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PROCESS ALTERNATIVES FOR HTGR FUEL REPROCESSING WASTES: 

AN ENGINEERING EVALUATION 

K. H. Lin 

ABSTRACT 

An evaluation has been made of numerous process alternatives 
for different types of radioactive wastes resulting from reproc- 
essing of HTGR fuels. 
istics is followed by a description and an assessment of selected 
process alternatives. The final phase of the discussion is 
concerned with identification of research and development needs 
for specific alternatives. High-level solid wastes from the 
head-end system, which are unique to HTGR fuel reprocessing, 
require major process development efforts. Most other types 
of wastes can reasonably be expected to make use of technologies 
being developed for LWR wastes, and will require minor to 
moderate modifications. 

Discussion of pertinent waste character- 

1. INTRODUCTION 

The types and characteristics of radioactive wastes expected from 

High-Temperature Gas-Cooled Reactor (HTGR) fuel reprocessing operations 

have been identified previously. lY2 

closure of the HTGR fuel cycle, development of technologies f o r  manage- 

ment of those wastes is just as important as the recovery and the recycle 

of fuel values from the spent fuel elements. Some of the primary wastes 

(e.g., off-gas from the head-end system, and combustible wastes) must be 

treated to reduce the radionuclide contents to below the levels required 

by applicable regulations and standards. These secondary wastes and other 

types of primary wastes must then be converted to forms acceptable for 

handling, transportation, and ultimate isolation from the biosphere. Many 

In order to achieve successful 

* 

~~ 

*The term "waste management," as used in this report, refers to the entire 
spectrum of waste operations including all the steps involved in treatment 
of waste effluents, processing of the resulting wastes, conversion into 
acceptable forms for long-term storage, transportation to storage sites, 
and control and management of waste isolation sites. 
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of the alternatives being developed for management of reprocessing wastes 
from the Light Water Reactor (LWR) are adaptable to the HTGR case. This 

is especially true of the wastes from the solvent extraction system. How- 

ever, wastes from the HTGR head-end system are unique, and special methods 
must be developed for their processing. 

Selection of technical alternatives for treatment and/or (conversion of 

individual wastes is governed by many factors, including:(l) waste type, 

(2) technical and economic feasibility of the process, ( 3 )  Federal and 

local regulations and standards pertaining to the effluents discharged to 

the environment, and ( 4 )  Federal regulations that specify the :final waste 

form for shipment to the isolation repository. Factors (3 )  and ( 4 )  for 

wastes from the back end of the nuclear fuel cycle have not yet been fully 

defined . 
The major objectives of the present study are: (1) to carry out a 

critical review and an evaluation of available information related to treat- 

ment and processing of waste streams from HTGR fuel reprocessing, (2) to 

identify the existing data and development work that are applicable to the 

HTGR wastes with little or no modification, and (3 )  to define the develop- 

ment needs for wastes that are unique to the HTGR. 

2. WASTE CLASSIFICATION AND EVALUATION CRITERIA 

2.1. Classification of HTGR Wastes 

There has been confusion concerning usage of the radioactive waste 

categories between different organizations that deal with the subjects of 

waste management. Traditionally, the radwaste categories at individual 

nuclear facilities are based on the local convention that has lbeen in USE! 

for many years. As a result, different organizations rarely employ the 
same definitions in reference to the ranges of radionuclide concentrations 

or dose rates of the low-, intermediate-, and high-level wastes. In the 

United States, the definition of the high-level liquid waste (HLLW) given 

by 10 CFR 50 

by most of the workers in the area of fuel reprocessing. 

3 is the only official waste category that has been accepted 
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I n  1967, two s e p a r a t e  groups,  one i n  t h e  United S t a t e s  and t h e  o t h e r  

i n  Europe, proposed independent d e f i n i t i o n s  f o r  v a r i o u s  r a d i o a c t i v e  waste 

c a t e g o r i e s .  4 9 5  

groups i n  c l a s s i f y i n g  t h e  r a d i o a c t i v e  wastes, l i q u i d  and gaseous wastes 

were de f ined  i n  t e r m s  of t h e  s p e c i f i c  r a d i o a c t i v i t y  ranges by both groups. 

However, t h e  I n t e r n a t i o n a l  Atomic Energy Agency (IAFA) used t h e  dose rate 

(R/hr) i n s t e a d  of s p e c i f i c  r a d i o a c t i v i t y  t o  c l a s s i f y  s o l i d  wastes. The 

d e f i n i t i o n s  used i n  r e f .  4 have a l s o  been used i n  t h i s  r e p o r t  t o  c a t e g o r i z e  

t h e  HTGR r ep rocess ing  wastes ( a s  discharged)  shown i n  Table 1. The major 

purpose of such a c l a s s i f i c a t i o n  is t o  f a c i l i t a t e  any subsequent d i s c u s s i o n  

of waste processing a l t e r n a t i v e s .  It is  no t  intended f o r  u se  as t h e  o f f i c i a l  

c a t e g o r i z a t i o n  of radwastes i n  gene ra l .  

Although somewhat d i f f e r e n t  bases  w e r e  used by t h e  two 

2.2. General Criteria f o r  Evaluat ion of Processing A l t e r n a t i v e s  

Published t e c h n i c a l  d a t a  and e x i s t i n g  t echno log ie s ,  i nc lud ing  those  

being developed f o r  t h e  LWR f u e l  c y c l e ,  were c r i t i c a l l y  reviewed t o  i d e n t i f y  

information t h a t  may be u t i l i z e d  i n  t h e  development of p rocess ing  a l t e r n a t i v e s  

f o r  HTGR wastes. The cr i ter ia  l i s t e d  below were used as t h e  b a s i s  of t h e  

e v a l u a t i o n  and s e l e c t i o n  of p o t e n t i a l  a l t e r n a t i v e s .  They a l s o  served as 

t h e  g u i d e l i n e  i n  d e f i n i n g  t h e  r e s e a r c h  and development needs f o r  t h e s e  

a l t e r n a t i v e s .  

1. The process  must be a b l e  t o  convert  t h e  w a s t e  i n t o  a form which can 

ensure long-term s a f e t y  i n  t h e  i s o l a t i o n  r e p o s i t o r y .  

2. S impl i c i ty  i n  process  and equipment is h igh ly  d e s i r a b l e .  

3. The process  should be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  w a s t e  composition. 

4 .  The p rocess  should gene ra t e  few o r  no secondary w a s t e  streams. 

5. The number of i n t e r i m  w a s t e  t r ea tmen t  s t e p s  should be minimized, 

and d i f f e r e n t  w a s t e  streams should be combined whenever p o s s i b l e .  

6 .  The process  should u t i l i z e  equipment t h a t  i s  easy t o  maintain.  

1 
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Table 1. C l a s s i f  i c a t i o n a  of HTGR r ep rocess ing  wastes 

Waste ca t egory  R a d i o a c t i v i t y  levelb HTGR Waste streams (source)‘ 

Low l e v e l  

In t e rmed ia t e  
level 

High level 

Low level  

In t e rmed ia t e  
level 

High level 

Liquid radwastes  

10-7 < A < 0.1 Evaporator condensate (S) - 

A > 103 

S o l i d  radwastes  

Steam s t r i p p e r  overhead (S) ; 
kerosene sc rub  (S) ; decont- 
taminat ion solutfion (M) ; 
ca rbona te  wash s o l u t i o n  (S) ; 
t r i t i a t e d  w a t e r  ( 0 )  

thorium n i t r a t e  s o l u t i o n  (S) 
High-level l i q u i d  w a s t e s  (S) ;  

0.02 < A’ < 7 x 103 Spent molecular sieves ( 0 ) ;  
mise. s o l i d s  w a s t e  (M) 

- 

7 x l o 3  < A’ - < 7 x l o 7  R e f l e c t o r  b locks  ( M ) ;  r a g s ,  HEPA 
f i l t e r s ,  f a i l e d  t:ools and 
equipment (M) ; spen t  c a t a l y s t s  
and z e o l i t e s  (0) 

S i c  h u l l s  and i n s o l s .  (H); 25W 
f i s s i l e  p a r t i c l e s  (H); s i n t e r e d  
m e t a l  f i l t e r s  and cold t r a p s w i t h  
s e m i v o l a t i l e s ,  et:c. (H); c l i n k e r s  
(H) ; i n s o l u b l e  r e s i d u e s  (S) 

Transuranic  A’ - > 1 0  ( a lpha  HEPA f i l t e r s ,  failed1 t o o l s  and 
a c t i v i t y )  equipment (M) ; m i . s c .  s o l i d  

wastes (M);  crud and a s h  (S-W); 
spen t  i on  exchange r e s i n ,  f i l t e r  
cake and evaporat.or bottom (W) 

a 

bA r e f e r s  t o  r a d i o a c t i v i t y  (pCi/ml) of l i q u i d  wastes; A’ r e f e r s  t o  r a d i o -  

Based on r e f .  4 .  

a c t i v i t y  (pCi/kg) of s o l i d  wastes. 
C The letters i n  pa ren theses  r e f e r  t o  t h e  system i n  which t h e  waste o r i g i n a t e s ,  
i . e . ,  S = s o l v e n t  e x t r a c t i o n  system; 0 = off-gas  cleanup system; M = miscel-  
laneous;  H = head-end system; W = from w a s t e  i n t e r i m  p rocess ing ,  secondary 
waste. 
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3. WASTE PROCESSING ALTERNATIVES 

. 

, 

The overall flow diagram depicted in Fig. 1 illustrates the sources 

and types of waste streams as well as potential waste processing schemes. 

In the discussion that follows, these waste streams are classified into 

different categories (as described in Table 1) to facilitate the presenta- 

tion of various process alternatives. The final processing schemes for 

each waste stream shown in Fig. 1 refer to those which are capable of 

converting the waste into forms that are acceptable f o r  release to the 

environment or for transport to the ultimate isolation facility. Any 

pretreatment or processing required before final processing is considered 

to be the interim processing for convenience. 

The discussion begins with a brief review of important characteristics 

of individual waste streams. Potential alternatives for processing of the 

waste are then discussed. The final phase of the discussion outlines the 

advantages and shortcomings of the different process alternatives and 

identifies the research and development (RGrD) needs for these alternatives. 

The listing of R&D needs, however, does not imply that all the items should 

be studied. Certain items or alternatives may be placed in the low-priority 

category or may be rejected, such as those based on the available informa- 

tion or on the prospect of acceptance by regulatory authorities. Neverthe- 

less, the items associated with waste characterization must be investigated 

first, since they would provide guidelines in the selection of a suitable 

process alternative and in defining the specific scope of the R&D work. The 
estimates pertaining to the generation rates and characteristics of individual 

waste streams are based on the fuel element data summarized in Table 2 .  

3.1 High-Level Solid Wastes 

Included in this category are all of the solid-waste streams from the 

head-end system, consisting of: 

1. sintered-metal filters and cold traps contaminated with semivolatile 

and particulate radionuclides; 

2. retired 25W fissile particles; 

3 .  Sic hulls and insolubles separated from leach liquor; and 

4 .  clinkers that may be formed in the burning step. 



6 

ORNL DWG 76-462Rl 

INTERIM F I N A L  ULTIMATE 
ISOLATION -- SOURCES WASTE FORM PROCESSING PROCESSING 

I 
I 
I 
I 
I 
I 
I 

* < A D  E Y D  I 
P s O C c s I I N G  I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

s r s T l Y  

- 

Fig. 1. Overall schematic flow diagram for processing and isolaticln 

of HTGR f u e l  reprocessing wastes. 



Table 2. Estimated processing rate and cha rac t e r i s t i c s  of inaividual types of f u e l  elements (F.E.Ia 
~ 

Average contents of heavy metals (kg/F.E.) 

Processing Charged f u e l  Spent f u e l  
Fuel rate Heavy F i s s i l e  F e r t i l e  F i s s i l e  F e r t i l e  
typeb (No. F.E./year) metalC p a r t i c l e  pa r t i c l e  pa r t i c l e  pa r t i c l e  

IM-25R 

23R 

11,600 U 
Th 

7,800 U 
Th 

25R-25W 600 U 
Th 

0.706 
0 

0.742 
0 

3.250 
0 

0 
8.550 

0 
8.830 

0 
7.000 

0.216 
0 

0.226 
0 

2.24 
0 

0.222 
7.926 

0.222 
7.926 

0.19 
5.60 

~ ~ ~~ ~~~ ~~ ~ ~ ~ 

%ased on an HTGR fue l  reprocessing plant with a capacity of 20,000 F.E./year. 

b A l l  f u e l  types contain BISO-coated (inner porous carbon and outer dense carbon) f e r t i l e  pa r t i c l e s  and 
TRISO-coated (porous carbon, dense carbon, Sic, and dense carbon) f i s s i l e  par t ic les .  F e r t i l e  pa r t i c l e s  
contain thorium, and f i s s i l e  pa r t i c l e s  contain uranium of varying isotopic compositions depending upon 
the f u e l  type as follows: 

I M :  
25R: 
23R: contains recycle 233U 
25W: 

contains virgin uranium of - 93% 235U, i n i t i a l l y  charged t o  HTGR 
contains recycle uranium of - 30% 235U (refabricated from burned IM) 

contains uranium of - 4 t o  5% 35U (burned 25R).  

Uranium i s  present as UC2, and thorium as ThO2. C 
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I n  a d d i t i o n ,  i n s o l u b l e  r e s i d u e s  from t h e  feed p r e p a r a t i o n  s t e p  i n  t h e  

s o l v e n t  e x t r a c t i o n  system should a l s o  be considered as high-level  s o l i d  

wastes. 

3.1.1 Sintered-metal  f i l t e r s  and cold t r a p s  

3 .1 .1 .1  General c h a r a c t e r i s t i c s  

These dev ices  are provided i n  t h e  immediate v i c i n i t y  of t h e  bu rne r s  

i n  t h e  head-end system f o r  t h e  purpose of removing t h e  bu lk  of s e m i v o l a t i l e  

(e .g . ,  ruthenium, antimony, and cesium) and p a r t i c u l a t e  r a d i o n u c l i d e s  (e .g . ,  

f i s s i o n  and a c t i v a t i o n  p roduc t s  and a c t i n i d e s ) .  The f i l t e r s  f o r  t h e  primary 

burner  are l o c a t e d  o u t s i d e  t h e  bu rne r  fo l lowing  t h e  cyclone,  arid t h o s e  f o r  

t h e  secondary burner  are i n s t a l l e d  i n s i d e  t h e  burner .  The s intered-metal  

f i l t e r  i s  a c y l i n d r i c a l  c a r t r i d g e  type.  The r e l a t i v e  dimension of t h e  

f i l t e r  t o  be used i n  a commercial r e p r o c e s s i n g  p l a n t  w i l l  presumably be 

s i m i l a r  t o  t h a t  f o r  a p i l o t - p l a n t - s c a l e  4-in. burner  ( i .e. ,  2-3/4 i n .  OD 

x 36 i n .  long x 1/8- in .  w a l l  t h i c k n e s s ) .  The design f o r  t h e  cold t r a p  has  

n o t  y e t  been f i n a l i z e d ,  b u t  one of t h e  des igns  be ing  t e s t e d  i s  a c o n c e n t r i c ,  

double-tube c o i l  i n  which t h e  h o t  off-gas  and t h e  coo lan t  gas  flow i n  t h e  

coun te rcu r ren t  mode. 

N o  f i n a l  d e c i s i o n  h a s  been made concerning t h e  c o n s t r u c t i o n a l  materials 

t h a t  w i l l  be used f o r  t h e  f i l t e r  and t h e  co ld  t r a p  i n  t h e  commercial p l a n t .  

Has t e l loy  X and s t a i n l e s s  steel 304L are among t h e  p o s s i b l e  cand ida te  

materials f o r  t h e  f i l t e r  and t h e  co ld  t r a p ,  r e s p e c t i v e l y .  S t a n n l e s s  s tee l  

316L and n i c k e l  f i l t e r s  have been employed i n  t h e  l abora to ry - sca l e  develop- 

ment work. 

For t h e  spen t  HTGR f u e l  of known type  and i r r a d i a t i o n  hist:ory,  t h e  k i n d s  

and amounts of n u c l i d e s  r e t a i n e d  by t h e  f i l t e r s  and co ld  t r a p s  du r ing  a given 

per iod w i l l  be governed by t h e  p rocess ing  c o n d i t i o n  i n  t h e  b u r n e r s ,  f o r  

example, t h e  bu rne r  temperature ,  temperatures  of t h e  f i l t e r s  and t r a p s ,  

and t h e  off-gas  flow rate. The t o t a l  amounts of n u c l i d e s  accumulated on 

i n d i v i d u a l  f i l t e r s  and cold t r a p s  depend upon t h e  s e r v i c e  l i v e s  of t h e s e  

d e v i c e s ,  which, i n  t u r n ,  are in f luenced  by t h e  rate of bui ldup of r ad io -  

n u c l i d e s  and by t h e  e x t e n t  of c o r r o s i o n  a t t a c k .  The bu i ldup  of r ad io -  
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n u c l i d e s  could a f f e c t  t h e  performances of t h e  f i l t e r  and t h e  cold t r a p  

i n  d i f f e r e n t  ways. An excess ive  accumulation of r a d i o n u c l i d e s  can 

p h y s i c a l l y  block t h e  f i l t e r  pores .  The i n t e n s i v e  decay h e a t  r e s u l t i n g  

from such an  accumulation would tend t o  accelerate c o r r o s i o n  a t t a c k  and 

change t h e  m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  f i l t e r  material. S i m i l a r l y ,  

i nc reased  c o r r o s i o n  a t t a c k ,  as w e l l  as changes i n  h e a t  t r a n s f e r  and 

m e t a l l u r g i c a l  c h a r a c t e r i s t i c s  of t h e  co ld  t r a p ,  may r e s u l t  from an  

accumulation of r a d i o n u c l i d e s  on coo l ing  s u r f a c e s .  

Comprehensive experimental  d a t a  i n d i c a t i n g  how t h e  d i f f e r e n t  v a r i a b l e s  

descr ibed above can a f f e c t  t h e  performances of t h e  f i l t e r  and t h e  cold t r a p  

are no t  y e t  a v a i l a b l e .  Consequently, t h e r e  i s  no r e l i a b l e  method a t  p r e s e n t  

f o r  e s t i m a t i n g  t h e  service l i v e s  of t h e s e  dev ices  ( o r  t h e  rates of genera- 

t i o n  of t h e s e  types  of w a s t e  s t r eams) .  

3.1.1.2 Radiochemical c h a r a c t e r i s t i c s  and r a d i o n u c l i d e  behavior 

The sources  of r a d i o a c t i v i t y  i n  t h e  spen t  f i l t e r s  and cold t r a p s  are  

s e m i v o l a t i l e  and p a r t i c u l a t e  r ad ionuc l ides  accumulated on t h e s e  dev ices .  

F i s s i o n  products  account f o r  t h e  bulk of r a d i o a c t i v i t y ,  and a much smaller 

p o r t i o n  of r a d i o a c t i v i t y  i s  a t t r i b u t a b l e  t o  a c t i n i d e s  and a c t i v a t i o n  

products .  The n u c l i d e  behavior  i n  t h e  off-gas  stream from t h e  head-end 

system has  no t  y e t  been f u l l y  c h a r a c t e r i z e d .  Nevertheless ,  t h e  g e n e r a l  

t r end  l i s t e d  below has been observed r e c e n t l y  i n  bench-scale, h o t - c e l l  

experiments u s ing  i r r a d i a t e d  f u e l s  .6 

must, however, be considered p re l imina ry  u n t i l  i t  i s  confirmed by f u r t h e r  

development work. 

I n t e r p r e t a t i o n  of such a t r e n d  

1. The major p o r t i o n  (> 95%) of s e m i v o l a t i l e  and p a r t i c u l a t e  n u c l i d e s  

r e l e a s e d  i n  t h e  burning s t e p s  (primary and secondary) i s  r e t a i n e d  by t h e  

s intered-metal  f i l t e r .  

2. The q u a n t i t y  of r e l e a s e d  n u c l i d e s  v a r i e s  n o t  only w i t h  i n d i v i d u a l  

n u c l i d e s  but  a l s o  wi th  t h e  f u e l  t ype .  I n  g e n e r a l ,  t h e  

of f i s s i o n  products  r e l e a s e d  from t h e  c a r b i d e  types  of 

are cons ide rab ly  h ighe r  t han  those  from t h e  oxide type 

U02-Th02). The r e v e r s e  i s  t r u e  i n  t h e  case of uranium 

burning. 

rates and q u a n t i t i e s  

f u e l  ( i . e .  , UC2-ThC2) 

of f u e l  ( i . e . ,  

r e l e a s e d  du r ing  
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3. The q u a n t i t i e s  of major n u c l i d e s  r e l e a s e d  i n  t h e  burning s t e p s  

(primary and secondary combined) i n  t e r m s  of weight pe rcen t  n u c l i d e s  i n  

t h e  o r i g i n a l  f u e l  are of t h e  fol lowing o r d e r s  of magnitude: 

M a  j o r  
n u c l i d e s  

Quant i ty  r e l e a s e d  t o  off-gas  
(wt % of n u c l i d e s  i n  o r i g i n a l  f u e l )  

f u e l  f u e l  

- 
(TRISO-U02 + BISO-Th02) (TRISO-UC2 + BISO-ThC2) 

'OS,, 125Sb, 1 4 4 ~ e ,  154*u 

lo6Ru, 134Cs, 137cs 
1 2 g I  

T o t a l  uranium 

< 10 

- 1  
- 

- 0  

4 .  The t o t a l  r a d i o a c t i v i t y  accumulated on t h e  s in t e red -me ta l  f i l t e r  

would be h igh  enough (> 70 Ci/kg)  t o  be c l a s s i f i e d  as a h igh - l eve l  s o l i d  

w a s t e  (Table 1 ) .  The a lpha  r a d i o a c t i v i t y  from a c t i n i d e s  i s  es t ima ted  t o  

be several o r d e r s  of magnitude g r e a t e r  t han  1 0  pCi/kg, t h e  lower l i m i t  

f o r  t r a n s u r a n i c  w a s t e  (Table 1 ) .  

3.1.1.3 Process  a l t e r n a t i v e s  

P o t e n t i a l  a l t e r n a t i v e s  f o r  t h e  p rocess ing  of s p e n t  f i l t e r '  c a r t r i d g e s  

and cold t r a p s  i n c l u d e  methods of widely d i f f e r e n t  complex i t i e s .  The 

s i m p l e s t  approach would be t o  reduce t h e  volume of t h e s e  wastes by mechanical 

means such as compaction. Volume r e d u c t i o n  can a l s o  be accomplished by 

me l t ing  a t  h igh  temperatures .  Leaching of t h e  wastes by a c i d s  o r  o t h e r  

t ypes  of s o l v e n t  i s  an  a l t e r n a t i v e  t h a t  may remove s u b s t a n t i a l .  amounts of 

r a d i o n u c l i d e s  from t h e  w a s t e  materials. A h igh  degree  of s e p a r a t i o n  might 

be achieved by complete d i s s o l u t i o n  of t h e  f i l t e r s  and co ld  t r a p s ,  followed 

by s e p a r a t i o n  of r a d i o n u c l i d e s  from t h e  c o n s t r u c t i o n a l  materials v ia  chemical 

means. Discussion of t h e s e  a l t e r n a t i v e s  fo l lows .  

Compaction. Th i s  method invo lves  volume r e d u c t i o n  by mechanical 

compression of t h e  w a s t e s  i n s i d e  a c o n t a i n e r  such as a 55-gal. drum, o r  

a s p e c i a l l y  designed c o n t a i n e r .  The technique has  been used f r e q u e n t l y  

a t  d i f f e r e n t  n u c l e a r  f a c i l i t i e s  i n  handl ing much of t h e  low-level s o l i d  

w a s t e .  The e x t e n t  of volume r e d u c t i o n  o b t a i n a b l e  would depend mainly upon 
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t h e  type of waste material ( e s p e c i a l l y  i ts  bulk d e n s i t y )  and t h e  app l i ed  

compressive f o r c e .  There i s  however, a th re sho ld  of compaction p res su re  

range ( c h a r a c t e r i s t i c  of t h e  waste type)  beyond which t h e  rate of volume 

reduc t ion  r e l a t i v e  t o  t h e  p r e s s u r e  change becomes very small. According 

t o  a r e c e n t  s tudy7 on compaction of low-level s o l i d  wastes, t h e  compaction 

p r e s s u r e  range t o  achieve t h e  maximum volume r e d u c t i o n  f o r  average wastes 

w a s  30 t o  60 kg/cm . The volume of average low-level wastes is reduced 

by a f a c t o r  of 2 t o  5 a t  t h e  lower p r e s s u r e  range,  while  a volume reduc- 

t i o n  of up t o  - 15-fold can be obtained i n  t h e  upper p r e s s u r e  range.  

2 

The c h a r a c t e r i s t i c s  of t h e  spent  f i l t e r s  and cold t r a p s ,  i nc lud ing  

t h e i r  mechanical behavior and t h e  r a d i o a c t i v i t y  l e v e l s ,  would be con- 

s i d e r a b l y  d i f f e r e n t  from those  of t h e  types  of wastes descr ibed above. 

For example, due t o  t h e  i n e l a s t i c  n a t u r e  of c o n s t r u c t i o n a l  materials f o r  

f i l t e r s  and t r a p s ,  t h e r e  w i l l  be l i t t l e  o r  no tendency of "springback" 

when t h e  p r e s s u r e  i s  r e l e a s e d .  These wastes are a s s o c i a t e d  wi th  high- 

level r a d i o a c t i v i t y ,  and a compacting o p e r a t i o n  may f o r c e  out  a p p r e c i a b l e  

amounts of r ad ionuc l ides  i n  t h e  expe l l ed  a i r  which would c a r r y  s i g n i f i c a n t  

a i r b o r n e  contamination. Therefore ,  t h e  compactor must be placed i n  a 

contained enc losu re  wi th  r a d i a t i o n  s h i e l d i n g  and t h e  off-gas  cleanup 

f a c i l i t y ,  and i t  must be capab le  of sus t a ined  remote ope ra t ion .  The 

unique c h a r a c t e r i s t i c s  of t h e  wastes under c o n s i d e r a t i o n  imply that 

development work (nonrad ioac t ive )  i s  r e q u i r e d  (1) t o  e s t a b l i s h  a s u i t a b l e  

compaction p r e s s u r e  range f o r  o b t a i n i n g  a maximum volume r e d u c t i o n  (est imated 

t o  be about f i v e -  t o  s i x - f o l d ) ;  ( 2 )  t o  s tudy the i r  mechanical behavior ;  

and (3)  t o  develop a package (double-contained) t h a t  would c o n t a i n  t h e  

compacted w a s t e s ,  i nc lud ing  t h e  means f o r  d i s s i p a t i n g  t h e  decay hea t  and 

methods f o r  immobilization of r ad ionuc l ides .  The d a t a  a v a i l a b l e  from 

compaction s t u d i e s  f o r  non-high-level s o l i d  wastes and f o r  w a s t e  

c l add ing  h u l l s 7  would se rve  as r e f e r e n c e s  f o r  t h e  development work d e a l i n g  

wi th  w a s t e  compaction. The types  of c o n t a i n e r s  f o r  t h e  cladding h u l l s  

may be adap tab le  t o  t h e  p r e s e n t  case. 

7-9 

10 

Melt-cast ing.  The volume reduc t ion  r e s u l t i n g  from t h i s  approach 

c o n s i s t s  of me l t ing  p i e c e s  of f i l t e r s  and t r a p s  which are c u t  t o  a s p e c i f i e d  
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s i z e  range and c a s t i n g  t h e  m e l t  i n t o  i n g o t s .  S i m i l a r  p rocesses  are being 

i n v e s t i g a t e d  f o r  p o s s i b l e  a p p l i c a t i o n  t o  t h e  p rocess ing  of non-high-level 

metal l ic  w a s t e  materials ( i n c l u d i n g  w a s t e  LWR f u e l  c l add ing  h u l l s )  by 

several ERDA l a b o r a t o r i e s .  11-13 

Seve ra l  d i f f e r e n t  t ypes  of f u r n a c e s ,  as w e l l  as t e c h n o l o g i e s ,  are 

a v a i l a b l e  f o r  me l t ing  of nonrad ioac t ive  m e t a l  s c r a p s .  However, t h e  d a t a  

f o r  me l t ing  of metal l ic  wastes contaminated wi th  r ad ionuc l ides ,  are q u i t e  

l i m i t e d ;  a t  p r e s e n t ,  t h e  behavior  of r a d i o n u c l i d e s  du r ing  me l t ing  and 

c a s t i n g  i s  n o t  w e l l  understood. The problems a s s o c i a t e d  w i t h  me l t ing  

and c a s t i n g  of t h e  type  of wastes under c o n s i d e r a t i o n  ( i .e. ,  spen t  

s intered-metal  f i l t e r s  and co ld  t r a p s )  are expected t o  be even more 

s e r i o u s  than  t h e  w a s t e  LWR f u e l  c l add ing  h u l l s .  T h i s  assumption i s  baseld 

on some p re l imina ry  d a t a  ob ta ined  f o r  t h e  f i l t e r s ,  i n d i c a t i n g  t h a t  t hey  

are c h a r a c t e r i z e d  by h igh - l eve l  r a d i o a c t i v i t y  coming from s e m i v o l a t i l e  and 

p a r t i c u l a t e  n u c l i d e s  r e l e a s e d  du r ing  burning of HTGR f u e l s  a t  (-850" t o  

900°C). Thus, one of t h e  p o t e n t i a l  problems i s  r e v o l a t i l i z a t i o n  of 

s e m i v o l a t i l e  r a d i o n u c l i d e s  (e .g . ,  cesium, i o d i n e ,  ruthenium) i n  t h e  

me l t ing  and c a s t i n g  s t e p s ,  s i n c e  t h e  me l t ing  p o i n t s  of Has te l loy  X and 

s t a i n l e s s  s teel  304 are cons ide rab ly  h ighe r  t han  t h e  t empera tu res  of 

burning f u e l s  ( i . e . ,  -1300" and -145OOC f o r  H a s t e l l o y  X and s t a i n l e s s  

s teel ,  r e s p e c t i v e l y ) .  Consequently, p r o v i s i o n  must be made t o  r e c a p t u r e  

these nuclides. 

Considerably more development work w i l l  be needed t o  confirm t h e  

f e a s i b i l i t y  of adap t ing  t h e  e x i s t i n g  technology t o  me l t ing  and c a s t i n g  

of t h e  waste s in t e red -me ta l  f i l t e r s  and cold t r a p s .  Among t h e  equipment 

t o  b e  developed i s  a remotely operated me l t ing  system, inc lud ing  t h e  

fu rnace ,  t h e  f e e d e r ,  t h e  o f f -gas  c leanup system,and o t h e r  a c c e s s o r i e s .  

R e l i a b i l i t y  of t h e  system must be demonstrated through prolonged remote 

o p e r a t i o n  u s i n g  r a d i o a c t i v e  wastes. Much could be l ea rned  from t h e  

e x i s t i n g  development program i n  t h e  area of me l t ing  and c a s t i n g  of t h e  

LWR f u e l  c ladding.  

Leaching. 

remove r a d i o n u c l i d e s  from t h e  spen t  f i l t e r s  and t r a p s  by means of a c i d  or 

The major g o a l  of t h i s  a l t e r n a t i v e  is  t o  p r e f e r e n t i a l l y  
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other types of solvent, with little or no attack on the constructional 

materials for these devices. The filters and traps thus decontaminated 

could presumably be handled like the low-level solid wastes, while the 

leachate solution would be concentrated and combined with the HLLW. 

The preliminary data from hot-cell experiments using sintered-metal 

filters (stainless steel and nickel) contaminated with radionuclides from 

irradiated fuels have indicated that leaching with dilute (1 to 6 E) HN03 
appears promising. Leaching of the filter at ambient temperature for 

-30 min removed appreciable fractions (up to -70%) of nuclides including 

uranium and major fission products. Likewise, according to data from 

related processes (e.g., decontamination of LWR fuel cladding wastes, 

recovery of transuranics from non-high-level wastes ,15 and acid digestion 

17-19 solubilities of the of alpha wastes ) ,  and from corrosion data, 

filter and trap materials (e.g., Hastelloy X and stainless steel 304L, 
respectively) in dilute HNO3 and/or H2SO4 should be so low at ambient 

temperature that preferential leaching of the radionuclides seems 

feasible. From the known characteristics of nuclides (oxide forms) of 

interest, uranium and alkali and alkaline earth elements would be readily 

dissolved in these acids but plutonium and thorium would require the 

addition of a small amount of fluoride to promote dissolution. 

14 

16 

The above inferences, however, are far from certain; further studies 
are required to fully characterize the leaching process in terms of its 

capability and limitations as affected by different process parameters. 

Preparation of the wastes for leaching (e.g., initial size reduction of 
the filters and traps by chopping) may be necessary, primarily to keep 

the size of the leaching equipment to a minimum. 

Dissolution of wastes. This method of approach also involves chemical 

dissolution of the wastes, but much more aggressive chemicals and process 

conditions are utilized in an attempt to dissolve the entire mass of the 

wastes to release the radionuclide content. Among the potential chemicals 

are mixed acids [e.g., aqua regia (HN03-HC1), or a mixture of hot HNO -H SO 1 ,  
and fused salts with an oxidant (e.g., molten Na CO with air). The dissolu- 

tion rate of stainless steels (potential constructional materials for cold 

3 2 4  

2 3  
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traps) in the HN03-H2S04 is expected to be considerably lower than that 

in the aqua regia. Dissolution of Hastelloy alloys (sintered-metal filter 

materials) in both types of mixed acids will be even slower than that o f  

stainless steels (possibly by a factor of -10). Whether a molten-salt 
process similar to that being developed by Atomics International” will 

dissolve these materials within a few hours is less certain. It has been 
reported that thin-walled (< 2-mm) metallic components (e.g., carbon steel 

and nickel-based alloys) could be dissolved within a relatively short time 

in molten Na2C03 at -1000°C. 
(-5 mm thick, -2 in. diam) and other high-chromium (> 10%) alloys would 

require a long time (>1 week) to dissolve completely. 

On the other hand, a stainless steel 304 pipe 

Because of the highly corrosive nature of all the chemicals mentioned 

above, selection of the materials to be used for construction of the 

dissolver will be one of the major problems. The dissolver, using aqua 

regia as the solvent, may be fabricated of titanium since it was satis- 

factory in the dissolution of stainless-steel-clad fuels. 21 

such as tantalum and noble metals would also be suitable, but they are 

much more costly than titanium. 

be satisfactory for the molten-salt process. 

Other meta:Ls 

A refractory-lined vessel would probablty 

Once the entire waste that contains radionuclides is in solution, 

chemical separation can proceed. The goal for such a separation is ultlmate 
partitioning of a small volume of the highly radioactive portion of the 
waste from the bulk of the waste constituents which contain few or no radio- 
nuclides. 

and the amount of the secondary wastes resulting from the separation might 

be prohibitive. 

Fairly complex process schemes may be required for this purpose, 

3.1.1.4 Assessment of process alternatives 

Table 3 shows a comparative summary of the highlights of the four 

process alternatives. 

leaching process appears to be the most promising of the four processes 

considered. The important features of this process include the simplici.ty 

of its equipment and operation, and its potential for separation and 

Based on the limited amount of available data, the 



Table 3. Comparison between different  a l ternat ives  for  processing of 

spent sintered-metal f i l t e r s  and cold t raps  

Process 
a1 terna t ive  Advantages Disadvantages 

Compaction Relatively simple equipment and operation (1) 

(2 )  

(1) 

( 2 )  

Melt-casting (1) Can achieve higher volume reduction 
factor than compaction 

w i l l  be fixed i n  cast ingots. 
(2) Most of "nonvolatile" radionuclides 

Leaching 

Waste 
dissolution 

(1) Simplicity i n  equipment and operation 
(2)  Has potential for  separating the bulk 

of radionuclides and concentrating them 
in to  a small volume 

Has potential of completely releasing radio- 
nuclides into a f luid phase which gives an 
opportunity for  separation of radionuclides 
from nonradioactive w a s t e  constituents 

Pract ical ly  no reduction i n  spec i f ic  
radioact ivi ty  (Ci/kg) with limited volume 
reduction factor  
H a s  tendency t o  produce airborne radio- 
act ive contamination 

High thermal energy consumption and severe 
service requirements due t o  high-tempera- 
tu re  operation 
H a s  potent ia l  of spreading radioactive 
contamination throughout melting system 
due t o  revaporization of semivolatile 
nuclides cn P 

Requires t ransfer  of radionuclides t o  an 
aqueous phase which is  potentially more 
dispersible than sol ids  

Dissolver and accessories must be made 
of special  materials of construction 
because of highly corrosive nature of 
solvents, 
Potent ia l  problems i n  handling molten- 
sal t  material (molten-salt process) 
Requires complex process scheme t o  
par t i t ion  radioactive portion from non- 
radioactive portion 
Requires t ransfer  of radionuclides t o  an 
aqueous solution 
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concentration of the radionuclides into a small volume with a minimum 

amount of the secondary waste. The requirement that the radionuclides 

must first be dissolved (i.e., transferred from the solid phase to the 

aqueous phase) is not a serious disadvantage, since the aqueous solution 

will be processed in a controlled facility that prevents or minimizes 

any chance of dispersion. 

The compaction method is also relatively simple in design and operation 

of the equipment. Nevertheless, the specific radioactivity still remains 

at a high level, and the radionuclides must be immobilized by incorporating 

them into some insoluble agent before the waste can be transported to a 

repository. This implies that the net volume reduction would be smaller 

than that obtainable by a simple compaction alone. 

Both the melt-casting and waste-dissolution processes require drastic 

process conditions in terms of very high temperature or corrosive chemical 

environment. Consequently, costly constructional materials will be required 

for the process equipment. In the melt-casting process, the indication 

that the semivolatile radionuclides (which constitute a major portion of the 

radionuclides in the waste) would be lost from the waste during the melting 

step seems to defy the major purpose of the waste processing (i.e., collec- 

tion and concentration of radionuclides). A similar statement is applicable 

to the waste dissolution process when molten salt is used as the solvent. 

3.1.1.5 Research and development needs 

Table 4 summarizes the R&D needs for characterization of the spent 
sintered-metal filters and cold traps as well as the four process alterma- 

tives for these wastes. The identification of the R&D needs is based on 

the discussion presented above, together with the review of the current 
state of development in related areas. The development data obtained 

from laboratory characterization studies of items 1, 3 ,  4 ,  and 5 would 
facilitate not only the selection of the process, but also the definition 

of the RSID scope. For example, if the laboratory study of item 5 consis- 

tently gave a positive result (i.e., the presence of an appreciable amount 

of uranium), the compaction and melt-casting processes would be eliminated. 

. 
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Table 4 .  I d e n t i f i c a t i o n  of R&D needs and a v a i l a b l e  information f o r  process ing  of 
spent  s in te red-meta l  f i l t e r s  and cold t r a p s  

Information from r e l a t e d  R&D program b Research and development needsa 

(1) - (5) None General waste (1) Materials of cons t ruc t ion  f o r  f i l t e r s  and t r a p s  
cha rac t e r i za t ion  (1-c; e-c) 

( 2 )  C r i t e r i a  f o r  and frequency of replacement of f i l t e r s  
and t r a p s  (1-h; e-h) 

(3)  Types, chemical and phys ica l  forms (e.g. ,  s u r f a c e  
contamination o r  compound formation wi th  f i l t e r  and 
t r a p  materials, e t c . ) , and  depos i t ion  r a t e s  of 
nuc l ides  (1-h; e-c, n )  

( 4 )  Loading of r ad ionuc l ides  on f i l t e r s  and t r a p s  a t  
the  t i m e  of replacement (1-h; e-h) 

(5) Determine whether s u f f i c i e n t  quan t i ty  of U is  
present  t o  j u s t i f y  recovery (1-h; e-h) 

Process a l t e r n a t i v e  

Compaction (1) Compaction p res su re  range f o r  maximum volume (1) LWR cladding h u l l s  (NAP, M) 
reduction (1-c) 

compactor (1-h; e-h) 

a i rborne  contamination (1-c, h) 

compactor (e-c, h) 

immobilization (e-c, h) 

( 2 )  None ( 2 )  Extent of release of rad ionucl ides  t o  a r e a  around 

( 3 )  Determine the  need f o r  off-gas cleanup f a c i l i t y  f o r  ( 3 )  None 

( 4 )  F e a s i b i l i t y  of remote opera t ion  and maintenance of ( 4 )  LWR cladding h u l l s  (NAP) 

(5) Container f o r  compacted was tes ;  methods of nuc l ide  (5) LWR cladding h u l l s  (M) 

Me1 t-c a s  t ing  

Leaching 

(1) Adaptation of e x i s t i n g  melting furnace and m e l t -  (1) LWR metal s c raps ,  c ladding  h u l l s  (M) 
cas t ing  technologies  t o  wastes with h igh- leve l  
r a d i o a c t i v i t y ;  i nc ludes  remote opera t ion  and 
maintenance (e-c, h )  

metal ,  slag,and furnace  system (1-h; e-c, h )  
( 2 )  Dis t r ibu t ion  of rad ionucl ides  i n  gas phase, molten (2)  Same as above (M) 

( 3 )  Leachabi l i ty  of rad ionucl ides  i n  ingot  and s l a g  (1-c, h) ( 3 )  Same a s  above (M) 
( 4 )  Device f o r  off-gas cleanup o r  recapture  of rad io-  ( 4 )  None 

nucl ides  i n  gas phase (1-h; e-c, h) 
(5) Mater ia l  of cons t ruc t ion  f o r  mel t ing  system (1-c; e-c, h) ( 5 )  LWR metal sc raps ,  cladding h u l l s  (M) 

(1) Leaching behavior of rad ionucl ides ,  and f i l t e r  and (1) - (3)  None 
t r a p  ma te r i a l s  i n  s e l e c t e d  medium (e .g . ,  HN03, 
HN03-HzSOb) under d i f f e r e n t  process  cond i t ions  (1-h: e-c. h) (2)  Charac te r i s t i c s  of of f -gas ,  and need f o r  off-gas . I  

cleanup (1-c, h) 

f i l t e r  o r  t r a p  (1-h) 

t r a p  (1-c, h; e-c, h) 

( 3 )  Dis t r ibu t ion  of nuc l ides  between l eacha te  s o l u t i o n ,  and 

( 4 )  Fina l  processing of l eacha te ,  and leached f i l t e r  and 

Waste d i s so lu t ion  (1) Evaluation of d i s s o l v e n t s  f o r  f i l t e r  and t r a p  materials 
(e .g . ,  r a t e s  of d i s s o l u t i o n  under vary ing  process  
condi t ions ;  off-gas and o the r  by-products) (1-c) 

( 2 )  Evaluation of materials of cons t ruc t ion  f o r  d i s so lve r  
and accesso r i e s  (1-c) 

( 3 )  Dis t r ibu t ion  of rad ionucl ides  among s o l u t i o n ,  i n so lub le s ,  
o f f -gas ,  d i s so lve r  wal l s ,and  accesso r i e s  (1-h; e-c, h) 

( 4 )  Off-gas c h a r a c t e r i s t i c s  and method of off-gas treatment 
(1-h; e-c, h) 

(5) Chemical s epa ra t ion  of rad ionucl ides  from l a r g e  amount 
of nonradioac t ive  waste cons t i t uen t s  (1-c, h ;  e-c, h) 

(6)  F ina l  s epa ra t e  process ing  of r ad ioac t ive  and nonradio- 
a c t i v e  po r t ions  (1-c, h; e-c) 

( 4 )  LWR-HLLW, metal s c raps ,  c ladding  h u l l s  (M) 

(1) LWR metal s c raps ,  c ladding  h u l l s  ( s t a i n l e s s  s t e e l s ) ;  
none f o r  Hastelloy X 

( 2 )  Corrosion da ta  

(3)  None 

( 4 )  None 

(5) None 

( 6 )  LWR-HLLW, -ILLW, and -LLLW (M) 

aSymbols i n  parentheses  represent  scopes of t h e  development needs as fo l lows:  

bSymbols i n  parentheses  i n d i c a t e  t h e  status of a v a i l a b l e  information: 

1, l abora to ry  scale; e, engineering s c a l e ;  
c, cold (nonradioac t ive ,  i n c l u d e  t r ace r - l eve l  r a d i o a c t i v i t y )  work; h ,  ho t  ( r ad ioac t ive )  work. 

M, modif ica t ion  o f  R6D program or type of a v a i l a b l e  information r equ i r ed  - some add i t iona l  work may be needed. 
NAP, no a c t i v e  R6D program a t  present ;  
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A chemical p rocess  f lowsheet  s p e c i f i c a l l y  f o r  uranium recovery would have 

t o  be developed based on t h e  f e e d  s o l u t i o n  from e i t h e r  t h e  l e a c h i n g  p rocess  

o r  t h e  w a s t e  d i s s o l u t i o n  p rocess .  

A l s o  shown i n  Table 4 i s  an  i d e n t i f i c a t i o n  of t h e  in fo rma t ion  avail-  

a b l e  from o t h e r  r e l a t e d  R&D programs. F requen t ly ,  s l i g h t  m o d i f i c a t i o n  of 

t h e  d a t a  o r  t h e  program scope may produce u s e f u l  i n fo rma t ion  f o r  t h e  types  

of wastes under c o n s i d e r a t i o n .  Some a d d i t i o n a l  development work may s t i l l  

be necessa ry .  

3.1.2 S i c  h u l l s  and i n s o l u b l e s  

3 .1 .2 .1  General c h a r a c t e r i s t i c s  

The w a s t e  S i c  h u l l s  form t h e  major p o r t i o n  of t h e  r e s i d u e  t h a t  i s  

sepa ra t ed  from t h e  leached product  s l u r r y  which i s  d i scha rged  from t h e  

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

r e s i d u e  c o n t a i n s  most ly  noble-metal  f i s s i o n  p roduc t s .  

The S i c  i n  t h e  h u l l s  i s  e s s e n t i a l l y  of t h e  cub ic  modified-@ form and 

has  a h igh  degree of chemical and thermal s t a b i l i t y  (mp > 27OOOC). 

i s  chemical ly  s t a b l e  i n  most common r e a g e n t s ,  bu t  i t  i n t e r a c t s  w i t h  molten 

a l k a l i e s  a t  h igh  t empera tu res .  The bulk d e n s i t y  of t h e  w a s t e  S i c  h u l l s  is 

S i c  

3 es t ima ted  a t  -1.6 g/cm . The e s t ima ted  g e n e r a t i o n  rate of waste S i c  h u l l s  

and i n s o l u b l e s  i s  i n  t h e  range -2 t o  2.5 metric t o n s  (MT) p e r  MT of uranium 

i n  t h e  spen t  f u e l ,  o r  -100 kg p e r  MT of heavy metal (uranium p l u s  thorium).  

Based on t h e  f u e l  r e p r o c e s s i n g  rate of 20,000 F.E.  p e r  y e a r ,  as i n d i c a t e d  

i n  Table 2 ,  t h e  t o t a l  vo lumet r i c  rate of g e n e r a t i o n  would b e  -430 f t  / yea r .  3 

During i r r a d i a t i o n  of f u e l  p a r t i c l e s  i n  t h e  r e a c t o r ,  f i s s i o n  p roduc t s  

and smaller amounts of a c t i n i d e s  tend t o  mig ra t e  ou t  of t h e  f u e l  k e r n e l  

through t h e  coated l a y e r s ,  t h u s  d i s p l a y i n g  an  "amoeba e f f e c t . "  

and e x t e n t  of such mig ra t ion  v a r y  wi th  t h e  f u e l  t ype  ( i . e . ,  oxide o r  c a r b i d e ) ,  

t h e  n u c l i d e  t y p e ,  i r r a d i a t i o n  temperature ,  and burnup, b u t  t h e  q u a n t i t a t i v e  

The rate 

c o r r e l a t i o n  between t h e s e  v a r i a b l e s  h a s  n o t  y e t  been completely e s t a b l i s h e d .  

There i s  evidence 22 9 2 3  t o  i n d i c a t e  t h a t  mig ra t ion  of t h e s e  r a d i o n u c l i d e s  

would be r e t a r d e d  by t h e  S i c  l a y e r .  These n u c l i d e s ,  however, i n t e r a c t  w i t h  
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. 

t h e  SIC l a y e r  and form some s t a b l e  compounds t h a t  resist l each ing  by HN03 

and several o t h e r  mine ra l  a c i d s .  

3.1.2.2 Radiochemical c h a r a c t e r i s t i c s  and r a d i o n u c l i d e  behavior 

Behavior of r a d i o n u c l i d e s .  The behavior of f i s s i o n  p roduc t s  (F.P.) 

i n  t h e  HTGR type  of coated f u e l  p a r t i c l e s  du r ing  i r r a d i a t i o n  has  been a 

s u b j e c t  of i n t e n s i v e  s tudy 22-24 i n  t h e  p a s t  few yea r s .  The r e c e n t  r e s u l t s  

of an e l e c t r o n  microprobe a n a l y s i s  of i r r a d i a t e d  p a r t i c l e s 2 2  r evea led  t h a t  

t h e  e x t e n t  t o  which t h e  F.P. d i f f u s e  away from t h e  f u e l  k e r n e l  has  no 

l i n e a r  r e l a t i o n s h i p  t o  t h e  burnup, b u t  i t  i s  c l o s e l y  r e l a t e d  t o  t h e  

s o l u b i l i t y  of F.P. i n  t h e  k e r n e l .  

of t h e  F.P. e i t h e r  d i s s o l v e s  i n t o  it o r  forms ceramic oxide p r e c i p i t a t e s  

[e .g . ,  m e t a l l i c  i n c l u s i o n s  of Mo-Tc-Ru-Rh-Pd and Pd-Te, and p r e c i p i t a t e s  

of (Sr ,  Ba)'(Zr,U, rare ea r ths )O  1, and mig ra t ion  of t h e s e  n u c l i d e s  i s  

r e t a r d e d .  I n  c o n t r a s t ,  a f a r  g r e a t e r  amount of F.P. ,  e s p e c i a l l y  a l k a l i s ,  

a l k a l i n e  e a r t h s ,  and rare e a r t h s ,  were found i n  pyrocarbon c o a t i n g  l a y e r s  

t han  i n  t h e  UC2 k e r n e l .  

I n  t h e  U 0 2  k e r n e l ,  t h e  major p o r t i o n  

X 

V a r i a t i o n  of radiochemical  composition wi th  coo l ing  t i m e .  The 

des ign  of t h e  i n t e r i m  s t o r a g e  f a c i l i t y  and t h e  p rocess ing  f a c i l i t y  f o r  a 

high-level  w a s t e  such as S i c  h u l l s  i s  inf luenced by t h e  coo l ing  t i m e  f o r  

t h e  w a s t e  a f t e r  i t s  d i scha rge  from the  r e a c t o r .  The coo l ing  t i m e  a f f e c t s  

t h e  des ign  mainly i n  terms of t h e  c a p a c i t y ,  t h e  r a d i a t i o n  s h i e l d i n g ,  and 

t h e  method and rate of h e a t  d i s s i p a t i o n  r e q u i r e d  f o r  t h e s e  f a c i l i t i e s .  

Table 5 p r e s e n t s  t h e  est imated radiochemical  composition and t h e  

rate of decay h e a t  gene ra t ion  as func t ions  of coo l ing  t i m e  f o r  key r ad io -  

n u c l i d e s  i n  w a s t e  S i c  h u l l s  and i n s o l u b l e s  from 25R f i s s i l e  p a r t i c l e s .  

The s a m e  type of information f o r  2 3 R  f i s s i l e  p a r t i c l e s  i s  shown i n  Table 

6 .  Computation of t h e s e  d a t a  is  based on t h e  same assumptions as t h o s e  

desc r ibed  i n  r e f .  1. These t a b l e s  c l e a r l y  demonstrate t h a t  f i s s i o n  

products  i n  t h e  waste S i c  h u l l s  and i n s o l u b l e s  account f o r  p r a c t i c a l l y  

a l l  of t h e  r a d i o a c t i v i t y  and t h e  decay hea t  even a f t e r  a prolonged coo l ing  

t i m e  ( i . e . ,  8 y e a r s ) .  

'06Ru, 134Cs, 

c o n t r i b u t i n g  t o  n e a r l y  one-half of t h e  t o t a l  r a d i o a c t i v i t y  and almost 40% 

I n i t i a l l y  ( i . e . ,  a f t e r  180 days of decay) ,  90Sr, 

C s ,  and C e  are t h e  predominant f i s s i o n  product n u c l i d e s ,  1 3 7  144 



Table 5.  Variation in estimated characteristics of waste Sic h u l l s  and insolubles with 

(Basis: 11,600 25R F.E./year) 
cooling tim& (from 25R fissile particles) 

Radioactivity ( Ci ) Rate of heat generation (W, B+y) 
Time ,after discharge from reactor 'Time after discharge from reactor 

180 days 5 years 8 years 180 days 5 years 8 years 
Major 
rmcli de s 

Sr-90 
RU-106 

1-129 
Sb-12 5 

Cs-134 

Ce-144 

Other F.P. 

CS-137 

Eu-154 

1 .60  (6 ) 2.09 (3)  
0 . 3  
30 
- 0  
4 .60(3)  
2 .72(3)  
8 
680 
1.65 ( 4 )  

h, 
0 

0.00[0.5 kg] 0.00[0.5 kg] 
0.111.3 kg] 0.1[1 .3  kg] 

U-235 
u-236 
Pu-238 

- 0  
0 .oo 
51  

- 0  
0.00 
49 

- 0  
0.00 
48 

Other Pu 0.2 0.2 0.1 

Other actin. 4 30 180 1 5  11 10 

Total F.P. 
Total actin. 
Grand total 

3.73(4) 
60 
3 . 7 3 ~  j 

%umbers in parentheses represent powers of 10, 



, V , 

Table 6 .  Estimated c h a r a c t e r i s t i c s  of waste S i c  h u l l s  and in so lub le s  with cool ing ti& 

(from 23R f i s s i l e  p a r t i c l e s )  

(Basis :  7800 23R F.E.j’year) 

Radioac t iv i ty  (Ci) 
Time a f t e r  d i scharge  from r e a c t o r  

Rate of hea t  generat ion (W, @+y) 
M a  j o r  Time a f t e r  d i scharge  from r e a c t o r  

8 years  nuc l ides  180 days 5 yea r s  8 years  180 days 5 years  

Sr-90 
Ru-106 
Sb-125 
1-129 
CS-134 
CS-137 

Eu-154 
Ce-144 

Other F.P. 

U- 2 35 
U-236 
Pu-2 38 
Other Pu 
Other a c t i n .  

To ta l  F.P. 
To ta l  a c t i n .  
Grand t o t a l  

1 . 6 1 ( 6 )  
5 . 4 9 ( 5 )  
1.07 ( 5 )  
0.4 (2 .9  kg) 
3.94 ( 6 )  
1.69 ( 6 )  
6.92 ( 6 )  

1 .83 (7 )  
7 . 4 5 ( 4 )  

0.00 [O .5 kg] 
0.04[0 .6  kg] 
790[0 .05  kg] 
310[0.02 kg] 
170 

3 . 3 2 ( 7 )  
1 .27 (3 )  
3 .32 (7 )  

1 . 4 4 ( 6 )  
2 . 4 6 ( 4 )  
3 . 3 7 ( 4 )  
0 .4  (2 .9  kg) 
8 . 5 8 ( 5 )  
1 . 5 2 ( 6 )  
1.25 ( 5 )  
6.12 ( 4 )  
3 . 4 8 ( 6 )  

0.00 [ O .  5 kg] 
0.04 [ 0.6 kg] 
760[0 .05  kg] 
250E0.01 kg] 
80 

7 . 5 4 ( 6 )  
1 .09 ( 3 )  
7 . 5 4 ( 6 )  

1 . 3 4 ( 6 )  
3 .09 (3 )  
1.56 ( 4 )  
0 .4  (2.9 kg) 
3 . 1 1 ( 5 )  
1 . 2 8 ( 6 )  
8 . 5 8 ( 3 )  
5 . 3 8 ( 4 )  
2 . 9 7 ( 6 )  

0.00 [0 .5 kg] 
0.04[0 .6  kg] 
740 [ O .  05 kg] 
2 2 0 [ 0 . 0 1  kg] 
30 

5 . 9 8 ( 6 )  
990 
5 . 9 8 ( 6 )  

2 .11 (3 )  
30 
430 
- 0  
4 .17 (4 )  
2 . 7 7 ( 3 )  
5 . 6 6 ( 3 )  
610 
1 . 0 5 ( 5 )  

- 0  
- 0  

26 - 0.0 
5 

1 . 5 8 ( 5 )  
31  
1 . 5 8 ( 5 )  

1.89 ( 3 )  
1.5 
140 
- 0  
9.09 ( 3 )  
2 . 5 0 ( 3 )  
100 
500 
1.59 ( 4 )  

- 0  
- 0  
25 - 0.0 
2 

3 . 0 1 ( 4 )  
27 
3 . 0 1 ( 4 )  

1 .75 (3 )  
0.2 
20 
- 0  
3 . 2 9 ( 3 )  

7 
440 
1 . 3 6 ( 4 )  

2.33 ( 3 )  h) 

- 0  
- 0  
25 - 0.0 
2 

2.14 ( 4 )  
27 
2.14 ( 4 )  

a Numbers i n  parentheses  represent  powers of 10. 
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of t h e  t o t a l  rate of decay h e a t  gene ra t ion .  

however, t h e  c o n t r i b u t i o n  from lo6Ru and 144Ce becomes much less s i g n i f i c a n t .  

I n  any case, t h e  i n i t i a l  (180-day) v a l u e s  of t o t a l  r a d i o a c t i v i t y  and t h e  

rate of decay h e a t  gene ra t ion  are reduced by f a c t o r s  of -4 and -5, 

r e s p e c t i v e l y ,  a f t e r  5 y e a r s  of coo l ing .  

t ies  by a 3-year ex tens ion  of t h e  coo l ing  per iod ( i . e . ,  8 y e a r s  of coo l ing )  

i s  less dramatic .  

A f t e r  5 t o  8 y e a r s  of coo l ing ,  

The r e d u c t i o n  i n  t h e s e  proper- 

P re l imina ry  h o t - c e l l  experimental  d a t a .  The d a t a  shown i n  Tables  5 

and 6 are t h e  c a l c u l a t e d  r e s u l t s  of s i m p l i f i e d  assumptions,  some of which 

must b e  confirmed through t h e  experimental  development work. Assumptions 

p e r t a i n i n g  t o  t h e  r a d i o n u c l i d e  d i s t r i b u t i o n  (Fig.  4 i n  r e f .  1) were based 

on t h e  l i m i t e d  amount of i n fo rma t ion  de r ived  from earlier h o t - - c e l l  expe r i -  

ments u s ing  i r r a d i a t e d  f u e l s  ( s p e c i a l l y  designed HTGR-type). 2 s 

To improve c h a r a c t e r i z a t i o n  of t h e  w a s t e  S i c  h u l l s  and i r i so lub le s ,  

a sys t ema t i c  h o t - c e l l  s tudy i s  being c a r r i e d  o u t  u s ing  mainly t h r e e  d i f -  

f e r e n t  t ypes  of s p e c i a l l y  designed,  i r r a d i a t e d  HTGR f u e l s . 6  

TRISO UC2-BISO ThC2, TRISO U02-BIS0 Tho2, and TRISO(Th,U)C2-BIS0 ThC2 

types .  Better understanding of t h e  c h a r a c t e r i s t i c s  of t h e  S i c  h u l l s  and 

i n s o l u b l e s  ( e s p e c i a l l y  t h e  d i s t r i b u t i o n  of nonleachable  n u c l i d e s )  is 

important  i n  t h e  development of chemical f l owshee t s  f o r  p rocess ing  of 

They are: 

* 

t h e s e  wastes. The presence of a s i g n i f i c a n t  amount of nonleachable  

uranium and/or  o t h e r  f i s s i o n a b l e  n u c l i d e s  may imply t h a t  t h e  p rocess  

f lowsheet  should i n c l u d e  p r o v i s i o n  f o r  recovery of t h e s e  n u c l i d e s .  

S t u d i e s  of t h e  h o t - c e l l  d a t a ,  i nc lud ing  t h e  radiochemical  a n a l y t i c a l  

d a t a  are s t i l l  incomplete,  and no d e f i n i t e  conclusion has  been reached 

as y e t .  The p re l imina ry  r e s u l t s  f o r  t h e  w a s t e  S i c  h u l l s  and i n s o l u b l e s  

appear t o  show t h e  fol lowing t r e n d s :  

1. The q u a n t i t i e s  of nonleachable  n u c l i d e s  i n  t h e  wastes g e n e r a l l y  vary 

w i t h  t h e  type  of n u c l i d e ,  and t o  a lesser degree,  w i t h  t h e  f u e l  type.  

* 
I n  t h i s  case, nonleachable  n u c l i d e s  r e f e r  t o  t h o s e  t h a t  cannot be 1each.ed 
ou t  by HNO3 i n  t h e  normal o p e r a t i o n  of t h e  f i s s i l e  p a r t i c l e  d i s s o l v e r .  
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2. The approximate orders of magnitude for the quantities of major 

nuclides retained by the wastes, in terms of weight percent of 

the nuclide in the original fuel, are: 

wt % 

<-1 to 3 
<-3 to 5 

Sr - 1 t o 2  

- Total uranium 

Total thorium 

134 137cs 

- 

- 10 for oxide fuel; - 2 to 4 for CS , 
144ce - 10 
154Eu 
106 125sb 

- 25 for oxide fuel; - 1 to 2 for 
- 50 to 70 Ru , 

3. The total radioactivity retained by the SIC wastes is 

carbide fuel 

carbide fuel 

estimated to 

be - 1000 Ci/kg, which is more than a factor of 10 higher than the 
lower limit of the high-level solid waste (> 70 Ci/kg; Table 1). 

Although the figures for selected nuclides indicated in the second 

trend are preliminary in nature, the amounts of uranium and thorium seem 

to be greater than ten times those assumed for the calculated data in 

Tables 5 and 6 (i.e., 0.1 wt % for both uranium and thorium). If this 
trend should be confirmed, the need for development of a process to 

recover uranium would probably be justified. 

3.1.2.3 Process alternatives 

Several alternatives have been considered for processing of the waste 
Sic hulls and insolubles. They are based on essentially two different 
methods of approach, namely: (1) direct immobilization and packaging of 
the wastes, and (2) chemical separation of radionuclides from the non- 

radioactive components of the wastes followed by separate processing of 
the two fractions. The first approach is not applicable when recovery of 

uranium and/or other fissile materials is required. 

Direct waste packaging and waste immobilization. At first observa- 
tion, processing of the Sic hulls and insolubles may appear quite simple; 
they could simply be placed in proper storage containers for long-term 

isolation, since the radionuclides in this type of waste are "nonleachable" 
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in the dissolver solution (HN03). 

are completely different from those in the natural environment: (e.g., 

geological isolation facility) where these wastes would be placed. No 

data are available at this time that would predict the behavior of these 

radionuclides in case of container failure in a geological isolation 
facility. This would permit the large surface area of the wastes to be 

exposed to a natural "leach solution" for an extremely long time, if water 

should make a way into the isolation facility. Since the radionuclides 

are in a powdery material, they are readily dispersible. Therefore, the 
simple alternative described above would not be a reliable means for 

isolation of this type of waste. 

However, the conditions in the dissolver 

The next alternative is to incorporate the wastes into a matrix 

material that is chemically and physically stable. Thus, the powdery 

waste mass would be fixed in place (immobilized), and the exposed surface 

area of the waste will be greatly diminished. The matrix binder would 

also tend to eliminate or reduce the void volume and would presumably 

improve heat dissipation. Glass, concrete, organic polymer, and bitumen 

are among the matrix materials employed in fixation of low- and intermediate- 

level wastes. 

of the waste Sic hulls and insolubles, glass is probably the only material 

in this group suitable for immobilization. Incorporation of these wastes 

In view of the high-level radioactivity (> - - 1000 Ci/kg) 

into a glass matrix may be carried out by modification of the commercially 
available technology for making borosilicate glasses. It involves melting 

of a mixture of Na2C03, B2O3, and sand with the wastes at 1200 to 1400°C. 

One of the major drawbacks associated with this method is dilution of 

the original wastes (or an equivalent increase in the waste volume) by 
addition of the matrix material. The radionuclide content of the original 

wastes is estimated to be -1% by weight based on the weight of the wastes. 

The dilution factor could be -5. 

of the wastes would still be high enough to be classified as high level. 

This implies that a much larger volume of high-level waste than that of 
the original waste would have to be handled. 

Even at this much dilution, radioactiv:ity 

. 
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. 

Chemical separation. Partitioning of the radionuclides from the 

bulk of the nonradioactive constituents of the waste Sic hulls and insolu- 

bles seems to be justified based on (1) the very low concentration (weight 
basis) of radionuclides in the wastes (-1 wt %), and (2) the possible 
presence of a significant amount of uranium in the wastes to warrant its 

recovery. As a comparison in regard to the radionuclide concentration, 

the fission product oxide content of the solidified HLLW generally ranges 

from -20 to 50 wt % depending upon the specific solidification technology 
(see Sect. 3 . 3  for a detailed discussion of the HLLW). 

The major goal of this method is to develop a process that would 

partition the wastes into two portions, one containing nearly all radio- 

nuclides and the other containing the bulk of nonradioactive constituents. 

The process should generate little or no secondary waste. A provision for 

separation and recovery of uranium may be required. 

mostly fission products and small amounts of residual uranium and other 

actinides may be concentrated and immobilized by conversion into a glass 

or ceramic material. 

could be processed as low- or intermediate-level wastes. 

The portion containing 

The other portion, which has very low radioactivity, 

The first step in the conceptual process scheme described above is to 

decompose the Sic hulls by some chemicals yet to be selected. 

chemicals must: 

1. 

The selected 

display a selective attack on Sic hulls and little or no interaction 

with structural materials for the processing equipment; 
have a high rate of reaction with Sic hulls at relatively low tempera- 

tures; 
allow the heavy metals and fission products to be readily separated 

from the resulting mixture; and 

produce a minimum amount of additional wastes from the process. 

2. 

3.  

4 .  

Among the chemicals known to attack Sic are halogens (e.g., C12 and 

F2) ,  phosphoric acid, and molten alkaline salts. 

will not be suitable since the reaction is slow and erratic, and it pro- 

duces a layer of Si02 coating on the surface of Sic particles. 

the drawbacks to the use of either C12 or F2 gas is their corrosiveness 
toward many of the common structural materials. 

Phosphoric acid probably 

One of 
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Table 7 contains a list of potential chemicals for decomposition of 

It has been reported26 that the presence of oxygen frequently 
Sic hulls, including the rates of reaction estimated from the published 

literature. 

enhances the reaction between molten salt and Sic. The oxygen may come 

either from the decomposition of the molten salt (e.g., Na 0 and KN03) 

or from the air dissolved in the molten salt. 
2 2  

According to Table 7, the molten mixture of KOH-KN03 (1:b) appears 

to be the most suitable chemical of all those listed for decomposition of 

Sic hulls, since a high rate of reaction may be expected at a relatively 

low temperature (-500°C). This assumption was confirmed at least quali- 
6 tatively in a brief scoping study, 

the reactions of Sic (nonradioactive) and three different chemicals, 

KOH-KNO 

of the molten KOH-KN03 with Sic was -90% complete at -550°C w:ithin 

-1.5 hr; the molten K2C03-KN03 attacked Sic much more slowly although the 

reaction temperature was appreciably higher (-900°C). Although the initial 

reaction of H PO with Sic was relatively fast, it then slowed down, 

presumably due to formation of the Si0 coating on the surface of Sic 

particles. 

in which a comparison was made with 

(1:4), K CQ -KN03 (1:4), and H3P04. For example, the reaction 3 2 3  

3 4  

2 

A more systematic and comprehensive study will be required to critically 

evaluate potential chemicals for decomposition of Sic under different pro- 

cess conditions. In the selection of a suitable chemical for S I C  decomposi- 

tion, consideration should also be given to the effects of the decomposition 
products on the complexity of the subsequent processing steps, and on th,e 

amount and property of the secondary wastes. 

3.1.2.4 Assessment of process alternatives 

Table 8 summarizes the highlights of the three process alternatives 

discussed above in terms of their relative advantages and disadvantages. 

Processing of the waste Sic hulls and insolubles by the chemical separation 

process is probably the best approach. This is based on the assumption that 
the radionuclides in the wastes would have to be concentrated and immobilized 

in order to avoid handling of either a powdery form or a large volume of 
"diluted" high-level wastes. Should the presence of an appreciable amount 
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Table 7. Potential chemicals for decomposition of Sic hulls 

Melting point Reaction temp. Relative 
Chemical ("C)  ("0 reaction rate 

c12 

F2 
Na2C03 851 

NaOH 318 

1000 
300 

900 

900 

Low 

Moderate 

Low 

Moderate 

KOH 360 400 Moderate 

336 6 00 Low 

460a 700 High 
m03 

Na202 
NaOH-Na202 (3:l) - 

Na2S04-NaF (1:l) - 
KOH-KN03 (1:4) -260 

7 00 

500 

950 

High 

High 

High 

a Decomposes. 



Table 8. Comparison between different alternatives for processing of waste Sic hulls and insolubles 

Process 
alternative Advantages Disadvantage s 

Direct waste 
packaging 

Very simple equipment and operation Fine particle sizes and large surface area 
of wastes tend to make them readily dis- 
persible during packaging and in case of 
container failure 

Waste 
immobilization 
in matrix 
material 

Chemical 
separation 

(1) Relatively simple process scheme 
( 2 )  Effectively fix wastes in place, and 

(1) Considerable increase in waste volume 
(2) For glass matrix: requires high-temperature 

h, 
reduce exposed surface area of the material for  equipment, high thermal 

1200-14OO0C ) 

released during melting operation. 

waste particles energy consumption (operating temp , 03 

( 3 )  Some nuclides (e.g., Cs, Ru, etc.) may be 

(1) Potential for separation and con- (1) Process scheme is somewhat more involved 
centration of radionuclides into a than two alternatives above. 
small volume 

and other fissile material 
( 2 )  Potential for recovery of uranium (2) Requires transfer of radionuclides into 

an aqueous phase which is potentially 
more dispersible than solids 

( 3 )  Generation of secondary waste 

, 
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of uranium in the wastes be confirmed (see Preliminary Hot-Cell Experi- 

mental Data in Sect. 3.1.2.2), the chemical separation process would be 

the only alternative applicable to uranium recovery as well as radio- 
nuclide separation and concentration. 

Packaging and storage of the unprocessed wastes as a means of ultimate 

isolation probably will not be satisfactory, mainly because of the dispers- 

ible nature of the powdery waste form. Immobilization of the wastes into a 

matrix material such as glass seems to be a simple and effective way of 

drastically reducing the probability of dispersal. This waste form will 

presumably be more acceptable for long-term isolation than the unprocessed 

powder form. One major drawback to this method is the increase in the 

volume of the high-level waste to be handled. Also, there may be some 

technical problems associated with remote operation and maintenance of 

equipment that processes a molten mass of high-level radioactive material 

at high temperatures (-1200 to 14OOOC). 

3.1.2.5 Research and development needs 

Table 9 lists the suggested areas to be investigated. These will 

provide the primary basis for an evaluation of technical and economic 

feasibility of the individual process alternatives. 

It is desirable that the R&D work for the chemical separation process 
be emphasized because of the reasons listed below: 

1. The radionuclide content of the Sic hulls and insolubles is -1 wt % 

as discharged from the dissolver (after drying), despite their high- 
level radioactivity. When compared with -20 to 50 wt % of fission 
product oxides in the solidified HLLW, the need for concentration is 

indicated. 

2. Based on the recent hot-cell data, there are indications that recovery 

of uranium from these wastes may be necessary. 

3. Much of the basic technical data required for the chemical separation 

process is ,not available. This is in contrast with the waste immobi- 

lization process based on the glass matrix for which the basic glass 

technology is already available from the commercial source. In addition, 

R&D activities in vitrification of the LWR-HLLW should provide useful 

information on the incorporation of radioactive material into glass. 



Table 9 .  Identification of R&D needs and available information for waste Sic hulls and insolubles 

Research and development needsa Information from related R&D programb 
~~~~~ 

General waste 
characterization distribution, bulk density, etc. (1-c, h) 

(1) Physical properties of the wastes - e.g., particle size 
(2) Quantities, distribution, and characteristics (including 

leachability) of fission products in the wastes as 
affected by irradiation and head-end processing histories, 
and fuel types (1-h; e-h) 

(1) - ( 3 ) :  None 

(3) Same type of data as in ( 2 )  for U, Th,and Pu (1-h; e-h) 

Process alternative 

Direct waste 
packaging packaging equipment (e-c, h) 

(1) Feasibility of remote operation and maintenance of the 

( 2 )  Container for packaging of the wastes (e-c, h) 

(1) Adaptation of commercial glass technology to the 

(1) LWA cladding hulls 

( 2 )  LWA cladding hulls (M) 

(1) Commercial glass technology (M); LWR-HLLW Waste immobili- 
zation in matrix wastes having high radioactivity; includes remote vitrification (M) 
material operation and maintenance (1-h; e-c, h) 

material, and equipment surfaces (1-h; e-h) 

(1-h; e-h) 

(2) None 

(3) None 

( 2 )  Distribution of radionuclides among gas phase, matrix 

(3) Leachability of radionuclides in immobilized wastes 

Chemical 
separation 

(1) Evaluation of chemicals for Sic decomposition - e.g., (1) Chemical data for Sic (M) 
composition of chemicals, reaction rate under different 
process conditions, and reaction products (1-c,h; e-c,h) 

( 2 )  Distribution of radionuclides among molten salt, insolu- 
bles, off-gas, and equipment surfaces (1-h; e-h) 

(3)  Material of construction for molten-salt reaction vessel 
(1-c; e-h) 

(4) Process schemes for separation of radionuclides from non- 
radioactive constituents and for uranium recovery 
(1-c, h; e-c, h) 

(2) None 

(3) Corrosion data 

(4) LWR-TRU recovery (M) 

w 
0 

aSymbols in parentheses represent scows of the development needs as follows: 1 
includa tracer-level radioactivity) work; h, hot (radioactive) work. 
bSpbols in parentheses indicate the status of available information: 
or type of available information required- some additional development work may be needed. 

laboratoq scale; e engineering scale J c cold (nonradioactive 

NAP, no active R&D program at present; M, modification of R&D program 
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3.1.3 Ret i r ed  f i e s i l e  particles and c l i n k e r s  

3.1.3.1 General c h a r a c t e r i s t i c s  

Re t i r ed  f i s s i le  p a r t i c l e s .  This  type of material r e s u l t s  from t h e  

head-end p rocess ing  of t h e  25W f u e l  elements up t o  t h e  secondary c rush ing  

s t e p  ( i . e . ,  a f t e r  primary c rush ing  and burning,  and s e p a r a t i o n  from t h e  

f e r t i l e  p a r t i c l e s ) .  

f i s s i l e  p a r t i c l e s  had been removed i n  t h e  primary burning,  b u t  t h e  

i n d i v i d u a l  f u e l  k e r n e l s  are s t i l l  p r o t e c t e d  by t h r e e  l a y e r s  of coa t ing :  

t h e  low-density g r a p h i t e  ( b u f f e r  l a y e r ) ,  i n n e r  high-densi ty  g r a p h i t e ,  and 

SIC l a y e r s ,  i n  t h a t  o r d e r ,  toward t h e  o u t s i d e .  The s i z e  of t h e s e  p a r t i c l e s  

would be -500 pm. 

as w e l l  as cross-over f e r t i l e  p a r t i c l e s .  The k e r n e l s  of t h e  25W f i s s i l e  

p a r t i c l e s  c o n t a i n  once-recycled uranium, t h e  235U con ten t  of which had 

dec l ined  t o  -4 t o  5% ( a s  compared with -93% 235U i n  t h e  f r e s h  f u e l ) .  

cause of t h e  e x c e s s i v e l y  high 236U con ten t  (-70% of t h e  t o t a l  uranium i s  

236U, which i s  a neutron po i son) ,  t h e  k e r n e l s  are n o t  s u i t a b l e  f o r  f u r t h e r  

r e c y c l e  i n  t h e  HTGR. 

i n  Table 2 ( a  t o t a l  of 20,000 F.E./year,  600 of which are 25W F .E . /yea r ) ,  

t h e  rate of gene ra t ion  of 25W f i s s i l e  par t ic les  i s  est imated a t  -4 MT/year 

o r  -100 f t  / yea r .  

The o u t e r  high-density g r a p h i t e  coa t ing  of t h e s e  

They w i l l  be  mixed wi th  s m a l l  f r a c t i o n s  of broken par t ic les  

Be- 

Based on t h e  assumed rate of f u e l  r ep rocess ing  l i s t e d  

3 

C l inke r s .  C l inke r s  are s i n t e r e d  masses of f u e l  p a r t i c l e s  produced 

under abnormal o p e r a t i n g  c o n d i t i o n s  i n  t h e  primary and/or  secondary bu rne r s .  

Although t h e  exac t  causes  f o r  c l i n k e r  formation have n o t  y e t  been determined, 

an u n c o n t r o l l a b l e  temperature excursion i n  t h e  burner  t ends  t o  promote f o r -  

mation of such masses. However, t h e r e  i s  no way of p r e d i c t i n g  such an  

occurrence,  nor i s  t h e r e  any r e l i a b l e  method f o r  e s t i m a t i n g  t h e  ra te  of 

c l i n k e r  formation. C l inke r s  of widely d i f f e r e n t  s i z e s  have been observed. 

3.1.3.2 Radiochemical c h a r a c t e r i s t i c s  

Re t i r ed  f i s s i l e  p a r t i c l e s .  The complete s p e c t r a  of f i s s i o n  p roduc t s  

has  t h e  h i g h e s t  s p e c i f i c  r a d i o a c t i v i t y  (-650 k C i / f t 3  a t  

and a c t i n i d e s  are p r e s e n t  i n  t h e s e  f i s s i l e  p a r t i c l e s ;  t h e r e f o r e ,  t h i s  t ype  

of waste stream 

180 days of coo l ing )  and s p e c i f i c  ra te  of h e a t  gene ra t ion  (-3.7 kW/ft 3 



32 

a t  180 days of coo l ing )  of a l l  HTGR w a s t e  streams. I n i t i a l l y  (180 d a y s ) ,  

r a d i o n u c l i d e s  c o n t r i b u t i n g  t o  t h e  major p o r t i o n s  of t h e  r a d i o a c t i v i t y  

(-95%) and t h e  decay h e a t  (-82%) are t h e  f i s s i o n  p roduc t s ,  as i l l u s t r a t e d  

i n  Table 10. 

t o  t h e  r a d i o a c t i v i t y  even a f t e r  8 y e a r s  of coo l ing .  

t h e  r o l e  of t h e  major c o n t r i b u t o r s  t o  t h e  decay h e a t  g e n e r a t i o n  s h i f t s  

from f i s s i o n  p roduc t s  t o  a c t i n i d e s  a f t e r  prolonged c o o l i n g  ( 5  t o  8 years;) .  

A c t i n i d e s  account  f o r  -61% of t h e  t o t a l  h e a t  gene ra t ion  a t  t h e  end of t h e  

8-year coo l ing  pe r iod .  I n  any case, c o o l i n g  of t h e  r e t i r e d  f i s s i l e  p a r t i c l e s  

f o r  8 y e a r s  w i l l  reduce bo th  t h e  t o t a l  r a d i o a c t i v i t y  and t h e  t o t a l  h e a t  

gene ra t ion  rate by a f a c t o r  of -4 t o  5. Most of t h e  r e d u c t i o n  i s  a t t r i b u t -  

a b l e  t o  t h e  decay of f i s s i o n  products .  

F i s s i o n  p roduc t s  are s t i l l  t h e  major c o n t r i b u t o r s  (-81%) 

On t h e  o t h e r  hand, 

Among t h e  predominant f i s s i o n  p roduc t s  are 'OS,, lo6Ru, 134Cs, 137Cs:, 

and 144Ce, which supply over 40% of t h e  t o t a l  r a d i o a c t i v i t y  and -1/4 of 

t h e  t o t a l  h e a t  generated a t  180 days of coo l ing .  Plutonium i s o t o p e s ,  

p a r t i c u l a r l y  238Pu, r e p r e s e n t  t h e  c o n t r o l l i n g  a c t i n i d e s .  

f o r  -90 t o  95% of t o t a l  a c t i n i d e  r a d i o a c t i v i t y ,  and -80 t o  90% of t h e  

t o t a l  h e a t  generated by a c t i n i d e s ,  n e a r l y  a l l  of which i s  d e r i v e d  from 

They account 

238Pu. 

C l inke r s .  It would be p r a c t i c a l l y  impossible  t o  o b t a i n  a " rep resen ta -  

t ive" sample of c l i n k e r s  

c o n d i t i o n s  t h a t  are u n p r e d i c t a b l e .  Neve r the l e s s ,  s i n c e  they  are t y p i c a l l y  

s i n t e r e d  masses of f u e l  p a r t i c l e s ,  t h e i r  radiochemical  c h a r a c t e r i s t i c s  a r e  

expected t o  be c l o s e  t o  t h o s e  of t h e  o r i g i n a l  f u e l  p a r t i c l e s .  

because they are formed under abnormal o r  "upset" 

Recent ly ,  a b a t c h  of f u e l  p a r t i c l e  product  from t h e  primary burner  

c o n t a i n i n g  b o t h  c l i n k e r e d  and normal p o r t i o n s  was processed s e p a r a t e l y  

through t h e  secondary c rush ing ,  burning,  and d i s s o l u t i o n  s t e p s  i n  t h e  h o t  

A n a l y t i c a l  r e s u l t s  of t h e  S i c  h u l l s  and i n s o l u b l e s  s e p a r a t e d  from 

t h e  d i s s o l v e r  p roduc t s  have i n d i c a t e d  t h a t  t h e  c o n c e n t r a t i o n s  of t h e  major 

f i s s i o n  p roduc t s  and a c t i n i d e s  (uranium and plutonium) i n  t h e  c l i n k e r e d  

f r a c t i o n  w e r e  cons ide rab ly  h ighe r  (-3 t o  65 t i m e s  depending upon s p e c i f i c  

n u c l i d e s )  t han  t h o s e  i n  t h e  normal f r a c t i o n .  



Table 10. Variation i n  estimated radiochemical composition of r e t i r ed  f i s s i l e  par t ic les  with cooling t i m e a  

(Basis: 600 25W F.E./year) 
~ 

Radioactivity (Ci) Rate of heat generation (w, B+y) 
Major Time a f t e r  discharge from reactor Time a f t e r  discharge from reactor 

nuclides . 180 says 5 years 8 years 180 days 5 pars 8 years 

Sr-90 
RU-106 
Sb-125 
1-129 
Cs-134 

Ce-144 
Eu-154 
Other F.P. 

CS-137 

U-235 
U-2 36 
Pu-2 38 
Other Pu 
Other ac t in .  

Total F.P. 
Total ac t in .  
Grand t o t a l  

2.69( 3) 

60 

6.21(3) 

1 

1(-3) 

3.83(3) 
10 
990 
2.14(4)  

w 
W 

&Numbers i n  parentheses represent powers of 10. 



34 

3.1.3.3 Process alternatives 

Although both retired fissile (or 25W) particles and clinkers are 
tentatively classified as the "wastes," they can also be considered as 

the lIscraps'l since they contain large amounts of uranium and other fissile 

materials that are potentially recoverable. Despite the high 236U content 
of 25W particles, which makes them uneconomical to be reused in the HTGR, 

there might be a future possibility that uranium would be recovered and 

utilized in some other types of reactors after removal of the bulk of 

the 236U. The same process alternatives are presumably applicable to 

both 25W particles and clinkers with minor modifications. Selection of 

a process among the alternatives listed below would be governed primarily 

by whether these materials should be treated as wastes or scraps. 

Direct packaging. This simplest method involves packaging of either 

25W particles or clinkers as the waste in specially designed containers 
for transportation and storage without any pretreatment. They are then 

transported to a retrievable isolation facility. The possible problem with 
this alternative is that some fractions of either 25W particles or clinkers 
would have broken particles that tend to spread the radioactive contamina- 

tion. 

some of them may have to be broken down to suitable sizes for the con- 

tainer, which would result in additional broken particles. 

Since clinkers are produced in widely different sizes and shapes, 

Immobilization before packaging. In order to minimize the chance of 

spreading the radioactive contamination, this method would incorporate the 

25W particlesor clinkers into a matrix material (probably glass) before 
being packaged for long-term isolation. Such processing may be carried 

out either independently or in combination with vitrification of the HLLW. 
One shortcoming of the immobilization approach is that it would be extremely 

difficult in the future to retrieve these materials for further processing, 

including recovery of fissile material. 

Chemical processing. If it should be decided that either 25W particles 
or clinkers were to be handled as scraps instead of wastes, they could 
presumably be processed through the head-end and solvent extraction systems 

of the fuel reprocessing plant. (See ref. 1 for details of the steps 
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involved in fuel reprocessing.) 

secondary crushing, while the clinkers may have to go through the primary 
crusher first. Even when they are handled as the wastes, chemical pro- 

cessing of these materials would be needed if future Federal regulations 
should require that the long-lived nuclides, mainly actinides, are to be 

segregated from the fission products and placed in separate isolation 

facilities (include transmutation of actinides). 

The 25W particles could start with the 

3.1.3.4 - Assessment-o€ process alternatives 

It appears that the direct packaging of the 25W particles or clinkers 
without any pretreatment may be acceptable for onsite storage on a tem- 

porary basis with a provision for retrieval. 

materials is anticipated, they must be immobilized before they are packaged 

and placed in the isolation facility. Clinkers are more likely to be subject 

to chemical processing for recovery of fuel values than are the 25W particles, 

because the former presumably contain a significant amount of uranium that 

could be recycled to the HTGR. Advantages and disadvantages of the indivi- 

dual process alternatives are compared in Table 11. 

If no retrieval of these 

3.1.3.5 Research and development needs 

Important topics pertaining to processing of 25W particles and clinkers 

that are to be studied are itemized in Table 12. Separate characterization 

of clinkers is necessary because their properties are expected to vary 

considerably depending upon the conditions under which they form. The 

items to be investigated for 25W particles are mainly for confirmation of the 

calculated radiochemical characteristics and for acquiring the statistical 

breakage and crossover data. 

The R&D needs for the first two process alternatives (1 and 2) are 

similar to those for the corresponding alternatives for waste SIC hulls 

and insolubles (Table 9). Accordingly, each pair of the corresponding 

alternatives may be consolidated in such a way as to minimize duplication 

of the efforts. 

to that of other types of fissile particles (i.e., 25R and 23R), and should 

not require a separate R&D task. 

to alleviate possible problems associated with irregular properties of 

clinkers. 

Chemical processing of 25W particles would be identical 

Some additional R&D work would be needed 



Table 11. Comparison between different alternatives for processing of retired fissile particles and clinkers 

Process 
alternative Advantages Disadvantages 

~ ~ ~ ~~~ ~~~~~~ ~~~ 

Direct packaging Very simple equipment and operation 

Immobilization in 
matrix material 

(1) Relatively simple process scheme 

(2) Drastically reduces chance of spreading 
radioactive contamination 

Chemical processing (1) Capability of recovering fuel values 

(2) Could utilize equipment and facilities 
available at HTGR fuel reprocessing 
plant 

Presence of broken fuel particles and small 
fuel particle sizes ( -  500 p) would be 
conducive to spread of radioactive contamina- 
tion during packaging and in case of container 
failure. 

(1) Extremely difficult to retrieve immobilized 
wastes for chemical processing to recover 
fuel values 

(2) Use of matrix material with high chemical 
and thermal stability would require high- 
temperature material for equipment and 
high energy consumption 

of high-temperature molten mass 
( 3 )  Potential problems associated with handling 

(1) Would require a somewhat more complex process 

(2 )  Would require transfer of radionuclides into 
scheme than the other two alternatives 

gaseous and aqueous phases for processing. 

W m 



Table 12. Identification of RLD needs and available information for retired fissile (25W) particles and clinkers 

Subject Research and development needsa 
~~~ 

b Information from related RLD program 

General waste 
characterization 

25W particles: (1) Radiochemical characteristics, including 
isotopic composition (1-h); ( 2 )  approximate fraction of 
broken particles and crossover of fertile particles 
(1-h; e-h) 
Clinkers: ( 3 )  Physical, chemical and radiochemical 
properties; includesparticle size distribution, distri- 
bution of radionuclides and nonradioactive constituents, 
bulk density, etc., as affected by process conditions 
(1-c, h; e-h) 

Process alternative 

Direct packaging 

Immobilization 
in matrix 
material 

Chemical 
processing 

(1) Remote operation and maintenance of packaging equip- 
ment, possibly including a crusher for reducing 
clinkers to certain manageable sizes (e-c, h) 

(2) Container for packaging (e-c, h) 

(1) Feasibility of combining with HLLW in vitrification 

(2 )  Adaptation of commercial glass technology to high- 
step (1-h; e-h) 

radioactivity material; includes remote operation and 
maintenance (1-h; e-c, h) 

3)  Distribution of radionuclides among gas phase, matrix 
material, and equipment surfaces (1-h; e-h) 

4) Leachability of radionuclides in immobilized material 
(1-h; e-h) 

1) Adaptation of HTGR reprocessing technology to processing 
of clinkers, especially in crushing and leaching (1-h; e-h) 

(1) LWR cladding hulls (M) 

(2 )  LWR cladding hulls (M) 

(1) None 

(2)  Camnercial glass technology (M); LWR-KLLW vitri- 
fication (M) 

( 3 )  lone 

(4) lone 

(1) HTCR reprocessing (M) 

'%ymbols in parentheses represent scopes of the development needs as follows: 
includestracer-level radioactivity) work; h, hot (radioactive) work. 

bSymbols in parentheses indicate the status of available information: 
type of available information required - Some additional development work may be needed. 

1, laboratory scale; e, engineering scale; c, cold (nonradioactive, 

NAP, no active R&D program at present; M, modification of R&D program or 



3.2 Non-High-Level Solid Wastes Including Transuranic Wastes 

1. 

2. 

3. 

4 .  

5. 

Solid wastes in this category are: 

reflector blocks discharged from the HTGR at a predetermined time 

interval ; 

miscellaneous solid wastes consisting of HEPA filters, failed tools 

and equipment, contaminated rags, gloves,and clothes, etc.; 

spent catalysts and zeolites from the off-gas cleanup system; 

crud and ash resulting from treatment of the primary wastes, mainly 

from the solvent extraction system; and 

spent ion exchange resins, filter cake, and evaporator bottoms 

generated in the treatment of liquid wastes, chiefly from the solvent 

extraction system. 

According to the present ERDA guidelines, transuranic wastes are those 

wastes containing predominantly alpha radioactivity in excess of 10 VCi 
per kilogram of solids. However, should the wastes contain significant 

levels of beta and gamma radioactivity, they are usually processed as 

either intermediate- or high-level wastes even though the alpha radio- 

activity exceeds 10 pCi/kg. 

3.2.1 Spent reflector blocks 

3.2.1.1 General characteristics 

The replaceable reflector blocks are those directly surrounding the 

active reactor core of an HTGR. 
-360 mm across the flats and either 793 mm (full-length) or 396 mm (half- 

length) long,27 which are similar in shape to the fuel elements. These 

reflector blocks contain different numbers of helium coolant holes that 
are determined by their locations in the reactor core. Neutron absorbers 

(boronated graphite rods) are also present in some of the reflector blocks. 

They are hexagonal graphite blocks, 

Because of the accumulation of neutron activation products and radio- 

nuclides transported from the reactor core by the helium coolant gas, the 
reflector blocks  are scheduled to be replaced on an 8-year cycle. 

average rate of replacement of the reflector blocks consistent with a 

reprocessing plant having a capacity of 20,000 F.E./year is estimated27 at 

5000 mixed blocks/year or an equivalent of 3550 full-size blocks/year. 

The 
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3.2.1.2 Radiochemical c h a r a c t e r i s t i c s  and r ad ionuc l ide  behavior 

R a d i o a c t i v i t y  i n  t h e  r e f l e c t o r  blocks o r i g i n a t e s  p r i m a r i l y  from two 

t h e  i m p u r i t i e s  i n  t h e  blocks which are a c t i v a t e d  through major sources:  

i n t e r a c t i o n  wi th  neu t rons ;  and broken f u e l  p a r t i c l e s  i n  t h e  r e a c t o r  c o r e ,  

from which f i s s i o n  products  and poss ib ly  traces of a c t i n i d e s  are t r a n s p o r t e d  

by t h e  helium coo lan t  gas  and deposi ted i n  t h e  coo lan t  h o l e s  of t h e  r e f l e c -  

t o r  blocks.  

Based on t h e  c a l c u l a t e d  radiochemical composition ,27 t h e  maior r ad io -  - 
n u c l i d e s  i n  t h e  r e f l e c t o r  blocks are 3H,  I 4 C ,  'OS,, 9 5 Z r ,  95Nb, '03Ru, 

''Om Ag, 125 Sb, 12'?Ce, 134Csy 137Cs, and 144Ce. The t o t a l  r a d i o a c t i v i t y  

(8-year 

r e f l e c t o r  blocks is  -5 C i  p e r  f u l l - s i z e  b lock ,  while  t h a t  of t h e  bottom 

r e f l e c t o r  block is  -30 C i  pe r  f u l l - s i z e  block. Among t h e  s i g n i f i c a n t  

and 129?Ce, approximately i n  t h a t  o rde r .  

from t h e  s u r f a c e  of t h e  block are -4-7 R/hr a t  t h e  upper end and s i d e  and 

-32-33 R/hr a t  t h e  lower s i d e  and end. 

accumulation, 100-day coo l ing )  of each of t h e  s i d e  and upper 

l l O m  
c o n t r i b u t o r s  t o  t h e s e  t o t a l  r a d i o a c t i v i t i e s  are 134Cs , 137Cs , 'OS, , Ag Y 

The e s t ima ted  dose rates a t  1 f t  

3.2.1.3 Process  a l t e r n a t i v e s  

There are e s s e n t i a l l y  t h r e e  p rocess  a l t e r n a t i v e s  a v a i l a b l e  f o r  handl ing 

t h e  spen t  r e f l e c t o r  blocks.  Shallow-land b u r i a l  (-20 f t  deep) of t h e  

r e f l e c t o r  blocks a f t e r  t r a n s p o r t  from t h e  HTGR p l a n t  t o  t h e  b u r i a l  s i t e  

would be t h e  most d i r e c t  and s imples t  method of d i s p o s a l .  The next  

s imples t  a l t e r n a t i v e  is  t o  c r u s h  and burn t h e  b locks  followed by t r ea tmen t  
1 4  

of t h e  off-gas  s t r e a m s ,  bu t  without  any t r ea tmen t  o r  f i x a t i o n  of 

The f i n a l  a l t e r n a t i v e  fo l lows  t h e  s a m e  p rocess  s t e p s  as those  i n  t h e  

preceding,  except  t h a t  1 4 C 0 2  is f i x e d  as CaCO 

co2. 

and subsequent ly  bu r i ed .  3 

Shallow-land b u r i a l .  Th i s  method invo lves  sh ipp ing  t h e  r e f l e c t o r  

blocks t o  a s e l e c t e d  commercial b u r i a l  s i t e  and burying them without  

c rush ing  o r  any o t h e r  means of s i z e  r educ t ion .  

i n  c o n t a i n e r s  w i l l  probably b e  r equ i r ed  be fo re  b u r i a l ,  r e g a r d l e s s  of 

whether t hey  are c l a s s i f i e d  as t r a n s u r a n i c  wastes. 

Atomic Company27 (GAC) h a s  considered western a r i d  b u r i a l  s i tes where 

Packaging of t h e  blocks 

A s tudy  by t h e  General 
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t h e r e  is no h igh  wa te r - t ab le  problem and r a i n f a l l  is  low. Although 

shallow-land b u r i a l  of t h e  r e f l e c t o r  b locks  w i l l  presumably be pe rmi t t ed  

under t h e  p r e s e n t  r e g u l a t i o n s ,  t h e r e  are s p e c u l a t i o n s  t h a t  such a p r a c t i c e  

may be forbidden by f u t u r e  Fede ra l  r e g u l a t i o n s .  

Crush-burn. The r e f l e c t o r  b locks  f i r s t  undergo s i z e  r e d u c t i o n  t o  

-3/16-in. p a r t i c l e s  by a c rush ing  system s imi l a r  t o  t h a t  used f o r  primary 

c rush ing  of f u e l  e lements .  The crushed p a r t i c l e s  are then  burned i n  a 

C02-O2 gas  stream i n  a f luidized-bed bu rne r .  

is  expected t o  c o n t a i n  n o t  on ly  v o l a t i l e  r a d i o n u c l i d e s ,  bu t  a l s o  s e m i -  

v o l a t i l e  and p a r t i c u l a t e  r a d i o n u c l i d e s .  Accordingly,  i t  must be t r e a t e d  

t o  reduce t h e  r a d i o n u c l i d e  levels t o  f a r  below t h e  l i m i t s  imposed by t h e  

Fede ra l  r e g u l a t i o n s .  The o f f -gas  c leanup f a c i l i t y  f o r  t h e  r e p r o c e s s i n g  

head-end system may be adapted t o  t h e  p r e s e n t  case t o  i n c l u d e  a t  least  

t h e  u n i t s  f o r  removal of s e m i v o l a t i l e  and p a r t i c u l a t e  n u c l i d e s  ( i .e. ,  

s in t e red -me ta l  f i l t e r  and cold t r a p ) ,  i o d i n e ,  and t r i t i u m .  An o x i d i z e r  

f o r  CO and t r i t i u m  may a l s o  be r e q u i r e d  upstream of t h e  t r i t i u m  removal 

u n i t .  The off-gas  t h u s  t r e a t e d  would be r e l e a s e d  t o  t h e  environment. 

Th i s  p rocess  a l t e r n a t i v e  assumes t h a t  t h e  85Kr and 1 4 C  c o n t e n t s  of t h e  

off-gas  stream are n e g l i g i b l e .  

The bu rne r  o f f -gas  stream 

Crush-burn and 1 4 C  f i x a t i o n .  T h i s  a l t e r n a t i v e  i s  e s s e n t i a l l y  t h e  
14 same as t h e  preceding,  b u t  i t  assumes t h e  

high t o  r e q u i r e  f i x a t i o n  by conversion t o  C a 1 4 C 0  

conversion p rocess  appea r s  t o  be t h e  one based on t h e  d i r e c t  r e a c t i o n  of 

t h e  14C-bearing CO 

tates.  The m a s s  of CaCO produced would have t o  b e  i s o l a t e d  from t h e  

b iosphe re  e i t h e r  by land b u r i a l  o r  s t o r a g e  i n  a s a f e r  i s o l a t i o n  reposi tc l ry .  

The f i x a t i o n  p rocess  i s  desc r ibed  i n  more d e t a i l  i n  t h e  t r ea tmen t  of 

r e s u l t i n g  from head-end p rocess ing  of t h e  f u e l  e lements  ( s e e  Sec t .  3.5.2.2). 

C02 con ten t  t o  b e  s u f f i c i e n t l y  

The most promising 3' 

gas stream wi th  s l aked  l i m e  t o  form CaCO p r e c i p i -  2 3 
3 

14 
C:02 

3.2.1.4 Assessment of p r o c e s s  alternatives 

Shallow-land b u r i a l  of r e f l e c t o r  blocks appea r s  t o  b e  t h e  s i m p l e s t  

of t h e  t h r e e  a l t e r n a t i v e s  under c o n s i d e r a t i o n .  However, t h e  c o s t s  of t h i s  

a l t e r n a t i v e  are n o t  n e c e s s a r i l y  lower t h a n  t h o s e  of t h e  o t h e r  two. 

t h e  r e l a t i v e  c o s t s  of t h e  t h r e e  p rocess  a l t e r n a t i v e s  are governed by two 

I n  f a c t ,  
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major factors, in addition to individual process parameters: (1) 
operating capacity (number of blocks per year), and (2) the waste 

classification of the spent reflector blocks (i.e., whether they are 

classified as alpha wastes or not). 

ation of the disposal of reflector blocks by GAC,27 the relative costs of 

these three alternatives based on the capacity of more than 3550 blocks 

per year are summarized below. 

If non-alpha wastes: 
(a) Process 1 = Process 2 

(b) Process 3 > Process 1 (at any capacity) 
(c) Process 3 > Process 2 

Following a recent economic evalu- 

5 

If alpha wastes: 
(a) Process 1 >> Process 2 or 3 
(b) Process 3 > Process 2 

The process numbers given here identify the alternatives listed in Table 

13, which also compares their relative advantages and disadvantages. 

Although process 2 (crush-burn) almost completely eliminates reflec- 

tor blocks by burning, it generates several secondary waste streams, 

including: 

nuclides, (2) spent sintered-metal filters and cold traps contaminated 

with semivolatile and particulate nuclides, and (3) spent catalysts, 

zeolites, and molecular sieves loaded principally with volatile and 

semivolatile nuclides (e.g., 12, Cs, Ru, 3H2, etc.), and tritiated 

water -- all from the off-gas cleanup system. Nevertheless, the total 

volume of these secondary waste streams would be considerably less than 

that of the original reflector blocks. 

(1) the burner ash containing most of the nonvolatile radio- 

Process 3 provides near-complete control of all the radioactive 
14 C-contaminated C02 gas stream. effluents, including control of the 

One significant shortcoming is the drastic increase in the volume of the 

secondary solid waste streams [mainly attributable to the C fixation 

process (as CaC03)] as compared with the original volume of the reflector 

blocks. On the other hand, this shortcoming becomes unimportant if the 

burial method should be prohibited in the future and/or the reflector 

14 



Table 13. Comparison between different  a l te rna t ives  for  processing of spent re f lec tor  blocks 

Process 
a l te rna t ive  Advantages Disadvantages 

1. Shallow-land Very simple operation 
bur ia l  

(1) Poss ib i l i ty  of radionuclides being dispersed by 

( 2 )  Relatively high transportation cost  
w a t e r  i n  case of container failure 

2. Crush-burn (1) Capability fo r  near-complete (1) Transfer of some radionuclides t o  the gas phase 
elimination of the primary waste 
( re f lec tor  blocks) h, 

f- 

( 2 )  No requirement for  t ransportat ion ( 2 )  Require higher cos ts  f o r  cap i t a l  and operation 

(3 )  Incapable of control l ing 85Kr and l 4 C  should 

and i so la t ion  of the primary waste because of high temperature involved and a l so  
because of the  need t o  treat  off-gas 

they exceed t h e  regulatory l i m i t s  

(1) a d ( 2 ) :  Same as above 

sum of costs  t o  t h e  ?o ta l  
(4) NO 8 5 ~ r  control equipment 

le 
3. Crush-burn (1) Capability fo r  near-complete 

and elimination of the primary waste ( 3 )  C f ixat ion as CaCO would add considerable 
14, f ixa t ion  ( re f lec tor  blocks ) 

( 2 )  Has means for  14c control 
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blocks con ta in  higher  c o n c e n t r a t i o n s  of a lpha  emitters than t h e  l e v e l  

c l a s s i f i e d  as a lpha  wastes. 

3.2.1.5 Research and development needs 

The R&D needs i n  c h a r a c t e r i z a t i o n  of spen t  r e f l e c t o r  blocks l i s t e d  

i n  Table 1 4  are important ,  e s p e c i a l l y  i n  confirming t h e  c a l c u l a t e d  

q u a n t i t i e s  of f i s s i o n  products  and i n  determining t h e  a c t i n i d e  con ten t s .  

Accurate p r e d i c t i o n  of t h e  q u a n t i t i e s  of f i s s i o n  p roduc t s  and a c t i n i d e s  

i n  spent  r e f l e c t o r  blocks i s  considerably more d i f f i c u l t  t han  t h a t  of 

neu t ron -ac t iva t ion  products .  This  i s  mainly because t h e  former two 

types of n u c l i d e s  o r i g i n a t e  i n  t h e  broken f u e l  p a r t i c l e s  i n  t h e  r e a c t o r  

co re ;  t h e  t r a n s p o r t  mechanisms of t h e s e  n u c l i d e s  are complex and n o t  w e l l  

understood. 

Development work f o r  t he  b u r i a l  method would be concerned mostly 

with:  (1) t h e  design of t h e  d i s p o s a l  c o n t a i n e r  f o r  t h e  r e f l e c t o r  b locks ,  

and (2) e v a l u a t i o n  of t h e  c o n t a i n e r  material wi th  regard t o  i t s  long-term 

i n t e r a c t i o n  wi th  s e l e c t e d  s o i l  samples. Migrat ion behavior i n  t h e  s o i l s  

of r ad ionuc l ides  leached ou t  of t h e  r e f l e c t o r  blocks can presumably be 

i n f e r r e d  from t h e  r e s u l t s  of t h e  c u r r e n t  development programs sponsored 

by t h e  O f f i c e  of Waste I s o l a t i o n  (OWI). 

needs f o r  processes  2 and 3 (Table 14) are expected t o  be minimal s i n c e  

most of t h e  fundamental d a t a  would be a v a i l a b l e  from o t h e r  on-going R&D 

programs. 

E f f o r t s  r equ i r ed  i n  t h e  R&D 

3.2.2 Spent c a t a l y s t s  and molecular s i e v e s  

3.2.2.1 General c h a r a c t e r i s t i c s  

These s o l i d  w a s t e s  are discharged from t h e  off-gas  cleanup system 

( f o r  t h e  off-gas stream from t h e  head-end processing of f u e l  elements) 

a f t e r  t h e i r  performances d e c l i n e  below the  design requirements .  Spent 

c a t a l y s t s  o r i g i n a t e  from two sources ,  t h e  NOx decomposition u n i t  and t h e  

off-gas o x i d i z e r  ( f o r  o x i d a t i o n  of CO and t r i t i u m ) .  The c a t a l y s t s  from 

t h e  former are -1/16-in.-diam z e o l i t e  e x t r u d a t e s  (hydrogen mordeni tes) ,  

wh i l e  t hose  from t h e  l a t te r  w i l l  probably be an o x i d a t i o n  c a t a l y s t  f o r  



Table 14. Identification of R&D needs and available information for spent reflector blocks 

Research and development needsa 
~~ ~ 

b Information from related R&D programs 

General Waste (1) 

( 2 )  

characterization 

Process alternative 

Shallow-land burial (1) 

( 2  1 

Crush-burn 

Crush-burn and 
1 4 ~  fixation 

Quantities, distribution,and characteristics (including 
leachability) of radionuclides in reflector blocks as 
affected by irradiation history (1-h; e-h) 
Mass transfer data for selected nuclides under simulated 
transport condition from reactor core to reflector 
blocks (l-~, h) 

Disposable container for spent reflector blocks for 
transport and burial (e-c) 
Interaction of selected soil samples with the container 
material and with graphite material containing tracers 
of important nuclides (1-c, h) 
Adaptation of primary crushing-burning technology from 
the head-end system to processing of reflector blocks 
(e-c, h) 
Modification of off-gas cleanup system (for HTGR head- 
end system) to treat burner off-gas (e-c) 

- (2): Same as ab ve 
Design data for le, fixation as CaC03 (e-c) 

Method of isolation f o r  CaC03 contaminated with 14C and 
other nuclides (1-c; e-c) 

(1) - ( 2 ) :  None 

(1) None 

( 2 )  OW1 program on migration of nuclides in soils (M) 

(1) HER reprocessing - head-end system (M) 

( 2 )  HTGR reprocessing - off-gas cleanup (M) 

(1) - ( 2 ) :  Same as above 
( 3 )  ThU Waste Program and LWR Waste Program on 

( 4 )  Same as above 
14, fixation 

aSymbols in parentheses represent scopes of the development needs as follows: 
includes tracer-level radioactivity) work; h, hot (radioactive) work. 
bSymbols in parentheses indicate the status of available information: 
type of available information required - some additional development work may be needed. 

1, laboratory scale; e, engineering scale; c, cold (nonradioactive, 

NAP, no active R&D program at present; M, Modification of R&D program or 
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both CO and H2 (the selection has not yet been finalized). 

of spent catalysts will probably be contaminated with radionuclides and 

nonradioactive poisons in the off-gas. 

Both types 

Spent molecular sieves are synthetic crystalline zeolites of two 

different cation forms. Those from the tritium removal unit are of the 

sodium form (e.g., Linde Type 3A), loaded primarily with residual tritiated 

water. Those discharged from the iodine removal unit are of the silver- 

exchanged form (e.g., Linde Type 13X), commonly called silver zeolites, 

loaded with iodine. Also, trace quantities of other radionuclides as 

well as nonradioactive impurities, are expected to be retained by these 

spent molecular sieves. Molecular sieves of other cation forms (e.g., 

cadmium and lead zeolites) have been suggested for use in iodine removal 

in place of high-priced silver zeolite, but their performances appear to 

be unsatisfactory. 

The current R&D data for various components of the off-gas cleanup 

system do not permit accurate estimation of the generation rates of these 

waste streams. The order-of-magnitude estimates, on a per-year basis, 

for a reprocessing plant with an annual capacity of 20,000 F.E. are: 
-140 ft for both types of spent catalysts, -150 ft of spent molecular 

sieve from the tritium removal unit, and -1000 ft of spent silver zeolite 

from the iodine removal unit. 

3 3 

3 

3.2.2.2 Radiochemical and chemical contaminants 

Distributions of radionuclides and nonradioactive contaminants on the 

spent catalysts are rather difficult to estimate since no suitable experi- 

mental data are presently available to use as guidelines. Based on the 
estimated catalyst properties and the calculated compositions and other 

properties of the off-gas streams, the contaminants on the catalysts from 

the NO decomposition unit would probably include residual amounts of water 

(of the order of -2 wt X), NH3, and NOx, as well as traces of iodine and 
decay daughters of 220Rn. 

X 

Similarly, the catalysts from the off-gas 

oxidation unit would be contaminated with small amounts of SO2 and C 0 2 ,  

and trace quantities of (but appreciably higher than those on NO decomposi- 

tion catalysts) iodine, decay daughters of 220Rn, HTO, and semivolatile 

radionuclides. 

X 
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The major contaminant on spent silver zeolite is iodine (of the 

order of 10 mCi/kg); however, traces of tritiated water, 2 2 0 F b  decay 

daughters, and semivolatile radionuclides are also expected to be present. 

The spent molecular sieves from the tritium removal unit will contain a 

residual amount (of the order of -500 mCi/kg) of tritiated water, plus 
traces of iodine and other radionuclides found on the spent silver zeolite. 

3 . 2 . 2 . 3  Process alternatives 

Information pertaining to the nature of various contaminants taken 

up by the spent catalysts and molecular sieves is quite limited. Never- 

theless, such contaminants are present presumably as physically or 

chemically adsorbed species. Evidence indicates that the iodine isotopes 

in the silver zeolite are relatively stable chemical species; in any case, 

they are probably leachable and dispersible and, therefore, must be 

immobilized by some means. 

A number of immobilization technologies being developed for non-high- 

level LWR wastes might be adaptable to immobilization of radionuclides in 

the spent catalysts and molecular sieves. Among these are: (1) direct 

packaging, ( 2 )  incorporation in cement with additives, ( 3 )  immobilization 

in polymer-impregnated concrete, and ( 4 )  sealing with or conversion into 

glass. A brief discussion of these alternatives is presented in the 
paragraphs that follow. 

Direct packaging. Double-contained packaging of the spent catalysts 

or molecular sieves may be acceptable at present. This involves initial 

packaging of the wastes in a disposable container followed by overpacking 

in a DOT-approved outer container. From the long-term viewpoint, it is 

desirable that different types of wastes be packaged separately to minimize 

the probability of producing compounds which might interact with the 

container material. For example, the iodine-laden silver zeolite, toget'her 

with the tritiated water-laden molecular sieve or any other moisture- 

containing material, would produce HI, which is highly corrosive toward 
common container materials (e.g., stainless steels). 

Incorporation in cement with additives. Although the incorporation 

of non-high-live1 radioactive wastes in cement has been practiced for a 
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number of years, the formulation of a satisfactory mixture for a specific 
type of waste still requires a certain degree of experimentation. In the 

present case, mixing with cement alone will not be an effective means of 

immobilization since the cured solids will still have an open-cell 

structure which permits radionuclides to be leached out by water. 

Improved leach resistance over that of the plain cement-waste mixture 

can probably be obtained by adding certain mineral materials (e.g., fly ash, 

drilling clay, and grundite) to formulate cemetitious grouts. This type 

of mixture has been utilized in the isolation of non-high-level liquid 

wastes by the hydrofracture method. 28 
is to improve retention of key radionuclides (i.e., special fly ash to 

retain strontium, and grundite to retain cesium); in addition, they lower 

the volume expansion factor (e.g., -30% volume increase over the original 

waste as compared with -100% with conventional cement-waste mixtures). 

The leach rates of fission products from the cured products were reported 

to compare favorably with those from borosilicate glasses. 

The main function of these additives 

29,30 

Polymer-Impregnated Concrete (PIC). This alternative consists of 

soaking the cured concrete-waste mixture with synthetic monomer such as 

styrene, followed by heating to 50-70°C to polymerize the monomer-impregnated 

concrete-waste in situ.31y32 

the resulting product (PIC) is practically impermeable, thus reducing leach- 

abilities of the radionuclides by two orders of magnitude as compared with 

conventional cement-waste products. The PIC is also characterized by high 
resistance to chemical attack and high mechanical strength, but starts to 

decompose at -250OC even though it is nonflammable. 

The polymer effectively seals the pores, and 

Sealing with or conversion into glass. The current emphasis in the 

application of glass technology to waste processing is on vitrification 

of HLLW. The R&D work specifically directed toward non-high-level wastes 

is rather limited; nevertheless, the data derived from development work 

relative to HLLW vitrification should prove useful in the processing of 

spent catalysts and molecular sieves. 

Glass technology could be utilized in the processing of such wastes 

in two ways. One method of approach is to place the waste material in 
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the glass matrix (mp -1200°C), thus sealing the pores. Another method 

would make use of the components in the waste material (i.e., Si02, A1203, 

Na20, etc.) as part of the ingredients required for formulation of an 

acceptable vitrified waste (e.g., borosilicate glass type). The latter 

approach may require an appreciably higher temperature than the former. 

3.2.2.4 Assessment of process alternatives 

Packaging of the spent catalysts and molecular sieves without 

additional processing is probably the simplest and most economical 

alternative for handling such waste. This method is still permitted 

under the present regulations as a means of preparing for transport to 

a Federal isolation repository. However, such a practice could be pro- 

hibited in the future because of the potential for the radionuclides in 

the wastes to be dispersed by leaching in case of container failure. 

Use of cement or concrete modified with either mineral additives or 

organic polymers represents a significant step in immobilizing the radio- 

nuclides. A polymer-impregnated concrete (PIC) waste mixture appears to 
have characteristics (e.g., low leachability and high mechanical strength) 

that are superior to the mineral-modified cement-waste mixture on a near- 

term basis. However, in spite of these advantages, the long-term perform- 

ance of the PIC-waste mixture is obscured by uncertainties pertaining to 
thermal and chemical stabilities of its organic constituents over a pro- 

longed isolation period. 

formulations (i.e., cement-mineral additives and PIC) have fundamentally 

desirable features in that the associated equipment and procedures are 

relatively simple, with the process temperature being near ambient 

The process alternatives based on both types of 

(< -7OOC). 

Incorporation of the wastes in glass would yield a product with the 
highest thermal and chemical stability of the four process alternatives 

considered here. 

tial losses of iodine, tritiated water, and semivolatile nuclides from 

the waste materials at glass-forming temperatures. Therefore, this 

alternative may not be suitable for processing spent molecular sieves and 

One of the shortcomings with this process is the poten- 
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zeolites unless the overall scheme and/or conditions could be designed 

to circumvent its problem. It is possible that certain glass-making 

formulations might suppress their volatility. 

Major advantages and disadvantages of the four process alternatives 

discussed above are summarized in Table 15. 

3 . 2 . 2 . 5  Research and development needs 

A s  outlined in Table 16, the areas requiring major R&D efforts are 

related to characterization of the as-discharged waste materials and the 

immobilized wastes from the three process alternatives. Relatively minor 

work would be needed in most other areas. 

The process to incorporate the molecular sieve type of material into 

cement with mineral additives should be investigated to determine how the 

leachability and the mechanical strength of the product could be improved 

sufficiently to be competitive with those from alternatives 3 and 4 

(Table 16). 

it may have some beneficial effect on the immobilized wastes. Much of the 

data from the LWR-ILW immobilization program should be useful to both the 

above study and the study on alternative 3 (PIC) .  

Since molecular sieve is basically an aluminosilicate compound, 

The bulk of the information from commercial glass technology as well as 

that expected from the LWR-HLLW vitrification work should be adaptable to 

the effort on immobilization of wastes. 

development of: (1) methods to retard or eliminate volatilization of radio- 

nuclides from the molten glass (e.g., formulation to lower the melting point), 

(2 )  a method to utilize the waste material (molecular sieve) as part of the 

required ingredients for glassmaking, and ( 3 )  the off-gas treatment system. 

Major emphases must be placed upon 

3 . 2 . 3  Spent ion exchange resins, filter cakes, evaporator bottoms 

3.2.3.1 General and radiochemical characteristics 

These streams (wet solids or sludge) are composed of the secondary 

wastes resulting from the treatment of various non-high-level (i.e., so- 

called low-level and intermediate-level) liquid wastes (see Table l and 



Table 15. Comparison between different alternatives for processing of spent catalysts and molecular sieves 

Process alternative Advantages Disadvantages 

Direct packaging Very simple equipment and operation 

Incorporation in 
cement with additives and operation 

(1) Relatively simple processing equipment 

(2 )  The product has considerably lower leachability 
and lower volume expansion than conventional 
cement-waste mixtures. 

Polymer-impregnated (1) Has much. lower leachability, higher strength, 
concrete and higher resistance to chemical attack than 

conventional cement-wastes 
(2) Nonflammable, and thermally stable up to - 2OO0C 

Incorporation in 
glass 

(1) Has lower leachability than any of products from 

(2) High resistance to chemical attack, and high 
above alternatives 

thermal stability 

In case of container failure, the wastes would be 
permeable to water and conducive to spread of 
radionuclides. 

(1) The product has lower strength than conventional 

(2) Leachability is generally higher than glassified 
cement-waste mixture. 

wastes. 

VI 
0 

(1) Long-term stability of organic polymer uncertain 

(2) Decomposes at > - 25OoC 
(1) Requires high-temperature material for equipment, 

( 2 )  Some radionuclides (i.e., 12, HTO, etc.) would be 

( 3 )  Potential problems in handling molten glass con- 

and high thermal energy consumption 

released at glass processing temperatures. 

taining radionuclides 



Table 16. Identification of R&D needs and available information for spent catalysts and molecular sieves 

Research and development needsa Information from related R&D program b 

General waste 
Characterization 

F’rocess alternative 

1. Qirect packaging 

2. Incorporation in cement 
with additives 

3. Polymer-impregnated 
concrete 

4. Incorporation in glass 

(1) Quantities, distribution, and characteristics (including 
leachability) of radionuclides in waste material as 
discharged (1-c, h; e-h) 

wastes (1-c, h; e-h) 
( 2 )  Frequencies or rates of discharge of individual 

Containers for packaging of individual types of waste 
(e-c, h) 

(1) Reduction in leachability and product volupe, and 
improvement in strength as influenced by different 
additives and process conditions (1-c, h; e-h) 

products (1-c, h; e-h) 
( 2 )  Distribution of radionuclides within the finished 

(1) Engineering-scale process equipment and 

(2) Thermal stability, long-term chemical stability, 
operation (e-c, h) 

and leachability as affected by polymer-concrete- 
waste formulations and process conditions (1-c, h; e-h) 

(1) Adaptation of glass technology to incorporation of 
zeolite-type material into glass (equipment, formu- 
lation, process scheme, etc.) (1-c; e-c) 

and equipment surfaces (1-h; e-h) 
( 2 )  Distribution of radionuclides among glass, gas phase, 

(3) Leachability of radionuclides in glass (1-c, h) 
( 4 )  Off-gas treatment system (1-c; e-c, h) 

(1) None 

( 2 )  HTGR reprocessing off-gas cleanup 

LWR-ILW (solids) containers (M) 

(1) LWR-ILW solidification (M) 

( 2 )  None 

(1) LWR-ILW solidification 

( 2 )  Same as (1) (M) 

(1) LWR-HLLW vitrification and commercial glass 
technology (M) 

(2) - (3): None 

( 4 )  Same as (1) (M) 

aSymbols in parentheses represent scopes of the development needs as follows: 
includg tracer-level radioactivity) work; h, hot (radioactive) work. 

bSymbols in parentheses indicate the status of available information: 
type of available information required - some additional development work may be needed. 

1, laboratory scale; e, engineering scale; c, cold (nonradioactive, 

NAP, no active R&D program at present; M, Modification of R&D program or 
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Fig. 1). The i o n  exchange r e s i n s  comonly  used are s t rong-acid c a t i o n  

and strong-base anion r e s i n s  of s tyrene-polyvinyl  benzene copolymers. 

Resins  of weak-acid and -base types  de r ived  from o t h e r  t ypes  of o rgan ic  

polymers are a l s o  u t i l i z e d .  The f u n c t i o n a l  groups a s s o c i a t e d  with c a t i o n  

r e s i n s  may c o n s i s t  of e i t h e r  s u l f o n i c  (s t rong-acid)  o r  ca rboxy l i c  (weak- 

a c i d )  r a d i c a l s  w i th  exchangeable H+ o r  N a +  i o n s .  

(strong-base) or  amine r a d i c a l s  w i th  exchangeable OH- o r  C1- are  t h e  

f u n c t i o n a l  groups i n  anion r e s i n s .  Most of t h e  r a d i o n u c l i d e s  taken up 

by t h e  spen t  i o n  exchangers are those  t h a t  were p resen t  i n  t h e  o r i g i n a l  

l i q u i d  wastes a s  i o n s  ( e . g . ,  S r ,  C s ,  I, and c e r t a i n  rare  e a r t h s  and 

a c t i n i d e s ) .  Some n u c l i d e s  i n  l a r g e  p a r t i c u l a t e  forms are a l s o  r e t a i n e d  

by t h e  i o n  exchange bed func t ion ing  as  a f i l t e r .  

Quaternery ammonium 

The f i l t e r  cake presumably c o n s i s t s  of f i l t e r  a i d  [ e .g . ,  diatomaceous 

s i l i c a ,  "puffed" l a v a  (aluminum a l k a l i  s i l i c a t e ) ,  e t c .  3 mixed wi th  r ad io -  

n u c l i d e s  ( e .g . ,  Fe, Co, Z r ,  Nb, Ru, Rh ,  and some rare e a r t h s  and a c t i n i d e s )  

t h a t  form l a r g e  (>> - 1-1-1 s i z e )  s o l i d  p a r t i c l e s .  Evaporator bottoms are 

expected t o  c o n t a i n  l a r g e  amounts of salts ( e .g . ,  n i t r a t e s ,  s u l f a t e s ,  and 

ca rbona te s )  contaminated w i t h  i o n i c  r a d i o n u c l i d e s  (e.g. ,  S r  

as w e l l  as n u c l i d e s  i n  s o l i d  forms ( e .g . ,  Co, Z r ,  Nb, Ru, Rh, and a c t i n i d e s ) .  

2+ + , Cs , I-) 

These wastes would probably c o n t a i n  s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n s  

of a c t i n i d e s  t o  be c l a s s i f i e d  as t r a n s u r a n i c  wastes. Whether t h e  amounts 

of f i s s i o n a b l e  material p r e s e n t  i n  t h e s e  streams warrant  a recovery e f f o r t  

i s  y e t  t o  be determined on i n d i v i d u a l  bases .  

3 .2 .3 .2  Process  a l t e r n a t i v e s  and e v a l u a t i o n s  

Since t h e  r a d i o n u c l i d e s  i n  t h e s e  wastes are h igh ly  l eachab le  and 

d i s p e r s i b l e ,  t h e  wastes must be inco rpora t ed  i n t o  the rma l ly  and chemical1.y 

s t a b l e  s o l i d s  t o  immobilize t h e  r a d i o n u c l i d e s .  Two p rocess  a l t e r n a t i v e s  

d i scussed  p rev ious ly  could be u t i l i z e d  i n  immobil izat ion of a l l  t h r e e  types  

of wastes under c o n s i d e r a t i o n .  They c o n s i s t  of i n c o r p o r a t i n g  t h e  w a s t e  

i n t o  e i t h e r  cement w i th  a d d i t i v e s  o r  polymer-impregnated conc re t e .  Discus- 

s i o n  p resen ted  i n  Sec t .  3 . 2 . 2 . 3  and t h e  assessment made i n  S e c t .  3 . 2 . 2 . 4  

p e r t a i n i n g  t o  t h e  above two a l t e r n a t i v e s  ( f o r  spen t  c a t a l y s t s  and molecular 

s i e v e s )  are s t i l l  v a l i d  f o r  t h e  p r e s e n t  case. 
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The filter cake and evaporator bottoms could also be immobilized 

by glassification technology similar to that described in Sect. 3.2.2.4, 

but they must be first converted to dry solids by calcination. The 

presence of significant amounts of corrosion products (e.g., iron, cobalt, 

manganese, and aluminum hydroxides) in either the filter cake or the 

evaporator bottoms should not present a serious problem since similar types 

of sludges have been successfully gla~sified~~ at -1150°C. 
silicate compounds in the filter cake (from filter aid) or sodium carbonate 

and/or nitrate in the evaporator bottoms could presumably serve as part 

of the ingredients required in glassmaking. 

Likewise, the 

34 

Glassification of these wastes will be considerably more costly then 

the other two alternatives in terms of the operating costs as well as the 

capital costs, mainly because the process requires handling of a high- 

viscosity molten radioactive mass at high temperatures. A s  in the glassi- 

fication of other types of solid wastes, losses of volatile and semi- 

volatile radionuclides must be kept to a minimum by the use of suitable 

process conditions and glassmaking formulation. 

The spent ion exchange resins can also be processed as combustible 

waste, for example, by the incineration technique to be discussed in detail 

for the miscellaneous combustible wastes (see Sect. 3.2.4). The potential 

problems associated with incineration of ion exchange resins are: 

formation of corrosive and polluting gases (e.g., SO2), (2) formation of 

salts that are detrimental to the furnace lining, and (3) release of 

semivolatile radionuclides (e.g., cesium, iodine, and ruthenium). 

(1) 

3.2.3.3 Research and development needs 

The characteristics of the spent resins, filter cake, and evaporator 

bottoms from a HTGR fuel reprocessing plant are not expected to be 

significantly different from those of the corresponding wastes from an 

LWR plant. The HTGR wastes will presumably contain larger quantities of 

thorium isotopes and their decay daughters than the LWR wastes. However, 

R&D work is needed to more accurately define these HTGR waste streams in 

terms of quantities and properties (physical, chemical, and radiochemical). 
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As to the process alternatives discussed previously, the R&D needs 
for the HTGR case should be practically identical to those for the LWR 

case. Therefore, the results from the R&D programs being carried out 

for processing of the spent resins, filter cake, and evaporator bottoms 

from the LWR reprocessing should be applicable to the corresponding HTGR 

wastes with little modification. 

3.2.4 Miscellaneous solid wastes 

3.2.4.1 General and radiochemical characteristics 

This category includes: (1) noncombustible wastes, such as HEPA 
and roughing filters, failed tools and equipment, scrap metals, spent 

silica gels and molecular sieves, and miscellaneous trash; and (2) 

combustible wastes, including rags, clothing, paper, wood, plastic and 

rubber materials, and organic ion exchange resins. 

The most important materials of construction contained in the spent 

HEPA and roughing filters are fiberglass and metals, although some organic 

materials are also present. They are loaded with fine particles of difflerent 

sizes, and their radioactivities vary considerably within the range of llow 

to intermediate level, depending upon the original service location. 

Frequently, these wastes contain sufficient quantities of particulate 
nuclides of transuranic elements to be classified as transuranic wastes. 

Failed tools and process equipment, which consist essentially of metals 

of different types, are usually decontaminated in place to remove as much 

of the radionuclides as possible before they are taken out of service. 
Large pieces of equipment (e.g., columns, tanks, dissolvers, etc.) would 

have to be disassembled before removal and treatment. Most of the tools 

and equipment will still have low- to intermediate-level radioactivities, 
primarily attributable to fission products, after decontamination. The 

failed process equipment handling streams containing heavy elements are 

expected to retain appreciable amounts of alpha radioactivity. 

Spent molecular sieve from the radon retention unit of the off-gas 

cleanup system normally contains 220Rn (half-life, 55 sec) and its decay 
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daughters (longest half-life, 10.6 hr for 212Pb). 

material shows a rapid decline in radioactivity level after discharge. 

It may also be slightly contaminated with semivolatile F.P. Spent silica 

gel from the uranium purification step would be contaminated with mixed 

F.P. as well as actinides. 

Therefore, this 

Plastic and rubber waste materials are generated mainly by glove-box 

operations, while rags, clothing, paper, wood, etc., come from different 

sources. Although these wastes differ greatly with regard to type and 

degree of radioactive contamination, they presumably contain variable 

amounts of F.P. and actinides. The latter group of wastes are readily 

combustible, producing essentially C02 and H 0 ,  and possibly traces of 

semivolatile nuclides. Burning of the former group of wastes, however, 

could release harmful gaseous pollutants (e.g., SO2, C12, HC1, etc.), 

depending upon the compositions of rubber and plastic materials. These 

combustion products are detrimental to the materials of construction for 

the combustion equipment. 

2 

In addition to the LLLW and ILLW treatment system, spent'ion exchange 

resins are also discharged from the fuel pool water treatment system. Two 

of the major radionuclides taken up by the resins are 137Cs and 'OS,. The 

basic characteristics of these resins would be similar to those from the 

LLLW-ILLW treatment system. 

The total rate of generation of miscellaneous solid wastes plus spent 
ion exchange resins, filter cake, and evaporator bottoms (sludge) (see 

Sect. 3.2.3) is estimated to be - 70,000 ft /year for a reprocessing plant 

with an annual capacity of 20,000 F.E. The combustible trash (rags, 

clothing, paper, wood, plastic, rubber, etc.) would probably account for 

nearly one-half of this volume. 

3 

3 . 2 . 4 . 2  Process alternatives, their features and R&D needs 

Numerous processes either being practiced or being developed for 

miscellaneous solid wastes from LWR fuel reprocessing and other nuclear 

facilities should be directly applicable to the present case. The basic 

goal common to all the processes is containment with or without volume 
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r educ t ion .  

be achieved by burning of t h e  combustible wastes. 

A d r a s t i c  volume r e d u c t i o n  i n  t h e  primary waste stream could 

P rocess ing  of t h e s e  wastes i s  g e n e r a l l y  preceded by a p r e p a r a t i o n  

s t e p  which may c o n s i s t  of s o r t i n g ,  mechanical disassembly,  and/or  decon- 

taminat ion.  S o r t i n g  d e a l s  w i th  s e g r e g a t i o n  of t h e  wastes i n t o  combust ibles  

and noncombustibles i n  a d d i t i o n  t o  s e p a r a t i o n  according t o  r a d i o a c t i v i t y  

levels. Sepa ra t ion  of t h e  wastes con ta in ing  r ecove rab le  amounts of f i s s i l e  

material ( i . e . ,  uranium, plutonium) i s  a l s o  important .  Decontamination 

is  mainly concerned wi th  removal of s u r f a c e  l a y e r s  of r a d i o a c t i v e  contami- 

n a n t s  on f a i l e d  p rocess  equipment and t o o l s .  S e l e c t i o n  of p rocess  a l t e r n a -  

t i v e s  i s  governed p r i m a r i l y  by whether t h e  w a s t e s  are combustible o r  non- 

combustible.  Most of t h e  a l t e r n a t i v e s  have a l r e a d y  been d i scussed  e l sew 'he re  

i n  t h i s  r e p o r t  and/or  i n  o t h e r  sou rces  of publ ished l i t e ra ture .  Conse- 

q u e n t l y ,  only a b r i e f  l i s t i n g  wi th  r e f e r e n c e s  i s  presented i n  Table 1 7 .  

Table 1 7  a l s o  summarizes important  c h a r a c t e r i s t i c s  of d i f f e r e n t  a l t e r n a -  

t i v e s ,  t o g e t h e r  w i th  t h e  R&D needs.  

3 . 3  High-Level Liquid Wastes 

Following t h e  cr i ter ia  l i s t e d  i n  Table 1, covered under t h i s  ca t egory  

are : 

1. High-level l i q u i d  wastes (HLLW), con ta in ing  p r i m a r i l y  t h e  mixture  of 

aqueous r a f f i n a t e  from t h e  f i r s t - c y c l e  e x t r a c t i o n  column (major p o r t i o n )  

and the  c o n c e n t r a t e  of r a f f i n a t e  from t h e  second-cycle e x t r a c t i o n  co:Lumn 

(minor p o r t i o n ) .  

p rocesses .  

These wastes o r i g i n a t e  from both t h e  Purex and Thorex 

2 .  Thorium n i t r a t e  s o l u t i o n ,  which is  an a c i d i c  s o l u t i o n  of thorium n i t r a t e  

discharged from t h e  f i r s t - c y c l e  p a r t i t i o n - s c r u b  column i n  t h e  Thorex 

s o l v e n t  e x t r a c t i o n  system. 

The HLLW i s  one of t h e  n u c l e a r  wastes of major concern because of i t s  

i n t e n s e  r a d i o a c t i v i t y  and decay h e a t  a s s o c i a t e d  wi th  t h e  r e a d i l y  d i s p e r s i b l e  

l i q u i d  w a s t e .  Although t h e  thorium n i t r a t e  s o l u t i o n  i s  t r e a t e d  as a w a s t e  

h e r e ,  i t  most l i k e l y  w i l l  be s t o r e d  f o r  a prolonged pe r iod  (- 20 t o  30 y e a r s )  

and may be e i t h e r  r ecyc led  as a f u e l  material o r  processed as waste a t  t h a t  

t i m e  . 



Tab le  17. P rocess  a l t e r n a t i v e s  f o r  misce l l aneous  s o l i d  r a d i o a c t i v e  was te s  

Form o f  
f i n a l  

Product  
1 Leach- I 

a b i l i t y  
Volume 

-educ t iona  
Technology s t a t u s ,  problems, and 

development needsC 
Refer- 
ences  

P rocess  
a l ternat ive Process  d e s c r i p t i o n  

Combust ible  S o l i d  Wastes 

D i r e c t  
packaging  (1) A v a i l a b l e .  ( 2 )  Requirement of  

l a r g e  s t o r a g e  space .  
No t r e a t m e n t  Jnchanged High 1 

Compaction Mechanical  compres- 
s i o n  of  was te s  i n s i d e  
of  c o n t a i n e r .  

5 t o  1 5  Jnchanged High (1) A v a i l a b l e .  ( 2 )  P o t e n t i a l  sp r ing -  
back o f  wastes and a i r b o r n e  contamina-  
t i o n .  

7 ,8  

28-32 I n c o r p o r a t i o n  of 
shredded  was te s  i n t o  
cement o r  o t h e r  s o l i d  
m a t r i x .  

<I; 
)os s l b l y  
wlume 
.ncrease  

J a s t e  d i s p e r -  
;ed i n  s o l i d  
n a t r i x  

Low t o  
ve ry  low 

(1) A v a i l a b l e .  ( 2 )  Requirement o f  
l a r g e  s t o r a g e  space ;  l i t t l e  o r  no 
volume r e d u c t i o n ,  p o s s i b l y  volume 
i n c r e a s e  depending upon was te  t y p e .  
( 3 )  Determina t ion  o f  s u i t a b l e  waste-  
m a t r i x  mix tu res  f o r  d i f f e r e n t  was te s .  

Immobiliza- 
t i o n  i n  s o l i d  
m a t r i x  

(1) Cold p i l o t  p l a n t .  ( 2 )  Re lease  of  
s e m i v o l a t i l e  and p a r t i c u l a t e  r a d i o -  
n u c l i d e s .  ( 3 )  G a s  e f f l u e n t  c o n t r o l ;  
a s h - s a l t  s e p a r a t i o n .  

Combustion 
1. I n c i n e r a t i o n  

p r o c e s s e s  
F lu id ized-bed  
i n c i n e r a t i o n  of  was te s  
i n  Na C03 bed (550- 
60Ooc7. 

'0 t o  40 3ef r a c t o r y  
3xides  

Moderate 

Cyclone i n c i n e r a t i o n  
o f  was te s  i n  v e r t l c a l  
combust ion chamber 
(110O0C). 

50 t o  50 3 e f r a c t o r y  
Dxides 

Moder at e (1) Cold p i l o t  p l a n t .  ( 2 )  D i sposa l  
of  s c rubbe r  s o l u t i o n ;  t h roughpu t  of 
U or  Pu-conta in ing  waste i s  l i m i t e d  
by c r i t i c a l i t y ;  c o r r o s i o n  of  o f f -gas  
system. ( 3 )  P rocess  o p t i m i z a t i o n ;  
conf i rma t ion  w i t h  a c t u a l  r a d i o a c t i v e  
was tes .  

Dual-chamber two- 
s t a g e  combust ion 
( 500-800°c; 800-1100°C) 

30 t o  50 3ef r a c t o r y  
Dxides 

Moderat e (1) Cold p i l o t  p l a n t .  ( 2 )  and ( 3 ) :  
Same as ( 2 )  and ( 3 )  above. 

36 

37 

38 

30 t o  50 Ref rac to ry  
Dxides 

(1) Cold p i l o t  p l a n t .  ( 2 )  S u i t a b l e  
seals f o r  r o t a t i n g  k i l n ;  p o s s i b l e  i n -  
complete combust ion and g l a s s  fo rma t ion  
( 3 )  Eng inee r ing - sca l e  demons t r a t ion  
w i t h  a c t u a l  r a d i o a c t i v e  was te .  

(1) Cold p i l o t  p l a n t .  ( 2 )  P o t e n t i a l  
p lugg ing  6f p i p e  l i n e s  by tars;  o f f -  
gas  c l eanup .  ( 3 )  P rocess  o p t i m i z a t i o n ;  
conf i rma t ion  w i t h  a c t u a l  r a d i o a c t i v e  
w a s t e s ;  o f f -gas  t r e a t m e n t  system. 

(1) Cold p i l o t  p l a n t .  ( 2 )  R e l a t i v e l y  
h i g h  l o a d i n g  of  sa l t  p a r t i c u l a t e  i n  
o f f -gas ;  mo l t en - sa l t  hand l ing ;  co r ro -  
s i o n ;  a s h - s a l t  s e p a r a t i o n .  ( 3 )  T e s t s  
w i t h  a c t u a l  r a d i o a c t i v e  was te s .  

(1) Cold p i l o t  p l a n t .  ( 2 )  Re lease  of  
v o l a t i l e  n u c l i d e s  ( e . g . ,  I2 and Ru);  
equipment c o r r o s i o n  by o f f -gas  ( e . @ ; . ,  
SO2, SO , HC1,e tc ) .  ( 3 )  Off-gas treat-  
ment sys tem;  conf i rma t ion  w i t h  a c t u a l  
r a d i o a c t i v e  was te s .  

Moderate 

Moderate 

High t o  
Moderate 

High 

I n c i n e r a t i o n  i n  
i n c l i n e d  r o t a t i n g  k i l n  
(600-800°c pr imary  
chamber; 1000°C a f t e r -  
b u r n e r )  

A i r - d e f i c i e n t  p y r o l y s i s  
i n  f i x e d  bed ( v e r t i c a l )  
(60OOC) fo l lowed by corn 
b u s t i o n  i n  secondary  
chamber (12OO0C) 

30 t o  50 2 .  F'yrolysis  Re f rac to ry  
ox ides  

Combustion of  was te s  
w i t h  a i r  i n  mol ten  
Na2C03-Na2S04 ( a o o ° C  

30 t o  50d 
( a f t e r  ash- 
3alt sepa ra -  
t i o n )  

S a l t  -ash 
mixture  

3 M o l t e n - s a l t  
combust ion 

39 

40 v 
30 t o  50 D i g e s t i o n  o f  was te s  i n  

H2S04-HN03 a t  230-250°C 
S a l t  cake-  
s u l f a t e  
ox ide  
mixture  

4 A c i d  
d i g e s t i o n  ( A f t e r  ash- 

;al t  sepa ra -  
t i o n )  

Roncombust ible  S o l i d  Wastes 

Unchanged (1) Avai l ab le .  (2 )  Requirement of 
l a r g e  s t o r a g e  space .  

D i r e c t  
packaging  

High No t r e a t m e n t  f o r  s m a l l  
equipment;  d i sassembly  
needed f o r  l a r g e  equip-  
ment. 

For  s m a l l  components 
and equipment:  same a s  
combust ib le  was te s .  
For l a r g e  equipment:  
d i sassembly  needed. 

1 

55 Unchanged High (1) 
n e n t s  and equipment. ( 2 )  P o t e n t i a l  air- 
borne  con tamina t ion ;  hand l ing  of  l a r g e  
and heavy p i e c e s  of r a d i o a c t i v e  equip- 
ment. ( 3 )  Adapta t ion  of  l a r g e - s c a l e  
commercial compactor t o  hand l ing  of 
r a d i o a c t i v e  equipment.  

A v a i l a b l e  for small was te  compo- Compaction 

Mel t ing  of m e t a l l i c  
was te  i n  f u r n a c e  and 
c a s t  i n t o  i n g o t s  

5 t o  1 5  Met a1 
i n g o t  

Low (1) Smal l - sca le  s t u d i e s  on s t a i n l e s s  
s t e e l .  ( 2 )  P o t e n t i a l  l o s s  o f  semivola-  
t i l e  n u c l i d e s ;  remote o p e r a b i l i t y ;  
m a t e r i a l  o f  c o n s t r u c t i o n .  (3) Adapta- 
t i o n  o f  commercial meta l - scrap  m e l t i n g  
t echno logy  t o  l a r g e - s c a l e  r a d i o a c t i v e  
s c r a p  meta l .  

11-13 Mel t ing  

High t o  
moderate  

(1) Bench-scale ho t  t e s t .  ( 2 )  Molten 
sa l t  hand l ing ;  ash-salt s e p a r a t i o n ;  
r e l a t i v e l y  h i g h  sa l t  p a r t i c l e  l o a d i n g ;  
p o t e n t i a l  l o s s  of  s e m i v o l a t i l e  n u c l i d e s  
l i m i t e d  t o  th in -wa l l  metal and g l a s s ;  
equipment c o r r o s i o n .  (3) Conf i rmat ion  
w i t h  e n g i n e e r i n g - s c a l e  equipment u s i n g  
a c t u a l  w a s t e s ;  s u i t a b l e  m a t e r i a l  o f  
c o n s t r u c t i o n .  

39 Molten- 
sa l t  
r e d u c t  i o n  

Molten Na2C03-air 
o x i d a t i o n  of t h i n -  
w a l l  m e t a l l i c  com- 
ponent s 

S a l t - a s h  
mix tu re  

I n i t i a l  Volume 
F i n a l  Volume aRa t io  of  

b L e a c h a b i l i t y  of  r a d i o n u c l i d e s  from unpackaged was te  mass. 

'Item (1): technology s t a t u s ;  I tem ( 2 ) :  major  p o t e n t i a l  problems; I tem ( 3 ) :  major  development needs.  

dAssume c l e a n  s e p a r a t i o n  of a s h  w i t h  r a d i o n u c l i d e s  from n o n r a d i o a c t i v e  sa l t s ;  o t h e r w i s e  a volume i n c r e a s e  
may occur .  
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3.3.1 High-level l i q u i d  w a s t e  (HLLW) 

3.3.1.1 General c h a r a c t e r i s t i c s  

The HLLW i s  an  aqueous HN03 s o l u t i o n  (-2 - M as discharged)  c o n t a i n i n g  

a v a r i e t y  of r e p r o c e s s i n g  chemicals and c o r r o s i o n  p roduc t s  as w e l l  as 

most (- 90 t o  99%) of t h e  f i s s i o n  p roduc t s  and s m a l l  amounts of a c t i n i d e s .  

Among t h e  chemical s p e c i e s  o t h e r  t han  NO3 N a ,  N i ,  

Fe, C r ,  F , PO4 , and SO4 . 
used i n  d i s s o l u t i o n  of t h e  f u e l  may a l s o  be found i n  t h e  HLLW. The chemical 

of most concern i s  f l u o r i d e  because of i t s  c o r r o s i v e  n a t u r e  toward common 

materials of c o n s t r u c t i o n .  Th i s  s u b j e c t  i s  d i scussed  i n  d e t a i l  i n  S e c t .  

3.3.1.2. 

- 
found i n  t h e  HLLW are: 

- 3- 2- So lub le  neu t ron  po i sons  ( e .g . ,  B y  Cd, Gd) 

I n  g e n e r a l ,  t h e  HLLW from t h e  HTGR f u e l  r e p r o c e s s i n g  i s  s i m i l a r  t o  

t h a t  from t h e  LWR f u e l  r e p r o c e s s i n g ,  w i t h  a few excep t ions .  The HTGR-HLLW 

(1) c o n t a i n s  a p p r e c i a b l e  amounts of aluminum and f l u o r i d e ,  i n t roduced  a t  

t h e  t i m e  when t h o r i a  w a s  d i s s o l v e d ,  and thorium l o s t  t o  t h e  aqueous r a f -  

f i n a t e  from s o l v e n t  e x t r a c t i o n ,  (2) c o n t a i n s  cons ide rab ly  l a r g e r  q u a n t i t i e s  

of f i s s i o n  p roduc t s  and p rocess  chemicals p e r  MT of heavy metals processed 

than  t h e  LWR-HLLW, and consequent ly  (3) has  a l a r g e  l i q u i d  volume per  MT 

of heavy metals. 

however, t h e  q u a n t i t i e s  of HTGR-HLLW and LWR-HLLW mentioned i n  i t e m s  (2) 

and (3) would be n e a r l y  i d e n t i c a l .  

d ischarged volume) of t h e  HTGR-HLLW i s  es t ima ted  t o  be -3300 g a l  p e r  MT 

of (U + Th). The amount of s o l i d i f i e d  HLW would probably range from 4 t o  

6 f t  /MT of (U + Th) ( e s t ima ted  from r e f .  41) .  

Based on t h e  u n i t  power generated [ e . g . ,  p e r  GW(e)], 

The approximate ra te  of gene ra t ion  ( a s  

3 

3.3.1.2 P o t e n t i a l  problems a s s o c i a t e d  w i t h  f l u o r i d e  

F l u o r i d e s ,  i n c l u d i n g  HF, are known t o  be q u i t e  c o r r o s i v e  toward com- 

monly used materials of c o n s t r u c t i o n ,  i n c l u d i n g  s t a i n l e s s  s teel .  For 

example, t h e  A l l i e d  Chemical Corporat ion - Idaho Chemical Processing P l a n t  

(ACC-Idaho) has  experienced severe c o r r o s i o n  problems wi th  equipment 

f a b r i c a t e d  from s t a i n l e s s  steels, i n  a d d i t i o n  t o  o t h e r  o p e r a t i o n a l  d i f -  

f i c u l t i e s  a s s o c i a t e d  wi th  f l u o r i d e  du r ing  c o n c e n t r a t i o n  and c a l c i n a t i o n  
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of the HLLW from reprocessing of Zr-U alloy fuels. The corrosion problem 
2+ was alleviated by the addition of Ca 

fluoride into a relatively stable complex,and by elimination of the con- 

centration step. In this way, the fluoride content in the gaseous 

effluent from the fluidized-bed waste calciner was reduced to a negligible 

level. There are indications that Mg(N0 ) may function just as well as, 3 2  
or perhaps better than, Ca(N03)2. 

ions (as the nitrate),which convert 

According to the recent information from European researchers, neither 

KFA (Germany) nor CEA (France) has encountered any obvious difficulty with 

fluorides in a number of instances. Pertinent data were calculated from 

one KFA paper42 and two CEA papers, 43944 and then compared with the data 
from ACC-Idaho and ORNL in Table 18. The results in Table 18 indicate 
that the 

5 to 100 

fluoride 

enced at 

from CEA 

fluoride content in the HLLW from the Zr-U fuel is approximately 

times greater than that in other types of HLLW. Such a high 

content explains the severe equipment corrosion problem experi- 

ACC-Idaho in the absence of added Ca(N03)2. 

contains - 0.5 wt % magnesium,which may have stabilized the 

Some of the HLLW 

fluoride. ACC-Idaho has indicated that the presence of aluminum also 

mitigated fluoride corrosion, similar to calcium or magnesium. On the 

other hand, the effectiveness of the addition agents [e.g., Ca(N0 ) ] 

diminishes at temperatures greater than 70 to 80°C. 
3 2  

The incomplete information available from the sources mentioned above 

does not permit any definite conclusion as to whether the presence of 
fluorides in the HTGR-HLLW would have any detrimental effect. It does, 

however, indicate that complexing agents can minimize corrosion. Some 

questions still remain to be answered: (1) the range of the fluoride 
contents of the effluent streams from the off-gas scrubber for the 

HLLW calciner and the vitrification equipment in the KFA and CEA studies; 

( 2 )  potential equipment corrosion problems arising from long-term recycl- 

ing of the scrubber solution containing fluorides in the KFA and CEA 

studies; (3) applicability of the data from the Zr-U fuel type of HLLW 

at ACC-Idaho to the HTGR-HLLW case; and ( 4 )  behavior of the stabilized 

fluoride complexes in the subsequent processing, for example, vitrification. 

In considering the above questions, additional R&D work is needed to obtain 

more representative data for the HTGR-HLLW. 
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Table 1 8 .  Approximate chemical compositions of v a r i o u s  types  of 

HLLW ( s e l e c t e d  components) 

Source of 
in format ion  Fuel type  

Se lec t ed  components i n  HLLW ( -  w t  % >  
F A 1  Mg C a  

ACC-Idaho Zr -U a l l o y  4-6 2 

CEA-France MTR, U-A1 and Pu-A1 a l l o y  0.4 5 

KFA-Germany HTR 0.06 0.02 

G r  aph i  te--na t u r  a1 uranium 0.8 3-4 0.4-0.5 

CEA-AVM MTR, U-A1 and Pu-A1 a l l o y  1 .2  8 
France 

Graphi te--natural  uranium 0.5-0.8 3-4 0.4-0.5 

ORNLb HTGR 0 .l 0.3 

5a 

a 

bCalcula ted  va lues  f o r  HTGR. 

From a d d i t i o n  agent  Ca(N03)2. 
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3.3.1.3 Radiochemical characteristics 

In the course of solvent extraction to recover uranium and thorium 

from the spent fuels, nearly all F.P. and actinides end up in the HLLW. 

An estimate of the radionuclide contribution to the HLLW includes 

- 90 wt % of F.P., - 0.5 wt % of uranium, and - 99 wt % of other 

actinides from the fissile particles, and - 99 % of F.P., - 0.5 wt % 

of uranium, - 1 wt % of thorium, and - 100% of other actinides from the 

fertile particles. A significant fraction (-. 10 wt %) of F.P. and a 

very small fraction of actinides are expected to be retained by the Sic 

hulls. 

The distribution of these radionuclides in the HLLW is illustrated 

in Table 19 (major nuclides only). Table 19 demonstrates that the F.P. 

account for the major portions ( -  90 to 98%) of the total radioactivity 

as well as the total decay heat generation irrespective of the cooling 

time through 8 years. Although the fraction of the total radioactivity 

contributed by the actinides diminishes with cooling time, the trend is 

reversed with respect to their contribution to the total rate of decay 

heat generation. After 5 years of cooling, the total radioactivity is 

reduced by a factor of - 7, and the total heat generation rate is reduced 

by a factor of - 6 (both values are compared with the values at 180 days). 

Extension of the cooling period to 8 years decreased the radioactivity only 

slightly, whereas the heat generation rate declined to approximately one- 

nineth of the rate at 180 days. 
144 Strontium-90, 134Cs, 1 3 7 C s ,  and Ce are among the predominant F.P. 

accounting for - 35 to 50% of the total radioactivity and - 25 to 40% of 

the total heat generation rate. The most important radionuclides among 
the actinides are plutonium isotopes (notably 238Pu), especially after a 

long cooling time (> - 5 years); that is, greater than 90% of the actinide 

radioactivity and - 85% of the decay heat attributable to actinides come 

from the plutonium isotopes. 



Table 19. Variation i n  estimated characterist ics of high-level l iquid wastes with cooling t i m e  a,b,C 

Radioactivity (Ci) 
Major Time  after discharge from reactor 

nuc 1 ides 180 days 5 years 8 years 

Rate of heat generation (W. B+v) 
Time a f t e r  discharge from reactor 

180 days 5 years 8 years 

Sr-90 
RU-106 
sb-125 
CS-134 
CS-137 
Ce-144 
Eu-154 
Other F.P. 
~ h - 2 2 8  
U-232 
U-233 
U-235 
U-236 
PU-238 
Other Pu 
Other ac t in .  

Total F.P. 
Total ac t in .  
Grand t o t a l  

a Quantities shown are based on an assumed annual reprocessing capacity of  7800 23R fue l  elements and 11,600 
25R fue l  elements. The high-level wastes (HLWs) i n  t h i s  tab le  are a mixture of HLWs from the reprocessing 
of both f i s s i l e  and f e r t i l e  particles.  

bHLW i s  assumed t o  contain: (1) a l l  f i s s ion  products and actinides other, than U ( i n  the discharged f u e l ) ,  
except those retained by Sic hulls and/or l o s t  t o  the off-gas, (2) 0.5% of U not retained by Sic hu l l s ,  
and (3) 1% of Th i n  the discharged fue l  ( f e r t i l e  pa r t i c l e s ) .  
Numbers i n  parentheses represent powers of 10. C 

%eta power only. 
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3 . 3 . 1 . 4  Process alternatives and characteristics of solidified HLW 

Since the general characteristics of the HTGR-HLLW are similar to 

those of the LWR-HLLW, the technical data derived from development of 

process alternatives for the LWR-HLLW should be applicable to the HTGR- 

HLLW with only minor modification. A s  in the LWR case, some types of the 

non-high-level liquid wastes (so-called ILLW and LLLW) may be combined 

with the HLLW after preconcentration. The presence of excessive amounts 

of process chemicals (sodium in particular) in these wastes may cause 

difficulties in solidification. 

The major goal in solidification of the HLLW is to convert it from the 

dispersible liquid form into a stable solid form, thus reducing the mobility 

of the highly radioactive F.P. and the long-lived, highly toxic actinides. 

In addition to the solidification steps, the HLLW processing includes 

(1) feed pretreatment (e.g., concentration and denitration), (2) packaging 

(include overpacking) of the solidified HLW, and ( 3 )  treatment of the 

secondary wastes. However, the discussion presented in this report 

emphasizes the solidification process and the HLW product characteristics. 

Instead of descriptions of individual processes in detail, highlights of 

the process alternatives selected from numerous publications on R&D work 

in progress are summarized in Table 20; HLW product characteristics are 

also included. 

Calcination. The three calcination processes (pot, fluidized-bed, 

and spray calcination processes) listed in Table 20 have been fully demon- 

strated through radioactive engineering and/or pilot-plant scales. Results 

show that they can produce solidified HLW (calcine) which satisfies the 

present Federal regulations on the HLW form acceptable for storage in a 

repository. Nevertheless, the high leachability of the calcined HLW 

makes it undesirable from the viewpoint of long-term safety. Calcined 

HLW is also characterized by generally low bulk density and thermal 

conductivity, and requires storage canisters of small diameter to dissipate 

the decay heat properly. Accordingly, the recent emphasis is to further 

convert it to glass or ceramic materials having very low leachability as 

well as improved density and thermal conductivity. 



Table 20. Process a l t e rna t ives  f o r  high-level l i q u i d  waste (HLLW): 

f ea tu res  and selected product cha rac t e r i s t l c s  

I 

Process 
a l t e rna t ive  

'roduct form Bulk densi ty  

w t  % waste conductivitya Leachabili ty 
& thermal Refer- 

ences Process features  Advantages Disadvantages 

I 

Calcination 

High ( c1 )  Pot 
calcinat ion 

In-canister concentra- 
:ion and s o l i d i f i c a t i o n  
if HLLW and addi t ives  
J i t h  gradual addi t ion 
,f feed. Heated by 
Furnace and decay heat 
a t  "400OC. 

Porous cake 
of ca l c ine  ; 
2.90% 

(1) Simplicity;  ( 2 )  high 
n s t e  concentration; ( 3 )  
insensi t ive t o  waste com- 
gosit ion; ( 4 )  s ing le  canis ter  
For processing and disposal.  

(1) Limited processing 
r a t e ;  ( 2 )  require  separ- 
a t e  off-gas cleanup l i n e  
f o r  each can i s t e r ;  ( 3 )  
product i s  r ead i ly  
soluble.  

itomization of waste in-  
:o f lu id i zed  bed a t  500 
20 60OoC. Heated by in-  
2ed combustion. 

Granular- 
powdery 
ca l c ine  ; 
-50% 

( a )  2.0-2.4 

(b )  0.2-0.3 

High (1) High processing r a t e ;  
( 2 )  r e l a t i v e l y  in sens i t i ve  
to waste composition; (3) 
,an burn s m a l l  amount of 
Jas te  solvent.  

(1) Poten t i a l  losses  of 
semivolat i le  and v o l a t i l e  
radionuclides (e.g. ,  Ru, 
I ,  cs, e t c ) ;  ( 2 )  require  
provision f o r  removal of 
l a rge  amount of f i n e s  
(30 t o  50%) from off-gas; 
(3) product i s  r ead i ly  
soluble.  

( C Z )  Fluidized- 
bed calcina- 
t ion 

(C3) Spray 
calcinat ion 

Fine 
powder, 
2-5 LJD 
-30% 

High (1) Relat ively in sens i t i ve  
to  waste composition; ( 2 )  
product su i t ab le  fo r  press- 
ing, s in t e r ing ,  and melting. 

(1) Same as  (1) above; 
( 2 )  f i n e  powder product 
requires  greater  e f f o r t  
i n  off-gas f i l t r a t i o n ;  
(3) product i s  r ead i ly  
soluble and hygroscopic. 

( a )  0.5-1.3 Flash drying and ca lc in-  
s t i on  of atomized HLLW 
i rop le t s  i n  calciner  
barrel  a t  %7OO0C. Ex- 
t e rna l ly  heated w a l l .  

Glassif icat ion 

( a )  3-3.6 Very 
low 

(G1) Contin- 
uous calcin- 
a t ion -v i t r i -  
f i ca t ion  
(French) 

2ontinuous calcinat ion 
3f HLLW i n  ro t a ry  k i l n  
followed by v i t r i f i c a -  
t ion  of calcine and 
sdded g l a s s  f r i t  i n  
ne t a l l i c  melter a t  
W15OoC. HLW g l a s s  
is drained in to  
storage container.  

Borosil i-  
c a t e  g l a s s ;  
2.20- 3 0 % 

(1) Relat ively in sens i t i ve  
to waste composition; (2) 
i igh  processing r a t e ;  ( 3 )  
product i s  qu i t e  hono- 
seneous due t o  two-step 
zalcinat ion and v i t r i f i -  
zation; (4) high plapt  DF. 

(1) Relat ively complex 
equipment; ( 2 )  high elec- 
t r i c  power consumption. 

(GZ) In-can 
melting 

Borosil i-  
ca t e  g l a s s ;  
-30% 

( a )  3-3.6 

( b )  0.9-1.3 

Very 
low 

(1) Simplicity;  ( 2 )  low 
zorrosion r a t e ;  ( 3 )  elimin- 
ptes problems of control led 
ne l t e r  draining or of dis- 
posal of spent melter.  

(1) Limited choice i n  
mater ia l  of construct ion 
f o r  melter-container; ( 2 )  
as  a r e s u l t ,  excessive 
s t r e s s e s  i n  container wall 
and cracks i n  g l a s s  could 
develop due t o  difference: 
i n  thermal expansion. 

Bat c hwi s e v i  t r i f i c a- 
t ion  of  HLLW calcine 
plus g l a s s  f r i t  i n  a 
nelter-storage con- 
ta iner  heated by 
Furnace and coupled 
to  a calciner .  Melt- 
ing temp. -1000 t o  
~ ~ o o O C .  Container 
nay have i n t e r n a l  
Longitudinal f i n s .  

:ont inuous v i t r i f i c a -  
t i o n  of HLLW-glass f r i t  
s l u r r y  i n  refractory-  
3xide-walled glass  
nel ter  a t  2.1100 t o  
12OO0C. Ei ther  HLLW 
-oncentrate or cal-  
:ine may be used. 
tILW g l a s s  i s  drained 
in to  storage container.  

(G3) Joule- 
heated 
continuous 
ceramic 
melter 

Eorosi l i -  
c a t e  g l a s s ;  
-30% 

( a )  3-3.6 

(b) 0.9-1.3 

Very 
low 

(1) Eff i c i en t  heating tech- 
nique; ( 2 )  high production 
r a t e ;  ( 3 )  f l e x i b i l i t y  i n  
HLLW feed and g l a s s  composi- 
t i o n ;  ( 4 )  low off-gas 
eff luent ;  ( 5 )  long service 
l i f e .  

(1) No remote and radio- 
ac t ive  operating ex- 
perience; ( 2 )  r e f r ac to ry  
sludge buildup; ( 3 )  re la-  
t i v e l y  complex equipment 
required.  
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(G4) Rising- 
l e v e l  g l a s s  
( B r i t i s h )  

Batchwise f i l l i n g  of 
l iquid HLLW-glass 
F r i t ,  drying, cal-  
? inat ion,  and v i t r i -  
f i c a t i o n  i n  a melter- 
storage can i s t e r  a t  
LlOOO t o  1O5O0C, 
heated by zoned fur- 
nace. Cyl indrical  o r  
snnular can i s t e r  . 

Boro s ili - 
ca te  g l a s s ;  
-30% 

( a )  3-3.6 

( b )  0.9-1.3 

Very 
low 

(1) Simplicity,  ( 2 )  a b i l i t y  
to process wide concentratior 
range of HLLW; ( 3 )  low corro- 
s ion r a t e ;  (4) no problems o j  
zontrol led melter draining 01 
of spent melter disposal.  

(1) and ( 2 ) :  Same as  
process ( G 2 )  above; (3) 
excessive l i q u i d  feed ratc 
could cause can i s t e r  pres: 
ur izat ion;  ( 4 )  more com- 
plex equipment required 
f o r  deentrainment and off. 
gas cleanup. 

( G 5 )  Contin- 
uous spray- 
calciner  
metal l ic  
melter 
(German ) 

2ontinuous spray 
calcinat ion of de- 
n i t r a t ed  HLLW, 
followed by v i t r i -  
f i ca t ion  of HLLW- 
glass  f r i t  i n  
Inconel melter a t  
% l l O O ° C .  HLLW 
g la s s  i s  drained 
i n t o  storage con- 
t ainer  . 

Borosil i-  
ca t e  g l a s s ;  
-30% 

( a )  3-3.6 

( b )  0.9-1.3 

Very 
low 

(1) Relatively in sens i t i ve  
t o  HLLW composition; ( 2 )  
r e l a t i v e l y  high processing 
r a t e ;  ( 3 )  mel ter  can be re- 
used. 

(1) Short operating l i f e  
( 2  t o  6 months) of melter 
due t o  corrosion; ( 2 )  
drain tube i s  suscept ible  
t o  plugging due t o  build- 
up of refractory sludge. 

Miscellaneous So l id i f i ca t ion  Process 

HLW pa r t i -  
c l e s  disper- 
sed i n  metal 
matrix. 
Monolithic 
( c a s t )  o r  
porous (s in-  
t e r e d ) ;  -10 
t o  20 vol % 
waste. 

( a )  about t h e  
densi ty  of 
matrix metal 

( b )  5-35 

(1) High thermal conducti- 
v i ty ;  ( 2 )  high thermal and 
impact r e s i s t ance  (depends 
upon mp of  metal) .  

(MI.) Disper- 
sion-in- 
metal matrix 

Incorporation o f  
s o l i d i f i e d  HLW ( i n  
form of  granular 
calcine,  v i t r i f i e d  
beads, o r  p e l l e t s )  
i n t o  metal matrices 
( e i t h e r  cas t  o r  s in-  
t e r ed ) .  Metals used: 
f o r  casting-alloys 
of AI., Zn, Pb, e t c . ;  
fo r  sintering-alloys 
of  Fe and Cu. 

(1) I n a b i l i t y  t o  cas t  HL4 
with high f i n e  content;  
( 2 )  i n e r t  atmosphere re- 
qui red f o r  melt ing-c as t in@ 
and s in t e r ing  t o  minimize 
oxidation; ( 3 )  po ten t i a l  
metal-waste in t e rac t ion  i r  
long-term storage; ( 4 )  
l a r g e  volume of  r e su l t i ng  
waste product. 

4oderat e l y  
low t o  

very low 

(M2) Glass- 
ceramic 
formation 

Very 
low 

(1) Tedious operation- 
al procedure required i n  
thermal treatment ; (2 )  
l imi t ed  R & D da ta  at  
present;  (3 )  possibly 
higher l o s ses  of  vola- 
t i l e  and semivolat i le  
nuclides.  

Very fine- 
grained 
c r y s t a l l i n e  
mater ia l  i n  
t h i n  cross  
sect ion 
(<3cm) ; 
VO%. 

( a )  q.4-3.3 

(b)  "4.7-2.2 

Vi t r i f i ca t ion  of  HLLW, 
followed by programmed 
thermal treatment f o r  
control led nucleation 
and c rys t a l l i za t ioq  t o  
produce s t ab le  c r y s t a l  
l i n e  mater ia l  of  very 
f i n e  grain s izes .  

Calcination of  modi- 
f i e d  mLw (add i t ives ,  
e.g. Al, S i ,  Ca, S r ,  
e t c . j ,  followed by 
heat treatment a t  

develop an assemblage 
of thermodynamically 
s t a b l e  c r y s t a l l i n e  
species.  

2900 t o  ll0O0C t o  

(1) Higher mechanical 
s t rength than g l a s s ;  some 
products have higher thermal 
conductivity;  ( 2 )  improved 
thermal s t a b i l i t y  against  
uncontrolled d e v i t r i f i c a t i o ~  

(M3) Super- 
calcine 
formation 

Dense and 
r e f r ac to ry  
c rys t a l l i ne  
so l id s ;  
%lo-30%. 

( a )  and ( b ) :  
About t h e  
sme as  glass 

Moderately 
low t o  

very low 

(1)-(3) :  Same as 
process (M2) above. 

(1) Thermally more s t ab le ;  
( 2 )  more r e f f ac to ry  and 
leach-resis tant  than 
ordinary calcine.  

'Item ( a ) :  bulk densi ty  (g/ml);  item ( b ) :  thermal conductivity (W/rn*OC). 
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Glassification (or Vitrification). Most of the current HLLW 

solidification R&D programs are concerned with conversion of the HLLW 

to glass material, chiefly to borosilicate glass. Among the recent 

emphases in the R&D work are: (1) denitration of the HLLW feed; and (2) 

the use of lower melting glass formulations (950 to ll5O0C), both to 

minimize losses of volatile and semivolatile radionuclides (e.g., 

ruthenium and cesium) and to maximize waste loading in the glassified HLW. 

The major advantages of the HLW vitrification are: (1) a relatively 

wide range of flexibility in regard to HLLW and glass compositions, (2) 

the HLW glass products have higher bulk densities and thermal conductivi- 
ties than the calcined HLW, and (3) products resist attack by many common 

chemicals and exhibit very low leachability of radionuclides. Exceptions 

to (1) are wastes containing such compounds as mercury, halogens (F 2’ C12’ 
I ) ,  and sulfate compounds which are incompatible with the commonly used 2 
glass formulations. Susceptibility to breakage due to mechanical or thermal 

shock is the principal shortcoming of the HLW glass. Breakage would in- 

crease the surface area of the HLW glass, which, in turn, will increase 

the amount of radionuclides released when the glass comes in contact with 

water. Potential devitrification of the HLW glass under the influence of 

decay heat would also increase its leachability and dispersibility. 

Because of the wide differences in process conditions between calcine 

formation and glass formation, it is probably more desirable to carry out 

these two steps separately (i.e., processes G1, G2,and G5, Table 20) than 

to combine them into one step (i.e., processes G3 and G4). The combined 

process may tend to form products containing excessive amounts of gas 

bubbles and unconverted calcine particles. While the continuous process 
(Gl, G3, and G5) is preferable for a large-capacity plant, the HLLW from a 

reprocessing plant of small capacity may be more conveniently handled by 

the batch process (e.g., G4). 

Miscellaneous solidification processes. Despite the many desirable 

characteristics of the HLW glass, it is subject to damage resulting from 

radiation and decay heat. This damage includes fracturing and devitrifica- 

tion, both of which would tend to increase leachability and dispersibility 
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of t h e  HLW g l a s s .  

have been proposed t o  circumvent t h e s e  d i f f i c u l t i e s .  Because t h e  funding 

l e v e l s  are lower than  those  f o r  v i t r i f i c a t i o n  p rocesses ,  t h e  development 

d a t a  from t h e s e  p rocesses  are r e l a t i v e l y  p r i m i t i v e  a t  p r e s e n t ,  and n o t  

a l l  t h e  p o t e n t i a l  problems have been i d e n t i f i e d .  Consequently, cons ide r -  

a b l e  amounts of t i m e  and R&D e f f o r t  w i l l  be r equ i r ed  t o  f u l l y  develop 

t h e  t echno log ie s  and to c h a r a c t e r i z e  t h e  HLW products .  

Various p r o c e s s e s ,  some of which are l i s t e d  i n  Table 2 0 ,  

3.3.1.5 Research and development needs 

A s  d i scussed  p rev ious ly  ( S e c t s .  3 .3 .1 .1  and 3.3.1.2),  t h e  e f f e c t s  of 

a p p r e c i a b l e  amounts of f l u o r i d e ,  aluminum, thorium, and p rocess  chemicals 

on t h e  s o l i d i f i c a t i o n  behavior of t h e  HTGR-HLLW are n o t  c lear .  I n  o r d e r  

t o  u t i l i z e  R&D d a t a  from t h e  LWR program, such e f f e c t s  must be thoroughly 

i n v e s t i g a t e d  f o r  t h e  HTGR-HLLW. Most of t h e  R&D needs summarized i n  

Table 21  w i l l  probably be c a r r i e d  out  under t h e  LWR-HLLW development 

program; t h e  outcome of t h e  above i n v e s t i g a t i o n s  w i l l  determine whether 

m o d i f i c a t i o n s  w i l l  be r e q u i r e d .  

3.3.1.6 P a r t i t i o n i n g  of HLLW 

The bu lk  (> 85 w t  X )  of t h e  r a d i o n u c l i d e s  i n  t h e  HLLW are F.P.,  w i t h  

t h e  ba l ance  being mostly a c t i n i d e s .  Since t h e  h a l f - l i v e s  of t h e  F.P. 

are g e n e r a l l y  much s h o r t e r  t han  t h o s e  of a c t i n i d e s ,  t h e  r a d i o a c t i v i t y  of 

t h e  F.P. would d imin i sh  t o  a n e g l i g i b l e  l e v e l  long b e f o r e  t h a t  of t h e  

a c t i n i d e s .  S r  (tlI2 = 28 

y e a r s ) ,  which are among t h e  longes t - l i ved  major F.P.s,  t h e i r  r a d i o a c t i v i t y  

would be reduced by a f a c t o r  of l o 9  w i t h i n  1000 yea r s .  On t h e  o t h e r  hand, 

t h e  amounts of some of t h e  t ransuranium i s o t o p e s  ( e .g . ,  239Pu, 242Pu, e t c . )  

would dec rease  by only t h r e e  o r d e r s  of magnitude a f t e r  a q u a r t e r  of a 

m i l l i o n  y e a r s .  

and o t h e r  a c t i n i d e s  ( e . g . ,  americium), i s o l a t i o n  of t h e s e  n u c l i d e s  f o r  

100,000 y e a r s  o r  so  may be r e q u i r e d .  

from t h e  F.P. 

90 Thus, even f o r  137Cs ( t  = 30 years)and 
1 / 2  

Because of t h e  r e l a t i v e l y  h igh  i n g e s t i o n  hazard of plutonium 

A l s o ,  most of t h e  decay h e a t  o r i g i n a t e s  

These c o n s i d e r a t i o n s  have l e d  t o  t h e  p a r t i t i o n i n g  concept ,  whereby t h e  

HLLW i s  d iv ided  i n t o  two f r a c t i o n s :  a c t i n i d e s  and F.P. Development work 



Table 21. Technology availability and R & D needs for HLLW 

Cold and radioactive 
engineering-scale 
tests in progress 

I I I 

(1) 
(2) 

Conf irnation of technology in large-scale equipment at higher processing rates; 
methods for improvements of the bulk density and thermal conductivity of calcine 

Process 
alternatives 

Continuous cold pilot- 
plant and discontinu- 
ous radioactive pilot- 
plant demonstration 
completed 

timing" 1 R & D  

(1) Confirmation of technology in a large-scale radioactive process plant; (2) charac- 
terization of radionuclides behavior (especially Ru, Te, Tc, and Mo); (3) methods for 
denitration of HLLW 

Technology 
status 

( G 2 )  In-can 
melting 

R & D needs 

Radioactive pilot- (1) Determination of optimum process conditions; (2) confirmation of prototype remote 
plant and cold large- operation capability; ( 3 )  final design of melter-storage canister 
scale pilot-plant 
demonstration com- 
pleted 

Calcination 
I 

(1) 
(2) 

Methods for increasing processing capacity without excessive number ,of parallel lines; 
determination of operating conditions for varying HLLW waste composition 

Cold and radioactive 
pilot-plant demonstra- 
tion in progress 

(c1) Pot 
calcination 

(1) Methods for increase in processing capacity; (2) improvement in off-gas cleaning 
and deentrainment; ( 3 )  design and testing of large annular canister 

Short 
range 

Cold pilot-plant 
and discontinuous 
HLLW lab-scale 
demonstration 

Cold and radioactive 
pilot-plant demon- 
stration completed 

(1) Iinprovement in service life of melter and overall processing capacity; ( 2 )  confirma- 
tion of cold pilot-plant data in large-scale remote operation with radioactive wastes; 
( 3 )  elimination of calcine deposition problem 

Limited lab-scale 
and engineering- 
scale studies 

(1) 
behavior at different processing steps; (2) 
(3) 

Determination of suitable product compositions and characterization of product 

confirmation of technology on engineering scale 
determination of optimum process conditions; 

Limited studies on 
lab and engineering 
scale 

Same as above 

I I 

(C2 ) Fluidized 
bed calcina- 
t ion 

Confirmation of (1) 
simulated LWR-HLLW; ( 2 )  capability of proposed off-gas cleanup system; ( 3 )  ability to 
overcome potential safety problems ; ( 4 )  
tenance mockup; ( 5 )  
(6) 

pilot-plant data in a large-scale demonstration plant based on 

testing of prototype equipment and remote main- 
evaluation and selection of methods for stabilization of calcine; 

development of a practical calcine process 

Short 
range 

Cold and radioactive 
pilot-plant demon- 
stration completed 

( ~ 3 )  Spray 
calcination 

Short 
range 

(Gl) Contin- 
uous calcin- 
at ion-vitri- 
fication 
(French) 

Short 
range 

Short 
range 

Inter- 
mediate 
range 

Inter- 
mediate 
range 

( G 3 )  Joule- 
heated 
continuous 
ceramic 
melter 

I 
Cold engineering-scale ; (1) Design for remote operation and confirmation of remote operability; (2) confirmation 
demonstration in 
progress 

of reliable long-term operation capability; (3) 
off of glass feed t o  storage canister. 

method and device for fast drain and shut- i 
(G4)  Rising- 
level glass 
(British) 

Inter- 
mediate 
range 

( G 5 )  Continu- 
ous spray 
calciner- 
met all i c 
melter 
(German ) 

Miscellaneous Solidification Process 

Determination of methods to prepare metal matrices for different waste forms suitable (1) 
for remote operation; (2) characteristics of resulting waste-in-metal matrix products 

( M l )  Dis- 
persion- 
in-metal 
matrix 

Cold pilot-plant 
and lab-scale 
radioactive 
demonstration 

Long 
range 

(M2) Glass- 
ceramic 
formation 

Long 
range 

(M3) Super- 
calcine 
format ion 
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f o r  p rocesses  t o  c a r r y  o u t  such a p a r t i t i o n  f o r  LWR-HLLW i s  under way 

a t  several ERDA f a c i l i t i e s ,  i n c l u d i n g  Argonne Na t iona l  Laboratory (ANL), 

Battelle Northwest L a b o r a t o r i e s  (BNWL), Idaho Na t iona l  Engineering 

L a b o r a t o r i e s  (INEL, ACC-Idaho), ORNL, and Rocky F l a t s  P l a n t  (RF). However, 

i t  w i l l  be some t i m e  b e f o r e  a p r a c t i c a l  and economic p rocess  can be 

developed. The c u r r e n t  R&D ac t iv i t i e s  a t  t h e s e  and o t h e r  f a c i l i t i e s  have 

been summarized i n  a r e c e n t  p u b l i c a t i o n .  Among t h e  development a c t i v i t i e s  

r e p o r t e d  i n  t h i s  p u b l i c a t i o n  i s  a coope ra t ive  program t o  e s t a b l i s h  t h e  

t e c h n i c a l  f e a s i b i l i t y  and i n c e n t i v e s  f o r  p a r t i t i ~ n i n g . ~ ~  Th i s  program 

r e p r e s e n t s  conce r t ed  e f f o r t s  by v a r i o u s  ERDA f a c i l i t i e s  mentioned above 

i n  t h e  w a s t e  p a r t i t i o n i n g  s t u d i e s .  There i s  no R&D program f o r  p a r t i t i o n -  

i ng  of t h e  HTGR-HLLW a t  p r e s e n t .  The c h a r a c t e r i s t i c s  of t h e  HTGR-HLLW 

are a p p r e c i a b l y  d i f f e r e n t  from those  of t h e  LWR-HLLW i n s o f a r  as w a s t e  

p a r t i t i o n i n g  i s  concerned. 66 

program may be p a r t i a l l y  a d a p t a b l e  t o  t h e  HTGR case .  

64 

Never the l e s s ,  t h e  r e s u l t s  from t h e  LWR 

The n a t u r e  of t h e  R&D work under t h e  program p resen ted  i n  r e f .  65 

i s  o u t l i n e d  below us ing  t h e  ORNL s tudy  as an  example. The g o a l  of t h e  

experimental  s tudy  a t  ORNL 6 7 9  68 i s  t o  develop p r a c t i c a l  p rocesses  f o r  

removing a c t i n i d e s  and 1291 from LWR rep rocess ing  wastes, t o  t h e  e x t e n t  

t h a t  t h e  p o t e n t i a l  hazard index  v a l u e s  of t h e  r e s u l t i n g  HLW a t  a thousand 

y e a r s  would be - 5% of t h e  v a l u e  of p i t chb lende .  Achievement of t h i s  

g o a l  would r e q u i r e  t h a t  t h e  s e l e c t e d  p rocess  be capab le  of performing 

t h e  s e p a r a t i o n  i n  o r d e r  t o  o b t a i n ,  f o r  example, DFs of l o 4  f o r  plutonium, 

1291, -300 f o r  uranium, and 20 f o r  10 f o r  americium, curium, and 

neptunium based on LWR f u e l  r e p r o c e s s i n g .  Other combinations are  a l s o  

p o s s i b l e .  Achievement of t h e  DFs of such magnitudes could probably be 

made ( a t  least  i n  concept)  by bo th  improved recovery of a c t i n i d e s  of 

f u e l  r e p r o c e s s i n g  and f u r t h e r  p rocess ing  of t h e  LWR-HLLW. P re l imina ry  

r e s u l t s  of t h e  concep tua l  f lowsheet  s t u d i e s  have l e d  t o  t h e  i d e n t i f i c a -  

t i o n  of complex problems t h a t  must be solved b e f o r e  p r a c t i c a l  p rocesses  

can be developed. Among t h e  major problems are: (1) improvement i n  

recovery of plutonium, americium, and curium, and (2) minimizat ion of 

secondary waste streams by adequate  r e c y c l i n g .  Laboratory-scale  s t u d i e s  

3 
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are in progress on potential processes based primarily on modifications 

of the conventional Purex process. 

ation of the partitioning-transmutation method as an HLLW management 

concept. 

Also in progress at ORNL6’ is evalu- 

3.3.2 Thorium nitrate solution 

3.3.2.1 General and radiochemical characteristics 

The thorium nitrate solution is an aqueous HNO solution that is 3 
-3 - M in free HN03 and -2.3 - M in thorium. 
uranium and other actinides are also present, as illustrated in Table 

22. It is estimated that -50,000 gal of thorium nitrate solution will 

be generated from a reprocessing plant with an annual capacity of 

20,000 F.E. 

Residual amounts of F.P. and 

The major sources of radioactivity and decay heat are attributable 

to F.P. other than those 1is.ted in Table 22, principally 95Zr-95Nb 

(-80% at 180 days). 

listed are: 90Sr, 106Ru, 134Cs, Cs, and 144Ce, although the 

Important sources of radioactivity among the F.P. 
137 

144 contribution from Ce diminishes rapidly with cooling time. Thorium- 

228 (which is one of the decay daughters of 2321J) is, by far, the 

dominant actinide, accounting for nearly all of the radioactivity and 

decay heat from actinides. 

Initially (180 days cooling), the F.P. represent the chief sources 

of radioactivity (-97%) and decay heat (-85%). Upon extended cool ing ,  

however, their contribution diminishes quickly; that is, after 8 years 
of cooling, -57% of the total radioactivity and only -15% of the total decay 

heat come from the F.P. Thorium-228 becomes the major heat generator 

(-80 to 86% of total) after 5 years. Although the total radioactivity 

decreases by nearly one order of magnitude for the 8-year-old thorium 

nitrate solution, the total rate of heat generation declines only by a 

factor of 3. Most of the reduction involved in the decline is attribut- 

able to the F.P. 
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Table 22. V a r i a t i o n  i n  e s t i m a t e d  c h a r a c t e r i s t i c s  o f  

thorium n i t r a t e  s o l u t i o n  wi th  c o o l i n g  

Major Time aft 
n u c l i d e s  180 days 

Sr-90 

R ~ - 1 0 6  

Sb-125 

CS-134 

CS-137 

Ce-144 

Eu-154 

Other F.P. 

Th-228 

Other Th 

U-232 

U-233 

Other  
a c t i n i d e s  

T o t a l  
F.P. 

T o t a l  
a c t i n i d e s  

Grand 
t o t a l  

210 

8.97(4 

22 

37 5 

220 

1 . 7 1 ( 3 )  

7 

2 .10(6)  

5.80(4 1 

120 
L55MT Th-232) 

130  

40 

95 

o a c t i v i t y  ( C i  
' d i s c h a r g e  f r  

5 years 

190 

4 .02(3)  

7 

80 

200 

30 

6 

1 . 9 4 ( 5 )  

1 .12(  5 )  

135 

125 

40 

0.0 

I r e a c t o r  
8 y e a r s  

17 5 

50 5 

3 

30 

185 

2 

5 

1 . 5 7 ( 5 )  

1 . 1 8 ( 5 )  

150 

120 

40 

0.0 

180 days 

0.2 

5 

0 .1  

4 

0.4 

1 

0 . 1  

1 . 0 5 ( 4 )  

t g e n e r a t i o n  
d i s c h a r g e  f r o  

5 y e a r s  

%0.2 

0 .2  

0.0 

0 .9  

0.4 

0.0 

s o . 1  

795 

4d 

1 

1 

d -4 

1 

0.0 

797 

3 .63(3)  

4 .43(3)  

aQuant i t ies  l i s t e d  are based on an annual  r e p r o c e s s i n g  c a p a c i t y  of  20,000 F.E. 

bThe recovery  of  thorium n i t r a t e  s o l u t i o n  w a s  made by t h e  Acid Thorex Process  
based on t h e  fo l lowing  assumptions: (1) t h e  thorium recovery  e f f i c i e n c y  i s  
99%, and ( 2 )  t p . D F s  are l o 5  f o r  f i s s i o n  products  (except  DF = 100 f o r  Zr-Nb 
and Ru-Rh), 10  
as: DF = (amount of n u c l i d e  i n  fue l ) / (a rnountof  n u c l i d e  i n  thorium n i t r a t e  
s o l u t i o n ) .  

(11,600 25R, 7800 23R, and 600 25W). 

f o r  a c t i n i d e s  exc luding  U ,  and l o 3  f o r  U.  DF h e r e  i s  d e f i n e d  

'Numbers i n  parentheses  r e p r e s e n t  powers of 10.  

%eta power o n l y .  

,B+Y 1 

8 y e a r s  
r e a c t o r  

s 0 . 2  

0.0 

0.0 

0.3 

0 . 3  

0.0 

s o . l  

645 

3.80 ( 3  )d  

4d 

,%4d 

1 

0.0 
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3.3.2.2 Process alternatives 

Selection of suitable process alternatives for the thorium nitrate 

solution will depend upon the ultimate decision as to whether the solu- 

tion should be recycled as a fuel material or disposed of as a waste. 

If recycling is done, the solution should be further purified by additional 

solvent extraction cycles to remove the bulk of the residual F.P. Removal 

of 232U (precursor of 228Th), along with other uranium isotopes, may also 

be necessary. If the thorium nitrate solution should be processed as a 

waste, it can presumably be combined with the HLLW and be solidified by 

the process selected for the HLLW. 

3.4. Non-High-Level Liquid Wastes 

3.4.1 General characteristics 

This category includes numerous types of liquid wastes that are 

commonly termed low level and intermediate level (LLLW and ILLW), covering 

a broad range of chemical and physical properties as well as radioactivity 

levels. The major non-high-level liquid wastes from the HTGR fuel reprocess- 

ing plant include (see Table 1): (1) steam-stripper overhead, (2) carbonate 
wash solution, (3) decontamination solution, (4) tritiated water, (5) 
evaporator condensate, and ( 6 )  kerosene scrub. The only combustible waste 

is the kerosene scrub containing degraded TBP and radionuclides. Various 

other miscellaneous liquid wastes are also generated at different sources 

in the reprocessing plant, but they vary considerably in types and pro- 
perties, depending upon the specific details of the reprocessing flowsheets. 

3.4.2 Process alternatives 

The common goals in the processing of different non-high-level wastes 

are: (1) to separate radionuclides and other harmful constituents, in a 
concentrated form, from the clean portion of the waste material; and (2) 

to recycle and reuse the decontaminated effluent as much as possible. 

Since the ILLW and LLLW from the HTGR fuel reprocessing should not be 

very different from the corresponding LWR liquid wastes, most of the R&D 

results from the LWR case would be directly applicable. 
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The ILLW having chemical and physical properties compatible with the 

HLLW may be combined with the HLLW after concentration. The carbonate 
+ wash solution, for example, contains a large amount of Na (-1 as 

discharged; much higher after concentration) and may not be a suitable 

feed for some of the HLLW calcination processes. Nevertheless, since 

sodium is one of the important ingredients in the borosilicate glass 

formulations, it should not present any problem in the HLLW vitrification 

process. Some addition agents (e-g., sulfate, phosphate, etc.) may be 

necessary to stabilize the sodium compounds in the calcination step. The 

presence of appreciable amounts of volatile compounds (e.g., mercury and 

halogen compounds) in certain types of the ILLW may make them incompatible 

with the commonly used borosilicate glass formulations. 

Table 23 summarizes important information on five selected alternatives 

for the processing of ILLW and LLLW. Sufficient experience has already 

been gained in the use of these processes in the treatment of radioactive 

wastes. Since the technologies for these processes already exist, little 

or no development effort will be needed for immediate application. 

It should be noted that the final products from individual processes 

listed in Table 23 become the secondary wastes that require further 

processing. For example, the filter cake, spent ion exchange resins, 

evaporator bottoms, and ash from the incinerator would have to be treated 
further by processes selected from the alternatives discussed in Sect. 

3.2.3.2. The clarified liquor from either filtration or centrifugation 

and the steam condensate from evaporation may also have to be treated 

by some other process (e.g., ion exchange) if they should contain radio- 

nuclides near or above the limits set by the Federal regulations. 

None of the alternatives in Table 23 is applicable to tritiated 

water. Nevertheless, tritiated water may be incorporated into cement 

with additives or PIC (Table 15). 
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Table 23. Process  A l t e r n a t i v e s  f o r  Non-High-Level Liquid Wastes 

Process  
a l t e r n a t i v e  

F i l t r a t i o n  

c e n t r i f u g a t i o n  
or 

Ion  
exchange 

Evaporat ion 

I n c i n e r a t i o n  

Process  f e a t u r e s  

Removal of  c o a r s e  s o l i d s ,  
suspended p a r t i c l e s ,  and 
c o l l o i d a l  p a r t i c l e s  by 
means of porous media, 
under t h e  i n f l u e n c e  of 
e i t h e r  p r e s s u r e  ( f i l -  
t r a t i o n )  o r  c e n t r i f u g a l  
f o r c e  ( c e n t r i f u g a t i o n )  

Removal of  i o n i c  radio-  
n u c l i d e s  from l i q u i d  
waste by a r e v e r s i b l e  
s t o i c h i o m e t r i c  i n t e r -  
change of i o n s  w i t h  
r e s i n s  o r  i o n  exchangers 
conta in ing  exchangeable 
i o n s  of t h e  same charge 

Concentrat ion o f  non- 
v o l a t i l e  rad ionucl ides  
by v a p o r i z a t i o n  and re- 
moval of  water vapor 

Burning of  waste l i q u i d  
organics ,  and r e t e n t i o n  
of v o l a t i l i z e d  radio-  
nuc l ides  and harmful 
chemicals by an  off-gas  
c leanup system 

Type of  waste 
t o  be processed 

ILLW and LLLW 
conta in ing  
apprec iab le  
amounts of s o l i d s .  
Cent r i fuga t ion  is  
more s u i t a b l e  f o r  
c o l l o i d a l  p a r t i c l e s  

ILLW and LLLW con- 
t a i n i n g  i o n i c  
r a d i o n u c l i d e s  w i t h  
l i t t l e  o r  no sus- 
pended s o l i d s  (e .g . ,  
c l a r i f i e d  l i q u o r  
from f i l t r a t i o n )  

ILLW and LLLW con- 
t a i n i n g  l a r g e  amounts 
of  salts and o t h e r  
s o l i d s ,  h e a v i l y  con- 
taminated r l t h  rad io-  
n u c l i d e s  

Combustible organic  
wastes (e .g . ,  kero- 
sene scrub ,  degraded 
so lvent  

F i n a l  product  
forms 

Wet s o l i d s  
and c l a r i f i e d  
l i q u o r  (may 
s t i l l  conta in  
i o n i c  rad io-  
n u c l i d e s )  

Wet ion- 
exchanger 
p a r t i c l e s  
loaded w i t h  
r a d i o n u c l i d e s  
and deconta- 
minated 
l i q u o r  

Concentrated 
l i q u o r  o r  
s l u r r y  and 
overhead 
steam con- 
densate .  (may 
s t i l l  conta in  
i o n i c  rad io-  
n u c l i d e s )  . 

Ash conta in ing  
non-vola t i le  
rad ionucl ides  
and decontamin- 
a t e d  gaseous 
e f f l u e n t  

Technology s t a t u s ,  problems and 
development needsa 

(1) Avai lab le ,  ( 2 )  may r e q u i r e  
f i l t e r  a i d s  o r  chemical a d d i t i o n  
t o  promote s e p a r a t i o n  

(1) Avai lab le ,  ( 2 )  may r e q u i r e  
pre t rea tment  (e. g. , f l o c c u l a t i o n ,  
f i l t r a t i o n )  t o  remove excess ive  
amounts of  s o l i d s ,  ( 3 )  determina- 
t i o n  o f  des ign  parameters  f o r  
s p e c i f i c  rad ionucl ides  and r e s i n  
types 

(1) Avai lab le ,  ( 2 )  deentrainment 
of m i s t  o r  a e r o s o l ,  foaming, e t c .  
( 3 )  a c q u i s i t i o n  of  design para- 
meters  f o r  s p e c i f i c  waste t y p e s  

(1) Avai lab le ,  ( 2 )  formation of  
incomplete combustion products ;  
p o t e n t i a l  c o r r o s i o n  and eros ion  
problems of  i n c i n e r a t o r  nozzles  

- 
Refer- 
ences 

72,73 

w 

74,75 

76,77 

‘ I t e m  (1): technology s t a t u s ;  Item ( 2 ) :  major p o t e n t i a l  problems; Item ( 3 ) :  major development needs. 
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3.5. Gaseous Wastes 

The secondary gaseous waste streams discharged from the off-gas clean- 

up system include the noble gases and the C02 gas stream containing I4C. 

Krypton-85 is the only radioactive noble gas of concern because of its 

long half-life (10 .7  years). 
discharged separately from the krypton removal unit of the off-gas cleanup 

system in which krypton is removed (from the head-end off-gas stream) 

and concentrated by the KALC (Krypton Absorption in Liquid C02) process. 

A similar process (AKUT) is being developed in Germany for separation and 

concentration of krypton.80 

accomplished by selective removal of C02 in the krypton product stream by 

means of molecular sieves. 81 Under the current Federal regulations, both 

85Kr and 14C02 may be released to the atmosphere from a tall stack under 

favorable meteorological conditions to comply with the regulatory limits. 

In view of the potential hazard resulting from long-term global buildup, 

future regulations would probably require that these two radioactive gaseous 

effluents be immobilized and isolated from the biosphere. 

Both 85Kr and I 4 C O  -containing CO gas are 2 2 

78,79  

Further concentration of krypton may be 

3.5.1 Krypton gas 

3.5.1.1 General and radiochemical characteristics 

The krypton concentrate discharged from the KALC unit contains -6% 

85K~ plus significant amounts of C02 and xenon. For a reprocessing plant 

with an annual capacity of 20,000 F.E., the rate of production of krypton 
gas is estimated at -460 kg or 123,000 liters (OOC, 1 atm), containing 

-11 MCi of 85Kr. 

energy of 0.65 MeV. 

The major radioactivity of 85Kr comes from its beta 

3.5.1.2 Assessment of process alternatives and R&D needs 

The simplest alternative would be atmospheric dispersal of the diluted 

krypton gas stream containing 85Kr through a tall stack when meteorological 

conditions are favorable. Estimation of airborne 85Kr concentrations under 

various meteorological conditions based on published methods 82-84 have 
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ind ica t ed  t h a t  t h e  dose rates r e s u l t i n g  from such a release are gene ra l ly  

much lower than the  p re sen t  r egu la to ry  l i m i t s .  Th is  s i t u a t i o n ,  however, 

may change i n  t h e  near  f u t u r e  as t h e  nuc lear  power indus t ry  cont inues  

t o  grow. Acquis i t ion  of more accu ra t e  meteoro logica l  d a t a  f o r  t h e  

s p e c i f i c  f u e l  reprocess ing  s i t e  i s  needed t o  make a more r e l i a b l e  estimate 

of t he  dose ra te .  

The only o the r  a v a i l a b l e  technology a t  p re sen t  f o r  c o n t r o l l i n g  85Kr 

i s  t o  conf ine  i t  i n  p re s su r i zed  c y l i n d e r s  (e .g . ,  5 0 - l i t e r  s i z e ) ,  which are 

then placed i n  a contained s t o r a g e  f a c i l i t y  t o  permit  85Kr  t o  decay. 

example, krypton gas  may be confined i n  a 5 0 - l i t e r  cy l inde r  a t  -500 p s i g  

without  exceeding -60°C w a l l  t e m p e r a t ~ r e ~ ~  i n  a well-designed s t o r a g e  

f a c i l i t y .  Never the less ,  R&D work i s  needed t o  e v a l u a t e  t h e  e f f e c t s  of 

i m p u r i t i e s  i n  t h e  krypton product  (e.g.  , 85Rb, decay product of 8 5 K r ;  

C 0 2 ;  e t c . )  on t h e  long-term s t o r a g e  of t h e  product  i n  p re s su r i zed  

cy l inde r s .  These e f f e c t s  i nc lude  t h e  p o t e n t i a l  hazard t h a t  could r e s u l t  

from co r ros ion  of t h e  cy l inde r  material by t h e  i m p u r i t i e s  and from 

uns tab le  s p e c i e s  formed by r a d i o l y s i s  of i m p u r i t i e s .  An R&D program t o  

i n v e s t i g a t e  t h e  e f f e c t  of Rb i s  under way a t  ACC-Idaho f o r  t h e  85Kr gas  
86 from LWR f u e l  reprocessing.86 

85 on s to rage  of K r  by means of encapsula t ion  i n  z e o l i t e s  under h igh  t e m -  

p e r a t u r e s  and p res su res  (-45OoC, 1000 atm). 

For 

Also i n  progress  i s  a f e a s i b i l i t y  s tudy  

3.5.2 Carbon-14 i n  C02  gas 

3.5.2.1 General and radiochemical  c h a r a c t e r i s t i c s  

Approximately 0.2 ppm (by weight) of 1 4 C 0 2  i s  p resen t  i n  t h e  CO gas  

generated i n  t h e  burning s t e p s  of t h e  f u e l  e lements  (assume -30 ppm of N 2  

i s  p resen t  i n  t h e  o r i g i n a l  f u e l  e lements) .  

con ta in  a r e s i d u a l  amount (<1%) of 85Kr .  

product r e s u l t i n g  from i n t e r a c t i o n s  between neut rons  and t r a c e  i m p u r i t i e s  

i nc lud ing  n i t r o g e n ,  l 3 C ,  and I 7 O 2 .  Ni t rogen i s  t h e  major source  (>80%), 

followed by I 3 C  and I 7 O 2  i n  t h a t  o rder .  The r a d i o a c t i v i t y  a s s o c i a t e d  with 
14  

(o r  -200 Ci /M(e)Y) .  

2 

Th i s  C 0 2  gas  stream may a l s o  

Carbon-14 i s  a neu t ron -ac t iva t ion  

C from a 2OY000-F.E./year r ep rocess ing  p l a n t  i s  es t imated  a t  -4000 C i  
87  
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Carbon-14 is of major concern from the environmental aspect not only 

because of its long half-life (5370 years), but also because of its ability 

to become incorporated into the food chain. However, until recent years 
little attention was given to the significance of production of I4C in 

the nuclear power reactors in general. 

is contained in the HTGR fuel elements, the rate of 14C production is 

expected to be much higher (by about one order of magnitude) than for 

the LWR fuels. 

distribution of C within an HTGR fuel reprocessing plant and gave an 

evaluation of the environmental effect of 14C released from the plant. 

Since a large amount of graphite 

A recently published papers8 presented an estimate of the 
14 

3.5.2.2 Assessment of process alternatives and R&D needs 

A s  in the case of 85Kr, the simplest approach would be to release 
the I4C-containing C02 gas to the atmosphere from a tall stack. 

method has been practiced by the LWR and fuel reprocessing plants. 

has been suggesteds8 that nocturnal release of 14C0 

when plant assimilation of carbon is at a minimum, might alleviate the 

potential local dose-rate problem. Such an approach, however, does not 

solve the problem of the long-term global buildup of I4C. 

This 

It 
to the environment, 2 

14 An alternative to atmospheric dispersal is to convert C02 to a 

solid form. One technology immediately available for this purpose with 
a minimum of development work is the process of producing CaCO by direct 

reaction between CO and slaked lime. Although this process has been in 

use commercially for some time (e.g,, to manufacture pigment-grade CaC03 

or to sweeten gases), the basic design data are not readily available. 
Recent results of a scoping study89 indicate that the direct CO -lime 

reaction is technically and economically more attractive than such methods 

as the double-alkali process. The study also concluded that shallow-land 

burial of packaged, concreted CaCO 3 
regulatory authority in the future. 

direct CO -lime process, using nonradioactive reactants to obtain the 

engineering design data, is also in progress at ORNL. 

efforts are needed to determine how this technology can be adapted to 

3 

2 

2 

will probably be acceptable by the 

An experimental investigation of the 

2 
Further R&D 
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t h e  hand l ing  of t h e  r a d i o a c t i v e  C 0 2  gas stream c o n t a i n i n g  I 4 C  and 

p o s s i b l y  a r e s i d u a l  amount of 85Kr .  

4. SUMMARY AND CONCLUSIONS 

1. Numerous p rocess  a l t e r n a t i v e s  have been e v a l u a t e d ,  and t h e  R&D 

needs have been i d e n t i f i e d  f o r  v a r i o u s  t y p e s  of wastes generated i n  t h e  

r ep rocess ing  of HTGR f u e l s .  The h i g h l i g h t s  of t h e s e  a l t e r n a t i v e s  are  

summarized i n  Table 24. The g o a l  common t o  p rocess ing  of a l l  t h e  wastes 

i s  t o  conve r t  them i n t o  concen t r a t ed  and immobilized forms t h a t  can 

ensu re  long-term s a f e t y .  

2. P r a c t i c a l l y  a l l  s o l i d  wastes from t h e  head-end system are 

h igh - l eve l ,  and unique t o  HTGR f u e l  r e p r o c e s s i n g .  They i n c l u d e :  (1) 

s in t e red -me ta l  f i l t e r s  and co ld  t r a p s ,  (2) S i c  h u l l s  and i n s o l u b l e s ,  and 

( 3 )  r e t i r e d  f i s s i l e  p a r t i c l e s  and c l i n k e r s .  Because of t h e i r  uniqueness ,  

major R&D e f f o r t s  are  r e q u i r e d  t o  c h a r a c t e r i z e  them and t o  develop s u i t a b l e  

a l t e r n a t i v e s  f o r  t h e i r  p rocess ing .  

3 .  Other types  of w a s t e s  unique t o  t h e  HTGR are: (1) spen t  r e f l e c t o r  

b l o c k s ,  (2) spen t  molecular  s i e v e s  and c a t a l y s t s ,  and ( 3 )  t h e  CO gas 

stream c o n t a i n i n g  

a v a i l a b l e .  Neve r the l e s s ,  f u l l  c h a r a c t e r i z a t i o n  of t h e s e  wastes r e q u i r e s  

a major e f f o r t .  Likewise,  f u r t h e r  s t u d i e s  are needed to develop s a t i s f a c -  

t o r y  w a s t e  p rocess ing  technology. 
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C ,  f o r  which some u s e f u l  w a s t e  p rocess ing  d a t a  are 

4. Most o t h e r  wastes, i n c l u d i n g  t h e  HLLW, are s i m i l a r  t o  t h e  correspond- 

i n g  LWR w a s t e s  and can u t i l i z e  t echno log ie s  t h a t  are be ing  developed f o r  t h e  

p rocess ing  of t h e  LWR wastes. For t h e  HTGR-HLLW, however, t h e  e f f e c t s  of 

f l u o r i d e ,  aluminum, thorium, and o t h e r  p rocess  chemicals on t h e  s o l i d i f i c a -  

t i o n  behavior  must b e  f u l l y  i n v e s t i g a t e d  b e f o r e  t h e  LWR-HLLW d a t a  can be 

u t i l i z e d .  

5. R a d i o a c t i v i t i e s  and rates of h e a t  g e n e r a t i o n  of t h e  h igh - l eve l  

s o l i d  and l i q u i d  wastes va ry  cons ide rab ly  w i t h  c o o l i n g  t i m e .  

i n f l u e n c e  t h e  des ign  of t h e  i n t e r i m  waste s t o r a g e  f a c i l i t y  as w e l l  as t h e  

Such v a r i a t i o n s  



Sintered-metal f i l t e r s  and High 

I 

cold t r a p s  ( H )  ( s o l i d )  

Table 24. Highlights of a l t e r n a t i v e s  f o r  processing of  major HTGR 

f u e l  reprocessing wastes 

I 

Type of wastea Process a l t e rna t ives '  
Ava i l ab i l i t y  o f  

R & D da ta  d 3? Details 
Tables 

3 and 4 

Extent o f  modifi- 
ca t ion  requi rede  

1) Minor 
2)  Minor 
3) Complete 

' 4 )  Moderate 

Radioac t iv i ty  
l eve lb  

L )  LWR cladding h u l l s  (NAP) 
2 )  LWR metal sc raps  
3 )  None 
I)  LWR met& scraps  and 

cladding h u l l s  

(1) Compaction 
( 2 )  Melt-casting 
( 3 )  Leaching" 
( 4 )  Waste d i s so lu t ion  

:1) Minor 
: 2 )  Moderate 
:3)  Major 

S i c  h u l l s  and 
inso lubles  ( H )  

High 
( s o l i d )  

(1) Direc t  packaging 
( 2 )  Immobilization i n  

( 3 )  Chemical separa- 
matrix ma te r i a l  

t ion"  

L )  LWR cladding h u l l s  
2 )  Commercial g l a s s  t ech . ;  

LWR-HLLW v i t r i f i c a t i o n  
3)  Chemical da t a  f o r  S i c ;  

LWR-TRU recovery 

1) LWR cladding h u l l s  
2 )  Commercial g l a s s  tech.;  

LWR-HLLW v i t r i f i c a t i o n  
3) HTGR fue l  reprocessing 

0 and 9 

11 and 12 High 
( s o l i d )  

(1) Minor 
( 2 )  Moderate 
( 3 )  None 

(1) Direct packaging 
( 2 )  Immobilization i n  

( 3 )  Chemical process- 
mat r ix  ma te r i a l  

ing* 

(1 ) Shallow-land 
b u r i a l  

( 2 )  Crush-burn 
( 3 )  fpsh-burn and 

c f ixa t ion"  

Retired f i s s i l e  p a r t i c l e s  
and c l inke r s  ( H )  

1) Nuclide migration i n  
s o i l s  (OWI program) 

2 )  HTGR f u e l  head-end 
3) HTGR f u e l  head-end; 

commercial CaCO process 3 

1) Minor 
2 )  None 
3)  Major 

f ixa t ion  
only 1 

Spent r e f l e c t o r  blocks 
( M )  

Intermediate 
( s o l i d )  

13 and 1 4  

~ 

(1) Direct packaging 
( 2 )  Incorporation i n  

cement with 
addi t ives"  

( 3 )  Polymer-impregna- 
t e d  concrete" 

(4) Incorporation i n  
g l a s s  

1) LwR-ILw s o l i d s  
2 )  LwR-ILLw s o l i d i f i c a t i o n  
3)  LWR-ILLW s o l i d i f i c a t i o n  
4 )  LWR-HLLW v i t r i f i c a t i o n  

1) None 
2 )  Minor 
3) Minor 
4 )  Minor 

Spent molecular s ieves  
and c a t a l y s t s  (0) 

15 and 16 Intermediate 
( s o l i d )  

~~~~ 

Sect.  3 . 2 . 3  
under 
waste pro- 
cess  ing 
a l t e r n a t i v e s  

F i l t e r  cakes, ion-exchange 
res ins ,  and evaporator 
bottoms (W) 

Intermediate 
and/or TRU 
(wet s o l i d )  

(1) Incorporation i n  
cement with addi- 
t i ves"  

nated concrete 

g l a s s  

( 2 )  Polymer-impreg; 

( 3 )  Incorporation i n  

(1) Direc t  packaging 
( 2 )  Compaction 
( 3 )  Immobilization 

(4) Combustion' 
i n  s o l i d  matrix 

( inc ine ra t ion ;  
pyro lys i s ;  molten 
s a l t ;  ac id  d i -  
ges t ion )  

(1) Direc t  packaging 
( 2 )  Compaction* 
(3)  Melt-casting 
( 4 )  Molten salt re- 

duction 

( 1 ) - ( 3 )  : 
LWF non-high-level 
wastes 

17 Miscellaneous s o l i d  
wastes-combustible ( M )  

In te rmedia te ,  
low and/or TRU 

( s o l i d )  
(1) -(G) : 

LWR non-high-level 
combustible wastes 

17  Miscellaneous s o l i d  
wastes-noncombustible 
( M  1 

(1)-(4) : 
LWR non-high-level 
noncombustible wastes 

Intermediate,  
l o w  and/or TRU 

( s o l i d )  

High-level l i q u i d  waste, 
thorium n i t r a t e  
so lu t ion  (s) 

High 
(1 i qu i  d ) 

(1) Calc ina t ion  (pot ,  
f l u id i zed  bed, 
spray)  

(2  ) Glassi f i ca t ion"  

20 and 21 

(continuous 
ca lc ina t ion-  
v i t r i f i c a t i o n  ; 
in-can; contin- 
uous ceramic 
mel te r ;  r i s ing -  
l e v e l ;  continuous 
spray ca lc ina t ion-  
v i t r i f i c a t i o n  ) 

( 3 )  Miscellaneous 
( d i  spe r s i  on-in- 
metal;  g lass -  
ceramic super 
calcine! 

( 1 ) - ( 3 )  : 
LWR-HLLW s o l i d i f i c a t i o n  

( 1 ) - ( 3 )  : 
Moderate 

Non-high-level l i q u i d  
wastes (S,M,W) 

(1) F i l t r a t i o n  o r  

( 2 )  Ion exchange 
( 3 )  Evaporation 
( 4 )  Inc inera t ion  

cen t r i fuga t ion  

(organic  l i qu id  
only)  

23 Intermediate 
and low 
( l i q u i d )  

( 1 ) - ( 4 )  : 
LWR non-high-level 
l i q u i d  wastes 

aThe l e t t e r  i n  parentheses r e f e r s  t o  t h e  source of waste 

bSee Table 1 f o r  quan t i t a t ive  r a d i o a c t i v i t y  l e v e l .  

'Process a l t e r n a t i v e s  with * a r e  prefer red  based on ava i l ab le  information at  present.  

'Related R & D program from which p a r t i a l  o r  complete information i s  ava i lab le .  

eComplete: 

( i . e . ,  H :  head-end system; S:  solvent ex t r ac t ion ;  0: off-gas Cle€UIUp System; 
M:  miscellaneous; W: secondary waste from in te r im process ing) .  

completely new R & D are needed because no da ta  a r e  ava i lab le .  
Major : l i t t l e  usefu l  information i s  ava i lab le .  
Moderate: near ly  ha l f  o f  needed da ta  is ava i l ab le .  
Minor : major por t ion  o f  needed da ta  i s  ava i lab le .  
None : t he  ava i l ab le  d a t a  a r e  d i r e c t l y  appl icable .  
In  all cases ,  cha rac t e r i za t ion  o f  ind iv idua l  wastes i s  requi red ;  t h e  ex ten t  o f  R & D e f f o r t s  va r i e s  with d i f f e r e n t  wastes. 

fDetailed information on various process a l t e r n a t i v e s  can be  found i n  these  t a b l e s  and i n  corresponding discussion i n  t h e  t e x t .  
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des ign  of t h e  process ing  f a c i l i t y ,  c h i e f l y  i n  t e r m s  of r equ i r ed  capac i ty ,  

r a d i a t i o n  s h i e l d i n g ,  and method and ra te  of hea t  d i s s i p a t i o n .  The v a r i a -  

t i o n  i n  r a d i o a c t i v i t y  and hea t  gene ra t ion  ra te  w i t h  coo l ing  t i m e  i s  

i l l u s t r a t e d  i n  Table 25 f o r  four  s e l e c t e d  h igh- leve l  wastes. 
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Table 25. Variation i n  c h a r a c t e r i s t i c s  of se l ec t ed  waste streams with cooling t ime 

Rate of hea t  genera t ion  (W per  % G t i t y ) *  

Waste 
stream 

Ret i red  
f i s s i l e  
p a r t i c l e s  ! (25W) 

reac to r  - 

8 years  

3 5 0 / n 3  

5 5 5 / n 3  

905/ft3 

_ _  

110it-t~ 

U O ~ ~ Y ~  

w 

discharge  fron 

5 years  

1.25(5 )In3 

2 . 4 9 ( 4 ) / n 3  

l . 50 (5  )In3 

._______ 

3 . 8 2 ( 4 ) l n 3  

Time after d ischarge  f r c  Approximate 
quant i tyb  

4 m  
(100 n 3 )  

20 MT 
(430 ft 

Nuclide 
types  

F iss ion  
products 

Act i n ides  

To ta l  

- 
5 years  

5 2 0 / n 3  

5 7 0 / n 3  

l . 0 9 ( 3 ) / n 3  

180 days 

3.04 ( 3 ) /  fl 

660/ f t3  

3.70 ( 3 )  / f l  

~~ .. ~ 

790/ft3 

7 9 0 / n 3  

,-Q 

33Igal 

1 / ga l  

34 lga l  

F iss ion  
products 

Actinides 

Tota l  

160 / f t3  

20 

1601 t - t~  03 
0 

Fiss ion  
products 

Actinides 

To ta l  

F iss ion  
products 

Actinides 

Tota l  

4.91ge.l 

0.41gal. 

5.3Igal 

7 .12 (3 ) /ga l  

470lgal 

7.59 ( 3 ) / g a l  

44Iga1 

l l g a l  

45 lga l  

3.5/gal 

0.4 / g a l  

3.9/gal 

5 2x10 g a l  HLLW 

I 

I 
I 
I 

Thorium 
n i t r a t e  
so lu t ionC I 0. O l g a l  

0.llgal 

0.Olgal 

0.2Igal 

0. Olgal 

0 .2 lga l  

I o.o/gal 

O.l/gELl 

O. l /ga l  

4 
5x10 gal 

%umbers i n  parentheses  represent  powers o f  10 .  

bFor KTGR fuel reprocess ing  p l an t  o f  20,000 F.E./yr (equiva len t  t o  $20 GW(e)-year). 

CUnconcentrated. 
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