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ABSTRACT 

This report examines the concept of recycling light water reactor (LWR) 
fuel through use of a dry-processing technique known as the AIROX (Atomics 
International Reduction Oxidation) process. In this concept, the volatiles 
and the cladding from spent LWR fuel are separated from the fuel by the AIROX 
process’. The fuel i s  then reenriched and made into new fuel pins with new 
cladding. The feasibility of the concept is studied from a technical and high 
level waste minimization perspective. 
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EXECUTIVE 

This report examines the concept of recycling light water reactor (LWR) 
fuel through use of a dry-processing technique known as the AIROX (Atomics 
International Reduction Oxidation) process. In this concept, the volatiles 
and the cladding from spent LWR fuel are separated from the fuel by the AIROX 
process. The fuel is then reenriched and made into new fuel pins with new 
cladding. 
level waste minimization perspective. 

The feasibility of the concept is studied from a technical and high 
Following are high1 ights o f  the study. 

1 .  Reconstituting and recycling spent fuel via the AIROX process is 
considered technically feasible based on prior development work done by 
Atomics International. 

2. 

3 .  

Neutronics studies of AIROX-processed fuel show that reactivity reduction 
due to the presence of fission products is small and the recycled fuel 
can be profitably used in LWRs. 

Reactivity coefficient comparisons between a virgin and recycled 
core indicate that existing reactivity control mechanisms will 
suffice. 

The calculated moderator temperature coefficients remain within 
acceptable design limits. 

licensing of AIROX recycled fuel for commercial power plant use should 
not present an insurmountable difficulty. 
recycled fuel can be expected to be similar to those of high-burnup 
fuels. This study indicates that: 

The characteristics of the 

For design basis accident conditions, the results from existing fuel 
behavior programs, in combination with in-reactor lead rod programs, 
should be sufficient to qualify AIROX processed fuel. 

For severe accident conditions, analysis beyond that required for 
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t y p i c a l  new f u e l  designs w i l l  be needed t o  ensure t h a t  source term 
margins remain w i t h i n  l i c e n s i n g  l i m i t s ; .  
somewhat unique f u e l  chemist ry  o f  t he  A I R O X  f u e l  and i t s  e f f e c t  on 
the  source term. 

hi:: i s  because o f  t h e  

4 .  From a h i g h - l e v e l  waste management p o i  t o f  view, t h e  A I R O X  r e c y c l i n g  
scheme has severa l  bene f i t s :  

It supports b e t t e r  resource u t i 1  i z a t i o n  and w i l l  generate more 
e l e c t r i c i t y  f o r  the  same amount o f  f i n a l  spent nuc lea r  f u e l .  

I t  w i l l  r e s u l t  i n  l e s s  volume o f  t o t a l  h i g h - l e v e l  waste t h a t  must be 
sent  t o  a r e p o s i t o r y  than t h e  once-through cyc le .  

It would reduce U.S. u t i l i t y  needs f o r  r a p i d  expansion o f  o n - s i t e  
spent f u e l  storage. 

It may prov ide  more f l e x i b i l i t y  i n  t h e  U.S. Clepartment o f  Energy's 
moni tored r e t r i e v a b l e  s torage and r e p o s i t o r y  programs. 

5. Considerable developmental work w i l l  be needed be fore  a p r o t o t y p i c a l  
A I R O X  p l a n t  cou ld  be developed. Notable among these are: 

0 

0 

0 

Conducting t e s t s  on spent fuel recyc led  and i r r a d i a t e d  t o  a h igh  
burnup i n  a power reac to r .  

Developing a remote m i  Xing and sampl i nr3 technique f o r  spent - fue l  and 
v i r g i n  feedstock powder. 

Design ing and t e s t i n g  an i n teg ra ted  o f f - g a s  c lean-up system. 

Designing s u i t a b l e  r o b o t i c  systems f o r  se rv i ce  i n  h i g h l y  r a d i o a c t i v e  
and dusty  environments. 

Development o f  a non-des t ruc t ive  f u e l  assay inst rument  t h a t  w i l l  
s a t i s f y  safeguards requirements.  
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6. 

7. 

8. 

i 

An aggressive AIROX fuel recycling program could reduce the total U . S .  
high level waste by about 30% (for the new-reactor-order case) even when 
Greater Than Class C (GTCC) waste generated by the AIROX process is 
i ncl uded 

The waste generated per metric ton of initial heavy metal (MTIHM) of 
spent fuel would be 0.29 MT of cladding and hardware and 0.1 MT of 
semi-volatiles as GTCC waste, in the form of ingots and glass 
wastes, respectively. 

If the separated cladding and hardware can be further recycled in a 
nuclear facility or the repository, the total high level waste that 
must be sent to a repository will be reduced by more than half. 

Partitioning of '"I and some burning of "Tc in the recycled fuel 
could provide about 50% reduction in the calculated population dose 
from a geologic repository, if all spent fuel were recycled. 

The heat load from AIROX fuel would be similar to high-burnup fuel; 
consequently, AIROX-reprocessed fuel would be hotter than normal once- 
through spent fuel. The AIROX process produces fewer, but hotter, spent 
fuel assemblies. This must be factored into the repository design. 

The AIROX process has not been tested beyond the laboratory scale. 
addition, effective technologies must be developed to assist utilities in 
the inspection and quality assurance programs for utilization of the 
recycl ed fuel . 

In 
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RECYCLING OF NUCLEAR SPENT FUEL 
WITH AIROX PROCESSING 

1. 

The Idaho National Engineering Laboratory (INEL) undertook an effort in 
FY 1992 to examine the possibilities for minimizing both low- and high-level 
waste from commercial nuclear power plants. 
conceptualize a minimum-waste power reactor. 

1-1 The ultimate idea is to 

The first generation of commercial nuclear power systems was designed to 
optimize safety and power cost, while utilizing technology developed for 
submarine propulsion. Tremendous progress has been made in the last decade in 
the areas of commercial nuclear power operation and safety. However, the 
issue now, and for the future, is pollution prevention and waste minimization. 
The disposal of radioactive wastes has become the most important factor for 
nuclear power. The driving concept for our work is that waste must be 
minimized with improved processes for operation, new technologies, and designs 
over the entire fuel cycle, from mining to final disposal. This report 
explores an idea for minimizing high-level waste. 

This work examines whether or not high-level waste from commercial power 
reactors can be reduced by recycling spent fuel via the Atomics International 
Reduction Oxidation (AIROX) process.'-2 The AIROX process is a dry oxidation- 
reduction process for the oxide fuel that uses only gaseous and solid 
materials. In this process, the cladding, volatile fission products, and 
other fuel constituents are separated using pyrochemical reactions performed 
at temperatures o f  400 to 600°C. Oxidation transforms the UO, ceramic fuel 
pellets into granular U,O,, which expands the volume of the fuel, rupturing 
the cladding. 
cladding. 
processing, and some o f  the semi-volatile fission products (Cs and Ru) are 
released during pellet sintering. 

The granular oxide fuel then easily separates from the 
Volatile fission products (Kr, Xe, I, and 3H) are released during 

Medium- and low-volatility fission products 
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(Ba, Sr, Ce, La, Pd, Zr) remain in the fuel, as do the uranium, plutonium, and 
actinides. 

The fuel that remains after the AIROX processing contains approximately 
1.4% fissile material, depending on the burnup and initial enrichment. 
fuel recycling concept is that this fuel can be further enriched (if 
necessary), pelletized, fabricated into fuel rods;, and recycled to the 
reactor. For CANDU reactors, which normally use natural uranium as the fuel, 
the AIROX-processed fuel, even without additional enrichment, has plenty of'  
fissile materials left for excellent utilization. For use in light water 
reactors (LWRs), the AIROX-processed fuel must be blended with additional 235U 
or 239Pu. AIROX-processed fuel can also be used in fast breeder reactors, 
depending on the mission t o  be accomplished. With new cladding for the fuel, 
there appears t o  be no serious technical problems for this concept. 

The 

In this study, we have considered two technical issues involved in use of 
this fuel in a LWR. First, we addressed core neutronics and safety issues. 
Are there any obvious critical safety issues that would prohibit use of this 
fuel in a reactor? Second, we addressed the question of: waste management. 
How would this concept affect total spent fuel waste management for the U . S . ?  

We envision AIROX recycling serving several possible functions: 

AIROX recycling could provide a better uti1 ization of fissile 
contents of fuel by recycling spent fuel back to reactors. 

Nuclear spent fuel generated per kWe woiuld 

Uranium and plutonium from weapons material could be expended by 
using them to enrich the recycled fuel. 

AIROX recycling could provide flexi n spent fuel management. 
The fuel would stay in the recycling mode for a longer period of 
time, providing more time for the r 
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In the longer term, AIROX recycling would generate new alternatives 
for commercial high level waste disposal. 
front-end process for partitioning o f  rad onuclides in the spent 
fuel. 
and facilitate alternate disposal possibi ities for radionuclides 
with different radiological characteristics. Long-lived fission 
products and actinides could be disposed in a repository, while 
shorter-lived radionuclides could be stored at or near surface until 
decay reduces activity to harmless levels. 
spent fuel recycling and new high-level waste partitioning 
technologies could minimize or eliminate current barriers to public 
acceptance of nuclear power. 

AIROX could act as a 

This process could eventually lead to partitioning of wastes 

Research directed at 

There is one drawback to this scheme. Because 
residual fission products in the recycled fuel, the 
handled remotely, resulting in more difficult fuel 
equipment for new fuel handling. 

o f  the presence of 
enti re process must be 
nspection and additiona 

1.1 INTERNATIONAL INTEREST IN DRY PROCESSING 
AND RECYCLING OF SPENT FUEL 

Significant activities are underway in this area in other countries. The 
Canadians have determined that a synergistic CANDU-LWR fuel cycle is highly 
benef i ci a1 . 1-3-1-4 A1 though CANDU reactors use natural uranium, sl ightly 
enriched uranium (SEU), in the range of 0.9 - 1.5 wt.% 235U, is economically 
attractive in today’s envir~nment.’-~ This offers a 20 -30% reduction in the 
cost of the once-through fuel cycle and a similar improvement in resource 
utiJ ization. Atomic Energy Canada Limited (AECL)’-’ has investigated various 
options for fuel management for this LWR-CANDU synergism and has concluded 
that the AIROX (which they call OREOX) process i s  a top candidate for this 
cycle. 

South Korea has both pressurized water reactors (PWRs) and CANDU 
reactors. The potential for reusing the spent fuel from PWRs in the CANDU 
reactors is of major importance to the Koreans. Canada and Korea are working 
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t oge the r  t o  develop advanced f u e l  cyc les  where PIJR spent f u e l  i s  used i n  
CANDUS.''~ The Koreans are a1 ready manufactur ing CANDU f u e l  i n  Korea. Koreans 

are  committed t o  maximizing f u e l  u t i l i z a t i o n  i n  t h e i r  s t rong indigenous 
nuc lear  power program. Th is  i s  p a r t  o f  t h e i r  philosoph,y o f  r e c y c l i n g  and 
r e u t i l i z a t i o n  t o  become s e l f - s u f f i c i e n t  i n  energy and achieve s e c u r i t y  i n  
energy supply. 

AECL, Korea Atomic Energy Research I n s t i t u t e  (KAERI),  and t h e  U.S. S ta te  
Department have signed an agreement t o  perform research work f o r  t h e  Direct: 
Use o f  Spent PWR Fuel i n  CANDUs (DUPIC). Th is  will1 exp lo re  t h e  A I R O X  
r e c y c l i n g  method f o r  t h e  LWR-CANDU f u e l  cyc le .  
Laboratory (LANL) has performed safeguards ana lys i s  f o r  t h i s  cyc le .  
1 p a r t  o f  t h e  KAERI/AECL study was completed i n  1992 and a Phase 2 
demonstrat ion program i s  now being planned. 

The Los Alamos Na t iona l  
The Phase 

1-7 H. Kusters  e t  a l .  i n  Germany have invest ig ia ted m u l t i p l e  r e c y c l i n g  o f  
nuc lear  waste i n  PWRs. They were i n t e r e s t e d  i n  a ic t in ide and f i s s i o n  product  
r e c y c l i n g  (AFR) and considered t h e  d r y  r e f a b r i c a t i o n  technique o f  t he  AIROX 
process. They found t h a t  t h e  AFR schemes do no t  l ead  t o  a p r a c t i c a l  reduc t i on  
o f  hazards. They have argued t h a t  s ince  a l l  a c t i n i d e s  a re  recyc led,  and s ince 
isotopes w i t h  h i g h  mass numbers above Am have l a r g e  hazard ind ices ,  t he  
accumulation o f  these products  i n  the  recyc led  spent f u e l  w i l l  i nc rease i t s  
hazard p o t e n t i a l .  
management perspec t ive .  
techniques be developed t h a t  w i l l  a l l ow  separat ion o f  i n d i v i d u a l  ac t i n ides ;  
then one would n o t  r e c y c l e  Cm and o the r  a c t i n i d e s  w i t h  even h ighe r  mass 
numbers. They have a1 so expressed concern about the  adcli t i o n a l  hand1 i n g  
problems t h a t  would be necessary f o r  t h i s  process f o r  bo th  f u e l  t r a n s p o r t a t i o n  
and r e f a b r i c a t i o n .  

I n  Japan, t h e  program Opt ions Making Ex t ra  Gains f rom Ac t in ides  and 

They have n o t  addressed t h e  problem from an o v e r a l l  waste 
They recommend t h a t  new i n d u s t r i  a1 scal  e separat ion 

f i s s i o n  products  (OMEGA) i s  most noteworthy."* 

program f o r  h i g h - l e v e l  waste management and concentrates on research and 
development work on n u c l i d e  p a r t i t i o n i n g  and t ransmutat ion.  The phi losophy o f  
t h i s  program i s ,  f i r s t ,  t o  u t i l i z e  a l l  m a t e r i a l s  i n  the  spent f u e l  t h a t  can be 

I t  i s  Japan's l ong - te rm 
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used, namely the fissile materials, uranium and plutonium, and other 
recoverable useful metals (e.g., platinum). High-level waste resulting from 
initial separation will then be partitioned, transmuted, and utilized or 
disposed. A1 1 potential concepts of reactors and accelerators are being 
investigated to achieve these goals. 
are being investigated for partitioning transuranic elements and fission 

Dry processing techniques such as AIROX 

products. 

1.2 SAFEGUARDS ISSUES 

Application of the AIROX process for LWR recycling requires re- 
enrichment. 
proliferation point of view. The safeguards issues of recycling LWR fuel into 
CANDU reactors have been examined by the Los Alamos National Lab~ratory.'-~ 
According to this study, the DUPIC fuel cycle i s  relatively proliferation 
resistant because (a) the fuel cycle does not involve any fissile material in 
pure form; (b)  the A I R O X  process does not entail aqueous processing and does 
not produce pure or partially pure plutonium products; and (c) the fission 
products retained in the fuel make the reconstitution process a highly 
automated operation in canyons or highly shielded cells that will act as 
containment. Finally, the change in special nuclear material in going from 
PWR spent fuel to a CANDU reactor fuel bundle is such that there i s  almost no 
net increase in diversion potential of the fissile material. 

This calls for an examination of this concept from a non- 

AIROX-recycled fuel for use in LWRs requires re-enrichment to about 4%. 
Re-enrichment of AIROX fuel can be done with different blending powders. 
example, available weapons materials or 17% enriched uranium powder could be 
utilized. Safeguarding of the new fissile material to be added to the product 
must be assured. Use of pure fissile material would be highly beneficial from 
a waste-management perspective, since it would utilize more of the AIROX fuel 
and depl ete the avai 1 ab1 e weapons materi a1 . However, safeguarding procedures, 
including security forces needed for the facility, would add considerably to 
the fuel fabrication cost. 
lower enriched fissile material for recycling LWR spent fuel. 
of view, use of less than 20% enriched material may be recommended, because 

For 

Safeguards issues could be reduced by using a 
From this point 
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more than 20% enr iched f i s s i l e  ma te r ia l  i s  considered p o t e n t i a l  weapons 
ma te r ia l  by bo th  I n t e r n a t i o n a l  Atomic Energy Agency and U . S .  standards. The 
d i l u t i o n  o f  t h e  weapons ma te r ia l  cou ld  be done b-y t h e  defense sec to r  o r  a t  
defense n a t i o n a l  l a b o r a t o r i e s  w i t h  r e l a t i v e  ease. 

Io 3 REPORT ORGANIZATION 

The d e t a i l s  o f  t h e  AIROX process and what hlas been done i n  t h e  pas t  are 
descr ibed i n  Sec t ion  2. Th i s  sec t i on  discusses t h e  necessary chemical 
engineer ing processes needed t o  c a r r y  out  an AIROX u n i t  opera t ion .  
and sequent ia l  operat ions needed t o  process spent f u e l s  are descr ibed.  
ma te r ia l  balance and t h e  amount o f  wastes t h a t  w i l l  be generated i n  such a 
f a c i l i t y  a re  enumerated. 
A IROX r e c y c l i n g  f a c i l i t y  has been est imated. 
t h e  research and development work t h a t  must be done t o  support  commercial 
demonstrat ion o f  t h e  AIROX process. 
from new ideas f o r  c ladd ing  removal t o  recovery o f  v o l a t i l e  gases. 

F a c i l i t i e s  
The 

The cos t  o f  cons t ruc t i ng  and opera t i ng  a 500 MT/year 
F i n a l l y ,  Sect ion 2 deals  w i t h  

Th is  inlcludes a wide v a r i e t y  o f  subjects ,  

Sect ion 3 dea ls  w i t h  t h e  f u e l  management aspects o f  us ing  t h e  A I R O X  f u e l  
i n  an LWR. 
assure us t h a t  t h e  recyc led  f u e l ,  w i t h  some a d d i t i o n a l  enrichment, can be used 
i n  a t y p i c a l  LWR r e a c t o r .  The l i m i t a t i o n s  are a l so  discussed. It i s  found 
t h a t  t he  po ison ing  e f f e c t s  o f  t h e  l e f t - o v e r  f i s s i o n  products  can be overconie. 
The power peaking i n  adjacent f r e s h  assemblies presents  some problems, and 
t h i s  needs t o  be addressed i n  f u t u r e  s tud ies .  
burnup f u e l  performance, we do n o t  foresee a s i g n i f i c a n t  problem i n  us ing  
A I R O X  f u e l  i n  a LWR, a t  l e a s t  f o r  a reasonable burnup. However, some more 
s tud ies  should be performed f o r  h igh  burnup o f  AIROX f u e l .  
research i n  t h i s  area are  a l so  e laborated.  

Resu l ts  from severa l  r e a c t i v i t y  c a l c u l a t i o n s  are  presented t o  

From our  understanding o f  h igh-  

The areas o f  

Sect ion 4 i nves t i ga tes  the  waste management aspects o f  A I R O X  r e c y c l i n g .  
F i r s t ,  t h e  amount o f  d i f f e r e n t  wastes t h a t  w i l l  be generated a re  est imated, 
w i t h  reasonable assumptions; and d i s p o s i t i o n  o f  these wastes a re  discussed. 
Since heat l oad ing  from spent f u e l  i s  a s i g n i f i c a n t  parameter f o r  r e p o s i t o r y  
design, we have est imated t h e  amount o f  heat l oad ing  expected f rom recyc led  
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spent fuel. As expected, because of the presence of additional fission 
products and the actinides, the AIROX-recycled fuel will have higher heat 
loadings on a per metric ton of initial heavy metal (MTIHM) basis. However, 
this may not be a significant problem when the total amount of electricity 
generation is taken into account. 

Section 4 also presents an evaluation of the impact of AIROX recycling on 
the U.S. commercial high level waste volumes. The model considered two 
scenarios taken from the U.S. Department of Energy’s (DOES) National Energy 
Strategy (NES)’-’ and the resulting projections for spent nuclear fuel. It was 
found that for the no-nuclear-growth option, AIROX will reduce the total high- 
level waste by about 10%. However, for the nuclear-growth scenario of the 
NES, AIROX-recycling implementation could reduce high-level waste volume by 
about 30%. 

Finally, Section 5 addresses the AIROX recycling concept and its 
potential impact on nuclear energy revitalization in the U.S. It discusses 
the advantages and the problems associated with this technology. It also 
elaborates on the areas of research and development that would be needed to 
commercialize the AIROX recycling program in the United States. 

There are several people and organizations that have contributed to this 
report. Westinghouse Idaho Nuclear Company (WINCO) and EG&G idaho, Inc, were 
the primary organizations for this work at the INEL. 
International (RI) and Westinghouse Hanford Company (WHC) participated in this 
work at the INEL through a subcontract with WINCO. 
performed the studies on the prototypical AIROX facility, while WHC developed 
the ITHINK model for AIROX impact studies for the U . S .  high-level waste. In 
general, WINCO investigated the AIROX process, its facilities and operations, 
and the amount of wastes generated by the AIROX process. 
investigated the feasibility of using the recycled fuel in LWRs. 

The Rockwell 

WINCO and RI have 

EG&G Idaho 
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2.  THE A I R O X  PROCESS 

The AIROX process i s  a d r y  method f o r  r e c y c l i n g  LWR spent nuc lear  f u e l .  
I t  invo lves  p u l l i n g  the  f u e l  rods from the  f u e l  assembly, punc tu r ing  t h e  
c ladd ing  o f  each f u e l  r o d  a t  about 2.5-cm i n t e r v a l s ,  and exposing t h e  f u e l  
rods t o  m u l t i p l e  high-temperature cyc les  o f  0, and H,. 
t o  a powder v i a  t h e  UO,*U,O, r e a c t i o n  and v o l a t i z e s  some f i s s i o n  products.  
The UO, powder i s  then mechanica l ly  separated from t h e  c ladding,  ground t o  

l e s s  than 10 pm, and blended w i t h  h i g h l y  enr iched uranium/plutonium ox ide  
powders. 

l oad ing  i n t o  r e c o n s t i t u t e d  f u e l  rods and assemblies. 

Th is  conver ts  t h e  UO, 

The enr iched UO, powder i s  then r e p e l l e t i z e d  and s i n t e r e d  f o r  

The A I R O X  process was conceived as a d ry ,  low-decontaminat ion process 
t h a t  would be s imp ler  than aqueous reprocess ing schemes by r e t a i n i n g  most o f  
t h e  f i s s i o n  product  i nven to ry  i n  t h e  recyc led  and r e c o n s t i t u t e d  f u e l  
assemblies. The d r y  processing scheme would avo id  the  genera t ion  o f  h igh-  
l e v e l  l i q u i d  waste streams, r e c y c l e  the  f e r t i l e  U, and, i n  p r i n c i p l e ,  a l l ow  

extended burnup t o  about 120 MWd/kgU v i a  th ree  o r  f o u r  recyc les .  

238 

P u l v e r i z a t i o n  o f  t h e  UO, p e l l e t s  takes p lace  by o x i d a t i o n  w i t h  0, i n  
argon a t  about 400°C, which expands t h e  f u e l  volume by about 30% w h i l e  forming 
t h e  h igher  ox ide.  The volume increase rup tu res  t h e  c ladd ing  and pu lve r i zes  
t h e  f u e l .  The U,O, i s  reduced back t o  UO, w i t h  d i l u t e  hydrogen (10%-20%) i n  
argon a t  about 600°C. 
achieve the  des i red  p a r t i c l e  s i z e  d i s t r i b u t i o n .  The s ta tus  o f  work done t o  
da te  i s  discussed below. 

Up t o  th ree  ox ida t i on - reduc t i on  cyc les  a r e  used t o  

2.1 PRIOR AIROX STUDIES 

Most o f  t h e  exper imental  work on the  A I R O X  process was performed by 
between 1959 and 1965. K i logram-scale c o l d  2-1 t o  2-8 Atomics I n t e r n a t i o n a l  

experiments were  performed on u n i r r a d i a t e d  UO,, both w i t h  and w i t h o u t  
s imulated f i s s i o n  products;2q2+3*4 and smal l -sca le ho t  experiments were 

conducted on 100 g p e l l e t s  w i t h  burnups t o  3 1  MWd/kg. 2-5.6 
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Two of  the initial concerns addressed were the effects of fission product 
buildup and multiple recycle on the rates of oxiclation and reduction during , 

the pulverization step and the ability to obtain near theoretical density cif 
UO, pellets in the sintering step. 
in which oxides of stable isotopes (Ba, Ce, Cs, La, Mo, Nb, Nd, Pr, Ru, Sm, 
Sr, Y ,  and Zr) were added prior to pelletizing to simulate 20-MWd/kg burnup 
for each During each AIROX recycle, the pellets were exposed to 
three oxidation-reduction cycles. The AIROX recycl process was repeated five 
times to simulate an accumulative burnup of 100 PIWd/kg. 
indicated that simulated high burnup and multiple recycle did not 
significantly affect the pulverization of the UO, pellets and appeared to 
enhance pellet sintering, since higher pellet densities were achieved in 
recycles 3, 4, and 5 (98%-100% of theoretical) than in recycles 1 and 2 (91%- 
93% of theoretical). 

Cold studies were conducted on UO, pellets 

Experimental results 

Cold small -scale decladding experiments were conducted on 10- to 15-ctn 
sections of UO, pellets clad in stainless steel and zircaloy tubes, which 
demonstrated the feasibility of this step of the AIROX process.'" 
scaled-up experiments were conducted on 28- to 91-cm sec:tions of UO, pellets 
in stainless steel  ladd ding.^‘^ These experiments indica,ted that a fuel rod 
punctured at 2.5-cm intervals and exposed to oxygen at 4.00"C for two hours 
would be completely decladded. Repetitious cycling o f  the oxidation/reduction 
steps provided up to 99.9% mechanical separation of the fuel from the 

All of the powder formed is under 2000 pm, with a progressively cladding. 
smaller size distribution after each oxidation/reduction cycle. 
first and second cycle, 55% and 93%, respectively, of the powder is in the 10- 
to 74-pm size range. 

Cold 
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After the 
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The AIROX process was tested on spent fuels !with burnups of 5.7, 18, and 
21 MWd/kg, respectively. The spent fuels were remotely processed using three 
oxidation-reduction cycl es. 2-5 UO, pel 1 ets (about 88 g for each burnup 
history) were reconstituted from the spent fuel powder for insertion into 
three 20-cm stainless steel irradiation capsules:*-' The reconstituted UO, 

pellets were irradiated an additional 10 MWd/kg, then remotely AIROX-processed 
and pelletized The hot tests indicaited that the oxidation, 
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reduction, and decladding rates for irradiated UO, pellets are similar to 
uni rradi ated UO, pel 1 ets. 

The hot tests also indicated that all of the volatile fission products 
85 (i.e., tritium, Kr, and '*'I) would be released during the multiple cycles of 

oxidation and reduction, and large fractions of semi-volatile fission products 
(e.g., up to 95% of the 137Cs and 50% of the '''RU) would be released during 

Smaller amounts of tellurium, technetium, the pellet sintering step. 
cadmium, and indium are also volatilized during the pellet sintering step. 
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2 . 2  CHEMICAL ENGINEERING CONCEPTS 

The systems analysis approach used to model the potential impact of A 
recycling on the generation rates of spent nuclear commercial fuel (see 
Section 4 .3 )  required that a set of ground rules and assumptions be used as 
part of the AIROX facility design criteria. 
radioactive waste generated by the AIROX facility were based on the ground- 
rul e assumptions . 

The amount and type of 

0: 

Figure 2 - 1  illustrates some of the assumed process steps and types of 
wastes generated. 
for fissile content, and disassemble the fuel assembly. Holes would then be 
mechanically punched down the length of the pin. 
down the center of Figure 2-1  are: 
alternate cycles of 0, at about 400°C and H, at about 600°C; (b) ball milling 
the powder to 10 pm and mixing in virgin enriched UO, powder; (c) pelletizing 
the powder; (d) sintering the pellets at about 1700°C; (e) machining the 
pellets; (f) fabricating the fuel pins; (9) fabricating the fuel assembly; and 
(h) inspecting and certifying the fuel assembly for return to the reactor. 

One o f  the first unit operations would be to receive, assay 

The unit operations depicted 
(a) pulverization and decladding with 

The assumec types of waste forms generated are as follows. Spent 
hardware and cladding would be greater than Class C (GTCC) waste, due to the 
presence o f  activation products (59Ni, 
(volume reduced) and/or melted into ingots for disposal. Recovered would 

63 Ni , and 94Nb), and would be crushed 

~ 
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Figure 2-1. Un i t  operations i n  the A I R O X  process. 
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be stored for future transmutation. 
would be bottled and placed in storage. 
combined and immobilized in cement as low level waste (LLW). Recovered semi- 
volatiles would be immobilized together in a borosilicate glass-waste form for 
GTCC waste disposal. All of the spent UO, was assumed to be recycled and 
reconstituted in the process. 

Recovered noble gas fission products 
Recovered tritium and 14C would be 

2.2.1 AIROX Process Waste Generation Rates 

To estimate spent fuel radionuclide inventories and rates of LLW and GTCC 
wastes generated in a prototypical AIROX facility, several simp1 ifying 
assumptions were made: 

e Spent fuel receipts would be a mix of 67% PWR and 33% BWR fuels, 
which is the nominal mix of spent fuel in U . S .  storage. 

The Westinghouse 17x17 assembly and the Exxon/ANF 7x7 assembly were 
assumed as reference assemblies for PWR and BWR fuel, respectively. 

All once-through reactor spent fuel would be cooled for 5 years with 
burnups of 33 MWd/kg of initial heavy metal for PWR fuel and 27.5 
MWd/kg for BWR fuel. 

For each recycle, the spent fuel would have accrued an additional 
burnup of 33 MWd/kg of initial heavy metal for PWR use and 27.5  
MWd/kg for BWR use. 
years. 

Cooling time for recycled fuel would also be 5 

All spent UO, would be recycled to avoid generation o f  high-level 
waste (HLW). 

100% of the fuel inventory’s volati 
krypton, xenon, iodine, and carbon) 
decladding step. 
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90% of the 

Cs, and 
be volatil 

137 

All of the 

fuel inventory's semi -volatile radionuclides (134Cs, 
"Ru) and 75% of the tellurium, cadmium, and indium would 
zed during the pellet sintering step. 

recovered semi -vol ati 1 es woutl d be -immobi 1 ized together in 
a glass waste form, and glass loading would be dictated by heat load 
from the i34' '37~s i sotopes. 

Table 2 - 1  lists the waste generation rates and radioactive decay heat 
loads per MTIHM of spent fuel processed via AIROX using the above assumptions. 
The spent fuel radionuclide and heat contents are based on data in the 1988 
ORNL database for spent commercial nuclear flue1 .,.ll 
radionuclide waste form loadings are given in Table 2-1 or the footnotes. The 
cladding and hardware GTCC wastes generated were calculated to be 0.29 
MT/MTIHM processed based on fuel assembly data given in the 1988 ORNL database 
for the reference fuel assemblies. 
ingots would result in about 0.045 m3/MTIHM, assuming a density of 6.5 g/cc 
for zirconium. 

Constraints on 

Melting the cladding and hardware into 

2.2.2 Prototypical AIROX Faci 1 i t y  

The preconceptual design of a prototypical AIROX faxility used for 
process description and cost analysis was prepared and issued by the 
Rocketdyne Division of Rockwell International .2-12 The plant design was based 
on a reprocessing capacity o f  200 MTIHM/year. The plant would be designed to 
perform the remote unit operations illustrated in Figure 2-1. The plant was 
assumed to operate 221 days a year at a full proclessing capabil i ty o f  0.9 
MTIHM/day. 
accountabi 1 ity, programmed start up and shutdown, and unanticipated process 
upsets. Based on the weight of uranium used in standard PWR and BWR 
assemblies (0.4636 and 0.?83 MT, re~pectively)~-" and the assumed mix of 86.5% 

Downtimes included allowances for periodic plant maintenance, 

spent and 13.5% virgin UO,, the production rate 01' new PUR and BWR assemblies 
would be 1.5 and 1.8 assemblies/day, respectively. 
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Table 2-1. 
processed v i a  A I R O X .  

Amounts o f  LLW and GTCC wastes and s tored  f i s s i o n  products generated p e r  MT 

Fission product tl,2 Activity Fuel inventory' % removed Heat contentb 
radionuclide Assumed waste form (years) (g/Ci) (Ci/MT) (g/MT) from fuel (W/MT) 

3H 12.3 1.04E-4 586 0.061 100 0.0067 HTO in cement, LLW loading 
limits not given' 

14Cd 5730 0.225 1.53 0.34 100 nil BaCO, in cement with LLW 
loading of < 8 Ci/m3 

85 Kr , 10.7 0.00255 6284 16 100 9.4 Standard USA cylinder i s  
83 84 86 _-  -- 340 100 -- 50 L @ 34 atm & 60'C which 

equate to 62 moles of gas; 
Kr. Kr. Kr Stable 

limit of 1.28E5 Ci' 
-- Stable -- -- 5012 100 xenons 

1.6E7 5671 0.0298 169 100 ni 1 Recovered and stored on 

of iodine/cc of zeolite 

cs 30 0.0115 8.7E4 1000 90 86 Imnobilized in glass as 
2.05 0.00077 2.5E4 20 90 232 GTCC waste; Assume heat cs 

cs 
cs 
cs 

-- -- 52 100 silver-zeolites @ 0.18 g 
1 2 9 ~ ,  

lZ71 Stable 

137 

136 

135 I 3E6 868 0.35 304 90 ni 1 load limit of 5200 
v 134 -- -- 1072 90 -- wattslcan i ster with Stable 
ru 

0.63 m3 capacity 133 

106 Ru 1.0 0.0003 1.58E4 4.7 90 0.84 Combine with Cs in glass 
Stable -- -- 2040 90 -- GTCC waste; impact insig- Ru 

Ru 
Ru 

101 

102 

104 
nificant on heat load 

Cd. Te, & In' _-  -- 816 412 75 0.71 Combine with Cs in glass 
GTCC waste; impact insig- 
nificant on heat load 

a. 
b. 
c. 
d. 
e. I A E A  Technical Report Series No. 199, p 42 (1980). 
f. 
of glass. 

Radionuclide inventory in one MT of 5-yr cooled spent fuel (67% PWR + 33% BWR mix with burnups of 33 and 27.5 MWd/kg, 
Heat content o f  the % o f  radlonucllde inventory removed from one MT o f  spent fuel. 
No waste limits are given for 3H in 10 CFR 61 (Licensing Requirements for Land Disposal of Radioactive Waste). 
14C i s  a neutron activation product formed from "C impurities in the fuel matrix. 

These semi-volatiles are lumped because heat load is insignificant compared to 134Cs and 13'Cs; mass load of Cs, Ru, C .d 

of spent f u e l  

h u n t  of waste per 
MT of fuel orocessed 

0.36 ml of HTO in drums 
combined with ''C 

0.19 m3 or nearly one 
waste drum (0 .21  m3) 

Bottle both krypton and 
xenon fission products 
to produce 0.66 cylinder 
and placed in storage 

1.23 L o f  iodine-loaded 
zeolite stored for 
transmutation 

0.061 canister which 
equals 0.038 m3 of glass 
or 0.103 MT of glass at 
a density of 2 .7  glcc 

No increase in waste 
volume over Cs wastes 

No increase in waste 
volume over Cs wastes 

respectively). 

, Te, & In less than 5% wt 



Assumed separation of the spent fuel from the cladding after exposure to 
the 0, and H, cycles would depend on the type of process chosen. 
mechanical separation, 95% fuel recovery is assumed. For solvent washing, 
99.5% fuel recovery is assumed. For acid leachimg, 100% fuel recovery is 
assumed. 

For 

The off-gas treatment system for recovery o f  volatile and semi -volatile 
radionuclides and the sequence of the removal steps were not established for 
this study. However, low off-gas flow rates and the use of argon as the 
carrier gas would be highly advantageous for. designing a customized off-gas 
cleanup system. Conceptually, the removaf c:ould be performed as follows: 

Semi-volatile radionuclides could be removed by high-temperature 
sintered metal filters, followed by high-temperature HEPA filters. 

e Volatile radionuclides (3H, CO,, I,, Xe, Kr) could be passed over a 
high-temperature oxidative catalyst to form HTO, which could be 
passed over a heated bed of barium hydroxide-octahydrate, t o  form 
adsorbed HTO and chemisorbed barium carbonate. 

The remaining I,, Xe, and Kr could be passed over a heated bed o f  
silver-impregnated zeolite to remove iodine as chemisorbed silver 
iodide or iodate. 

The remaining Xe and Kr could be passed through a cryogenic 
distillation unit to condense them froni the argon carrier gas. 

The spent fuel assemblies shipped to the plant were assumed to contain a 
residual enrichment of 1.4% (i-e., 0.8% 235U and 0.6% n3a'Pu). 
makeup fuel material was assumed to be 17% enriched and in powder form 
suitable for addition to the spent powder. 
reconstituted fuel would contain about 86.5% spent fuel powder and 13.5% 
virgin powder, which would result in an incremental enrichment of 2% and taltal 
enrichment of 3.5% for the first recycled fuel. 
would contain progressively higher amounts of residual fissile content, but 

The virgin 

The nominal mix of the 

Subsequent recycled fuels 

.. . . . . _. .- . . 
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the incremental additive enrichment would remain at about 2% for each 
additional recycle. 

As indicated in Table 2-1, about 1 drum of LLW containing 3H and 14C per 
MTIHM processed would be generated from the process off-gases. 
this, Rocketdyne estimates that secondary LLW from plant activities (i.e., 
laboratory waste, decontamination activities, spent filters, solid wastes, 

In addition to 

replaced process equipment, and so on) wou 
(1.89 m3) of LLW/MTIHM processed. 2-12 

The proposed AIROX reprocessing facil 

d generate an additional 9 drums 

ty consists of a three-story 
build ng, with a floorspace of 4330 m2 for each story. The fuel reprocessing 
level is 10.7 m below grade, and the roof of the facility is 12.4 m above 
grade Activities on this level include receiving, storing, and shipping o f  
spent and new fuel; fuel decladding and AIROX processing; new fuel 
fabrication; and certain building services. Receiving and shipping of spent 
and new fuel is assumed to be by truck. 

Fuel transfer from the storage racks would be done through an airlock to 
an inert-atmosphere (argon) cell in which the fuel i s  disassembled, AIROX- 
processed, enriched in fissile isotopes, and mixed with a binder and die 
lubricant. 
the UO, and to facilitate removal of radioactive fission gases from the cell 
atmosphere. 
to transfer to the cells where new fuel assemblies would be fabricated. 

The atmosphere in this cell would be inert to prevent oxidation of 

The sinterable powder product would be stored in containers prior 

The second level (ground floor) would contain the change rooms, support 
services (offices, radiation safety, security, electrical, machine shop, 
maintenance, janitorial), radioactive equipment decontamination and 
maintenance areas, 1 imited highly radioactive waste processing equipment, and 
most of the LLW processing equipment. 
and vent i 1 at i on systems, some LLW processing, and various process and bui 1 ding 
services. 

The third level would contain heating 

2-9 

.. , . . . . . .. . . . . -_ .- . I ... . , __ . . . . . , . .. . . . . . .. . , . . . .  . 



2.3 A I R O X  COST ESTIMATES 

The preconceptual  A I R O X  f a c i l i t y  design a l so  incluided cos t  estimates.'!-'' 
For b u i l d i n g  f i r s t - o f - a  k i n d  and n t h - o f - k i n d  500 MTIHM/y p lan ts ,  Rocketdyne 
est imated c a p i t a l  cos ts  o f  $850 and $500 m i l l i o n  (M), r e s p e c t i v e l y .  Annual 
opera t ing  cos ts  o f  s t a f f ,  consumables, u t i 1  i t i e s , ,  and w'aste d isposa l  were 
est imated a t  $165 M/y. Th is  does n o t  i nc lude  t h e  cos t  f o r  purchase o f  uranium 
t o  e n r i c h  t h e  spent f u e l ,  which would add an addi i t ional  $200M/year a t  c u r r a n t  
market p r i c e s .  
investment, p r o f i t ,  insurance, taxes, and a fund f o r  eventual  decommissioning 
and decontaminat ion o f  t h e  f a c i l i t y .  
f o r  these est imates inc lude:  

Not inc luded were cos ts  associated w i th  recovery o f  c a p i t a l  

Some assumed economic assumptions use 

The c a p i t a l  cos t  o f  500 MT/y p l a n t  was scaled up from the  est imate 
f o r  a 200 MT/y p l a n t  by t h e  r a t i o  o f  thle two p l a n t  s i z e s  r a i s e d  t o  
t h e  0.6 power: 
C a p i t a l  Cost (500 Mt/y) = Cap i ta l  Cost(  200 MT/y) x [ 500/200]0.6 

The annual opera t ing  cos t  f o r  s t a f f i n g  a 500 MT/y p l a n t  was scaled 
up f rom the  est imate f o r  a 200 MT/.yr p l a n t  by t h e  r a t i o  o f  t h e  two 
p l a n t  s i zes  r a i s e d  t o  t h e  0.6 power, w h i l e  consumables (main ly  
enr iched uranium cos ts )  were d i r e c t l y  p r o p o r t i o n a l  t o  p l a n t  s ize:  

S t a f f i n g  Cost(500 MT/y) = S t a f f i n g  Cost(200 Ml/y) x [500/200]0.6 
Consumable Cost (500 MT/y) = Consumable Cost (2010 MT/y) x [ 500/200] 

Round-the-clock opera t ion  requ i res  f i v e  s h i f t s  - - f o u r  ope ra t i ng  
s h i f t s  and one s h i f t  i n  t r a i n i n g ,  w i t h  a t o t a l  s t a f f i n g  o f  780 
workers. 

Equipment replacement costs  are 10% o f  the c a p i t a l  cos t  per  year .  

PWR and BWR assembly hardware cos ts  $58,000 and $23,000 per  
assembly, respec t i ve l y .  
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The krypton/xenon gas storage bottles cost $1500 each. 

LLW containers are 55 gal (0.21 M3) drums that cost $150 each. 

GTCC canisters cost $5000 each. 

Based on the data given in Section 2.2.1 and Table 2-1, a 500 MT/year 
plant would generate about 145 MT/year (22.5 m3) of GTCC cladding/spent 

hardware waste and about 51.5 MT/y of GTCC glass waste in 30.5 canisters (of 
0.63 m3 capacity) . 

A preliminary estimate of the break-even price for AIROX-recycled fuel 
assemblies has been determined by dividing the estimated annual life-cycle 
cost of an A I R O X  facility by the recycle rate. 
estimated at $425 M/year, based on the following assumptions: 

The annual life-cycle cost is 

The capital cost of a prototype 500 MT/year facility is $850 M. 
This  would average out to $21 M/year for an assumed 40-year service 
life. The cost of borrowing capital to finance the original capital 
cost is not included. 

The annual operating cost is $365 M/year. This includes the cost o f  
enriched uranium and other material needed to fabricate fuel 
assembl i es . 

LLW generation is 5000 drums/year, with a disposal cost of $742/drum 
($100/ft3), or an annual cost of $3.7 M/year. 

Semi-volatile fission product GTCC waste generation is 30.5 
canisters/year (0.63 m3/canister), with a disposal cost of 
$350K/canister, or an annual cost o f  $10.7 M/year. 

A cont 
set at 

ngency fund for decontaminat 
$12.5 M/year (to be invested 
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Actual  D&D cos ts  are unknown, b u t  they  are  assumed t o  be as much, o r  
more, than t h e  c a p i t a l  cos t  o f  p l a n t  cons t ruc t i on .  

The cos t  per  f u e l  assembly needed t o  recover  annual l i f e - c y c l e  cos ts  was 
c a l c u l a t e d  by d i v i d i n g  the  annual l i f e  c y c l e  cos t  ($425 M/year) by t h e  r e c y c l e  
r a t e  (500 MT), which equates t o  $0.85 M/MTIHM i n  t h e  f u e l  assemblies. 
f o r  a standard Westinghouse 17x17 PWR f u e l  assembly w i t h  0.46 MTIHM, t h e  
break-even cost  would be $391 K. 
assembly w i th  0.128 MTIHM, t h e  break-even charge would be $153 K. 
compares favo rab ly  w i t h  c u r r e n t  nominal new f u e l  assembly p r i c e s .  The nominal 
formula f o r  e s t i m a t i n g  f u e l  assembly p r i c e s  i s  $975 per  MTIHM i n  t h e  f u e l  

Thus, 

For a standard Exxon/P\NF 7x7 BWR f u e l  
Th is  

assembly. Based on t h i s ,  t he  PWR assembly p r i c e  would be about $450K and t h e  
BWR assembly p r i c e  would be about $175K. 
assumptions, t h e  AIROX-recycled f u e l  p r i c e s  would be corr ipet i t ive w i t h  new f u e l  
assembly p r i c e s .  

Therefore,  us ing  t h e  above 
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2.4  AIROX PROCESS RESEARCH AND DEVELOPMENT NEEDS 

As indicated in Section 2.1, considerable cold and some hot experimental 
work has been done, which demonstrated the technical feasibility of the AIROX 
process. In this study, an assessment has been made of additional research 
and development work needed. 
operations shown in Figure 2-1. 

These needs are discussed below in order o f  unit 

2.4.1 Receive, Assay, Disassemble Fuel Assemblies 

A commercial AIROX facility would be subject to domestic safeguards 
procedures, which would requi re quanti tat i ve measurements o f  235U and 239Pu 
both in the spent fuel prior to AIROX processing and in the reconstituted 
recycled fuel . *-13 The key measurement system for spent and refabricated fuel 

is assumed to be a non-destructive instrument. Development of non-destructive 
analytical instruments with sufficient accuracy to satisfy safeguards 
requirements would be requi red. 

2.4.2 Hole Punch Cladding 

In cold tests, to provide the 0, gas access to the UO, in the fuel pin, 
the cladding o f  91-cm pins was mechanically punched with holes every 2.5 cm. 
Test were not conducted on chopped fuel pins, because the chopping technique 
available at that time crimped the ends of the cladding. 
operations standpoint, it may be easier to handle 2.5- or 5-cm sections of 
chopped fuel rather than full-length rods (about 400 cm) during the high- 
temperature oxidation/reduction cycles. 
techniques, non-crimped cuts could be made. The relative operational 
complexity and costs of the two approaches should be compared conceptually. 

From a unit 

With the current laser cutting 

2.4.3 Pulverize/Declad at 400-600°C with 0, & H, Cycles 

This is the most highly demonstrated part o f  the AIROX process for 
recycling spent fuel. 
processing problems with high-burnup materials. However, small-scale hot 

Based on cold tests, there is no reason to anticipate 
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t e s t i n g  should be done on spent f u e l s  recyc led  and i r r a d i a t e d  3 - 4  t imes t o  100 
MWd/kg t o  f u l l y  demonstrate the  pulverization/decladding step and a l so  t h e  
a b i l i t y  t o  achieve s u f f i c i e n t  p e l l e t  d e n s i t i e s  i n  the  s i n t e r i n g  step. 

A second issue i s  t he  need f o r  t he  developnient o f  f a i l - s a f e  systems t o  
ensure t h a t  exp los i ve  mix tu res  o f  hydrogen and oxygen gases would n o t  occur. 
An eva lua t i on  o f  an AIROX process ing f a c i l i t y  wcluld have t o  assess t h e  
probabi  1 i t y  and po ten t  i a1 consequence o f  an expl  osion. 
redundant s a f e t y  systems (i .e., exp los ion  p r o o f  c e l l s ,  redundant oxygen and 

Suf f  i c i  en t  checks and 

hydrogen analyzers,  and so on) must be present  t o  e l i m i n a t e  t h e  p o t e n t i a l  
re lease o f  t h e  r a d i o a c t i v e  powder. 

2.4.4 Ball Mill UO, t o  10 pin, Blend Spent & V i r g i n  UO, 

P r i o r  t e s t s  d i d  no t  demonstrate the  b lend ing  o f  v - i r g i n  and spent UO, 
powders. 
be near l y  i d e n t i c a l  i n  o rder  t o  o b t a i n  un i fo rm mix ing.  Th is  should be 
poss ib le  by b a l l - m i l l i n g  and s i e v i n g  t h e  powders. 
sampling techniques t o  determine when the  two powders are u n i f o r m l y  mixed have 

The p a r t i c l e  d i s t r i b u t i o n  o f  t h e  two powders would probably  have t o  

However, t h e  m ix ing  and 

no t  been devel  oped. 
sca l  e. 

Th i s  methodology cou ld  be devel oped on a co ld -1  abora tory  

2.4.5 All Unit Operat ions 

Because o f  t h e  h i g h l y  r a d i o a c t i v e  content  o f  t h e  spent f u e l ,  a l l  u n i t  
opera t ions  ( f u e l  r e c e i p t  and disassembly, decladding, b a l l  m i l l i n g  and mix ing,  
p e l l e t i z i n g ,  s i n t e r i n g ,  machining p e l l e t s ,  f a b r i c a t i n g  p i n s  and assembly, and 
inspec t i on  and c e r t i f i c a t i o n )  w i l l  r e q u i r e  remote opera,tions. The f u n c t i o n a l  
requirements f o r  mobi le  and f i x e d  robots  a re  s u f f i c i e n t l y  developed except f o r  
r o u t i n e  opera t i on  i n  a h i g h l y  r a d i o a c t i v e  environment. Development o f  remote 
systems t h a t  have acceptable se rv i ce  l i f e  i n  h i g h - r a d i a t i o n  environments i s  

The u n i t  operat ions t h a t  i n v o l v e  produc t ion  and hand1 i n g  o f  

powder would c rea te  the  a d d i t i o n a l  problem o f  hi lghly r a d i o a c t i v e  powders (Idue 
t o  dus t i ng )  c o a t i n g  sur face components o f  process and r o b o t i c  equipment. I n  
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a d d i t i o n  t o  component damage from the  h igh  gamma f i e l d s ,  r a d i o a c t i v e  dus t  
would cause r a d i a t i o n  damage from beta and alpha decay. 

2.4.6 Recover V o l a t i l e  3H, I ,  Xe, Kr, C 

The o f f - g a s  cleanup technologies f o r  these gases have been ex tens i ve l y  
developed, and d e t a i l e d  d e s c r i p t i o n s  and rev iews o f  t he  technologies have been 
pub1 i shed . 2-1 4*2-1 As i n d i c a t e d  i n  Sect ion 2 . 1 . 2 ,  t h e  o f f - g a s  t reatment  system 

was n o t  evaluated i n  t h i s  study. Small o f f - g a s  f lows and use o f  argon as a 
c a r r i e r  gas would be h i g h l y  advantageous f o r  des ign ing an i n t e g r a t e d  o f f - g a s  
cleanup system, e s p e c i a l l y  f o r  a cryogenic d i s t i l l a t i o n  u n i t .  However, t h e  
key development need would be t h e  s i z i n g  and t e s t i n g  o f  process c o m p a t i b i l i t y  
i n  each s tep o f  an i n t e g r a t e d  o f f - g a s  cleanup system. In p a r t i c u l a r ,  t h e  
sequence o f  t h e  removal steps and the  a b i l i t y  t o  remove each rad ionuc l i de  
w i thou t  removing unacceptable amounts o f  t h e  o thers  i n  a g iven process s tep  
needs t o  be demonstrated. Th is  type  o f  study cou ld  be done on a co ld -  
1 aboratory  sca le.  
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3 .  REACTOR OPERATION AND SAFETY ISSUES 

This section presents the results of an investigation o f  the core physics 
and fuel behavior aspects of loading AIROX-processed fuel in an LWR. First, 
we evaluated the additional enrichment that will be required to counteract the 
poisoning effect of the fission products present in the fuel. 
examined the reactor control aspects of the AIROX-fueled core. 
evaluated the sal ient features of neutronics performance required for 
satisfactory operations. We concluded that with proper enrichment, suitable 
fuel management schemes, and control rod programming, the AIROX fuel can be 
used in an LWR. 
implications of this fuel cycle, including source-term inventories. 

We then 
1 

We also 

We did not have time to evaluate directly the regulatory 

3 . 1  REACTIVITY COMPARISONS OF VIRGIN AND AIROX FUEL ASSEMBLIES 

Neutronics studies of AIROX-processed fuel have demonstrated that, for 
both 235U and 239 Pu enhanced enrichment, the reactivity reduction due to the 
presence of fission products is small; and greater fuel utilization (both 
fissile and fertile) is achievable without limitations on reactor cycle 
length. 

A simulation of AIROX-reprocessed fuel was performed for a typical 17x17 
PWR fuel assembly of current design, with 24 guide tubes and one 
instrumentation thimble. 
modeled as f i 11 ed with flowing cool ant (moderator). 
contained virgin UO, enriched to 3 . 2  wt.% 235U, with a heavy metal mass of 480 
kg/assembly; it was irradiated to a maximum burnup of 33,000 MWd/kgU. 

The guide tubes and the instrumentation thimble were 
The fuel assembly modeled 

.L After removal from the reactor, the fuel assembly resided for 5 years in 
the spent fuel pool before recycl ing. During AIROX recycling and resintering, 
the fuel assembly was assumed to have lost the following percentages of 
fission products: 100% of tritium, krypton, iodine, and carbon; 90% of cesium 
and ruthenium; and 75% of tellurium and cadmium. Also during recycling, 
enough 235U or 239Pu was added to produce recycled fuel equivalent in 

c 
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performance to a fuel assembly loaded with virgin fuel enriched to 4.3 wt.% 

intended for a total burnup of 55,000 MWd/MlU in three reactor operating 
cycles of two years each. 

. This represents a typical advanced reactor fuel assembly design 235u 

The recycled fuel designs chosen require either an additional 3.3 wt.X 
235U or an additional 4.0 wt.% 239Pu. As shown in Figures 3-1 through 3-4, 
either of these fuel designs yield satisfactory multiplication factors (k- 
infinity) and superior fissile and fertile fuel utilization over the virgin 
4.3 wt.% enriched assembly. 

The fuel assembly reactor analysis was performed using the Studsvik code 
CASMO-3,' with some input from ORIGENZ.* The 3.2 wt.% virgin fuel was 
depleted in CASMO-3 where the CASMO-3 k-library cross sections were used. 
This library is designed for high burnup and high actinide content, where the 
epithermal resonances in the actinides are treated satisfactorily. The CASMO- 
3 code evaluates the cross sections at each burnup step; thus, i t  has 
exposure- and burnup-dependent cross sections at all fuel histories. The eode 
also prints out 40 of the fission product concentrations explicitly and has 
two fission product categories, saturating and nen-saturating. 

A few of the volatile isotopes removed during recycling and resintering 
Thesle corresponded to less tha.n were not represented explicitly in CASMO-3. 

10% of the absorption rate of all volatiles removed, as evaluated in ORIGEN2. 
A set of separate ORIGENZ runs at constant flux were made to simulate the 
absorption rates and concentrations of these isotopes in the recycled fuel 
during irradiation to high burnups. 
simulate the removal of these few isotopes, using 
important to note that both of these isotopes are at the end of their chains; 
thus, their removal accounted for absorption rates associated with daughter 
isotopes as well. 
multiplication factor as a function of burnup for both virgin and reprocessed 

Thus, it was possible to conservatively 
152 Sm and 1 5 5 E ~ .  It is 

Figure 3-5 shows the infinitely repeated assembly 

fuel at 4.3 and 3.3 wt.% enrichment, respectively. As shown, the total worth 
of the volatiles, even if they were not removed, is less than 5%. 
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Figure 3-5. 
function of burnup for the recycled fuel and for the virgin fuel at 3.3 and 
4.3 w t . %  enrichment. 
product worths throughout the fuel life. 

The infinitely repeated assembly multiplication factor as a 

Included are several cases showing the boron and fission 

The impact o f  fission product retention on reactivity (k-infinity) is 
not a major factor (see Figure 3-5). In fact, the two largest absorbers, 
xenon and samarium, are essentially dependent on the power level and not on 
the initial concentrations in the fuel, for most of the operating life. 
Further, the presence of the fission product absorbers near the beginning of 
cycle means that burnable absorbers will not be needed in the recycled fuel, 
as is the case with virgin fuel reloads. 

The above demonstrates that AIROX-recycl ed fuel yields advantages in fuel 
recycling as well as greater utilization of the fissile and fertile isotopes 
at no compromise in cycle length. 
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3 . 2  POWER PEAKING AND OTHER REACTOR (:ORE ISSUES 

I n  the recycled fue l ,  there are two features that  affect  reactor 
neutronics--the presence of f iss ion products and the larger  amounts and 
variety of actinides.  
control el ements (control rods , shutdown rods, and soluble boron) i s affected 
by the presence of other absorbers. 

This section addresses how the reac t iv i ty  worth of 

As i s  demonstrated in Figures 3-6 through 3-8. the neutron spectrum in 
the reprocessed fuel i s  harder t h a n  t h a t  i n  the virgin fuel .  Further, the 
spectral hardening i s  more pronounced for  fuel reprocessed with f i s s i l e  
plutonium than for  t h a t  reprocessed with f i s s i l e  uranium. 
products and the actinides in the reprocessed fuel also contribute t o  lower 
reac t iv i ty  worth for  any poison used in control or shutidown. This i s  read-ily 
observed in Figure 3-5. 
and the Doppler coefficient in the resonance absorbers !will a lso be similarly 
affected by the presence of f iss ion products and actini(des in the reprocessed 
fue l ,  as will be shown below. The temperature expansion defect in the fuel1 i s  
also expected t o  change, based on the change in physical charac te r i s t ics  in 
the reprocessed fuel compared t o  the virgin fuel,,  

The f i ss ion  

The moderator temperature coefficient of react ivi ty  

In Figures 3-6 t o  3-8, the absolute thermal,, f a s t ,  and t o t a l  f lux 
in t ens i t i e s  are  given as evaluated in CASMO-3 for  the various fuels  
considered. Note that  the thermal flux in the recycled fuel can be as low as 
50% tha t  of the virgin 3.3 w t . %  fuel .  
the to t a l  f lux i s  as much as 30% lower. 

The fast  flux i s  markedly lower, and 
This predicts considerable power 

peaking in fuel pins of virgin fuel adjacent t o  recycled fuel p i n s  and will 
require more sophisticated fuel reload analysis than i s  exercised in a l l -  
vi rgi n-fuel design . 

As shown in Table 3-1, the wor th  of B,C control rods in reprocessed fuel 
can be up t o  30% below t h a t  i n  v i r g i n  fuel t h r o u g h o u t  the fuel l i f e  cycle. 
Similarly, the boron worth in the moderator will be up t o  30% below tha t  in 
the virgin fue l .  
schemes, and most effectively by the use of enriched boron. 

Both of these impacts can be counteracted by fuel management 
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Figure 3-6. Thermal and f a s t  f l u x  d e n s i t i e s  throughout t h e  f u e l  l i f e  f o r  
v i r g i n  3.3 and 4.3 w t . %  235U-enriched f u e l  burned a t  600 ppm boron and 36 
W/gU 
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Figure 3-7. Thermal and f a s t  f l u x  d e n s i t i e s  throughout t h e  f u e l  l i f e  f o r  
AIROX-reprocessed 3.3 wt .% 235U-enriched f u e l  burned a t  0 and 600 ppm boron 
and 36 W/gU. 
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The hard spectrum demonstrated above (Figures 3-6 through 3 - 8 )  also means 
that  there will be differences in react ivi ty  worths with respect t o  control 
element i nsert i on, Doppler defects, and moderator temperature defects between 
virgin and reprocessed fuel .  The moderator temperature coefficient (MTC) a t  a 
few comparable s t a t e s  i s  l i s t ed  in Table 3 - 2 .  For example, the large negative 
MTC a t  end o f  l i f e  in the reprocessed fuel means i t  will have a re la t ively 
larger e f fec t  on the steam l ine  break accident scenario. 

I n  Table 3 - 3 ,  the react ivi ty  conditions a t  the end of a f a i r l y  long 
operating cycle ( 2  years, or 19 Mwd/kgU) are compared between an a l l -v i rg in-  
fuel loading and a similar core loaded with 1/3 reprocessed fue l ,  spiked with 
e i ther  U or P u .  T5e control, shutdown, and tjoluble boron worths i n  the 
core loaded with recycled fuel will be under 10% less  than for the core fu l ly  
loaded w i t h  v i r g i n  fuel.  
more negative in the core loaded with 1/3 reprocessed fuel.  Finally, the 
overall to ta l  defect i s  also more negative for the recyc:led fuel .  These 

235 239 

The moderator temperature Coefficient i s  about 30% 
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Table 3-1. Comparison o f  rod wor th ll00 ( I n  k2/k,)] (B,C rod  c l u s t e r s )  i n  standard Westinghouse 17x17 p i n  
I power w i t h  f i l l  xei f u e l  assemblies a t  f u  

Fuel cyc le  s ta tus  
I 

n concentrat ions a t  I !g inning, middle, and end o f  l i f e .  

3.2 w t . %  235U, 
33 GWd/MTU burnup, 

reprocessed w i t h  
4.0 w t  .% 239Pu, 

f i s s i o n  products 
removed 

I 

3.2 wt .% 235U, 
33 GWd/MTU burnup, 
reprocessed wi th  

-33.02 

3.3 wt.% 235u 

3.2 w t . %  235U, 
33 GWd/MTU burnup, 
reprocessed w i th  
4.0 w t  .% 239Pu 

-27.35 

-29.12 

i 

V i r g i n  f u e l  
4.3 w t  .% 2 3 6 ~  

Beginning o f  l i f e  -38.49 

Middle o f  l i f e  -38.03 

-27.76 

-29.58 -34.64 

End o f  l i f e  I -39.60 -31.50 -32.11 -36.57 

Table 3-2. 
besinnins,  middle. and end o f  l i f e .  

Comparison o f  moderator temperature c o e f f i c i e n t  (pcm/K) a t  zero power, 600 ppm boron, a t  

3.2 w t  .% 235u 

33 GWd/MTU b u r h p ,  
reprocesset39wi t h  
4.0 w t . %  Pu, 

f i s s i o n  products 
removed 

3.2 wt .% 235U, 
33 GWd/MTU' burnup, 

reprocessed wi th  
3.3 w t . %  235u 

3.2 w t . %  235U, 
33 GWd/MTU burnup, 

reprocessed with 
4.0 w t . %  239Pu 

V i r g i n  f u e l  
4.3 w t . %  2 3 6 ~  Fuel cyc le  s ta tus  

-12.64 -40.09 -42.04 I -50.03 Beginning o f  l i f e ,  
w i thout  xenon 

Beginning o f  l i f e ,  
w i t h  xenon 

Middle o f  l i f e ,  
w i thout  xenon 

End o f  l i f e ,  
w i thout  xenon 

-12.67 -36.56 -,45.8 1 I -46.03 

-28.66 -43.44 -56.55 I -53.84 

-21.98 -37.91 -53.49 -51.56 



Table 3-3. Comparison of end-of-reactor-cycle (19 MWd/l<gU) reactivity data 
for the e uilibrium cycle loading with 100% virgin fuel (initial enrichment. 
4 . 3  wt% "U) to the end-of-reactor-cycle reactivity data of equilibrium 

33.3%) fuel 
reprocessed with 
3.3 wt% 
66.67% virgin 

fuel 

97 .OO 

9 
235u 

-- 

- 3 3 . 4 s  

Core loading 

- 
33.3% fuel 

reprocessed wiLh 

66.67% virgin 
fuel 

92.19 

4.0 wt% 239Pu, 

- 

- 
-37.78 . 

Relative control 
and shutdown 
worths (%) 

- 2.11 

Moderator 
temperature 
coef f i ci en t 
without xenon 
(pcm/K) 

Total defect from 
cold zero power 
to hot full 
power, with xenon 
( "W k,", 1 

- 2.61 

100% virgin fuel 

100.00 

-28.67 

- 1.6 

-- - 
reductions, on a core-wide basis, relative t o  the! assembly-wise comparisons in 
the previous section, indicate that there is a large degree of design 
flexibility available to modify the various reactivity differences. 

In the single-fuel-assembly analyses, it was assumed that the added 
enrichment material came from 100% fissile material. In reality, this 
material may have over 80% fertile (238U) fuel or may have uranium enrichment 
tailings added deliberately to it. In such cases, many of the reactor design 
characteristics studied earlier will change. This is due to the reduction in 
the relative content of fission products and actinides -in the recycled fuel. 
Thus, the differences between virgin and AIROX-recycled fuel performance would 
decrease further. However, reprocessing with spiked fuel that is heavily 
loaded with fertile fuel would decrease the reduction o f  high-level waste in 
AIROX recycling. An optimization evaluation, taking into consideration these 
two opposing goals, will have to be made for an olptimal AIROX reprocessing 
fuel cycle strategy. 
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The control, shutdown, and soluble boron worth in the cores loaded with 
recycled fuel will be under 10% less than in the core fully loaded with virgin 
fuel. The moderator temperature coefficient is about 30% more negative in the 
cores loaded with one-third recycled fuel. Finally, the overall total defect 
is also more negative for the recycled fuel. These reductions, on a core-wide 
basis relative to the assembly-wise comparisons in the previous section, 
indicate that there is a large degree of design flexibility available to 
modify the various reactivity differences. 

The fuel expansion coefficient and thermal conductivity are not known for 
the reprocessed fuel and are assumed for the present to be equal to that for 
the virgin fuel. The Atomics International experimental data indicated a rise 
in theoretical density, as mentioned in Section 2. 

The impact on the reactor vessel due to a harder neutron spectrum and 
greater leakage of fast neutrons streaming into the vessel has not been 
evaluated. However, comparison o f  the fast flux level for a core loaded 
one-third plutonium-recycled fuel to a reactor core loaded w th all virg 
fuel leads to only an -5% increase. This increase in vessel fluence can 
overcome with standard core loading techniques. 
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3.3  FUEL BEHAVIOR STIJDIES 

A preliminary investigation was conducted to identify those fuel behavior 
mechanisms requiring additional evaluation for AIROX-processed fuel. First, 
the current LWR fuel behavior data base, existing LWR fuel behavior models, 
and currently ongoing extended burnup and severe accident programs were 
examined and evaluated as to their appl icabill i ty to AIROIX-processed fuel. 
Based on these findings, several important fuel b'ehavior mechanisms that ma,y 
require specific evaluation for AIROX-processed fuel were identified. 

3.3.1 LWR Fuel Behavior Data Base 

The following section summarizes the exiistinig LWR fuel behavior data base 
and discusses its applicability to AIROX-processed fuel. 

3.3.1.1 A Description o f  the  Exist ing LWR Fluel Behavior Data Base. The 
existing LWR fuel behavior data base includes botih in-reactor and ex-reactor 
data for normal operating conditions, design basis accidents (DBAs), and 
severe accidents (SAs). 

The existing LWR fuel behavior data base for normal operating conditioins 
is very extensive, due to the great number o f  operating LWRs worldwide, but is 
limited for high-burnup conditions. The data base i s  being extended for high- 
burnup conditions, however, through Department of Energy (DOE) and U. s. 
Nuclear Regulatory Commission (NRC) extended-burnup programs and 
vendor/utility in-reactor programs. 

The existing in-reactor LWR fuel behavior data base for DBAs consists 
primarily of the results from programs conducted i n  two facilities--the Power 
Burst Facility (PBF), located at the INEL, arid the Halden Boiling Water 
Reactor (HBWR), located in Halden, Norway. The P13F reactor was designed to 
expose single fuel rods and small clusters of fuel rods to a range of power 
and energy densities and was operated in three modes: (a) a steady-state 
mode, with power levels up to 28 MW; (b) a natural power burst mode, with 
reactor periods as short as 1.0 ms and peak powers as large as 270 GW; and (c) 
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a shaped b u r s t  mode, w i t h  energy generat ions up t o  1350 MJ (1350 MW-s). PBF 
was thus s u i t e d  t o  p rov ide  the  power and energy i n  t e s t  f u e l  r o d  c l u s t e r s  f o r  
a broad spectrum o f  pos tu la ted  r e a c t o r  accidents.  The HBWR prov ided a long-  
term i r r a d i a t i o n  environment t o  p rov ide  da ta  on i r r a d i a t i o n  e f f e c t s  on steady- 
s t a t e  f u e l  r o d  behavior  and on gas adsorp t ion  and re lease and a x i a l  gas f l o w  
w i th in  f u e l  rods. 

The Thermal Fuels  Behavior Program conducted i n  PBF cons is ted  o f  t e s t  
se r ies  t h a t  addressed (a) t he  behavior o f  PWR-type f u e l  rods d u r i n g  power- 
c o o l i n g  mismatch cond i t i ons  (PCM); (b)  t he  behavior o f  i r r a d i a t e d  f u e l  rods 
under PCM cond i t i ons  ( I R ) ;  ( c )  the  e f f e c t s  o f  f u e l  des ign parameters on t h e  
magnitude o f  f u e l  -c ladd ing  gap conductance (GC) ;  (d )  t he  th resho ld  energy 
l i m i t s  o f  i n c i p i e n t  f u e l  rod  f a i l u r e  and prompt f u e l  d i spe rsa l  f o r  t e s t  
environments t y p i c a l  o f  power r e a c t o r  cond i t i ons .  

The e x i s t i n g  i n - r e a c t o r  LWR f u e l  behavior da ta  base f o r  severe acc idents  
(SA) i nc ludes  da ta  f rom the  PBF l oss -o f - coo lan t  acc ident  (LOCA) and severe 
f u e l  damage (SFD) t e s t s ;  t he  Loss -o f -F lu id  Test F a c i l i t y  (LOFT) t e s t  ser ies ;  
and t h e  Annular Core Research Reactor (ACRR) and Nat iona l  Reactor Universa l  
(NRU) t e s t  se r ies .  

3.3.1.2 A p p l i c a b i l i t y  o f  t h e  E x i s t i n g  LWR Fuel Behavior Data Base t o  
Much o f  t he  e x i s t i n g  LWR f u e l  behavior da ta  base 

Basic m a t e r i a l s  p r o p e r t i e s  are 
AIROX-Processed Fuels. 
should be app l i cab le  t o  AIROX-processed f u e l s .  
expected t o  f a l l  w i t h i n  the  e x i s t i n g  da ta  base f o r  UO, and PuO, f u e l s ;  

however, t h e  unique f i s s i o n  product  chemist ry  o f  AIROX f u e l  may need t o  be 
evaluated. Since t h e  reprocessed f u e l  m ic ros t ruc tu re  i s  an impor tan t  
parameter i n  f u e l  behavior,  t h e  i n i t i a l  f u e l  c h a r a c t e r i z a t i o n  should i d e n t i f y  
p o t e n t i a l  long- te rm behavior.  

3.3.2 LWR Fuel Behavior Models 

The f o l l o w i n g  sec t i on  summarizes the  e x i s t i n g  LWR f u e l  behavior  models 
and discusses t h e i r  a p p l i c a b i l i t y  t o  AIROX-processed f u e l .  
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3.3.2.1 A Description o f  Existing LWR Fuel Behavior Models. The 
existing fuel behavior codes include FRAPCON-2, IFRAP-T6, and 
SCDAP/ RE LA P 5/MOD3 . 

The FRAPCON-2 code was developed to calculate the steady-state response 
of LWR fuel rods during long-term burnup. 

fuel rod as functions of time-dependent fuel rod power and coolant boundary 
conditions. 

It calculates the temperature, 
. pressure, deformation, fission product release, and.failure histories of a 

The F R A P - T 6  code was developed to predict the performance of LWR fuel 
rods during operational transients and hypothetical accidents. The code can 
calculate initial fuel rod conditions or obtains them by reading a file 
created by the FRAPCON-2 code. 
phenomena influencing the transient performamce of fuel rods, with particular 
emphasis on temperature, cladding deformation, and fission product release, 

The FRAP-T6  code calculates all of the 

The SCDAP/RELAP5/MOD3 code is a LWR trainsietit analysis code designed t o  
provide the overall reactor cool ant system thermal -hydraul ic response, core 
damage progression, and fission product release iind transport during severe 
accidents. SCDAP/RELAPS/MOD3 is a combination o f  RELAP5/MOD3, SCDAP, and 
TRAP-MELT model s .  The RELAP5/MOD3 model s cal cul iite the overall reactor 
coolant system thermal -hydraul ics, control s,ystern interactions, reactor 
kinetics, and the transport of noncondensable gases, fission products, and 
aerosols. 
structures and the formation, heat up, and nielting of debris. The TRAP-MELT 
model s cal cul ate the deposition of f i ssi on products upon aerosol s or 
structural surfaces; the formation, growth, or deposition of aerosols; and the 
evaporization of species from surfaces. 
each time step. 

The SCDAP models calculate the damage progression in the core 

These models are fully coupled at 

3.3.2.2 Applicability o f  Existing LWR Fuel Behavior Mode s to AIROX- 
Processed Fuels. The existing LWR fuel behavior models should be generally 
applicable t o  AIROX-processed fuel from normal operatinlg to severe accident 
conditions. However, new correlations may be required for pellet-cladding 
interactions, fission product release, and extended burnup. 
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3.3.3 Ongoing LWR Programs Incorporating Fuel Behavior Studies 

The following section summarizes ongoing LWR programs that include fuel 
behavior studies and discusses their applicability to AIROX-processed fuel. 

3.3.3.1 A Description o f  Ongoing LWR Programs Involving Fuel Behavior 
Studies. The NRC i s  currently sponsoring research on several advanced reactor 
designs. Fuel for one of these reactor concepts will be designed for a 
region-average burnup of 60,000 MWd/MTU. 
SCDAP/RELAP5/MOD3 fuel behavior models are being modified to perform severe 
accident analysis at high-burnup levels. 
in which current fuel models cannot representing phenomena occurring at high 
burnup: (a) loss of grain structure and formation of voids, or the rim 
effect; (b) the variation in fission product release due to these changes in 
grain structure; (c) a large radial peaking factor due to plutonium buildup; 
and (c) materi a1 properties . 

As part of this program, 

There are several areas of modeling 

3.3.3.2 Applicability o f  Ongoing LWR Fuel Behavior Programs to AIROX- 
Processed Fuels. Existing programs to investigate extended burnup will help 
resolve questions regarding the use of AIROX-processed fuel at burnups greater 
than 60,000 MWd/MTU. 

3.3.4 Fuel Behavior Mechanisms Requiring Specific Evaluation for AIROX-  
Processed Fuel 

Based on this evaluation, several important fuel behavior mechanisms that 
may require specific evaluation for AIROX-processed fuel were identified. 
These include: 

e Fuel morpho1 ogy and the associated restructuring with increased burnup 
should be investigated. 
product release and chemistry; decay heat generation; fuel/cladding gap 
conductance; and potential failures due to pellet-cladding interactions. 

These investigations should include fission 
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Fuel behavior associated with severe accidents should be investigated. 
These investigations should include fuel rod deformation and rupture 
(local temperature gradients), 1 iquefaction of the fuel and cladding, and 
1 ate-phase me1 t behavior (fission product release and chemistry) . 

3.3.5 Implications for the Licensing o f  AIROX Fuel 

The AIROX fuel should not represent any unique chaillenges to licensing 
for use in commercial power plants from a fuel -performamce perspective. For 
normal and design basis accident conditions, the results from existing fuel 
behavior programs, in combination with in-reactor lead rod programs comparable 
to those used for the introduction of new fuel designs, should be sufficient 
to qualify AIROX processed fuel. For severe accident c:onditions, because of 
the potential impact of the somewhat unique fuel chemistry upon reactor source 
terms, analysis beyond that required for typical new fuel designs may be 
required to ensure that source term margins remain within licensing limits. 

However, the licensing implications associated with (a) the changes in 
core neutronics, and associated potential changes in care design, and (b) the 
potenti a1 for different fuel hand1 ing and qual i ty assurance requirements wi 1 1  
have to be evaluated. The changes in core neutronics should be handled 
principally through design basis accident analysis associated with transients 
such as Reactivity Initiated Events or Anticipated Transient Without Scram 
Events to ensure that the changes in the core design as'sociated with the A I R O X  
process do not result in unacceptable variations in realctor performance under 
accident conditions. 
with the introduction of other new fuel designs. 
remote fuel handling and quality assurance requirements, is more difficult to 
evaluate and may be the most serious constraint to the licensing process. 

Such analysis should be comparable to that performed 
The impact of the changes in 
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4.  WASTE MANAGEMENT ASPECTS OF 
AIROX PROCESSING 

mentioned in the Introduction, one o f  our objectives i to examine 
whether the AIROX recycling process could help in the reduction o f  total high 
level waste f o r  the commercial nuclear power industry. New wastes generated 
as a result o f  the recycling process will include the separated cladding and 
hardware, volatile fission products, and LLW. Also, the D&D waste from the 
new facilities will have to be considered. Our analysis indicates that the 
total volume of high-level waste requiring disposal in a repository will be 
decreased by this recycling process; however, additional LLW will be 
generated. 

In performing the waste generation analysis, several assumptions have 
been made. Some of these assumptions are debatable. For example, the time 
required to fully develop and build AIROX recycling facilities is unknown, and 
we may have assumed too high a number for the capacity of the facilities. 
Thus, the results reported here should be taken more as an indicator of trends 
rather than exact numbers. 

4.1 DISPOSITION O F  WASTES GENERATED V I A  THE AIROX PROCESS 

Based on the analysis given in Section 2.2.1, the waste generated per 
MTIHM spent fuel processed would be: 

0.29 MT (0.045 m3) of cladding and hardware as GTCC waste in ingot 
form, 

0.103 MT (0.038 m3 or 0.061 canister) o f  GTCC waste containing semi- 
volatiles in a glass waste form, 

0.66 cylinder o f  krypton and xenon, 
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0.19 m3 o r  0.905 drum (55-gal  capac i ty )  o f  LLW c o n t a i n i n g  HTO and 

C as a barium carbonate i n  concrete, 14 

1.89 m3 o r  9 drums o f  LLW conta in ing  secondary LLW (rags, sludge, 

ash, e tc . )  i n  concrete, and 

. 1.21 L o f  s i lver- impregnated z e o l i t e  c o n t a i n i n g  221 g o f  iod ine .  

The amount o f  wastes t h a t  would be generated i n  one year  f r o m  a 500 MT/y 
p l a n t  would be 145 MT (22.5 m3) o f  c ladd ing  and hardware, 30.5 c a n i s t e r s  o f  
g lass,  330 cy1 inders  o f  krypton and xenon, 5000 drums o f  LLW, and 0.6 m3 

(about three-55 ga l  drums) o f  i o d i n e  waste. 

As i n d i c a t e d  above, f o r  every MT o f  spent fuel  processed, 0.29 MT o f  GTCC 
c ladd ing  and hardware waste would be produced. The c u r r e n t  U.S. p o l i c y  
regard ing  GTCC wastes d i c t a t e s  t h a t  any r a d i o a c t i v e  waste t h a t  doesn' t  q u a l i f y  
as LLW must be disposed o f  i n  a federa l  r e p o s i t o r y .  
Safety  & Technology and PNL4-lV2 have s tud ied  reducing cor is t i  t u e n t  amounts o f  
N, N i ,  Co, Nb, and Mo i n  f u e l  assembly cladd.ing.and hardlware t o  l e v e l s  i n  
which t h e i r  a c t i v a t i o n  products ( i .e . ,  14C, 59Ni, 63Ni, ''ko, 94Nb, and "Tc) 

would q u a l i f y  as LLW." The p o s s i b i l i t y  o f  reducing these c o n s t i t u e n t s  t o  
such low l e v e l s  t h a t  c ladd ing  and hardware could be recovered and recyc led  i n  
new assemblies was a l s o  considered. I t  was concluded thlat (a)  N i  probably 
could n o t  be e l i m i n a t e d  f r o m  s t a i n l e s s  s t e e l  and Inconel  components because i t  
was a p r i n c i p a l  a l l o y i n g  i n g r e d i e n t  and (b) Nb could not be e l i m i n a t e d  from 
z i r c a l o y  c ladd ing  because i t  was a p r i n c i p a l  c o r r o s i o n - r e s i s t a n t  i n g r e d i e n t  
needed f o r  l o n g  i n - c o r e  residence t imes use i n  modern LklR p l a n t  and f u e l  
designs. 
waste. 

The1 DOE O f f i c e  o f  LWR 

It i s  t h e r e f o r e  appropr ia te  t h a t  t h e  c ladd ing  be t r e a t e d  as GTCC 

I n  t h i s  study, t h e  p o s s i b i l i t y  o f  r e c y c l i n g  c ladd ing  and hardware f o r  use 
i n  t h e  r e c o n s t i t u t e d  f u e l  assemblies v i a  A I R O X  was no t  examined. The 
preconceptual AIROX f a c i l i t y  design assumes t h a t  new assemblies would be made 

a. P. M. Lang, U.S. Department o f  Energy, p r i v a t e  commuinication. 
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from non-radioactive metals and that spent assembly hardware and cladding 
would be treated as GTCC waste. 

The GTCC glass wastes (0.103 MT/MTIHM processed) volume is dictated by 
the heat load from 134Cs and 137Cs, which restricts the radioactive waste 
loading to less than 5% by weight of the glass. 
specification heat loads and canister placement geometry, an upper limit of 
5200 watts per canister has been calculated.b Higher waste loadings (about 
17%) and less glass waste/MTIHM (about 0.03 MT or 0.018 canister) would result 
if the 134Cs were allowed to decay 10 years. However, trade-off studies on 
storage and decay versus assumed direct disposal o f  GTCC semi-volatile wastes 
in a repository have not been conducted. 

Based on repository 

A1 though conceptual designs for above-ground and near-surface geological 
no regulatory guidelines exist for the 

It was assumed in this 
disposal of 85Kr have been 
ultimate disposition of pressurized cylinders of 85Kr. 
study that the cylinders would be stored on-site at the AIROX processing 
facility and the costs of ultimate disposal were not considered. 

Current regulatory guidelines and burial grounds exist for handling LLW, 
and disposal of LLW is a routine practice. The disposal o f  the 10 drums of 
LLW/MTIHM would cost about $7400, based on an estimated charge rate of 
$ioo/ft3. 

Under current regulatory guide1 ines, '*'I could be disposed of as LLW or 
as GTCC waste. 
for potential future transmutation. 
increased recognition that "'I would be one of the major contributors to 
population dose from a geologic repository and that technologies for 
partitioning and transmutation of 12'1 may eventually be developed. 
water transport mechanisms, "Tc and 12'1 are estimated to account for more 
than 99.99% of the hypothetical population dose; '*'I would account for 43%.4-4 

In this study, it was assumed that the '''1 would be stored 
This assumption was made due to an 

Based on 

b. J. D. Christian, WINCO, private communication, November 1992. 
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An a d d i t i o n a l  advantage o f  A I R O X  recyc le ,  which i n  e f f e c t  p rov ides  
extended burnup, i s  t h e  burn ing o f  "Tc. 

ORNL database" and ORIGEN2 runs by EG&G,d about 14% l e s s  

99 MWd/kg burnup than t h a t  generated i n  t h r e e  t imes the  f u e l  i nven to ry  burned 
t o  33 MWd/kg. 

removed d u r i n g  AIROX processing, would account f o r  about a 50% r e d u c t i o n  i n  
hypo the t i ca l  popu la t i on  dose from a geologic: r e p o s i t o r y  i f  a l l  spent f u e l s  
were r e c y c l e d  . 

Based ctn in fo rma t ion  i n  t h e  1988 
99 Tc would r e s u l t  a t  

The smal le r  amount o f  "Tc produced, combined w i t h  t h e  '"I 

From a waste management perspect ive,  t he  is,sues i n  t h i s  s tudy t h a t  remain 
unresol  ved i n c l  ude the  f o l  1 owi ng : 

e A determinat ion  whether spent f u e l  assembly hardware and c ladd ing  
cou ld  be reused i n  any way i n  the  nuc lear  i n d u s t r y  and i f  i t  wou'ld 
be c o s t - e f f e c t i v e .  

A determinat ion  o f  cos ts  associated w i th  r e p o s i t o r y  d isposa l  o f  GTCC 
wastes 

A determinat ion  o f  t he  u l t i m a t e  d i s p o s i t i o n  o f  85Kr ( s t o r e d  i n  
p ressur ized  c y l i n d e r s )  and '*'I (i *e., transmute, d ispose o f  as GTCC 

waste, o r  d ispose o f  as LLW). 

4.2 AIROX-REPROCESSED SPENT FUEL FKOM A REPOSITORY PERSPECTIVE 

ORIGEN2 c a l c u l a t i o n s  have been c a r r i e d  out  f o r  AIROX-recycled f u e l ,  
convent ional  ox ide  f u e l ,  and a high-burnup ox ide f u e l .  I n  t h e  c a l c u l a t i o n s  
f o r  t h e  AIROX f u e l ,  i t  i s  assumed t h a t  i o d i n e  and t h e  nioble gases are 
complete ly  removed f rom t h e  f u e l ,  90% o f  t h e  ces-ium and ruthenium are  removed, 
and 75% o f  t h e  t e l l u r i u m  and cadm um are removed du r ing  t h e  AIROX process. 

c .  " C h a r a c t e r i s t i c s  o f  Spent Fue , High-Level  Waste, and Other Radioact ive 
Wastes which may Require Long-Term I s o l a t i o n , "  O f f i c e  o f  C i v i l i a n  Rad ioac t ive  
Waste Management, DOE/RW/0184, June 1988. 

d. L e t t e r ,  P. Kuan, "Transmi t ta l  o f  ORIGENZ Ca lcu la t i ons  f o r  A I R O X  Fuel , "  PK- 
23-92, August 17, 1992. 
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The recyc led  fue l  i s  spiked with enriched feed such t h a t  the t o t a l  f i s s i l e  
conten t  of t h e  fue l  i s  3 .5  w t . %  versus 3 . 2  w t . %  f o r  convent ional  fresh fuel 
used in  PWRs. The f r e s h  fue l  i s  i r r a d i a t e d  t o  33 GWd/MTU, w i t h  a t y p i c a l  PWR 
burn h i s t o r y .  Following a 5-year  cool ing  per iod ,  t h e  fuel i s  AIROX-processed, 
r e f a b r i c a t e d ,  and burned again i n  the r e a c t o r  w i t h  the same burn h i s t o r y  a s  
the fresh fuel. 

* 

Figure 4-1 shows a comparison of the decay h e a t s  of AIROX-recycled fuel ,  

The recycled fue l  would have gone through t w o  complete 
conventional fuel , and high-burnup PWR fuel with 4 . 2  w t . %  i n i t i a l  enrichment 
burned t o  55 GWd/MTU. 
cyc le s  i n  a r e a c t o r  ( s i x  re load  c y c l e s )  and t h u s  would have a t t a i n e d  66 
GWd/MTU. 

3,000 - 

2,500 - 

2,000 - 

1,500 - 

1,000 - 

500 - 

AlROX fuel 
---. Standard fuel to 33 GWD/MTU 
.......... High burnup fuel to 55 GWD/MTU 

.-\- -- -- ----- 
---_. ----_ -- ---_ 

L 

0 I . . . . I . . . . I . . . . I . . . .  - 
0 10 20 30 40 50 

Time after power operation (yr) 

Figure 4-1. 
GWd/MTU burnup fue l ,  and 55 GWd/MTU fuel .  

Comparison of decay hea t  levels from AIROX fuel ,  s tandard  33 
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During the initial 7-year period after reactor shutdown, the decay heat 
of the once-through, high-burnup fuel is approximately twice that of the low- 
burnup, conventional fuel. The decay heat from the AIROX-recycled fuel is 
slightly lower during this period than that of the high-burnup fuel, despite 
the AIROX-recycled fuel having a higher burnup. The relatively higher decay 
heat from the high-burnup fuel is mainly due to the accumulation of cesium, 
approximately half of which would have been iremoved if it were AIROX-processed 
during mid-cycle. 

The above results show that, on a per-fuel-assembly basis, the AIROX- 
recycled spent fuel would have slightly less than twice the decay heat of 
conventional fuel. However, if the conventional fuel is recycled instead of 
replaced with fresh fuel, at the end of two cycles there would be one-half the 
number of AIROX-recycled spent fuel assemblies as compared to conventional 
spent fuel assemblies. 

4.3.  IMPACT OF AIROX REPROCESSING ON 

U .S .  SPENT FUEL WASTE REDUCTION 

Part of this study involved a collaborative effort between Westinghouse 
Idaho Nuclear Co. (WINCO) and Westinghouse Hanford Co. (WHC) to build a 
systems analysis model to evaluate a1 ternative technologiies for processing and 
recycling spent LWR fuel. The model was intended to be a tool for making 
technological decisions if commercial incentives for recycling should become 
attractive due to rapidly changing world events, economics, and political 
policies. 
workstation. 
generation rates of spent commerci a1 nucl ear fuel was mo'del ed. 

The model was built from the software ITHINK on a Macintosh 
As a base case, the impact of an AIROX recycle process on the 

4.3.1 AIROX Recycle Model and Assumptions 

Some of the attributes of the AIROX Recycle ;Model are shown in Figure 14- 

2 .  The model was designed to maintain mass balance and track radionuclide 
content of all materials flowing into, recycled within, and flowing out of the 
for virgin feedstock to recycled fuel, and new fulel, as needed to maintain 
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A I R O X  process. Up t o  f o u r  recyc les  o f  spent nucllear fuiel can be modeled. 
I npu t  m a t e r i a l  t o  t h e  AIROX Recycle Model cons is ted  o f  lh igh ly  enr iched UO,, 

s u f f i c i e n t  f u e l  f o r  nuc lear  power demands. 
3.2%, 3.54%, and 17% f i s s i l e  content  f o r  t he  spent f u e l ,  new f u e l ,  
r e c o n s t i t u t e d  f u e l ,  and v i r g i n  makeup UO,, r e s p e c t i v e l y ,  Output ma te r ia l  from 

t h e  AIROX Recycle Model cons is ted  o f  spent f u e l  (:not reprocessed) be ing 
shipped t o  a Federal  repos i to ry ;  c ladding,  hardware, and semi - v o l a t i l e  wastes 

The base case modeled used 1.4%, 

going t o  a Federal  repos i to ry ;  and v o l a t i l e  f i s s i o n  products  go ing  t o  LLW 
b u r i a l  and o n - s i t e  storage. I nven to r ies  were t racked as MT o f  GTCC wastes, 
volume o f  LLW, number o f  gas cy1 inders,  and vo l  unne o f  iod ine- loaded adsorbent 
generated pe r  MTIHM o f  spent f u e l  processed. Radioact ive content ,  decay, and 
heat loads i n  A I R O X -  generated wastes were t racked.  Raldioactive bu i ldup,  heat 
loads, and r e a c t o r  burn ing  o f  "Tc i n  r e c o n s t i t u t e d  f u e l s  versus number o f  

recyc les  were a l so  t racked.  Assumptions used i n  the  model a re  g iven i n  Table 
2-1, i n  Sec t ion  2.2.1, and i n  Sect ion 4.1. 

4.3.2 AIROX Recycle Model P red ic t i ons  

To model p o t e n t i a l  impacts o f  AIROX r e c y c l i n g  on tlhe U.S. nuc lea r  fuel1 
cyc le ,  f o recas ts  by DOE'S Energy In fo rma t ion  Admin i s t ra t i on  (EIA) on t h e  
genera t ion  o f  spent commercial f u e l  were used." F igure  4-3 i l l u s t r a t e s  t h e  
E I A  p r o j e c t i o n s  o f  accumulat ive spent f u e l  between t h e  .years 2000 and 2040 f o r  
t h e  no-new r e a c t o r  orders case (84,100 MT by 2040) and the upper- reference 
r e a c t o r  case (151,600 MT by 2040). 
nuc lear  power capac i ty  w i l l  peak a t  104 g i g a w a t t s - e l e c t r i c  (GW,) by 2000, 

decrease t o  54 GW, by 2020, and a l l  r eac to rs  w i l l  be shut down by 2040. The 

upper- reference r e a c t o r  case assumes t h a t  t he  U.S. nuc lear  power capac i t y  w i l l  
increase t o  146 GW, i n  t he  year  2020 and peak a t  about 2fOO GW, i n  t h e  year  
2030. 

The no-new r e a c t o r  (case assumes t h e  U.S. 

e. D r a f t  M iss ion  Plan Amendment, Appendix B, " P r o j e c t i o n  o f  Spent-Fuel 
D i  scharges, Types o f  Waste t o  be Accepted, and Waste-Acceptance Schedule, " 
U . S .  Department o f  Energy, O f f i c e  o f  C i v i l i a n  Radioact ive Waste Management, 
September 1991. 
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Figure 4-4 i l l u s t r a t e s  the comparative amounts of wastes generated 
w i t h o u t  and w i t h  A I R O X  recycle for  the no-new reactor case. 
assumes t h a t  no spent fuels  are shipped to  a Federal repository before 204.0, 
spent fuel i s  recycled only once, and an A I R O X  recycle capacity o f  1000 and 
2000 MT/y of reconstituted fuels  i s  achieved by the years 2005 and 2015, 
respectively. 
for accumulative spent fuel versus time, as g i v e n  i n  Figure 4-4.  The lower 
solid l ine  represents the amount of accumulative spent fuel and GTCC waste 
versus time w i t h  A I R O X  recycle. This curve i s  the sum of GTCC waste (dashl- 
dot-dash l i n e ) ,  the recycled spent fuel inventory (dashed l i n e ) ,  and the once- 
through spent fuel (dotted l i n e ) .  
i n i t i a l l y  lags behind GTCC waste buildup because the model accrues GTCC waste 
the same year spent fuel i s  recycled, whereas recycled spent fuel i s  n o t  
accrued until  about 4.5 years l a t e r  when i t  i s  discharged from the reactor.  
A s  the upper two curves indicate, only a small reduction i n  wastes (about  11%) 
would resu l t  from this scenario, because most of the once-through spent fuel 
would be generated before suff ic ient  A I R O X  recycle capaici ty i s  implemented. 

The  scenario 

The upper sol id  1 ine w i t h  c i rc les  represents the E I A  projection 

The accumulation of recycled spent fuel 

Figure 4 - 5  i l l u s t r a t e s  the comparative amounts of wastes generated 
without and w i t h  A I R O X  recycle for  the upper-reference reactor case. 
scenario assumes tha t  no spent fue ls  are sh.ipped t o  a Federal repository 

The 

before 2040, spent fuel i s  recycled only once, and A I R O X  recycle capaci t ies  of 
1000, 2000, and 4000 MT/y are achieved by the years 2005, 2015 and 2025, 
respectively. 
fuel (dotted l i ne )  would be recycled by 2040 (ablout 8 MT remains). The sum 
of the once-through spent fue l ,  the recycled speint fuel (dashed l i n e ) ,  and the 
GTCC waste (dash-dot-dash l ine)  a t  2040 inditcate a 31% reduction i n  generation 
of wastes. 

This scenario indicates t h a t  most of t h e  once-through spent 

The scenarios modeled in Figure 4-4 and 4-5 indicate t h a t  recycling spent 
fuel could have a large impact i n  reducing spent fuel inventories fo r  an 
expanding or constant nuclear fuel economy. In  the upper-reference case 
scenario, the once-through spent fuel inventory would be depleted by a b o u t  
2042; and recycle o f  the once-recycled spent fuel would begin. In the 
idealized case ( i n  which 95% enriched makeup or weapons material were 
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a v a i l a b l e ) ,  r ecyc led  fuel burned t o  120 MWd/kg would produce f o u r  times the 
e l e c t r i c i t y  but  about one f o u r t h  the spent fuel inventory  t h a t  would resul t  
from burning once-through fue l  t o  33 MWd/kg. 
analogous t o  extended burnup o f  once-through spent fue l .  
would accumulate  from each r e c y c l e ;  and, a f t e r  f o u r  r e c y c l e s ,  would c o n t r i b u t e  
about  1.56 MT o f  wastes per MT o f  spen t  fuel passed through the A I R O X  process .  
However, the p o t e n t i a l  f o r  GTCC waste r educ t ion  e x i s t s ,  p a r t i c u l a r l y  i f  
methods f o r  r e c y c l e  o f  the c l add ing  and hardware are developed and h ighe r  
134Cs/137Cs waste  load ings  i n  g l a s s  a r e  achieved by a l lowing  the 134Cs t o  decay. 

A I R O X  r e c y c l i n g  would be 
The GTCC was tes  

4.4 REFERENCES 

4 . 1  A .  T.  Luksic  e t  a l . ,  Spent Fuel Disassembly Hardware and Other Non-Fuel 
Bearing Components: Characterization, Disposal Cost Estimates, and 
Proposed Repository Acceptance Requirements, PNL-6046, October  1986. 

lOCFR61 Classification for Waste Disposal, PNL-6903, June 1989. 
4-2.  A .  T. Luksic e t  a l . ,  Spent Fuel Assembly Hardware: Characterization and 

4-3.  R.  D. Klett ,  E d i t o r ,  Krypton-85 Disposal Program Conceptual Design Phase: 
Fina 7 Report, SAND-81- 1957 , November 1981. 

4-4. T .  H .  P ig fo rd ,  Actinide Burning and Waste Disposal, UCB-NE-4176, October 
1990. 

4- 13 



5. CONCLUSIONS AND RECOMMENDATIONS 

The revitalization of nuclear power in the U.S. depends, to a large 
extent, on implementing a method for disposing of high-level waste. 
context, the concept of recycling spent nuclear fuel, resulting in better 
resource utilization, has a very attractive ring, both from a technical and 
public perception perspective. 
countries because they have established a pol icy o f  reprocessing. 
them to gainfully utilize the fissile material left in the spent fuel and 
pursue several avenues for disposal of the long-lived radioactive waste. 

In this 

This problem is not so severe in other 
This allows 

In this report, we have presented the results of an investigation o f  
AIROX dry processing as an option for U . S .  high-level waste management. 
Implementation of the AIROX process would not eliminate the need for a high- 
level waste repository; however, it could provide flexibility in when or how 
big a repository would be necessary. As we have discussed, it has some 
advantages but it is not free from problems. 
reprocessing are: 

The possible advantages to AIROX 

e Better utilization of our resources; AIROX recycling would mean more 
electricity generation per unit of spent nuclear fuel 

e 

e 

By recycling nuclear fuel instead of using direct disposal, AIROX 
reprocessing will result in less volume of total repository waste 

AIROX reprocessing would reduce the need by utilities for rapid 
expansion of on-site spent fuel storage 

AIROX reprocessing would provide more flexibility in the U.S. DOE’S 
MRS and repository programs 

Weapons fissile material could be used in existing LWRs 

e Economic benefit is achievable through large-scale implementation. 
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AIROX reprocessing can also provide flexibility in high-level waste 
management by providing a front-end process for partitioning of radionuclides 
in the fuel material. By separating out the iodine and lburning some of the 
technetium, the toxic source term for the repository would be reduced. 
Research and commercialization of spent fuel recycling aind high-level waste 
partitioning technologies could minimize current barriers to public acceptance 
of a repository, encourage closure of the nuclear fuel c:ycle, and promote 
further development and use of nuclear power in the U.S .  

INEL work over the last year has also revealed several areas where more 
knowledge is needed and/or improvements are required. First, the obvious 
disadvantage is that additional LLW will be generated at the AIROX processing 
facility, both during operation and upon decommissioning of the facility. 
Although LLW is a less serious problem, a cost-benefit analysis will have to 
be performed. Second, fabrication and inspection of new fuel from AIROX 
processing must be performed remotely, due to residual fission product 
activity. Current fuel fabrication and inspection are performed hands on. 
Effective technologies must be developed to assist uti1 ities in applying 
AIROX-recycled fuel in their fuel management schemes. 
elements from this recycling process will be hotter and will be similar to 
high-burnup fuel. 
the AIROX process has not been tested beyond the laboratory scale. In 
addition to several development tasks identified in the text, a demonstration 
program, involving operation of recycled fuel assemblies in power reactors, is 
required before the technology can be used commercially. 

Third, the spent fuel 

This must be factored into the repository design. Finallly, 

In conclusion, our investigation shows that there i:; no noteworthy 
significant issue that eliminates AIROX from further development and 
demonstration of the technology; at the same time, there is no urgency or 
clamoring for the development of the AIROX recycling concept. Uncertainties 
with the once-through fuel cycle in the U.S., and safeguarding concerns with 
other reprocessing cycles, may encourage the AIROX recycling concept. It has 
the additional poteht i a1 for re1 i evi ng the urgency o f  repository development.. 
We recommend the following three tasks for this program: 

1. Perform an economic analysis to determine if an initial investment, 

5-2 



in a demonstration program has the required payoff. 

2. Develop a program plan (with budget and schedule) enumerating how 
much it will cost the Government and industry to demonstrate this 
technology to the point where it can be commercialized. 

3 .  Work with the utility and nuclear industry t o  determine if a 
consensus can be developed for the AIROX recycling concept. 
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