 
t i v e  data,  the  i n i t i a l  c a p i t a l  investment and present-valued un i t  cost  a r e  
given f o r  in te r im l iqu id  storage,  pot  calcination, inter im s o l i d  storage, 

and shipment of t h e  s o l i d i f i e d  waste. For the salt-mine repository,  only 

I n  addi t ion t o  per t inent  descrip- 
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Table 6.8. Optimal Schedules and Costs of High-Level Waste Management 

Case No. 

Inter im l iqu id  s torage 
Storage time, years 
Number of tanks, with spare  

6 Tank s ize ,  10  g a l  
In i t i a l  c a p i t a l  cost ,  $10 
Unit cost, mill/kwhr 

6 

Pot calcinat ion 
Residua so l id s  volume, 

Sol ids  conductivit  
Btu h r - l  f t - l  O F '  

Pot diameter, i n .  
Number of pot l i n e s  
I n i t i a l  cap i t a l  cost ,  $10 

ft3/lO i Mwd (thermal) 

31, 

6 

Inter im so l id  s torage  

Storage time, years 
I n i t i a l  cap i t a l  cos t ,  $10 6 

Unit cost ,  mill/kwhr 

Shipmenta of s o l i d i f i e d  waste 
Number of shipments per year 

Number of casks, with spare 
I n i t i a l  c a p i t a l  cost ,  $10 
Unit cost ,  10-3 mill/kwhr 

6 

S a l t  mine reposi tory 

U n i t  cos t ,  loe3 mill/kwhr 

Total  cost  
Maximum unrecovered cap i t a l ,  

Unit cost ,  mill/kwhr 
mil l ions of d o l l a r s  

1 

20 
6 
1.05 
13.2 
27 .7  

1.0 

0.26 
9 
5 
4.1 
3.7 

0 

0 

0 

45 
3 
0.4 
0.6 

2.0 

13.2 
34.0 

2 

10 

5 
0.88 
1 2 . 2  

25.9 

1.0 

0.26 
1 2  

5 
4 .2  

4.8 

0 

0 

0 

45 
3 
0.5 
1.0 

5.0 

1 2 . 2  

36.7 

3 

5 
5 
0.55 
10.0 

22 .9  

1.0 

0.26 
1 2  

5 
4.4 
7.4 

5 
2.8 
3.0 

45 
3 
0 s  

1.0 

4.7 

13.9 
39.0 

4 5 

0 0 

0 0 

0 0 

0 0 

0 0 

1.5 1.0 

0.26 1.4 
6 9 
10  2 2  

6.5 8.3 
2 4 . 1  2 2 . 7  

3 4 
3.8 3.5 
6.6 6.3 

67 40 
4 3 
0.8 0.6 
3.0 1 . 7  

5.1 6.4 

10.4 11.9 
38.8 37.1 

6 

0 

0 

0 

0 

0 

1.5 

0.26 
6 
10 

6*5  
2 4 . 1  

1 

2.2 

4.1 

67 
4 
0.9 
4.3 

1 1 . 2  

8.7 
43.7 

2000-mile round t r i p .  a 
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the uni t  cos t  of  disposal i s  given s ince  it is  assumed tha t  t h i s  is  a 
national f a c i l i t y  owned and operated by the government on a f u l l  cost-  
recovery, b u t  nonprofit,  basis .  Final ly ,  the minimum t o t a l  un i t  cost ,  
i n  mills per kilowatt-hour, is  given f o r  each case, as is the  maximum 

amount of c a p i t a l  t h a t  remains t o  be recovered a t  any time during the 
20 years t ha t  income is  received. 

Cases 1 through 3 ind ica te  tha t  t h e  t o t a l  cost  increases f r o m  0.034 
mill/kwhr t o  0.039 m i l l h h r  a s  the  in te r im l iqu id  s torage time i s  ae- 
creased from 20 years t o  5 years. 

pots and shipment t o  the  reposi tory a re  car r ied  out a f t e r  a 20-year 
storage period; these operations a r e  financed en t i r e ly  by the  fund which 

I n  case 1, calcinat ion i n  Y-in.-diam 

i s  established f o r  t h a t  purpose. This i s  t h e  least expensive of any of c 

the cases t h a t  were considered. I 

Case 2 shows tha t  calcinat ion i n  12-in.-diam pots ,  shipment, and 
disposal can be carr ied out,  a f t e r  only 10-years l i q u i d  storage,  f a r  

0.0367 mill/kwhr. However, i f  the  waste i s  s o l i d i f i e d  a f t e r  on ly  5-years 
storage,  it can be seen from case 3 that an addi t iona l  5-years storage of  

the  so l ids  p r i o r  t o  shipment and disposal  i s  j u s t i f i e d .  

Because of t h e i r  high heat-generation ra tes ,  these wastes cannot be 
calcined without some p r io r  s torage a s  l iqu ids  unless the  res idua l  s o l i d s  
a r e  e i the r  d i lu ted  with i n e r t  mater ia l  o r  t r ea t ed  i n  some manner designed 
t o  increase t h e i r  thermal conductivit ies.  
t he  volume o f  res idual  s o l i d s  has been increased by 50% [i. e. , f r o m  1.C 

I n  case 4, it is  assumed t h a t  

t o  1.5 f t  3 4  /10 Mwd (thermal)] without affect ing the thermal conductivity. 

The wastes a r e  calcined immediately i n  6-in.-diam pots,  s tored  i n  canals 
f o r  3 years, and then shipped t o  a s a l t  mine f o r  permanent storage.  The 

t o t a l  cost  f o r  t h i s  schedule of operations i s  0.0388 mill/kwhr, about 14% 
more than f o r  case 1. 

Results of laboratory s tudies  show t h a t  our capabi l i ty  of producing 
dispersions of calcined so l id s  i n  a sodium te t rabora te  matrix is potent i -  
a l l y  good. These dispersions would have a thermal conductivity of about 
1.4 Btu hr-I ft'l (OF)- ' ,  and t h e i r  volume would be no greater  than that 

of t h e  calcined sol ids .27 

s ion  i n  9-in.-diam pots  without p r i o r  l i q u i d  storage. 

Case 5 assumes the  formation of such a disper- 

After 4-years 

c 

1F 

I 

c 



storage i n  s o l i d  form, t h i s  waste i s  shipped t o  t h e  repository; storage 
and shipment r e s u l t  i n  a combined cos t  of 0.0371 m i l l h h r .  

Case 6 represents the most accelerated schedule possible,  as  de te r -  
mined by the maximum allowable heat-generation r a t e s  of  wastes buried i n  
s a l t .  
[after d i lu t ion  of  t h e  res idua l  so l id s  t o  1.5 f t  /10 Mwd (thermal) 3 ,  and 
then shipped t o  the repository a f t e r  only 1 year  of interim so l id  storage.  
A t o t a l  cos t  o f  0.0437 mill/kwhfis estimated f o r  this case. 

Here, it i s  assumed t h a t  t h e  wastes a re  so l id i f i ed  immediately 
3 4  

I n  summary, these costs ind ica te  tha t  the  least-expensive management 

consis ts  of  s tor ing  t h e  waste i n  l iqu id  form fo r  the  f u l l  20 years  t h a t  

income i s  received before so l id i fy ing  and shipping it t o  the salt-mine 
repository.  Storage a s  a l i q u i d  f o r  only 10 years, followed by s o l i d i f i -  
ca t ion  and shipment t o  the repository,  increases the  t o t a l  cost  about 8%; 
and immediate so l id i f i ca t ion ,  followed by 3 t o  4 years  on-site storage of 
the  so l id s  p r i o r  to shipment and disposal,  costs  9 t o  4% more. If f o r  
any reason, such a s  f o r  enhanced safety, t h e  schedule should need t o  be 
car r ied  out with the  l e a s t  p r a c t i c a l  delay, we would expect t o  pay about 

304% more. 

Effect  of Scale. - A consideration of  t h e  major components of t h e  
costs i n  the  management of high-level wastes indicates  t h a t  these costs  
should be dependent on t h e  auant i ty  of f i s s i o n  products handled r a the r  
than on the mass of fue l  reprocessed. 
can be represented by the burnup of the  fuel,  and, on an annual bas i s ,  
it i s  equivalent t o  t he  t o t a l  number of thermal megawatt-days represented 
by a l l  the  fue l  reprocessed during t h a t  year. 

and 5 were invest igated from the standpoint o f  the t o t a l  annual waste 
management cost  over t he  burnup range 1.13 x l o 7  t o  1.82 x 1 0  Mwd 

(thermal)/year. 
metric tons/year, respectively,  o f  f u e l  tha t  has been exposed t o  33,000 

The quant i ty  of f i s s i o n  products 

Accordingly, cases 2 ,  4, 

8 

(These burnups a r e  equivalent t o  about 340 and 5500 

Mwd/metric ton. ) 

The t o t a l  annual 

$/year = 

costs  f o r  case 2 a r e  represented, within - +l@, by: 

4.07 x 10 



Case 4 i s  represented, within - +LO%, by: 

10.85 
1 .  Mwd (thermal)/year 

107 
$/year = 4.05 x 10 

Case 5 is  represented, within - +lo%, by: 

Mwd (thermal)/year 

l o 7  
$/year = 3.80 x 10 

All costs  calculated f o r  t he  three cases can be represented, within 

+25%, by: 

Mwd (thermal)/year 

10 
$/year = 3.97 x 10 

The 10 7 f i gu re  i n  the  denominators of  the  above expressions i s  a 

normalizing f ac to r ,  

C' 

C 

6.3.4 Comparison of  S a l t  with Concrete Vaults and Granite 

The choice of  a permanent disposal s i t e  f o r  s o l i d i f i e d  high-level 
radioact ive wastes must be made on the  bas i s  o f  both safe ty  and economic 
considerations.  
r igorously defined, the  hazards associated with the  wastes are o f  s u f f i -  
c i en t  magnitude t h a t  provisions f o r  containment outside the  environment 
a r e  required,  v i r t u a l l y  forever. It i s  impl i c i t  that  this  containment 
be effected under conditions requir ing a minimum of survei l lance and a t  
a cost  commensurate with the  cos ts  of other items i n  t h e  power reac tor  
fue l  cycle. 

Although the  safe ty  and cost requirements cannot be  

I n  the United States ,  cav i t ies  mined i n  na tu ra l  s a l t  formations a r e  

believed t o  o f f e r  t he  best  p o s s i b i l i t i e s  f o r  t he  permanent disposal of 
high-level radioact ive wastes. However, s ince  a s a l t  mine could be 
located a t  a considerable distance from a f u e l  reprocessing plant,  ship-  
ment of the  wastes would almost ce r t a in ly  be required. 

of g ran i te  or shale  might be more accessible  t o  a p lan t .  
conceivable tha t  high-integri ty  concrete vau l t s  could be constructed a t  

the plant  s i t e  t o  serve the purposes of permanent containment. 

Sui table  deposi ts  

Also, it i s  

c' 

c 
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If we have avai lable ,  as a point  of reference,  t h e  more de ta i led  
analysis  of t he  cos t  f a c t o r s  i n  the  disposal  of calcined wastes i n  s a l t  

mines,21 a r a t h e r  perfunctory ana lys i s  can show the  r e l a t i v e  costs  f o r  
disposal of wastes i n  concrete vaul t s  a t  the  sur face  of t h e  ea r th  and i n  
areas excavated from g ran i t e  formations. 

analysis ,  a q u a l i t a t i v e  observation can be made t h a t  disposal  i n  g ran i t e  

would, a t  bes t ,  be no s a f e r  than i n  sal t .  I n  addi t ion,  concrete vaul t s  

would be less s a f e  because o f  t h e  l imi ted  period of i n t e g r i t y  of t h e  
concrete and the proximity of the  waste t o  the biosphere. Therefore, i n  

order for  these  a l t e rna t ive  methods t o  be competitive, the  cos t s  of mining 
space i n  g ran i t e  should be as low as the costs f o r  s a l t ,  whereas the  cos ts  

f o r  vaul t s  should be lower than those f o r  salt.  

I n  l i e u  of a formal safety 

Costs were estimated f o r  t he  permanent storage of calcined radio- 
ac t ive  wastes i n  concrete vau l t s  and i n  rooms mined out of g ran i te  forma- 

t ions.22 The costs f o r  concrete vau l t s  were f i v e  t o  seven times as much 
as the  previously estimated cos t s  f o r  storage i n  sal t  mines, whereas t h e  
costs  f o r  s torage i n  g ran i t e  were only about twice as much. Thus, i t s  
economic advantage, as well as the  greater  safety it is  believed t o  of fe r ,  

makes s a l t  the  prefer red  choice. While it i s  possible  t o  design vau l t s  

of lower cos t s  than those calculated i n  ref. 2 2 ,  it seems unl ikely that 

the cos ts  could be reduced s u f f i c i e n t l y  t o  make them comparable t o  those 
f o r  s torage i n  s a l t  formations, unless many safety fea tures  a r e  sac r i f i ced .  

Vaults f o r  use i n  the  s torage  of high-level s o l i d  wastes would be 
similar i n  their gross f ea tu res  t o  many of the t anks  b u i l t  f o r  s tor ing  

l i q u i d  radioact ive wastes, i n  t h a t  they would be underground s t ruc tu res  
of reinforced concrete with an ear th  cover. To make storage i n  vaul t s  

as safe as possible ,  we assumed tha t  t he  vaul t s  were sealed completely 

from the surface.  Space requirements were calculated by assuming t h a t  

the  heat  of radioact ive decay was d iss ipa ted  v i a  conduction through the 
ear th  cover. 

concrete (capable of withstanding temperatures of 4.00 t o  SOO’F), and 
“high-temperature concrete” (capable of withstanding a temperature of 

1000’F). 

Vaults of two types of concrete were considered: ordinary 
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Space requirements f o r  s to r ing  calcined wastes i n  rooms mined out  of 
gran i te  formations a r e  about the  same as those f o r  s torage i n  sa l t  forma- 

t ions .  However, mining costs are  higher f o r  gran i te  because heavier 

equipment i s  required, d r i l l i n g  i s  more d i f f i c u l t  and slower, and c o s t s  

of explosives a r e  higher. 

It must be borne i n  mind t h a t ,  whereas the cos t s  given i n  r e f .  2 2  
should be va l id  f o r  comparative purposes, a more sub t l e  i n t e r p r e t a t i o n  
may be placed on them when they are used t o  optimize the  t o t a l  cos ts  of 

waste management. For example, d i sposa l  i n  concrete vaul t s  has been 
estimated t o  be f ive  t o  seven times as expensive as disposal  i n  s a l t  
formations; however, a concrete v a u l t  located a t  t h e  p l an t  s i t e  would 
eliminate t h e  need f o r  waste shipment. 

long-decayed waste i n  t h e  largest-diameter cyl inders  would be lo$, o r  

less, of disposal  costs ,  shipment of t he  wastes i n  smaller cylinders a f t e r  
shor t  periods of decay could amount to  as much as  2 5  t o  5C$ of t h e  cos ts  
of disposal  i n  vaul t s .  
could be equipped with forced-air  convection cooling ( i . e . ,  t o  se rve  as 
in te r im storage f a c i l i t i e s )  u n t i l  t he  f i s s i o n  product heat generation had 
decreased t o  a l e v e l  t h a t  would allow t h e  v a u l t  to be finally sealed.  I n  

t h i s  way, in te r im storage i n  canals p r i o r  t o  permanent disposal  could be 
avoided. O f  course, these same considerations would apply t o  g ran i t e  o r  

s a l t  i n  the event t h a t  the f u e l  processing p lan t  i s  s i t ua t ed  adjacent t o  

s u i t a b l e  deposi ts  of e i t h e r .  

Although t h e  costs f o r  shipping 

Again, with a moderate increase  i n  cos t ,  the  vau l t s  

A s  has been previously pointed out, a really meaningful optimization 
of waste management m u s t  include safe ty ,  as well as economic considerations.  
A t  present ,  it i s  believed t h a t  s a l t  o f f e r s  t h e  g rea t e s t  safety and t h a t  
the  cos t s  f o r  d i sposa l  i n  sal t ,  even allowing f o r  shipment under reasonable 
conditions, a r e  l e s s  than f o r  o ther  a l t e rna t ives ,  

6.3.5 S a l t  Mine Repository Charges 

A preliminary estimate of  t h e  charges f o r  handling and emplacement of 
containers of s o l i d i f i e d  waste a t  a s a l t  mine reposi tory has been developed 
using t h e  l a t e s t  information avai lable  a t  t he  time t h i s  r epor t  was published. 
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Subject t o  a minimum charge f o r  handling, the cost  f o r  disposal  of  a 
container of  waste i s  determined as  the  product of t h e  cos t  per unit of 
f l o o r  area of  the  mine and the area tha t  i s  required t o  provide for 

s u f f i c i e n t  d i s s ipa t ion  of hea t  f r o m  the container.  

mine area required 
power of the container and imposed conditions t h a t  a r e  necessary t o  ensure 
thermal s t a b i l i t y  of the mine and acceptable temperatures near the land 

surface.  
rived on the basis t h a t  245 net  acres  o f  b u r i a l  space would be u t i l i z e d  
over the 20-year l i f e  of the reposi tory and t h a t  the t o t a l  cost incurred 
i n  t h i s  period would be $106,000,000. T h i s  t o t a l  cost  ( i n  1970 do l l a r s )  
provides f o r  f u l l  recovery of a l l  c a p i t a l  and operating expenses over t he  

l i f e  o f  t he  repository,  with 5% annual i n t e r e s t  on outstanding debt and 
provisions f o r  a $500,000 fund f o r  '!perpetualJ' survei l lance a f t e r  

decommissioning. 

The cha rac t e r i s t i c  

by a container i s  determined by the  t r ans i en t  thermal 

2 A unit cost  of $9.90 per f t  of f l o o r  area of  the  mine was de- 

The following equation has been found t o  co r re l a t e  the u n i t  cost  
data  tha t  have been developed i n  comprehensive s tudies:  

0 

where 

C = unit cost  f o r  rece ip t ,  handling, and disposal  of  a container 
a t  the repository,  do l l a r s  per container, 

q ( t )  = linear thermal power of  the container, w/ft, and 

t = time s ince rece ip t  of the container a t  the repository,  years .  

For s ing le  radioisotopes (or  mixtures of isotopes i f  proper considera- 
t i o n  i f  given t o  radioactive daughters), t h i s  equation may be expressed 
a s  : 

c = 2 .5  f q: 5 , L 1  
i 
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where 
0 

1 
q. = i n i t i a l  l i n e a r  thermal power of  isotope i upon r ece ip t  a t  the 

repository,  w / f t ,  and 

'G 

These equations and/or the containers f o r  emplacement i n  the mine 

= h a l f - l i f e  for radioact ive decay, years.  i 

a re  subject  t o  t h e  following r e s t r i c t ions :  

Containers s h a l l  be r igh t  cyl inders  having outs ide diameters 
i n  the  range of 6 t o  24 in .  and heights i n  the  range o f  2 t o  

10 f t .  

The m i n i m u m  cost  per container s h a l l  be $300. 

A container may not have t rans ien t  power densi ty  such tha t  the  
calculated cos t  i s  grea te r  than $10,000, 

The i n i t i a l  l i n e a r  thermal power o f  a container s h a l l  not 
exceed 500 w / f t .  

A t  any t i m e  g rea te r  than 5000 years a f t e r  rece ip t  o f  the 
container, t he  following equation s h a l l  be sa t i s f i ed :  

q ( t )  s C/lOOO. 

Table 6.9 presents  estimated costs,  assuming t h a t  t h e  waste 
consis ts  of mixed f i s s i o n  products and ac t in ides  r e su l t i ng  from the 
processing of f u e l  f rom an LWR. 
equation was obtained by summing contr ibut ions from individual  isotopes.  

The value of t he  i n t e g r a l  i n  the  c o s t  

6.4 S i t e  Costs 

c 

In  the NF'S c o s t  estimate, $500,000 was included f o r  t h e  1300-acre 

p l an t  s i t e  furnished by the  s t a t e  of New York.' This is  less than 2$ of 
the estimate f o r  the  t o t a l  capi ta l  investment. If the cos t  of t he  s i t e  
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Table 6.9. Estimated Costs f o r  Receipt and Storage of S o l i d i f i e d  F i s s ion  Producat Waste 
from LWR Fuel a t  a S a l t  Repository a s  a Function of t he  Age of t h e  Waste 

Pos t - i r r ad ia t ion  age of waste, years  1 2 3 5 7 10 15 

Thermal power, w/metric t o n  of f u e l  10,320 5200 3490 2130 1540 1100 826 

- 1'174 r m  q(t) d t ,  do l la rs / (w/f t )  3.85 5.30 6.55 8.70 10.45 12.7& 14.1 
qo ' 0  fi 

I n i t i a l  l i n e a r  thermal power, w/ft  

30 
60 

120 
180 

240 
300 
360 
42 0 

480 
500 

Cost, do l la rs /conta iner  

3 00 300 300 300 310 380 420 
300 320 390 520 630 760 850 

460 640 790 1040 1250 1528 1690 
690 950 1180 1570 1880 2290 2540 
92 0 1270 1570 20912 2510 3060 3380 

1160 1590 1970 2610 3I&O 3820 4230 
13 90 1910 2358 3130 3760 4590 5080 
1620 2230 2750 3650 4390 5350 5920 
1850 2540 3140 4l80 5020 6110 6770 
1930 2650 3280 4350 5230 6370 7050 

Cost, do l la rs /met r ic  t on  of f u e l  

Waste i n  10-ft-long contain=$ 3970 2760 2290 1850 1610 a 0 0  1170 

aThe f u e l  i s  assumed t o  have been i r r a d i a t e d  a t  a n  average s p e c i f i c  power of  30 Mw/metric ton t o  
an 
a c t i n i d e s  remaining a f t e r  r e m v a l  o f  99.5% of t h e  uranium and plutonium following a p o s t i r r a d i a -  
t i o n  decay pe r iod  of 150 days. 

exposure of 33,000 Mwd/metric ton .  The waste cons is t s  of a l l  f i s s i o n  products p lus  t h e  
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were a function of  the 0.70 power of the p l an t  s i ze ,  instead of t h e  0.35 
power assumed f o r  t o t a l  c a p i t a l  investment, it would contr ibute  about 5 
t o  6% o f  the t o t a l  cap i t a l  investment we have allowed f o r  a 40-metric 
ton/day plant .  However, unless the noble gases and iodine a re  removed 
f r o m  the off-gas t o  a much grea te r  extent than a t  present,  the c o s t  of  

the reprocessing p l an t  s i t e  a rea  w i l l  be a function of grea te r  than the  

1.0 power of the  p l an t  area and, i n  turn,  the s i t e  costs  could become a 
subs tan t ia l  f r ac t ion  of  the t o t a l  c a p i t a l  investment (see Sect.  8) .  A s  

discussed i n  Sect. 8, the enhanced removal of  noble gases and iodine, 

improved containment of i n t e r n a l  explosions, and earthquake-resistant 

s t ruc tures  can reduce s i t e  s i z e  requirements t o  the  point t h a t  considera- 
t ions other than hea l th  and sa fe ty  a r e  control l ing.  
these s a f e t y  features  might add 10% t o  the c a p i t a l  cos ts  estimated i n  
Sect. 6.1, thereby increasing t h e  t o t a l  reprocessing cos t  estimates 
(including waste disposal)  by l e s s  than lC$. 

The extra  cost  o f  

6.5 Costs  of Engineered Safeguards 

The word f'safeguardsIt has been used to  r e f e r  t o  engineered sa fe ty  
fea tures  designed t o  pro tec t  the public against  the po ten t i a l  hazards 
of reactor  o r  other nuclear f a c i l i t y  operations or  accidents.  It has 

a l so  been used t o  imply inspection procedures f o r  ensuring tha t  f iss i le  
materials a r e  not d iver ted  t o  unauthorized uses. I n  t h i s  report ,  we have 
used the term "containment systems l t  instead o f  l'engineered safeguards. It 
We have not independently estimated the cos t s  of ' p o l i t i c a l  safeguards,'' 
but have assumed that these cos ts  w i l l  be paid by the  na t iona l  or i n t e r -  
national agencies responsible f o r  the policing r a the r  than being charged 

t o  the u t i l i t i e s  whose f u e l  i s  being reprocessed, 

t h a t  2 9  people would be required t o  pol ice  NFS; on t h i s  basis ,  we can 

estimate t h a t  such ant idivers ion inspect ion could increase the t o  t a l  
reprocessing cost  estimates of Sect ,  6.1 by l e s s  than 2.5%, assuming t h a t  
present labor and overhead cos ts  a r e  involved. (No allowance i s  made f o r  
increased cap i t a l  cost  o r  reduced operating efficiency. 

- 

It has been reported 
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W e  have not  made any recent  estimates of t h e  cos t  of noble gas 
removal. 

Plant ,  t he  added cos t  of 99% noble gas removal was less than 3% of the 

t o t a l  cap i t a l  cost.28 New technology i s  under development, and new cost  
estimates are needed, p a r t i c u l a r l y  f o r  t he  case of short-cooled FBR fue l ;  
however, we s t i l l  feel  t h a t  the removal of noble gases w i l l  add only a 

few percent t o  p l an t  cap i t a l  cost .  

I n  an ea r ly  cos t  analysis of  the  Idaho Chemical Processing 

To date ,  we have not  made any estimates of the cos t  of high-degree 
8 iodine removal (by f a c t o r s  of LO 

Sect. 8 ) .  
our FBR reprocessing development program. Again, our  t en t a t ive  appra isa l  

i s  t h a t  iodine removal w i l l  increase the c a p i t a l  cos t  of t he  p lan t  by 

only a few percent. 

o r  more i n  some cases discussed i n  
However, we plan t o  make some estimates i n  connection with 

Examples of the  incremental cos t  of earthquake-resis t a n t  s t ruc tu res  
have been summarized by B e l l  and L ~ m e n i c k . * ~  Cost increases due t o  aug- 
mented earthquake surv iva l  capacity i n  s t ruc tu res  can be divided i n t o  
those f o r  design and those f o r  construction. 
cost-benefit  analysis has not ye t  been established, even f o r  conventional 
s t ruc tures .  For both conventional s t ruc tures  and nuclear p lan ts ,  the 

burden of work on the  s t r u c t u r a l  design engineer i s  g rea t ly  increased as 
seismic loading i s  increased. It i s  e s t i m t e d  t h a t  the recent  building 

code changes i n  Los Angeles, which permit high-r ise  re inforced concrete 
s t ruc tures  i n  cases where d u c t i l i t y  requirements a r e  met, w i l l  increase 
t h e  proportion of  c o s t  a l loca ted  t o  s t r u c t u r a l  engineering by 5'0%. The 
proportional change i n  t h e  costs  of construction and mater ia ls  w i l l  not  
be as g rea t ,  It was estimated t h a t  a conventional 12-story building 
would cos t  about 4 t o  6% more if designed fo r  0.10 gravi ty  than i f  ear th-  
quake exc i t a t ion  were not considered. An inspect ion of t h e  Preliminary 

Hazards Summary Report f o r  the proposed Malibu reactor  allows a rough 

estimate of t h e  added cos t  of s t e e l  f o r  earthquake reinforcement of the 

containment system t o  be made as no more than 1% of the  containment 

cost ,  o r  less than 1% of the t o t a l  p l an t  cost .  

Unfortunately, the a r t  of 

We have not made a de t a i l ed  estimate of t he  added cos t  of protect ing - 
reprocessing p lan t  and waste tanks aga ins t  possible  100-psi i n t e r n a l  
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explosions. 
tha t  t h i s  added containment w i l l  add only a small percent t o  our  reference 

cap i t a l  cos t  estimates. 

Such a detai led study would be desirable;  however, we fee l  

A l l  i n  a l l ,  we feel  t h a t  the possible  addi t ional  cap i t a l  cost  f o r  

these "engineered safeguardsJf o r  lfcontainment systems'' i s  on t h e  order of 
10% of t h e  c a p i t a l  cos ts  allowed for i n  Sect. 6.1 (with t h e  uncertainty 
already being on the order o f  - +30;&). 

1. 

2.  

3. 

4. 

5 .  
6. 

7. 

8. 

9. 

10. 

11. 

F 

6.6 References 

Reactor Fuel Cycle Costs f o r  Nuclear Power Evaluation, WASH-1099 
( i n  press ) .  

W. H. Farrow, Jr., Radiochemical Separations Plant Study, Pa r t  I1 - 
Design and Cost  Estimates, USAEC Report DP-566 ( March 1961). 

Chemical Reprocessing Plant  (Hearing Before the Jo in t  Committee on 
Atomic Energy, 81st Congress of  t he  United S ta tes ,  May Lb, 1963), 
U.S. Govt. Pr in t ing  Office, Washington (1964). 

Atomic Energy Clearing House - 13 (bo), 8 (Oct. 2 ,  1967). 

L. Thiriet ,  C .  Oger, and P. de Vaumas, Long-Term Developments i n  
I r rad ia ted  Natural Uranium Processing Costs - Optimal S ize  and S i t i x  
of  Plants,  French Report CEA-R-2642 (August 1964); a l so  published a s  
m o n f  . 28/P/98, Third United Nations In te rna t iona l  Conference 
on the Peaceful Uses o f  Atomic Energy, Geneva, 1964. 

L. Thi r ie t  e t  a 1  "Capital and Operating Costs of  P lan ts  for the  
Reprocessing of I r rad ia ted  Natural Uranium, Proceedings of  the 
European Atomic Energy Society Enlarged Symposium on Fuel Cycles fo r  
Nuclear Power Reactors, Baden-Baden, Germany, Sept. 9-14, 1965; a l s o  
avai lable  a s  French Report CEA-R-2937 (January 1966). 

- _ *  9 

Chem. Technol. Div. Ann. Progr. Rept. May 31, 1966, Om-3945. 

Chem. Technol. Div. A n n .  Progr. Rept. May 31, 1967, ORNL-4145. 
M. W. Rosenthal e t  a1  A Comparative Evaluation of  Advanced 
Converters, mm-3686 (January 1965). 

- -" 
R. Salmon, A Computer Code f o r  Calculating t h e  Cost  of Shipping 
Spent Reactor Fuels, ORNL-3648 ( August 1964). 

F 



6 -51 

sl 

- 
u 

1 2 .  R. Salmon, Estimation of FuelShipping Costs  for Nuclear Power Cost- 
Ebaluat ion Purposes, ORNL-3943 (March 1966) . 

13. Code of Federal Regulations, T i t l e  10, Pa r t  71, as  published i n  t h e  
Federal Register 31 (141) , (July 22,  1966). - 

14. I n t e r s t a t e  Commerce Commission Order No. 70, Nov. 18, 1965, amended 
Apr. a, 1966, a s  reported i n  the  Federal Register 31 (83), (Apr. 29, 
1966). 

I 

15. M. J. McNelly, Liquid Metal Fast  Breeder Reactor Design Study (1000 
Mwe U02-Pu0 Fueled P lan t ) ,  Vols. I and 11, GEAP-.&18 (January 1964). -2 

16. R. L. Bradshaw, J. J. Perona, J. T. Roberts, and J. 0. Blomeke, 
Evaluation of Ultimate Disposal Methods for Liquid and Solid Radio- 
ac t ive  Wastes. I. Interim Liquid Storage, aRNL-3128 (August 1961). 

17. J. J. Perona, R. L. Bradshaw, J. T. Roberts, and J. 0. Blomeke, 
Evaluation of Ultimate Disposal Methods for Liquid and Sol id  Radio- 
ac t ive  Wastes. 11. Conversion t o  Solid by Pot Calcination, ORNL-3192 
(September 1961). 

18. J. 0. Blomeke, J. J. Perona, H. 0. Weeren, and R. L. Bradshaw, 
Evaluation of Ultimate Disposal Methods for Liquid and Solid Radio- 
ac t ive  Wastes. 111. Interim Storage of Calcined Sol id  Wastes, 
ORNL-3355 (October 1963). 

19. J. J. Perona, R. L.  Bradshaw, J. 0. Blomeke, and J. T. Roberts, 
Evaluation o f  Ultimate Disposal Methods f o r  Liquid and Sol id  Radio- 
ac t ive  Wastes. IV. Shipment of Calcined Solids,  CRNL-3356 
(October 1962). 

20. J. J. Perom, J .  0. Blomeke, R. L. Bradshaw. and J. T,  Roberts, 

21 .  R. L .  Bradshaw, J. J. Perona, J. 0. Blomeke, and W. J. Boegly, Jr., 
Evaluation of Ultimate Disposal Methods for Liquid and Solid Radio- 
ac t ive  Wastes. V I .  Disposal of Sol id  Wastes i n  S a l t  Formations, 
ORNL-3358 (Rev. ) (March 1969). 

2 2 .  J. J. Perona, R. L.  Bradshaw, and J .  0. Blomeke, Comparative Costs 
f o r  Final  Disposal of Radioactive Sol ids  i n  Concrete Vaults, Granite, 
and S a l t  Formations, ORNL-TM-664 ( October 1963). 

23. J. 0. Blomeke, E.  J. Frederick, R. Salmon, and E. D. Arnold, The 
Costs of Permanent Disposal of Power-Reactor Fuel-Processing Wastes 
i n  Tanks, ORNL-2873 (September 1965). 

- 



6 -52 

24. J. 0. Blomeke, R .  Salmon, J. T. Roberts, R. L. Bradshaw, and 
J .  J. Perona, "Estimated Costs  of High-Level Waste Management,'! 
pp. 830-39 i n  Proceedings o f  t h e  Symposium on the S o l i d i f i c a t i o n  
and Long-Term Storage of  Highly Radioactive Wastes, COW-660208 
(November 1966). 

2 5 .  R. Salmon, A Revision of Computer Code POWERCO (Cost of  E l e c t r i c i t y  
Produced by Nuclear Power S ta t ions )  t o  Include Breakdowns of Power 
Cos t  and Fixed Charge Rates, cB1NL-4116 (August 1969). 

_ _  -~ Nuclear Yower s t a t i o n s ,  UnluL-jyqq 

27. Chem. Technol. Div. A n n .  Progr, Rept. May 31, 1969, ORNL-4422, 
pp. 136-41. 

28. P. L. Robertson and W. G. Stockdale, A Cost Analysis of t h e  Idaho 
Chemical Processing Plan t ,  CRNL-1792 (Jan. 3, 1955). 

29.  C. G. Be l l  and T.  F. Lomenick, Earthquakes and Power Reactor Design, 
ORNL-NSIC-28 ( t o  be published).  

r 

Ir 

c 



1 

7 -1 

7. SITING CONSIDERATIONS 

7.1 Environmental Factors 

7.1.1 Meteorology 

Meteorology and Atomic Energy,' AECU-3066, provides a de ta i led  d i s -  
cussion of meteorology and its r o l e  i n  a i r  qua l i t y  f r o m  the  standpoint 

of t he  nuclear indus t r ies .  
Center (NSIC) w i l l  f u rn i sh  up-to-date s tud ies  and data  on spec i f i c  r e l a t ed  
subjects .  

A r e f e r r a l  t o  the Nuclear Safety Information 

For  convenience, t he  meteorological fac tors  can be divided i n t o  two 

groups : (1) commercial considerations,  and ( 2 )  hea l th  and sa fe ty  aspects.  

Commercial Considerations. - Technology has obviated the  importance 
o f  most meteorological parameters i n  the loca t ion  and design of i n d u s t r i a l  

f a c i l i t i e s .  E lec t r i ca l  power 'Ioutages, f o r  example, have yielded t o  
advanced c i r cu i t ry ,  thereby reducing the importance of thunderstorm f r e -  
quency t o  e l e c t r i c a l l y  dependent indus t r ies .  The climate ins ide  most 
new o f f i ces  is  cont ro l led  by decree, not by t h e  outside environment; 

consequently, the  same types of o f f i c e  bui ldings may be found throughout 

a l l  climatological regions. 

Rainfall  and wet-bulb temperatures continue t o  be important c r i t e r i a  

f o r  manufacturing indus t r i e s  with l a r g e  cooling requirements. Rainfa l l  -- 
its frequency, duration, d i s t r i b u t i o n  with time, and r e l i a b i l i t y  -- deter-  
mines the input parameters f o r  hydrological considerations.  

Wet-bulb data  a r e  necessary when the water i n  the cooling f a c i l i t i e s  
is t o  be recycled r a the r  than immediately being discharged i n t o  nearby 
r ive r s  o r  lakes.  Wet-bulb frequency tables ,  as well as temperature and 
dew poin t  tables ,  a r e  obtainable from the Environmental Science Service 

Administration (ESSA), Department of Commerce, i n  t h e  United S ta tes ,  and 

from the  nat ional  meteorology services of other nations.  Subjective 
aspects of t h e  use of cooling towers a re  the appearance of vapor clouds 

and the  attendant hazards t o  motorists t r ave l ing  nearby roads during cold 
weather . 
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Health and Safety Aspects. - From the  moment a p a r t i c l e  or a gas 

escapes t o  the outs ide environment, i t s  f a t e  i s  determined by the  preva i l -  
ing meteorological conditions. 
by the e f f luent  a r e  of primary importance. 
l i n e  the  var iables  t h a t  a r e  l i k e l y  t o  be important i n  t h e  considerations 

of various s i t e s .  

The wind and temperature f i e l d s  traversed 

The following paragraphs out- 

Wind Speed and Direction. - The s ignif icance of  de ta i led  wind data  

i s  obvious. 

determines t h e  ac tua r i a l  experience o r  po ten t i a l  t o  the population or 

f a c i l i t i e s  within tha t  sector  from mater ia l  emitted upwind. The wind 

speed d i r e c t l y  a f f ec t s  t he  d i lu t ion  r a t e  of e f f luen t  mater ia l .  Conse- 

quently, the f irst  consideration of t he  meteorologist is  t o  obtain o r  
construct wind roses. Once wind vector  data become avai lable ,  calcula- 

t ions of the  concentration of m t e r i a l  v s  emission can be made, based on 

a number of  references. 1-4 Where possible,  llnightll and "day" wind roses 
(lapse vs inversion data would be more useful,  but they a r e  r a r e l y  ava i l -  
able) a r e  preferable  t o  the  24-hr averages. 

The frequency of wind d i rec t ion  toward any given sec tor  

There a re  a number of locat ions where a simple wind rose is  ne i ther  

ava i lab le  nor can be readi ly  estimated. For example, s i t e s  i n  deep val leys  

and s i tes  near oceans or l akes  have complex wind pa t te rns  that vary from 

night t o  day. 
l o c a l  e f f ec t s .  

The normal regional wind flows a re  superimposed on these 
Thus, although a few broad generalizations may be made, 

spec ia l  observations over a 
analysis .  

Calm winds (generally, 
than supe r f i c i a l  analysis .  
on the Beaufort scale,5 and 

period of  t i m e  a r e  necessary f o r  de ta i led  

wind speeds o f  l e s s  than 3 mph) require more 
Winds of  1 t o  3 mph a r e  considered " l igh t  a i r "  

are described a s  fo l lows:  "Direction of wind 

shown by smoke d r i f t ,  bu t  not by wind vanes." 

te r ra in ,  surface heating vs inversions,  e tc . ,  on e f f luent  behavior a re  

most marked. Moreover, the e f f l u e n t ' s  own cha rac t e r i s t i c s  play an import- 
ant ,  perhaps dominant, r o l e  i n  the height t o  which the mater ia l  w i l l  r ise.  
The s k i l l f u l  analysis of  "calm" wind data  and po ten t i a l  e f f e c t s  on e f f luen t  
material  presents  a challenge t o  the most experienced invest igator .  

Here, the e f f ec t s  of  l o c a l  
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The pers i s tence  o f  wind vectors o r  calms i s  generally secondary t o  
the wind roses themselves. I f  a po ten t i a l ly  harmful r e l ease  over a pro-  
t racted period i s  considered, t he  po ten t i a l  hazards t o  a sec tor  o r  t o  a 
number o f  adjacent sectors  a r e  calculated by assuming a degree of contin- 
uous flow toward the  areas of concern.6 
become a l imi t ing  f ac to r  i n  areas  of pe r s i s t en t  anticyclonic c i rcu la t ion .  

The pers is tence o f  calms may 

Wind va r i a t ion  with height (or  elevation) assumes increasing import- 

ance as the height of the stack i s  increased. 

generally s u f f i c i e n t  f o r  estimating average downwind concentrations when 

stacks a re  30 m o r  l e s s  i n  height and the e f f luent  temperature i s  near 
ambient. However, i f  the t e r r a i n  has a noticeable e f f e c t  on lower-level 
winds, wind data  obtained above the first 100 m or s o  must be considered. 
Also,  t a l l  s tacks and high eff luent  temperatures introduce e f f luent  t o  
wind regimes t h a t  a r e  d i f f e r e n t  from those a t  ground l eve l .  
between wind observations made near the surface and rout ine information 

t h a t  has been gathered from the  upper a i r  network of  ESSA can serve a s  a 

first approximation t o  t h e  wind pa t te rn  a t  intermediate heights .  

Surface wind data  a re  

In te rpola t ion  

The temperature var ia t ion  with height was a parameter used primarily 
It i s  now being t o  determine the  extent  and the i n t e n s i t y  o f  inversions.  

u t i l i zed ,  when avai lable ,  f o r  determining ef fec t ive  s tack heights of 
foss i l - fue led  power p lan ts  and other f a c i l i t i e s  where l a rge  quant i t ies  
of heat released t o  the atmosphere may be used t o  advantage. 

Rainfal l ,  Rainout, and Washout. - Specif ic  elements of i n t e r e s t  a r e  
removed by r a i n f a l l  a t  r a t e s  varying w i t h  the  form of material  and the  
in t ens i ty  of t he  r a i n f a l l . 7  

the  question of t he  amount of mater ia l  deposited on the  area involved. 
Where possible,  a " r a in fa l l  wind rose" should be constructed. 

cance of r a i n f a l l  r a t e s  vs wind d i r ec t ion  may then be applied t o  e f f luent  
removal models. 

The removal of e f f luents  by r a i n f a l l  poses 
0 

The s i g n i f i -  

Deposition. - The removal of mater ia l  from the  atmosphere v ia  depo- 
s i t i o n  i s  s t rongly dependent on the  concentration p ro f i l e s  of t h e  e f f luen t  
i n  the  v e r t i c a l .  The parameters of s t a b i l i t y  and wind speed, i n  combina- 

t i on  with a deposit ion model (such as Chamberlain Is deposit ion veloci ty) ,  

can be s t a t i s t i c a l l y  manipulated t o  estimate the deplet ion of mater ia l  a s  
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a function of  dis tance from i t s  source and, as a corol lary,  t h e  amount 

and pa t te rn  of deposit ion around the source. 

The t e r r a i n  has been mentioned i n  r e l a t i o n  t o  i ts  contr ibut ion t o  

wind behavior. 
a s  a parameter i n  source configuration or emission r a t e s .  
i f  an i n d u s t r i a l  s i t e  i s  located i n  a deep val ley,  the  a i r  i n  the v a l l e y  

has a capacitance e f f ec t ;  t h a t  is, it smooths the  outflow of  t he  e f f luen t  
over a period of time. 

s ides  of t he  valley,  concentrations and deposi t ion calculat ions over 

periods of a day or longer a r e  only s l i g h t l y  d i f f e ren t  from the estimates 

obtained from f l a t  t e r r a in .  
the introduct ion of e f f luent  i n t o  the surrounding wind pa t te rn .  

a sudden increase i n  the r a t e  a t  which the  mater ia l  is  emitted w i l l  be 

mitigated by the capacit ive e f f ec t .  
longer and a heavier eff luent  burden, whereas the d i s t an t  t e r r a in ,  although 
receiving the same t o t a l  amount of mater ia l ,  experiences a l e s se r  load 
over a greater  period of time than would have been the case i f  t h e  e f f luent  
moved f r e e l y  from i ts  source. 

I n  a s l i g h t l y  d i f f e ren t  manner, we may consider t e r r a i n  

For example, 

Aside from possible  increased deposit ion t o  the 

The "smoothing" delays, but does not a l t e r ,  
However, 

The nearby environment su f fe r s  a 

When the  amount of mater ia l  t h a t  is  released t o  a volume of a i r  

exceeds the inflow of ' 'freshff air ,  stagnation begins. 

confined t o  val leys  by any means. It is qui te  pronounced i n  a r c t i c  towns 
and c i t i e s  i n  the wintertime, as  wel l  a s  i n  c i t i e s  l i k e  London and Los 
Angeles i n  temperate climates. Nevertheless, i n  temperate climates, 
valleys a re  more prone t o  su f f e r  from s tagnat ion than open areas.  A 
quick estimate based on the rou t ine  off-gas l eve l s  and t h e  volume o f  
surrounding a i r  w i l l  give some idea of how suscept ible  a f a c i l i t y  i s  t o  
stagnation problems. 

Stagnation is  not 

Vegetation, pa r t i cu la r ly  wooded areas,  can be considered a meteorolog- 
i c a l  fac tor  t h a t  a l t e r s  the  wind behavior i n  the v e r t i c a l  and changes the 

deposition and concentrations accordingly. 
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7.1.2 Geology and Hydrology 

The geology and hydrology of the s i t e  of a nuclear f u e l  reprocessing 

(1) the  foundations o f  t he  p lan t ,  ( 2 )  the  emplace- p l an t  can influence: 

ment of underground waste-storage tanks, (3) the water supply, (4) the  
rout ine disposal o f  l i q u i d  and so l id  radioactive wastes, ( 5 ; )  the  danger 

from earthquakes, and (6) the consequences of an accidental  r e l ease  of 
s ign i f i can t  quant i t ies  of radioactive mater ia ls .  
t h a t  would be favorable f o r  one of these considerations might be unfavor- 
able  f o r  another; therefore,  an i d e a l  environment does not e x i s t ,  and the  
se l ec t ion  of any ac tua l  s i t e  w i l l  require  a compromise. Perhaps the  only 
va l id  general izat ion i s  t h a t  a l l  of  these considerations w i l l  be eas ie r  

t o  evaluate i f  the  geology and hydrology of the  s i t e  a r e  simple (although 
determining what cons t i tu tes  a ‘‘siT(lr>lef1 environment may frequent ly  be 

d i f f i c u l t ) .  

Geologic conditions 

I 

i 

1 

-* 

Foundations, - Sat i s fac tory  foundations can be provided i n  almost 

any geologic environment, although water-saturated, poorly compacted 
clays and si l ts  may require  deep and expensive excavations o r  p i l e  
driving. Many limestones contain extensive and unpredictable networks 
of so lu t ion  cav i t i e s ,  which a r e  d i f f i c u l t  t o  wash f r e e  of mud and f i l l  
with cement grout. Faul t  zones, pa r t i cu la r ly  i n  basic  igneous rock, 

weather more deeply than the adjacent unfractured mater ia l  and may cause 
d i f f i c u l t i e s  i f  they a r e  not detected by preliminary t e s t  bores. 
points  may appear somewhat elementary; however, they bear repeating s ince  

several  of them have, on occasion, been neglected i n  the  s i t i n g  of nuclear 

f a c i l i t i e s  both i n  t h i s  country and i n  Europe, 

These 

Enplacement of Underground Waste Storage Tanks. - A nuclear f u e l  

reprocessing p lan t  w i l l  probably need waste-storage tanks, which may be 
located underground. 
emplacement of the  tanks may be r e l a t i v e l y  expensive. On t h e  other hand, 

some unconsolidated deposi ts  may need t o  be shored up (i .e. ,  t o  hold open 
excavations), which i s  both expensive and po ten t i a l ly  dangerous. The most 

important requirement, however, i s  t h a t  the excavations i n  which the tanks 

a r e  located be well drained and loca ted  safe ly  above the water tab le ,  

If hard bedrock ex i s t s  a t  a shallow depth, the 
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(Par t ly  f i l l e d  tanks w i l l  f l o a t  up o u t  of the ground i f  surrounded by 

water.) 
possible f lood leve l .  

If located near a r iver ,  the  plant  s i t e  must be well  above any 

Water Supply. - I f  s u f f i c i e n t  quan t i t i e s  a re  avai lable ,  groundwater 
is  generally preferable  t o  surface water a s  a source o f  water supply, s ince  

surface water i s  near ly  always more var iab le  i n  temperature and chemical 

composition. 
a t  l e a s t  a moderately deep deposit  of sand o r  other permeable mater ia l .  
Permeable limestone, which can y ie ld  an excellent supply of groundwater, 

may not be desirable  (as has been mentioned), because of po ten t i a l  prob- 

lems with the p l an t  foundations. 
unpredictable permeability may ser iously complicate the problems o f  rout ine 

low-level waste disposal o r  of remedial ac t ion  following an acc identa l  
r e l ease  of  radioact ive materials.  

This suggests t h a t  t he  p l an t  s i t e  should be underlain by 

Also, aquifers  with an i r r egu la r  and 

Routine Waste Management. - High-level radioactive l i q u i d  wastes may 

have t o  be aged i n  tanks p r i o r  t o  ult imate disposal.  

ea s i ly  excavated sediments, o r  deeply weathered rock of moderate permea- 

b i l i t y ,  and appreciable ion exchange capacity a r e  required f o r  s a t i s f a c t o r y  

tank emplacement. 
shipped t o  a permanent disposal s i t e .  
vations i n  s a l t  o r  other  dry, underground workings a re  highly des i rab le  
f o r  a permanent repository,  and s i t e s  with these cha rac t e r i s t i c s  may be 

many miles d i s t an t  from the reprocessing p lan t .  

A t  l e a s t  50 f t  of 

After  aging, the  wastes can be s o l i d i f i e d  and then 
A s  described i n  Sect.  4.3.5, exca- 

Intermediate-level l i q u i d  wastes can bes t  be handled by combining them 

with high-level wastes f o r  eventual s o l i d i f i c a t i o n  and permanent storage 
outs ide the biosphere. 

intermediate-level wastes, perhaps by incorporation i n  asphal t  o r  cement, 

and t o  ship them o f f - s i t e  t o  l icensed bu r i a l  grounds or spec ia l  reposi to-  

r i e s .  
hydraulic f rac tur ing  (Sect. 4.4.3). 
lying beds of  shale  a t  depths between 500 and 3000 f t  a r e  required f o r  

t h i s  method of disposal.  The sha le  would have t o  be t e s t ed  t o  make cer-  
t a i n  t h a t  horizontal ,  ra ther  than v e r t i c a l  or steeply dipping, f r ac tu res  

w i l l  be formed. 

A l e s s  desirable  a l t e r n a t i v e  i s  t o  s o l i d i f y  the  

S t i l l  another a l t e rna t ive  may be the disposal  o f  these wastes by 
A t  l e a s t  severa l  hundred f e e t  of f l a t -  
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Low-level l i q u i d  waste and po ten t i a l ly  contaminated cooling water 
a r e  produced i n  such volumes t h a t  storage i s  impractical .  This waste i s  

t reated,  usually by evaporation o r  ion exchange, and then released t o  the  

ocean, t o  a r ive r ,  o r  i n to  a shallow o r  deep groundwater aquifer.  Although 
release t o  the ocean has apparently been sa t i s f ac to ry  a t  various s i t e s  

t ha t  rou t ine ly  use t h i s  type of  disposal, it has required detai led,  con- 
t inuing survei l lance o f  f i s h ,  sea weed, and beaches i n  the affected area.  

Release t o  r ive r s  has, perhaps, been somewhat l e s s  sa t i s fac tory ,  depending 
grea t ly  on the pa r t i cu la r  circumstances; however, even under favorable 

conditions, it has en ta i led  extensive, de t a i l ed  environmental monitoring. 

I n  cases where the circumstances have been even mildly unfavorable, severe 

r e s t r i c t i o n s  have been placed on the  concentration and the t o t a l  quan t i t i e s  

of radioact ive mater ia ls  that could be discharged, necessi ta t ing carefu l  

and po ten t i a l ly  expensive treatment of t he  low-level waste p r io r  t o  dis- 
charge. 
a lso depend grea t ly  on loca l  conditions. 
large,  unused aquifers  may be ava i lab le  t o  provide d i lu t ion  and, more 

importantly, long  holdup times f o r  the  waste, I n  instances  where the  

aquifer t h a t  is used for disposal  is a l so  used i n  t h e  same general a rea  

f o r  water supply, extensive geohydrologic invest igat ions w i l l  be required; 

even then, severe r e s t r i c t i o n s  may be placed on waste discharge. The most 

favorable s i t ua t ion  fo r  disposal of  low-level l i qu id  waste would be pro- 

vided by a deep, permeable, and porous a r t e s i an  aquifer t ha t  is  not a 

source of water supply. 
sources of water were avai lable  on the  surface o r  a t  a shallow depth. 
Then a deep, moderately permeable aquifer could be developed i n  such a 
manner t h a t  i t  would receive a l l  the  low-level waste and cooling water 
from a l a r g e  nuclear fue l  reprocessing p lan t .  However, t o  ensure that 

no hazard would ex i s t ,  considerable geologic and hydrologic information 

would have t o  be assembled and analyzed, 

col lected f o r  severa l  areas i n  t h e  United S t a t e s  by a committee of t h e  
American Association of Petroleum Geologists, The areas  described a s  

favorable i n  t h i s  r epor t  would be  pa r t i cu la r ly  su i t ab le  s i t e s  for  nuclear 

fue l  reprocessing p l a n t s ,  

Successful re leases  o f  waste i n t o  sha l low (water -table) aqui fe rs  
I n  sparsely inhabited areas,  

This would be the case  i f  equally good (or  b e t t e r )  

Such in fomat ion  has been 
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Consequences of the Accidental Release of Radioactive Material. - If 
la rge  quan t i t i e s  of radioactive materials were acc identa l ly  re leased and 

then quickly reached a stream, a r ive r ,  o r  t h e  ocean, with only a small 
proportion being held back a t  or near t h e  p l an t  s i t e ,  the consequences 

could be ser ious.  Rapid movement and low re ten t ion  should be expected 

a t  a s i t e  where the  ear th  or rock is s u f f i c i e n t l y  impermeable t o  allow 
released l i qu ids  t o  move rap id ly  over t h e  surface and v i r t u a l l y  no ion 

exchange with the  s o i l  t o  take place. 

ab le  t e r r a ins ,  the released radioactive mater ia ls  would t r ave l  through the 

s o i l  ( i .e. ,  below the  sur face) ;  and, i f  t h e  plant  were located a t  even a 

s h o r t  dis tance from the neares t  stream o r  r i ve r ,  t h e  t r ave l  time might be 

long enough t o  permit important remedial ac t ion  t o  be taken. 
t h i s  time, appreciable quant i t ies  of many of the  radionuclides might be 
fixed v i r t u a l l y  permanently i n  the s o i l  and thus be rendered e f f ec t ive ly  
harmless. 

On the other hand, i n  many perme- 

Also, during 

I n  connection with the consequences of accidental  re lease ,  s impl ic i ty  

i n  the  geologic environment i s  pa r t i cu la r ly  des i rab le .  

t he  conditions can be analyzed i n  d e t a i l  and with considerable confidence 
can predict ions o f  the possible  r e s u l t s  of an accident be made. These 

predict ions w i l l  allow proper precautions to be taken against  such an 

eventuali ty,  a s  well a s  suggest e f f ec t ive  remedial measures i n  the event 
of an accident.  A simple geologic and hydrologic environment a l s o  makes 
it possible t o  determine, with confidence, the most e f f ec t ive  l o c a l  methods 
for ultimate disposal,  the  maximum quant i t ies  of  radioact ive mater ia l  t h a t  

may be released t o  the environment, and t h e  b e s t  methods for monitoring 
the environment t o  make c e r t a i n  t h a t  s a f e  l eve l s  of discharge a r e  not being 
exceeded . 

Only i n  cases where 

7.1.3 Geoseismology 

General. - Faults ,  vibrat ions,  and tsunamis a re  the  major earthquake- 

induced phenomena t o  be considered i n  the s i t i n g  and t h e  design of nuclear 
f a c i l i t i e s  (including f u e l  reprocessing p l an t s ) .  
f o r  some s i t e s  along the  West Coast of t h e  Unites S ta t e s ;  on the other 
hand, vibratory e f f e c t s  a r e  generally the  s o l e  concern i n  the eas te rn  part 

of the country. 

All of these a re  important 

c 
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The rapid growth of the nuclear power economy has focused consider- 
able  a t t en t ion  on the  unknown and/or imperfectly understood aspects of  

earthquakes as r e l a t ed  t o  reactor  s i t i n g  and design." I n  general, t h i s  

lack o f  knowledge has made i t  imperative t h a t  conservative estimates and 
evaluations o f  t h e  c r i t i c a l  geoseismological and engineering design param- 

e t e r s  be made f o r  nuclear f a c i l i t i e s  i n  a l l  p a r t s  of t h e  country. I n  many 
areas, i t  appears t h a t  earthquake-induced phenomena can be adequately 
considered through current ly  acceptable engineering prac t ices ;  however, 
i n  some highly seismical ly  ac t ive  regions, t he  high degree of  geoseismo- 
log ica l  conservatism requires t h a t  unique and present ly  unproved designs 
be considered. 

With regard t o  the needed improvements i n  predict ing fau l t ing ,  shaking, 

and tsunami e f f ec t s  a t  po ten t i a l  nuclear f a c i l i t y  s i t e s ,  it is  emphasized 

tha t ,  s ince there  i s  no quant i ta t ive  way t o  p red ic t  earthquakes, empirical 

and somewhat i nd i r ec t  approaches t o  t h e  problem m u s t  be used. One of t h e  
pr inc ipa l  means f o r  studying earthquake phenomena i s ,  of course, through 
the  observation of earthquake events. 
ra ther  infrequent ly  and there  a re  cur ren t ly  few, i f  any, pos i t ive  corre- 
l a t i o n s  between the occurrence (as t o  place and time) of earthquakes and 
measurable changes i n  the physical and/or chemical propert ies  of rocks 
tha t  comprise the  ea r th ' s  c rus t ,  major improvements i n  defining and deter-  

mining the  geoseismological f ac to r s  per t inent  t o  reactor  s i t i n g  and design 
of nuclear f a c i l i t i e s  w i l l  require in tense  and concerted e f for t s  i n  the 

geological, seismological, and engineering d isc ip l ines .  

Since la rge  earthquakes occur 

S t ruc tura l  designs f o r  accommodating moderate amounts of d i f f e r e n t i a l  
ground displacement and f o r  ensuring p l an t  survival f o r  mos t  of t h e  con- 
ceivably strong ground motions appear t o  be a t ta inable ;  however, demon- 
s t r a b l e  proof of these designs i s  needed t o  ensure the functioning of a l l  
components or systems tha t  a r e  d i r e c t l y  o r  i nd i r ec t ly  r e l a t ed  t o  the 

containment of rad ioac t iv i ty .  

Faulting. - The exact mechanisms f o r  generating earthquakes are  not 

known, but  i t  i s  generally agreed t h a t  f au l t i ng  i s  the  cause of  most o f  

the  l a rge  shallow earthquakes i n  California and i n  other  tec tonica l ly  

s imi la r  areas  o f  the world. I n  the  cont inental  United S ta tes ,  h i s t o r i c  
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f a u l t i n g  has been l a rge ly  confined t o  t h e  area west of the Rocky Mountains 
(see Fig. 7.1), and there  i s  good reason t o  bel ieve t h a t  f a u l t i n g  i n  the 

foreseeable f u t u r e  w i l l  continue t o  be r e s t r i c t e d  pr imari ly  t o  t h i s  area. 

Through observations of h i s t o r i c  surface breaks, we can make a general  
evaluation of t he  length  of the main faul t  t race ,  i t s  loca t ion ,  and the  

amount of displacement t h a t  may be expected when an earthquake of a spe- 

c i f i c  magnitude occurs along a major faul t .  However, it 
d i f f i c u l t  t o  determine the  nature and extent of the many 
or subsidiary f a u l t s  t h a t  commonly occur adjacent to ,  or 
faul t  t r aces .  A t  t h e  present time, r e l a t i v e l y  l i t t l e  i s  
cha rac t e r i s t i c s  of f au l t i ng  t h a t  occurs a t  a reas  located 

main f a u l t  t races .  Thus, secondary or minor f au l t i ng  is 

i s  much more 

secondary, minor, 
near, the main 
known about t h e  
away from the  
one of t he  p r in -  

c ipa l  problems i n  the  s i t i n g  and design of nuclear f a c i l i t i e s  i n  seismic- 
a l ly  ac t ive  areas. 

Another important and cont rovers ia l  problem i n  s i t i n g  concerns the 

degree of a c t i v i t y  of f a u l t s .  

United S ta t e s  can be c l e a r l y  labeled as act ive,  while others  have been 
determined t o  be unquestionably inac t ive .  However, t he  la rge  number of 
f a u l t s  t ha t  l i e  between these  two extremes are probably of g rea t e s t  con- 
cern. A t  present ,  it is d i f f i c u l t  t o  determine p rec i se ly  enough the  da t e  
of t h e  most recent  motion along such f a u l t s .  I n  addi t ion,  it i s  d i f f i c u l t ,  
i n  m a n y  cases, t o  s ta te  what elapsed period of t i m e  after the  l a s t  movement 
along a f a u l t  would provide assurance t h a t  t h e  f a u l t  i s  inac t ive  and t h a t  
no fur ther  movement would occur i n  t h e  foreseeable future .  Since the 
major i ty  of f a u l t s  have not moved i n  h i s t o r i c  times, we must r e l y  on 
geologic re la t ionships  and seismological evidence t o  provide da ta  regard- 

ing the tectonic  a c t i v i t y  of many f a u l t s .  

M a n y  faults i n  the western p a r t  of t h e  

Shaking, - Small earthquakes, which occur over most of the  e a r t h ’ s  
c rus t ,  may cause loca l ized  shaking. However, during shocks of g r e a t  

magnitude, extremely l a rge  areas ,  covering hundreds or thousands of square 

miles, may be subjected t o  severe shaking. 

associated with l a rge r  shocks should be recognized and taken i n t o  account 
i n  the  s i t i n g  and design of f u e l  reprocessing p lan ts .  However, a t  the 
present  time, there  i s  some uncertainty i n  defining t h e  cha rac t e r i s t i c s  
of these expected motions. 

The s t rong  ea r th  motions 

F’ 
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Strong-motion accelerometers a r e  cur ren t ly  being used t o  record severe 
shaking i n  t h e  United S ta tes .  
recorded f o r  a r e l a t i v e l y  large number of small shocks, only a few l a r g e  

earthquakes have been recorded on strong-motion instruments. 
t e r i s t i c s  of these  ground accelerat ions have been thoroughly analyzed, and 

t h i s  information, along with other seismic and geologic data ,  is commonly 
used t o  es t imate  the amount and the nature  of the  expected ground motions 

a t  other si tes.  
s t rong ground motions, and because there  i s  no su i t ab le  theo re t i ca l  bas i s  

fo r  predict ing these  motions, we do not have an acceptable quan t i t a t ive  

method f o r  p rec i se ly  determining accelerat ions,  ve loc i t i e s ,  and displace- 

ments o f  the ground motions for a given earthquake a t  most s i t e s .  
estimates of the important design parameters of ground motion m u s t  be 
conservative. 

Although ground accelerat ions have been 

The charac- 

Because of t h e  general  lack of instrumental  records of 

Thus, 

Earthquake-induced ground motions i n  s o i l s  a r e  usual ly  l a rge r  than 

those i n  hard rock; however, it i s  not  possible  t o  s t a t e  prec ise ly  the 

magnitude of t h e  difference.  Most of the  s tud ies  of the in t ens i ty  of 

shaking i n  various types of rock and s o i l  have been conducted with small 

shocks, and there i s  no sa t i s f ac to ry  technical  method f o r  extrapolat ion 

t o  l a r g e r  shocks, Recently, determinations of the  dynamic proper t ies  of 
s o i l  sec t ions  and theo re t i ca l  considerations have yielded important r e l a -  
t ionships  concerning some s o i l  conditions and ground motion charac te r i s t ics ;  
however, before r e l i a b l e  predict ions can be made f o r  t he  majority of s o i l  
conditions, extensive laboratory and f i e l d  invest igat ions m u s t  be car r ied  
out. 

s o i l s  may a l s o  f a i l  or be displaced, v i a  consolidation, d i f f e r e n t i a l  com- 

paction, s l iding,  and l iquefact ion,  as a r e s u l t  of earthquake-induced 
ground osc i l l a t ions .  

I n  addi t ion t o  t h e i r  amplif icat ion and/or a t tenuat ion  proper t ies ,  

Tsunamis. - Tsunami and tsunami-generated osc i l l a t ions  are p o t e n t i a l l y  

dangerous t o  nuclear fue l  reprocessing i n s t a l l a t i o n s  a t  coas t a l  s i t e s ,  
s ince they may cause damage t o  the  p lan t  and water intake s t ruc tures  by 
means o f  runups and/or withdrawals. 

erated by v e r t i c a l  displacement of t he  subsea bottom. 
recorded tsunamis or ig ina te  i n  the  Pac i f i c  Ocean, where l a rge  earthquakes 

Most tsunamis a re  thought t o  be gen- 
About 6@ of a l l  
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occur along deep, bordering trenches. 
Chile, Peru, Alaska, and the Hawaiian Islands have of ten exceeded 30 f t ;  
however, during h i s t o r i c  times, the West Coast of the United S ta tes  has 
apparently not been subjected t o  runup heights greater  than 16 f t .  The 

r e l a t i v e l y  low runup along the  West Coast of t h e  United S ta t e s  is  a t t r i b -  

uted t o  the coastal  she l f .  

Coast, damaging tsunamis have not been recorded along t h e  Gulf and Eastern 

Coasts of  t he  United S ta tes .  
a l oca l  disturbance o f f  the West Coast a r e  thought t o  be l imited,  s ince  
apparently no l o c a l l y  generated damaging tsunamis have occurred there  i n  

the past .  

Runup heights i n  Japan, Kamchatka, 

I n  contrast  t o  the experience on the West 

Chances tha t  a tsunami w i l l  be generated by 

A t  many s i t e s ,  the predict ion of  maximum runup height i s  d i f f i c u l t  

because r e l a t i v e l y  obscure coastal  and submarine fea tures  tend t o  amplify 

waves. 
cons is ten t ly  low waves, the b e s t  guideline f o r  predict ion along the West 

Coast appears t o  be previous experience with tsunamis, regardless of the 

d i rec t ion  of approach. 

occurred i n  March 1961 and caused runups as high as 16 f t  a t  Crescent City, 
California,  the recorded runups along t h e  West Coast have not exceeded the 

t i d a l  range of about 6 f t .  

Since some s i t e s  have cons is ten t ly  high waves and others  have 

With the exception of  the Alaskan tsunami t h a t  

7.2 Geographic Factors 

The primary consideration i n  acquiring a s i t e  fo r  a f u e l  reprocessing 

p lan t  i s  t o  provide su f f i c i en t  dis tance between the plant and pr iva te  lands 
t o  ensure t h a t  the  general public w i l l  not be harmed by e i t h e r  normal oper- 
a t ions  o r  by credible accidents.  
place where the aggregate cos t  of  raw materials,  t ransportat ion o f  materials 

t o  t he  plant ,  manufacturing, and t ransportat ion of f in i shed  products t o  the 

market w i l l  be a t  a minimm.ll 
a re  water, n i t r i c  acid,  solvent,  and aggregate f o r  concrete. Either a 

r a i l road  spur o r  a waterway with barging f a c i l i t i e s  i s  a p rac t i ca l  neces- 

s i t y  s ince some spent-fuel shipping casks weigh 50 t o  100 t o n s .  
highways a r e  required f o r  trucking smaller casks, raw materials,  f inished 

Second, the s i t e  should b e  located a t  a 

I n  present plants ,  the basic raw materials 

Paved 



products, and waste. 
supply of s k i l l e d  labor  and the prevai l ing wage sca les  i n  the  v i c i n i t y .  

Conveniently located housing and community f a c i l i t i e s  are  des i rab le ,  
Long commuting distances and poor f a c i l i t i e s  (as well a s  an undesirable 
climate) tend t o  r e s u l t  i n  a la rge  labor  turnover. The p lan t  must have 

adequate acreage f o r  possible  future  expansion, adequate s o i l  o r  rock 
foundations t o  support heavy concrete s t ruc tures ,  and r e l i a b l e  e l e c t r i c  

power; t he  l a t t e r  should preferably be avai lable  from two independent 

sources, 
power reactors  and s i t e s  for disposal of high- and low-level waste. 

following sect ions b r i e f l y  describe considerations t h a t  a f f e c t  the s i t e  

s ize ,  the surrounding population densi ty ,  the land usage i n  the v i c in i ty ,  

and t h e  r e l a t i o n  of  the  plant  t o  other nuclear f a c i l i t i e s .  
United S ta tes  having ce r t a in  desirable  and undesirable fea tures  w i l l  be 
delineated. 

Manufacturing costs  a r e  dependent on an adequate 

Idea l ly ,  the  p l a n t  should be located r e l a t i v e l y  near nuclear 
The 

Regions i n  t h e  

7 . 2 . 1  S i t e  S ize  

The s i t e  boundary i s  determined most accurately and r e s t r i c t i v e l y  by 

the requirement t h a t  the d i r e c t  exposure o f  the surrounding public t o  radio- 
ac t ive  gaseous or l i qu id  effluents must be maintained a t  allowable leve ls .  
These considerations w i l l  be discussed i n  d e t a i l  i n  Sec t ,  8. 
radiat ion that  escapes through the  shielding used i n  the plant  i s  not 
normally a consideration. For example, t h e  penetrat ing radiat ion from 
an  unshielded nuclear excursion of lo2' f i s s i o n s  would cause whole-body 
exposures no greater  than 25 r e m  a t  dis tances  of only about 350 m. 

Penetrating 

12 

Studies a t  Hanford 13,14 i nd ica t e  tha t  controlled areas extending 0.5 
t o  1 mile from t h e  plant  a re  desirable  for the  control  of !'nuisance con- 

tamination" resul t ing from a temporary l o s s  of control  of r e l a t i v e l y  small  

quant i t ies  of  radioact ive materials.  Such minor re leases  might r e s u l t  
f r o m  outside decontamination operations on la rge  pieces of  process equip- 

ment or shipping casks. 
( i . e . ,  a t  increased cos t )  t o  house those f a c i l i t i e s  t ha t  would po ten t i a l ly  
disperse  low-level contaminants. It was found t h a t  the rout ine  r e l ease  
of  noxious nonradioactive chemicals t o  the  atmosphere (most s ign i f i can t ly  

This is  not an absolute l imi ta t ion ;  it i s  possible  
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NO2) would d i c t a t e  a s i t e  boundary about 1 mile from the s tack .  
is  also not an absolute l imi ta t ion ,  s ince such gases may be removed from 
stack e f f luents  t o  p rac t i ca l ly  any extent required using present  technol- 

ogy. The discharge o f  low-level radioactive e f f luents  is  determined p r i -  
marily by t h e  r e l a t i v e  flow r a t e  of groundwater and surface water a s  a 
function of distance from the plant .  

This 

7.2.2 Population Density of the Surrounding Area 

Federal regulations (lOCFR100) specify t h a t  t he re  s h a l l  be a zone 

of low population surrounding a reactor plant .  The primary concern i s  
t o  prevent population groups f rom receiving somatically o r  genet ical ly  
s ign i f i can t  doses of radiat ion.  The costs  of indemnification a re  a l s o  
o f  concern; claims resu l t ing  from overexposure t o  rad ia t ion  r e su l t i ng  
from accidents would probably be d i r e c t l y  proportional t o  the number of 

persons involved. Guthrie and Nichols have estimated t h a t  monetary lo s ses  

of  $50,000, $10,000, and $2000 would result f rom exposures of  greater  than 
100, 10 t o  100, and 1 t o  10 times the allowable annual i n d u s t r i a l  radia-  

t i o n  dose respectively.8 

resu l t ing  i n  long-term evacuation and t o t a l  l o s s  of  property value, would 
cause an average monetary l o s s  of $10,000 per person. 

t ion,  which would necess i ta te  short-term evacuation, washing nonporous 

surfaces,  and replacing o r  recovering porous surfaces such a s  sidewalks, 
pavements, roofs ,  e tc . ,  was estimated t o  r e s u l t  i n  monetary losses o f  
$1500 per person. Minor contamination, which would require  roo f s ,  streets, 
and buildings i n  urban areas  t o  be hosed was estimated t o  r e s u l t  i n  a 

monetary l o s s  of about 5 mills per square meter of projected surface.  

It was estimated t h a t  severe contamination, 

Minor contamina- 

7.2.3 Land Usage 

Special  considerations a re  required when f u e l  reprocessing plants  

a r e  located i n  areas where there  i s  a mechanism f o r  reconcentration of 
the radioactive effluents and a pathway for ingest ion by t h e  general 

public. 

a r e  known t o  concentrate i n  crops, the r e s t r i c t i o n s  on low-level l i qu id  

waste e f f luents  t ha t  a r e  subsequently t o  be used f o r  i r r i g a t i o n  may be 

Because ce r t a in  radionuclides (e.g., 90Sr, and 137Cs, see ref. 8) 
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more severe than i f  the water were used only f o r  drinking. Deposition of 

radioiodine from gaseous wastes on grass,  followed by the  cow-milk pathway 

t o  the thyroid of small children, may result i n  m a x i m u m  permissible a i r  

concentrations lower by a f a c t o r  of 700 than those f o r  inha la t ion .  Special  

considerations a r e  a l so  required when f u e l  reprocessing p l a n t s  a r e  located 

near other  p l an t s  whose products a r e  very sens i t i ve  t o  r ad ia t ion  (e.g., 
the  photographic industry) .  

7.2.h Relation of t he  Plant  t o  Other Nuclear F a c i l i t i e s  

The f u e l  reprocessing p l a n t  should be designed and located t o  take 

i n t o  account adjacent nuclear f a c i l i t i e s ,  including reac tor  p l an t s ,  other  
reprocessing p l an t s ,  and waste disposal  sites. Eff luents  from the p lan t  

must not mask nuclear instrumentation a t  adjacent  sites. 
p l an t  should not cause unduly hasty and unsafe evacuations of adjacent  

s i t e s .  
such a manner t h a t  t h e i r  combined e f f e c t  does not endanger the hea l th  and 

s a f e t y  of the  surrounding public.  
s t r i c  t ions has been minimal a t  production p lan ts  and nat ional  labora tor ies ;  

the c o s t  of engineered fea tures  i s  general ly  o f f s e t  by the decreased cos t  
of l o g i s t i c s .  

Accidents i n  the  

I n  addi t ion,  the e f f luen t s  from each p lan t  must be r e s t r i c t e d  i n  

I n  prac t ice ,  the e f f e c t  of t hese  re -  

c 

7.2 .5  Regional Dis t r ibu t ion  of Po ten t i a l  S i t e s  i n  the United S t a t e s  

We have gathered information tha t  may be of value i n  se lec t ing  
po ten t i a l  sites, based on surrounding population density,  dis tance to  a 
population center, and seismicity.  The at tached packet of overlay maps 
includes: 
United S t a t e s  minus Alaska and Hawaii; ( 2 )  an overlay of major towns fo r  

a l l  communities having a population of 20,000 or more; (3) an overlay 
showing a l l  p resent ly  used r a i l road  l i n e s ;  and (4) an overlay ind ica t ing  

the major seismic areas of t h e  country. 

(1) a base map showing population dens i t ies ,  by county, of t h e  

The colored base map shows population density15 according t o  the  
following color  code: 



I .  

h, 4 

MAJOR RAILROADS SEISMIC- PROBABILITY MAP 
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purple 
blue 

2 d o  persons/mile 
10-30 persons/mile 2 

green 2 3 0 -100 persons / m i l  e 

100-300 persons/mile yellow 
300-1000 persons /mile2 orange 
>lo00 persons/mile 2 red 

The f irst  overlay (red) indicates  the loca t ion  of a l l  s ing le  commu- 
n i t i e s  having populations of  20,000 o r  more (according t o  the 1960 U.S. 

census), plus a number of towns tha t  have grown t o  t h i s  s i z e  on the bas i s  
of more recent  census estimates. Federal power d i s t r i c t s  are  a l so  ind i -  

cated. 

52,000 t o  about 10,000,000 were p lo t t ed  f i r s t .  

populations a s  low a s  20,000 persons were p lo t ted .  The sizes of the 

c i r c l e s  indicate ,  i n  general, the s i zes  of t h e  c i t i e s ,  and they were 
p lo t ted  with a radius based on the distance t o  the edge o f  concentrated 

housing plus  10 miles. 

The 250 U.S. metropolitan a reas  with populations ranging from 

Then a l l  towns with 

On t h i s  basis ,  the c i r c l e s  have the following 

diameters: 

20,000-50,000 2 0-mile diameter 

~0,000-100,000 25-mile diameter 

100,000-250,000 30-mile diameter 
250,000-1,000,000 35-mile diameter 

>1,000,000 4O-mile diameter, o r  10  miles 
beyond the edge of  the 
metropolitan area 

It i s  in t e re s t ing  t o  note t h a t  a l a rge  number o f  the communities i n  

the  20,000-50,000 population range were found t o  be suburbs of t he  l a r g e r  
metropolitan d i s t r i c t s  . 

I n  order t o  complete t h i s  survey, it is  recommended t h a t  a l l  towns 

with populations as  low a s  10,000 be p lo t ted  i n  order t o  discover twin 

c i t i e s  and t r i - c i t i e s  having combined populations of 20,000 o r  more. 

These data a r e  now i n  hand. 
nonmetropolitan-area towns, ac tua l  c i t y  l i m i t  population values were used 
and tha t  the ac tua l  buil t-up areas may include 20 t o  lo@ more people. 

I n  addi t ion,  it must be noted t h a t ,  f o r  t he  
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The second overlay (blue) shows the  loca t ion  of a l l  major r a i l  l i n e s  

tha t  a r e  present ly  i n  commercial use,16 but does not include a number o f  
present ly  unused branch l i nes .  These branch l i n e s  are i n  varying degrees 

of  d i s repa i r ,  and t h e i r  capacity for handling heavy f u e l  casks would have 

t o  be determined i n  t h e  event t h a t  i n t e r e s t  i n  t h e i r  use should be ind i -  
cated. 

The t h i r d  overlay (green) shows the  seismic r i s k  zones f r o m  the  
seismic r i s k  map of A1germi~sen . l~  
approximately represent expected damage and in t ens i ty .  

t he  areas i n  which earthquake damage is not expected t o  occur, and where 

Modified Mercall i  (M.M.) i n t e n s i t i e s  i n  excess of  I V  have not  been 

observed. 
M.M. i n t e n s i t i e s  i n  excess of V I  have not been observed. Zone 2 contains 
areas  where moderate damage may be expected. Zone 3 contains areas where 
major destruct ive earthquakes have occurred i n  t h e  recorded pas t .  
i s  no c l ea r  d i s t i nc t ion  between zones 2 and 3 on t h e  basis  of expected 
in tens i ty ,  other than t h a t  catastrophic earthquakes have occurred i n  

zone 3. 

The'four zones may be expected t o  
Zone 0 contains 

Zone 1 is  composed of  a reas  of  expected minor damage, where 

There 

1. 

2. 

3. 

Ll. 

5.  

6. 

7. 
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8. HEALTH AND SAFETY ASPECTS OF PLANT .SITING 

The pr inc ipa l  c r i t e r i o n  f o r  judging t h e  adequacy of a s i t e  f o r  a f u e l  

reprocessing plant  is  t h e  provision that no undue r i s k  ex i s t s  with regard 

t o  public heal th  and sa fe ty  i n  t h e  surrounding areas, 
seeable technology requires  t h a t  such p lan ts  rout inely discharge small 
quant i t ies  of radioact ive mater ia ls  t o  the atmosphere; f o r  t h i s  reason, 
and a l so  because of the la rge  inventory of physiologically hazardous 

materials,  there  i s  always a small, b u t  f i n i t e ,  p robabi l i ty  of a more 

massive discharge. 
a b i l i t y  of a more massive discharge a r e  determined by t h e  inventory of 

radioactive materials and by the  design fea tures  of t h e  p l an t .  

Present and fore-  

The magnitude of the  rou t ine  discharge and the  prob- 

Present l i cens ing  procedures f o r  f u e l  reprocessing p lan ts  apply 

ex is t ing  f ede ra l  regulations f o r  r ad ia t ion  pro tec t ion  (10CFR20) l i cens -  

ing of production and u t i l i z a t i o n  f a c i l i t i e s  (lOCFRsO),2 and s i t i n g  of 
nuclear reactors  (lOCFR100) , 3  wherever applicable,  t o  the  p l a n t  under 

study. 
as a unit, t h e  proposed p l an t  and t h e  s i t e .  The design features  of t he  

p lan t ,  together w i t h  the  geological,  hydrological, seismological, and 

meteorological cha rac t e r i s t i c s  of the si te,  are analyzed t o  determine 

whether the  proposed design i s  adequate to  maintain the  ba r r i e r  between 
rad ioac t iv i ty  and t h e  surrounding population under adverse environmental 

conditions such as earthquakes, tornados, and floods. The consequences 
of re leas ing  radioact ive e f f luents  during normal operations as w e l l  as 

during "upper l i m i t  accident" conditions, a r e  evaluated using environ- 
mental cha rac t e r i s t i c s  o f  the s i t e ,  The calculated concentrations of 

normal p l an t  e f f luents  a r e  compared with t h e  values published i n  10CFR20; 

the engineered f ea tu res  f o r  prevention and mitigation of t he  consequences 

of accidents a re  compared with the guidelines of 1OCFRsO; and the  calcu- 

l a t e d  doses received by a member of t he  general public from postulated 
accidental  re leases  a r e  compared with the  guidelines spec i f ied  i n  10CFR100. 
If, by employing conservative assumptions, it can be demonstrated t h a t  

engineered safety fea tures  and releases  under a l l  credible  conditions a r e  
within the  guidelines, then the p l an t  and t h e  s i t e  a re  considered acceptable 

The s a f e t y  of a proposed f a c i l i t y  is  determined by evaluating, 
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The following sect ions of t h i s  chapter present  estimates of t he  

e f f e c t  of hea l th  and safety considerations on the  s i t i n g  of spent-fuel 

processing p l a n t s .  
econoqy on t h e  worldwide d i s t r ibu t ion  of long-lived v o l a t i l e  radionuclides,  

l o c a l  environmental e f f ec t s  of the rout ine  re lease  of radionuclides,  and 

the e f fec ts  of credible  accidents.  

These include t h e  consequences of an expanding nuclear 

Section 8 .1  presents estimates of the  worldwide d i s t r i b u t i o n  of 85Kr 
3 and H i n  an expanding nuclear econoqy, assuming t h a t  these nuclides a r e  

re leased quant i ta t ive ly  t o  t h e  atmosphere and the  hydrosphere. 

estimates, together with those of following sections,  l ead  to  the  conclu- 
s ion  t h a t  worldwide pol lu t ion  hazards w i l l  be avoided and l o c a l  operating 

personnel w i l l  be protected by t h e  necessary expedient of providing engi- 

neered safety fea tures  and s i t e  boundary dis tances  t h a t  ensure appropriately 
low rad ia t ion  exposures of members of t h e  publ ic  a t  the  s i t e  boundary. 

These 

Section 8.2 presents estimates of the e f f e c t  of rou t ine  releases  of 

radioact ive materials from spent-fuel  processing plants .  The consequences 
of,  and s i t e  boundary distances d i c t a t ed  by, rou t ine  re leases  from f u e l  
processing p lan ts  were estimated assuming (1) ORNL meteorological condi- 
t ions,  ( 2 )  t he  complete re lease  o f  noble gases and tritium, (3)  iodine 

decontamination f a c t o r s  of 2000 (present technology) and lo7 i n  p l a n t s  
f o r  processing highly i r r ad ia t ed  f u e l s  t h a t  have decayed 150 and 30 days, 
respectively,  and (4) a par t icu la te - re lease- ra te  model t ha t  agrees sat is-  
f a c t o r i l y  with exis t ing  data .  For reference purposes, t h e  acceptable 

concentrations a t  t h e  s i t e  boundary were se lec ted  as one-third of t he  
a i r  concentrations l i s t e d  i n  10CFR20, Appendix B, Table 11, Column 1, 
with the  exception that the 1311 concentrations were f u r t h e r  reduced by 
a f a c t o r  of 700 t o  account f o r  t h e  grass-cow-milk pathway t o  t h e  thyroids  

of small children. 

The downwind consequences r e su l t i ng  from the  rout ine  r e l ease  of radio- 

nuclides from a p l a n t  processing l ight-water reactor  (LWR) f u e l  (pos t i r ra -  

d i a t ion  decay period of 150 days) o r  a p lan t  processing f a s t  breeder 

reac tor  (FBR) f u e l  (decay time of 30 days) a r e  estimated t o  be cont ro l led  

by the  re lease  of noble gases and iodine. It is concluded tha t  equipment 

f o r  removing 5’0 t o  99% of t h e  noble gases i s  necessary i n  p l an t s  of 
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capacity more than a few tons per day; more e f f i c i e n t  iodine removal than 
t h a t  demonstrated i n  present  technology is  required f o r  LWR p lan t s  of  

capacity grea te r  than about 6 t o  10  tons/day, whereas DF1s f o r  iodine as 
high as 10 8 may be required f o r  FBR p lan ts .  

Section 8.3 presents  estimates of the  e f f e c t  of re leases  of radio- 
ac t ive  e f f luents  i n  *!upper l i m i t  accidents. *! The consequences of  upper 
limit accidents were estimated assuming t h a t  t h e  acceptable annual dose 
commitments resu l t ing  from exposure to t h e  cloud o r  inha la t ion  a t  the s i t e  
boundary a r e  those recommended by the National Committee on Radiation Pro- 

tec t ion  fo r  annual occupational exposure. Although the  assumed acceptable 
dose commitments have been employed only  f o r  reference purposes, they my 
be p laus ib le  on the  basis  t h a t  t h e  r a t i o  of benef i t  t o  p robabi l i ty  of 
exposure is  believed t o  be grea te r  f o r  an individual  of t h e  general  popu- 

l a t i o n  l i v ing  near t he  s i t e  boundary than for a worker i n  the  p lan t .  

The meteorological and dose commitment analysis was based on the 
assumptions of f l a t  downwind t e r r a i n  and exposure t o  the  radioact ive 

cloud. The consequences of downwind ground contamination and addi t ional  
exposures by such phenomena a s  reentrainment were not considered a s  mecha- 

nisms tha t  would l i m i t  p l an t  s i t i ng .  
nation would cause inconveniences, require  expensive decontamination 
procedures, and result i n  property l o s s ;  however, they would probably 
not present an unavoidable th rea t  t o  t h e  hea l th  and safe ty  of the public.  

Excessive l e v e l s  of ground contami- 

It i s  concluded tha t  t h e  confinement and ven t i l a t ion  systems i n  
spent-fuel processing p lan ts  remove pa r t i cu la t e s  of nonvolati les dispersed 
under accidental  conditions t o  such an extent  t h a t  t he  upper l i m i t  acc i -  
dents a r e  controlled by the r e l ease  o f  such v o l a t i l e  and semivolati le 
materials a s  t he  noble gases, iodine, ruthenium, cesium, and tellurium. 
Credible upper l i m i t  accidents i n  well-designed f a c i l i t i e s  f o r  in te r im 
storage o f  wastes, e i t he r  i n  l i q u i d  o r  so l id  form, a r e  estimated t o  be 
inconsequential with respect t o  those from processing operations i n  the  

plant .  
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8.1 Buildup of 85Kr and 3 H i n  an Expanding Nuclear Power Industry 
r 

A s  t he  f r e e  world's  nuclear power production increases ,  t h e  buildup 
of 85Kr i n  t he  atmosphere and 3H i n  t h e  hydrosphere may become important. 

Therefore, estimates of dose equivalents to t h e  year 2000 from a uniform 
worldwide d i s t r i b u t i o n  of these radionuclides have been made. 

3 Estimates of t h e  annual production of 85Kr and H are based on the  

A E C ' s  projected c i v i l i a n  nuclear power economy i n  t h e  United S ta t e s  and 
i n  t h e  f r e e  world. 4,5 
power industry,  foreign capacity i n  the  year 2000 i s  assumed t o  be  equal 

to the estimates of capaci ty  i n  t h e  United S t a t e s  a t  t h a t  time. Thermal 
power generation was estimated by assuming load fac tors  o f  0.8 t o  1980 
and 0.7 a t  t h e  year 2000, and a thermal e f f ic iency  of 0.31. Thus, i n  the 
year 2000, t h e  f r e e  world 's  nuclear capacity f o r  continuous operation i s  
estimated t o  be 1 mil l ion  e l e c t r i c a l  megawatts and 3.3 mi l l ion  thermal 

megawatts. 

I n  Fig. 8.1, which shows the  growth of the nuclear 

3 The r a t e s  of production and accumulation of 85Kr and H a r e  shown i n  

Fig. 8.2. 
20,000 Phd/metric ton  and a spec i f i c  power o f  25 Mw/metric ton. 

Production r a t e s  were based on an assumed core i r r a d i a t i o n  of 

The 
accumulated quan t i t i e s  of 85Kr and 3 H were obtained by allowing each 

radionuclide produced i n  t h e  immediately preceding 5-year period t o  decay 
f o r  2 . 5  years and adding this value t o  t h e  previously accumulated quant i ty  
(corrected f o r  decay f o r  5 years) .  
production w i l l  b e  520 megacuries/year, and 3000 megacuries w i l l  have been 
accumulated. 
cur ies  w i l l  have been accumulated. 

Accordingly, i n  the  year  2000, 85Kr 

T r i t i u m  production w i l l  be 15 megacuries/year, and 96 mega- 

8.1.1 85Kr Dis t r ibut ion and Dose Equivalent 

The concentration of 85Kr i n  t h e  atmosphere was estimated by assuming 

complete mixing o f  the  "Kr and the  a i r  throughout the  f i rs t  8 miles of 
the atmosphere. 
according t o  the dens i ty  mass of a i r .  
would i n h i b i t  rapid mixing in to  the  s t ra tosphere.  Rainout was consid- 

ered negl igible ,  s ince  calculat ions indicated t h a t  the atmosphere 

Within this zone, 85Kr was assumed t o  be d i s t r ibu ted  
Above 8 miles, the  tropopause 
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contained more than 95% of  the  s t a b l e  krypton as compared with the 
oceans . 7 

Figure 8.3 shows the estimated whole-body exposure from 85Kr as a 

funct ion of e levat ion,  
first one-fourth mile of t he  atmosphere can be compared t o  an average 
background rad ia t ion  of 100 mill irads/year ( to  sk in)  near sea l e v e l  and 
to permissible whole-body exposures of average population groups of 170 
millirems/year, and of members of the publ ic  of 500 millirems/year, as 

A maximum dose r a t e  of 1.8 millirems/year i n  t h e  

recommended by ICRP and F'RC. 899 

8.1.2 T r i t i u m  Distr ibut ion and Dose Equivalents 

P r a c t i c a l l y  a l l  of the t r i t i u m  i n  i r r a d i a t e d  f u e l  elements may be 

released t o  the environment during spent f u e l  processing. This r e l ease  
i s  assumed t o  occur as HTO, e i the r  as t r i t i a t e d  water o r  as t r i t i a t e d  
water vapor. 
Table 8.1, were used t o  ca lcu la te  t h e  concentration of tritium i n  the  
environment. It was assumed that: 
seas t o  a depth of 40 m, (2) a l l  t h e  water i n  s t r e a m  channels and i n  the  

f irst  10 km of  the atmosphere was c i rcu la t ing ,  (3) only the  port ion of 

the groundwater located i n  the  root  zone was ava i lab le  f o r  M n g ,  and 

(4) complete i so topic  d i lu t ion  occurred i n  these  waters. 

Fig. 8.4, the estimated dose equivalents t o  body t i s s u e  due t o  inha la t ion  
of a i r  and absorption through skin,  and to inges t ion  of sur face  water 
containing 3H a r e  7.2 x lo-' and 1.4 x 

The volumes of c i r cu la t ing  waters i n  the world, l i s t e d  i n  

(1) tritium was mixed i n  oceans and 

A s  shown i n  

millirems/year, respectively,  
3 Nonuniform d i s t r ibu t ion  of H i n  rainwater and surface f o r  the  year 2000. 

water has been indicated by Libby i n  his claim t h a t  So;% o f  the tritium 
released from the detonation of thermonuclear devices i n  1958 had f a l l e n  
between 30" and 50" north latitude.'' 

re leases  of 3H from f u e l  reprocessing plants ,  then approximately 10% of 

If t h i s  occurs i n  t h e  case of 

3 the  earth's surface w i l l  receive one-half of t h e  t o t a l  H. Thus, t he  
dose equivalents i n  t h i s  temperate zone may be f i v e  times the calculated 

average. 
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Table 8.1. Volumes of Circulat ing Water i n  the  World 

3 Volume of Water (m 1 
~ ~~ 

To t a l  
North Lat i tude 

(30" -50") 

Oceans and seas ,  i n  sur face  40 m 

Stream channels, average 

1.44 x 

1.17 10~3 2 .51 x lo1* 

1.29 x 10 14 1.72 1 0 ~ 3  Atmospheric moisture, average 

Subsurface water i n  t h e  r o o t  zone 

Total  c i r cu la t ing  water 

14 2.50 x 10 

1.48 x 10 16 1.50 x 10IS 
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Fig, 8.4. Dose Rate Received by Body Tissue from 3H That Is Inhaled 
and Ingested i n  Drinking Water. 
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8.2 Routine Release of Radionuclides t o  the  Atmosphere 

Present technology requires  t h a t  f u e l  reprocessing p lan ts  continuously 
discharge off -gas and ven t i l a t ion  a i r  t o  t h e  atmosphere. Nonradioactive 

gases are generated i n  some process operations;  f o r  example, a i r  i s  sup- 

p l i ed  de l ibera te ly  t o  some process vessels  f o r  such purposes as pneumatic 

l i q u i d  l e v e l  determination, mixing of so lu t ions  by sparging, and maintain- 
ing nonflammable concentrations of gases and vapors. 

leak-t ight  containment b a r r i e r s  are impractical ,  a flow of ven t i l a t ion  a i r  
from normal working areas t o  enclosures (glove boxes, c e l l s ,  canyons, e tc . )  
containing radioact ive materials i n  process equipment is  required to  main- 
t a i n  a contamination gradient.  By a va r i e ty  of mechanisms, radioact ive 
gases, vapors, and aerosols  of l i a u i d  and s o l i d  p a r t i c l e s  tend to become 
entrained i n  these  off -gas and ven t i l a t ion  streams. The absolute removal 

of a l l  radioact ive materials from these streams p r io r  to discharge t o  the 
atmosphere i s  impractical .  

Since absolutely 

The pol icy  f o r  the  rout ine  discharge of radioact ive e f f luents  t o  the 

environment i s  t o  maintain t h e  r a t e  of re lease  of radioact ive materials 

a t  the  lowest p rac t i ca l  l e v e l  consis tent  with current  technology by care- 

f u l  control  and cmtinuous monitoring. I n  any event, the  consequences o f  
t h e  re lease  m u s t  be within the  limits establ ished by federa l  regulations 

(10CFR20), which have the in t en t  o f  providing t h a t  negl igible  r i s k  t o  t h e  
heal th  and s a f e t y  of t he  public w i l l  r e s u l t .  This pol icy i s  achieved by 

(1) s t r i v i n g  t o  maintain process vesse l  enclosures free of mobile radio- 
ac t ive  mater ia ls  i n  order t o  minimize t h e  p o s s i b i l i t y  t h a t  t he  v e n t i l a t i o n  
a i r  w i l l  become contaminated, (2) maintaining the flow r a t e  of t h e  off-gas 
that contains (or  comes i n  contact with) mobile radioact ive materials a t  

the m i n i m u m  p r a c t i c a l  l eve l ,  (3) employing devices such as scrubbers and 

f i l t e r s  t o  remove as much of t he  radioact ive material from the  e f f luen t  as 
is  p rac t i ca l ,  and (4) discharging t h e  eff luent  through s tacks to provide 

e f fec t ive  atmospheric dispersal .  

8.2.1 Sources of Routine Releases 

The rate of rout ine  release of radionuclides to  t h e  atmosphere from 

f u e l  reprocessing p l an t s  as a funct ion of capacity (Table 8.2) was es t i -  
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Table 8.2. Estimated Routine Release Rates f o r  Radionuclides as a 
F’unc t i o n  of Reprocessing Plant  Capacity 

Release Rate per Unit of Throughput 

Noble Gas 
85Kr  
‘3  3 ~ e  

LWR Fuel 
Reprocessing 

Plant“ 

FBR Fuel 
Repr oc es s ing  

Plan t b  

I 

1.0 

T r i t i u m  1 .0  

Halo gens 0.001 

Par t icu la tesC 1 . 2  x 

1.0 

0.1 

1.0 

10-7 

8.5 x lo-” 

LWR f u e l  i r r ad ia t ed  t o  a burnup of  33,000 Mwd/metric ton,  a t  a 
spec i f ic  power of 30 Mw/metric ton,  and allowed t o  decay f o r  
150 days. 

concentration = 0.3 kg of f u e l  per l i t e r .  

a 

Off-gas r a t e  = 1000 cfm per metric ton  per day. 
F i l t e r  e f f luent  = 0.0012 mg of so lu t ion  per m 3 . Solution 

bNFBR (mixed core and blankets) i r r ad ia t ed  t o  a burnup of 33,000 
Mwd/metric ton, a t  a spec i f i c  power of 58.2 Mw/metric ton,  and 
allowed t o  decay f o r  30 days. 
ton per day. 
Solution concentration = 0.3 kg of f u e l  per  l i t e r .  

Off-gas rate = 70 cfm per metric 
F i l t e r  e f f luent  = 0.0012 mg of so lu t ion  per  m3. 

‘Particulate re lease  r a t e s  are assumed t o  s c a l e  approximately as 
the 0.6 power of t h e  p lan t  throughput r a t e .  
estimated f o r  a p l an t  with a capacity of 260 metric tons pe r  year. 

The r a t e s  given a re  
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mated, based on current  technology f o r  LWR f u e l  reprocessing p l an t s  and 

foreseeable technological developments f o r  p lan ts  t ha t  w i l l  process FBR 
fue ls .  The corresponding r e l ease  r a t e s ,  i n  cur ies ,  may be obtained as 

the product o f  t h e  f r a c t i o n a l  re lease  (Table 8.2),  the f u e l  processing 
r a t e  ( in  metric tons/day), and the concentration of t h e  isotopes i n  a 

metric ton of fue l  (Table 8.3). 
mation of  s i t e  s i zes  tha t  would r e s u l t  from the  e f f e c t  of rou t ine  releases .  
Section 8.4 w i l l  present an analysis  of t radeoffs  t h a t  can be made i n  s i t e  
s i z e  through the  use o f  addi t ional  engineered s a f e t y  fea tures .  

These values permit a preliminary e s t i -  

Noble Gases. - A t o t a l  of approximately 0.001 f t  3 (STP) of t h e  noble 

gases He, Kr ,  and Xe is  generated i n  each megawatt-day of reactor  opera- 

t ion .  
a f t e r  30 o r  more days of pos t i r rad ia t ion  decay a r e  85Kr and 133Xe. 

vented f u e l  contains approximately 0.3 cur ie  of  85Kr f o r  each megawatt-day 
of burnup. 
watt of  thermal power a f t e r  30 days of decay and negl igible  quant i t ies  
a f t e r  60 days of  decay. 

The radioisotopes of physiological hazard s ignif icance t h a t  remain 

Un- 

Unvented fue l  contains about 1300 curies  o f  133Xe per mega- 

I n  preparing Table 8.2, it was assumed tha t  these gases w i l l  continue 

t o  be released quant i ta t ive ly  from LWR f u e l  reprocessing p l an t s  as  the 

f u e l  i s  chopped and/or dissolved. 
reprocessing FBR fue l s  a f t e r  30 days of decay, t h e  gas would be held up 

( i n  a charcoal bed) f o r  a period of 18 days to  e f f e c t  an order-of-magnitude 
reduction i n  the 133Xe a c t i v i t y .  Several  processes (employing charcoal 
adsorption, l iqu id  nitrogen, Amsco, or fluorocarbon scrubbing, o r  perm- 

se l ec t ive  membranes), within moderate extensions of current technology, 
may be employed t o  remove 90 t o  99% of both xenon and krypton i f  required 
because of  pa r t i cu la r  s i t e  l imi ta t ions  o r  a s t r i c t  adherence t o  a pol icy 

of maintaining "lowest prac t icable"  re lease  r a t e s .  Release r a t e s ,  p a r t i c -  
u l a r ly  fo r  85Kr, would be lower f o r  reac tor  fue l s  t ha t  use the  vented 

f u e l  concept. 

It was assumed tha t ,  i n  p l an t s  f o r  

T r i t i u m .  - Approximately 0.025 cu r i e  of 3H i s  formed f o r  each 

megawatt-day o f  reactor  exposure. 
HTO, i s  p r a c t i c a l l y  unrecoverable by present  technology a f t e r  it has been 
mixed w i t h  water, 

The common and most s t ab le  compound, 

Present p lan ts  discharge tritium essen t i a l ly  quanti- 
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Table 8.3. Radionuclide Content of LWR Fuel Decayed 1 0 Days and Mixed 2 Core-Blanket LMFBR Fuel Decayed 30 Days 

Concentration Concentration 
(curies/metric ton) (curies /metric ton)  

Nuclide In  LWR Fuel I n  LMFBR Fuel Nuclide I n  LWR Fuel I n  LMFBR Fuel 

692 
11,200 

96,000 
76,600 
76 , 600 
159,000 
2 76,000 
518,000 
- 
- 
4 . 2  

4l0,ooo 
89,100 

89,100 

44.3 
86.3 
20.0 

8130 
3280 
6180 
6110 
6690 
42 90 
- 
0.038 

932 
10,200 

637 , 000 
43,400 
43 , 500 

2 , 100,000 

2 , 660,000 
1810 
1730 
4 . 9  
1 , 760,000 

i , 760, ooo 
12,600 

921,000 

1,290,000 

26 9 
76.7 
6720 
19,600 
6860 
61,100 

61,800 
181,000 
116 , 000 

4170 
0.053 

2 . 1 7  
- 
- 
213,000 
20.8 
106,000 
43 0 
495 
56,700 
770,000 
694 
51.0 

99,400 

1150 

11.5 
6370 
300 
17.4 
2810 

330 
478 
115 , 000 

15,000 

2490 

- 

200 

139,000 
4300 
74,400 
29,000 
28 , 800 
109,000 
523,000 
601 , 000 

1,480,000 
1,280,000 
644 , 000 
185 , 000 
353 , om 
61.5 
4690 
10.5 
79,400 
9460 

11,200 

3530 
426 0 

600,000 
15’70 

7220 

65,500 
1240 

~ ~ ~~ 

a These data are taken f rom Tables 3.9, 3.15, 3.33, and 3.39. 
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11 t a t i v e l y  t o  the environment i n  o f f  -gas and low-level l i q u i d  waste. 
Complete re lease  o f  tritium t o  the  atmosphere, the  planned means of dis- 

posal a t  the MFRP plant,’* i s  assumed i n  Table 8.2. 

employing e i ther  vented fue l  elements o r  a high-temperature oxidation 

process a f t e r  the f u e l  has been chopped, may reduce t h e  r a t e  of r e l ease  

of tritium from f u e l  processing plants  by f ac to r s  o f  10 t o  100, 

Advanced technology, 

1311 Halogens. - Of t h e  fission-product halogens, only the isotopes 
and 1291 a r e  physiological ly  s ign i f i can t  a f t e r  30 days o r  more of post-  
i r r a d i a t i o n  decay. The 1311 contents of  reactor  f u e l s  a r e  approximately 

0.07 and 2400 curies  per megawatt of thermal power a f t e r  decay times of 
150 and 30 days respect ively.  The 1291 content i s  a b u t  LOe6 per megawatt- 

day of fue l  exposure. 

I n  current technology, iodine repor t s ,  almost completely, t o  off-gas 

HI, or iodine-organic compounds tha t  a r e  generated i n  such systems as I 
process operations a s  chopping, dissolving, and evaporation. Current 
off-gas t r a i n s  use caustic scrubbers, which remove approximately 90% of 
the iodine,  and s i l v e r  n i t r a t e  towers, which remove about 99% of  the 
remaining iodine.  

average l3lI r e l ease  r a t e  t o  the atmosphere of approximately 0.3 curie/day 
a t  NRTS, HAPO, SRP, and ORNL.13 

2’ 

Through 1962, such devices were used t o  maintain an 

It i s  assumed t h a t  plants  f o r  reprocessing fue ls  t h a t  have decayed a t  
However, p l an t s  l e a s t  150 days w i l l  rou t ine ly  r e l ease  0.1% of t h e  iodine.  

f o r  reprocessing f u e l s  a f t e r  a decay period o f  30 days w i l l  require  develop- 
ment of techniques f o r  maintaining the f r ac t iona l  l3’I re lease  i n  the  range 
of 10-7. 

Par t i cu la t e s .  - The common chemhal forms o f  the  f i s s i o n  products 
other than the  noble gases, tritium, and halogens have s u f f i c i e n t l y  low 

vapor pressures tha t  the  predominant mechanism of re lease  t o  t h e  off-gas 
systems i s  by entrainment o f  pa r t i cu la t e s .  While several  semivolat i le  

f i s s i o n  products (Tc, Se, Ru, C s ,  and Te) a re  known t o  concentrate i n  
off-gases from cer ta in  process operations,” the general experience a t  

ORNL i n  fue l  reprocessing operations has been tha t  pa r t i cu la t e s  i n  off-gas 

streams have e s sen t i a l ly  the  same r e l a t i v e  content of f i s s i o n  products as  
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the f u e l  being processed. 
the  ven t i l a t ion  streams consis ts  of l i q u i d  p a r t i c l e s  that have become 

entrained i n  off-gases t h a t  have contacted rad ioac t ive  so lu t ions .  The 

l i qu id  p a r t i c l e s  probably have the same f i s s i o n  product content as the  

o r ig ina l  so lu t ion  s ince  t h e  off-gas streams general ly  have high r e l a t i v e  

humidities. The p a r t i c l e s  t h a t  dry a f t e r  being deposited on v e n t i l a t i o n  

ducts and f i l t e r s  l a r g e l y  tend t o  remain f ixed and t o  contr ibute  l i t t l e  

t o  the  rout ine  r e l ease  o f  nonvolat i le  f i s s i o n  products. (However, they 
may be the  source o f  a ser ious acc identa l  re lease  i f  there  i s  a means f o r  

sudden and massive reentrainment . ) 

The explanation i s  that  most of the  aerosol  i n  

A t  ORNL it has been found t h a t  t h e  off-gases from aqueous f u e l  reproc- 

essing operations contain p a r t i c l e s  of aqueous solut ions a t  a concentrat ion 
of approximately 10 mg/m 3 ( i .e . ,  the  concentration of water p a r t i c l e s  i n  

ranges l e s s  than 0.4 p, 0.4 t o  1.3 p, 3 t o  5 p, and grea te r  than 5 +. 15 
fog) and tha t  there a r e  equal weight f r a c t i o n s  of p a r t i c l e s  i n  t h e  s i z e  

Also, it i s  known t h a t  the weight d i s t r i b u t i o n  of p a r t i c l e s  less than 

about 5 
ment of l a rge r  p a r t i c l e s .  
Pa r t i cu la t e  A i r  (HEPA) f i l t e r s  used i n  processing p lan ts  would quant i ta-  
t i v e l y  remove lo@ of  the p a r t i c l e s  g rea t e r  than about 3 U. i n  s i z e  and 
about 99.98% of t h e  pa r t i c l e s  l e s s  than 3 p, which have the  s i z e  d i s t r i -  

but ion indicated above, 
concentration of aerosol  i n  the  f i l t e r  e f f luen t  is of t he  order of 0.0012 

i n  s i ze  is r e l a t i v e l y  constant even i f  there i s  gross  entrain-  

Typical deep-bed sand o r  High Efficiency 

From these  data ,  it i s  estimated that t h e  

mg/m 3 . Assuming that the  rad ioac t ive  so lu t ions  i n  the  p l a n t  contain 300 g 
of f u e l  per  l i t e r  ( typ ica l  of t h e  dissolver  and accountabi l i ty  tanks,  
which contr ibute  s i g n i f i c a n t l y  t o  the off-gas) and have a spec i f i c  gravi ty  
of about 1 . 2 ,  t h e  estimated concentration of  f u e l  i n  t h e  f i l t e r  e f f luen t  
is  0.3 x metric ton of  f u e l  per cubic meter of a i r .  

The estimated f r a c t i o n a l  r e l ease  of f u e l  to t h e  atmosphere from a 
1-metric ton/day p lan t  f o r  processing 3150-day-decayed LWR f u e l ,  using 
current technology, is 1 . 2  x 10 , assuming a combined d isso lver  and 

vessel  off-gas flow r a t e  of 1000 cfm. By comparison, t h e  d isso lver  and 

the vesse l  off-gas flow ra t e s  a r e  400 and 620 cfm, respect ively,  a t  t he  
NFS plant16 and approamately 500 and 1000 cfm a t  t h e  Hanford P u r a  p l an t .  
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It i s  estimated t h a t  t h e  flow ra te  of t h e  dissolver-vessel  off-gas a t  the 
MFRP p l an t  w i l l  be 250 cfm. 1 2  

The estimated f r a c t i o n a l  release from a 1-metric ton/day plant  corre-  
sponds t o  d a i l y  r e l ease  r a t e s  of 0.037 cur ie  of mixed f i s s i o n  products, 
0.0006 cu r i e  of 90Sr, 0.007 c u r i e  of 9SZr-9SNb, 0.00k cur ie  of lo6Ru, 
0.0005 cur i e  of '%e, and 0.00003 cur ie  of Pu. 

average d a i l y  release of nonvolat i le  f i s s i o n  products from t h e  th ree  

Hanford processing p l a n t  stacks includes 0.01 cur ie  o f  95Zr-95%, 0.007 

cur ie  of lo3Ru, 0.006 cu r i e  of lo6Ru, 0.001 cu r i e  of l4lCe, and 0.00003 

cur ie  of t o t a l  alpha emitters (presumed t o  be Pu).17 It is  e s t i m t e d  

t h a t  the d a i l y  re lease  of pa r t i cu la t e s  from t h e  MFRP p lan t  s tack w i l l  
cons is t  of l e s s  than 0.006 cur ie  of mixed f i s s i o n  products and l e s s  than 
0.002 cu r i e  of alpha a c t i v i t y  from plutonium.12 

re lease  of pa r t i cu la t e s  from t h e  5-metric ton/day BNFP p l a n t  consis ts  of 

l e s s  than 0.17 cur ie  of mixed f i s s i o n  products and l e s s  than 0.0001 cu r i e  

of alpha a c t i v i t y  from plutonium; t h i s  corresponds to  a f r ac t iona l  r e l ease  
of about 1 x 10 . 

By comparison, the 

The estimated da i ly  

-8 18 

It i s  estimated t h a t  technological developments w i l l  permit the 

dissolver  and t h e  vesse l  off-gas flow rates t o  be reduced t o  20 and 50 

cfm i n  1-metric ton/day p l an t s  that would process 30-day-decayed FBR fue l .  
If such i s  the  case, t he  rout ine r e l ease  of p a r t i c u l a t e  a c t i v i t y  should 
be lower than from current p lan ts ,  i n  s p i t e  of  t h e  higher spec i f ic  a c t i v i t y  

of FBR fue ls .  

It is assumed t h a t  the rou t ine  re lease  of radioact ive pa r t i cu la t e s  
t o  the  environment w i l l  increase i n  d i r e c t  proportion t o  t h e  vessel  off-gas 
flow ra te  i n  p lan ts  having l a r g e r  throughput rates. The f u e l  inventory 

of individual  process vessels  w i l l  not increase  i n  d i r e c t  proportion t o  
the production rate because of t h e  necessity f o r  multiple equipment l i n e s  

t o  permit cont inui ty  of operation and the use of progressively more con- 
tinuous equipment. The rout ine re lease  t o  the  off-gas system i s  roughly 

proport ional  t o  the area of t h e  in t e r f ace  between the  radioact ive so l id  
o r  solut ion and t h e  gas,  Radioactive aerosols are entrained i n  off-gas 

streams primari ly  by sparging (usually a t  a fixed r a t e  of approximately 

1 s c f d f t  ), but  a l s o  by d i f fus ion  and r e c o i l  from surfaces.  2 A s  a first 
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approximation, continuous equipment w i l l  have a g rea t e r  surface-to-volume 

r a t i o ,  which w i l l  o f f s e t  the e f f e c t  of l a r g e r  process vessels .  

8.2.2 Local Environmental Consequences of Releasing 85Kr and 3H 

Many pathways have been postulated by which radionuclides may be 
transmitted through the environment and thereby contr ibute  t o  the  t o t a l  

dose received by man.19 A generalized model t h a t  r e l a t e s  the p r inc ipa l  
parameters involved i n  estimating t h e  external  dose is  as follows: 20 

t, 

where 

ex t  Dijk [ tp tp Y ( t l ) ]  = t o t a l  ex t e rna l  dose t o  radionuclide i i n  
pathway j a t  loca t ion  k f o r  an  individual  

of age y( t l )  a t  t h e  beginning of exposure, 

= quant i ty  of radionuclide i released that i s  ‘ij 
entering o r  ava i lab le  t o  pathway j ,  

( t )  = concentration of radionuclide i i n  pathway ’ijk 
j a t  l oca t ion  k during time t per unit of 

radionuclide in i t ia l ly  ava i lab le ,  and 

C. . [ y ( t ) ]  = dose r a t e  t o  t h e  reference organ of an 
=J 

individual  of  age y per u n i t  concentration 
of radionuclide. 

The t o t a l  external  dose due t o  radionuclide i in pathway j a t  l oca t ion  k, 

accumulated from time 
beginning of exposure, i s  t h e  i n t e g r a l  of t he  product of the l e v e l  of 

contamination ( the quant i ty  Q 
r a t e  term, Cij. The l a t e r  term includes a l l  necessary fac tors  t h a t  
account f o r  the hab i t s  and cha rac t e r i s t i c s  of the individual .  

changes, the  same expression can be used t o  e s t i m t e  i n t e r n a l  dose. 
i n t e r n a l  dose, t h e  C 
days following a one-day exposure of  t h e  individual .  

t o  t2 by a n  ind iv idua l  of age Y(tl) a t  the 

and the concentration P i j  i j k  ) and t h e  dose 

With minor 
For 

term denotes t h e  dose carmnitment i n  t h e  ( t 2  - t )  i j  

F 

I* 

F 
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According t o  the In te rna t iona l  Commission on Radiological Protect ion,  
t he  en t i r e  human body i s  t h e  c r i t i c a l  organ f o r  exposure to  85Kr.8 
p r inc ipa l  mode of exposure i s  submersion i n  contaminated a i r .  
i s  t h e  c r i t i c a l  organ i n  the  case of exposure t o  tritium as t r i t i a t e d  water 
o r  t r i t i a t e d  water vapor. 
mersion i n  a i r  containing HTO vapor i s  l imi ted  t o  a reas  where t h e  s k i n  has 
minimal thickness, because of t h e  l imi ted  penetrat ion range of tritium's 
be ta  pa r t i c l e .  

The 
Body t i s s u e  

However, the  external  dose resu l t ing  from sub- 

P r i o r  s tud ies  a t  Hanford and Oak Ridge have demonstrated that not a l l  

modes of exposure, o r  pathways contr ibut ing t o  t h e  same mode, are of equal 
importance. 21922 

include ingestion, inha la t ion  (and accompanying skin absorption) , i r r a d i a -  
t i on  from a contaminated surface, submersion i n  contaminated water, and 
submersion i n  contaminated a i r .  These estimates of dose consider only 
the dose t o  ylstandardy' man. 

The modes of exposure considered i n  t h i s  analysis  w i l l  

Procedures for Estimating Permissible Release. - Acceptable re lease  
3 rates fo r  85Kr and H were invest igated f o r  a hypothetical  f u e l  reprocess- 

ing p lan t  loca ted  a t  t h e  Oak Ridge National Laboratory, 

was made s i n c e  information was already avai lable  on some of t h e  environ- 

mental f ac to r s  t h a t  inf luence the dispers ion and possible reconcentration 
of f i s s i o n  products t ha t  may be released. 

This s e l ec t ion  

Average annual downwind a i r  concentrations a r e  calculated by a modi- 
f i e d  Gaussian plume formula as follows: 

where 

x(ex) = average annual concentration along a 22 .5"  a r c  a t  dis tance 
x i n  d i rec t ion  g (curies/m 3 ), 

F(QS)i = f r a c t i o n  of t i m e  t h a t  the  wind i s  i n  d i r ec t ion  8 ,  f o r  
s t a b i l i t y  S and wind speed group i, 

= i n i t i a l  emission r a t e  (curies/sec),  
QO 

o(Sx)z = v e r t i c a l  dispers ion coef f ic ien t  a t  dis tance x f o r  s t a b i l i t y  

s (m) ,  
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Z(9S)? = average wind speed i n  d i r ec t ion  8,  f o r  s t a b i l i t y  S and 

speed group i ( d s e c ) ,  

h = stack height (m) , 
R = index denoting wind-speed groups, 

S = index denoting s t a b i l i t y  parameter. 

This expression i s  obtained by in tegra t ing  the  Gaussian plume formula over 
the crosswind d i r ec t ion  and d i s t r ibu t ing  the  r e s u l t s  uniformly along t h e  

en t i r e  arc .  
occurrence a r e  used, calculat ions y i e ld  average annual a i r  concentrations.  

Applications of this technique have been demonstrated previously by 

Since the  average wind-speed vector  and i t s  frequency of 

Culkowski. 23 

Equation (2) i s  modified t o  include washout and f a l l o u t  by multiplying 
by the appropriate  correct ion f ac to r s .  Corrections f o r  washout and f a l l o u t  

a r e  based on t h e  work of Chamberlain and Slade respect ively.  24325 These 
corrections a r e  as  follows: 

‘washout = [3*] , 
where A i s  the washout coef f ic ien t  (sec -1 1; and 

( 3 )  

I 

Fn 

k 

b. 

c 

c 

where V is  the deposit ion ve loc i ty  (m/sec). Equation (4) can be evalu- 
g 

a ted numerically, based on curves of 0 values given by Hilsmeier and 
Gifford. 

2 26 

Figure 8.5 shows the calculated air  concentrations a t  the ground 

surface f o r  a 1-part/sec r e l ease  from a 100-m s tack  located a t  ORNL. 

most recent  meteorological data reported by Hilsmeier are used i n  these  

 calculation^.^^ 
others t h a t  include f a l lou t ,  washout, and changes i n  s tack height; by 
t h i s  process, average annual doses can be estimated f o r  a v a r i e t y  of 
conditions,  

The 

Concentrations shown i n  Fig. 8.5 can be compared w i t h  c 

CI 

1 
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Fig. 8.5. Average Annual A i r  Concentrations a t  Ground Surface i n  
Source height,  h = 100 m; source s t rength,  Q = Par t s  per Cubic Meter. 

1 part/sec.  
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Washout. - Washout coeff ic ients  for soluble  gases have been calcu- 
l a t e d  by Chamberlain, using the  assumption t h a t  t h e  rate of  absorption i s  
controlled by t h e  r a t e  of  gas d i f fus ion  t o  t he  raindrop. 24y28  Since the  
s o l u b i l i t y  of krypton i n  water is  small (1.85 x 10-l' g of krypton per  

gram of water a t  equilibrium),7 it was assumed t h a t  t he  s o l u b i l i t y  limit 
controls t he  amount of  krypton absorbed. 

water, even when released a t  1 curie/sec,  would be l imited by the  s t ab le  

krypton i n  the  atmosphere (about 4 x 
fur ther  assumed t h a t  krypton i s  washed out of t he  atmosphere, beginning 

a t  an average height of 1 mile. This assumption i s  based on t h e  height 
of rain-bearing cumulus clouds and on the  extent  of v e r t i c a l  development 
of radioact ive clouds released as  a point source. The average in t ens i ty  
of  r a i n f a l l  i s  about 4 mm/hr i n  t h e  O a k  Ridge area,30 and, a t  equilibrium, 

2 x 
atmosphere 1 mile high and 1 cm2 i n  area.  
krypton per square centimeter is  contained i n  t h e  atmosphere t o  a height 

of 1 mile. 
was calculated t o  be: 

The s o l u b i l i t y  of 85Kr i n  ra in-  

g/m 3 near sea l e v e l ) .  * 9  It was 

g of krypton p e r  second could be absorbed i n  a column of t he  
About 5 x g o f  s t ab le  

Based on these considerations,  t h e  average washout coef f ic ien t  

2 x g of K r  sec'l cm -2 = 4 lo-li sec-l A =  
5 x lo-' g o f  K r  cm-* 

The washout coeff ic ient  of t r i t i a t e d  water vapor (HTO) has been 
estimated from Chamberlain's calculat ions f o r  S O  

water.24 It was considered t o  be proportional t o  t h e  d i f fus ion  coef f i -  

c i en t  of t h e  vapor i n  a i r .  
t o  ca lcu la te  nHTO for a 4-mm/hr r a i n f a l :  

deposit ion i n  ra in-  2 

Therefore, t he  following expression was used 

where 

AHro = washout coef f ic ien t  of HTO vapor (sec- l ) ,  

= washout coef f ic ien t  of SO2 (2  x lO-'sec -1) , 2 4  

DSO2 = diffusion coef f ic ien t  o f  SO2 i n  a i r  (0.115 cm 2 /sec). 24 

DHTo = di f fus ion  coef f ic ien t  o f  HTO vapor i n  a i r  (0.23 cm 2 /sec),  31 

I 
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Loss of HTO from a raindrop t o  the atmosphere was assumed t o  be negl igible .  
This assumption i s  va l id  i f  the d is tance  the raindrop f a l l s  below the  con- 

taminated cloud i s  small as  compared with the re laxa t ion  length.  
+ 

A washout coeff ic ient  of 4 x lo-' sec- I  f o r  HTO vapor is consis tent  
with t h a t  indicated by Chamberlain and E g g l e t ~ n . ~ ~  Similar values can 
a l so  be deduced from published data on t h e  cancentration of tritium i n  
the atmosphere and i n  rainwater. For example, the  maximum concentration 

of tritium, i n  tritium units (TU), was reported t o  be 10 

10 i n  water vapor,33 2 x 10 i n  methane,34 and 1.4 x 10 i n  rainwater. 

Assuming the average water content of a i r  t o  be 8.6 g/m3 ( a t  50% r e l a t i v e  

humidity and 20°C) and using t h e  values of TU l i s t e d  above, the  concentra- 
3 t i o n  o f  tritium i n  the atmosphere is estimated t o  be 2.9 x curie/m . 

6 33 i n  hydrogen, 
3 4 3 35 

The tritium content i n  a column of the atmosphere 1 mile high and 1 m2 i n  
area is 4.7 x 10-8 curie .  
by a 4-m/hr r a i n f a l l  would be 5.1 x 
washout coef f ic ien t  is  calculated t o  be: 

m e  r a t e  of tritium removal from a 1-m2 area 
curie/sec. Therefore, the  

= 1.1 x 10-4 ::ec-' . 5 .I x curie/sec 

4.7 x curie  
A =  

Since the  annual frequency of a h-mm/hr r a i n f a l l  i n  Oak Ridge is  only 

0.037, the  average annual ground-level a i r  concentrations a re  not reduced 
s ign i f i can t ly  a t  these washout coef f ic ien ts .  

Fal lout .  - I f  t he  sorpt ion of a radionuclide by the  ground surface 
is  i r r eve r s ib l e ,  t he  flux of t he  radionuclide to t h e  surface does not 
depend on the  amount already deposited. 36 
of deposit ion f o r  such a system i n  terms o f  a deposit ion veloci ty .  The 

following equation is  used t o  estimate the  deposit ion veloci ty  of gases 
o r  very s m a l l  pa r t i c l e s :  

Chamberlain describes t h e  r a t e  

28 

ku+ v ( z ) =  
I n  (ku*ZlD-') ' 

* Relaxation length is  the  dis tance i n  which t h e  isotopic  composition of 
the raindrop decreases by l / e .  
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where 

v =  
g 

k =  

u-% = 

- 
z1 - 

D =  

deposit ion ve loc i ty  (cm/sec) , 
von Karman Is constant (0.4) , 
f r i c t i o n  ve loc i ty  (cm/sec) , 
reference height above ground surface a t  which t h e  concentration 
of the radionuclide is measured (cm), 

2 molecular d i f f u s i v i t y  (cm /sec),  

By assuming u-% = 40 cm/sec (appropriate t o  t h e  Oak Ridge area) ,37 Z1 = 

100 cm, and D = 0.15 cm /sec (diffusion coef f ic ien t  of krypton i n  n i t r o -  
gen) ,38 the  deposit ion ve loc i ty  of krypton i s  1 . 7  cm/sec, For t r i t i a t e d  

2 

water vapor, with D = 0.23 cm 2 /sec, t he  deposi t ion ve loc i ty  i s  1.8 cm/sec. 30 

The r e t en t ion  of krypton by t h e  s o i l  is assumed t o  be l imi ted  by t h e  
The re ten t ion  of kry-pton by adsorption capacity of t h e  s o i l  for krypton. 

s o i l  can be estimated, assuming t h a t  t he  amount of adsorbed krypton i s  
proportional t o  t h e  surface a rea  of t he  s o i l .  
adsorption on charcoal (2 x 
and 
surface area (0.05),40 the adsorption of krypton by s o i l  is estimated t o  
be 

1 . 2  g/cm3). 
mated as  the product of t h e  deposit ion ve loc i ty  (V = 0.017 m/sec) and 

3 the  krypton concentration i n  t h e  atmosphere (X = 4 x g/m ), o r  
6.8 x 
saturated with kry-pton and may not a c t  a s  a pe r fec t  sink f o r  t h e  addi t ion  

of 85Kr. 
t o  be d i r e c t l y  proportional t o  t h e  r a t i o  of radioact ive and s t a b l e  krypton 

i n  the  atmosphere, 
( a t  equilibrium) a t  the point  of maximum ground-level a i r  concentration 

From measurements o f  kry-pton 

g of kry-pton pe r  gram of charcoal a t  25°C 

mm Hg p a r t i a l  p r e ~ s u r e ) ~ ’  and t h e  r a t i o  of s o i l  area to  charcoal 

g per gram of s o i l  (or 1 . 2  x g/cm 3 for a s o i l  densi ty  of 
The r a t e  a t  which krypton i s  deposited on the soil i s  esti- 

g 

g m-2 sec- l .  A t  this r a t e ,  t h e  s o i l  w i l l  probably become 

The amount of ” K r  adsorbed on the  s o i l  a t  equilibrium i s  assumed 

For a 85Kr re lease  r a t e  of 1 curie/sec, t h e  s o i l  load 

would be the  product of  1 . 2  

by the  product of  4 x 
x g/cm 3 ( so i l )  and 4 x l o m 9  g/m3 divided 

g/m 3 ( a i r )  and 397 cur ies  per gram o f  85Kr, o r  
4.8 x curie/cm 3 . 

Since t h e  adsorption of 85Kr by t h e  s o i l  may not be an i r r e v e r s i b l e  
process, t h e  n e t  flux o f  85Kr t o  the  s o i l  (g mm2 sec- l )  may change as t h e  
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s o i l  approaches sa tura t ion .  
Eq. (4) can be used t o  estimate only the  i n i t i a l  f l ux  o f  85Kr t o  t he  s o i l  

(and cloud depletion by f a l l o u t ) .  The flux t o  the  s o i l  would be expected 
t o  diminish with time u n t i l  steady-state conditions a re  a t ta ined .  

The deposition ve loc i ty  calculated from 

The mechanisms by which HTO vapor may be retained by the  s o i l  would 
probably include adsorption, condensation, and exchange with s o i l  moisture. 
Evaporation, evapotranspiration, and s o i l  drainage would a c t  t o  r ed i s t r ibu te  

the deposited mater ia l .  
acted upon by these mechanisms and would compete w i t h  HTO fo r  re ten t ion  
by the  s o i l .  I n  the absence o f  isotopic  f rac t iona t ion ,  t h e  r a t i o  a t  equi- 
l ibrium of  the deposit ion r a t e  o f  HTO vapor to H20 vapor would be d i r e c t l y  
proportional t o  t h e  r a t i o  of t h e i r  respective concentrations i n  a i r .  

deposit ion ve loc i ty  of 0.018 m/sec can be used t o  estimate the f l u x  when 

the s o i l  a c t s  as a per fec t  s ink.  

f a l l o u t  would be 0.15 g m-2 sec  (4.7 x 10 g m-2 year  ). The average 
r a t e  of r a i n f a l l  i n  Oak Ftidge i s  1.1 g m-2 sec  
r a i n f a l l  of 0.037, the quant i ty  of rainwater deposited each year i s  
1.3 x 10 g/m . These r a t e s  imply tha t ,  i f  the  s o i l  a c t s  as  a per fec t  
sink f o r  water vapor fa l lou t ,  t h e  s o i l  would receive an amount of water 
equivalent t o  a continuous r a i n f a l l  o f  about 0.4 mm/hr. Obviously, t h i s  
does not occur; thus the s o i l  would not a c t  a s  a per fec t  sink f o r  e i the r  

HTO o r  H20 vapor, and the  flux o f  HTO vapor t o  t he  s o i l  would be expected 

t o  vary with t i m e .  
can be assumed t o  a c t  as a per fec t  s ink f o r  HTO vapor tha t  i s  released 

from a stack. Further s tudies  a re  necessary t o  evaluate the  f l u x  of both 
3H and 85Kr t o  t he  s o i l  during t rans ien t  and steady-state conditions. 

Water vapor (H 0) i n  the atmosphere would a l so  be 2 

A 

Assuming an average water vapor content 
i n  the  atmosphere o f  8.6 g/m 3 , the  f l u x  of  water vapor t o  the s o i l  due t o  

-1 6 -1 

-1 . For a frequency of  

6 2  

O n l y  a f r e e  water surface,  such a s  the  Clinch River, 

A s  a f i rs t  approximation, t he  following conservative assumptions a r e  
made: 
f a l lou t ;  ( 2 )  the quant i ty  of 85Kr re ta ined by the  s o i l  o r  by t he  Clinch 
River i s  proportional t o  t he  r a t i o  of  radioactive and s t a b l e  krypton i n  

the  atmosphere; (3) the  quantity of HTO retained by the s o i l  i s  propor- 

t i o n a l  t o  t he  r a t i o  of HTO vapor and H20 vapor i n  t h e  atmosphere; and 

(4) the  Clinch River i s  a per fec t  si’lk f o r  HTO vapor, 

(1) t h e  contaminated cloud i s  not depleted of  85Kr and HTO by 
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F 

r.  

Krypton and H 0 vapor may be adsorbed on p a r t i c l e s  i n  t h e  atmosphere 2 
and, therefore,  be deposited on the  ground with these p a r t i c l e s .  
quant i ty  of krypton associated w i t h  p a r t i c l e s  is  estimated by assuming 
t h a t  the a i r  contains 1.4 x 
of c i t y  atmosphere)h and, as  an upper limit, t h a t  these p a r t i c l e s  can 

adsorb a s  much krypton a s  charcoal (2 x 
Adsorption of krypton on pa r t i c l e s  i s  estimated t o  be 3 x 10 g per 
cubic meter o f  air, which i s  negl igible  as compared with the  krypton i n  
the atmosphere (4 x g/m3). Assuming that charcoal p a r t i c l e s  can 
r e t a i n  two layers  of water vapor, t h e  adsorption of water vapor by t h e  

pa r t i c l e s  i s  estimated t o  be 7 x loe5 g per cubic meter o f  air. 
value is negl igible  as conpared with tha t  of water vapor i n  t h e  atmosphere 

(8.6 g/m3). 

The 

g of pa r t i c l e s  per cubic meter (average 

g of krypton p e r  gram). 
-10 

This 

Dose Estimation Models. - Methods described and parameters given i n  
3 ICRP Publication 28 a r e  used t o  convert concentrations (X i n  curies/m ) 

t o  estimates of dose equivalents t o  l'standardl' man from submersion i n  a 

contaminated cloud, from ingestion, and from inhalat ion.  I n  pa r t i cu la r ,  

Eqs. (12), (l3), and (20) i n  ref. 8 a re  used, and equilibrium conditions 
a r e  assumed where appropriate. These dose equations a r e  summarized i n  
Table 8.4. 

Submersion dose r a t e s  i n  contaminated water were calculated by assum- 
ing that t h e  body i s  i n  the  center o f  a sphere and receives equal quan t i t i e s  

of rad ia t ion  from a l l  direct ions.  22 

radius of t h e  contaminated f l u i d  is  l a rge  a s  compared with the  range of 
beta p a r t i c l e s  and t o  t h e  half  thickness of t he  f l u i d  f o r  gamma rays, 
( 2 )  an e f f ec t ive  energy t h a t  i s  equal t o  the  average energy of  the be ta  
p a r t i c l e  i s  absorbed, and (3) penetrat ion d is tance  f o r  the  beta p a r t i c l e  

i n  t h e  body i s  shor t ,  thus l imi t ing  beta rad ia t ion  t o  skin and subsurface 
t i s sue .  The following expressions were derived t o  ca lcu la te  dose ecluiva- 
l e n t s  a t  the surface of a body submerged i n  contaminated f lu id :  

Other assumptions included: (1) t h e  

r'or 8kr: 

*n 

c 

L 

c 

C 

c 

cc 

I- 

c 

c 

R = 0.26 Xw rems/hr 

For H: 

R = 1.1 x IO-* xW rems/hr, 

3 
c 

c 

c 



Table 8.4. Equations t o  Calculate Dose Equivalents (rems per week) t o  Standard Mana 

~- 

40-hr Week Exposure 

3H 85Kr 3H 85Kr 

168-hr Week Exposure 
Exposure C r i t i c a l  

Modeb Organ b 

4 Inha la t ion  and skin 
absorption To t a l  body 1 . 2  x 10  xa 

4 Inha la t ion  and sk in  
absorption Body t i s sue  2 . 0  x 10 xa 

4 3.6 x 10 Xa 

4 5.8 x 10 Xa 

Ingest ion To t a l  body 0.67 x W 1.9 Xw 

Ingest ion Body t i s s u e  1.1 xw 3.2 xw 

9.2 103 x a 
Submersion i n  a i r  Total body 

Submersion i n  a i r  Skin 3.9 x lo2  xa 
External exposure, 

2 .5  f t  above con- 
taminated ground 
surface Total body 

1.7 103 xa 

2.4 x 10 1 Xa 

03 
I 
1\3 4 4 4.0 x 10 Xa 

1.0 x l o 2  xa 

Dose r a t e ,  i n  rems/week, when the concentration i n  a i r ,  X,, o r  t h e  concentration i n  water, &, is 
expressed i n  units of  curies/m3. 

a 

Exposure mode and c r i t i c a l  organ f o r  inha la t ion  and skin absorption, ingestion, and submersion i n  
a i r  a r e  based on information contained i n  r e f .  8. 

b 
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c 

where 
3 X i s  the  concentration of "Kr or H i n  the  f l u i d  i n  microcuries 

W 
pe r  gram of f l u i d .  

Hine and Brownell describe t h e  der ivat ion of  equations t h a t  r e l a t e  t o  

the calculat ion of dose r a t e s  i n  a i r  from beta emit ters  associated with 
an i n f i n i t e  plane o f  negl igible  thickness .42 

and ( 2 1 )  i n  r e f .  4 2  a r e  selected f o r  ca lcu la t ion  i n  cases where t h e  energy- 

dependent parameters a r e  those adapted f o r  dose estimates i n  s o f t  t i s sue .  
Equation 9-30 from work by Morgan and Turner i s  used t o  ca lcu la te  t h e  dose 
due t o  g a m  emitters when the  source is  o f  i n f i n i t e  planar extent  and 
i n f i n i t e  thickness.43 External dose equations l i s t e d  i n  Table 8.4 fo r  

s o i l  contaminated with 85Kr a r e  then derived f r o m  t h e  expected s o i l  load 

(4.8 x 
The range, i n  aluminum, of the  average-energy beta p a r t i c l e  from "Kr i s  
used t o  estimate the  thickness of contaminated s o i l  contributing t o  t h e  

beta rad ia t ion  dose and, thus,  t h e  amount present per  uni t  area.  The 
beta  rad ia t ion  dose r a t e  i s  calculated by assuming t h a t  t h i s  amount of 

85Kr i s  spread uniformly over t h e  surface without taking s e l f  -absorption 
within the  s o i l  l ayer  i n to  consideration, 

Equations (lo), (ll), (20), 

3 -6 3 curie/cm ) a t  t h e  m a x i m u m  a i r  concentration (1.6 x 1 0  pc/cm ) .  

Estimated Dose Equivalents. - For t he  purposes of  t h i s  analysis,  we 
3 have chosen 8SKr and 

t ive ly .  
capacity of about 6 metric tons/day (a f u e l  exposure of  33,000 Mwd/metric 
ton and a spec i f i c  power of  30 Mw/metric ton) .  

H re lease r a t e s  of 0.55 and 0.034 curie/sec respec- 
These r e l ease  r a t e s  correspond t o  a reprocessing p l an t  with a 

A l l  of t h e  85Kr i s  assumed 

t o  be released t o  the  atmosphere. 
per second is released t o  the atmosphere a s  HTO vapor and 0.0255 cur ie  of  

3H per second is  discharged t o  the  Clinch River a t  mile 20.5 (below the  
Oak Ridge municipal water intake and above the  water in take  f o r  the  Oak 

It i s  assumed t h a t  0.0085 cur ie  of  3H 

Ridge Gaseous Diffusion Plant)  a s  l i q u i d  waste and is  d i lu t ed  with 4900 f t  3 
3 o f  r i ve r  water per second. Other schemes of H release,  such a s  the d i s -  

t i l l a t i o n  of H-bearing l iqu ids  and r e l ease  t o  the  s tack as  water vapor, 

a r e  possible,  but would require an appropriate adjustment i n  t h e  dose 

estimates t h a t  f o l l o w .  

3 

I) 

c- 

cr 

P 

c 

c 

c 

c 

F 

c 
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Surface water i n  the  a rea  can be contaminated d i r e c t l y  by f a l l o u t  
and washout of 85Kr and 3 H, as  well  a s  by t h e  d i r e c t  r e l ease  of HTO i n  

l i qu id  waste. Clinch River water is  assumed t o  equi l ibra te  w i t h  "Kr a t  
the maximum spec i f ic  a c t i v i t y  expected i n  t h e  atmosphere up t o  the s o h -  

3 b i l i t y  l i m i t  o f  krypton i n  water. H 

from the  overlying atmosphere a re  assumed t o  r e t a i n  these materials.  The 
contribution, by washout, is  based on the deposit ion r a t e s  t h a t  a r e  calcu- 

l a t e d  i n  the  northeast  sector ;  and these a re  the  maximum r a t e s .  

made f o r  the addi t ion of 85Kr by f a l l o u t  ard 3H by washout would then give 

conservative estimates of concentrations i n  Clinch River water. 

Soi ls  t h a t  equi l ibra te  w i t h  85Kr o r  

Assumptions 

Figure 8.6 shows t h e  average annual dose equivalents i n  millirems per 

year, t o  the  t o t a l  body f o r  submersion i n  a i r  containing 85Kr. 
a r e  assumed t o  be continuous (168 hr/week and 50 weeks/year). 

dose r a t e s  were calculated from t h e  ground-level a i r  concentrations (Fig. 
8.5) t h a t  r e s u l t  from a 1-curie/sec re lease  r a t e  and a negl igible  cloud 

depletion by washout and f a l lou t .  
r a t e s  f o r  continuous exposure, i n  millirems per year, a t  a dis tance 2.5 f t  
above a ground surface contaminated with 85Kr. Ionizing r ad ia t ion  associ-  

a ted with tritium on the  ground sur face  would be shielded ef fec t ive ly  by 

2.5 f t  of a i r .  

Exposures 
These average 

Figure 8.7 shows t h e  estimated dose 

Table 8.5 contains the  estimated annual dose equivalents, t o  the  
standard man working a t  t he  Oak Ridge Gaseous Diffusion Plant  (ORGDP) o r  
res iding i n  Oak Ridge, due t o  t he  re lease  of  0.55 cur i e  of 85Kr and 
0.034 cur ie  of  3H per second i n  t h e  environment. 

a r e  40 hr/week and 50 weeks/year f o r  the  ORGDP employee, and 168 hr/week 
and 50 weeks/year f o r  the Oak Ridge resident .  
ce r t a in  values reflects a conservative estimate. The c r i t i c a l  modes of  

exposure a r e  submersion i n  a i r  f o r  85Kr, and inha la t ion  and absorption 

Periods of occupancy 

A "less than" s ign  preceding 

through the skin f o r  'H. 
l e a ses  from a 6-ton/day plant ,  i s  about 90 millirems/year f o r  the standard 

man residing i n  Oak Ridge. 

The estimated total-body exposure, due t o  re -  

In te rpre ta t ion  of Results. - The Federal Radiation Council (FRC),  i n  
consideration of a l i n e a r  re la t ionship between biological  e f f e c t  and dose, 

background radiat ion,  benef i t s  and r i s k s  t o  be derived f rom radiat ion use, 
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Fig. 8.6. Average Annual Ground-Level Dose Equivalents , i n  m i l l i -  
rems/year, t o  Total Body f o r  Submersion i n  A i r  Containing 85Kr. 
height,  h = 100 m; source s t rength ,  Q = 1 curie/sec. Source 
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ORNL-DWG 64-6697R3 

Fig. 8.7. Average Annual Dose Equivalents, i n  millirems/year, a t  a 

Distance 2 . 5  f t  Above Ground Surface Contaminated with "Kr. Source 
height,  h = 100 m; source s t rength,  Q = 1 curie/sec. 
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Table 8.5, Estimated A n n u a l  Dose Equivalents, i n  m i l l i r e m s ,  Received by 
the Standard Man due t o  a 6-metric ton-per-day Reprocessing Plant 

Located a t  ORNL 

~ 

Dose Rate (millirems/year) 
Mode ofa Refer enc e 

Exposure Organa Einployee of  mGDP O a k  Ridge Resident 

Submersion i n  
a i r  

Submersion i n  
water 

Contaminated 
ground (2.5 
f t above 
s ur f ac e) 

Inhalat ion and 
sk in  absorp- 
t i o n  

Ingest ion of 
water 

Submersion i n  
a i r  

Submersion i n  
water 

Krypton -8 5 

T o t a l  body 13 

Total body €0.006 

Total body 0.03 

T r i t i u m  

Body t i s sue  0.43 

Body t i s s u e  10.0 

Skin 0.009 

Skin 0.22 

88 

<o. 006 

0.2 

1.9 

<O. 08 

0.06 

<o. 001 

%xposure mode and reference organ f o r  submersion i n  a i r ,  inha la t ion  and 
sk in  absorption, and ingest ion of water i s  based on information contained 
i n  r e f .  8. 
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and other fac tors ,  established, as i t s  bas ic  recommendation, that the 
annual r ad ia t ion  exposure to  t h e  whole bodies of individuals  i n  t h e  

general  population (exclusive of natural  background o r  medical exposures) 

should not exceed 0.5 r e m . 9  
tamination, and because of uncertaint ies  i n  the r e l a t ionsh ip  between 

average and maximum exposure, t h e  FRC suggests the use of t h e  a r b i t r a r y  
assumption t h a t  t h e  majority of individuals do not vary from the  average 

by a f a c t o r  grea te r  than 3. 
whole-body exposure of average population groups i s  recommended. 
the  s i ze  of t h e  population group under consideration is  s u f f i c i e n t l y  

la rge ,  consideration must a l so  be given t o  the contr ibut ion of t h e  genet- 

i c a l l y  s ign i f i can t  population dose. 

I’The use of 0.17 rem per capi ta  per year, as described i n  
paragraph 5.4 as a technique f o r  assuring t h a t  the bas ic  
Guide f o r  individual  whole body dose i s  not exceeded, i s  
l i k e l y  i n  the immediate fu tu re  to  assure  that t h e  gonadal 
exposure Guide is  not exceeded. 

I n  t h e  event of widespread radioact ive con- 

Thus, t he  use of 0.17 rem f o r  the annual 

When 

According t o  t h e  FRC,  

These guides a r e  e s s e n t i a l l y  i n  agreement with current  recommendations 

of t he  I C R P  and NCRP. 
e f fo r t  be made t o  keep exposures as far below t h e  offered guidance as 
prac t icable ,  

Each agency a l s o  encourages t h a t  every reasonable 

I n  current  reports ,  t h e  I C R P  and NCRP l i s t  t h e  t o t a l  body as the  
c r i t i c a l  organ and submersion i n  a semispherical i n f i n i t e  cloud of radio- 
ac t ive  gas as t h e  c r i t i c a l  mode of exposure f o r  85Kr. 8 y w c  However, the 

basic  recommendations i n  e f f e c t  a t  t he  t i m e  these repor t s  were published 
considered the  whole body and t h e  blood-forming organs as a u n i t ,  and, as 
mentioned above, even the  gene t ic  dose was p a r t i a l l y  re la ted  t o  whole- 
body dose. 
85Kr,  only a small f rac t ion  of t he  total mass of  the blood-forming organs 
o r  t h e  t e s t e s  would be exposed t o  a s ign i f i can t  p a r t  of t h e  be t a  dose t o  
skin; however, t h i s  might be as much as 1 g of r e d  marrow (e.g., i n  t h e  

sku l l ) .  The mass of 1 g was previously used as a basis  f o r  dose assess- 
rnent.l5 I n  later publications of t h e  ICRP, t h e  p r inc ip l e  of averaging 

the dose over organs and t i s s u e s  i s  s t a t e d  without qua l i f ica t ion .  

p r inc ip l e  would permit a higher dose.46 Since the  be ta  r ad ia t ion  does 
penetrate  well below the sk in  layer ,  as shown subsequently, a s ign i f i can t  

Because of the r a the r  sho r t  range of  the  be ta  r ad ia t ion  from 

This 



c 

8 -34 

volume of body t i s s u e  would be i r r ad ia t ed  a t  50% or  g rea t e r  of t h e  surface 

skin dose. If t h i s  t i s sue  is  t o  be l imited t o  1.5 rems per year, an 
increase by about a fac tor  of 3 o r  s l i g h t l y  more might be warranted. 

Krypton-85 decays pr inc ipa l ly  by emitting a 0.514-Mev photon 0.7% of 

the  time and a beta p a r t i c l e  of 0.695 MeV maximum energy 99.3% of the  

time. 47 
body submerged i n  a semispherical i n f i n i t e  cloud containing "Kr i s  com- 
posed of about 9% beta  and 1% gamma. 

rays of m a x i m u m  and average energy a r e  estimated t o  be 2.6 mm and 0.55 mm 
respect ively.  A considerable f r ac t ion  of t h e  b e t a  p a r t i c l e  energy w i l l  
be deposited, on the  average, i n  the  epidermal (range i n  thickness,  0.023 
t o  0.070 mm) and dermal (average thickness,  0.70 mm) l ayers  of  the s k i n  

of the t o t a l  body.48 

as the c r i t i c a l  organ from submersion exposure t o  85Kr as a funct ion of 

depth-dose relat ionships .  

Calculations ind ica t e  t h a t  t h e  t o t a l  dose a t  t he  su r face  of a 

The ranges i n  t i s s u e  of the beta 

Thus, there i s  reason t o  reevaluate t h e  t o t a l  body 

For t h e  complete release of 85Kr and 3 H from a f u e l  reprocessing 

p l an t  s i t e d  a t  ORNL, 85Kr would be o f  g rea t e r  dose potential .  t o  man than 

'H. O f  the  modes of exposure considered, submersion i n  contaminated a i r  
would de l iver  t h e  l a r g e s t  dose, t h a t  is, about 90 m i l l i r e m s  per year for 

a 6-ton/day p lan t .  
exposure t o  85Kr limits the  maximum permissible dose of individuals  i n  
the  general  population t o  500 millirems per year (and of average popula- 

t i o n  groups t o  170 m i l l i r e m s  per year) .  

A s  explained above, cur ren t  guidance f o r  total-body 

The po ten t i a l  dose r e su l t i ng  from t h e  release of 3H i n  l i qu id  waste 
i s  small because c r e d i t  can be taken f o r  d i l u t i o n  i n  the Clinch River i n  
which flow i s  subs t an t i a l  (4919 ft3/sec) and the r i v e r  i s  not  used as a 

source of municipal water. 
(10 millirems annually) a t  ORGDP would increase i n  d i r e c t  proportion t o  
a reduction i n  flow r a t e  and increase by a f a c t o r  of 3 i f  t h e  water were 

Dose estimates by t h e  ingest ion of water 

used as a municipal water supply. Disposal of 3 H i n  water vapor re leased 
t o  the  s tack  may be one way t o  reduce the  po ten t i a l  exposure from inges t ion  

of water. 
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Economic benef i t s  would be expected t o  accrue f r o m  large processing 
plants ,  but remote siting may not be a p r a c t i c d  method f o r  r e s t r i c t i n g  

population exposures i n  the future .  T h i s  i s  the jus t i f i ca t ion ,  therefore,  

t o  continue research and development studies, now i n  progress, t o  reduce 
the amounts of 85Kr and H released and t o  understand more completely the  

f a t e  of these radionuclides a f t e r  discharge t o  the  environment. 

3 

8.2.3 Local Environmentd Consequences f r o m  A l l  Routine Releases 

3 Although the  rout ine releases  of  85Kr and H were emphasized i n  the  
preceding sect ion,  t he  absolute r e m v a l  of a l l  other radioact ive mater ia ls  
from gases and vapors p r io r  t o  discharge to t h e  atmosphere is impractical. 

Of t h e  remaining radionuclides, l3lI is  known t o  be important because of  
reconcentration that occurs i n  t h e  grass-cow-milk pathway t o  t h e  thyroids o f  

small children. Less experimental i n fo rmt ion  i s  avai lable  on the  behavior 
of 1291 i n  t h e  environment, but the assumption w i l l  be made t h a t  t he  grass- 

cow-milk pathway i s  the  dominant mode of exposure from t h i s  radioisotope. 
The control l ing pathways f o r  exposure from pa r t i cu la t e s  o f  mixed f i s s ion  
products and ac t in ides  are ,  also,  not well understood. However, it is 
known tha t ,  under some circumstances, such ef fec ts  a s  reconcentration i n  
f i s h  o r  crops and resuspension may be important. 

w i l l  be assumed t h a t  t h e  major exposures from the atmospheric re lease  of 
par t icu la tes  w i l l  result from d i r e c t  inhalat ion of the contaminated air. 

I n  t h i s  analysis ,  it 

Based on the  r e s u l t s  of t h e  preceding section, it w i l l  be assumed 

t h a t  t h e  maximum acceptable average annual concentrations of  85Kr and 3H 
i n  a i r  a t  t h e  boundary o f  a f u e l  reprocessing p l an t  s i t e  a r e  1 x 
7 x curies/m respectively.  These a r e  the  values recommended by 

10CFFt20, Appendix B, Column 11, and correspond t o  annual whole-body 
exposures of  170 millirems. 
the average annual concentration of 1311 i n  a i r ,  as provided by 10CFR20, 

should be reduced by a fac tor  of about 700 t o  account f o r  deposition 
followed by t h e  grass-cow-milk pathway.49 It i s  assumed t h a t  t h i s  same 
reconcentration fac tor  of 700 should be applied t o  1291, but t ha t ,  i n  

addition, another f a c t o r  of 10 i s  required t o  account f o r  the r e l a t i v e l y  
longer e f fec t ive  h a l f - l i f e  of 1291 on grass.  

and 
3 

Experimental evidence has suggested t h a t  

Consequently, the assumed 
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maximum acceptable average annual concentrations of 1311 and 1291 a t  the 

s i t e  boundary are 1 x 10-10/700, o r  1.4 x 
2 x 10-11/700/10, o r  3 x curie/m3, respect ively.  The assumed 
acceptable average annual a i r  concentrations of pa r t i cu la t e s  containing 
mixtures o f  radionuclides a r e  weighted average values tha t  were derived 

using one-third of t he  10CFR20 concentrations f o r  specif ic  nuclides and 

r e l a t i v e  radionuclide concentrations from Table 8.3. These assumed values 

curie/m3, and 

a r e  1 x 10-l' curie/m 3 for mixed f i s s i o n  products from t h e  LWR fue l ,  

3 x 10-l' curie/m 3 f o r  t h e  mixed f i s s i o n  products from FBR fue l ,  and 
3 4 x curie/m f o r  the mixed ac t in ides  from e i ther  type of fue l .  

Maximum s i t e  boundary distances d i c t a t ed  by t h e  rout ine  r e l e a s e  of 
radionuclides t o  the  atmosphere were estimated by assuming average annual 
concentration parameters t h a t  p reva i l  i n  t h e  d i r ec t ion  northeast  of CBNL 

(Fig. 8.5). 
northeast  d i r ec t ion  a t  ORNL with corresponding parameters t h a t  have been 

estimated for  t h e  Hanford,50, NRTS,51 and Savannah River S i t e s .  49 
dashed curve labe led  flIfl shows the concentration parameter f o r  iod ine  a t  
ORNL t h a t  would r e s u l t  i f  t h e  iodine were depleted from the  plume with a 

deposit ion ve loc i ty  of 0.04 m/sec. 52 

presented i n  Fig. 8.8 a r e  based on meteorological calculat ions averaged 
over annual-weather conditions, but they a r e  known t o  be reasonable based 
on long-term environmental monitoring s tudies .  
a r e  derived from resu l t s  of a i r  sampling studies  for l3II made a t  t h e  
s i t e  boundary over a period of  one year.  

the deplet ion of iod ine  i n  t h e  plume. 

Figure 8.8 compares t h i s  concentration parameter f o r  the  

me 

The ORNL, Hanford, and NRTS data  

The Savannah River data 

The Savannah River data r e f l e c t  

Table 8.6 presents  estimates of t h e  s i t e  boundary dis tances  and 
resu l tan t  average annual concentrations of t h e  various species  of radio-  

nuclides t h a t  would be d ic ta ted  by rout ine  re leases  from conceptual I N R  

and FBR p lan ts  s i t e d  a t  ORNL. These estimates assume t h a t  the  plume i s  
not depleted by deposition, f a l l o u t ,  and washout. Table 8.6 a l s o  gives 
estimates of the  average annual concentrations of radionuclides a t  the  
s i t e  boundaries of t h e  NFS,l6 MF'RP,l2 and BNI?P18 p lan ts .  These l a t te r  
r e s u l t s  were taken from the  Safety Analysis Reports f o r  the three p lan ts ;  

thus the assumptions made i n  t h e  ca lcu la t ions  are not necessar i ly  t h e  same 
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Fig. 8.8. Ef fec t  of Downwind Distance on the  Average Annual Down- 
wind Ground Concentration per Unit Ehission Rate from a 100-m-tall Stack. 



Table 8.6. Fraction of M a x i m u m  Permissible Average Annual A i r  Concentrations Resulting from the Routine 
Release o f  Radionuclides a t  the S i t e  Boundaries of Existing, Proposed, and Conceptual 

Private Industr ia l  Fuel Processing Plants 

(260 days of operation per year) 

~~ 

Average 

Plant Specific Decay to S i t e  Aeolian 
Distance Annual Fraction of l /3  x(lOCFR20) Concentrations a t  S i t e  Fuel Characteristics 

Capacity Burnup Power Period Boundary Dilutign 1291_1311 Fission Product Actinide 
Plant (metric tons/day) (Mwd/ton) (Mw/ton) (days) (sec/m ) 85, -13 3Xe 3H Solids Solids 

NFS 

MFRP 

BNFP 

LWR 

LWR 

LWR 

FBR 

WR 

FBR 

1 

1 

5.8 

1 

6 

36 

1 

6 

36 

20,000 

b3,800 

35,000 

33,000 

33,000 

33,000 

33,000 

33,000 

33,000 

150 

160 

160 

150 

150 

150 

30 

30 

30 

1.5 

0.6-3 

2 

~0.6 

0.5-6 

5-29 

<0.6 

1.5-10 

7 4 2  

2.2 

1.1 10-7 

5.7 x 10-8 

6.3 

1.8 

3.0 x lo-’ 

6.3 

1.1 

1.9 x lo-’ 

0.23 
(3,300, Om) 

0.12 
(3,300,000) 

0.58 
( 2 . 9  x lo6) 

1.0 
(1.7 107) 

1.0 
(1.0 x 108) 

0.92 
(4.6 x lo6) 

1.0 
(2.8 x 107) 

1.0 
(1.7 x 10’) 

0.002 
(18,000) 

0.005 
(100,000) 

0.02 
(600,000) 

0.05b 
(180,000) 

0.093 
(1,100,003) 

(6,500,000) 
0.093 

0.079 
(1. L50,OOO) 

0.079 
(8,700,000) 

0.b7 
(3.1) 

0 . 2 3  
(3.1) 

0.27 
( 2 1 )  

0.15 
(0.56) 

0.25 
( 3 . b )  

0.25 
(20 )  

co .006 
(C2 .2 )  

0.003 
(60) 

0.003 
(13) 

0.0003 
(b.5) 

0.0001 
(9.0) 

0.0001 
(5b) 

<0.11 
( ~ 0 . 6 3 )  

0.017 
( 3 . 5 )  

0.021 co 
(0.h3) 1 

LJ 
0.018 03 
(1.3) 

0.009 
(3.8) 

0.008 
(0.16) 

0.003 
(0.31) 

0.003 
(1.9) 

~ ~ ~- 

aThe reference values selected a r e  one-third of the concentrations found i n  1OCFR20, Appendix E ,  Table 11, Column 1. They a re  1 x 7 x lo-’, 1 x 3 x 
and b x 
a factor  of 700, result ing i n  a reference concentration of  1.b x 

of 1.4 x The 10CFR20 value f o r  lP9I was reduced by a factor of 7000, result ing i n  a reference concentration of 3 x 

f o r  85Kr -133Xe, 3H, mixed LWR fission products, mixed FBR f iss ion products, and mixed actinides respectively. The 1OCFFQ0 value for  1311 was reduced by 
The 1 O C F R Z O  value fo r  1311 was reduced by a factor  of 700, result ing i n  a reference concentration 

bRelease rates ,  i n  curies/year, a r e  given i n  parentheses. 
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a s  those employed f o r  t h e  present analysis  of conceptual p l an t s .  
parisons a r e  of value i n  t h a t  they r e f l e c t  the  range of r e s u l t s  that can 
be obtained through the  use of various assumptions and computational 
techniques, as well as po in t  out differences t h a t  may e x i s t  i n  meteorolog- 

i c a l  conditions from s i t e  t o  s i te .  

The com- 

The l a rge  s i t e  boundary dis tances  t h a t  a r e  estimated f o r  plants  of 

high capacity provide incent ive f o r  removal of a l a r g e r  f r a c t i o n  of the  
noble gases and iod ine  than w a s  assumed i n  Sect. 8.2.1. 
considered fu r the r  i n  Sect. 8.4 a f t e r  estimates a re  presented of the s i t e  
boundary dis tances  t h a t  a r e  d i c t a t ed  by upper l i m i t  accidents. 

This w i l l  be 

8.3 Accidental Releases of Radioactive Materials 

Fuel processing p lan ts  u t i l i z e  three  b a r r i e r s  f o r  t he  confinement of  

radioact ive materials. Accidents may cause the  primary ba r r i e r  t o  f a i l  
and, i n  turn,  radioact ive gas, l i qu id ,  o r  aerosol  (usual ly  under pressure) 

t o  be discharged t o  the  second ba r r i e r .  

consis ts  of t he  process vessels ,  t h e  associated interconnecting piping, 

and the  highly e f f i c i e n t  vesse l  off-gas t r a i n .  
thick concrete c e l l  wall, which i s  designed t o  provide r ad ia t ion  shielding 

and t o  l i m i t  t he  e f f e c t  of t he  maximum explosion i n  a process vessel  within 
the c e l l  t o  minor leakage of a i r  o r  gas t o  t h e  t h i r d  ba r r i e r .  

ba r r i e r ,  an i n d u s t r i a l  building, surrounds a l l  penetrat ions i n  t h e  c e l l  

walls. Under normal conditions, outside a i r  i s  drawn i n t o  the  bui lding 

through (1) a roughing f i l t e r ,  ( 2 )  a check valve and another roughing 
f i l t e r  t o  t h e  c e l l s ,  and (3) a ven t i l a t ion  duct  (where i t  mixes with t h e  

e f f luent  from the  off-gas t r a i n )  and HEPA o r  deep-bed f i l t e r  t o  blowers, 
which exhaust t o  a stack. 
the bui lding does not pass through t h e  c e l l s  but  flows d i r ec t ly ,  through 

a su i t ab le  r e s t r i c t i o n ,  t o  the  upstream s i d e  of the f i l t e r s .  

dent s i t ua t ion ,  i n  which one o r  more c e l l s  may become pressurized, t h i s  

l a t t e r  flow tends t o  maintain t h e  building a t  a negative pressure with 

respect  t o  the environment. 

the  box, t h e  laboratory,  and t h e  building - which have comparable confine- 
ment po ten t i a l  t o  t h e  vessel ,  c e l l ,  and building. Mobile mater ia ls  i n  
storage canals are confined by a container, the water, and a building. 

The first confinemnt  b a r r i e r  

The second ba r r i e r  is  the  

The l a t t e r  

Normally a port ion of the ven t i l a t ion  a i r  from 

I n  an acci-  

Glove-box f a c i l i t i e s  have th ree  b a r r i e r s  - 
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Potent ia l ly ,  l i q u i d  waste management f a c i l i t i e s  a l so  have three 

ba r r i e r s  of  confinement - t he  tank, a vaul t ,  and a building. I n  present  

pract ice ,  however, massive f a i l u r e  of  the  tank (such a s  by a hydrogen-air 

explosion i n  t h e  vapor space), r e su l t i ng  i n  s ign i f icant  pressurizat ion of 
the vaul t ,  i s  not considered credible  because o f  the assumed r e l i a b i l i t y  
of preventive measures; therefore ,  the t h i r d  b a r r i w  (a backup f l o o r  pan 
and a building) may not be considered necessary. By making the  more pessi-  

mistic assumption t h a t  a hydrogen-air explosion i n  a waste tank is  credible,  

it i s  assumed i n  t h i s  study t h a t  e i the r  t h e  waste tank o r  t h e  vau l t  (which 

i s  possibly vented through a l a r g e  pipe t o  other  vaul ts  o r  to c e l l s  of t h e  

processing p lan t )  i s  designed t o  contain t h e  explosion (a maximum of ~100 
ps ig  i n  the vapor space o f  t h e  tank),  r e su l t i ng  i n  only minor leakage t h a t  
i s  confined t o  a building and routed through a f i l t e r e d  ven t i l a t ion  system. 

The following bas ic  assumptions were made f o r  the purpose of  assessing 
the e f f ec t s  of credible  accidents i n  fue l  reprocessing p lan ts :  

The secondary containment b a r r i e r  (ce l l ,  vaul t ,  water i n  t h e  

storage pool, and v e n t i l a t i o n - f i l t e r  system) and the building 

can, and will be, designed t o  maintain t h e i r  confinement 
poten t ia l  following exposure t o  any credible i n t e r n a l  forces ,  

Process and confinanent systems can, and w i l l  be, designed i n  
such a manner that exposure t o  credible  external  events o r  

forces  ( lo s s  of  power, earthquake, tornado, f lood, hurricane, 
impaction by moving vehicles,  e tc . ,  but  not including a c t s  o f  

war) w i l l  not impair t h e  a b i l i t y  t o  shut  down the p lan t  safely 
and maintain s a f e  shutdown conditions. 

following sections w i l l  describe more de ta i led  assumptions that 
have been made with respect  t o  t he  proper t ies  of f u e l  reprocessing p lan ts  

and waste management f a c i l i t i e s ,  estimates of  the f r ac t iona l  release of 

radioact ive mater ia ls  resu l t ing  from accidents,  a model for  t h e  assessment 
of downwind consequences of a release,  and implications o f  the  estimated 
dose rates as a function of dis tance downwind. 
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8.3.1 Assumed Properties of Fuel Reprocessing P lan t s  

Properties of f u e l  reprocessing plants  as a function of capacity (see 
Table 8.7) have been assumed f o r  t he  purpose of estimating t h e  f r a c t i o n a l  

re lease  of radioact ive mater ia ls  i n  t h e  event of an accident.  With a few 
exceptions, the  containment and confinement fea tures  t h a t  were se lec ted  
represent e i the r  present  or only moderate extensions of current  technology. 

Future large-capacity p l a n t s  w i l l ,  undoubtedly, have many propert ies  
different  from those selected;  however, it i s  assumed t h a t  t h e  important 

derived numbers (i.e.,  the quan t i t i e s  of radioact ive mater ia ls  re leased 

i n  accidents) w i l l  remain unchanged o r  decrease with advancing technology. 

The assumed proper t ies  a re  f o r  c e n t r a l  p lan ts  processing spent fue l s  
from l i g h t  water (IWR) o r  f a s t  breeder (FBR) reac tors  employing u n i t  oper- 

a t ions  of chop-leach, solvent  extraction, and ion exchange. A schematic 

drawing of the type of p lan t  t h a t  is assumed is shown i n  Fig, 8.9. 
assumed that spent  f u e l s  are stored p r i o r  t o  processing i n  water-f i l led 

canals.  
and s tored  i n  water-f i l led canals f o r  two years p r i o r  t o  shipment or  s tored 

f o r  two years i n  an acid so lu t ion  and then calcined p r i o r  t o  shipment. 

Low-level wastes are assumed t o  be discharged predominantly t o  t h e  atmos- 

phere. Intermediate-level wastes (spent solvent ,  res ins ,  etc.  ) a r e  assumed 

t o  be fixed i n  asphal t ,  polyethylene, o r  concrete; and hul ls  a r e  assumed 

to  be s tored i n  vau l t s  i n  r e l a t i v e l y  small containers.  

It i s  

Kgh-level  wastes a r e  assumed t o  be  e i the r  pot-calcined immediately 

Process Equipment. - It is assumed t h a t  t h e  concentrations of f u e l  
(U + Pu) i n  aqueous solut ions i n  t h e  head ends of the LWR and FBR p lan t s  
a r e  0.3 and 0.1 metric ton/m3 respect ively.  The volume o f  f u e l  so lu t ion  
i n  a s ing le  vessel  was kept r d a t i v e l y  small, 3 t o  30 m , by assuTning tha t  

the r e l a t i v e  processing rate w i l l  have increased by a f ac to r  of 3 (because 
of more continuous equipment) by t h e  time t h a t  18-metric ton/day LWR p l a n t s  

o r  9-metric ton/day FBR p l an t s  are b u i l t ,  and t h a t  the 36-metric ton/day 

p l an t s  f o r  LWR and FBR fue ls  consis t ,  respect ively,  of two 18-metric ton/day 
and four 9-metric ton/day independent modules. 
assumed s izes ,  i n  separate compartments to prevent i n t e rac t ion  i n  the 

event of an accident,  would be employed Ff addi t ional  capacity is needed 
f o r  head-end equipment (dissolver,  and accountabi l i ty  and solvent  extrac- 

3 

Multiple tanks of these 
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Table 8.7. Assumed Proper t ies  of Reprocessing Plan ts  and Waste Storage F a c i l i t i e s  

~ ~ ~~~ 

Fuel Processing Rate (metric tons/day)a 

LWR Fuel FBR Fuel 

1 6 36 1 6 36 

Processing p l an t  

To ta l  d i sso lver  so lu t ion ,  m3/day 

No. of independent l i n e s  

Relative processing r a t e / l i ne  

Max. head-end vesse l  capacity,  m3 
Total c e l l  capacity/l ine,  m3 
No. of c e l l s / l i n e  

Cel l  s ize ,  m3 
Cel l  ven t i l a t ion  r a t e ,  m3/min 

Total ven t i l a t ion  r a t e / l i ne ,  m3/min 
b Ventilation t r a i n  

Total off-gas flow r a t e  
b O f f  -gas t r a i n  

Interim’ l i q u i d  waste (acid) 
storage f a c i l i t y  

Tank volume (8@ f i l l e d ) ,  m3 
No. tanks requi red  f o r  2-year 
accumulation 
Off-gas flow rate/tank, m3/min 

b 

Vault v e n t i l a t i o n  r a t e ,  m 3 /min 
O f f  -gas t r a i n  

b Vent i la t ion  t r a i n  

Interim’ waste s o l i d s  s torage  canal 

Length f o r  14 .6-m width, m 
Vent i la t ion  r a t e ,  m3/min 

b Vent i la t ion  t r a i n  

3.33 
1 

1 

3.33 
2333 
7 
333 
66.7 
700 

F,M 
28 

S,T,F 

812 
2 

6.1 
C,F 
6.1 
C,F,M 

5.8 
170 

c, F 

20 

1 
1 
20 

14,000 

4 
1000 

2 00 

42 00 

FYM 
85 
S,T,F 

3785 
3 

28 
CYF 
56 

’C,F,M 

35 

CYF 

1000 

10 

1 
1 
10 

7000 

7 
1000 
200 

2100 

F,A,M 
2.0 

S,I,F 

990 
2 

7.4 
C,F 
7.h 
CYFJ 

7.1 
210 

C,F 

60 

1 

3 
20 

4,000 
4 
1000 

200 

4200 

F,A,M 
4.0 

S,I ,F 

3785 
3 

28 
C,F 
56 
C , F P  

42 
1200 

CYF 

“A 1.0-metric ton/day p lan t  processes 260 metr ic  tons of uranium + plutonium per year. 

bS = caus t ic  scrubber; 9@ removal of iodine. 

T = s i l v e r  tower; 9% removal of iodine.  

A = ac t iva ted  charcoal f i l t e r ;  9% removal of iodine.  

M = metal mesh or  s i l i c a  gel;  99.S removal of Te, C s ,  and Ru. 
I = high-efficiency iod ine  removal units; iodine DF of 10  7 . 
C = steam condenser; discharges a i r  a t  100°F and lm r e l a t i v e  humidity. 

F = e i the r  reliably-protected HEFA o r  deep bed f i l t e r .  

~0-1 e f f luen t  = 0.0012 mg/m3. 

Accident e f f luent  = 0.02 mg/m3. 

‘TWO years. 
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Fig .  8 .9 .  Spent-Fuel Processing Plant  with a Capacity of 6 Metric Tons/Day. 
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t i o n  feed tanks) or plutonium storage (tanks of t h e  assumed maximum s i z e  

packed with borosi l icate-glass  raschig r ings containing so lu t ion  a t  a 
plutonium concentration of 0.25 metric ton/m 3 ) . 

Process Cells.  - Process c e l l s  are assumed t o  have reinforced (1 t o  

2% s t e e l )  concrete outer walls t h a t  a r e  approximately 5 f t  thick,  r e in -  
forced concrete p a r t i t i o n  walls between c e l l s  that are approximately 2 f t  

thick,  and volumes 50 t o  100 times greater  than the maximum vesse l .  Such 

ce l l s ,  roughly 25 t o  35 f t  cubes t h a t  have secured roof plugs, could 

withstand a sustained pressure of 30 t o  50 psig o r  t h e  detonation of 2 5  

t o  50 l b  of TNT a t  t h e i r  geometric centers  without rupture.  
t h a t  7 c e l l s  a r e  used i n  small p lan ts ;  however, more compartments ( i . e . ,  

14 c e l l s  per process l i n e )  a r e  used i n  p lan ts  having capac i t ies  g rea t e r  

than 6 metric tons/day. 

It i s  assumed 

Vessel Off-Gas System. - Present technology, with a trend toward 
r e l a t i v e l y  lower off-gas flow r a t e s  per unit  of p l an t  capacity,  i s  
assumed f o r  LWR plants .  
designed t o  minimize the vessel  off-gas flow r a t e  t o  approximately 70 
cfm i n  a 1-metric ton/day p lan t  and that t h i s  flow w i l l  va ry  d i r e c t l y  

w i t h  p l an t  capacity but  inversely with r e l a t i v e  processing r a t e .  The 
off-gas is  assumed to  pass through a t r a i n  (wet scrubber, s o l i d  halogen 

absorber, and f i l t e r )  t o  e f f e c t  p a r t i a l  removal of iodine,  semivolat i le  
f i s s i o n  products, and p a r t i c u l a t e s  and t o  discharge t o  the  ven t i l a t ion  
system on the upstream side of the ven t i l a t ion  f i l t e r .  
t h a t  the  wet scrubber serves t o  r e t a i n  about 93% of the  iodine i n  a 
r e l a t i v e l y  nondispersible form and that  the off-gas t r a i n  f o r  FJ3R p l an t s  

It is  a l so  assumed that FBR p lan ts  w i l l  be  

It i s  assumed 

w i l l  include devices which w i l l  provide a cumulative DF of 10  7 f o r  iodine.  

Vent i la t ion System. - The ven t i l a t ion  a i r  exhaust is assumed t o  

cons is t  of t h e  a i r  flow from the c e l l s  ( a t  0.2 a i r  change per  min) plus 

an addi t ional  50% that flows d i r e c t l y  from the  bui ld ing  ( th i rd  containment 

b a r r i e r ) .  This stream is f i l t e r e d ,  passed through metal mesh or s i l i c a  
ge l  f o r  99.5% removal of ruthenium vapors, and finally exhausted t o  the  
atmosphere through a 100-m-tall stack. 
assumed t o  be equipped with act ivated charcoal f i l t e r s  f o r  9% removal 
o f  iodine.  

I n  addition, t h e  FBR p l an t  i s  

The f i l t e r  system i s  assumed t o  be composed of e i t h e r  a sand 
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L 
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f i l t e r  o r  roughing and HEPA f i l t e rs  with equivalent re l iabi l i ty  and 
in t eg r i ty .  

vent i la t ion  systems. 

Independent process l i n e s  a r e  assumed t o  have independent 

Fac i l i t y  f o r  Interim Storage o f  Liquid Wastes. - The inter im l i q u i d  

waste storage f a c i l i t y  i s  assumed t o  provide f o r  two-year storage of 
acid waste ( a t  a concentration of 0.01 ga l  per b d  of burnup) consis tent  
with a maximum tank s i z e  (8@ f i l l e d )  of 1,000,000 ga l  and a t  l e a s t  3% 
spare tankage. The off-gas stream - 1000 cfm f o r  a 1,000,000-gal tank - 
is  assumed t o  pass,  first,  through a condenser (which would condense and 

recycle the  d i s t i l l a t e  t o  t h e  tank i n  the  event of loss of coolant) ,  then 

through a f i l t e r ,  and f i n a l l y  be discharged t o  t h e  ven t i l a t ion  system 

f o r  t h e  vaul t .  The l a t t e r  ven t i l a t ion  system col lec ts  t h e  small purge 

f l o w  from each tank vau l t  (plus the canbined off-gas from a l l  tanks) and 
discharges it through a backup condenser, f i l t e r ,  and ruthenium removal 
device t o  a 100-m stack. The tanks and/or the vau l t  a r e  assumed t o  be 
designed t o  withstand a hydrogen-air explosion (an in t e rna l  pressure of 
~100 p s i )  without rupture, possibly by venting t o  other tanks o r  vaul t s .  

The tanks, vaul t s ,  and ven t i l a t ion  system a r e  assumed t o  be designed t o  

withstand the e f f ec t s  of the maximum earthquake. 

Canal f o r  Interim Storage of Waste Solids.  - The canal f o r  inter im 

storage of waste so l ids  (i .e. ,  calcined waste) is assumed t o  provide f o r  
a two-year accumulation of 6-in. - d i m  by 10-ft-long pots ,  each containing 

f i s s i o n  products from 4 ,100  Mwd of burnup a t  an average so l ids  concen- 
t r a t i o n  of  1 .0  x lo-' f t 3 / b d .  The pots a re  assumed t o  be covered with 

a t  l e a s t  20 f t  of  water. The ven t i l a t ion  system f o r  the canal  and bui ld-  

ing provides 1 2  a i r  changes per hour t o  minimize fog formation. 
vent i la t ion  system i s  assumed t o  be exhausted through a dehumidifier and 

HEPA fi l ters a t  t he  r o o f  of t h e  building. 

The 

8.3.2 Analytical  Models and Mechanisms of Accidental Release 

Mechanisms t h a t  tend t o  negate the primary confinement ba r r i e r  (proc- 

ess vessels ,  associated piping, and t h e  e f f i c i e n t ,  low-flow off-gas system) 
have the poten t ia l  of  re leas ing  radioactive materials t o  t h e  atmosphere 

through the  ven t i l a t ion  system. The following sect ions w i l l  describe 
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models fo r  predict ing the  f r ac t iona l  re lease,  discuss dispersive mecha- 

nisms, and present estimates of t h e  f r a c t i o n a l  re lease  t o  the  atmosphere 

from upper l i m i t  accidents.  

The designs of models f o r  t he  r e l ease  of  radioactive materials depend 

on whether t he  mater ia l  i s  released t o  the  ven t i l a t ion  system as a gas 
(o r  vapor) o r  a s  an aerosol.  

Gas o r  Vapor. - Certain of t he  f i s s i o n  products (the noble gases, 
halogens, and semivolati les) may escape from the  primary containment 

ba r r i e r  i n  gaseous form. 

sources i s  r e l a t i v e l y  easy t o  pred ic t ;  it i s  the f r ac t iona l  r e l ease  from 

the  vesse l  mitigated by t h e  removal eff ic iency of t h e  devices i n  the  

vent i la t ion  t r a i n .  
and 133Xe, may be released e s sen t i a l ly  quant i ta t ive ly  from process vessels .  
Devices f o r  p a r t i a l  removal of  noble-gas f i s s i o n  products a r e  not used i n  

present commercial reprocessing p lan ts ,  but s eve ra l  types of devices have 

The re lease  t o  the environment from such 

The noble-gas f i s s i o n  products, dominated by 85Kr 

~- 

been proposed f o r  this The halogens, dominated by 1311 

and 1291, may be vo la t i l i zed  from process operations a s  12, H I ,  o r  
organic iodides.  Since these compounds have high vapor pressures a t  
room temperature, they are not appreciably removed by f i l t r a t i o n .  

Usually, act ivated charcoal f i l t e r s  may be r e l i e d  upon t o  remove 9% of 

the iodine from a vent i la t ion  stream, espec ia l ly  i f  most of t h e  iodine 
i s  i n  the  form of  I2 or  H I  (the typ ica l  forms released from most process 
operat ions) ,  

Certain other f i s s i o n  products, notably ( i n  approximate order of 
importance) Ru, C s ,  Te, Tc, and Se, may be classed as  semivolat i les  s ince  
gases o r  vapors of these elements may r e s u l t  f rom ce r t a in  abnormal process 

operations. 

eratures  i n  t h e  v i c in i ty  of 2OO0C, while t h e  normal oxides o f  Ru, C s ,  and 

Te require  temperatures generally grea te r  than 750°C. " Under highly 

oxidizing conditions i n  acid solut ions,  ruthenium may form t h e  te t roxide,  
which has a boi l ing temperature of approximately 80°C. 
of  KMnO i n  an acid uranyl n i t r a t e  so lu t ion  a t  80°C w i l l  r e s u l t  i n  the 
v o l a t i l i z a t i o n  of 70 t o  So$ of the  contained ruthenium i n  5 t o  10  min. 

For this reason, highly oxidizing conditions a re  avoided i n  present  f u e l  

The oxides of Se and Tc are completely v o l a t i l i z e d  a t  temp- 

A s l i g h t  excess 
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reprocessing p l an t s .  
so lu t ion  of f i s s i o n  products w i l l  r e s u l t  i n  t h e  v o l a t i l i z a t i o n  of 10 t o  

2@ of the ruthenium. 56y57 Once airborne, t he  vapor tends t o  rap id ly  

deposit  on metal surfaces and decompose t o  t h e  r e l a t i v e l y  nonvolati le 

dioxide. 
with s t a in l e s s  s t e e l  mesh) has been found t o  be e f f ec t ive  f o r  removing 
ruthenium from off-gas and ven t i l a t ion  streams a t  the  Savannah River 

Plant .  S i l i c a  gel  absorbers, operating a t  about 7 O o C ,  were found to 

Evaporation and complete boildown of a n i t r i c  ac id  

For t h i s  reason, a "bucket of Br i l l o"  ( i .e. ,  a tank packed 

remove 99.6% of the  ruthenium from waste calciner  off-gas a t  Idaho. 58 

Radioactive Aerosols. - The aerosol  t h a t  would be dispersed i n  c e l l  
a i r  by an accident would cons i s t  of a dispers ion of a radioact ive solu-  

t ion,  s o l i d  pa r t i c l e s ,  o r  smoke. The physical  propert ies  of aerosols  a r e  

such that they  e f f ec t ive ly  r e s t r i c t  the escape of radioact ive p a r t i c l e s  

t o  the  environment. 

use of appropriate deentrainment mechanisms, t h e  condensate from the  
This i s  seen commonly i n  p rac t i ce  s ince,  through the  

evaporation of a radioact ive so lu t ion  may be made t o  contain only 10 -4 
t o  of t h e  a c t i v i t y  of the so lu t ion .  Gravitational s e t t l i n g  serves 
t o  limit the  m a x i m u m  aerosol  concentration; we have been ab le  t o  demon- 
s t r a t e  t h i s  through an approximate cor re la t ion  of the so lu t ion  concentra- 
t i o n  i n  a i r  o r  vapor a r i s ing  from cooling towers, evaporators, and a i r -  
sparged vessels .  59 This cor re la t ion  i s  shown i n  Fig. 8.10. 

I n  order t o  properly descr ibe the  r e l e a s e  of aerosols  from a c e l l ,  

we must be ab le  t o  ascr ibe removal e f f ic ienc ies  t o  f i l t e r s  and to cracks 
i n  c e l l  walls. 
0.15 f t /sec,  it has been found that an aerosol  formed by vigorous mixing 
of a solut ion with a i r  i s  metastable and has a concentration of t h e  order 

For s u p e r f i c i a l  v e l o c i t i e s  less than approximately 

3 of 10 mg/m . 
t o  fog, which has a concentration of approximately 10 mg/m and a p a r t i c l e  

s i z e  of  approximately 10 g,. For or ien ta t iona l  purposes, a l-in./hr r a in  
3 with a mass mean p a r t i c l e  s i z e  of 3000 u has a concentration of 1000 mg/m . 

A t  0RNL,59 the  p a r t i c l e  s i ze  d i s t r ibu t ion  of t h e  metastable aerosol  i n  a 

ven t i l a t ion  stream downstream from t h e  source has cons is ten t ly  been found 

t o  have the p a r t i c l e  s i z e  d i s t r ibu t ion  shown i n  Fig. 8.11. Another piece 

of re levant  information reported by Garner6' i s  t h a t  the  weight d i s t r ibu -  

This metastable concentration i s  approximately equivalent 
3 



8 -48 

1 o4 

c 
0 

E 
‘ 3  ; 10 
d 

Z 
0 - 
5 
t 
w v 
Z 
0 v 

102 
4 

s 

3 u - 
I- 
& 

I 
3 
5 
X 
a 
I 1c 

- 

ORNL-LR-DWG 47936 R 2 

1 I 1 I 
2 4 6 a 10 12 

MI NlMUM VERTICAL VELOCITY IN LINE (ft/sec) 

Fig. 8.10. Effec t  of  Minimum Superf ic ia l  Velocity i n  an O f f - G a s  
Line on t h e  Concentration of Liquid Solut ion P a r t i c l e s  Resulting from 
Vigorous M i x i n g  of a Solution with A i r .  Density of solut ion,  1 g/cc. 

b 

* 

c 

c 

rr 

c 

P 

t 

IU’ 

c 

F 

k 

6 

L 



IC 

a 
W” 

ORNL-LR-DWG 48665 R2 

a /@ 
PERCENT LESS THAN STATED SIZE 
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t i o n  of p a r t i c l e s  smaller than 10 t o  20 u w i l l  be f a i r l y  constant,  even 
i f  there  i s  gross entrainment of l a rge r  droplets .  The knowledge t h a t  

t h i s  d i s t r ibu t ion  is  f a i r l y  constant and cons t i tu tes  approximately 10 
3 mg/m may be used to estimate the  approximate concentration of pa r t i c l e s  

smaller than a given size, even i n  an a i r  stream which i s  very concen- 

t r a t e d  with l i q u i d  droplets ,  Prac t ica l ly ,  it i s  possible  t o  ass ign 

e f f ic ienc ies  t o  an absolute f i l t e r  and ca lcu la te  the e f f luen t  concen- 
t r a t ion .  

I n  evaluating the  concentration of aerosols  i n  a i r  which leaks from 
a ce l l ,  it is  considered t h a t  t he  aerosol must fo l low many small tortuous 

paths i n  i t s  escape through 5 f t  of  concrete. 
ment s tudies  by Walsh and Schlea61 indica te  that a s ing le  right-angle 
impingement w i l l  reduce a l i qu id  ae roso l  concentration t o  10  mg/m3 o r  
less. 
and the  concentration of smoke i n  leaked a i r  would probably be no more 

The evaporator deentrain- 

3 Fine heavy-element dus t  would be reduced t o  t h e  order of 1 mg/m , 

3 than approximately 100 mg/m . 
estimating the  rad ia t ion  dose t o  plant  operating personnel, 

a l l  of the material, t h a t  escapes from the c e l l s  through cracks during a 
period of temporary pressurizat ion would be routed through the f i l t e r e d  
c e l l  ven t i l a t ion  system. 

These numbers a r e  pr imari ly  of use i n  

Essent ia l ly  

Junge62 and Friedlander63 have observed t h a t  t h e  p a r t i c l e  s i ze  
d i s t r ibu t ion  of airborne aerosols i s  remarkably constant o r  "self  - 
preserving." 
motion, while l a rge  p a r t i c l e s  a r e  removed by impingement o r  sedimentation, 
Friedlander suggests t h a t  a quasi-stationary s t a t e  exists such that t h e  
r a t e  a t  which matter en ters  a d i f f e r e n t i a l  s i z e  i s  equal t o  t h e  r a t e  a t  
which matter i s  l o s t  by sedimentation. 

the  s t ab le  concentration of sml l  pa r t i c l e s  ( l e s s  than about 3 1-1 i n  
diameter), because o f  agglomeration, i s  consis tent ly  l e s s  than a few 
grams per cubic meter a f t e r  the aerosol  has been permitted t o  rfagerl f o r  
a few seconds o r  minutes. 64-66 Friedlander has proposed t h e  following 

formulation f o r  the d i f f e r e n t i a l  concentration of pa r t i c l e s  i n  a 

metastable aerosol as a function of s ize:  

Small p a r t i c l e s  tend t o  agglomerate rapidly by Brownian 

It has a l so  been determined t h a t  

F 

P 

c 

c 

m 
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where 

n = number of  p a r t i c l e s  per  un i t  volume, 
k‘ = a constant, 
r = radius of the  p a r t i c l e ,  
a = a constant with a value of -1 t o  -1.5. 
By converting t o  a mass concentration and in tegra t ing  from r = 0 t o  

r = r, the  concentration of p a r t i c l e s  w i t h  less than a given diameter is: 

9 (7)  C(<D) = k p D  3+a 

where 

C(<D) = mass concentration of pa r t i c l e s  with diameter l e s s  than D, 
3 mg/m 9 

p = density of the agglomerate, g/cm 3 , 
D = diameter of t h e  agglomerate, p, 

k = another constant. 

It has been found t h a t  agglomerates, even o f  dense pa r t i c l e s ,  have 
a density of approximately 1 g/cm 3 . 67 

A r e l a t ed  expression may be derived using t h e  l a rge ly  substant ia ted 
expression f o r  the rate of agglomeration of an aerosol  containing par t -  
i c l e s  of a s ing le  s h e :  64 

- =  dn n12 , 
d t  

where 

t =  
K =  

N - - 
N - - 

time s ince beginning of agglomeration, 
agglomeration co ef f i c  i e n t  , 64 
9 x l0- l1 /D cm 3 /sec f o r  D 5 0.3 p,, 

3 3 x cm /sec f o r  D 3 0.3 p. 

From t h i s  expression, the i n i t i a l  concentration, C o ,  o f  p a r t i c l e s  
having a diameter D o  and a h a l f - l i f e  of  t is: 

1/2 
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Assuming a h a l f - l i f e  of  10  min and converting t o  appropriate units, 
t h i s  expression becomes : 

Do 6 0.3 CO = 9700pD0 4 

These expressions f o r  aerosol concentration a re  compared w i t h  experi-  
mental data  f o r  a wide var ie ty  of heavily concentrated and turbulent  
aerosols (smoke, f lyash, DOP, etc .  i n  a i r ,  and water droplets  i n  a i r  and 
steam) i n  Fig. 8.12. Expressions (10) and (ILL), f o r  concentrations of 

monodispersed aerosols with a h a l f - l i f e  of 10 min, provide a p rac t i ca l  

upper bound f o r  the concentrations o f  so l id  p a r t i c l e s  i n  a i r .  

descr ipt ion o f  aerosols containing l i q u i d  pa r t i c l e s ,  i s  provided by 

expression (7)  when a is  approximately equal t o  -2.  

A be t t e r  

Based on the  m a x i m u m  concentration of pa r t i cu la t e s  a s  a funct ion of 
p a r t i c l e  s i ze  (see Fig. 8.12) and assuming t h a t  t he  e f f ic iency  of deep- 
bed sand o r  HEPA f i l t e rs  i s  lo@ for  p a r t i c l e s  0.3 1.1 i n  diameter, t he  
predicted concentration of p a r t i c l e s  i n  t h e  e f f luent  from absolute f i l t e r s  

i s  0.02 mg/m 3 . Cheever determined experimentally t h a t  the  m a x i m u m  concen- 
t r a t i o n  of plutonium p a r t i c l e s  i n  t h e  e f f luen t  from a 3O-in.-deep sand 

f i l t e r ,  occurring a t  the  optimum supe r f i c i a l  ve loc i ty  f o r  a penetrat ion 

o f  4.8 ft/min, was 0.02 mg/m3 ( r e f .  68). This experiment was performed 
under conditions t h a t  a r e  very unlikely t o  occur i n  accident s i t ua t ions ;  
the f i l t e r  inf luent  concentration was 100 mg/m 3 , and t h e  count-mean 

p a r t i c l e  s i z e  was only 0.07 
few seconds. Cheever a l so  found t h a t  an HEPA f i l t e r  removed an addi t iona l  
99% of t h e  pa r t i c l e s  i n  the  e f f luent  from t h e  sand f i l t e r .  
data and known cha rac t e r i s t i c s  of  f i l t e r  systems, it i s  assumed t h a t  

because t h e  aerosol  had aged f o r  only a 

From these  

f i l t e r  eff luent  concentrations of 0.02 mg/m3 o r  l e s s  are a t t a inab le  i n  
prac t ice ,  regardless of t h e  mass concentration of t h e  inf luent .  

The r e l ease  of  radioact ive mater ia l  through the  c e l l  ven t i l a t ion  
system by a mechanism t h a t  generates aerosols i s  estimated t o  be as 

follows : 
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where 

R =  

C =  

D =  
P 

D =  f 

F =  

F =  
V 

C 

t =  

v =  
C 

When 

the quant i ty  of a component ( i n  one metric ton of f u e l )  t h a t  i s  
released t o  the atmosphere, 

mass concentration of p a r t i c l e s  i n  the f i l t e r  e f f luent  = 2 x 
kg/m3 , 
concentration of the component i n  t h e  p a r t i c l e s ,  weight f r ac t ion ,  

concentration of the component i n  the  f u e l ,  weight f r a c t i o n ,  

t o t a l  flow r a t e  i n  ven t i l a t ion  system, m /min, 

flow r a t e  from t h e  c e l l  i n  which the aerosol  has been generated, 

3 

m 3 /min, 

duration of the source term f o r  aerosol  generation, min, 

volume of the a i r  i n  the c e l l  (evaluated a t  one atmosphere of  
pressure) following the  dispers ion of aerosol ,  m 3 . 
the  aerosol  i s  formed e s sen t i a l ly  instantaneously,  as i n  an 

explosion, the r a t e  of re lease  t o  t he  atmosphere w i l l  decrease exponenti- 
a l l y  with a mean l i f e  o f  Fc/Vc (which is assumed t o  be 5 min) . 

Dispersive Mechanisms. - Mechanisms f o r  t h e  dispers ion of gases and 
aerosols  i n  c e l l s  include chemical explosions, f i r e s ,  nuclear excursions, 
and leakage. Some propert ies  of explosions r e l a t i v e  t o  the containment 

po ten t i a l  of  c e l l s  a r e  shown i n  Table 8.8. 
l imi t ing  explosive materials a r e  very la rge  as  compared with t h e i r  credible  

A l l  of  the quant i t ies  of  t h e  

inventor ies  i n  a process vessel .  The allowable quant i t ies  a r e  even l a rge r  
lr 

i f  the  c e l l s  a r e  vented t o  another confinement zone of large volume ( i . e . ,  
the  cell-canyon concept used a t  Hanford and planned f o r  MFRP). 
assumed to  be incredib le  t h a t  t he  c e l l  would first f i l l  with hydrogen or  

It is  
*r 

solvent  vapor and then explode. 

s u f f i c i e n t  t o  d i l u t e  any r a d i o l y t i c  H2-02. 
The flow r a t e  of c e l l  v e n t i l a t i o n  a i r  i s  

li 

The most ser ious f i r e s  in a f u e l  processing p l a n t  would be those 

involving plutonium, t h a t  i s ,  solvent  o r  i on  exchange r e s i n  loaded with 



Table 8.8. Estimated Properties of Explosions That Could Occur a t  the  
il 

Center of  a l O - m 3  Cella with 5-ft-thick Reinforced 
(1 t o  2% S tee l )  Cell Walls Without Rupture 

- 
I 

Total Energy Pressure 
” Release a t  Cell  Wall 

Source of Explosion (sku> (psig) 
.I* 

- 30 l b  TNT 
I 

500 *3 of 
-. 

420 m3 of 

150 l b  of 

asl 300 l b  of 

4 

- 

54,000 $100 

40 v o l  % H2 i n  a i r  1,~00,000 50 

5 v o l  % propane i n  a i r  1,~00,000 50 

“Red O i l ”  “1,~00,000 50 

sodium i n  water -1,~00,000 50 

- Nuclear bu r s t  of 3 x lo2’ f i ss ions  9,100,000 NO. 7 b 

- Ins ide  dimensions. a 

bMaximum burs t  of i*I fissions/l i ter  i n  a tank containing 30,000 l i ters 
q of solut ion a t  a temperature of 85°F. 
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P 

plutonium. Purex-type solvent w i l l  burn a t  t h e  r a t e  of about 1 in .  of 
depth per  hour and generate approximately 20,000 Btu/hr per f t  2 of burning 

surface. 
t he  e n t i r e  a rea  o f  t h e  f l o o r  of the  enclosure tend t o  self-ext inguish i n  
a matter o f  minutes because of deplet ion of t h e  oxygen. 
t rue  even i n  well-ventilated enclosures because t h e  pressure increases  t o  
several  inches of water and reverses  the  f low through the  intake.  It has 

been observed tha t  i on  exchange r e s i n  loaded with plutonium n i t r a t e  can 

ign i t e  spontaneously a t  about 1 2 0 ° C  and burn ( i n  t h e  absence of a i r ) ,  

l i be ra t ing  about 540 Btu/lb. 

Experience i n  gloved enclosures has shown t h a t  f i r e s  covering 

This has been 

Experience has shown that the  i n i t i a l  burs t  r e su l t i ng  from a super 

prompt-crit ical  nuclear excursion i n  a solut ion is  l imited t o  a maximum 
of f i s s ions  per m3 of solution.69 A t  t h i s  f i s s i o n  density,  the void 
coeff ic ient  caused by the  generation o f  rad io ly t ic  gas (-1.4 m 3 of gas, 

a t  STP, per  m3 of  solut ion)  i s  s u f f i c i e n t  t o  overr ide the e f f e c t  of high 
r e a c t i v i t y  addi t ion ra tes .  
i s  85°F (the y i e ld  would be lower i f  t h e  temperature were higher) ,  this 
bu r s t  would increase  the temperature t o  boi l ing.  
rendered permanently subc r i t i ca l  by the  initial o r  succeeding burs t s  o r  
by e jec t ion  of  solut ion,  it may possibly b o i l  t o  dryness. 
so l ids ,  i f  not s u b c r i t i c a l  because of low density and lack  of moderation, 
probably would be dispersed by one l a s t  burst .  

Assuming t h a t  t h e  temperature o f  t h e  solut ion 

If the so lu t ion  is  not 

The dr ied 

Assuming t h a t  all of the so lu t ion  i n  an equ i l a t e ra l  cylinder with a 
volume VT i s  involved i n  a nuclear excursion, the  upper l i m i t  y i e l d  o f  

the i n i t i a l  bu r s t  (and probably the  most powerful burst, resu l t ing  i n  the 
generation of a rad io ly t ic  gas void f rac t ion ,  a t  STP, of 1.4) i s  10  1 9  VT 

f i ss ions .  When boi l ing begins, t h e  steam void coef f ic ien t  (2.3 x 
m 3 / f i ss ion)  ( re f .  70) would l i m i t  individual  bursts  t o  approximately 

6.1 x 
1.08 V1’3, and t h e  bubble r ise r a t e  i s  about 1 2  m/min, the  period between 

bursts  i s  approximately 0.09 V 1/3 min. The t o t a l  t i m e  required f o r  bo i l -  

down of t he  so lu t ion  (assuming 2 . 1  x 10 6 Btu/ton) is  about 5 2  V ’13 min. 

fissions/m3. Since the height  of the  so lu t ion  i n  the  tank i s  

The sudden generation of rad io ly t ic  gas o r  steam i n  the  solut ion 
would cause an i n e r t i a l  fo rce  t o  be exerted aga ins t  the walls o f  the 
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tank. An overestimate of  the maximum amount of 
deforming the  vessel ,  taking no c r e d i t  f o r  f r e e  

space of t h e  tank, may be calculated71 assuming 

work. t h a t  can be done i n  
expansion i n t o  t h e  vapor 
t h a t  t he  l i qu id  and gas 

expand revers ib ly  aga ins t  the p l a s t i c  flow pressure of t h e  vessel .  Assum-  

i ng  a gas void f r ac t ion  ( a t  STP) of 1.4 per burst ,  no more than about 0.5% 
of the  energy released i n  the  burs t  could do pressure-volume work aga ins t  

a r e s i s t i n g  pressure o f  200 psig. 

cha rac t e r i s t i c s  assumed i n  t h i s  study could, theore t ica l ly ,  withstand 
repeated burs t s  without rupture. 

s t e e l  i s  0.65 (ref.  71)]. 

An unrestrained cy l indr ica l  tank of 

[The rupture s t r a i n  of  304L s t a in l e s s  

8.3.3 Method of Analysis of  t h e  Downwind Consequences of a U n i t  Release 
of Radioactive Material  

The method t h a t  has been selected f o r  inves t iga t ion  of the  environ- 
mental consequences of an accidental  re lease  of radioact ive mater ia l  from 
a f u e l  reprocessing p lan t  cons is t s ,  first, of t h e  examination of a %nit1' 
release of  a c t i v i t y  and, second, t h e  appl icat ion of the resu l t ing  data t o  

actual  re leases  which could be expected from the various credible accidents,  

Two d i f f e ren t  mixtures of isotopes have been considered. These 

mixtures ( l i s t e d  i n  Table 8.3) simulate the  f i s s i o n  product and ac t in ide  

contents of  t yp ica l  spent LWR f u e l  and LMFBR core and blanket f u e l  mixtures 
which w i l l  a c tua l ly  be encountered. It i s  assumed that the  LWR f u e l  has  

decayed f o r  150 days p r i o r  to processing and that the  LMFBR material  has 
decayed f o r  30 days. 

For these mixtures, a "unit" re lease  i s  defined t o  be the r e l ease  o f  

a l l  materials t h a t  a r e  associated with 1 kg of fue l ;  therefore,  the funda- 

mental calculations have been performed on this bas is .  I n i t i a l l y ,  no 
provision i s  made f o r  differences i n  the  chemical o r  physical  behavior of 

the various isotopes,  and i t  i s  assumed t h a t  a l l  of the components i n  a 

uni t  r e l ease  escape. However, as w i l l  be shown, it i s  possible  t o  t r e a t  

differences i n  behavior and thus account f o r  var ia t ions  i n  the  r e l ease  

f r ac t ion  due t o  f i l t r a t i o n ,  chemical react ions,  and other  processes t h a t  

a f f e c t  some of t h e  components bu t  not others.  
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We have invest igated both the  external  gamma dose and the  ex terna l  

beta dose t h a t  r e s u l t  from d i r e c t  exposure t o  the r ad ia t ion  flux o r i g i -  
nating i n  the  plume and from t h e  i n t e r n a l  rad ia t ion  dose received a s  a 
r e s u l t  of  the inha la t ion  of radioactive mater ia l  by a receptor  submerged 
i n  the  plume. The calculat ion of both types o f  doses depends on a know- 

ledge of t h e  concentration of radioact ive mater ia l  i n  t h e  plume as a 
function of time and space. The concentrations have been computed by 

using the  ’‘Gaussian Plume” formula72 and by u t i l i z i n g  t h e  source term and 
ground r e f l ec t ion  correction described by Binford, Barish, and Kam. 73 The 

source term i s  derived using t h e  assumption t h a t  a unit quant i ty  of radio- 
ac t ive  mater ia l  is  released in to  t h e  processing building, where it is  
i n s t a n t l y  and uniformly mixed with t h e  a i r  i n  the building. 
assumed t h a t  a constant f r ac t ion  of t he  building volume is being discharged 
from the stack per u n i t  time. 
expression f o r  the  concentration a t  the space point (x,y,z), r e l a t i v e  t o  
an o r ig in  of Cartesian coordinates a t  the  stack o r i f i ce ,  and a t  time ‘G 

a f t e r  the  r e l ease  has occurred: 

It i s  fu r the r  

These assumptions lead t o  the following 

where 

x(x,y, z ,T) = concentration, (curies/m’) , 
q = i n i t i a l  release,  (cur ies ) ,  

u = wind speed i n  the  x-direction, (m/min), 
x,y,z = space coordinates (m), 

72 
0 (x), 7z (x) = horizontal  and v e r t i c a l  dispers ion parameters, 
Y 

respectively,  (m) , 
a = exhaust r a t e ,  (min-’), 

-1 1 = decay constant, (min ), 
h = ef fec t ive  stack height,  (m), 
7 = time s ince re lease ,  (min). 
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Decay w i l l  be neglected f o r  t he  mixtures under consideration so  that 

1 i s  set  equal t o  zero. Moreover, t he  value of the  concentration a t  the  

plume center l i n e  (y = 0) a t  ground l e v e l  (z = -h) i s  of g rea t  i n t e r e s t .  
Under these conditions,  

= o ,  ' G < X / U  . 
This expression i s  proportional t o  t h e  inha la t ion  dose rate a t  ground 
l e v e l  a t  t he  plume center l i n e  and ve ry  nearly proportional t o  the 
external  beta dose. The time i n t e g r a l  from T = 0 t o  T + m  is  then 

proportional t o  the  t o t a l  dose. This i n t eg ra l ,  

P 
2 2  -h /27_  

i s  independent of a, the  exhaust rate. 

The dispers ion parameters 0 (x) and o,(x) a r e  monotonic increasing 
Y 

functions of t h e  downwind distance,  x; however, they a l so  vary with atmos- 

pheric  s t a b i l i t y .  
decrease with increasing s t a b i l i t y .  It is, therefore ,  necessary to specify 
the degree of atmospheric s t a b i l i t y  in order t o  s e l e c t  the appropriate 
se t  of values f o r  the parameters. 
ex te rna l  doses, two sets of atmospheric conditions have been u t i l i zed :  

For a given value of x, t he  dispers ion parameters 

For the purpose of inves t iga t ing  the  

(1) W o s t  Representative Conditions," where t h e  wind speed has been 
chosen t o  be  100 m/min (3.73 mph) and s l i g h t l y  unstable ( C )  con- 
d i t ions  a re  assumed t o  prevai l .  

( 2 )  "Inversion Conditions," where the  wind speed i s  50 m/min (1.86 q h ) ,  
moderately s t a b l e  (F) conditions preva i l ,  and an inversion " l id"  

ex is t s  just above t h e  s tack o r i f i c e .  To account f o r  the  l a t t e r ,  t he  

v e r t i c a l  dispers ion parameter i s  modified by being held constant once 

it reaches the value T~ (x) = h/2.15 (see ref.  72). 
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Many other  combinations of wind speed and s t a b i l i t y  conditions a r e  

possible;  however, it i s  believed t h a t  these two a r e  reasonably typ ica l ,  
cover most of the  l i k e l y  s i t ua t ions  t h a t  may a r i se ,  and permit va l id  i n t e r -  

polat ion t o  o ther  cases which l i e  i n  between. 

The inha la t ion  doses have been computed on a somewhat more comprehen- 

s ive  basis .  A s  suggested above, many d i f f e ren t  combinations of wind speed 

and s t a b i l i t y  conditions a r e  possible.  Thus the inha la t ion  doses have been 

computed f o r  each of s ix  d i f f e ren t  s t a b i l i t y  conditions, the  r e s u l t s  have 

been p lo t ted  on a s ing le  graph, and t h e  envelope of t he  curves thus obtained 

have been u t i l i z e d  t o  estimate the  inha la t ion  dose t o  be expected a t  each 
ground l e v e l  point  downwind on t h e  plume center l i n e .  

I n  a l l  cases, it i s  assumed t h a t  the  e f f ec t ive  s tack height,  h, is  
100 m. 
discussed i n  d e t a i l  i n  a l a t e r  sect ion.)  Final ly ,  it should be pointed 

out t h a t  a l l  of t h e  doses computed below assume exposure of t h e  receptor  

during t h e  e n t i r e  course of t h e  accident.  

(The e f f e c t  of stack height  on ground-level concentration w i l l  be 

External Beta and Gamma Doses. - These doses stem from d i r e c t  exposure 
Because of t h e i r  sho r t  of the receptor  t o  the rad ia t ion  flux i n  the plume. 

range, only the beta p a r t i c l e s  t h a t  o r ig ina te  i n  the  v i c i n i t y  of the  receptor  
contribute t o  t h e  dose. Hence, t h e  dose r a t e  may be assumed t o  be propor- 

t i ona l  t o  t h e  concentration of be ta  emit ters  a t  t he  loca t ion  of t h e  recep- 
The gamma dose, on the  other hand, requi res  a space in t eg ra t ion  

over t h e  e n t i r e  volume of the cloud i n  order t o  sum t h e  photon f l u x  inc iden t  

on t h e  receptor.  

The computer program PLUME, 73 which was o r i g i n a l l y  developed i n  order 
t o  ca lcu la te  i n t e r n a l  iodine and external iodine and noble-gas doses 

following a reac tor  accident was used t o  perform these ca lcu la t ions .  Input  

f o r  the  beta dose ca lcu la t ion  i s  the average energy per  d i s in tegra t ion ,  t h e  
equivalent number of cur ies ,  and a numerical constant t o  convert Mev/m 3 
i n t o  dose units. Input f o r  t he  gama ca lcu la t ion  cons is t s  of t he  g a m -  
emitt ing inventory, divided in to  nine energy groups, and t h e  appropriate  

cross sect ions and buildup fac tor  parameters. The r e s u l t s  a r e  displayed 
i n  Figs. 8.13 and 8.14. Note tha t ,  i n  these  cases, t he re  is no physical  
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separation of the  components and t h a t  a l l  of t h e  isotopes present a r e  

assumed t o  behave s imilar ly .  

Inhalation Dose Calculations. - These rad ia t ion  doses result from 
inhalat ion of  the  contaminated a i r  i n  the  plume and from subsequent depo- 
s i t i o n  of  radioact ive mater ia l  i n  the  various organs of t he  body. 
r a t e  of  intake o f  radioactive mater ia l  is  proportional t o  t h e  breathing 

r a t e  and t o  t he  concentration of  the  radioactive mater ia l  a t  t h e  loca t ion  

of the  receptor.  
product of  these two quant i t ies .  

it w i l l  be assumed t h a t  the  receptor is  located a t  ground l e v e l  on t h e  

center l i n e  of the  plume and t h a t  the exposure lasts f o r  t h e  duration of  

the accident so t h a t  t h e  intake r a t e  is  in tegra ted  over i n f i n i t e  t i m e .  
If the breathing r a t e  i s  assumed t o  be constant, the  t o t a l  intake is: 

The 

The t o t a l  intake i s  simply t h e  time i n t e g r a l  o f  the 

For the  purpose of these calculations,  

where /3 i s  the  breathing r a t e  i n  m 3 /min and the  o ther  symbols a r e  a s  

m 3 /min. The quant i ty  I/q is  the  t o t a l  amount of a c t i v i t y  inhaled per  

defined previously. For t h i s  study, p has been taken t o  be 2.08 x 

cur ie  of  o r ig ina l ly  released material .  

It should be noted tha t  the  s p a t i a l  va r i a t ion  of the  inhalat ion dose 
is  independent of t h e  amount of released mater ia l ,  t h e  wind speed, and the 

breathing r a t e .  Thus, f o r  a given wind speed, breathing r a t e ,  and quantity 
of mater ia l  released, t h e  expression 

2 2  -h /272 

i s  the  same function of x, regardless of t h e  amount of material  t h a t  is 

released. This function, normalized t o  uni ty  a t  i t s  maximum value, has 

been p lo t t ed  i n  Fig. 8.15 f o r  each of the  s ix  s t a b i l i t y  conditions. An 

envelope enclosing t h e  six curves has been drawn; t h i s  envelope permits 
estimations of  t he  dose a t  each poin t  downwind by using a knowledge of 

the dose a t  any given point.  
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The dose a t  400 m under A (extremely unstable) conditions i s  the 

maximum and has been chosen f o r  reference.  
the  t o t a l  in take  following the  r e l ease  described above i s  4.3 x 
per cur ie  released. 
computer program INREM, 74 which, given the  quant i ty  of radioact ive mater ia l  

inhaled, computes the  dose t o  the  most important organs as a function of 
time after inhalat ion.  
various organs, e f f ec t ive  ha l f - l i f e ,  and the age of t he  receptor,  which, 
f o r  t h i s  study, was chosen t o  be 20 years .  

A t  a wind speed of 100 m/mi.n, 

LLC 

This f a c t o r  has been u t i l i z e d  as input data  f o r  a 

The program takes in to  consideration uptake by the  

The INREM Computer Code. - The r a t e  of in take  of r ad ioac t iv i ty  is  
the  primary rad ioac t iv i ty  input  for calculat ing the  cumulative dose 
equivalents by the  INREM Code. 

the various body organs from inha la t ion  o r  ingest ion of r ad ioac t iv i ty  

programmed as continuous o r  i n t e rmi t t en t  intakes as a func t ion  of age. 
The parameters i n  the  dose equations change as a funct ion o f  time as the  
person ages during the  time of in take  o r  during the  period o f  i n t e r e s t  
(which may be longer than the period of in take) .  

dimensioned, has the  capaci ty  t o  handle 110 radionuclides and 11 body 

organs. 
( G I )  t r a c t ,  is  wri t ten as follows: 

These estimates of dose are compiled f o r  

This code, as cur ren t ly  

The model, programmed f o r  a l l  organs except t he  gas t ro in t e s t ina l  

L 

where 

D. (t t $) = cumulative dose equivalent (rems) received during I n  1’ 2’ 
the  t i m e  i n t e r v a l  5 t o  t2 from the i t h  radionuclide 

i n  the  nth organ, r e su l t i ng  from intake during t h i s  
time i n t e r v a l  by an individual  born a t  53’ 



t =  1 

t =  2 

t b =  
t =  

s =  

Ii(t) = 

m n ( t )  = 

fin(%) = 

E ( t )  = in 

Xin(t) = 
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time (days) of i n i t i a l  intake r e l a t i v e  t o  time o f  re lease  
(t = o a t  time of re lease) ,  

time (days) a t  end of  period of  i n t e r e s t  
o f  release,  

time (days) of b i r t h  r e l a t i v e  t o  time of 

time (days) a f t e r  release,  

r e l a t i v e  t o  time 

release,  

time a f t e r  intake r e l a t i v e  t o  time of re lease ,  

intake (pc/day) of i t h  radionuclide a t  t, 

mass (g) of the nth organ a t  t, 

f r ac t iona l  absorption (dimensionless) of the i t h  radio- 

nuclide i n  the nth organ a t  t, 

effect ive absorbed energy (Mev) of the  i t h  radionuclide 

i n  the nth organ a t  t, and 

ef fec t ive  elimination constant (day-’) of the i t h  radio- 
nuclide i n  the nth organ a t  t. 

The var iables  tl, t2, tb, t, and s are  measured r e l a t i v e  t o  re lease,  
whereas the var iables  I( t) ,  mn(t), f in( t ) ,  cin (t),  and lin(t) a r e  functions 
of the  age of t h e  individual.  The code uses Eq. (18) f o r  ingest ion of con- 

taminated food and water, or inha la t ion  of  contaminated a i r ,  and ca lcu la tes  
the cumulative doses t o  a l l  organs except the  G I  t r a c t .  

When the age-dependent cumulative dose e v i v a l e n t s  t o  t he  G I  t r a c t  
a r e  t o  be calculated,  t he  (MET), o r  (MPC) is  used i n  t h e  following way: 

W 

/t’ Ii[ (t - t b ) , t l  ms/+ - tb) - $)/&is 
0.3 

Diyz (%, t2 tb) = 71‘ 
Y 

tl 

where 
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D (tl,t,,$) = cumulative dose, equivalent (rems) t o  a c r i t i c a l  iyz 
segment of t h e  G I  t r a c t ,  received during the  t i m e  

i n t e rva l  tl t o  t2 from inhalat ion (y = 1) or inges- 
t i o n  (y = 2 )  of the soluble  (z = 1) o r  insoluble 
(z = 2 )  form of the i t h  radionuclide f o r  an intake 
during t h i s  time i n t e r v a l  by a person born a t  lj, 

I' = intake (cc/day) of air (y = 1) or  water (y = 2 ) ,  

( I J I P C ) ~ ~  = maximum permissible concentration (bc/cc) of the 
i t h  radionuclide i n  a i r  (y = 1) o r  water (y = 2 )  , 
where the i t h  radionuclide i s  soluble (z  = 1) or  
insoluble  (z = 2) ,  

Y 

5 = time (days) of i n i t i a l  intake r e l a t i v e  t o  time of 
r e l  eas e, 

t2 = time (days) a t  end of period of i n t e r e s t  r e l a t i v e  
t o  t i m e  o f  re lease,  

$, = t i m e  o f  b i r t h  r e l a t i v e  t o  time o f  re lease ,  

I i ( t )  = i n t ake  (pc/day) of the i t h  radionuclide a t  t, 

s = standard man index, 

E = age index, 

m = mass (g) of t he  c r i t i c a l  segment of t he  G I  t r a c t  f o r  E 
the  8 th  age group, 

e = e f fec t ive  absorbed energy (Mev) of t h e  i t h  radio- i 8  
nuclide i n  the  c r i t i c a l  segment of t h e  G I  t r a c t  i n  
t he  8th age group, 

= f rac t iona l  in take  of  t h e  i t h  radionuclide reaching f i e  
the  c r i t i c a l  segment of t h e  G I  t r a c t  i n  t h e  8th age 

group * 

Calculations were made with t h e  INRE24 code t o  determine the  dose 
commitment f o r  t h e  f i r s t  year following inha la t ion  (which, i n  t h i s  model, 
is the highest  annual dose commitment) and a l s o  the  dose commitment f o r  a 
period o f  50 years following the  intake.  The complete output data from 
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INRXM have been reproduced i n  Tables 8.9 through 8.12. The r e su l t s  a t  

400 m were then u t i l i z e d  t o  obtain the  doses a t  each poin t  downwind by 

means of the  generalized curve of Fig. 8.15. 

I n  order t o  allow for  differences i n  chemical and physical behavior 

of  the various isotopes,  the isotopes may be divided roughly i n t o  cate-  
gories, depending upon t h e i r  v o l a t i l i t i e s ,  as follows: 

1. Vola t i le  f i s s i o n  products: noble gases, halogens, tritium 

2. Semivolatile f i s s i o n  products: Ru, Te, C s ,  Tc, Se 

3. Nonvolatile f i s s i o n  products: a l l  other f i s s i o n  products 

4. Nonvolatile actinides:  plutonium and t ransplutonic  elements 

The dose commitment t o  t h e  various organs, as well  a s  t o  the  whole body, 
by these categories is  given i n  Table 8.13. 

Deposition. - I n  a l l  o f  the foregoing calculat ions,  it has been 
t a c i t l y  assumed tha t  there  i s  no deplet ion of t h e  plume by deposition, 

f a l l o u t ,  o r  rainout.  Consequently, the  r e su l t s  thus f a r  obtained are 
conservative i n  t h a t  some depletion of the plume due t o  these mechanisms 
w i l l  occur. 

t i e s  of an extremely toxic  substance, such as 90Sr or  plutonium, on t h e  
ground i n  and around a highly populated a rea  may give r i se  t o  a ser ious 
hazard. 

On the  other  hand, t h e  deposit ion o f  r e l a t i v e l y  la rge  quanti-  

6 9  

C r i t i c a l i t y  Accidents. - One possible  cause o f  a serious accident i n  
a f u e l  reprocessing p lan t  is  inadvertent c r i t i c a l i t y  tha t  r e s u l t s  i n  a 
nuclear excursion. Aside from damaging mechanical e f fec ts ,  such an 
accident would augment the  inventory of f i s s i o n  products t o  an extent 
depending on the  number of  f i s s ions  taking place during t h e  excursion. 

I n  order t o  assess t h e  addi t ional  r ad ia t ion  doses that would r e s u l t  
nuclear excursion of 3.7 x l 0 l 8  f i s s i o n s  from such an incident ,  a 

has been investigated.  
daughters were considered t o  be o f  primary importance. 

due t o  iodine and t h e  external dose due t o  both iodine and noble gases 
plus t h e i r  daughters, have been calculated f o r  bo th  the  "most representa- 
t i ve"  and I1inversion1l conditions, using t h e  PLUME computer program. 

The iodine isotopes and the  noble gases and t h e i r  

The i n t e r n a l  dose 

73 
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Table 8.9. 

NO. NUCLIDE 
1 H-3 
2 SR-a9 
3 SR-90A 
4 SR-908 
5 SR-90C 
6 Y - 9 0  
7 Y-91 
8 ZR-95 
9 NR-95 

10 T C - 9 9  
11 RU-103 
12  RU-106 
13  RH-103W 
1 4  AG-111 
1 5  CO-115M 
1 6  5 8 - 1 2 4  
1 7  SN-125 
1 8  58-125 
1 9  TE-125M 
20 TE-127M 
21 TE-127 
22 TE-129M 
23 TE-129  
2 4  1 - 1 3 1  
25 CS-134 
26 CS-136 
2 7  CS-137 
2 e  86-140 
29 LA-140 
30 CE-141 
3 1  CE-144 
32  PR-143 
33 NO-147 
3 4  PM-:1.7 
35  SM-151 
36 EU-152 
3 7  EU-155 
38 T 8 - ! 6 0  
3 9  NP-239 
4 0  PU-238 
4 1  PU-239 
4 2  PU-240 
43 PU-241 
44  AM-241 
4 5  CM-242 
46 CM-244 

T O T A L  

LABEL 
30 3 

39 
9 0 1  
902 
90  3 

43  
4 8  
6 5  
6 7  
7 9  
88 
9 7  
89  

1 1 4  
1 2 5  
1 5 9  
161 
1 6 2  
1 6 3  
169 
170 
1 7 6  
1 7 1  
1 8 7  
327 
2 0 7  
210 
221  
222 
227 
239 
237 
246 
2 4 7  
2 5 5  
32 8 
262 
272 
330 
Z R O  
2 8 1  
282 
283 

1 
2 
3 

In t e rna l  Dose a t  400 m Downwind Following the Release of 1 kg of LWR 

Inhalat ion dose commitment ( in  rems) in t eg ra t ed  over 
Intake period of 1-day duration; begins a t  age 20 

T O T A L  BODY 
3.700E-07 
4.703E-03 
4.5CbE-04 
6.587E-03 
3.677E-02 
2.035E-04 
5.984E-03 
1.857E-02 
9.854E-03 
2.974E-09 
2.921.E-04 
4.9726-03 
2.908E-07 
5.269E-07 
1.053E-06 
3.821 E-06 
1.759E-07 
1 267E-04 
9.967E-06 
4 .  353E-05 
9.42OE-07 
1.248E-34 
3.63’ E-07 
2.4 2 SF-,’ 8 
4.985E-02 
4.97OF-07 
1.423E -0 2 
1.320E-05 
1.760E-06 
3. 978E-04 
1.563E -01 
3.340E-06 
2.523E-07 
1.413E-03 
1.125E-05 
I .  719E-C 6 
1. 971E-04 
1.834F-05 
1.310E-08 
4.482E-02 
4.913F-03 
7 . l l b E - 0 3  
7.239E-02 
3.186E-03 
1.7C11E-01 
4.104E-02 

BONE 
NO D A T A  
1.6 79E-01 
6.758E-03 
9.880E-02 
5.5 16E-0 1 
7.647E-03 
2.235E-01 
7.141E-02 
2.885E-02 
7.435E-09 
5.908E-04 
3.5636-02 
5.740 E-0 7 
2.371E-06 
NO O A T A  
1.007E-05 
2.97?E-0 6 
5.698E-04 
5.0 53E-0 5 
3.23GE-04 
4.32%-06 
5.197E-04 
9.281E-07 
NO D A T A  
2.971 E-02 
2 ? 82E-0 7 
2.299E-02 
1.636E-04 
1.001 E-05 
4.757E-03 
2.547E 00 
6.129E-05 
3.207E-06 

1.390E-04 
4.702E-06 
1.374E-03 
1 .4 t3E-04 
1.947E-0 7 
1 .1 t2E 00 
2.003E-01 
2.901 E-0 1 
3.525E 00 
3.962E-02 
2.566E 00 
6.179E-01 

2 . 8 4 8 ~ - 3 2  

MUSCLE 
NO D A T A  
NO D A T A  
NC D A T A  
NO D A T b  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O b T A  
NC D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NC D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
7.7OZE-02 
5.018E-07 
2.26 1E-02 
1.084E-01 
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D b T A  
NO O A T A  
NO O A T A  
NO O A T A  
NO D A T A  
NO D A T b  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO O b T A  

T H Y R C I O  
NO D A T A  
NO D A T A  
hO C l T A  
NO D A T A  
NO D A T A  
NO C b T A  
NO O b T A  
NO D A T A  
NO D A T A  
NO O b T A  
NO D b T A  
NO O b T A  
NO D A T A  
NC D A T A  
NO OATA 
2 3 32  E-08 
6 8 23E-08 
5.6 8OE-07 
1.663 E-05 
9.120E-05 
3.2102-06 
1.9 17E-04 
7.780E-0 7 
1.36 1 E-05 
NO D A T A  
NO O b T A  
NO CATA 
NO D b T A  
NO C b T A  
NO D b T A  
NO D A T A  
NO DATA 
NO D A T A  
NO C A T A  
NO D A T A  
NC D A T A  
NO O A T A  
NC C b T A  
NO D A T A  
NO DATA 
NO C A T A  
NO D b T A  
NC 0 4 1 6  
NO C A T A  
NO D A T A  
NO D A T A  

L IVER 
NO D A T A  
NO D A T A  
NO O A T A  
NO O I T A  
NO D A T A  
NO D A T A  
NO D A T A  
3 e 0  34E-02 
1.6 60 E-02 
1.102E-08 
NO D A T A  
NO D A T A  
4.789E-07 
1.017E-06 
3.295E-05 
1 675 E-09 
8.113E-08 
6 l TOE-06 
3.36OE-05 
1.669E-04 
2.095E-06 
3.265E-04 
5.861 E-07 
NO D A T A  
8.623 E-02 
7.61 4 E-0 7 
3.341E-02 
2.366 E-07 
6.714E-06 
3.25BE-03 
1.324E 00 
2.689E-05 
3.893E-06 
4.656E-03 
1. W2E-04  
4.504E-06 
6.365 E-04 
NO O A T A  
2.127E-08 
2.799E-01 
3 .068E-02 
4.444E-02 
1.965E-01 
4 - 4 8 2  E-02 
2.668E 00 
6.525E-01 

KIDNEYS 
NO D A T A  
NO D A T A  
NO C A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO C A T A  
3.840E-02 
1.803E-02 
1 388E-07 
2.446E-03 
6.872E-02 
1.903E-06 
2.916E-06 
2.666E-05 
NO D A T A  
NO O b T A  
NO D A T A  

1 - 4  19E-0 3 
1.781E-05 
2.608E-03 
4 .64  1E-06 
NO D A T A  
3 0 5 1 E-02 
4.104E-07 
1.28lE-02 
7.661E-08 
NO D A T A  
1.591E-03 
7.292E-01 
1.559E-05 
1 -825E-06 
6.596E-03 
5.249E-05 
5.073E-06 
7 e91 5E-04 
6.042E-05 
6.639E-08 
2.087E-01 
2.288E-02 
3.314E-32 
3.6 6 5E-0 1 
2.234E-02 
7.765E-0 1 
1.915E-01 

2. 8 566-04 

6 .5526-01 1.283E 01 9.962E-02 3.178E-04 5.417E 00 2.535E 90 

1 year 

SPLEEN 
NO D A T A  
NO D A T A  
NO D A T A  
hO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
2 3 04E-02 
1.456E-02 
NO D A T A  
NO D A T A  
NO D A T A  
1 0 3 3 2 E - 0 6  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
7.235E-05 
3.594E-04 
4.512E-06 
6.607E-04 
1.176E-06 
NO D A T A  
6.427E-02 
5.481E-07 
2.784E-02 
9.614E-08 
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  

1.3 O8E-0 1 

TESTES 
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
6.171E-05 
3.7BOE-04 
4.898E-06 
6.345E-04 
1.126E-06 
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D b T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  

1.080E-03 

Fuel 

O V A R I E S  
NO D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO NO D A T A  GATA 

NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  
NO OATA 
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO NO O A T A  D A T A  

NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO D A T b  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO D A T A  

NO NO D A T A  D A T A  
NO O A T A  
NO D A T A  
NO D A T A  
NO D A T A  
NO O A T A  
NO OATA 
NO D A T A  
NO D A T A  
NO OATA 
NO D A T A  
NO D A T A  

0.0 



Table 8.9 (Continued) 

LUNGS G.I. TRACT 

NO. N U C L I D E  
1 H-3 
2 SR-89 
3 SR-9@A 
4 SR-908  
5 SR-9oc  
6 Y - 9 0  
7 Y - 9 1  
4 7 R - Q S  
9 N 8 - 9 5  
1P T C - 9 9  
11 R U - 1 4 3  
12 RU-1*?6 
13 RH-!03M 
I 4  A G - I l l  
I 5  CD-115M 
16 5 8 - 1 2 4  
1 7  SN-125 
18 5 6 - 1 2 5  
1s T E - 1 2 5 4  
2" TF-127M 
7'  TE-!27 
2 2  TE-129M 
? 3  T E - 1 2 9  
2 4  1 - 1 3 1  
2 5  C S - 1 3 4  
26 C S - 1 3 6  
2 7  CS-137 
28 8 A - 1 4 0  
2 9  L A - ! 4 q  
30 C E - 1 4 1  
3 1  C E - 1 4 4  
3 2  PR-143  
3 3  N O - 7 4 7  
3 4  PM-147  
I 5  SM-151 
3 6  E U - 1 5 2  
3 7  E U - 1 5 5  
38  TB-160 
3 9  NP-239  
4 0  PU-238  
41 P U - 2 3 9  
4 2  PU-240  
4 3  P U - 2 4 1  
4 4  AM-24' 
4 5  CM-242 
4 6  CM-244 

TOTAL 

LABEL 
303 
3A 

90 1 
9 0 2  
9 0 3  

4 3  
4 8  
6 s  
6 7  
79 
98 
Q7 
9 9  

1 1 4  
1 2 5  
1 5 9  
161 
1 6 2  
1 6 3  
1 6 9  
1 7 0  
176 
1 7  7 
1 9 7  
32 7 
2 0 7  
210 
2 2  1 
222 
2 2 7  
238  
2 3 7  
2 4 6  
2 4 7  
255 
3 2 8  
2 6 2  
2 7 2  
3 3 0  
2 8 0  
281 
282 
2 8 3  

1 
2 
3 

SOLUBLE 
NO D A T A  
10 DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
9 . 3 6 B f - l Q  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
7.519E-06 
NO DATA 
3 . 9 4 6 6 - 0 4  
NO DATA 
NO OATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
9 .179E-03  
6.21 5,F-08 
3 . 6 1 3 E - 0 3  
1 . 3 2 2 E - 0 7  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
YO DATA 

1.31 9 E - 0 2  

INSOLUBLE 
2 . 7 F l E - 0 5  
7 .31  1E-02 
3.433E-01 
3.4 3 3 E - 0 1  
3.433E-01 
6. W E - 0 3  
1 .428E-01  
2.3 14E-0  1 
1 .423E-31  
5.485E-06 

1.898E 00 
7.267E-06 
3. Q 6 4 E - 0 5  
3.334E-05 
1.241E-04 
6 .590E-06  
7.601E-03 
6 .969E-04  
4 .211E-03  
2 .2196-05  
5 .612E-03  
6 .225E-06  
1 . 9 1 5 E - 0 7  
4.522E-01 
3.329E-06 
1 .772E-01  
2 . 7 1 5 f - 0 4  
3 .517E-05  
1.OC5E-02 
3.144E 00 
l . O b 5 E - 0 1  
6 .161E-06  
2.576E-02 
1 .980E-04  
1.532E-05 
2.180E-03 
2 .519E-04  
2 .481 E-0 7 
1.135E 00 
1 .243E-01  
1 c 8 0 1 E - 0 1  
4 .234E-02  
4.682E-02 
2.520E 00 
6 . 0 6 1  E-0 1 

1.2C4E 0 1  

2. a 0 6 ~ - 0 2  

S O C U @ t E  
6. LRCE-CB 
9.690E-03 
2. ?20E-C3 
2. 3 2 0 E - 0 3  
2 .3206-03  
1 . 7 4 0 E - 0 2  
2 .407E-02  
2.507E-02 
2 .353E-02  
1 .843E-07  
4 . 0 4 l E - 0 3  
1 .242E-01  
2 .701E-05  
3 .443  E-05 
6 .707E-06  
1 . 5 6 8 6 - 0 5  
4 . 5 4 2 6 - 0 6  
7.69 3 E-04 
2 .971E-04  
2. e07E-C4 
9 .236E-05  
8.695E-C4 
l . F 4 ¶ E - 0 5  
9. @ 5 7 E - 0 9  
1 .S35E-03  
9.448E-CB 

6 . 5 1 0 E - 0 5  
8.994E-05 
2 .575E-03  
2.332-5-03 
6.3r)SE-05 
4.63 3E-06 

~ . ~ I s E - o ~  

I .  ao EE-03 
1 . 3 0 t E - 0 5  
5 .224E-07  
1.447E-C4 
2 .7256-05  
5.269E-01 
4 .255E-04  
4. F96E-C 5 
1 .237E-05  
3.482E-04 
3 .028E-05  
2 .725E-03  
3.770E-04 

2 .505E-01  

I NSO LUBL E 
3. I k 3 E - 0 6  
1 .744E-02  
3 .866E-03  
3 .8666-03  
2 .320E-02  3.86 6E-0 3 

2 .889E-32  
2 .507E-02  
2 .353E-02  
4.300E-07 
8.094E-03 
I. 862E-9  1 
4 .052E-05  
4 .304E-35  
1 .006E-05  
1.96CE-05 
6 .056E-96  
3 .693E-04  
1 .485E-04  
6.238E-C4 
1.847E-34 
1 .522E-03  
3 .897E-05  1.971E-07 

2.764E-0 2 
1 .890E-06  
1.2@4E-OZ 
9 .766E-05  
1 .124E-04  
2.575E-03 
3 .497E-01  
7.005E-05 
4.633E-06 
2.267E-03 
1.49 2E-S 5 
1 .045E-06  
1 .447E-04  
3 .407E-05  
7.9C3E-37 
5.105E-04 
5.996E-05 
8.68 5E-05  
5 .224E-04  
3.634E-05 
3.40 7E-0 3 
4.524E-04 

7.26 9E -0 1 

CM 
1 
4 
0 



Table 8.10. In te rna l  Dose a t  400 m Downwind Following the Release of  1 kg of LWR 

Inhalation dose commitment ( i n  rems) integrated over 50 years 
Intake period of  l-day duration; begins a t  age 20  

NO. NUCLIDE 
1 H-3 
7 SR-89 
3 S R - 9 0 A  
4 SR-COB 
5 SR-9OC 
6 V-90 
7 v-9! 
8 ZR-95 
9 N8-95 

10 TC-99 
l !  RU-!03 
1 2  RU-106 
13 RH-103M 
14 AC-111 
15 C O - i l 5 M  
1 6  5 8 - 1 2 4  
17 SN-125 
1 8  5 8 - 1 2 5  
1 9  TE-125M 
2 0  TE-12-H 
2 1  TE-127 
2 2  TE-129M 
2 3  TE-129 
2 4  1 - l ? ?  
25 CS-134 
26 CS-136 
2 7  CS-137 
2 8  96-140 
29 C A - 1 4 0  
30 CE- '41  
3 1  CE-144 
32 PR-143 
33 ND-147 
34 PM-147 
3 5  SM-151 
36 EU-152 
3 7  EU-155 
3 8  18-160 
30 NP-739 
40 PU-238 
41 PU-239 
4 2  PU-240 
43  PU-241 
44 AN-241 
45 CM-242 
46 C M - 2 4 4  

TOTAL 

LABEL 
30 3 
38 

90 1 
9 0 2  
9n 3 

4 3  
48 
6 5  
67  
7 9  
88 
9 7  
4 9  

114 
1 2 5  
1 5 9  
1 6 1  
1 6 2  
163 
1 6 9  
170 
! 76 
1 7 1  
1 8 7  
327 
2 ^ 7  
210 
2 2 1  
2 2 2  
22' 
238 
237 
2 4 6  
247 
2 5 5  
328 
262 
2 7 2  
330 
280 
281 
282 
2 8 3  

1 
2 
3 

TOTAL BODY 
3.700E-07 
4.734E-03 
4 . 5 C 6 E - 0 4  
b.608E-03 
5.753E-01 
2.035E-04 
6.061E-03 
1 . 8 7 l E - 0 2  
9.859E-03 
2.974E-0s 
2.924E-04 
4.972E-01 
2.908E-37 
5.269E-07 
1 .n54E-06 
3 .  821E-06 
1.759E-07 
I .  268E-Oo 
Q.967E-06 
4.3536-05 
9.42OE-07 
1.248E-04 
3.631E-07 
2 .425E-08  
5.09Oi-02 
4.970E-07 
1. 463E-02 
I .  323E-35 
1.760E-C6 
3.979E-04 
Z.130E-01 
3.34OE-06 
2 523E-07  
2.926E-03 
3.471E-05 
4.727E-06 
3.565E-04 
1.875E-05 

1.717E 0 3  
2.23  6f -01 
3.234E-c) 1 
1 .24 tE 03 !. ?54E-31 
2.158E-01 
7.895E-01 

5.5406 D O  

1. 3 1 0 ~ - ~ 1 8  

BONE 
NO DATA 
1.690E-01 
6.758E-03 
9.912E-02 
8.630E DO 
7.647F-03 
2.264E-01 
7.244E-02 
2.887E-02 
7.435E-09 
5.90dE-04 
3.563E-02 
5.7 40E-01 
2.371 E-06 
NO CATA 
1.OCAE-05 
2.977E-06 
6.064E-04 
5.053E-05 
3.230E-04 
4.325E-06 
5.197E-04 
9.281 E-07 
NO DATA 
3.383E-02 
2.382E-0 7 
2.738E-02 
1.636E-04 
1 .OC1 F-05 
4.7 WE-03 
3.94UE DO 
6.729E-05 
3.207E-Ob 
7.953E-02 
8.644E-04 
2.360E-05 
3.140E-03 
1.500E-04 
1.947E-07 
6.823E 01 
9.212E D O  
1.333E 01 
6.068E 0 1  
1.761E DO 
3.250E O D  
1.331E 01 

1.831E 02 

KUSCLE 
NO DATA 
NO DATA 
NC DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
hC DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
hC DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NC DATA 
8.770E-02 
5.018E-07 
2.692E-02 
1 - 0 8  4E-07 
NO DATA 
h C  DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
hG DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NC DATA 
NO DATA 
NC DATA 
NO DATA 
NO DATA 
NO DATA 

1.146E-01 

THYROID 
NG DATA 
NO DATA 
NC C A T A  
NO DITA 
NO O A T A  
hO DATA 
NC C A T A  
NO DATA 
NO C A T A  
N O  C A T A  
NO C A T A  
NO DATA 
NO CATA 
NO DATA 
hC DATA 
2 3 32E-08 
6.8 2 3E-0 8 
5.680E-07 
1.663E-05 
9.12OE-05 
3 2 10 E-06 
1 9 17E-04 
7.780E-07 
1.361 E-05 
NO DPTA 
hO DATA 
NC DATA 
NO DATA 
N O  DATA 
NO CATA 
NC DATA 
NO 04TA 
NO DATA 
NO DATA 
NG C A T A  
NO DATA 
k 0  DATA 
NO DATA 
NC CATA 
NO DATA 
NO C A T A  
NO DATA 
NO CATA 
NO DATA 
NO DATA 
NC DATA 

3.178E-04 

L IVER 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
3 - 060 E-02 
1.661E-02 
1.102E-08 
NO DATA 
NO DATA 
4.789E-07 
1 -017E-06 
3.297.E-05 
1.675.E-09 
8.113E-08 
6.176E-06 
3.3 60 E-0 5 
1.669E-G4 
2.095E-06 
3.265E-04 
5.861 E-07 
NO DATA 
9.02ZE-02 
7.614E-07 
3.549E-02 
2.366E-07 
6.714E-06 
3.258E-03 
1.609E DO 
2.689E-05 
3.893E-Ob 
9.640E-03 
1.484E-04 
5.181E-06 
6.995E-04 
NO DATA 
2.127E-Cj 
9.164E DO 
1.259E DO 
1.823E OD 
3.137E DO 
6.107E-01 
3.312E OD 
5.743E DO 

2.744E 01 

K IONEVS 
NO CATA 
NO CATA 
NO CATA 
NO DATA 
NO C A T A  
NO O A T A  
NO CbTA 
3 -894E-02 
1.8G4E-02 
1.388E-07 
2.446E-03 
6.872E-02 
1.90?E-06 
2.916E-06 
2 669E-05 
NO C A T A  
NO DATA 
NO CATA 
2.8 56E-04 
1 ~ 4 1 9 E - 0 3  
1.78 1 E-05 
2.608E-03 
4.641E-Ob 
NO DATA 
3 056E-02 
4.704E-07 
1 -285E-02 
7.661E-08 
NO DATA 
1.592E-03 
9.939E-01 
1.559E-05 
1.825E-06 
1 -366E-02 
1 620E-04 
2.522E-05 
1.806E-03 
6.176E-05 
6.6 39E-08 
7.280E OD 
9.5C 1 E- GI 
1.376E DO 
5.969E 0; 
8 -650E-01 
9.8 17E-01 
3.684E DO 

2.229E 01  

SPLEEN 
NO O A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
2.336E-02 
1.456E-02 
NO DATA 
NO DATA 
NO DATA 
1.332E-06 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
7.2356-05 
3.594E-G4 
4.5126-06 
6.607E-04 
1.17bE-06 
NO DATA 
6.813E-02 
5.481 E-07 
3.006E-02 
9.614E-08 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

1.3 72E- 01 

TESTES 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OPTA 
NO DATA 
NO DATA 
NO DATA 
6.171E-05 
3.780E-04 
4.898E-06 
6.345E-04 
1 - 1 2  bE-0 6 
NO DATA 
NO DATA 
NO DATA 
NO NO DATA DATA 

NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

NO NO DATA DATA 
NO DATA 

NO NO DATA DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

1.085E-03 

Fuel 

O V A R I E S  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO O A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
FiO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

0.0 

al 
I 
4 
P 



Table 8.10 (Continued) 

LUNGS G.I. T R A C T  

NO. NUCLIDE 
1 t i -3  
2 SR-89 

SR-904 
4 SR-908 
5 SR-90C 
6 Y - 9 0  
7 Y - 9 1  
8 ZR-95 
9 Ne-95  

1" TC-99 
11 RU-103 
1 2  RU-106 
1 3  RH-103M 
:4 AG-111 
15 CD-?15M 
I t  5 8 - 1 2 4  
1 7  SN-125 
1 8  S6-125  
19 TE-125M 
2 0  TE-127M 
2 1  TE-127  
2 2  TE-129M 
2 3  T E - ' 2 9  
2 4  1 - 1 3 1  
2 5  CS-174 
2 6  CS-I36 
27 C S - 1 3 7  
2 8  B A - I 4 0  
2 9  L A - 1 4 3  
3C C E - 1 4 1  
3 1  CE-144  
3 2  PR-143  
33  N O - I 4 7  
3 4  PM-147 
3 5  S M - 1 5 1  
36  EU-:52 
3 7  EU-155 
3 8  TB-160  
3 9  NP-73'3 
4 0  PU-238  
4 1  PU-239  
4 2  PU-240 
4 3  P l l - 2 4 1  

4 5  CM-242 
4 4  ~ n - 2 4 1  

~6 c n - 2 4 4  

TOTAL 

LABEL 
30 3 

3 8  
901 
9 0 2  
9 0 3  

4 3  
4 8  
65 
6 7  
7 9  
88 
97 
89 

1 1 4  
1 2 5  
1 5 9  
161 
1 6 2  
1 6 3  
1 6 9  
1 7 0  
1 7 6  
177 
1 9 7  
3 2 7  
2C7  
210 
2 2 1  
2 2 2  
2 2 7  
2 3 8  
2 3 7  
2 4 6  
2 4 7  
2 5 5  
3 2 8  
2 6 2  

3? 3 
280 
2 8  1 
2 8 2  
2 8 3  

1 
7 
3 

2 7 2  

saLut3t.E 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO O A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
9 . 3 6 8 6 - 1 0  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
7 . 5 2 9 E - 0 6  
NO DATA 
4.19SE-04 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
1.045E-02 
6.21%-08 
4 .303E-03  
1. 322E-07  
NO DATA 
NO 3 A T A  
NO DATA 
NO DATA 

NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO O I T A  
NO D A T A  
NO DATA 

1.51 BE-02 

Na D A T A  

INSOLUBLE 
3.155E-05 
7.317E-02 
3.896E-01 
3.896E-01 
3.896E-01 
6. W E - 0 3  
1.430 E - 0 1  
2 .319E-01 
1.423 E-01 
6.245E-06 
2.866E-02 
2.021E 00 
7.267E-06 
3.964E-05 
3.335E-35 
1.244E-04 
6.590E-06 
8.364E-03 
6.979E-04 
4.3 1 8  €-03 
2.219E-05 
5.612E-03 
6.225E-06 
1.915E-07 
4.9 7') E-01  
3.329E-06 
2.01 1 E - 0 1  
2.715E-04 
3.517E-05 
1 .005E-02  
3.313E 00 
1.065E-04 
6.161E-06 
2.839E-02 
2.2 53  E-04 
1.731E-05 
2.3 73E-03 
2.529E-04 
2.481E-07 

2 . 4 8 9 5 0 1  
3 .605F-01  
8. O C  1 E-02 
5.330E-02 
2.587E 00 
6 .865E-01  

1.416E 01 

2 . 2 5 5 ~  oe 

SOLUBLE 
6.28EE-C8 
5.C90E-03 
2.320E-03 
2.320E-03 
2.320E-03 
1.740E-C2 
2.40 7E-02 
2.501 E-02 
2.?53E-C2 
1.843E-07 
4.047E-C3 
1.242E-0 1 
2.70 1E-05 
3.443E-05 
6.707E-06 
1.56BE-05 
4.542E-06 
3.693E-C4 
2.971E-04 
2. e07E-C4 
9.236E-C5 
8. 695E-04  
1.949E-05 
9.857E-OS 
1.935E-03 
9.448E-08 
4.815E-04 
6.510E-05 
8.994E-05 
2.575E-03 
2.332E-03 
6.3C5E-05 
4.633E-06 
1 .80 tE-C3 
1.3G6E-05 

1.447E-04 
2.125E-05 
5.269E-07 

4.996E-05 
7.237 E-0 5 
3.482E-C4 
3. E2 BE-0 5 
2.725E-03 
3.770E-04 

2.505E-01 

5 . 2 2 4 ~ - 0 7  

4 . 2 5 5 ~ - 0 4  

3.143E-06 lNSOLUBLE 

1.744E-02 
3.866E-03 
3.866E-33 
3.866E-33 
2.32OF-02 
2.889E-02 
2.507E-02 
2.353E-02 
4.300E-07 
8.094E-03 
1.862E-01 
4.052E-05 
4.304E-05 
1.006E-05 
1.96CE-05 
6.05 6E-06 

1.485E-04 
6.238E-04 
I. 847E-04  
1.52ZE-03 
3.8976-05 
1.97 1 E-07 
2.764E-02 
1.89GE-06 
1. 204E-02  
9.766E-05 
1.124E-04 
2.575E-01 
3.497E-01 
7.005E-05 
4.633E-06 
2.257E-03 
1.492E-05 
1.045E-06 
1.447E-04 
3.407E-05 
7.903E-C7 
5.105E-04 
5.99bE-05 
8.685E-05 
5.224E-04 
3.634E-05 
3.407E-03 
4.524E-04 

3 . 6 9 x - m  

7.269E-01 



Tab1 e 

NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
'0 
11 
12 
1 3  
14 
15  
16  
17 
18 
1 9  
20 
21 
22 
23 
24  
25 
26 
27 
28 
29 
30 
3 1  
3 2  
33 
34  
35 
36 
37 
38 
39 
40 
4 1  
4 2  
4 3  
4 4  
45  
4b  

48 
49 
50 
5 1  

47 

8.11. 

NUCLIDE 
H-3 
SR-89 
SR-90A 
SR-908 
SR-90c 
V-90 
V-91 
ZR-95 
NB-95 
UO-99 
TC-99M 
TC-99 
RU-103 
RU-106 
RH-103M 
A G - 1 1 1  
CD-115M 
58-124 
S N - 1 2 5  
58-125 
TE-125M 
T E - 1 2 7 M  
T E - 1 2 7  
TE-129M 
TE-129 
T E - 1 3 2  
1-131 
1-132 
CS-134 
CS-136 
CS-137 
EA- 140 
LA-140 
CE-141 
CE-144 
PR-143 

PM-147 
PM-149 
SM-151 
EU- 152 
EU-155 
T B - 1 6 0  
NP-239 
PU-238 
PU-239 
PU-240 
PU-241 
A M - 2 4 1  
CM-242 
CM-244 

TOT A L 

NO-147 

In te rna l  Dose a t  LOO m Downwind Following the  Release of  1 kg of LMFBR Fuel 

Inhalation dose commitment ( in  rems) in tegra ted  over 1 year  
Intake period of l-day duration; begins a t  age 20 

LABEL 
303 

38 
90 1 
902 
90 3 

43 
48 
65 
67 
77 
7 8  
79 
88 
97 
89 

114 
125 
159 
1 6 1  
162 
163 
169 
170 
176 
177 
1 9 1  
187 
192 
32 7 
20 7 
210 
221 
222 
227 
238 

246 
247 
2 5 1  
255  
328 
262 
272 
330 
280 
281 
282 
283 

1 
2 
3 

237 

TOTAL BODY 
4.984E-07 
3.120E-02 
2.553E-04 
3.732E-03 
2.083E -02 
1.156E-04 
3.466E-02 
1.413E-01 
5.060E-02 
5.096E-06 
1.1 1OF-C8 
3.100E-09 
5. ???E-03 
1.564E-02 
5.737E-06 
1.752E-05 
6.393E-06 
3.396E-06 
5.885E-05 
3.147E-04 
2.15PE-05 
4.304E-04 
9.544E-06 
3.371E-03 
9.817E-06 
3.488E-05 
1. S53E-03 
2.370E-06 
6.788E-03 
6.882E-04 
1.464E-02 
1.606E-02 
2.13lE-03 
8.420E-03 
2.597E-01 
3.099E-03 
9.140E-04 
5- 019E-03 
8.139E-08 
4.587E-05 
1.569E-06 
2.456E-03 
5.784E-04 
5.435E-06 
1.787.5-01 
5.255E-02 
6.342E-02 
3.777E-01 
2.501E-02 
7.452E-01 
2.044E-02 

2.094E 00 

BONE 
NO DATA 
1.114E 00 
3.829E-03 
5.598E-02 
3.125F-01 
4.343E-03 
1.295E 00 
5 e4 33E-01 
1.481E-01 
NO DATA 
5.5 50E-11 
7.749E-09 
1.167E-02 
1.121E-01 
1.132E-05 
7.883E-05 
NO DATA 
8.9 50 E- 06 
9.959E-04 
1.416E-03 
1.094E-04 
3.194E-03 
4.382E-05 
1.404E-02 
2.510E-05 
5.680E-05 
NO DATA 
NO DATA 
4.04%-03 
3.299E-04 
2.364E-02 
1.990E-01 
1.215E-02 
1.007E-01 
4.234E 00 
6.244E-02 
1.163E-02 
1.011E-01 
1.031E-06 
5.6678-04 
4.293E-06 
1.713E-02 
4.615E-03 
8.0 81 E-05 
7.023E 00 
2.142E 00 
2.585E 00 
1.839E 01 
3.1 10E-01 
1.121E 01 
3.077E-01 

5.036E 01 

MUSCLE 
NO OATA 
NO OATC 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NC DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO D A T A  
NO DATA 
NO D A T A  
NO DATA 
NC DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
1.049E-02 
6.949E-04 
2.325E-02 
1.31 @E-04 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO D 4 T A  
NO DATA 
NO DATA 
NO D A T A  
NO O A T 4  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 

3.456E-02 

THVRCIO 
NO DATA 
NO CATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO CATA 
NO DATA 
FtD OATA 
2.073E-08 
2.282E-05 
1.411E-0 6 
3.6008-05 
9.017E-04 
3.252E-05 
5.179E-03 
2.1 0 4 E-05 
4.389E-05 
8.716E-01 
9.725E-04 
NO DATA 
NO OPTA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 

8.788E-01 

LIVER 
NO D A T A  
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
2.308E-01 
8.523 E-02 
2.699E-05 
5.999E-10 
1.148E-08 
NO DATA 
NO DATA 
9 -449E-06 
3.382E-05 
2.001E-04 
1.489E-09 
2.714E-05 
1.533E-05 
7.2T5E-05 
1.650E-03 
2.123E-05 
8.821E-03 
1.585E-05 
4.882E-05 
NO DATA 
NO OATA 
1.174E-02 
1.054E-03 
3.43SE-02 
2.878E-04 
8 6.895E-02 15 1 E-03 

2.201E 00 
2.49 6 E-02 
1.412E-02 
1.653E-02 
2.185E-07 
4.495E-04 
4.114E-Ob 
7.9 33E-03 
NO DATA 
8.828E-06 
1.116E 00 
3.282E-01 
3-961E-01 
1.025E 00 
3.518E-01 
l.165E 01 
3.25OE-01 

1.791E 01 

K IONEVS 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
2.922E-01 
9.2606-02 
6.493E-05 
8.418E-09 
1 446E-07 
4.831E-02 
2.162E-01 
3.755E-05 
9.695E-05 
1.6 19E-04 
NO DATA 
NO DATA 
NO DATA 
6.184E-04 
1.403E-02 
1.804E-04 
7.046E-02 
1.255 E-04 
3.621E-04 
NO DATA 
NO OATA 
4.154E-03 
6.513E-04 
1.318E-02 
9.318E-05 
NO DATA 
3.368E-02 
1.212E 00 
1.446E-02 
6.619E-03 
2.342E-02 
2.954E-07 
2.141E-04 
4.632E-Ob 
9.866E-03 
1.905E-03 
2.755E-05 
8.319E-01 
2.448E-01 
2.954E-01 
1.912E 00 
1.753E-01 
3.391E 00 
9.539E-02 

9.002E 00 

SPLEEN 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
1.753E-01 
7.4T4E-02 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
2.629E-05 
NO D A T A  
NO DATA 
NO DATA 
NO D A T A  
NO D A T A  
1.566E-04 
3.553E-03 
4.5 71 E-05 
1.78SE-02 
3.179E-05 
9.174E-05 
NO DATA 
NO DATA 
8.751E-03 
7.590E-04 
2.863E-02 
1.1 69E-04 
NO 0 8 T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO NO D A T A  DATA 

NO DATA 
NO D A T A  
NO OATA 
NO DATA 
NO OATA 
NO D A T A  
NO DATA 
NO NO DATA DATA 

NO D A T A  
NO D A T A  
NO OATA 

3.101E-01 

T E S T E S  
NO D A T A  
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO NO D A T A  OATA 

NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO O A T a  
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
1.336E-04 
3.737E-03 
4.962E-05 
1.71 4E-02 
3.04 5E-05 
7.572E-05 
NO DATA 
NO D A T A  
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO NO D A T A  DATA 

NO NO D A T A  DATA 

NO NO DATA OATA 

NO DATA 
NO DATA 
NO D A T A  
NO NO D A T A  DATA 

2 I1 ? E 4 2  

OVARIES 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO O A T 1  
NO OATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO O A T 1  
NO D A T A  
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO D A T A  
NO D A T A  
NO D A T A  
NU OATA 
NO DATA 
NO D A T A  
No DATA 
NO DATA 
NO D A T A  

NO DATA 

NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO D A T A  
NO DATA 

m DATA 

m DATA 

m DATA 

0.0 



NO. NUCLIOE 
1 H - 3  
2 SR-89 
3 SR-90A 
4 SR-908 
5 SR-9OC 
6 Y-90 
7 Y - 9 1  
8 ZR-95 
9 NB-95 

10 HO-99 
11 TC-9911 
12 TC-99 
1 3  RU-103 
14 RU-106 
15  RH-103H 
16 16-111 
17 CO-115H 
I 8  58-124 
19 SN-125 
2F 58-125 
2 1  TE-125H 
22 TE-127H 
23 TE-127 
24 TE-l29H 
25 TE-129 
26 TE-132 
27 1-131 
28 1-132 
29  15-134 
30 CS-136 
3 1  CS-137 
32 8A-140 
33  LA-140 
34 CE-141 
35 CE-144 
36 PR-143 
37  NO-147 
38 PH-147 
39  PM-149 
40 511-151 
4 1  EU-152 
42 EU-155 
43 TB-160 
44 NP-239 
45 PU-238 
46 PU-239 
4 7  PU-240 
48 PU-241 
49 AH-241 
50 CH-242 
5 1  CH-244 

TOTAL 

LABEL 
303 

38 
9 0 1  
902 
903 

43 
48 
65 
6 1  
7 7  
78 
79 
88 
97 
89 

114 
1 2 5  
159 
161 
162 
163 
169 
170 
176 
177 
1 9 1  
187 
192 
327 
207 
210 
221 
222 
227 
238 
237 
246 
247 
251 
255 
328 
262 
272 
330 
280 
281 
282 
283 

1 
2 
3 

LUNGS 

SOLUBLE 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
3.060E-10 
9.764E-10 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO O A T A  
6.683E-06 
NO DATA 
9.804E-04 
NO DATA 
NO DATA 
NO O A T A  
NO O A T A  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
1.250E-03 
8.606E-05 
3.715E-03 
1.608E-04 
NO DATA 
NO DATA 
NO DATA 
NO OAT4 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

6.199E-D3 

INSCLUBLE 
3.158E-05 
4.851E-01 
1.945E-0 1 
1.945E-01 
1.945%-01 
3.95lE-03 
8.271 E-01 
1.160E 00 
7.30bE-01 
9.236E-05 
8.49lE-08 
5. 7I6E-06 
5.  6 61 E-0 1 
5.912E 00 
1.434E-04 
1.318E-03 
2.025E-04 
1.103E-04 
2.2 04E-03 

1 -509E-03 
4.222E-02 
2.248E-04 
1.516E-0 1 
1.683E-04 
5.514E-04 
1.227E-02 
1.62%-05 
6.15lE-02 
4.610E-03 
1.822E-01 
3.302E-01 
4.211E-02 
2.lZBE-01 
5.226E 00 
9.880E-02 
2.235E-02 
9.14EE-02 
2.2 79E-06 
8.015E-04 
1.398E-05 
2.71EE-02 
7.945E-03 
1.029E-04 
4.523E 00 
1.330E 00 
1.605E 00 
2.209E-01 
3.615E-01 
1.100E 01 
3.018E-01 

1.8a8~-02 

3.682~ 01 

Table 8.11 (Continued) 

G.I. TRACT 

SOLUBLE 
8.467E-08 
6.430E-02 
1.31 4E-03 
1.314E-03 
1.314E-03 
9.87%-03 
1.394E-01 
1.908E-01 
1.20EE-0 1 
3.289E-05 
1.572E-06 
1.92lE-01 
1.9946-02 
3.90tE-0 1 
5.329.E-04 
1.1458-03 
4.013E-05 
1.394E-05 
1.5198-03 
9.175E-04 
6.432E-04 
2.115E-03 
9.357E-04 
2.349E-02 
5.269E-04 
5.4128-04 
6.314E-04 
4.340E-05 
2.634E-04 
1.308E-04 
4.95 1 E-04 
7.919E-02 
1.092E-01 
5.451E-02 
3.876E-03 
5.850E-02 
1.681E-02 
6 - 4 1  4E-03 
5.58lE-Ob 
5 32 6E-OS 
4.16SE-07 
1.803E-03 
8.594E-64 
2.1866-04 
1.69tE-03 
5.3456-04 
6.450E-04 
1.817E-03 
2.37lE-04 
1.190E-02 
1.877E-04 

1.363E 00 

INSOLUBLE 
4.233E-06 
1.15lE-01 
2.190E-03 
2.190E-03 
2.190E-03 
1.317E-02 
1.673E-01 
1.90 8E-01 
1.208E-01 
2.349E-04 
3.143E-06 
4.482E-07 
1 59 9E-0 1 
5.859E-01 
1.994E-04 
1.43 1E-03 
6.109E-05 
1.74 ZE-0 5 
2.026E-03 
9.115E-04 
3.21 bE-04 
6.167E-03 
1 - 8 7  1E-03 
4.111E-02 
1.054E-03 
9.410E-04 
1.263E-02 
1.302E-04 
3.164E-03 
2.61 6E-03 
1.23 BE-0 2 
1.188E-01 
1.365E-01 
5.451E-02 
5.814E-01 
6.500E-02 
1.681E-02 
8.017E-03 
6.984E-06 
6.087E-05 
9.539E-07 
1.803E-03 
1.074E-03 
3.279E-04 
2.035E-03 
6.414E-04 
1. 74CE-04 
2.725E-03 
2.85 .?E-04 
1.48 BE-02 
2.253E-04 

2.455E 00 



Table 

NO. 
1 
7 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 
17 
18 
19  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

3 1  
32 
33 
3 4  
35 
36 
37 
3 8  
39 
40  
4 1  
42 
43  
4 4  
45  
4 6  
4 7  
48  
49  

3c 

50 
5 1  

8.12. 

NUCLIDE 
H- 3 
SR-89 
S R - 9 O A  
SR-908 
SR-90C 
V-90 
Y-9 1 
ZR-95 
NE-95 

TC-99M 
TC-99 
RU-103 
RU-106 
RH-103M 
AG-111 
CO-115M 
Sa- 124 
SN-125 
$ 8 - 1 2 5  
TE-125H 
TE-127M 
TE-127 
TE-129M 
TE-129 
TE-132 
I -131  
1-132 
CS-134 
CS-136 
CS-137 
EA-140 
LA-140 
CE-141 
CE-144 
PR-143 
NO- 14T 
PM-147 
PH-149 
SM-151 
EU-152 
EU-155 
T B - l 6 C  
NP-239 
PU-238 
PU-239 
PU-240 
PU-241 
AM-21.1 
CM-242 

no-99 

CM-244 

TOTAL 

In te rna l  Dose a t  LOO m Downwind Following the Release of 1 kg of LMFBR Fuel 

Inhalation dose commitment ( i n  rems) integrated over 50 years  
Intake period of 1-day duration; begins a t  age 20 

LABEL 
3c 3 

38 
“0 1 
902 
903 

43 
48 
65 
67 
77 
78 
79 
98  
97 
89 

114 
125 
159 
161 
162 
163 
169 
173 
176 
177 
1 9 1  
187 
192 
327 

210 
221 
222 
227 
238 
237 
246 
247 
251  
255 
328 
2 62 
272 
330 
280 
28 1 
232 
2 8 3  

1 
2 
3 

207 

TOTAL BODY 
L. 984E-07 
3.141E-02 
2.553E-04 
3.T44E-03 
3.26CE-0 1 
1.156E-04 
1.511E-02 
1.428E-01 
5.063E-02 
5.096E-06 
1. l lGE-0% 
3.100E-09 
5.777F-03 
1.564E-02 
5.737E-06 
1.752F-05 
6.398E-06 
3.3Q6E-06 
5.885E-05 
3.15”E-04 
2.1586-05 
4.334E-54 
e. 544E-Ob 
3.371E-03 
9.817E-06 
3.488E-05 
1.553E-03 
2.375E-06 
6.935E-03 
6.882E-04 
1.504E-02 
1.606E-02 
2.137F-03 
8.422E-03 
3.541E-01 
3.099E-33 
9.150E-04 
1.039E-02 
B.139F-08 
1.41 5F-04 
4.316E-06 
4.444E-03 
5.912E-04 
5. 435E-06 
6.842E 00 
2.392E OC 
2.883E 00 
6.502E 00 
9.058E-01 
9.4226-01 
3.931E-31 

2.190E 0 1  

BONE 
NO DATA 
1.1ZZE 00 
3.829E-03 
5.6 16 E-02 
4.889E 00 
4.343E-03 
1.312E 00 
5.512E-01 
1.482E-01 
NO DATA 
5 -550E-11 
7.749E-39 
1.167E-02 
1.121 E-01 
1.132E-05 
7.883E-05 
NO DATA 
8.961F-06 
9.95QE-04 
1.507E-03 
1.094E-04 
3.194E-03 
4.382E-05 
1.404E-02 
2.510E-05 
5.680E-05 
NO DATA 
NO DATA 
4 .  bD6E-03 
3.299E-04 
2.815E-02 
1.990E-01 
10215E-02 
1.007E-01 
6.549E 00 
6.244E-02 
1.163E-02 
2.824E-01 
1.031 E-06 
3.525E-03 
2.154E-05 
3.914E-02 
4.730E-03 
8.081E-05 
2.719E 0 2  
9.854E 0 1  
1.188E 0 2  
3.166E 02 
1.383E 0 1  
1.419E 01  
6.630E 00 

8.560E 0 2  

ClUSCLE 
NO DATA 
NO DATA 
NO DATA 
NO OAT4 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NC DATA 
NO DATA 
NG DATA 
NO DATA 
NO D4TA 
NO DATA 
NC DATA 
NO DATA 
NO 0.DTA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
1.194E-02 
6.949E-C4 
2.768E-02 
1.31 BE-04 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
hi0 DATA 
NO DATA 

4.045E-02 

THVRCIO 
NC DATA 
NO DATA 
NO @ATP 
NO DATA 
NO DATA 
NO DbTA 
NG CATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO CATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NG DATA 
2.e ~ E - O E  
2. 2 ~ ~ - 0 5  
1.411E-06 
3.600E-05 
9 -0 17E-04 
3.2526-05 
5.179E-03 
2.104E-05 
4.389E-05 
8.7 16 E-0 1 
9.7 25 E-04 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO CATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NG DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

8.788E-01 

LIVER 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
2.3 28E-0 1 
8.527%-02 
2.699E-05 
5.999E-10 
1.149E-08 
NO DATA 
NO OATA 
9.449E-06 
3.382E-05 
2.002E-04 
1.489E-09 
2.714E-05 
1.534E-05 
7.275E-05 
1.650E-03 
2.123E-05 
8.8 21 E-03 
1.585E-05 
4.88 ZE-05 
NO DATA 
NO DATA 
1.228E-02 
1.054E-03 
3.649E-02 
2.878E-04 
8.151E-03 
6.896E-02 
2.6T5E 00 
2.496E-02 
1 -412E-02 
3.423E-02 
2.185E-07 
6.050E-04 
4.730E-Ob 
8.719E-03 
NO DATA 
8. 8Z8E-06 
3.892E 01 
1.34bE 01 
1.625E 01 
1.637E 01 
4.794E 00 
1.446E 01 
2.860E 00 

1.103E 02 

K I D N E Y S  
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
2 9 6  3E-01 
9.265E-02 
6.493E-05 

1.446E-07 
4.831E-02 
2.16ZE-01 
3.755E-05 
9.695E-05 

~ . 4 i a ~ - o 9  

NO 1.621E-04 OATA 

NO DATA 
NO DATA 
6.184E-04 
1.403E-02 
1.804E-04 
7.046E-02 
1.255E-04 
3.621E-04 
NO DATA 
NO DATA 
4.1 61E-03 
6.513E-04 
1.321E-02 
9.318E-05 
NO DATA 
3.369E-02 
1.65ZE 00 
1.446E-02 
6.6 19E-03 
4.850E-02 
2.954E-07 
6.605E-04 2.303E-05 

2.251 E-02 
1.948E-03 
2.755E-05 
2.902E 01 
1.016E 01 
1.226E 01 
3.114E 01 
6.790E 00 
4.207E 00 
1.835E 00 

9.803E 01 

SPLEEN 
NO DATA 
NO DATA 
NO DATA 
N d  DATA 
NO DATA 
NO DATA 
NO DATA 
1 ~ 7 7 8 E - 0 1  
7.4T8E-02 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
2.6 29E-05 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
1 5 66E -04 
3.554E-03 
4.5 7 lE-05 
1.785E-02 
3.179E-05 
9.1 74E-05 
NO DATA 
NO OATA 
9.276E-03 
7.590E-04 
3.091E-02 
1.169E-04 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

3.154E-01 

TESTES 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO NO DATA OATA 

NO DATA 
NO OATA 
NO DATA 
NO OATA 
NO DATA 
NO OATA 
1.336E-04 
3.737E-03 
4.962E-05 
1 -714E-02 
3 045E-0 5 
7.572E-05 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO NO DATA DATA 

NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

NO NO OATA DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

2.11 7E-02 

OVARIES 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
ND DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 

0.0 



NO. NUCLIDE 
1 H-3 
2 SR-89 
3 SR-qOA 
4 SR-909 
5 SR-9OC 
6 Y-90 
7 Y-91 
8 ZR-95 
9 NE-95 

1 0  YO-99 
11 TC-99M 
12 TO-99 
13 RU-103 
14  RU-106 
15 RH-?03M 
16 A G - I l l  
1 7  CO-115M 
18 58-124 
19 SN-125 
20 58-125 
21 TE-125M 
22 TE-127H 
23 TE-127 
24 TE-129M 
25 TE-129 
26 TE-132 
27 1-131 
28 1-132 
29 CS-134 
70 CS-136 
31 CS-137 
32 EA-140 
33 LA-140 
34 CE-141 
35 CE-144 
36 PR-143 
37 NO-I47 
38 PM-147 
39 PM-149 
4C SH-151 
4 1  EU-152 
4 2  EU-155 
43 T R - 1 6 0  
4 4  NP-239 
45 PU-239 
46 PU-239 
4 1  PU-?40 
48 PU-241 
49 AM-241 
53 CM-242 
5 1  CM-244 

TOTAL 

LABEL 
303 

38 
901 
902 
903 

43 
48 
65 
67 
7 7  
78 
79  
88 
9 1  
89 

114 
125 
159 
161 
162 
163 
169 
170 
176 
111 
1 9 1  
187 
192 
327 
207 
210 
221 
22z 
227 
238 
237 
246 
2 4 1  
251 
255 
328 
262 
272 
330 
280 
281 
282 
283 

1 
2 
3 

LUNGS 

SOLURLE 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO OAT4 
NO DATA 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
3.060E-10 
9.764E-10 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO O A T A  
6.691E-06 
NO DATA 
1.043E-03 
NO DATA 
NO OATA 
NO DATA 

NO DATA 
NO O A T A  
NO DATA 
NO DATA 
1.423E-03 
8.606E-05 
4.424E-03 
1.60RE-04 
NO DATA 
NO DATA 
NO D A T A  
NO DATA 
NO OATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO DATA 
NO O A T A  
NO DATA 
NO D A T A  
NO DATA 
NO OAT& 
NO DATA 

7.145E -0 3 

Na O A T A  

t 

INSCLUBLE 
4.2476-05 
4.855E-01 
2.207E-01 
2.207E-01 
2.207E-01 
3.957.E-03 
8.284E-01 
1.764E 00 
7.307E-01 
9.236E-05 
8.497E-08 
6.509E-06 
5.662E-01 
6.359.5 00 
1.434E-04 
1.318E-03 
2.025E-04 
1.105E-04 
2.204E-03 
2.078E-02 
1 5 1  1 E-03 
4.269E-02 
2.248E-04 
1.516E-01 
1.683E-04 
5.574E-04 
1.227E-02 
1.625E-05 
6.767E-02 
4.610E-03 
2.068E-0 1 
3.302E-01 
4.271E-02 
2.128E-01 
5.507E 00 
9.88QE-02 
2.235E-02 
1.008E-01 
2.2 79E-06 
9.187E-04 
1.581E-05 
2.958E-02 
7.974E-03 
1.329E-04 
8.986E 00 
2.662E 00 
3.213E 00 
4.20bE-0 1 
4.184E-01 
1.130E 0 1  
3.4 19 E - 0 1  

4.561E 0 1  

Tab1 e 8.12 (Continued) 

G . I .  TRACT 

SOLUBLE 
8.467E-08 
6 -430E-02 
1.314E-03 
1.314E-03 
1.314E-03 
9.87SE-03 
1.394E-01 
1.908E-01 

3.289E-05 
1.572E-06 
1.921E-07 
7.994E-02 
3.90hE-01 
5.329E-04 
1.145E-03 
4.073E-05 
1.394E-05 
1.519E-03 
9.175E-04 
b.432E-04 
2.175E-03 
9.357 E-04 
2.349E-02 
5.269 E-04 
5.412E-04 
6.314E-04 
4.340E-05 
2.634E-04 
1.30 BE-04 
4.951E-04 
7.91 9E-02 
1.092E-01 
5.45 1 E-02 
3.876E-03 

1 . 2 0 e ~ - 0 1  

5.850 E-02 
1.681E-02 
6.414E-03 
5.587E-C6 
5.32 tE-05 
4.769E-07 
1. B03E-03 
8.594E-C4 2.186E-04 

1.69tE-03 
5.345E-04 
6.45CE-04 
1.8 17E-0 3 
2.37 7E- 04  
1.190E-02 
1.877E-C4 

1.383E 00 

INSOLUBLE 
4.233E-06 
1.157E-01 
2.190E-03 
2.19OE-03 
2.190E-03 
1.317E-02 
1.673E-01 
1.90 8E-0 1 
1.208E-01 
2.349E-04 
3.143E-06 
4.4828-07 
1.599E-01 

7.994E-04 
1.4318-03 
6.109E-05 
1.742E-05 
2.026E-03 
9.175E-04 
3.21 6 5 0 4  
6.167E-03 
1.871E-03 
4.111E-02 
1.054E-03 
9.470E-04 
1.263E-02 
1.302E-04 
3.764E-03 
2.616E-03 
1.238E-02 
1.188E-01 
1.36%-01 

5.a59f-01 

5.451E-02 
5.814E-01 
6.500E-02 
1.68 1E-02 
8.017E-03 
6.984E-06 
6.087E-05 
9.539E-07 
1.803E-03 
1.074E-03 
3.279E-04 
2.0356-03 
6.414E-04 
1.740E-04 
2.72 5E-03 
2.8526-.04 

2.253E-04 

2.455E 00 

1 .4aa~-o2 
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Table 8.13. Summary of Maximum Inhalation Dose Commitmentsa a t  400 m 
Downwind Following t h e  Release of 1 kg of LWR or Mixed 

LMFEIR Fuel from a 100-m Stack 

~ _ _  

Whole Body Bone Lungs Liver !Chyroid 

LWR Fuel - First-Year Dose Commitment 

Volat i le  f i s s i o n  products 0.00000039 - 0.000018 
Semivolatile f i s s i o n  0.0695 0.0898 2.56 

Nonvolatile f i s s i o n  0.242 3.74 4.83 

Plutonium 0.129 5. 78 1.48 
Transplutonic elements 0.215 3.22 3.17 

Total 0.655 12.8 12.0 

products 

products 

LWR Fuel - Lifetime Dose Commitment 

Volat i le  f i s s i o n  products 0.00000039 - 0.0000317 
Semivolatile f i s s i o n  0.0709 0.0983 2.76 

Nonvolatile f i s s i o n  0.839 13.7 5 -13 
Plutonium 3.51 151. 2.94 
Transplutonic elements 1.12 18.3 3.33 

products 

p r  oduc t s 

Total 5.54 183. 4 . 2  

- 
0.120 

1.38 

0.552 
3.37 
5.42 

- 
0.126 

1.64 

16.0 
9.67 
27.4 

LMFBR Core-Blanket Fuel - First-Year Dose Conrmitment 

Volat i le  f i s s i o n  products 0.00156 - 0.0123 - 
Semivolatile f i s s i o n  0.0194 0.169 6.98 0.0578 

Nonvolatile f i s s i o n  0.610 8.29 10.4 2.68 

Plutonium 0.672 30.1 7.68 2.87 
Transplutonic elements 0.791 11.8 11.7 12.3 

Total 2.09 50.4 36.8 17.9 

products 

products 

LMFBR Core-Blanket Fuel - Lifetime Dose Commitment 

Volati le f i s s i o n  products 0.00156 0.0123 - 
Semivolatile f i s s i o n  0.0480 0.174 7.40 0.0604 

Nonvolatile f i s s i o n  1.01 15.4 10.9 3.14 

Plutonium 18.6 806. 15.3 85.0 
Transplut onic elements 2.24 34.6 12.0 22.1 

products 

products 

Total 21.9 856. 45.6 110. 

0.0000136 
0.000303 

- 
- 
- 
0.000318 

0.0000136 
0.000304 

- 

- 
- 
0.000318 

0.872 
0.00621 

- 
- 
- 
0.879 

0.873 
0.00621 

- 
- 
- 
0.879 

a I n  rems. 
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?"ne input data  f o r  this calculat ion a r e  presented i n  Table S.l.4, and the  

r e su l t s  a r e  given i n  Fig. 8.16. 

I n  some instances,  iodine my be retained on a charcoal f i l t e r ;  i n  
such cases t h e  thyroid dose shown i n  Fig, 8.16 would be reduced by a 
f ac to r  equal t o  one minus the  f i l t e r  efficiency. For very e f f i c i e n t  

f i l t e r s ,  virtually a l l  o f  the iodine would be retained;  t h e  whole-body 

dose would then be due only t o  t he  noble gases produced during the  excur- 
s ion  and t o  those t h a t  r e s u l t  from the  decay of t h e  iodines trapped on 

t h e  f i l t e r .  

alone i s  shown i n  Fig. 8.17. 
The external gamma-ray dose delivered due t o  noble gases 

Val id i ty  of These Calculations. - The foregoing methods for  estimat- 

ing the  downwind rad ia t ion  doses following a nuclear accident have been 
developed using the  "Gaussian Plume model. 7 2 9  75 Impl ic i t  i n  this deriva- 

t i on  a r e  the  assumptions t h a t  the  degree o f  atmospheric s t a b i l i t y ,  t h e  

wind speed, and t h e  wind d i r ec t ion  remain unchanged during t h e  e n t i r e  

course of the  incident .  

Although the r e s u l t s  have, i n  most cases, been extrapolated t o  a 

distance of  100 km from t h e  stack, it i s  extremely doubtful whether this 

model i s  va l id  f o r  distances of more than 2 0  or 30 km. 

100 m/min, it would requi re  17 hr f o r  the plume t o  extend f o r  a d is tance  
of  100 km. However, it i s  almost ce r t a in  t h a t  var ia t ions  of the weather 
conditions, both with time and distance,  would occur. 

A t  a speed of 

Moreover, t h e  model a l s o  assumes f l a t ,  fea ture less  t e r r a i n  and does 

not take i n t o  account the  various topographical fea tures  such as  h i l l s ,  

val leys ,  and lakes .  No provis ion i s  made f o r  t he  presence of buildings 
and other s t ruc tures ,  which may a f f e c t  the  behavior of  t he  e f f luen t  e i the r  

because of proximity t o  the emitt ing source or because of modification of 

the behavior of t he  plume i n  t h e  v i c i n i t y  of t he  receptor.  Items such as 
these must be handled on an individual bas i s ,  and, a t  present,  t h e r e  seems 
t o  be no obvious way of  generalizing the  results of t hese  e f f ec t s ,  

I n  a l l  cases, it has been assumed that the  r e l ease  takes place a t  an 

This assumption produces somewhat lower ground-level elevation of  100 m. 
concentrations than would a similar re lease  t h a t  occurs a t  ground l e v e l .  

c 

c 

x 

"I 

c 

L 
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Table 8.14. Source Terms for Cri t ica l i ty  Accident 

(based on 3.7 x 1 O I 8  f iss ions)  

x (sec-l) q (curies) I so tope  Yield 

8Rb 

I1 89Rb 
188CS 

'33~e 

'35~e 
111 '35m~e 

0.029 
0.044 

0.065 
0.076 
0.059 

0.0048 
0.015 
0.027 

0.037 
0.046 
0.0016 
0.065 
0.018 
0.062 
0.055 

Same as 88, 
Same as 8 9 K r  
Same as 138~s 

9.96 10-7 

2.20 10-4 

1.01 10-4 
4.111 x 10-5 
1.48 10-4 
6.95 x 
3.63 10-3 
3.49 x 
1.52 x 
7.40 x 

8.02 x 
9.25 x 

2.89 x 

2.11 x 10-5 
6.79 x 

2.9 
352.9 
60.1 

1,672.0 
170.5 

48.5 
66.2 

399.6 
257.2 

16,698.0 
0.56 
9.9 

1,332 0 

130.8 
3,734.5 

257.2 
16,698.0 

3,734.5 

60.1 
51.2 

119.3 
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ORNL DWG. 68-5845R2 
4 1 

I I 

I IO IO2 
DISTANCE DOWNWIND ( km) 

Fig,  8.16. Radiation Dose due t o  Vola t i le  F iss ion  Products Produced 

During a Nuclear Excursion (Based on 3.7 x 10l8 Fiss ions) .  
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ORNL DWG 68-5844R1 
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\ "MOST r.A.lnl.rln.ln REPRESENTATIVE" 

10-6 

\ 

UVNUI I IVNJ \ 
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10-1 I IO 
DISTANCE DOWNWIND (km) 

Fig. 8.17. Whole-Body External  Gamma-Ray Dose due t o  Noble Gases 

I n  t h i s  case it i s  assumed t h a t  a l l  of  the iodine isotopes a r e  
Produced During a Nuclear Excursion (Based on 3.7 x 1 O I 8  F i ss ions) .  
(Note: 
re ta ined  on f i l t e r s .  
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c 

However, except f o r  extremely s t ab le  meteorological conditions, the  

difference i s  qu i t e  small once t h e  peak ground concentration produced by 
the elevated r e l ease  has been passed. For example, under C-conditions, 

the ground concentration from a re lease  taking place a t  an elevat ion of 
100 m reaches 75% of t h a t  from a s imilar  ground-level r e l ease  a t  a dis tance 
of  1 . 2  km from the  point of re lease.  

The wind speeds used i n  these calculat ions have been chosen t o  be 
100 m/min and 50 m/min because t h i s  range of wind speed i s  reasonably 
cha rac t e r i s t i c  o f  many locations.  
the dose i s  inverse ly  proportional t o  t h e  wind speed. 

However, as  can be seen from EQ. (16), 

Finally,  it should be pointed out  t h a t  a l l  o f  the doses calculated 

a r e  those which a r e  del ivered a t  ground l eve l  on t h e  plume center  l i n e .  
To obtain off-center- l ine ground-level doses, it i s  necessary t o  multiply 

the r e s u l t s  by t h e  quant i ty  

2 2  
e 9 

-y /2OY 

where y i s  the d is tance  ( in  meters) normal t o  t h e  plume center l i n e  a t  
which the dose is  required,  and 0 
sion parameter. 

s t a b i l i t y  conditions a r e  shown i n  Figs. 8.18 and 8.19. 

( i n  meters) is  the horizontal  disper-  
Y 

For convenience, values of 7 and C J ~  f o r  the various 
Y 

Despite t h e  obvious shortcomings of the procedures outlined, it i s  
believed t h a t  they w i l l ,  a t  l e a s t ,  produce order-of -magnitude r e s u l t s .  

These procedures w i l l  permit t he  development o f  s u f f i c i e n t  l l feelJ1 fo r  
the magnitude o f  the various credible  accidents s o  tha t  t h e  problem of 
s i t i n g  can be approached i n  a quant i ta t ive  manner. 

8.3.4 Downwind Consequences of Upper L i m i t  Accidents 

Upper l i m i t  accidents were determined us ing  the  assumed proper t ies  

of f u e l  reprocessing p lan ts  (Sect. 8.3.1) and models and mechanisms 

described i n  Sect. 8.3.2 such t h a t  t h e  r e l e a s e  of  noble gases, llfreshll 
f i s s i o n  p r  Oducts, iodine, semivolati le f i s s i o n  products, nonvolati le 
f i s s i o n  products, and plutonium i s  maximized. The computed f r a c t i o n a l  

re leases  from the  most s ign i f i can t  accidents a r e  summarized i n  Table 8.15. 

F 

c 

c 

c 
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Fig. 8.18. Horizontal Dispersion Parameter as a Function of 
Distance Downwind. 
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x .  DISTANCE FROM SOURCE (meters )  

Fig. 8.19. Vert ica l  Dispersion Parameter as a Function o f  Distance 
Downwind. 

all 
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c 



Table 8.15. Accidental Releases from Fuel Reprocessing P lan t s  as a Function of Capacity 

I 

1 

=m 

d 

". 

4 

~ ~~ 

Release (kg of Fuela Unless Otherwise Indicated) 
from P lan t s  of Capacity (metric tons/day) of:  

LWR Fuel Reprocessing P lan t  FBR Fuel Reprocessing Plan t  

Accident 1 6 36 1 6 36 

Nuclear Excursion i n  Head End 

Duration, min 
No. o f  f i s s ions  

Noble gas, % 
Iodine, 

Vo la t i l e  f i s s i o n  products 

Semivolati le f i s s i o n  
products 
Nonvolatile f i s s i o n  products 
Transplutonic elements 

Pu (head end) 
Pu (Pu s torage  tank)b 

78 
2 . 7  x lo2' 
100 

30 

300 

1 

0.00043 

0.00043 

0.00043 

0.035 

Noble-Gas Release 

85Kr + 133Xe, cur ies  70,OcO 

Halogen Release 

1311 

129, 
780 
36,000 

Semivolati le Release 

Semivolati le f i s s i o n  1 
products 

Release of Nonvolatiles 

Semivolati le f i s s i o n  0.00075 
products 

Nonvolatile f i s s i o n  products 0.00075 

Transplutonic elements 0.00075 

Plutonium Release 

Plutonium 0.045 

140 
1.6 x 
100 

30 

2000 

6 

0.0046 

0.0046 

0.0046 

0.37 

420,000 

4700 
220, om 

6 

0.0045 

0.0045 

0.0045 

0.27 

140 
1.6 x loz1 
100 

30 
2000 

6 

0.0046 

0.0046 

0.0046 

0.37 

2 ,  500, ooo 

a, 003 

660,000 

6 

0.0345 

O.OOL5 
0.0045 

0.27 

110 
8 .0  x 10'' 

100 

1.0 

10 

1 

0.00082 
0.00082 
0.00082 

0.018 

%SO, 000 

7.8 
360 

1 

0.0018 

0.0018 
0.0018 

0.016 

l.40 
1.6 x 1 O 2 l  

100 

1.0 
20 
2 

0.0020 

0.0020 
0.0020 

0. ow1 

2,100,000 

47 
2200 

2 

0.0037 

0.0037 

0.0037 

0.032 

160 

2.L x 1021 

100 

1.0 

30 

3 

0.0035 

0.0035 

0.0035 

0.075 

lj,OcO,cOO 

70 

3300 

3 

0.0055 

0.0055 

0.0055 

0.048 

aThe r e l ease  of a component of t he  f u e l  is the  product of t hese  numbers and t h e  concentration of t ha t  component 
i n  a kilogram of average LWR or LMFBR f u e l .  

bThe nuclear excursion i n  the  Pu storage tank is  estimated t o  have the  same y ie ld  and dura t ion ,  bu t  would 
r e l ease  only "fresh" f i s s i o n  products and plutonium. 
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S i t e  boundaries d ic ta ted  by t h e  upper l i m i t  accidents were estimated 

assuming t h a t  the  maximum acceptable annual dose commitments r e su l t i ng  
f rom exposure t o  the cloud o r  inha la t ion  a t  the  s i t e  boundary a r e  those 
recommended by the  NCRP f o r  annual occupational exposure. These emergency 

dose comnitments a re  compared with those of 10CFR100,3 an Isochem land 
requiranents study, 76 and an ORNL study involving peacetime appl icat ions 

of nuclear explosives2' i n  Table 8.16. 
ments have been employed only f o r  reference purposes, but a r e  believed to  

be reasonable i n  view of  t he  verylow probabi l i ty  of occurrence of the  

assumed upper limit accidents.  

The assumed acceptable dose c o d t -  

The maximum s i t e  boundaries (Table 8.17) f o r  a l l  LWR p lan ts  and the  

1-metric ton/day FBR plant  a r e  determined by the whole-body dose r e su l t i ng  
from the  r e l ease  of  v o l a t i l e  "fresh" f i s s i o n  products from a nuclear excur- 
s ion (3% and 1% r e l ease  of iodines  from LWR and FBR p lan ts ,  respect ively,  
plus 100% re lease  of t he  noble gases).  S i t e  boundaries f o r  the l a r g e r  FBR 
p l an t s  a r e  determined by t h e  thyroid dose r e su l t i ng  f rm  a s i l v e r  tower 

explosion, which i s  assumed t o  re lease  0.1% of t h e  equilibrium inventory 
of  iodine.  
upper l i m i t  accidents a t  t he  accident-dictated s i t e  boundaries of  these 
conceptual p lan ts  a re  compared with estimated dose commitments a t  the s i t e  
boundaries of  t he  NFS, MFRP,  and BNFT p l an t s .  

I n  Table 8.18, the  t o t a l  dose commitments r e su l t i ng  f r o m  various 

Noble Gases. - I n  p l an t s  t h a t  w i l l  p a r t i a l l y  remove t h e  noble gases 

from off-gas streams, the  upper l i m i t  accident involving these gases i s  
considered t o  involve t h e  complete r e l ease  o f  t h e  contents of  a storage 
vessel  t h a t  contains a 7-day accumulation of  krypton and xenon. 
of approximately 6,400,000 curies  of "Kr p lus  133Xe is required t o  cause 
a maximum ( a t  400 m) downwind whole-body dose of 5 rems. 

represents the  t o t a l  accumulation of these  gases over 890, 4 8 ,  and 25 

days i n  LWR p lan ts  with capaci t ies  of  1, 6, and 36 metric tons/day, respec- 
t i ve ly ,  and the t o t a l  accumulation over 680, 115, and 3 days in FBR p l an t s  

with capac i t ies  of 1, 6, and 36 metric tons/day respect ively.  The r e l ease  
of the 7-day accumulation of 85Kr and 133Xe i n  a 36-metric ton/day FBR 
p lan t  would r e s u l t  i n  a whole-body dose of grea te r  than 5 rems within 
dis tances  of about 2 .3  km. 

A r e l ease  

This quant i ty  

c 
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Table 0.16. Comparison of Assumed Maximum Dose Commitments f o r  Individuals i n  the General 
Population a s  a Result of Upper Limit Accidents with Those Given i n  lOCFR100, 

an Isochem Land Requirement Study, and a Study fo r  Excavation 
of a Sea-Level Canal with Nuclear Explosives 

This Study l O C F R l O O  Isochem Study Nuclear Excavation Studyd 

Maximum Approximate Maximum Maximum M a x i m u m  Maximum 
Annual Dose Total Dose Total Dose Total Dose Annual Dose Total Dose 

Commitment Commitment Commitment Commitment Comitment Commitment 
(rems/yeara) (rems/50 years ) (remsc) (rems/lifetime) (rems/year) (rems/70 years) 

Whole body 5 50 25 2 5  3 10 

Red bone marrow 
Head and trunk 
Gonads 
Lens of eyes 

Skin 

Twroid 

Bone 

Hands, forearms, 
f ee t ,  and ankles 

5 
5 
5 
5 
30 

30 30 

30 500 

75 

Other single organs 1 5  90 ( l i ve r )  
18 (lung) 

300 

300 

300 

300 

3 LO 

3 10 

0 15 
15 30 

15 30 

15 30 

38 75 

150 0 15 

aThese data are maximum permissible annual doses fo r  occupational exposure as recommended by NCRP. 

bThese data  represent the approximate SO-year dose commitwent resul t ing from a s ingle  intake of mixed spent reactor fuel  

clOCFRIOO provides reference values of t o t a l  whole-body and thyroid dose (incurred during passage of the radioactive 

such that  the mximum annual ( f i rs t -year)  dose commitments do not exceed those given i n  the f i r s t  column. 

cloud) f o r  use i n  the evaluation of reactor s i t e s  with respect t o  potent ia l  reactor accidents of exceedingly low proba- 
b i l i t y  of occurrence and low r i sk  of public exposure to  radiation. 

dThese data are  proposed mximum acceptable dose commitments for use i n  planning f o r  the construction of a sea-level 
They are  considered applicable t o  special  radiation protection problems i n  which an canal with nuclear explosives. 

assessment of r i sk  vs benefit would dictate  greater annual dose commitments than those recommended by the ICRP, FRC, 
and IAEA. 

3 

I 
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Table 8.17. 
by the Maldmum Upper L i m i t  Accidents i n  a Spent-Fuel Processing Planta 

S i t e  Boundaries (Distance from the  100-m Stack) Determined 

Distance t o  S i t e  Boundary (km) for Reprocessing Plants  of 
Capacity (metric tons/day) of :  

LWR Fuel FBR Fuel 

Accident 1 6 36 1 6 36 

Nuclear excursion 0 . h  2.0 2.0 1 . 2  2.0 2.8 

Release o f :  

Noble gases ( i . i I b  (6.6Ib (39Ib (mb (33Ib 2.2 
Halogens (0.2)b ( l .0 lb  (2.9Ib (23 Ib 1 .0  2.3 
Semivola t i l e s  (17Ib 0.U 0.44 (47Ib (0.93)b 1.0 

Nonvola t i l e s  (0.04)b (0.23)b (0.23)b (O.27lb (o.%)b (0.81Ib 

Plutonium (0.9Ib (!5'.2)b (S.2)b (1.6Ib (3.2 Ib (4.8Ib 

These boundaries a r e  selected such t h a t  t he  m a x i m u m  annual ( f i r s t -year )  dose 
commitment t o  the  c r i t i c a l  organ w i l l  not exceed t h a t  recommended by the NCRP 
fo r  annual occupational exposure. 

a 

bThe maximum acceptable dose commitment i s  not exceeded a t  any distance downwind. 
The numbers i n  parentheses a r e  the  m a x i m u m  percentages of  the  maximum acceptable 
dose commitment, which occur 400 m downwind of the  s tack.  

F 

c 



Table 8.18. Estimated L i f e t i m e  Dose Commitments t o  C r i t i c a l  Organs Resul t ing  from Upper mt Accidents a t  NFS, MFRP, BNFP, and Conceptual P l a n t s  f o r  Processing LWR and FBR Fuelsa' k' ' 

~~ 

Conceptual LWR P l a n t s  of Capacity: Conceptual FBR P l a n t s  of  Capacity: 

6 Metr ic  36 Metric 1 Metr ic  6 Metr ic  36 Metr ic  1 Metr ic  
NFS MFRP BNFP Ton/Day Tons/Day Tons/Day Ton/Day Tons/Day Tons/day Type of Release 

"Fresh" f i s s i o n  products  
Tota l  number of  f i s s i o n s  
Thyroid dose commitment, rems 
Whole-body dose comi tment ,  rems 

Noble gases  (85Kr and 133Xe) 
Release,  c u r i e s  
Whole-body dose comi tment ,  reins 

Halogens (I3', and "'1) 
Release,  c u r i e s  
Thyroid dose commitment, rems 

Semivola t i le  f i s s i o n  products  
Release,  c u r i e s  

'%iu, c u r i e s  
Lung dose commitment, rems 

Nonvolat i le  f i s s i o n  products  
and t r a n s p l u t o n i c s  

Release,  c u r i e s  

'%e, c u r i e s  

2 4 2 ~ m ,  c u r i e s  
Lung dose commitment, rems 
Bone dose commitment, rems 

Plutonium 
Release, a lpha  c u r i e s  
Bone dose commitment, rems 

Distance t o  s i t e  boundary, !a 

1O2O 
-2 

1.7 

1.1 

(-0.02) 

0.65 

1.5 

lopo  
26 
0.09 

1.2 
0.017 

5 

0.075 

<3 
13 

0.6 

1018 

0.002c 

- 

1.1 

1900 

-0.0007c 
1500 

120 

23 
1 . 7  
<O, 0007' 

0.11 
CO. 0007c 

2 

2.7 x 10'' 
9.4 
5.0 - 

21 2.4 x 10 
1.3  - 5.0 

1 .6  x 1 O 2 l  
30 
';To 

8.0 x 1020 
0.65 
5.0 - 

1.6 x loz1 
1.0 
5.0 

2,100,000 
0.88 

- 

6500 
22 

7300 
2600 
7.9 

74 
4.7 

0.06 
0.10 (0.Ol.L) 

0.61 
1 h  (0.5) 

2.0 

1.6 x loz1 
30 

70,000 
0.64 

L20 ,  000 
0.18 

2,500,000 
1.0 

13,000,000 
4.h 

18 
0.2 

55 
0.5 

3.1 
0.05 

1100 
h.6 

9700 
27 

03 
I 

03 
\o 

4500 
2500 
8.9 

760 
410 
2.7 

4500 
2500 
8.9 

3600 
1300 
5.0 

11,000 

3900 
1 3  

3.3 
0.58 
0.011 
0.008 
0.02h (0.005) 

20 

3*5  
0.068 
0.03 
0.077 (0.017) 

3.5 20 

0.068 
0.03 
0.077 (0.017) 

37 
2.3 

111 

7.1 

0.04 
0.060 (0.024) 

0.07 
0.12 (0.05) 

0.16 
6.7 (0.26) 

0.U 

0.98 
22 (0 .8 )  

0.98 
2 2  (0.8) 

0.30 
8.6 (0.3) 

0.91 
18 (0 .7)  

2.8 2.0 2.0 1 . 2  

aThe underl ined numbers a r e  those  that f i x  t h e  r a d i a l  d i s t a n c e  t o  t h e  s i t e  boundary. 

bThe numbers i n  parentheses  a r e  t h e  f i r s t - y e a r  dose commitment f o r  those  cases  i n  which t h e  f i r s t - y e a r  dose commitment i s  not  equal  t o  the  

'The A l l i e d  Chemical Corporat ion repor t s  the  ex terna l  exposure dose from be ta  and gamma r a d i a t i o n .  

l i f e t i m e  dose commitment. 
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Fresh Fission Products. - Fresh f i s s i o n  products would be generated 

i n  a nuclear excursion. A nuclear excursion i n  a head-end vessel  of maxi- 
mum capacity,  resu l t ing  i n  complete boildown of t h e  solut ion,  is assumed. 

After boildown and dehydration, t he  react ion would terminate i n  the 
assumed vessels  because of the  low effect ive densi ty  of the f i ss i le  mater- 
i a l  ( -3  g per cm3 of uranium plus  plutonium i n  calcined s o l i d s  i s  assumed). 

The thermal power of the nonvolati le f i s s i o n  products ( the  f r e s h  f i s s i o n  

product heat  i s  s ign i f i can t  f o r  t h e  first 1 t o  2 hr following the  excur- 

sion) would then calcine t h e  so l ids ;  these s o l i d s  would probably subse- 
quently m e l t  through the  vessel ,  flow onto the  c e l l  f l o o r ,  and reso l id i fy .  

It i s  assumed tha t  the  i n i t i a l  rupture  breaks the off-gas l i n e  and 

t h a t  a l l  of t h e  steam generated i n  the boildown phase (containing a l l  of  
the  noble gases, 3% of the iodine, 20% of t h e  semivolati le f i s s i o n  pro- 

ducts, and pa r t i cu la t e s  of so lu t ion  have the  average concentration of 

nonvolati le f i s s i o n  products and plutonium) i s  discharged t o  t h e  c e l l  
atmosphere and exhausted through the ven t i l a t ion  system. 
tha t  99.5% of t h e  semivolati le f i s s i o n  products a r e  removed from the  hot 
( a i r  and saturated steam a t  ~100~C) ven t i l a t ion  stream by passage through 
metal mesh o r  s i l i c a  gel absorbers, 
a r e  assumed t o  incorporate act ivated charcoal f i l t e r s  f o r  removal of 9% 
of t he  iodine.  
presented i n  Sect.  8.3.2. 

It is  assumed 

The ven t i l a t ion  systems of FBR p lan ts  

The pa r t i cu la t e  re lease  is  calculated using t h e  model 

The doses delivered by a nuclear excursion a re  dominated by the  
whole-body dose t h a t  results from exposure t o  the  radioact ive cloud of  

f resh  f i s s i o n  products (Fig. 8.17). 

R-. - It i s  assumed t h a t  a f i r e  o r  explosion 
i n  a so l id  halogen absorber would completely r e l e a s e  the contained equi- 

l ibrium concentration of  l3’I and a two-year accumulation o f  1291. It i s  
assumed t h a t  approximately 93% of the  iodine col lected by pretreatment i n  

a wet scrubber i s  not dispers ible .  FBR p lan ts  a r e  assumed t o  u t i l i z e  
charcoal f i l t e r s  t h a t  remove 9% of the ranaining iodine. 

The thyroid dose which r e s u l t s  from the  explosion o f  
i s  obtained by properly prorat ing the l3lI and 1291 doses 
found i n  Tables 8.9 and 8.11,and applying the generalized 

8.15). 

a s i l v e r  reac tor  
a t  0.4 km, as 

dose curve (Fig. 

c 

P 



8-91 

Release of Semivolatiles. - It i s  assumed t h a t  a t o t a l  of 0.1% of the  

semivolati les i n  t h e  l a r g e s t  vesse l  i s  released by a mechanism other than 

a nuclear excursion (i. e., a tank boildown o r  an inadvertent addi t ion of 
oxidants t o  a process vesse l ) .  

The upper l i m i t  accident i n  a waste tank f o r  in te r im (2-year) storage 

of mixed f i s s i o n  products would r e l ease  a smaller amount of ruthenium by 

comparison. I n  evaluating t h e  waste tank accident, it is  assumed that  
coolant i s  l o s t  from t h e  tank and t h a t  t h e  tank leaks,  discharging steam 
t o  the  vaul t  ven t i l a t ion  system and i t s  condenser. The d i s t i l l a t e ,  con- 
ta in ing  about 2@ of the semivolati les,  i s  assumed t o  be returned t o  the 

tank, but  an aerosol  composed of pa r t i cu la t e s  containing 204% of the con- 
cent ra t ion  of semivolati les i n  the  waste i s  discharged through the  f i l ters ,  
The release from t h i s  source i s  in s ign i f i can t  (semivolati les content,  
<IO-' ton of f u e l ) .  

The doses r e su l t i ng  from the re lease  of semivolat i les  are control led 
They a r e  obtained by appl icat ion of the data  i n  by t h e  dose t o  the  lung. 

Tables 8.9 and 8.11, and the generalized curve (Fig. 8.15;). 

Release of Nonvolatiles. - The upper l i m i t  accident involving the 

re lease  of nonvolati le f i s s i o n  products and transplutonic elements was 
determined t o  r e s u l t  from an  explosion i n  the  waste calciner  containing 
f i s s i o n  products a t  a concentration of l o 4  f t 3  per megawatt-day of burnup. 
The explosion i n  a waste evaporator would cause e s sen t i a l ly  the same re l ease  
if the  drople t s  evaporated i n  the  ven t i l a t ion  system upstream of the  f i l t e r .  
No %redible'' accidents that  would cause a l a rge r  re lease  of nonvolati le 
f i s s i o n  products could be postulated i n  the in te r im sol ids  storage pool o r  

in te r im l i q u i d  waste tank. 

The downwind doses r e s u l t i n g  from the postulated releases  were found 

t o  be negl igible .  

Release of Plutonium. - The maximum credib le  plutonium re lease  was 

assumed t o  r e s u l t  from a f i r e  of 0,s-hr durat ion (the f r a c t i o n a l  re lease  
i s  proportional t o  the  time of aerosol  generation) involving e i ther  r e s i n  
o r  solvent loaded w i t h  plutonium. The p a r t i c l e s  escaping from the  f i l t e r  

were assumed t o  be pure Pu02 (a pessimist ic  assumption). The re lease  of 
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plutonium from t h i s  source i s  about the same as  tha t  f rom a nuclear 

excursion involving complete boildown of t he  plutonium storage tank 

(containing up t o  7.5 tons of  plutonium). 

The control l ing bone dose from a plutonium f i r e  i s  found i n  a manner 

similar t o  t h a t  used t o  calculate  t h e  dose r e su l t i ng  from t h e  re lease  o f  
semivolati les.  

8.3.5 Maximum Theoretical Accident 

A maximum theore t ica l  accident has been evaluated f o r  t he  purpose of 
i l l u s t r a t i n g  the  worst  possible consequences t h a t  could r e s u l t  from poor 

design and/or implementation of good pract ice .  Since waste s torage tanks 

are known t o  have the l a r g e s t  inventory of physiologically hazardous 

materials, we have assumed tha t  a hydrogen-air explosion occurs i n  the  

vapor space of an acid waste tank containing a 2-year accumulation of 
f i s s i o n  products. 

Mechanical Consequences. - I l l u s t r a t i v e  (but not the  wors t  possible)  
mechanical consequences of such an accident were made assuming t h a t  the  
tank contains f i s s i o n  products from 39,000,000 Mwd of f u e l  exposure (a 
2-year accumulation from a 6-metric ton/day plant  processing f u e l s  i r r a d i -  
ated t o  a burnup of 12,000 Mwd/ton), generating 56,000,000 Btu/hr i n  
390,000 gal  of solut ion.  The tank, 80% f i l l e d  with solution, is assumed 

to:  
e t e r  of 65 f t  and a height (with f l a t  heads) of 20 f t ,  and (3) be housed 
i n  a 3-ft-thick concrete vau l t  buried under 10 f t  o f  ear th .  
the loss of purge a i r  t o  the  tank, t he  concentration o f  hydrogen i n  t h e  

(1) be fabricated of O.s-in.-thick s t a i n l e s s  s t e e l ,  (2) have a diam- 

Following 

13,000-ft 3 vapor space would increase to 4 vo l  % (the minimum flammable 

concentration) a f t e r  about 3 h r  and t o  30 v o l  % a f t e r  about 2 4  hr. 

ing tha t  the  l o s s  of purge a i r  i s  undetected and tha t  there  i s  a source 

of i gn i t i on  a f t e r  2b hr, t h e  r e su l t an t  explosion would l i b e r a t e  approxi- 

mately 1,100,000 Btu of energy, generate a pressure o f  approximately 

100 ps ig  i n  the  vapor space, e levate  t h e  concrete roof and ear th  cover by 
several  f e e t ,  and (we assume) rupture the coolant and off-gas piping i n  
such a manner t h a t  complete l o s s  of  cooling would ensue 
would be d i r e c t l y  vented t o  the  atmosphere. 

Assum-  

and the tank 

c 

ah 

1, 
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Assuming t h a t  no remedial measures were taken following t h e  l o s s  of 
coolant and the  breach of containment, t h e  so lu t ion  would heat  t o  boi l ing 
i n  about 10 h r  and evaporate t o  dryness a f t e r  about 1 2 5  hr. The waste 
s a l t s  could calcine,  m e l t  through the f loo r  of the  tank, decompose the  

concrete, and flow i n t o  t h e  ear th  beneath the tank after a t o t a l  of 

approximately 160 hr following the  explosion. 

A comparable accident i n  an alkal ine waste s torage tank would have 
s imi la r  consequences, but would take place over a longer time period 
because of t he  greater  d i lu t ion .  

a lka l ine  waste tank containing waste generating k3,000,000 B tu/hr ind ica te  

that the waste would heat t o  boi l ing a f t e r  approximately 23 hr ,  b o i l  t o  
dryness after approximately 273 hr, decompose a f t e r  approximately 290 hr, 

and m e l t  through the  vau l t  i n  approximately 330 hr. 

Calculations made fo r  a 1,200,000-gal 

The t rans ien t  growth of a molten sphere i n  i n f i n i t e  media of d ry  

sand and limestone w a s  estimated, assuming t h a t  the f i s s i o n  products are 
mixed by convection i n  t h e  molten zone and t h a t  the  molten zone has the 
same densi ty  a s  the surrounding ear th  (so t h a t  no s e t t l i n g  o r  f l o t a t i o n  
of t h e  sphere would occur). 
stone a r e  shown i n  Table 8.19. 
radius of t h e  molten sphere i n  dry sand would grow t o  a mximum of about 

75 f t  a f t e r  about 1500 days. 

grow t o  a maximum of  approximately 50 f t  after 700 days. 

would completely so l id i fy  a f t e r  about 150 years.  

Assumed propert ies  of the dry sand and lime- 
The r e s u l t s  (Fig. 8.20) ind ica te  tha t  the  

I n  limestone, t h e  radius of  the sphere would 
The molten zone 

Release o f  Radioactive Materials t o  the Atmosphere. - The semivolati le 
f i s s i o n  products (Ru, C s ,  and T e )  would be released quant i ta t ive ly  t o  the 
atmosphere during t h e  boildown-calcination phase o f  this maximum theore t ica l  
accident.  I n  addi t ion,  about 0.1% o f  t he  mixed nonvolati le f i s s i o n  products 
would be released by entrainment i n  t h e  steam; however, these can be neglec- 

t ed  i n  an analysis  of consequences because t h e i r  e f f e c t  is  negl igible  by 

comparison. 
t h a t  thermal currents  c a r r y  t he  semivolati le f i s s i o n  products t o  the top 

of an atmospheric inversion layer. 

I n  t h e  evaluation of downwind consequences, it can be assumed 



Table 8.19. Assumed Proper t ies  of D r y  Sand and Limestone 

Property Dry Sand 
~ _ _  ~ ~ 

CaCO, CaOa Limes tone 

Density, 0 ,  l b / f t  3 

Heat capacity,  c, Btu lb-' 
(OF) -1 

94.9 162 

0.183 + 0 . 0 0 0 0 ~ 6 ~  0.203 + 0.0002T 

90.8 

0.177 .t 0.00011T 

Thermal conduct ivi t  , k, 
Btu h r - l  f t - l  ("F)-f 

Trans i t ion  temperature, Tm, "F 

Heat of  t r a n s i t i o n ,  8 ,  Btu/lb 

Average thermal d i f f u s i v i t y ,  a, 
f t 2 / h r  

80, B t u / f t 3  

0.18 + 0.00012T 1.3 + 0.00012T 

3133 (melt) 1400 ( lo ses  GO2) 

50.1 0.0 

0.014 

4750 

15 Sb 

0.18 + 0.00012T 

4660 (melt) 4660 (melt) 

03 385 I 

F 
0.011 

35,000 

6.37b 

3' %de by ca l c ina t ion  of CaCO 

bAmbient e a r t h  temperature, Ta, i s  77°F. 
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The re lease  t o  the atmosphere from the maximum theore t i ca l  accident 
i n  an a lka l ine  waste tank would be comparable t o  tha t  from the ac id  waste 
tank except t h a t  it would take place over a longer time period. The 

cerium would probably be released quant i ta t ive ly  during t h e  boildown 
phase. 
although it i s  probable t h a t  a port ion would be deposited on cool (~800°C) 
surfaces  as it di f fuses  t o  the  postulated break i n  t h e  off-gas l i n e .  

The ruthenium would be released during t h e  ca lc ina t ion  phase, 

The consequences of a waste tank boildown may be found by proper 

prorat ing of the O.4-km doses found i n  Table 8.13 and by use of t he  

generalized dose curve (Fig. 8.18). 
a t  0.4 k m  downwind) have l i t t l e  meaning other than t o  show why such m a x i -  
mum theo re t i ca l  accidents must be rendered incredib le  through the use of 
appropriate engineered sa fe ty  fea tures .  

5 The doses thus obtained (>lo rems 

Another re la ted  type of accident i n  an acid waste tank, a l so  consid- 

ered o n l y  of a t heo re t i ca l  nature s i n c e  it depends on a very improbable 
combination of circumstances , involves simultaneous f a i l u r e  o f  the coolant 
f o r  t he  c o i l s  o f  the tank and the  off-gas condenser. I n  the event of such 

an accident, the  contents of t he  tank would b o i l  down on e s s e n t i a l l y  t h e  

same time sca le  as t h a t  discussed previously. Because of the low heat  
capacity of t he  a i r  and typ ica l  ven t i l a t ion  ducts, a mixture of a i r  and 

saturated steam a t  approximately 100°C could pass through the  off-gas and 
ven t i l a t ion  f i l t e r s  and be exhausted t o  t h e  s tack .  Certain of t he  semi- 
v o l a t i l e  f i s s i o n  products ( in  pa r t i cu la r ,  ruthenium tetroxide,  which has 
a boi l ing poin t  of -80°C) may be ca r r i ed  by t h i s  stream. 
(as i n  t h e  case of the nuclear inc ident  discussed previously) t h a t  20% 

of the ruthenium i s  v o l a t i l i z e d  during the  boildown phase and t h a t ,  o f  

t h i s ,  99.5% i s  removed by deposit ion on metal o r  on the f i l t e r .  

remainder o f  t h e  semivolat i le  f i s s i o n  products might be evolved i n  the  

calcinat ion phase, b u t  the  off-gas l i n e  i s  assumed t o  cool following 

cessation of  steam flow, permitting e s s e n t i a l l y  complete (by comparison) 
removal of  the  semivolat i le  f i s s i o n  products by deposit ion and f i l t r a t i o n .  

It i s  assumed 

The 

Mitigation of  Accidents. - The authors s t r e s s  t h a t  such accidents as 
the one denoted as "maximum theore t i ca l f t  may be converted to  the  t o l e r a b l e  
category, i n  terms o f  consequences, by proper forethought and design. For 

F 

c 

P 
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example, t h e  e f fec ts  of t h e  postulated hydrogen-air explosion can be 
mitigated by one of t h e  following (and possibly by others,  l imited only 
by the ingenuity of the  designers):  

Increase the  r e l i a b i l i t y  of preventive measures f o r  cont ro l  of 
the purge a i r  flow and t h e  Wdrogen concentration. 

Enclose the waste ta&s within a bui lding t h a t  i s  ven t i l a t ed  
through a condenser and f i l t e r .  

Design the tank and/or t h e  vau l t  t o  withstand a pressure of 

about 100 psig without rupture. 

Decouple t h e  tank from the vaul t .  
and/or pressure relief system i n  the  tank. Vent t h e  vau l t  t o  a 

containment system with large capacitance or t o  a pool of water 
f o r  steam suppression. 

Use ti tanium tanks and se l f -boi l ing  wastes t o  ensure e f f ec t ive  
purging of t h e  hydrogen by steam. 

Use a pressure suppression 

8.3.6 Consequences of t he  Leakage of High-Level Wastes t o  t h e  Ground 

Radioactive waste so lu t ions  tha t  are released by tank f a i l u r e  might 

be routed through the geologic formation lying between the  tank s i t e  and 
t h e  neares t  sur face  drainageways. 
spec i f i c  s i t e  conditions, a hypothetical  tank s i t e  a t  Oak Ridge was chosen 
f o r  d idac t ic  purposes. This s i t e  was considered t o  be located i n  Conasauga 
sha le  on a promontory, with in te rmi t ten t  surface streams passing to  the 

east, south, and west of t h e  tank s i te .  The shale  formation is  qui te  
impermeable, and the  movement of water is r e s t r i c t e d  s o  tha t  it flows only  

along bedding planes. 

Since analyses m u s t  be made using 

Samples of the Conasauga sha le  were obtained below t h e  highly weathered 

zone i n  a d i r e c t  path toward the  sur face  streams. 
i f i e d  f o r  t h e  removal of ca l c i t e ,  and the  exchange capac i t ies  were determined 
by the calcium t i t r a t i o n  method of Jackson.77 A mean value of 11 - + 1 meq/100 

g was obtained. 
ion  consumption of 260 meq/100 g, which would be s u f f i c i e n t  t o  neut ra l ize  

These samples were acid-  

Overnight ref luxing i n  7 M HNO a t  85°C showed a hydrogen - 3  
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the  en t i r e  contents of an acid waste tank within a dis tance of 30 f t  from 

the  tank. I n  t h e  case o f  acid waste, it w a s  assumed t h a t  neut ra l iza t ion  
of  t he  acid by c a l c i t e  i n  t h e  formation would r e s u l t  i n  a calcium s a l t  

system. In t h i s  system, strontium was assumed t o  compete with calcium 
without s e l e c t i v i t y  of e i t h e r  ion, although strontium might be s l i g h t l y  

more se l ec t ive ly  sorbed than calcium.78 For the  sorp t ion  of strontium 

from neutral ized wastes, and f o r  the sorpt ion of cesium and ruthenium, 

information on the  sorpt ion propert ies  o f  Conasauga shale  were obtained 
78-82 from previous laboratory s tudies .  

The qua l i t y  of the groundwater was assumed t o  be s imi la r  t o  t h a t  of  

Clinch River water, which has a t o t a l  ca t ion  (calcium and magnesium) 

concentration of about 0.002 meq/ml.83 
charac te r i s t ic  of t h e  area surrounding Waste P i t  2,  where the average 

seepage r a t e  from 1953 t o  1958 was 3900 gal/day through an average s ide-  
wall a rea  of 9000 f t 2  (ref.  84). This corresponds t o  a mean supe r f i c i a l  

ve loc i ty  of 0.064 ft/day. 
used, which implies approximately 10% ef f ic iency  o f  contact  between the  

shale  and solut ion.  
da i ly  seepage rate from the acid waste tank ( f i l l e d  t o  a height of 35 f t  

w i t h  10  The seepage from t h e  neutral-  

ized waste tank ( f i l l e d  t o  a height of 36 f t  w i t h  1.25 x 10 

waste) would be 2340 gal. 

Seepage r a t e s  were assumed t o  be 

A mean groundwater veloci ty  of  0.67 f t /day was 

If the  initial seepage r a t e  were maintained, t h e  

6 ga l  of waste) would be  2275 gal. 
6 g a l  of  

Dispersion propert ies  of so lu t ion  i n  the  formation (Fig. 8.21) were 
estimated f rom the r e s u l t s  of a chlor ide t r ace r  t e s t  conducted a t  the 
s i te .84 These data ind ica te  an ef fec t ive  p l a t e  height of 46.5, according 
t o  the notat ion of Glueckauf. 85 

Calculation of  Radionuclide Movement. - I n  addi t ion  t o  t h e  assumptions 

outlined above, it was fu r the r  assumed t h a t  the  waste would move longi tudi-  

nally through a zone 75 f t w i d e ,  w i t h  a height equal t o  t he  o r i g i n a l  l i q u i d  

l e v e l  i n  t h e  waste tank, t o  surface water a t  a dis tance of 200 f t .  

allowance was made f o r  l a t e r a l  dispersion, but  the spread of t he  so lu te  
was assumed t o  occur according t o  Glueckauf's model f o r  t h e  e l u t i o n  of a 

band of  solute  through a l i n e a r  ion exchange column. 
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Fig. 8.21. Dispersion Properties of Chloride i n  Conasauga Shale a t  
a Four-Acre Tank Si t e .  
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shale  e f f ec t ive ly  contacted by so lu t ion  was assumed t o  be 25%, with a 
grain dens i ty  of 2.64 g/ml. 

If a leak were t o  develop in a waste tank, t he  amount of  so lu t ion  l o s t  

t o  the formation would be l imi ted  by t h e  a b i l i t y  of t h e  formation t o  accept 

the  solut ion.  During percolat ion of the waste solution, t h e  groundwater 
concentration i n  the  zone of migration would be increased, returning t o  

normal when the  waste so lu t ion  was again displaced by the  l o c a l  ground- 
water. 
mated by using Glueckauf's model i n  order t o  descr ibe the  dispers ion of  
the unsorbed anions and correcting f o r  r e t en t ion  of t he  radionuclides by 
the formation, as discussed by Inoue and Kaufman.86 However, due t o  the  
var iable  concentration of e l ec t ro ly t e  i n  the  groundwater, t h e  r e t e n t i o n  

fac tor  was not constant with time. I n  addi t ion,  radioact ive decay was 
considered. 

Movement and dispers ion of t h e  spec i f i c  radionuclides were es t i -  

The r e s u l t s  of calculat ions f o r  t h e  movement of 90Sr from an acid 
The i n i t i a l  peak i n  90Sr a c t i v i t y  a t  t he  tank are shown i n  Fig. 8 .22 .  

surface drainageway occurs a t  about 1 year and is  due to  the  r e l a t i v e l y  
s l i g h t  sorpt ion of strontium by the  sha le  i n  t h e  presence of high concen- 
t r a t ions  of e lec t ro ly te .  With time, these  high concentrations of s a l t  a r e  
d i lu t ed  and replaced by f r e s h  groundwater, and a second concentration peak 

occurs after about 150 years. 
depends on t h e  t o t a l  quant i ty  of e l ec t ro ly t e  released t o  the  formation. 
If, after a leak  occurs, t he  waste so lu t ion  i s  pumped from the  ground, the 
i n i t i a l  rapid movement w i l l  not be observed due t o  the  removal of the 
excess e l ec t ro ly t e ,  
system, an kppreciable f r a c t i o n  of t he  t o t a l  r ad ioac t iv i ty  could be 
removed (Table 8.20). 

The r e l a t i v e  magnitude of these  two peaks 

Furthermore, i n  t h e  case of 90Sr i n  an a c i d  waste 

For neutral ized waste, t h e  p rec ip i t a t ion  of strontium, i n  addi t ion  
t o  the  increased probabi l i ty  f o r  i o n  exchange, prevents 90Sr from a t t a in ing  

any s ign i f i can t  concentration a t  the  sur face  drainageways. 

a f f i n i t y  of t he  Conasauga shale  f o r  cesium de te r s  movement of 137Cs s o  
tha t  radioact ive decay occws before s ign i f i can t  concentrations would be 

observed i n  e i the r  ac id  o r  neutral ized waste systems. 

The high 
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Table 8.20. Recovery of Radionuclides f r o m t h e  S o i l  After 
a Leak Has Developed i n  a Waste Tank 

Per c entage Recover able  

Isotope Acid Waste Neutralized Waste 

88 

2 

18 

<1 

<1 

20 

decay of lo6Ru (ha l f - l i fe ,  1 year) would prevent it from a t ta in ing  s i g -  

n i f i can t ly  high l eve l s  a t  surface seeps unless a very extensive leak were 

t o  occur. 

Several f ac to r s  must be incorporated in to  the mathematical model i n  
order t o  a r r i v e  a t  predicted concentrations. 

subjec t  t o  var ia t ion .  
guesses f o r  these  parameters: 

Each parameter used i s  
Figure 8.22 was estimated using t h e  following 

c 

c 

2s 

bn 

c 

r 

b 

c 

Mass of s o i l  contacted per mill i l i ter  o f  pore solut ion. .  ... 8 g 
Stable  composition of acid waste.. ......................... 5.7 
Stable  composition of groundwater .......................... 0.0020 N 
Distance of t r a v e l . ,  ....................................... 200 f t  

Groundwater velocity. .  ..................................... 0.67 ft /day 

- 

Theoretical  p l a t e  height ................................... 50 f t  

Strontium d i s t r ibu t ion  f ac to r . ,  ............................ 0.11 ml/g *g 

c 

c 

I n  addition, cases were considered i n  which each of these var iables  was 

allowed t o  vary by +lo% of i t s  average value. 

concentration curves fo r  a 100-day leak a r e  shown in Fig. 8.23. 
seen tha t ,  although the  shape of  t he  curve (as p lo t ted  on a log-log scale)  

The m a x i m u m  and minimum 

It i s  

P 

c 
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Fig. 8.23. 
an Acid Waste Tank. 

Strontium-90 Act ivi ty  i n  Groundwater Resulting from 100 Days of  Leakage from 
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is  not s ign i f i can t ly  affected,  estimates o f  t he  a c t i v i t y  leve ls  a t  any 

t i m e  may be i n  e r ro r  by one or two orders o f  magnitude. 

The d i s t r ibu t ion  fac tor  and the  mass of s o i l  contacted per m i l l i l i t e r  

of pore so lu t ion  w i l l  determine the  r e l a t i v e  ve loc i ty  of the  radionuclide 
in comparison t o  t h e  percolat ing groundwater. 

the slower t h e  r e l a t i v e  velocity.  

proportional t o  t h e  concentration of t he  percolat ing solut ion,  t h e  movement 
of the  radionuclide i s  most rapid i n i t i a l l y  and is then reduced as t h e  

groundwater concentration returns  t o  normal. The l e v e l  plateau on t h e  

curves between t h e  two peaks r e f l e c t s  the  r a t i o  of t h e  normal groundwater 
concentration t o  t h e  concentration of the  waste solut ion.  

The l a r g e r  these two f ac to r s ,  

Since t h e  d i s t r i b u t i o n  f ac to r  i s  inverse ly  

The time of t r ave l  i s  dependent on the groundwater ve loc i ty  and the 
dis tance traveled. I n  ou r  l o c a l  s i t ua t ion ,  flow i s  nearly unid i rec t iona l  

However, because t h i s  would not l i k e l y  be t h e  case i n  other s i tua t ions ,  

addi t ional  consideration would need t o  be given t o  the  geometry of t h e  

flow pa t te rns ,  I n  our  s i t ua t ion ,  it was found t h a t  t h e  dispers ion of the 

chloride t r ace r  could be described by a chromatographic breakthrough curve 
with a t heo re t i ca l  p l a t e  height of 46.5 f t .  This implies t h a t  about 1% of 

t h e  groundwater w j l l  t r averse  200 f t  i n  one-third t h e  time of  t h e  average 
movement. I n  other s i tua t ions ,  t he  average groundwater ve loc i ty  may be 
qu i t e  d i f f e ren t  from t h e  values we used; thus it may be impossible t o  f i t  
t r ave l  times t o  simple dispersion o r  chromatographic breakthrough equations. 
A greater  degree of dispers ion hastens the appearance of  r ad ioac t iv i ty  a t  

a given point ,  bu t  the peak concentrations are diminished unless adequate 
time has elapsed t o  permit radioact ive decay. 

Thermal Effects.  - The d i s t r ibu t ion  of radionuclides i n  the s o i l  i s  

important because of t h e  thermal problems t h a t  a r e  l i k e l y  t o  r e s u l t  from 
high concentrations o f  radioact ive mater ia l  i n  a medium t h a t  has poor 

heat-conducting propert ies .  Spherical  s h e l l  geometry and thermal equi- 
l ibr ium were assumed as a f i rs t  approximation t o  estimate the magnitude 
of  t he  thermal problem i n  contaminated Conasauga shale. 
the  simplified model and t h e  heat-generating capaci ty  of the contaminated 
shale  according t o  zones. A so lu t ion  i n  the spher ica l  s h e l l  geometry has 

been described by E t h e r i n g t ~ n . ~ ~  I n  t h e  present study, t h e  tank has been 

Figure 8.24 shows 

c 

P 

c 

c- 
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ZONE Btu ftm3 hr-' 
I 200 
2 280 
3 250 
4 33 
5 0.45 

x 

f t3/ got B t u  f t -3 hr-' f t3/gat 
0.15 61 0.15 
0.05 220  0.06 
0.09 I40  0.25 
0. 18 4.7 2.80 
0.01 0.05 0.73 

1 

41 

ORNL DWG. 66-10860R1 

SURFACE OF 

Fig. 8.24. Configuration and Character is t ics  of  Contaminated S o i l  
Zones. 
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ignored a s  a heat sink, and a hea t  sink was assumed t o  be located a t  t he  
edge of  a variable-sized non-heat-generating region. 
of temperature r i s e ,  two cases were considered. 

l i qu id  waste i s  retained i n  t h e  sha le  pore volume, and t h e  second assumes 
t h a t  l i q u i d  is  not re ta ined i n  t h i s  w a y .  

f o r  each zone, and t h e  volume occupied by each zone i s  normalized t o  1 gal  

of  waste. 
re ta ined by the  sha le  pores, then the volume of zone 1 is  150 f t  

heat-generating r a t e  i n  t h i s  zone is 30,000 Btu/hr. 

To define the  limits 
The f i rs t  assumes t h a t  

The source s t rength  is l i s t e d  

For example, i f  a l eak  of 1000 ga l  occurs and l iqu id  waste i s  
3 and the  

When acid waste leaks from a tank, it w i l l  be neutral ized by the  
buffering act ion o f  t h e  shale  (260 meq of  H+ per 100 g of sha le ) .  
depicts t he  acid zone; the  remaining zones a r e  neutralized. 

were estimated from studies  conducted a t  ambient temperatures and from 
judicious appl icat ion of these r e su l t s  t o  t h e  analysis.  

conductivity of unweathered Conasauga sha le  range from 1 t o  2 Btu min'l 
ft 'l when measured a t  30 t o  33°C.88 

elevated temperatures. Therefore, it was assumed tha t  t h e  thermal conduc- 
t i v i t y  of sha l e  increases gradually with increasing temperature and follows 
the  pa t te rn  observed i n  metal systems.89 I n  a l l  l ikelihood, t he  thermal 
conductivity of sha le  w i l l  decrease as the  temperature increases ,  espec ia l ly  
when water is  l o s t  f rom the  shale.  
t h i s  analysis i s  l i k e l y  t o  be lower than tha t  which may a c t u a l l y  occur. 

Zone 1 
S o i l  loadings 

Values of thermal 

Similar data  do not e x i s t  f o r  

Thus, the  temperature r i se  estimated in 

Figure 8.25 shows t h e  steady-state temperature a t ta ined  i n  t h e  center 
of t h e  spherical  system as a function of l eak  volume. 

increase with t h e  volume of t h e  leak,  t he  re ten t ion  of l i qu id  i n  pore 

spaces, and t h e  absence of a heat  sink. 
1250°F f o r  a leak of  100 gal.  

Maximum temperatures 

Temperatures range from 870 t o  

Transient temperatures a re  being invest igated a s  a funct ion of time 
and space i n  a system tha t  includes a variable-sized cy l ind r i ca l  geometry 
(representing the contaminated zone) and var iab ly  spaced heat  sinks located 
a t  the tank, t h e  groundwater table ,  and t h e  ground surface.  

F 

P 

.r 

a 

R 

c 

F 

c 

I 

h 

F 

A d i g i t a l  computer program, TOSS, contains many of t h e  r equ i s i t e s  f o r  
solving the  t rans ien t  problem f o r  a mul t ivar ia te  system. 90 This program, 
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Fig. 8.25. Steady-State Temperatures Attained i n  the Center of the 
Spherical  System as  a Function of  Leak Volume. 
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which has been modified t o  s u i t  t h e  needs of  the  present study, has the 
capabi l i ty  of calculat ing the temperature d i s t r ibu t ion  fo r  a three- 
dimensional, multiregional problem having in t e rna l  heat  generation. 
number o f  cases are being analyzed. 
a t e  the  d i f fus iv i ty ,  o r  spec i f ic  heat, and t h e  thermal conductivity of 

Conasauga shale as  functions of temperature. 

A 

Studies a re  a l so  under way t o  evalu- 

Conclusions. - I n  a formation s imilar  t o  Conasauga shale ,  t h e  slow 

r a t e  of  percolat ion of t h e  solution, combined with ra ther  high sorp t ive  

propert ies  of the formation (except f o r  ’OS, i n  an acid waste system), 

would tend t o  prevent the  rapid r e l ease  o f  l a r g e  quant i t ies  of  radionu- 
c l ides  d i r e c t l y  in to  surface waterways. However, this delay would r e s u l t  
i n  the buildup of a c t i v i t y  i n  t h e  formation to l eve l s  t h a t  would probably 
present a serious thermal problem, The delay time afforded by the  forma- 

t i on  could be used f o r  remedial measures (e.g., f o r  pumping groundwater 
from the  formation t o  recover t h e  unsorbed radionuclides and f o r  prevent- 

ing  fur ther  t ransport  of the  f i s s i o n  products). 

The absolute values f o r  radionuclide movement that have been calcu- 

l a t ed  and presented i n  t h i s  discussion should not be considered t o  be 

prec ise  s ince t h e  estimates were based on a ra ther  l imi ted  descr ipt ion 
of the s i te .  However, t he  procedure f o r  making these estimations could 
be applied f o r  any proposed s i t e .  
a t  a proposed s i t e  employing t h e  layout of the  tank system would provide 
a more adequate bas i s  f o r  such calculat ions.  

Actual tests o f  seepage and dispers ion 

8.4 Requirements f o r  Treatment of Routine Effluents 

The preceding sect ions have shown t h a t  the assumed rout ine  releases  

of radionuclides from f u e l  reprocessing plants  requi re  grea te r  s i t e  bound- 
a ry  distances than those required by the assumed upper limit accidents.  

The la rge  s i t e  boundary distances t h a t  were estimated t o  be required by 
the  rout ine re lease  f rom p lan ts  of high capacity provide incent ive for 
p a r t i a l  removal o f  the noble gases and a l a rge r  percentage of  the i o d i n e  

than t h a t  assumed i n  Sect. 8.2.1. 

.b. 

F 

P 

F 

c 

F 

\c. 

Lc 

Table 8.21 shows approximate s i t e  boundaries t h a t  would r e s u l t  i f  



Table 8.21. Required Factors  for  Removal of Noble Gases and Iodine Such That 
the S i t e  Radius Is  Controlled by the  Upper L i m i t  Accident 

Reprocessing Plan t  Capacity (metric tons/day) 

LWR Fuel FBR Fuel 

1 6 36 1 6 36 

S i t e  radius ,  km 0.44" 2.0 2.0 1 . 2  2.0 2.8 

S i t e  area,  km 

b Noble gas DF 

0.61 12 12 4.5 12 25 
2 

a3 
I 

0.58' 2.6 16 4.4 20 92 

680 4100 5.2 x 10 6 2.4 l o7  1.1 x LO 8 G  v) Iodine DFb 150 

A t  the ORNL s i te ,  the  required DFIs a r e  unchanged f o r  s i t e  boundaries l e s s  than 1 . 2  km t o  t he  
nor theas t  s ince  t h e  average annual downwind concentration ''peaksf1 a t  this dis tance.  

a 

bDF i s  defined as the r a t i o  of t h e  average annual r e l ease  r a t e  obtained without treatment devices t o  
t h a t  required t o  a t t a i n ,  a t  t h e  s i t e  boundary, average annual concentrations o f  1 x 0.77 x 
and 1.4 x curies/m 3 of noble gases, iodine from LWR fue l ,  and iod ine  from FBR f u e l  respectively.  

'No removal of noble gas is required.  The average annual noble gas concentration a t  the  s i t e  boundary 

i s  5.8 x curies/m 3 . 
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F 

the  noble gases and iodine were removed from the  normal e f f luen t  t o  such 
an extent t h a t  the  m a x i m u m  s i t e  radius  is  determined by t h e  upper l i m i t  
accident.  On t h i s  bas i s ,  equipment f o r  removing 50 t o  9% of the noble 
gases appears t o  be necessary f o r  p lan ts  with capaci t ies  of more than a 
few tons per  day. More e f f i c i en t  iodine removal than tha t  demonstrated 

i n  present technology w i l l  be required f o r  LWR p lan ts  with capac i t ies  
grea te r  than about 6 t o  10  tons/day, and decontamination f a c t o r s  (DF's) 
as high as lo8 w i l l  be  required f o r  FBR p lan ts  i f  the  spent FBR f u e l  i s  
t o  be processed after decay times of only 30 days. 

1. 

2. 

3. 
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