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EXECUTIVE SUMMARY 

BACKGROUND 

The current United States strategy for management of spent commercial 
reactor fuel and high-level nuclear waste has been specified by the Nuclear 
Waste Policy Act of 1982 (NWPA), as amended. The NWPA charges the 
U.S. Department of Energy (DOE) with the responsibility to develop a nuclear 
waste repository; that is, a site for geologic disposal of these waste types. 
The Nuclear Waste Policy Amendments Act of 1987 directed the DOE to limit 
characterization efforts to the Yucca Mountain site in the State of Nevada. 
The regulations that were established to implement the NWPA require that 
assessments be made to predict how radionuclides may migrate away from the 
disposal site within 10,000 yr. 
that would be released (in this sense) under a given set of conditions, and 
the probability of occurrence of the release. 
evaluated considering both magnitude and probability of radionuclide release. 
Performance is enhanced if the radionuclides can be contained until they 
decay to stable final products. 

It is necessary to assess both the quantity 

Acceptability of a site is 

The NWPA specifies how provisions of the National Environmental Policy 
Act of 1969 (NEPA) are to be implemented for the various activities required 
to develop a disposal repository. An Environmental Impact Statement (EIS) i s  

required as a part o f  an application for license submitted to the U.S. Nuclear 
Regulatory Commission (NRC). Alternatives to geologic disposal are not to 
be considered in the EIS; however, treatment alternatives are not specifically 
excl uded. 

This paper presents the results of a joint Westinghouse Hanford Company 
(Westinghouse Hanford)-Pacific Northwest Laboratory (PNL) study that 
considered the feasibility of treating radioactive waste before disposal to 
reduce the inventory of long-1 ived radionuclides, making the waste more 
sui tab1 e for geologic disposal . 

V 
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WASTE DISPOSAL PROBLEM 

Spent fuel and high-level radioact 
onucl ides whose ha1 f -1 i ves are 1 ong 

large enough that they can cause a site 

ve wastes contain several 
enough and whose inventories are 
to fai 1 the regul atory requi rements 

i f  a high percentage o f  the inventory is predicted to be released. 
Performance of a given site is determined by three factors: (1) geologic 
characteristics of the site, (2) design of the underground excavations 
required for waste emplacement, and (3) how the waste is treated prior to 
disposal. This report considers a type of waste treatment that could enhance 

the geologic disposal system. the performance of 

The treatment 
consideration is v 

for high-level radioactive waste that has received the most 
trification into a borosilicate glass, encapsulation 

i n t o  a metal container, and emplacement o f  these receptacles so  t h a t  they are 

surrounded by materials that would retard migration of radionuclides if they 
escape the glass and container. Disposal of spent fuel without reprocessing 
has also been evaluated. 
encapsulation of intact fuel assemblies in metal containers; and removal of 
the spent fuel pins from the assemblies and consolidating the pins into sealed 
receptacles (with a higher density than intact assemblies). Both options 

in a manner similar to that of the high-level waste 

Two options that have been assessed are 

would a1 1 ow empl acement 
containers. 

The treatment cons dered here is one in which waste would be chemically 
separated so that long-lived radionuclides can be treated using specific 
processes appropriate for the nuclide. The technical feasibility of enhancing 
repository performance by this type of treatment is considered in this report. 

CONCLUSIONS 

Many 
level rad 
radi at i on 

of the long-lived radionuclides present 
oactive waste can be separated from the 
to transmute them to stable isotopes us 

vi 

in spent fuel and high- 
waste and exposed to neutron 
ng existing technology. 
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Such treatment would reduce the source term at the disposal site and should 
make it easier to assess the performance of the total repository system. 
The nuclides that produce the most heat have relatively short half-lives 
(about 30 yr), so they could be separated and stored to reduce the heat 
load if that would be beneficial to the performance of the repository. 
radionuclides with long half-lives that cannot be transmuted may simply 
require disposal in a manner that ensures long-term isolation with a high 
degree of confidence. 
would allow more effort to be directed to safe geologic disposal of these 
radionuclides because the volume to be handled would be orders of magnitude 
smaller than the original waste form. 

Some 

The separation provided by the proposed treatment 

Segregation of waste radionuclides to allow transmutation or special 
handling of reduced amounts of waste is a powerful treatment process with 
the potential to reduce the environmental impact of radioactive waste 
disposal. As such, it may merit consideration in the EIS that the DOE must 
prepare as part of its repository license application to the NRC. 
treatment methodologies presented in this report could be the basis for an 
a1 ternatives assessment for the EIS. 

The 

THE CURE PROCESS 

A joint Westinghouse Hanford-PNL study group developed a concept called 
the Clean Use of Reactor Energy (CURE), and evaluated the potential o f  current 
technology to reduce the long-lived radionuclide content in waste from the 
nuclear power industry. Spent oxide fuel from commercial reactors would be 
chemically processed with proven aqueous technology to separate the 
transuranic elements, as well as selected fission and activation products 
from the waste stream. Following chemical separation, most radioisotopes 
with half-lives greater than 10 yr would be transmuted to stable nuclides 
by irradiation with neutrons. 
activated metal hardware, 14C, and radiokrypton would not be transmuted. 
They would be packaged for storage or for special disposal to ensure adequate 
geologic isolation. Strontium and cesium radioisotopes produce most of 

Fission products strontium and cesium, 

vi i 
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the waste decay heat. 
system performance or delay the need for a second repository, radiostrontium 
and radiocesium could be temporarily stored (for a few decades, perhaps). 

If a decrease in heat load would improve repository 

The CURE process consists of three components: (1) chemical separation 
of elements that have significant quantities o f  long-lived radioisotopes in 
the waste, (2) exposure in a neutron flux to transmute the radioisotopes to 
stable nuclides, and (3) packaging of radionuclides that cannot be transmuted 
easily for storage or geologic disposal. Figure ES-1 illustrates these 
components. 

Chemical Separation 

The CURE team developed conceptual chemical processing f l o w  sheets 
that characterize the necessary separation processes. The initial step is 
to remove the fuel pins from fuel assemblies, and then to section the fuel 
pins and dissolve the fuel matrix. 
resulting acid solution would then be processed to separate the elements 
required to allow treatment. Figure ES-2 is a simplified schematic o f  these 
flow sheets. The major processes used are listed below. 

The cladding is not dissolved. The 

0 All o f  the nitric acid solution would be processed using the 
Plutonium-URanium Extraction (PUREX) process to extract recyclable 
plutonium, uranium and neptunium from the spent fuel. Offgas 
treatment associated with this front-end process would separate 
and recover tritium, 14C, radiokrypton, and radioiodine. 

The high-level waste stream from the PUREX process would be 
processed using the TRansUranic Extraction (TRUEX) technology to 
extract residual transuranic elements (plutonium, uranium, 
neptunium, americium, and curium) and also technetium. 

viii 
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The high-level waste stream from the TRUEX process would be 
processed by a variety of extraction methods to separate strontium, 
cesium, and any other fission product that may be of beneficial 
use or that may be of regulatory concern. 

A technical assessment of this chemical partitioning technology has 
concluded that the final nitric acid waste stream discharged from the 
separation processes would contain a low enough radionuclide content to allow 
treatment and disposal as low-level radioactive waste under 10 CFR 61. The 
separated streams (actinides, fission products, activation products, 
14C, etc.) would be subjected to neutron irradiation, storage, or special 
geologic disposal. 

Transmutation 

Many studies of transmutation of long-1 ived radionuclides exist in the 
open literature. Additional studies completed by the CURE team focused on 
using radial leakage neutrons in a hydrogen-moderated environment in a sodium- 
cooled fast spectrum reactor. 
burning literature, show that destruction of the actinides, 99Tc, and 1291 
is conceptually feasible using fast-spectrum reactors. 
in progress on the capability of high-powered proton spallation accelerators 
for waste transmutation. In some circumstances, accelerators may show 
significant advantages over fast spectrum reactors for waste destruction. 

These studies, coupled with the rich-actinide- 

Studies are currently 

In order to assess the economic impact o f  implementing the CURE process, 
a scenario was evaluated in which a specific mix of advanced light-water and 
liquid-metal cooled reactors was assumed to operate within a CURE fuel cycle. 
The light-water reactors were assumed to operate on a combination of enriched 
uranium oxide fuel and mixed (uranium and plutonium) oxide fuel. The liquid- 
metal reactors were assumed to operate on mixed oxide fuel. All of the 
reactors were assumed to produce electricity, with 83 percent of the power 
generated by the light-water reactors. 
nuclear-generated electrical supply will be one percent per year, and that 

It was assumed that growth in 

xi 
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all wastes (that can be) will be transmuted at the same rate at which they 
are produced. Within this scenario, the liquid-metal reactors would transmute 
plutonium and other actinides, radioiodine, and most of the 99Tc. 
water reactors would destroy the remainder of the 99Tc and some plutonium. 
Electricity from this CURE facility complex would cost about 7 percent more 
than that from the present nuclear reactor power production complex. Most 
of the increase would come from the high capital cost of liquid-metal reactors 
relative to light-water reactors. 

The light 

The CURE team also made an approximate health risk comparison between 
the same CURE scenario, and the present complex of nuclear power production 
reactors. The near-term risks were found to be comparable, with increased 
risk in the CURE scenario as a result of additional chemical processing offset 
by the reduced risk that would be experienced because less uranium mining and 
associated processing would be required. The long-term risks from permanent 
storage o f  long-lived radionuclides would be almost eliminated with the CURE 
concept, so the CURE technology shows an advantage in this respect. 

Several of the separated radionuclides cannot easily be transmuted to 
stable forms. They are discussed below. 

Carbon-14 - The neutron transmutation cross section for carbon-14 
is too small for neutron irradiation to offer a viable means of 
destruction. Destruction by high-energy protons via spallation 
reactions may be feasible, but would be very costly. 
a nuclide that presents performance problems at Yucca Mountain; 
therefore, it is a candidate for specially engineered features to 
ensure long-term isolation. 

Carbon-14 is 

Cesium - Three isotopes of cesium are major fission products: 
133Cs (stable), 135Cs (long-1 ived), and 137Cs (30-yr half-1 ife). 
Irradiation of cesium would transmute 135Cs and 137Cs to stable 
isotopes, but successive neutron capture by 133Cs and 134Cs would 
produce more 135Cs. 
therefore, complicated by the isotopic makeup of fission product 

Transmutation of long-lived 135Cs is, 

xi i 
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cesium. 
may be very expensive. 
make separation even more challenging. 
small transmutation cross section. There may be little incentive to 
transmute 137Cs because it decays rapidly enough that it does not present 
much o f  a geologic disposal problem. 

Isotopic separation may be able to solve this problem, but it 
The presence of highly radioactive 137Cs would 

In addition, 137Cs has a very 

Strontium - Although 90Sr has a relatively small cross section, it 
may be a candidate for transmutation in an advanced, high neutron 
flux device. 
costly and challenging. 
as 137Cs, so there may be little incentive to transmute it to 
facilitate geologic disposal of the waste. 

Development of such an advanced concept may prove 
Strontium-90 has about the same half-1 ive 

Krypton - Krypton-85 has a relatively small transmutation cross 
section, making it an unattractive candidate for transmutation, 
and the half-life is short enough (10.7 yr) that little would be 
gained by transmutation. Near term decay storage appears to be 
the most promising disposition. 

Activation Products - The CURE process would not dissolve the fuel 
assembly hardware and fuel pin cladding which contain most of the 
activation products. 
relatively short half-lives and are contained in a high-integrity 
metal matrix, making them a candidate for compaction and geologic 
di sposal o f  the materi a1 s that cannot be economical ly recycl ed. 

In general, the activation products have 

Institutional and Technical Issues 

It will be necessary to resolve many institutional and technical issues 
Tables ES-1 and E S - 2  give a partial in order to implement the CURE process. 

list of the issues. 
resolve, and the estimated total cost for a program to attack the nine most 

The technical issues will require several years to 

xiii 
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Table ES-1. Partial Listing of Significant CURE Institutional Issues* 

Issue No. Issue 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Pub1 ic concern for safety of nuclear energy and waste management 

Pro1 i ferat i on of nucl ear weapons 

Nuclear reactor and separation facility siting and licensing 

Economics of nuclear power vs. other environmentally benign power 
production options 

Public concern that plutonium recycle in commercial nuclear reactors is 
dangerous or unwise 

Existing national commitment to deep geologic disposal o f  spent fuel 

Completion o f  GESMO (Generic Environmental Statement for Mixed Oxides) 
Concentration-based definition of fuel reprocessing high-level waste 

Licensing of near-surface interim storage of solidified and encapsulated 
strontium, cesium, and other short-lived radionuclides 

Resolution of global environmental issues (e.g., acid rain, climate 
change) 

Future trends o f  domestic electrical energy needs 

Acceptability of  CURE concept to electrical utility industry and 
regulatory agencies[Public Utilities Commission, Nuclear Regulatory 
Commission (NRC), Federal Energy Regulatory Commission] 

Transportation of radioactive material 

Development o f  national and regional energy strategies and plans 

Fiscal resource availability 

Enactment of energy and environmental legislation 

Institutional structure of the domestic energy industry 

Compatibility of advanced technology and an open, participatory society 

*List is not prioritized 

xi v 
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Table ES-2. Partial Listing of Significant CURE Technical Issues 
(sheet 1 o f  2) 

Issue No. Issue 

l.* Applicability of TRUEX process to high-level waste (HLW) solutions 

2." 

3.* 

4.f 

5." 

6.* 

7.* 

- 8 . *  

9.* 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Adequate decontamination of CURE concept solid wastes 

Radioiodine target fabrication/irradiation 

99Tc target fabri cati on/i rradi at i on 

99Tc recovery and Tc/Ru separat i on 

Separation of actinides and lanthanides 

Disposal of CURE system low-level liquid waste 

Removal and purification of radiostrontium from acidic HLW 

Removal of radiocesium from acidic HLW 

Actinide target fabrication/irradiation 

237Np recovery technology 

Radioiodine recovery technology 

Head-end treatment of irradiated target assembl ies 

Disposal of radiostrontium and radiocesium 

Disposal of cladding hulls and fuel assembly hardware 

Final disposal of 135Cs 

Disposal of 14C 

Encapsulation forms for radiostrontium and radiocesium 

Dissolver solids target fabrication/irradiation or disposal 

Key actinide isotope nuclear cross-section data 
~ 

*Regarded as critical CURE system technology issue. Technical issues 
10 through 27 not listed in order of importance. 

xv 
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Table ES-2. Partial Listing of Significant CURE Technical Issues 
(sheet 2 of 2) 

Issue No. Issue 

21. Lanthanide nuclear cross-section data 

22. Separation of isotopes of cesium and strontium 

23. Strontium nuclear cross-section data 

24. Cesium nuclear cross-section data 

25. Additional transmutation studies in alternative neutron sources 

1 of other long-lived radionuclides including I2%n, 79Se, g3Zr, 
26. :Aipp8?pd 

27. Development o f  low-activation cladding and hardware for fast reactors 
and accelerators 

xv i 
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critical technology ssues would be about $68 million [fiscal year (FY) 1990 
dollars]. 
on improved chemical partitioning and transmutation technology development, 
and would provide a firm technical basis for a subsequent decision. 

Such a 5- to 10-yr program would allow proper emphasis to be placed 

Some o f  the institutional issues shown in Table ES-1 represent long- 
standing public concerns about the present and future role of nuclear power 
generation in the U.S. Implementation of the CURE concept may help provide 
the public confidence required to resolve the nuclear waste disposal issue, 
which is one of the barriers to revitalizing the U.S. nuclear power option. 
Resolution of institutional nuclear power issues will continue to be difficult 
and time-consuming. It is clear that several institutional issues must be 
satisfactorily addressed prior t o  imp ementing the CURE concept. The major 
incentive for developing such a futur stic nuclear energy concept may arise 
from energy supply and global warming concerns driven, in part, by greenhouse 
gas emissions from fossil fuel energy generation. 

International Trends 

The U.S., with its current once-through fuel cycle, comprises about 
30 percent of the world’s nuclear capacity. Currently, countries representing 
about 50 percent o f  the world’s capacity plan to reprocess spent fuel; these 
include Japan, France, the U.K., Germany, and the U.S.S.R. These reprocessing 
countries are all directing their programs toward separation of uranium and 
plutonium from commercial reactor spent fuels using the PUREX process and 
vitrification of the process high-level waste for geologic disposal. 
step alone offers a high-level waste volume reduction, while at the same 
time recovers uranium and plutonium for recycling into reactors. 
are, in addition, funding a long-range program called OMEGA. The OMEGA 
program is very similar to the CURE concept in that it includes studies o f  
various technologies required to separate and destroy, rather than store, 
long-lived fission products and actinides. The OMEGA program also emphasizes 
recovery of beneficial elements o f  potential strategic importance. 

This 

The Japanese 

xvi i 
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SUMMARY 

In conclusion, the technology described n this technical assessment 
report offers the following potential long-range benefits to the 
U.S.  repository program and the nuclear power generation industry: 

Destruction o f  the bulk of the long-lived radioactivity rather than 
geologic disposal would greatly reduce uncertainties in the long- 
term performance assessment. In effect, the time frame requiring 
licensing consideration would be less than 1,000 yr, as opposed to 
10,000 yr and beyond. 

The CURE concept allows for recovery and use of valuable uranium and 
plutonium in spent reactor fuel. 
supposed to be "retri evabl e" for decades. ) 

(Emplacement in the repository is 

The CURE concept can make various radionuclides and stable elements 
available for beneficial use. 

Implementation of the CURE concept can add a degree of freedom in 
controlling the repository heat load (by allowing the storage of 
heat producing nuclides until they decrease in power). This 
additional capability could be used to improve the performance o f  
a proposed repository or to delay the need for an additional 
repository by allowing waste from many more decades of nuclear 
power generation to be emplaced in the first repository. 

In order to realize these benefits, the institutional and technical 
i ssues must be resol ved. A coordinated, 1 ong-range research, devel opment , 
demonstration, and evaluation program is required to resolve the issues. 

xvi i i 
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CURE: CLEAN USE OF REACTOR ENERGY 

1.0 INTRODUCTION AND BACKGROUND 

1.1 BACKGROUND INFORMATION 

Spent fuel from commercial nuclear reactors is accumulating rapidly 
because many of the world’s more advanced countries have increased their 
reliance on nuclear energy to supply electricity. Although all countries 
with a nuclear option have some kind of final waste disposal policy, none 
has completed implementation. Technical and political issues could delay 
action in many cases. The current U.S. policy is to dispose of spent fuel 
in a deep geologic repository. This report discusses fuel treatment 
technologies that could contribute positively to public acceptability and 
licensing of a geologic repository. 

In uranium-fueled thermal neutron spectrum reactors, the fresh fuel 
consists of U02 pellets clad in Zircaloy tubes. 
position is 3 to 4% 235U and 97 to 96% 238U. 
235U either fissions (highest probability) or captures a neutron to form 
236U. 
Neutron capture by 238U leads to formation of 239Pu, which has a high fission 
probability similar to that o f  235U. 

chain involved in the uranium fuel cycle and also shows how higher mass 
plutonium isotopes are formed, which lead in turn to the even higher mass 
elements americium and curium. Another transuranic (TRU) element formed in 
the uranium fuel cycle is neptunium, which is formed as the single isotope 
237Np (see Figure 1-1). 

The uranium isotopic com- 
During reactor operation, 

The 238U either captures a neutron (highest probability) or fissions. 

Figure 1-1 shows the heavy meta l  i s o t o p e  

In addition to TRU elements, fission reactors produce many different 
These are formed in radioactive and stable fission products in the fuel. 

different amounts, depending mostly on their mass. 
decay chains result in a constantly changing mixture in the spent fuel during 
and following irradiation. 

Complex radioactive 

The decay heat associated with both fission 

1-1 



WHC-EP-0268 

Figure 1-1. Heavy Metal  I so tope Bui lduplDecay Chain. 
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products and actinides (heavy elements) decreases monotonically with time, 
as does the total radioactivity. The final disposition of spent fuel, 
therefore, depends to some extent on the age of the fuel. 

Table 1-1 lists the major elements and isotopes in pressurized water 
reactor (PWR) spent fuel after a decay time of 10 yr. The nominal PWR fuel 
burnup at discharge is currently about 33,000 megawatt days per metric ton 
uranium (MWd/MTU), the burnup assumed in Table 1-1. Mass values listed in 
Table 1-1 are calculated using the ORIGEN2 computer code (Croff 1980), the 
U.S. industry standard for computing isotopic concentrations in a reactor as 
a function of burnup, neutron spectrum, and decay time. The ORIGENZ code was 
also used to calculate a number of other quantities, such as the decay heat 
in watts, the radioactivity in curies, and the ingestion toxicity (see 
Table 1-1). 
dilute the isotope/element to drinking water standards. 

Ingestion toxicity is the volume o f  pure water required to 

Table 1-2 lists the major constituents of liquid metal reactor (LMR) 
The 

The tabulated values are calculated using 

spent driver fuel after a decay time of 3 yr from reactor discharge. 
average driver fuel burnup is assumed to be 150,000 megawatt days per metric 
ton of heavy metal (MWd/MTHM). 
the ORIGEN2 code. 

In the remainder of this report, a distinction will be made between 
radioactive isotope fission products and elemental fission products. F o r  
example, fission product strontium consists of 88Sr and 90Sr. 
stable, and the 90Sr has a 29-yr half-life. 
isotopes, and the designation "radiostontium" will refer to elemental fission 
product strontium, as opposed to the radioactive 90Sr isotope. Other fission 
products of relevance in this context include: 

The 88Sr is 
Chemical separations extract both 

99Tc - on-ly technetium fission product 
Radiocesium - a mixture of 133Cs, 135Cs, 13'Cs 
Radioiodine - a mixture of 1271, 1291. 

1-3 
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Ingestion 

m3 H2O 
Elementhotope gIMTU CurieslMTU toxicityIMTU, Half-life (yr) WattdMTU I 
Uranium (956,300)a -- (0.02 2)” (2.63)a (3.96 x 104)a 

2340 12.6 2-45 x 105 2.26 x 10-3 0.079 2.62 x 103 

17,373 I 7 . 0 4 ~  108 I 4 . 1 8 ~  10-4 I 0.016 I 5.32~102 
I I 1 I I 

2361) 3,803 2 . 3 4 ~  107 6.67 x 10-3 0.246 8.21 x 103 I 
23811 I 945,100 ~ ~ 1 4 . 4 7 ~ 1 0 9  I 8 . 0 6 ~  10-3 I 0.318 I 7 .95~103 

Neptunium (440) -- (0.053)b (1 8.4)b (2.85 x 105p 

237Np 440 2.14 x l O 6  9.49 x 10-3 0.310 i.04X 105 

-n 
c 
ZD, 



g/MTU Half-life (yr) WattdMTU I CuriedMTU 
Ingestion 

toxicity/MTU, 
m3 H2O 

(50.9) 

0.637 

(1,453) (2.08 x 108) 

17.4 3.47 x 106 

-- 

6.5 x 104 

Stable 

-- (1.0 x 10-4) (1.35 x 105) 

1.0 x 10-4 0.40 1 . 3 5 ~  105 

-- -- -- 

(7.1) 

7.1 

(4,763) NAe 

4.76 x 103 NA 

Elementhotope 

Curium 

243Cm 

(1 8.87) 

0.337 

17y6 I 18.1 
~ 

I 50.0 - ~- 1- 1.43x103 T 2.04 x 108 244Cm 

245Cm 0.932 I 8.5~103 5 . 3 3 ~  10-3 I 0.160 I 4.01 x 104 

Total actinides 9 . 6 6 ~  105 1 -- I 216 1 8 .57~104  I 1.68~109 -1. 

cc+ 
’I d- 

‘ w  o 
3 3  

c o  
3 - h  

9 I 
+’I 0 
O(D I 

I v ,  m 
<v, W 
(DE I 
m 7  0 
’I .-I- Iu 

N m 
O(D 03 
(DP 
n 
W E  
kP, 
. r t  

-I. 

.. (55.4) Selenium 
~ 

79Se 5.8 

(2 1.3) Bromine 

Krypton 

345 I -- Rubidium 

Strontium 

iD 
’I 

3 Stable 

29 64.8 I 5.59~104 I 1.86~1011 90% 

Yttrium 

89Y 

409 

(445) 
o w  
-hU 

(D 
QIS 

-c-+ 
(3 10) (55,880) (2.79 x 109) 

310 5.59 x 104 2.79 x 109 

445 Stable 

90yd Negligible Short 
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ingestion 
toxicity/MTU, 

m3 H2O 
H a If - I i f e ( y r) W a tts/MT U Curies/MTU 

I Zirconium I(3,555) 

1 . 5 ~  106 I 2.1 x 10-4 I 1.77 I 2.22~103 I 
(1.3 x 10-4) (0.75) (1.92 x 103) 

13.6 1.3 x 10-4 0.75 1.92 x 103 

-- Niobium (0.0045) 

(6.5 x 10-3) (12.9) 

2 . 1 3 ~  105 6.5 x 10-3 

(3.4 x 10-2) (569) 

(6.45 x 104) Techneti um (761) 

Ruthenium (2,171) 

5.69 x 107 

Negligible 

Rhodium (463) 

(6.8 x 10-6) (0.1 15) 

6.5 x 106 6.8 x 10-6 0.115 

(2.9 x 10-3) (0.177) 

inw 
3 - m  
( D w  

'(D 0 
r t r l -  
0 

W-5 

107Pd 

Silver 

110mAg Negligible 2.9 x 10-3 0.175 

(6.0 x 10-2) (35.5) 

6 . 0 ~  10-2 

5.84 x 103 

Cadmium 
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WattsIMTU 
Ingestion 

m3 H2O 
Curies/MTU toxicity/MTU, 

9.8 x 10-4 

(3.7) 

0.782 2.61 x 105 

(1,185) (1.19 x 107) 

2.0 x 10-3 

1.0 x 10-2 

0.1 1 2.61 x 105 

0.78 3.65 x 104 

2.4 x 10-1 

( 1 . 5 ~  10-5) 

289 2.89 x 106 

(0.03 15) (5.25 x 105) 

3.02 x 102 7.7 x 104 -- 

Elementhsotope r- Half-life (yr) g/MTU 

I Tin (90.7) -- ( 1 . 3 ~  10-3) I (0.971) I ( 3 . 2 4 ~  105) 

27.6 -105 

(19.7) 

1.15 2.76 3.7 I 1 . 1 8 ~  103 I 1 . 1 8 ~  107 

12.4 d 1 
-- ( 2 . 4 ~  10-1) I (289) I (2.89 x 106) Tellurium 

Iodine 

58 d Negligible 

(234) 

t"- Xenon 

178 1 . 6 ~  107 1 . 5 ~  10-5 I 0.0315 I 5 . 2 5 ~  105 

(5,293) Stable I NA -- I _- 

I Cesium (2,339) (1.44 x 102) 1 (86,680) 1 ( 4 . m  109) 

134cs I-- 135cs 

4.06 2.07 5,260 5.84 x 108 

1.1 x 10-4 3.30 x 103 

8 1,420 4.07 x 109 

287 3 x 106 

936 30.17 I 137cs 

Barium t- 137mga 

(3.02 x 102) I(77,020) I (7.7ox 104) ( 1,7 1 o) 
Negligible 



g/MTU Half-life (yr) Watts/MTU 

( 1,200) 

(2324) 

Stable -- 

-- (9.9 x 10-2) 

(785) 

11.4 

-- (3.5 x 10-2) 

90 3.5 x 10-2 

17.3 

3.45 

8.5 41.8 

4.73 1.2 

Ingestion 
toxi city/MTU, 

m3 H20 

( 1 . 4 9 ~  107) 

E l  em enthotope Curies/MTU 

Lanthanum 

Cerium 

0.047 284.4 d 9.9 x 10-2 

(1,1011 (1.1) 

Negligible 17.3 m 

144Ce 

Praseodymium 

144Pr 

1 . 4 9 ~  107 

Negligible 

149 

(151) 

149 

144mpr Negligible 6.1 x 10-4 

(3,974) Stable 

(10.0) (3.3) 

Negligible 

E 
I 
0 

m 
W 

I 

Neodymium 

Promethium c 

co 
147Pm 10.0 I 2.63 I 3.3 9.31 x 103 

(299) 

299 

4.65 x 107 

7.49 x 105 

Samarium 

151Sm 

Europium (2.42 x 108) 

154Eu 

155Eu 
~ 

1 .GO x 103 8.00~ 106 I 
Total fission 
products 3.36x lo4 I 2.99 x 105 1.94 x 1011 I 

PSTLl9-2206-1-1 



Elementhotope 
Ingestion 

m3 H2O 
g/MTU Hal f - I if e ( y r) W a t ts/MT U Curies/MTU toxicity/MTU, 

14c 

54Mn 

55Fe 

60Co 

0.126 5,730 1 . 7 ~  10-4 0.56 7.1 x 102 

1.1 x 10-4 312 d 4.4 x 10-3 0.88 8.8 x 103 

0.51 2.73 4.1 x 10-2 1,210 1.5 x 106 

2.5 5.27 44 2,870 9 . 6 ~  107 

59Ni 

63Ni 

63.0 7.5 x 104 2.0 x 10-4 5.09 2.5 x 104 

11.4 100 2.6 x 10-1 645 2.2 x 107 

I Total AP I 136 I -- I 45 I 4,891 I 1.2x 108 

93Zr 

93mNb 

NOTE: Quantities in parentheses are totals for the element. 
MWd/MTU = megawatt days per initial metric ton o f  uranium. 
'Total includes short-lived 237U (not shown). 
b243Am decays to short-lived 239Np (not shown). 
'106Rh i s  the short-lived decay daughter of  106Ru. 
d90Y is  the short-lived decay daughter of 9%. 
'NA = not applicable 

1 . 8 ~  102 

2.1 x 10-4 13.6 1.1 x 10-5 0.059 1.5 x 102 

56 1.53 x 106 1.7 x 10-5 0.14 

PST89-2206 1.1 

94Nb 

93M0 

I 

2.6 2.0 x 104 5.0 x 10-3 0.49 1 . 6 ~  105 

0.020 3,500 2.0 x 10-3 0.022 7.2 x 103 

1 19rnSn 

1 2 i m ~ ~  

125Sb 

125mTe 

5.1 x 10-5 293 d 1 .o x 10-4 0.19 6.5 x 104 

9.4 x 10-3 55 L O X  10-3 0.51 1 . 7 ~  105 

1.7 x 10-3 58 d 2.6 x 10-2 30.9 3.1 x 105 

0.12 2.73 4.0 x 10-1 127 1.3 x 106 
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Table 1-2. Major Constituents o f  Liquid-Metal Reactor Spent 
Driver Fuel. 

Assumptions: Decay period = 3 yr from reactor discharge 

(sheet 1 o f  5) 

Average burnup = 150,000 MWd/MTHMa 
Initial composition: 75% U, 25% Pu (light-water reactor discharge) 
No Pu decay since reprocessing of 10 yr old light water reactor spent fuel 
Ferritic HT-9 structural material 

I 

1-10 
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Table 1-2. Major C o n s t i t u e n t s  o f  L iqu id-Meta l  Reactor Spent 
Driver Fuel. (sheet  2 o f  5) 
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g/MTHM 

Table 1-2. Major Constituents o f  Liquid-Metal Reactor Spent 
Driver Fuel. (sheet 3 o f  5) 

Corn ments Radioactivity Watts/ 
(Ci/MTHM)b MTHMb Half-life Element/ 

isotope 

(1.1 x 103) 

3.4 x 10-1 

Silver 

-1  1Om 

( i .6x  103) (2.7 x 101) 

1.6 x 103 1 . 6 ~  10-1 

negligible 

(9.6 x 102) 

Indium 

-1 23 129d 

2.2 x 101 

(5.2 x 102) 

2.7 x 101 

(8.7 x 10-1) 

1 -126 

Cadmium 

-1 13rn 

105y/l2d/ I 19rn 

-- 

13.7yr 

Antimony 

Tellurium 

1 . 4 ~  102 

(5.2 x 101) 

-1 27m 109d19.5h 

-129m 3 3d/70 m 

5.2 x 102 8.7 x 10-1 
-- -- 

Iodine 

Stable 

1 

5.5 x 10-3 4.5 x 101 1 . 4 ~  10-1 

(2.1 x 102) (5.6 x 104) 

4.4 x 10’ 5.6 x 104 

(1.5 x 102) 

1 .5x 102 125Sb/125mTe 

( 8 . 2 ~  102) I ( 5 . 9 ~  101) I ( 2 . 5 ~  10-1) I I 

(2.7 x 103) 

9.9 x 10-3 

(9.3 x 101) 

9.3 x 101 

(6.3 x 10-2) 

6.3 x 10-2 12 7rnTe/l27Te 
~ 

1.1 x 10-9 3.5 x 10-5 

(1.5 x 103) (1.9x 10-1) 

5.0 x 10-8 129mTe/l29Te 

(8.9 x 10-5) 

-129 

Cesium 

-133 

Xenon 

1 . 6 ~  lO7yr 1.1 x 103 (1.9x 10-1) 8.9 x 10-5 

Stable ( i . 9 x  104) _- -- 
_- (1.6 x 104) (9.3 x 105) (3.3 x 103) 

Stable 5.1 x 103 -- _ _  
1.1 x 102 

6.0 x 103 

i .4x  105 1.4x 103 

6.9 2.3 x 10-3 

Cerium 

2846111 7m/ 

I 

-1 37 30y/2.5m 

Barium Stable 

Lanthanum Stable 

1.9 x 103 137Cd137mBa 4.7 x 103 

(6.6 x 103) -- -- 
(5.0 x 103) -_ -- 

7.9 x 105 

1-12 

(9.0 x 103) 

4.8 x 101 

(3.0 x 105) 

3.0 x 105 

(1.2 x 103) 

1.2 x 103 1 44Ce/l44mPr/ 
144Pr 
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Neod ymi u m 
Promethium 

Table 1-2. Major Constituents o f  Liquid-Metal Reactor Spent 
Driver Fuel. (sheet 4 o f  5) 

Stable ( 1 . 5 ~  104) -_ -_ 
-- (3.4 x 102) (3.2 x 105) (1.1 x 102) 

~~ 

Comments Radioactivity Watts/ 
(Ci/MTHM)b MTHMb 

~~ 

isotope r Half-life g/MTHM T 

-147 

Samarium 

Praesodymium r Stable- 1 -(4.6( 103) I -- - I  -- 

2.6yr 3.4 x 102 3.2 x 105 1.1 x 102 

__ (4.7 x 103) ( i s x  104) (1.8) 

- 1  51 

Europium 

90yr 5.7 x 102 1 . 5 ~  104 1.8 

-- (5.1 x 102) (5.9 x 104) (2.1 x 102) 

-1 52 

-154 

~ ~ 

13.4yr 2.2 3.8 x 102 2.9 

8. Syr 7.4x 101 2.0 x 104 1 . 8 ~  102 

Gadolinium 

-1 53 

-- (5.3 x 102) (3.9 x 101) (3.3 x 10-2) 

2424 1.1 x 10-2 3.9x 101 3.3 x 10-2 

Carbon- 14 I 5 . 7 ~  103yr I 8 . 5 ~  10-1 I 3.8 I 1.1 x 10-3 1 

Terbium 

Dysprosium 

Total FPe 

Stable (3.6 x 101) -- -_ 
Stable (3.0 x 101) -- -_ 

-- 1.5 x 105 2.7 x 106 9-3 x 103 

Silicon 

Vanadium 

Chromium 

Stable (7.0 x 102) -_ -- 

Stable (8.6 x 104) -- -- 

Stable (6.3 x 104) -- -- 
Manganese 

-54 

-- (1.1 x 103) (2.2 x 103) (1.1 x 101) 

312d 2.8 x 10-1 2.2 x 103 1.1 x 10' 

Iron 

-55 

1-13 

-- (4.7 x 104) (1.2 x 103) (3.9 x 10-2) 

2.7yr 5.0 x 10-1 1 . 2 ~  103 3.9 x 10-2 

-59 

Cobalt-60 

45d 2.0 x 10-10 1 . o ~  10-5 9.7 x 10-8 

5.3yr -- 9.8 x 101 1 .5 

Nickel 

-59 

-- (2.9 x 103) (2.5 x 101) 1.0 x 10-2 

7.6 x 104yr 2.3 1 . 8 ~  10-1 7.1 x 10'6 

-63 1 OOyr 4.4 x 10-1 2.5 x 101 1 .o x 10-2 
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Table 1-2. Major  Cons t i t uen ts  o f  L iqu id -Meta l  Reactor Spent 
D r i v e r  Fuel. (sheet  5 o f  5) 

Com ments Elementl Radioactivity Watts/ 
isotope 1 Half-life. I gjMTHM 1 (Ci/MTHM)b 1 MTHMb 1 

I I I I I 

Molybdenum -- (4.5 x 10-1) I 
-93 3.5 x 103yr 4.1 x 10-1 4.5 x 10-1 4.2 x 10-5 

Technetium-99 2.1 x lO5yr 9.9 1 . 7 ~  10-1 8.4 x 10-5 

Tantal u m- 1 82 115d 4.5 x 10-5 2.8 x 10-1 2.5 x 10-3 

Tungsten _- (8.5 x 103) (2.0) (2.0 x 10-3) 

-181 121d 2.4 x 10-4 1.4 4.0 x 10-4 

-185 75d 6.7 x 10-5 6.3 x 10-1 1.6 x 10-3 

-188 69d 9.5 x 10-7 9.6 x 10-3 5.7 x 10-6 

Rhenium -- (6.2 x 102) (9.7 x 10-3) (4.8 x 10-5) 

-188 17h/19m Negligible 9.7 x 10-3 4.8 x 10-5 From laaW 
decay 

I I -_ I Osmium I Stable I ( 6 . 4 ~  101) [ -- 
2.2 x 105 1 3.5 x 103 I -- 

Total APf (no 
0 2 )  

I I 1 .3x104  I Total 
HM + FP + APC + 
0 2  I 

aMWd/MTHM = Megawatt days per initial metric ton of  heavy metals. 
bRadioactivity and power for parent and daughter are given i f  daughter is relatively short 

CQuantities in parentheses are totals for the element. Contribution from short-lived 

dHM = Heavy metals 
eFP = Fission products 

half-life. For example, the total radioactivity and power for the decay of 9% t o  9OY t o  stable 
9oZr is listed for 909 ,  and the 9OY contribution to yttrium i s  not  included. 

daughters produced by longer-lived parent i s  included in total for parent, except where noted. 

fAP = Activation products. 89-2206-1-2 
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ty is approaching 100 gigawatts electric (GWe). 
inventory by the year 2030 is about 130,000 MTU. 

The current U.S. waste management baseline policy is to dispose of LWR spent 
fuel in a deep geologic repository, which would stay open for possible 
retrieval of the spent fuel for a limited period. Current policy also allows 
for spent fuel reprocessing, provided it is cost effective. However, there 
are no known plans for reprocessing any U.S. commercial spent fuel at this 
time. Soon after the December 1987 selection of the State of Nevada as the 
sole site for repository characterization, there were reports (Nuclear News 
1988; Szymanski 1989) o f  concern that the site lacks the required geological 
stability. Also, there is concern that the present policy lacks backup 
positions in case the Nevada site cannot meet the containment criteria. 

fuel continues to accumulate, and utilities 
tuation by reracking to consolidate and reduce 
spent fuel to other sites, by expanding spent 
mplementing dry storage. 

summary of worldwide spent fuel waste management 
policies. The United Kingdom, France, Germany, Japan, and the U.S.S.R. 
comprise the bulk of the non-U.$. nuclear capacity, and each of these 
countries plans to reprocess its commercial spent fuel. The high-level 
waste (HLW) from reprocessing, in all cases, will be permanently stored in 
some kind o f  geologic repository in the individual countries. 

Concern over the future of the U . S .  geologic repository program led 
Westinghouse Hanford Company (Westinghouse Hanford) and Pacific Northwest 
Laboratory (PNL) personnel to form a study group to determine the feasibility 
of actinide and fission product partitioning, transmutation (P-T), and 
disposal as a realistic waste management alternative to spent fuel disposal. 
A primary goal of the group was to identify technology required to minimize 
the amount of long-lived radionuclides requiring disposal, and to manage 
the high-heat elements separately. 
Clean Use of Reactor Energy (CURE) concept which in its simplest version 
involves partitioning o f  actinides, 99Tc, and radioiodine from the HLW (or 
offgas) and subsequent transmutation of these nuc ides to short-lived or 

These studies led to the evolution o f  the 
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Table 1-3. World-Wide Spent Fuel Management Summary (January 1988). 

Percent Of Approach Country a;;: :y to ta l  

93 5 0.3 Repr oces s Argent i na 

Belgium 

Brazi 1 

Canada 

Fi nl and 

France 

Germany 

India 

I t a ly  

Japan 

S o u t h  Korea 

Nether1 ands 

Spain 

Sweden 

Swi t ze r l  and 

Taiwan 

United Kingdom 

1.9 Reprocess 5,488 

0.2 Reprocess 626 

12,064 4.1 Not decided 

2,310 0.8 Not decided 

49,378 

18,885 

1, is4 

1,273 

26,877 

5,380 

507 

5,599 

9,646 

2,932 

16.8 

6.4 

0.4 

0.4 

9.1 

1.8 

0.2 

1.9 

3.3 

1 .o 

Reprocess 

Reprocess 

Re proce s s 

Reprocess 

Reprocess 

Not decided 

Reprocess 

Once through 

Once through 

Reprocess 

1.7 Not decided 4,918 

10,214 3.5 Reprocess 

United States  92,982 31.5 Once through 

Union of Soviet Soc ia l i s t  31,996 10.9 Reprocess 
Republ i cs 

Not s ta ted 

Not stated Pakistan 125 0.04 

South Africa 1,842 0.6 Not s ta ted 

Other Soviet block countries 9,763 3.3 

Total 294,864 

(*)MWe = Megawatt e l ec t r i c .  
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stab1 e nucl ides. 
radiostrontium and radiocesium from the HLW followed by near-surface interim 
storage. Material requiring geologic disposal would include only activated 
metal and long-1 ived radionuclides not easily subject to transmutation. 

The CURE concept a1 so i ncl udes part i t i oni ng of 

Previous studies have evaluated proposals to partition various combina- 
tions of the actinides and fission products in the HLW and to destroy these 
combinations by nuclear transmutation (see Appendix A). The P-T process 
necessarily involved both reprocessing [for example, via the Plutonium-URanium 
Extraction (PUREX) process] and follow-on chemical separations treatment of 
the resulting HLW. The general approach was to recover the valuable plutonium 
and uranium and to reduce the volume and toxicity of HLW that must be 
permanently stored in a repository. Three recent evaluations (Burkholder 
et al. 1976; Logan et al. 1980; IAEA 1982) concluded that, assuming a 
repository i s  available for storage of the HLW, actinide P-T is not warranted 
from a cost-risk perspective. Major concerns of the current geologic 
repository are public acceptance, and the related issue of the very long time 
that the repository must maintain its integrity to retain the HLW. Use of 
CURE technology can remove virtually all o f  the actinides and the mobile, 
long-lived fission products. This activity could result in substantially 
reducing the interval that HLW must be environmentally isolated to shorter 
times (hundreds of years). 
funct i ons : 

Such a P-T system would include three major 

1. 

2. 

3 .  

Remove the majority of the near-term radioactivity and heat 
generation from the waste stream. For decay times between 10 yr 
and -200 yr, 90Sr, 137Cs, and the actinides are the major 
contributors to radioactivity and heat production. 

Achieve sufficient separation of the long-lived actinides so that 
their residual activity concentration in the final waste form is 
below a total of 100 nCi/g. 
from the waste for transmutation to stable Ru and Xe, respectively. 

Also separate 99Tc and radioiodine 

Reduce the long-term risk of groundwater transport of residual 
radionuclides in the waste packages to an acceptable degree. 
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Tabulated data listed in Croff et al. (1980) lead to the conclusion 
that essentially all of the residual risk of disposal of HLW in a deep 
geologic repository located in salt strata was from 99Tc and 1291. 
example, for long-term risk due to water intrusion and leaking into such a 
salt repository, 92 percent of the residual risk was due to 99Tc and 8 percent 
to 1291. Table R.15 of DOE (1987) shows that 99Tc and 1291 are also the 
dominant nuclides which determine risks o f  near-surface disposal of certain 
Hanford Site wastes. 
removal of 90Sr and 137Cs, may produce a waste stream that would qualify for 
near-surface disposal. 
may be necessary to confirm the potential of the P-T approach. 
necessary to ensure that the partitioning processes provide sufficient 

For 

The P-T of 99Tc, 1291, and actinides, in addition to 

A comprehensive site-dependent performance assessment 
It is also 

decontamination (Chapter 3.0) to produce a waste stream that m 
criteria for near-surface disposal . 

The U.S. Department o f  Energy (DOE) is currently studying 
repository site at Yucca Mountain, \Nevada for the geological d 
spent fuel and other HLW. The repository horizon under study 
unsaturated zone 200 to 400 m above the water table. With the 

ets establ i shed 

a candidate 
sposal of 
ies in the 
exception of 

1% (and possibly 1291), which may migrate in a vapor phase, the majority of 
1 ong-1 ived radionucl ides present in spent nuclear fuel w i  11 require 
dissolution or suspension in water to be transported from a failed waste 
package in the absence of a major geological event such as volcanism. Water 
is not expected to contact the waste package during the first several hundred 
years after disposal while the repository temperature is greater than the 
95 "C boiling temperature of water at the repository elevation. The 
U.S. Nuclear Regulatory Commission (NRC) requires (NRC 1983) containment for 
a period of at least 300 yr. 
following the containment period shall not exceed one part in 100,00O/yr of 
the inventory of each radionuclide calculated to be present at 1,000 yr. 
The inventories of radionuclei present in PWR spent fuel at 1,000 yr are 
summarized in Table 1-4. Additional 10,000 yr cumulative release limits 
have been stated by the U.S. Environmental Protection Agency (EPA 1985). 

The release rates for individual radionuclei 
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Table 1-4. Pressurized Water Reactor Spent Fuel Radionuclide 
Inventories at 1,000 Years. 

~ 

” OOO-year 
act i vi ty Curnu1 at i ve 

(% of total) 
Ci/l, o?g 

MTHM Radionuclide(a) Half-life 
activity (%) (year) 

241Am 
243Am 
24OPu 
239Pu 
242Pu 
238Pu 
99Tc 
59Ni 
63Ni 
9 3 ~ r  
93mN b 
94Nb 
14c 

23411 
23811 
236u 

237Np 
126sn 

79% 

135cs 
151sm 
lo7Pd 
1291 

43 2 
7.37 x 103 
6.56 x 103 
2.41 x 104 
3.76 x 105 

88 
2.13 x 105 
7.50 x 104 

100 
1.53 x lo6 

13.7 
2.03 x 104 
5.73 x 103 
2.45 x 105 
4.47 x 109 
2.34 x 107 

1.00 x 105 
6.50 104 
3.00 x lo6 

90 
6.50 x lo6 

2.14 x lo6 

1.57 x 107 

8.95 x 105 
3.11 x 1 0 W  
4.77 x 105 
3.05 x 105 
1.76 x 103 

1.30 x 104 
5.15 x 103 

1.93 x 103 
1.84 x 103 
1.24 x 103 
1.37 x 103 
1.98 x 103 

967 

3 54 

317 
271 

1.00 x 103 
772 
405 

345 
163 
112 
32 

51.33 51.33 
1.78 53.11 

27.37 80.48 
17.45 97.96 
0.10 98.07 
0.06 98.12 
0.75 98.87 
0.295 
0.020 
0.111 
0.105 
0.071 
0.079(d) 
0.114 
0.016 
0.018 
0.057 
0.044 
0.023 

0.020 
0.009 
0.006 
0.0018 

NOTE: 
react r spent fuel, actinides plus fission products plus 

than ear omitted. 
tbYMTHM = metric ton o f  h vy metal 
(c) cludes activity of 29%4p daughter product. 
(dl  f% activity may vary considerably depending on as-fabricated nitrogen 

Based on ORIGEN2 data for 33,000 MWd/MTHM burnup pressurized water 
ivation products. 

Ta)Radionuclides with 1,000-year activity less than E4 I or half-life less 

impurities. 
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The dissolution behavior of spent fuel and potential mechanisms for 
radionuclide release during the repository post-containment period are being 
studied by the Yucca Mountain Project using geochemical models and laboratory 
tests with actual spent fuel specimens. Current results indicate that 
releases for all of the actinide nuclides including 237Np will be limited by 
their very low solubilities to levels several orders of magnitude below the 
one part in 100,00O/yr annual release limit. The problem nuclei for the 
repository appear to be the soluble and volatile fission and activation 
products that account for less than 2 percent of the total activity of spent 
fuel at 1,000 yr. 
100,00O/yr have been measured for 99Tc, 14C, 135Cs and 1291 in laboratory 
dissolution tests. 
most of the radionuclide inventory is thermodynamically unstable relative to 
degradation by oxidation in the repository air atmosphere, suggesting a 
potential for even more rapid dissolution of soluble nuclides if the fuel is 
eventually contacted by water. Meeting the NRC requirements f o r  the s o l u b l e  

nuclei will likely require dependence on considerations such as low 
probability water contact scenarios and time-distributed container/cladding 
fai 1 ure rates. 

Continuous release rates greater than one part in 

In addition, the UO2 fuel matrix phase that contains 

The studies cited by Croff et al. (1980) and by Wachter and Croff (1980) 
considered transmutation o f  the 99Tc and 1291 in 1 ight-water reactors (LWR), 
with transmutation rates of 11 percent/yr and 3 percent/yr, respectively. 
In order to establish viability of transmutation of any species, an annual 
transmutation rate of at least 5 percent/yr is desirable. The LWRs do not 
meet this criterion for 1291. 
(1980) for 1291 transmutation are the corrosiveness of iodine on encapsulation 
materials and the fact that 1291 transmutes to xenon (a gas) with the 
potential for pressurizing the target pins. 

Additional difficulties cited by Croff et al. 

There have been many studies of actinide transmutation in neutron fields 
generated by a variety of devices, including fast reactors (FR) ,  thermal 
reactors, high-power accelerators, and fusion reactors. A hard-spectrum FR 
is a good neutron source for fissioning most of the actinides recovered 
from HLW. The LWRs do not induce as much fission in most actinides, but 
these are transmuted by neutron capture to higher mass actinides. Production 
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of higher mass actinides is desirable only to the extent that there exists 
a beneficial use for them. Recent accelerator development activities in 
support of the Strategic Defense Initiative program have made high-power 
accelerators a realistic source of hard spectrum neutrons. 

90Sr and 137Cs, each with a half-life of about 30 yr, constitute most 
of the intermediate term (10 to 200 yr) heat load and radioactivity of spent 
fuel. The thermal neutron transmutation cross-section for both of these 
isotopes is far too small to consider transmutation in a thermal reactor 
neutron spectrum. 
use. 
as well as monitored interim storage. High-power accelerators and high-flux 

Both 90Sr and 137Cs, however, have potent i a1 for benef i ci a1 
Consequently, management of 137Cs and 90Sr may include beneficial use 

reactors may be able to transmute 90Sr and 137Cs, but this is likely a 
range potenti a1 . 

Figure 1-2 shows qualitatively the benefits of incrementally remov 
The figure plots elements from spent fuel as a function of decay time. 

logical ingestion toxicity versus time for four cases: 

I. Spent fuel with no reprocessing 

11. Reprocessing that removes 99 percent of the plutonium and all 
uran i um 

ong- 

ng 
radio- 

the 

111. Additional processing beyond Case I1 that removes all actinide 
elements 

IV. Additional processing beyond Case I11 that removes all 
radi ostront i um, radi ocesi um, 99Tc, and radi oi odi ne. 

Information from Figure 1-2 can be used, along with information relating 
to groundwater flow rate, radionuclide retardation, etc., for calculation of 
the total societal health risk of reprocessing with P-T and associated waste 
management activities. Actinide removal also shows benefit in the long 
range (greater than several hundred years), as does removal of 99Tc and 
1291. Removal of 90Sr and 137Cs shows short-term (less than 500 yr) benefit, 

1 - 2 1  
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Figure 1-2.  R e l a t i v e  Inges ted  T o x i c i t y  o f  
CURE Concept Residual  Waste. 

Case 
1: Spent Fuel (33,000 MWdlMTU) 
11: (I) - (Plutonium + Uranium) 
111: (11) - (Other Actinides) 
IV: (Ill) - (Sr + Cs + Tc + I) 

10 
2 3 

10 10 
l ime (yr) 

1 - 2 2  

l o 4  

38908053.8 
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subject to the caveats already noted concerning their disposition. 
short term, two other major factors must be considered: 

In the 

1. Negative benefit resu 
activities 

2. Positive benefit resu 
and elements, e.g., 

Use of plutonium 

ting from reprocessing and transmutation 

ting from beneficial use of some isotopes 

for reactor fuel (electricity generation) 

Use of radioisotopes for commercial, research, and medical 
applications 

Use of stable elements for commercial applications. 

Japanese researchers in their newly-announced OMEGA Program (AIJ 1988) 
for P-T of HLW have also concentrated on removal of actinides, 99Tc7 
radioiodine, radiostrontium, and radiocesium, as well as valuable stable 
fission products. 

Finally, it is noted that Argonne National Laboratory personnel are 
developing technology for pyrochemical partitioning and subsequent 
transmutation of various actinide elements (Johnson 1986). This process  

generates chloride salt wastes produced as the result of proposed 
pyrochemical processing of spent integral fast reactor (IFR) Zr-U-Pu metal 
alloy fuel. 
radioiodine, radiocesium, radiostrontium, from salt and other wastes generated 
in proposed processing of IFR fuel are not being considered, however. The 
aqueous-based CURE system chemical processing techno1 ogy described in 
Chapter 3.0 of this report, suitably modified and developed, also appears 
capable of partitioning actinides and other key radionuclides from IFR fuel 
pyrochemical processing wastes. 

The partitioning of other key radioactive elements, e.g., 99Tc 
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1.2 SCOPE OF THIS STUDY 

Major features o f  the CURE system are described in Chapter 2.0. 
Chapter 2.0 also lists reasons why the CURE concept is timely and worthwhile. 
Chapters 3.0 and 4.0 describe the CURE concept P-T reference technology. 
Preliminary estimates of CURE concept costs and both short- and 
long-term risks are presented in Chapter 5.0 as well as a brief discussion 
of CURE concept transportation and institutional issues. 
additional technology development and demonstration required to make the 
CURE concept an acceptable geologic repository disposal pretreatment 
alternative. 
assessment plan (costs and schedules) keyed to demonstrate essenti a1 CURE 
concept technology. 

Chapter 6.0 1 ists 

, 

The concluding Chapter 7.0 presents an abbreviated technology 
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I 2.0 CURE CONCEPT 

I 2.1 DESCRIPTION OF CURE CONCEPT 

I 2.1.1 Essenti a1 Features 

The CURE concept involves three primary functions: 

Chemical Drocessinq of spent LWR fuel to recover and recycle uranium 
and pl utoni um 

Partitioninq of long-lived actinides and long-lived fission 
products (99Tc and radioiodine), from either the HLW or certain 
offgases generated in the reprocessing of spent reactor fuels. 
Radiostrontium and radiocesium will also be partitioned from 
the HLW. 

Transmutation, in suitable nuclear reactors and accelerators, of 
the recovered and purified actinide elements, 99Tc, and lZ9I to 
stable isotopes, short-lived radioactive products, or potentially 
valuable by-products (e.g., 238Pu). 
radiostrontium and radiocesium could be stored in near-surface 
engineered facilities either before or after beneficial use until 

the decay heat i s  suitably low for final disposal. 

Solidified and encapsulated 

A deployed CURE system can thus serve an important function: 

Enhancement to realization of a deep geologic repository for 
disposal of spent fuel and/or HLW by contributing toward public 
acceptance and ease of siting and licensing of such a repository 
(Figure 2-1). 
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Figure 2-1. 
Facilities Involved in the CURE Concept. 
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The CURE concept includes P-T of actinide elements, 99Tc, and radioiodine 
I (Table 2-1). Certain other long-lived radionuclides (Table 2-2) will be 

I 
converted to a stable form (e.g., glass) and, along with other reprocessing 
solid wastes, will be disposed of in a deep geologic repository. 
concept also involves partitioning of radiostrontium and radiocesium, followed 
by interim decay storage prior to geologic disposal. 

The CURE 

As currently envisioned (Figure 2-1), all the various activities 
(e.g., chemical processing, target fabrication and irradiation, low-level 
waste (LLW) disposal, etc.) involved in the CURE concept could be located 
and performed in a few suitably controlled access areas. 
of a CURE facility will be electric energy, low-level wastes, a small quantity 
of high-level waste, and, as appropriate, beneficial by-product radioisotopes. 

The only products 

The radionuclides listed in Table 2-1 are the key contributors to the 
radioactivity and long-term disposal risks for LWR and FR spent fuel. 
additional long-lived radionuclides (Table 2-2) may also need to be considered 
in performance assessments to confirm the expectation that partitioning of 
the key radionuclides listed in Table 2-1 is sufficient to reduce the long- 
term risks of disposal of the residual waste to acceptable levels. 
performance assessments may dictate the need to remove one or more of the 
fission products listed in Table 2-2 from the TRansUranic Extraction (TRUEX) 
process raffinate. 
proceeds, it may be necessary to devise suitable separations procedures for 
some o f  the fission products enumerated in Table 2-2. 

A few 

Such 

Thus, as development of the CURE concept technology 

2.1.2 Techno1 ogi es 

To accomplish the overall CURE concept objective, five principal 
technologies--chemical processing, target fabrication, target irradiation, 
waste management/disposal, and transportation--must be successfully operated 
in a closely-coupled and integrated system. Each of these technologies is 
described briefly below and more fully in subsequent sections of this report. 
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Element Basel i ne disposition 

U a  Recover and store 

Pua Recover. use for reactor fuel 

Disposition option(s) 

Transmute to  Pu 

I Transmute to 238Pu I 

Radioiodine 

Radi ostronti u m 

-- 

lAma- I Fission 

Transmute to  stable Xe 

Geologic repository 

Immobilized form in repositoryc 

Interim storage followed by 
repositorv disoosal 

I Transmute to 238Pu and Cm I 

~ 

Radiocesium 

l C m 7 -  1 Fission 

Geologic repository Interim storage followed by 
repository disposal 

I Transmute to 252Cf I 
_____~ r 99Tc I Transmute to stable Ru I Immobilized form in repositorvb I 
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Chemical processing of irradiated LWR and FR fuels will be accomplished 
by means of the classic aqueous PUREX process; state-of-the-art PUREX process 
technology will be employed throughout, including modern shear- each 
dissolution procedures and extensive use of chemical reagents (e.g., plutonium 
reductants, solvent wash solutions, etc.) which minimize the salt content of 
the HLW. 
special sorption methods. The Am, Cm, and other actinides (U ,  Np, and Pu), 
as well as 99Tc in the acidic PUREX HLW, will be effectively removed by the 
newly-developed, highly selective and efficient TRUEX process (Schulz and 
Horwitz 1988). 
Am-Cm-lanthanide fraction; Pu-Np fraction; and U-Tc fraction. Ancillary 
separations processes (see Chapter 3)  will be used to prepare purified 
actinide and technetium products. 
processes will then be employed to remove radiocesium and radiostrontium, 
r e s p e c t i v e l y ,  from the TRUEX process aqueous raffinate. 

Radioiodine will be recovered from the PUREX process offgas by 

The TRUEX process will be operated to produce three products: 
* 

Precipitation and solvent extraction 

Appropriate portions of the aqueous methods used to reprocess LWR and 
FR fuels will also be used t o  process irradiated target assembl ies. In 
some cases, e.g., irradiated 99Tc and radioiodine targets, pyrochemical 
procedures may be developed and appl ied to recover remaining technetium and 
iodine. 

Fabrication and irradiation of purified actinide element targets will 
involve conversion of purified nitrate solutions to solid oxides, prepara- 
tion of oxide pellets, and loading of oxide pellets into suitable fuel rod 
assemblies. 
radioiodine target materials; the optimal technetium and iodine compounds for 
preparation of targets remain to be determined. 

Similar operations may be performed with purified 99Tc and 

* If desirable or necessary, other product fractions can be produced; 
for example, Np-Pu-Am-Cm-lanthanide fraction. 
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Waste management/di sposal wi 11 i nvol ve col 1 ect i on, treatment, and 
disposal of all liquid and solid wastes generated in CURE chemical processing 
and target fabrication activities. As indicated previously, offgases will 
be treated to remove radioiodine and, to the extent necessary, NO,, and any 
other components needed to meet air quality standards. 

The principal liquid waste to be produced in CURE chemical processing 
operations will be that resulting from removal of actinide elements, 99Tc, 
radiocesium, and radiostrontium. Other liquid wastes, e.g., solvent wash 
wastes, process condensates, etc., will be treated so that they can be 
satisfactorily and properly combined with the LLW from the mainline PUREX- 
TRUEX processes. 
for disposal in a geologic repository, or possibly in engineered near-surface 
facilities. If desirable for any reason (e.g., destruction of organic 
materials, decreased water solubility of residual radionuclides, etc.), the 
LLW can by calcined prior to incorporation into the solid matrix. 

The resulting LLW will be incorporated into a solid-matrix 

Various sol id wastes [e.g., high-efficiency particulate absolute (HEPA) 
filters, dissolution residues, failed equipment, combustible material, etc.] 
generated during CURE concept chemical processing and target fabrication 
activities will be adequately treated and decontaminated (i.e., leached, 
reacted with H2S04-HN03 solutions, etc.) to permit their disposal as LLW. 

It is anticipated that fuel assembly hardware and cladding hulls will be 
consolidated and disposed o f  as a Greater-Than-Class-C (GTCC) waste (NRC 
1982 and 1989).* The FR fuel assembly hardware is currently stainless steel 
(316, D-9, or HT-9) and is assumed not to be dissolved in the head-end 
treatment processes. The LWR fuel assembly hardware is currently Zircaloy 
and is assumed not to be dissolved in the head-end and treatment processes. 

The waste management/disposal activity of the CURE concept will also 
include packaging and safe storage o f  recovered radiokrypton, radiostrontium, 
and radiocesium. It is anticipated that purified and concentrated 

*See discussion in Chapter 6, particularly, Technical Issues 6.3.1 and 
6.3.4. 
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radiostrontium and radiocesium fractions will be converted to appropriate 
solid forms, which, after double encapsulation, can be used as radiation 
sources and/or stored for approximately 300 to 500 yr ( > l o  half-lives). 
(Future techno1 ogy devel opments may a1 1 ow sel ect i ve i sotopi c separation of 
l3%s, 13’Cs, and 90Sr and subsequent transmutation. ) 

Transportation will involve shipments of unprocessed spent fuel to the 
CURE facility, of beneficial radioisotopes from the CURE facility, and 
immobilized HLW free of actinides to a geologic repository. 
federal regulations will be met. 
streams will include reprocessed fuel, target material and assemblies, LLW, 
and benef i ci a1 radi oi sotopes. 

Appropriate 
Within the CURE facility, transportation 

2.2 IMPORTANCE OF CURE 

There are a number of reasons why serious consideration and further 
development of the CURE concept 
namely: 

The CURE concept prov 

are particularly timely and worth 

des a positive method for destroy 
than storing, long-lived radionuclides. 

hile, 

ng, rather 

The CURE concept system may enhance public acceptability o f  
licensing of a geologic repository. 

The CURE concept allows for recovery and utilization o f  valuable 
uranium and plutonium in spent LWR fuel, as opposed to disposal o f  
these resources in a geologic repository. 

The CURE concept makes various radioisotopes and stable elements 
avai 1 ab1 e for benef i ci a1 use. 
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In the United States, the demand for electrical energy is expected to 
continue to increase because it closely correlates with the gross national 
product (Bloomster and Merrill 1987). 
electrical power, accompanied by a decreasing margin in the excess electrical 
generating capacity, combine to support the need for significant increases 
in near-term electrical generating facilities. While predictions of U.S. 
energy needs are notably changeable, information in DOE publications 
(DOE/EIA-0173 1981) indicates that fossil fuel and nuclear fission energy are 
the only two near-term (next -30 yr) options available that can significantly 
increase (>l%/yr) electrical power generation. Given the current regulatory 
cl imate and we1 1 -known pub1 ic concerns about the safety of nuclear reactors, 
and the long-term risks associated with geologic disposal o f  HLW and spent 
fuel, it might be expected that near-term utility commitments to increase 
electrical energy generation capacity will be mostly fossil fuel burning 
facilities. 

The expected growth in demand for 

Coal-fired electrical generating facilities have come under increasingly 
close scrutiny in recent years because of their contribution to acid rain 
and "greenhouse" concerns. 
influence overall U.S. energy strategy, an emphasis on continued commercial 
nuclear power generation in the United States may become necessary. 
CURE concept could make a significant contribution to public acceptance o f  
nuclear power by eliminating concerns that deep geologic disposal of 
commercial spent fuel (or HLW) defers nuclear waste disposal risks to future 
generations while the present generation receives the benefits of the nuclear 
power. The CURE concept may also help to reduce the 'not-in-my-backyard' 
(NIMBY) syndrome that exists in the United States today. 

If these issues become important enough to 

The 

By providing a supply of fissionable material (uranium and plutonium) 
for use in future commercial LWRs or FRs, the CURE concept can make a further 
contribution to a revitalized nuclear power industry. In contrast, geologic 
disposal of the uranium and plutonium in the currently stored inventory of 
LWR fuel will negate these valuable resources. 
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In addition to recovery of uranium and plutonium, the CURE concept will 
a1 so a1 1 ow for recovery of Val uabl e by-product radionucl ides. 
radionucl ide 137Cs is currently of interest as a source of gamma radiation to 
sterilize medical supplies, etc. Furthermore, the CURE concept will allow 
recovery of radionuclides that can be used as targets for production of such 
useful isotopes as 238Pu and 252Cf. 

The 

2- 10 



.. .. 

WHC-EP-0268 

3.0 PARTITIONING 

3.1 CHEMICAL PROCESSING 

3.1.1 Introduction 

The CURE concept comprises three major activities: (1) reprocessing of 
spent fuel to recover uranium and plutonium, (2) chemical partitioning of key 
radionuclides (Table 2-1) from HLW, and (3) transmutation of certain 
partitioned long-lived radionuclides into stable or short-lived products. 
Partitioning involves chemical separation of selected radionuclides from the 
HLW and offgas produced in reprocessing of spent reactor fuel and irradiated 
nuclide target assemblies. The long-term goal of the integrated partitioning 
activities (Figure 3-1) is to minimize the volume of waste requiring geologic 
disposal. 
release to the environment. 

Gaseous effluents are treated to meet permit requirements for 

Tables 3-1 and 3-2 list the range of decontamination factors (DF)  which 
CURE system partitioning processes must achieve with typical LWR and FR fuel 
to obtain different classes of radioactive waste, all suitable for land 
disposal. 
class of radioactive waste,  b u t  a l s o  on t h e  volume o f  t h e  waste .  

final waste volumes from 0.1 m3/MTU to 5 rn3/MTU is used to calculate the 
factors listed in Tables 3-1 and 3-2; this range is believed to encompass 
process waste volumes which would be produced from a fully implemented CURE 
system. 

In each case, the required decontamination depends not only on the 
A range o f  

For each of the four different waste volumes, DFs required to produce 
waste meeting the radionuclide specifications shown in 10 CFR 61 for 
Classes A ,  B, and C wastes are listed. The very low radionuclide 

3 - 1  
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Figure 3-1. The CURE Concept: Integrated Chemical 
Partitioning Processes. 

Spent GTCC and Irradiated 
Reactor Low-Level Gaseous Radionuclide 

Fuel Wastes Effluent Targets 

Integrated CURE Concept 

I , i r 1 

Target 
Reprocessing 

Waste 

Treatment, 
Reprocesslng Separations, 

Packaging I 
I I 

Purified Products 
(Reference Table 2-1) 

Reactor Fuel (Pu, U) 

Beneficial Use/lnterim Storage 
- Fission Products ( 13'Cs, %3r) - Transmutation Products ( 238 Pu, 25kf ,  etc.) 

GTCC = Greater-than-Class-C 
38809235.1M 
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concentrations in Incidental Waste correspond to those projected to be present 
in DOE Savannah River Site "saltstone".* Discussion of the capabilities of 
present-day, as well as projected future partitioning technology to realize 
the various DFs  stated in Tables 3-1 and 3-2 is deferred until Section 3.1.5. 

Except for TRU elements, DFs listed in Tables 3-1 and 3-2 are defined 
and calculated by means of Equation 1: 

Ci of nuclide (in sDent fuel) / Ci o f  nuclide (in solid waste) 
MTU (or MTHM) in spent fuel m3 of solid waste 

DF= (1) 

m3 of sol id waste 
MTU (or MTHM) in spent fuel 

Data for the first term in the numerator of Equation 1 were taken from 
Tables 1-1 and 1-2 while data for the second term in the numerator (Class C, 
B, and A waste criteria) are listed in footnote (a) to Table 3-1. The DFs 

were calculated for four values of the specific volume of solid waste, namely 
0.1, 0.5, 3.0, and 5.0 m3/MTU. 
quantities. 
required in the CURE system partitioning process. 

Equation 1 shows that DFs are dimensionless 
A DF of 1 means that no removal of a particular nuclide is 

Equation 1, suitably modified, was also used to calculate required DFs 

for the total TRU elements. The DFs for TRU elements listed in Tables 3-1 
and 3 - 2  are conservative in that the sizeable contribution o f  244Cm 
(t1/2 = 18.1 yr) to the TRU concentration of the HLW is included; the current 
NRC definition of TRU elements, for waste disposal purposes, excludes actinide 
elements with half lives less than 20 years. Conversely, however, only 
0.25 percent of the 241Pu in the spent fuel is assumed to be in the HLW; 241Am 
from beta decay of 241Pu (t.112 = 14.4 yr) may eventually have to be 
partitioned and transmuted when the stored PUREX process plutonium product 
is placed into service. 

*Saltstone is the name given by Savannah River Site personnel to the 
cementitious product formed by combining decontaminated a1 kal ine defense waste 
solutions containing large amounts of NaN03 and other sodium salts with 
portland, or other type, cement (Wilhite et al. 1987). 
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Chemical processing entails three principal interrelated steps 
(see Figures 3 - 1  and 3-2): 

1. Fuel Reprocessing 
2 .  Waste Separations, Treatments, Packaging 
3 .  Target Reprocessing. 

In the Fuel Reprocessing step, plutonium, uranium, and neptunium are 
recovered from spent reactor fuels, purified, and converted to oxides. From 
offgases generated in fuel reprocessing, radioiodine i s  recovered, purified, 
and concentrated for subsequent treatment and disposal . 

The Waste Separations step involves a carefully selected series of 
chemical processes to remove residual plutonium and uranium, other actinides 

strontium, and rare earths from the HLW separated in the Fuel Reprocessing 
step. Plutonium, uranium, and neptunium are recycled to the Fuel Reprocessing 

(e.g., neptunium, americium, curium), 99Tc, f i s s i o n  products cesium and 

step. Certain radionuclides removed from fuel reprocessing HLW are purified, 
converted to solids, and packaged for engineered storage (e.g., 137Cs, %r) 
and/or transmutation (e.g., 99Tc, lz9I, neptunium, americium, curium). 
Fission product rare earths (Ln), after separation from americium and curium, 
are combined with the aqueous solution remaining after removal o f  actinides, 
99Tc, and fission products cesium and strontium for eventual solidification 
and disposal. 

The third part of the integrated chemical processing operations is Target 
Reprocessing. 
transmutation products from spent target (e.g., 99Tc, radioiodine, Am, etc.) 
assemblies. Transmutation products are packaged either for beneficial use or 
disposal. 
additional irradiation. 

This latter step is designed to recover radionuclides and 

The remaining 99Tc, radioiodine, Am, etc., are recycled for 
It is anticipated that the bulk of the technology 

Reprocessing and Waste 
onuclides and/or 

and chemical separations processes used in the F 
Separations steps will also apply to recovery of 
transmutation products from spent target assembl 
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Processes and chemical flowsheets presented and discussed in this section 
are intended to provide a technical baseline for comparison of alternative 
processes and to identify (see Section 6.1)  chemical separations technology 
needs for the CURE concept. 
subsequently in this section are selected on the basis of proven and accepted 
practices and are considered to be the best available technology. 
instances, e.g., removal of radiostrontium from acidic HLW, it is anticipated 
that improved separation processes can and will be developed and applied.* 

Base1 ine separations processes described 

In some 

3.1.2 Fuel Processing 

3.1.2.1 Function. The basic function of the Fuel Processing operations of 
the overall CURE chemical processing operation is to recover, separate, and 
purify uranium, plutonium, and neptunium from spent r e a c t o r  fue ls  including 
both LWR and FR fuels. 
Processing operations include recovery, separation, and concentration of lZ9I 
from gaseous waste streams as well as conversion of purified plutonium, 
uranium, and neptunium nitrate solutions to solid oxides. 

Ancillary functions to be accomplished in Fuel 

*Dr. E. P. Horwitz, Argonne National Laboratory, Argonne, Illinois, has 
recently developed a highly efficient and highly selective process for solvent 
extraction of strontium from strongly acidic media which does not involve use 
of objectionable organic complexants, does not add sodium to the HLW, and does 
not require difficult-to-control pH adjustments. Further details of this new 
solvent extraction process cannot be disclosed in this report because of 
patentability constraints; 
with simulated HLW, and batch tests with actual HLW have been uniformly 
successful. If furth r countercurrent tests with actual HLW are also 
successful, the new g8Sr solvent extraction process of Horwitz will replace 
the reference process described in this report. 

However, countercurrent tests of the new process 
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3.1.2.2 Key Assumptions. The following listed assumptions are used to 
establish the base1 ine Fuel Reprocessing process and process flowsheet. 

The aqueous-based PUREX process (McKay et al. 1989) is used to 
reprocess spent reactor fuel. 

For criticality control, process solutions obtained from the Fast 
Reactor (FR) fuel head-end dissolver could be appropriately diluted 
with depleted U to allow subsequent PUREX process operations in the 
same extraction equipment used to process LWR fuel dissolver 
solutions. Alternatively, a separate processing 1 ine could treat 
the FR fuel without dilution. 

Light-water reactor spent fuel has the composition shown in 
Table 1-1, and liquid-metal reactor spent fuel has the composition 
shown in Table 1-2. 

For convenient scale-up purposes, the baseline processing rate is 
1,000 MTU (or MTHM) of spent fuel per year. 

No special oxidation or reduction treatments will be performed to 
adjust the valence state o f  237Np in the fuel dissolver solution; 
accordingly, 237Np will distribute both to the HLW and to the 
tributyl phosphate (TBP) phase in the first PUREX process extraction 
cycle. 

In PUREX process operations, "Tc splits between the HLW (-80%) and 
the uranium nitrate product (-20%).* 

The PUREX process is operated to minimize as much as possible the 
amount of any nonradioactive chemicals other than HNO3 in the HLW 
stream. 

*The possibi ty of modifying PUREX process flowsheet conditions so as 
to drive all the 44Tc to the HLW is recognized and needs to be explored 
experimentally. 
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3.1.2.3 Flow Diagram. 
(PUREX process) fl owsheet. 

Figure 3-3 illustrates the base1 ine fuel reprocessing 

3.1.2.4 Process Description. The PUREX process for reprocessing spent 
reactor fuel consists of six separate and distinguishable sections: 

1. Head-End 
2. Sol vent extraction 
3. Oxide conversion 
4 .  Organic recycle 
5. Liquid waste handling 
6. Offgas treatment. 

Head-End. In the Head-End of the PUREX facility spent fuel assemblies 

Contained in specially- 

Following completion of the fuel 

Rinsed hulls are subsequently 

are mechanically disassembled, and fuel pins are sheared (chopped) into small 
( 2  to 8 cm long) sections to expose core material. 
constructed baskets, the sheared fuel is treated with boiling HNO3 to dissolve 
uranium, plutonium, and fission products. 
dissolution step, undissolved fuel cladding (cladding hulls) are rinsed first 
with 12M HNO3 and then with a water spray. 
treated (cf. Section 3.2) to remove any remaining actinides prior to packaging 
for final disposal. 

The HNO3 dissolver solution resulting from dissolution of fuel cores 
will contain a small amount of finely divided solids. These solids consist 
mainly of noble metals (e.g., ruthenium, palladium, etc.), but various 
actinide elements (e.g., plutonium, uranium, etc.) may also be present. 
Thus, the solids will be separated by centrifugation or filtration, dried, 
and routed to either further aqueous treatment [e.g., leaching with HNO3 or 
HN03-Ag(II) (CEPOD reagent) solutions (Bray 1982; Bray 1985; Ryan 1987)] or 
directly to fabrication of actinide targets. 

3-10 
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Solvent Extraction. Standard and well-known PUREX process technology 
will be employed to recover, separate, and purify plutonium and uranium. The 
chemical flowsheet to be used involves co-decontamination of uranium and 
plutonium, partitioning of plutonium, and further purification extraction 
cycles for both uranium and plutonium. 
choice of plutonium valence adjustment reagents [e.g., NO,, hydroxylamine 
nitrate, U(IV), etc.] which do not add inorganic salts to the HLW. 

Strict attention will be given to the 

Although not indicated in Figure 3-3, any neptunium which co-extracts 

Neptunium will be separated from uranium in the second 
with uranium and plutonium is expected t o  follow uranium in the plutonium 
partitioning step. 
uranium purification cycle (Figure 3-3) employing technology used successfully 
at the DOE Hanford Site PUREX Plant (Isaacson and Judson 1964). 
extraction cycles, not shown in Figure 3 - 3 ,  will be used to concentrate and 
p u r i f y  237Np from uranium, plutonium, and f i s s i o n  products (Schulz and 

Benedict 1972). 
standard (Poe et al. 1964) anion exchange procedures. 

Further TBP 

Final purification of the 237Np will be accomplished by 

A new and unique feature of the CURE-type PUREX solvent extraction flow- 
sheet is inclusion of a separate tail-end solvent extraction process (see 
Figure 3-4) to remove 99Tc from the uranium nitrate product. 
process will use a commercially available primary amine (Primene JM-T)* dis- 
solved in a mixture of normal paraffin hydrocarbons to preferentially extract 
99Tc from the aqueous uranium stream. An alkaline [e.g., (NH4)$03] solution 
will be used to strip 99Tc from the amine extract. The resulting 99Tc stream 
will be further processed to produce a solid 99Tc material for use in 
transmutation target assemblies. To permit direct calcination to U03 it is 
essential that no impurity metal cations be added during pH adjustment o f  the 
feed to the amine extraction process. 
acid must be used to accomplish any needed pH adjustments. 

This tail-end 

Decomposable materials such as formic 

"Primene JM-T is a trademark of Rohm and Haas Company. 
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(3.88) 

Figure 3-4. Flowsheet f o r  Amine Separation o f  Uranium and 99Tc- 
PUREX Process Uranium Product. 
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Oxide Conversion. The PUREX process-purified plutonium and uranium 
nitrate products will be converted to Pu02 and UO3, respectively. 
calcination of the 99Tc-free uranium nitrate to U03 can be accomplished by 
standard production-scale methodology. 
calcination of plutonium oxalate previously precipitated from the plutonium 
nitrate solution. The Pu02 and U03 products will be stored until needed as 
fuel. 

Direct 

The Pu02 will be produced by 

Purified neptunium nitrate solution will be directly calcined to Np02. 

The resulting Np02 will then be fabricated into targets for irradiation. 

Orqanic Recvcle. Standard solvent washing methodology employing a1 kal ine 
reagents such as hydrazine carbonate or hydrazine oxalate will be used 
routinely to remove radiolytic and hydrolytic degradation products from the 
PUREX process tri-n-butyl phosphate (TBP) solvent for recycle to solvent 
extraction operations. After suitable treatment to remove or destroy dibutyl 
phosphoric acid (DBP), the spent solvent washes will be incorporated into the 
PUREX process HLW for subsequent TRUEX process recovery of uranium and TRU 
elements. A solvent extraction process devised by Horwitz (Horwitz 1978) may 
be applicable to removal of DBP from the alkaline solvent wash. 
Alternatively, it may be desirable to convert the DBP to unobjectionable 
phosphate ions by boiling the acidified (HNO3) spent solvent wash solution 
prior to addition to the PUREX process HLW. 

Liauid Waste Handling. This section encompasses all the activities 
involved in treating and disposing of all liquid wastes generated in the Fuels 
Reprocessing (Section 3.1.2) of the CURE chemical processing program. The key 
unit operations are concentration, if necessary, o f  the PUREX process HLW t o  

prepare feed for Waste Separations operations and treatment (e.g., ion 
exchange, reverse osmosis, etc.) of any liquid wastes which are not suitable 
for incorporation into the HLW. 
hand1 ing activities. 

Section 3.2 presents further details of waste 
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Offqas Treatment. This section includes treatment of all offgases 
generated in Fuels Reprocessing activities. Such treatment involves not only 
removal and/or destruction of NO, but also removal and concentration of other 
gaseous effluents including radioiodine. Radioiodine will be selectively 
removed from the offgas stream by sorption on beds of silver mordenite from 
which it can be desorbed by treatment with hydrogen gas. 

3.1.3 Waste Separations 

3.1.3.1 Function. 
chemical processing operations is to separate certain radionuclides 
(Table 2-1) from the HLW from the Fuel Reprocessing PUREX process operation 
to a level where the residual waste qualifies for land disposal (Tables 3-1 
and 3-2). 
neptunium, plutonium, americium, and curium, as well as radiostrontium, 
99Tc, and radiocesium. 
are recycled to the PUREX Plant. Other radionuclides are purified and 
converted to sol id materials for beneficial uses, target fabrication, and/or 
intermediate term (300 to 500 yr) storage. 

The function of the Waste Separations part of the CURE 

Radionuclides separated from the HLW include isotopes of uranium, 

The uranium, plutonium, and neptunium product streams 

3.1.3.2 Key Assumptions. The following listed assumptions are used to 
establish the baseline Waste Separations process and process flowsheets. 

The HLW generated in Fuel Reprocessing activities is fed t o  the 
Waste Separations treatment processes.* 

The processing rate in the Waste Separations facility is set to 
accommodate the rate at which HLW is generated in the PUREX Plant 
of the Fuel Reprocessing (Section 3.1.2). 

*It is assumed that the feed to the Waste Separations processes will also 
contain equipment flushes, laboratory wastes, etc., and that the feed will be 
suitably treated (e.g., digested, etc.) to destroy organic compounds. 
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3.1 .3 .3  Flow Diagram. Figure 3-5 illustrates the baseline Waste Separations 
flow diagram. 

3.1.3.4 Process Description. The overall Waste Separations operations 
consists of seven separate processing activities: 

1. Head-End 
2. The TRUEX process 
3. "Tc isolation 
4 .  Separation of radiocesium 
5. Separation of radiostrontium 
6. Solidification o f  radionuclides 
7. Waste handling. 

Head-End. The essential Head-End operation separates, by centrifugation 
or filtration, any solids in the HLW and suitably treats them by successive 
exposure to HNO3 and/or Ag(II)-HN03 solutions in a CEPOD electrolytic 
dissolver. Solids in the HLW are typically expected to contain some TRU 
elements as well as 99Tc and, possibly, radiostrontium. 
resulting from treatment of  the solids will be added to the HLW as feed to 
the TRUEX process. 

The acidic solution 

TRUEX Process. The TRUEX process is a recent1 y-devel oped sol vent 
extraction process capable of removing all actinides (t3, t4, t6) from any 
HNO3 nuclear waste solution (Schulz and Horwitz 1987). 
TRUEX process i s  octyl (phenyl) -N,N-di isobutylcarbamoylmethylphosphine oxide 
(CMPO) dissolved in a normal paraffin hydrocarbon; TBP is added to prevent 
"third phase'' formation. 

The extractant in the 

Figure 3-6 presents a chemical flowsheet for TRUEX process operation 
with HLW. Oxalic acid is added to the HLW to minimize extraction of 
impurities such as iron and zirconium. 
(U, Np, Pu, Am, and Cm), lanthanides (both radioactive and nonradioactive), 
and 99Tc are adequately and satisfactorily extracted. 

In the extraction contactor actinides 

The aqueous raffinate 
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from the TRUEX process extraction operation contains radiocesium and 
radiostrontium, and various other short- and long-lived fission products. 

Subsequently, the CMPO extract containing 99Tc, actinides, and 
lanthanides is scrubbed to remove HNO3 and traces of co-extracted radioactive 
and inert impurities. Americium, curium, and lanthanides are preferentially 
co-stripped from the organic phase into a small volume of HNO3 solution. 
A HN03-HF solution is then used to strip Pu(IV), Np(IV), and any residual 
americium, curium, and lanthanides. 
with the other actinides, are removed by contacting the organic phase with 
an aqueous a1 kal ine solution. 
wash to remove acidic sol vent degradation products. 

Uranium and 99Tc, which are not stripped 

The latter solution also serves as a solvent 

The Pu-Np strip product can be routed to an appropriate place in the 
PUREX Plant. 
lanthanide product depending on the amount o f  lanthanides which can be 
tolerated in FR target or fuel assemblies. If the tolerance is high, the 
entire stream can be calcined to yield a mixture of solid oxides suitable for 
target assembly fabrication. Alternatively, some ion exchange and solvent 
extraction technology is available to separate and purify Am-Cm and lanthanide 
fractions.* 
assemblies while the lanthanide stream can be routed to final waste treatment 
and disposal (see Section 3 . 2 ) .  

Two options are available for further treatment of the Am-Cm- 

Solid Am-Cm oxides can then be made for fabrication into target 

99Tc Isolation. To separate 99Tc from uranium in the alkaline strip 
solution from the TRUEX process, the amine solvent extraction process 
flowsheet shown in Figure 3-7 will be used. 
which will contain Na2C03 will be acidified t o  a pH in the range 1 to 2 to 
prepare feed to the amine extraction process. Since the aqueous raffinate 
from the amine extraction process will contain large amounts o f  sodium as 

The alkaline strip solution 

*The shortcomings of currently available technology for plant-scale 
separation of lanthanides from americium and curium are well recognized. 
Development of advanced and improved technology for this purpose i s  called 
out in Chapters 6 and 7 as one o f  the critical CURE system technology needs. 
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well as uranium, it will be recycled to an appropriate place in the PUREX 
process for recovery of the uranium. Prior to recycle, the raffinate will be 
treated as needed to ensure destruction or removal of any traces of CMPO and 
CMPO degradation products; such treatment may involve acidification and 
extended boiling or sorption of organic products on a suitable sorbent. 
The 99Tc will be stripped from the amine solvent and combined with a similar 
product from the amine extraction process used to separate technetium from 
uranium in the PUREX process uranium nitrate product (cf. Figure 3-4). The 
combined 99Tc product will then be converted to a solid technetium material 
for use in preparing target assemblies for transmutation. 

SeDaration of Cesium. To separate radioactive cesium from the TRUEX 
process raffinate, phosphotungstic acid (PTA) is added to the aqueous 
raffinate. The PTA precipitates cesium as insoluble di- and tricesiumphos- 
photungstates from acidic solutions (Schulz and Bray 1987). 
quantity of PTA added, contamination from rubidium, potassium, ammonium, 
Ag(I), and Hg(I1) ions can be controlled. To obtain sufficient removal of 
cesium from the TRUEX process raffinate, double and even triple PTA 
precipitation steps may be necessary. 

By limiting the 

Cesium phosphotungstate precipitates will be combined and washed with 
water. Subsequently, the phosphotungstate precipitate will be dissolved in 
NaOH solution and the cesium concentrated, and purified by a two-stage ion 
exchange system using a suitable inorganic ion exchange material. After 
elution with (NH4)$03 solution, a purified Cs2CO3 concentrate will  be 
produced. 

Finally, the Cs2CO3 solution will be acidified with HC1 and evaporated 
to dryness. The resulting CsCl will be melted and cast into capsules. The 
inner capsul e wi 11  be encapsul ated in a second capsule sui tab1 e for ' 1 ong-term 
storage or for use as a commercial radiation source. 

The baseline PTA precipitation process has been used successfully on a 
A single precipitation of cesium phospho- plant-scale at the Hanford Site. 

tungstate removed about 96% of the cesium from actual PUREX process HLW. As 
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noted in Section 6.1, there is a need to develop and demonstrate advanced 
process technology for selectively removing cesium from acidic wastes. 

SeDaration o f  Strontium. The baseline process for removing strontium 
from the TRUEX process raffinate (after prior removal of radiocesium) uses 
- bis(2-ethylhexy1)phosphoric acid (HDEHP) as the extractant in a solvent 
extraction process (Schulz et al. 1963). 
with TBP and a mixture of normal paraffin hydrocarbons. 
extraction o f  strontium, the cesium-depleted solution from the PTA process is 
adjusted to pH 4-5; organic complexing agents are added to provide buffering 
capacity, to prevent precipitation of solids, and to prevent extraction of 
certain impurities. The HDEHP extract is scrubbed to remove sodium and then 
is contacted with dilute HNO3 to strip the strontium. Solvent extraction 
conditions (e.g., extractant concentration, organic-to-aqueous phase flow 

Typically, the HDEHP is diluted 
To accomplish 

O f  ratios, number o f  extraction stages, etc.) that ensure adequate remova 

strontium from the feed solution must be specified. 

Precipitation processes can be used to remove calcium, magnesium, iron, 
aluminum, and other metallic impurities from the Sr(N03)~ solvent extraction 
product. 
which can be dried, fired at elevated temperature, and doubly encapsulated for 
either prolonged storage or use as a radioisotopic power source. 

Precipitation of SrF2 from the nitrate solution yields a solid form 

The baseline strontium solvent extraction and precipitation purification 
processes have been successfully used on a production-scale at the Hanford 
Site. 
of recognized disadvantages including the need to destroy organic complexants 
(Figure 3-2). 
solutions needs to be developed.* 

But, as discussed in Section 6.1, this baseline technology has a number 

Advanced technology for removing strontium from strongly acidic 

*See footnote page 3-8. 
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Solidification. Certain radionuclides (e.g., 99Tc, 237Np, americium, 
and curium) are converted to solid oxides by precipitation and/or calcination 
processes. 

Waste Handlinq. Various solid and iquid wastes will be generated during 
Waste Separations activities. The most mportant liquid waste will be the 
raffinate from the TRUEX process from wh ch cesium and strontium have been 
removed. I t  is anticipated that this stream will be concentrated, 
neutralized, and incorporated in a solid matrix for disposal. Solid waste 
form options include glass, cement-like grout, and bitumen. Disposal could 
be in a geologic repository, or possibly in a near-surface repository. 
Further details of the treatment and disposal of wastes produced in Waste 
Separation operations are presented in Section 3.2. 

3.1.4 Target Reprocessing 

3.1.4.1 Function. The function of Target Reprocess ng activities is to 
separate and purify 99Tc, radioiodine, 237Np, americ um, and curium remaining 
in irradiated target assemblies. Purified radionucl de fractions are 
converted to solid oxides or other desired compounds and fabricated into 
target assembl i es for additional i rradi at i on and burnup. 

3.1.4.2 Key Assumptions. The following list o f  assumptions was used to 
establ ish the base1 ine Target Reprocessing processes and process flowsheets. 

Process Chemistry: The TRUEX and other chemical separation 
processes used in the Fuels Reprocessing and Waste Separations 
activities will be used to reprocess irradiated targets. 

Process Equipment: If practical, irradiated target assemblies will 
be processed in the same facilities and with the same equipment 
used to process HLW and other waste streams from PUREX processing 
of LWR and FR fuels. 
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Process Rate: Processing rates will be set to be consistent with 
facility and irradiated target receipt requirements. 

Remote Operations: All target material reprocessing and target 
fabrication processes will be performed remotely in suitably 
shielded facilities. 

3.1.4.3 Process Description. 
target reprocessing system: 

Six principal process tasks make up the overall 

1. Head-End 
2. Sol vent extraction 
3. Oxide conversion 
4. Organic recycle 
5. Waste handling 

6. Offgas treatment. 

Head-End Section. Similar to the Head-End operations in the Fuel 
Reprocessing PUREX facility, most irradiated target assemblies will be 
mechanically disassembled and individual cores sheared into small lengths. 
Exposed core material will be appropriately dissolved in HNO3 media to prepare 
feed for subsequent PUREX and/or TRUEX process operations. C1 adding hull s 
will be rinsed with water and/or HNO3 solutions and disposed of as described 
in Section 3.2.3. Any solid 
material will be treated with appropriate aqueous media to remove actinides 
and key fission products. 

The HNO3 dissolver solution will be clarified. 

Solvent Extraction. The amine extraction process previously described 
(Section 3.1.3.4) will be used to recover and separate 99Tc from HNO3 
solutions of irradiated technetium targets. 
extraction technology assumes that irradiated 99Tc targets can be 
satisfactorily dissolved in HNO3 and that the resulting dissolver solution 
can be satisfactorily adjusted to pH 1 to 2. 
demonstrations needed to verify this assumption is called out in Chapter 6 
o f  this report. 

Selection of amine solvent 

Technology development and 
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Oxide Conversion. The purified Am-Cm nitrate solution produced in TRUEX 
process operation with irradiated target dissolver solutions may be directly 
calcined to produce a mixture of oxides suitable for target fabrication. 
Alternately, addition of oxalate to the Am-Cm nitrate solution will 

yield mixed Am-Cm oxides. 
or necessary to obtain purer Am and Cm oxides. 

I precipitate a mixed Am-Cm oxalate which can be separated and calcined to 
Precipitation of Am-Cm oxalates may be desirable 

Similarly, the alkaline 99Tc-(NHq)2C03 strip solution obtained in the 
amine extraction process may be calcined to yield a technetium oxide suitable 
for fabrication of target assemblies. The reference design for technetium 
targets is the metal or an alloy material. 
exchange procedures can also be used to concentrate and purify the 99Tc in 
the(NH4)$03 strip solution before preparation of oxide or metal. 

As noted in Section 6, anion 

Orqanic Recycle. Both the amine solvent used in 99Tc recovery operation 
and the CMPO solvent used in the TRUEX process will be recycled to extraction 
contactors. As needed or desired, these solvents will be washed with 
appropriate alkaline media to remove hydrolytic and radiolytic degradation 
products. 

Waste Handling. Several solid (e.g., cladding hardware) and liquid 
wastes will result from reprocessing of irradiated target assemblies. 
various liquid wastes will be concentrated, classified as to type, e . g . ,  HLW 

or LLW, and routed to either disposal (LLW) or recycle and further separation 
in the Waste Separations area (HLW). Solid wastes will be disposed of by 
methodology discussed in Section 3.2. 

The 

Offqas Treatment. Offgases from Target Reprocessing activities will be 
routed to, and combined with, similar gas streams from Fuels Reprocessing 
activities for treatment and/or recovery processes. 
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3.1.5 Anticipated CURE System Decontamination Performance 

There is sufficient evidence to believe that the CURE concept 
partitioning technology applied to either LWR or FR spent fuel can routinely 
produce, except perhaps at very low (i.e., 0.1 m3/MTU) waste volumes, a 
waste whose radionuclide content is below U.S. Nuclear Regulatory Commission 
(NRC) specifications for Class C waste (Tables 3-1 and 3-2). This judgement 
is based upon (a) performance of modern-day PUREX process solvent extraction 
and offgas treatment techno1 ogy, (b) successful Hanford Site experience in 
large-scale removal of 90Sr and 137Cs from defense wastes, and (c) highly 
promising bench- and pilot plant-scale tests of the TRUEX process with actual 
waste. 
superior TRUEX process performance must be realized to produce a waste 
containing (100 nCi/g of TRU elements, especially when reprocessing spent FR 
fuel. To obtain the required removal o f  TRU elements from the HLW from 
reprocessing FR fuel, it may be necessary to modify the reference TRUEX 
process flowsheet (Figure 3-5) by adding more extraction stages or by 
increasing either the CMPO concentration or the organic-to-aqueous phase 
ratio, or both. 
tailend treatment (e.g., extraction chromatography) for further removal of 
TRU elements from CURE system liquid waste prior to final disposal in grout 
form. In any case, experimental verification of the ability of the TRUEX 
process to provide the needed removal of TRU elements is identified 
(Chapter 7) as the highest priority CURE system technological need. 

It is clear from the data in Tables 3-1 and 3-2 that anticipated 

Consideration also needs to be given to providing a suitable 

If outstanding TRUEX process performance can be realized, the CURE system 
partitioning processes described in this report may well be capable, when 
applied to LWR spent fuel, of producing a waste whose radionuclide content 
is below NRC specifications for Class B waste. However, even with outstanding 
TRUEX process performance, present partitioning technology likely will not 
allow production of Class B waste from HLW produced from reprocessing FR fuel. 

Generation of wastes meeting or surpassing Incidental Waste 
specifications (Table 3-1) is a long-term goal of CURE system partitioning 
technology. To achieve this, it will be necessary to develop and demonstrate 
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new and advanced 90Sr and 137Cs removal processes similar to those now being 
investigated by scientists at the Argonne National Laboratory. 

In order for the CURE system partitioning processes to produce waste 
meeting Class C specifications, it is necessary that efficient dissolution 
and/or leach techniques and reagents be available and employed to remove TRU 
elements from various solid residues [e.g., HEPA filters, dissolver solution 
solids, etc.] produccd during fuel and target fabrication and reprocessing. 

3.1.6 Applicability o f  CURE Concepts to Integral Fast 
Reactor Fuel Pyrochemical Processing Wastes 

Pyrochemical processing of chopped IFR fuel (a Zr-U-Pu metal alloy) 
involves placing fuel -bearing segments in anode baskets which are then lowered 
into an electrorefining cell. The cell consists of an anode of liquid cadmium, 
an electrolyte mixture of stable chloride salts, and several cathodes of 
1 iquid cadmium contained in ceramic crucibles immersed in the electrolyte. 
The bulk o f  the uranium, plutonium, and other actinides are deposited on the 
cathodes from which they are recovered by distilling out the cadmium. 

The proposed fuel electrorefining process will generate two principal 
types  of process wastes: (1) anode baskets and (2 )  s p e n t  chloride 
electrolytes. The former will contain fuel cladding, zirconium metal from the 
Zr-U-Pu metal fuel, 99Tc, noble metal fission products, and a small amount 
of cadmium. The form of the 99Tc in the anode basket material i s  not 
precisely known; it may be associated with the noble metals most of which 
will be present as small, undissolved particles. The spent chloride 
electrolyte will contain small amounts of actinides; radiocesium, 
radiostrontium, and other electropositive fission products; and radioiodine 
and bromine. Argonne National Laboratory scientists have developed a 
pyrochemical scheme to remove actinides from the spent chloride electrolyte 
but are not addressing removal o f  other radionuclides from either the chloride 
electrolyte or from the anode basket material. 
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A1 though much technology development would be required, aqueous CURE 
system technology described previously in this chapter could be used to 
remove actinides, radiocesium, and radiostrontium from a water solution of 
the spent chloride electrolyte produced in pyrochemical IFR fuel 
reprocessing. 
Laboratory have shown that the TRUEX process can be used to extract actinide 
elements from aqueous chloride media (Schulz and Horwitz 1988). There is 
also no known technical reason why the PTA radiocesium p.recipitation process 
or the HDEHP radiostrontium extraction process will not work with aqueous 
chloride solutions. But, if necessary or desirable, known processes could 
be used to convert from chloride to nitrate solutions. Technology for 
removing radioiodine from an aqueous solution of the spent chloride 
electrolyte would have to be devised and demonstrated. 

* Horwitz and other scientists at the Argonne National 

Since the exact form of 99Tc in the anode basket material is not known, 
it is only possible to speculate on the applicability of aqueous technology 
to separate preferentially 99Tc from other anode basket components. Leaching 
o f  the anode basket materials with HNO3 or HC1 solutions, containing an 
oxidizing agent (e.g., H202), may be able to dissolve 99Tc as the 99Tc04-ion. 
As noted previously, the TRUEX process will also recover Hg9Tc04 and 
partition it from actinide ions. 

3.2 MANAGEMENT/DISPOSAL OF CURE WASTES 

3.2.1 Introduction 

Various waste streams will be generated in CURE concept chemical 
processing, separation/purification, and fuel and target fabrication 
operations. Proper collection and treatment of all these various wastes is 

*It is recognized that these may be serious concerns and objections to 
operating a combi ned pyrochemi cal -aqueous process. 
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a prime part of the CURE concept. 
and treat all wastes such that they can be either released directly to the 
environment (gases), or safely deposited in near-surface and deep geologic 
facilities. 

In particular, the objective is to collect 

3 .2 .2  Gaseous Effluents 

The major gaseous effluents of concern will arise during chemical 
reprocessing of LWR and FR fuels. 
evolve a gas containing, NO,, radioiodine, 14C, 85Kr, and 3H. 
concept offgas management/treatment processes wi 11 be designed and operated 
to provide for adequate removal of radioactive and chemical constituents 
from these offgases. 

Aqueous HNO3 dissolution of such fuels will 
The CURE 

Silver mordenite will effectively and selectively remove radioiodine 
from the dissolver offgas. 
mordenite bed will release radioiodine. The concentrated iodine fraction 
can then be converted to a yet-to-be-determined solid suitable for 
fabrication of irradiation targets. 
for removal of radioiodine from dissolver offgas and its subsequent conversion 
to a transmutation target is described in Section 6. 

Passage of hydrogen gas through the spent silver 

Experimental work to optimize technology 

Cryogenic and/or sorption techniques will be used, to the extent 
necessary, to remove 85Kr, 14C, and 3H from the dissolver offgas before 
release to the environment. Nitric oxide is to be recycled to nitric acid 
or be chemically destroyed as determined by economic conditions. 

3.2.3 Solid Wastes 

The principal solid wastes resulting from CURE concept Chemical 
Processi ng and Target Fabrication operations i ncl ude fuel assembly hardware, 
cladding hulls, wastes generated in fabricating irradiation targets, solids 
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produced during fuel and target dissolution, failed equipment, gloveboxes, 
HEPA f i 1 ters, and mi scel 1 aneous paper and combustible materi a1 . A1 1 these 
various classes of waste will be treated, as necessary, to obtain solids 
that can qualify for near-surface disposal to the maximum extent possible. 
Treatment procedures will vary with the type of solid waste, but will be 
geared to removal of TRU and fission products and to reduction of volume to 
the extent possible. As discussed more fully in Chapter 6, development and 
demonstration of technology for collecting and treating, for disposal 
purposes, all the various CURE system solid wastes is a very high priority 
CURE system technology item. 

Combustible wastes wi 1 1  be treated to destroy cell ul osic materi a1 . The 
resulting ash, if qualified, will be disposed of in near-surface facilities, 
perhaps after incorporation into a grout matrix. 
immediate d isposa l ,  the ash w i l l  be leached or dissolved by Catalyzed 

Electrolytic Plutonium Oxide Dissolution (CEPOD) technology and fed to the 
PUREX or TRUEX processes. 

If not qualified for 

Solids produced 
collected and then e 
CEPOD-type di ssol ver 
resulting acid solut 
processes. 

during fuel and target assembly dissolution will be 
ectrolytically treated with an HN03-Ag2+ solution in a 
to solubilize any actinides which are present. The 
on will be part of the feed to the PUREX or TRUEX 

Technology developed at Oak Ridge National Laboratory (ORNL) (Scheitl in 
The CEPOD I and Bond 1980) can be used to remove actinides from HEPA filters 

dissolution equipment and procedures may also be useful in remov ng actinides 
from HEPA filters. 

Fuel assembly hardware, cladding hulls, and failed equipment will be 
decontaminated from TRU elements and fission products to the desired level 
by appropriate washing with aqueous solutions containing, if necessary, 
various strong complexing agents. A l s o ,  as needed, failed stainless steel 
equipment will be electropolished to remove surface contamination. All o f  
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the metallic wastes will be compacted prior to their disposal. 
will contain appreciable amounts of activation products such as 9%r, 94Nb, 
etc., cladding hulls and fuel assembly hardware may require repository 
disposal as GTCC waste (NRC 1982 and 1989). 

Because they 

3.2.4 L iqu id  Waste 

The liquid waste of greatest importance in the CURE 
aqueous raffinate from the PUREX-TRUEX processes from wh 

concept is the 
ch radiostront um 

and radiocesium have been removed. The radionuclide content of this waste 
will be low enough for it to be classified as LLW. 
incorporated into a suitable matrix (e.g., grout or bitumen) for disposal in 
near-surface facilities, or it can be vitrified for near-surface or geologic 
disposal . 

The liquid waste can be 

Other liquid wastes generated in chemical processing and target 
fabrication operations include solvent washes, miscellaneous liquid wastes, 
and process condensates. As required, each of these waste streams will be 
treated to remove TRU elements and fission products which might prevent 
qualification of these various liquid solutions for eventual near-surface 
disposal. After treatment, each of the treated liquids will be combined 
with the liquid waste from the mainline PUREX-TRUEX processes prior to 
solidification. One goal o f  enhanced CURE concept technology development i s  

to ensure that none of the solvent washes or other miscellaneous wastes 
contains hazardous chemicals or salts which would interfere with its direct 
solidification. 

3.2.5 Radiostrontium and Radiocesium Waste 

Part of the waste management activity of the CURE concept is to properly 
manage and dispose of the radiostrontium and radiocesium recovered from 
irradiated LWR and FR fuels. It is anticipated that these elements will be 
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in demand for beneficial applications. However, safe final disposal of these 
radioisotopes will need to be provided. For example, these materials could 
be placed in interim storage for several half-lives, followed by geologic 
disposal . 
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4.0 TRANSMUTATION 

4.1  NUCLEAR TRANSMUTATION OF KEY RADIONUCLIDES 

4.1.1 Transmutation Concepts 

Many different types of nuclear particles are available to transmute 
waste isotopes. In practice, only relatively low energy (<l  keV) neutrons 
interact with most isotopes with a high enough probability to warrant serious 
consideration for transmutation. Actinides are an exception; a fast neutron 
spectrum can efficiently transmute actinides by neutron-induced fission. 

Spent fuel radioisotopes that require suitable final disposition 
(transmutation or storage) include certain fission products (90Sr, 99Tc, 
1291, and 137Cs) and all the TRU actinides. Table 4-1,  generated from the 
ORIGEN2 code, lists the estimated quantity of these isotopes in the 
approximately 130,000 MTU of LWR-spent fuel anticipated in the United States 
by the year 2030. 
strontium, iodine, and cesium. 
135Cs, 137Cs, or 90Sr or beneficial use of 90Sr and 137Cs must also address 
effects of stable fission product isotopes of iodine, cesium and strontium. 

Table 4 - 1  also lists stable fission product isotopes of 
Any discussion of transmutation of lZ9I, 

In general, the neutron transmutation cross section of an isotope is a 
strong function of incident neutron energy. 
products 991c and 1291, the most efficient transmutation process is through 
the capture of neutrons with energies below about 1 keV. Such a capture 
results in a stable nuclide or a shorter-lived nuclide that decays quickly 
to a stable nuclide. 

For the longer-1 ived fission 
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Table 4-1. Approximate Remaining Inventory o f  Key 
Radionuclides in U . S .  Light-Wat r Spent Fuel by Year 2030. Pa,Eeactor 

Nucl i de Quanti ty Hal f - Li f e 
(Yr) Di sposi tion(c) 

99 MT 
23 MT 
70 MT 
57 MT 
12 MT 

656 MT 
303 MT 
25 MT 
61 MT 
140 MT 
75 kg 
12 MT 
30 kg 

1,200 kg 
120 kg 

2.1 105 
1.6 107 

2.1 x 106 

2.4 x 104 

3.8 105 

30.2 

87.7 

6,560 
14.4 

43 2 
141 
7,370 
28.5 
18.1 
8,530 

TS(f) 
TS(g) 

TF; TB 
TF; TS 
TF; TS 
TF; TS 
TF; TS 
TF; TS 
TF; TB 

TF; TB 
TF; TB 
TF; TB 
TF; TB 
TF; TB 

(a)Based on 33,000 MWd/MT burnup of pressurized water reactor 

fg)Tables 1-1, 1-2, and 2-2 list some additional long-lived 

(cIES = Engineered near-surface storage for -300 to 500 yr. 

fuel, decay corrected to year 2030. 
130,O MTU (initial inventory). 

( t 1 p  > 30 yr) radionuclides present in spent fuel; disposition of 
these o her radionuclides is discussed in Chapters 2 and 6. 

Quantities are normalized to 

TS = Transmutation by thermal or epithermal neutron capture 
or fission to a short-lived and/or stable nuclide. 

ture TB = Transmutation by thermal or epithermal n 

TF = Transmutation by fast-neutron fission to short-lived 
and/or stab1 e nucl ide. 

WMT = M tric ton 
(e)Both 98Sr and lj7Cs may have some beneficial uses before or 

engineered storage period. 
duri nqfjt34 c will be transmuted to stable Ru. 

(9) 1241 will be transmuted to stable Xe. 

SUiL;: $tIcm, a beneficial actinide nuclide, e.g., 
h f  . 
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Two options for dealing with the actinides listed in Table 4-1 are 

1. Emphasis on fission to produce generally short-lived fission 
products, or 

2. Emphasis on neutron capture to produce heavier actinides for 
benef i ci a1 use. 

The optimal method of exercising Option 1 for 237Np and 241Am is with a 
fast neutron spectrum with an average neutron energy above a few hundred 
keV. Use o f  neutrons in the epithermal (1 eV to 1 keV) or thermal range 
results in the second option. Option 2 yields large quantities of 238Pu, 
which is an excellent radioisotope heat source. 
useful quantities o f  higher mass elements, including curium, berkelium, 
californium, einsteinium, and fermium. These higher mass elements are useful 
in heavy element physics and chemistry research, and 252Cf is an important 
neutron source for a variety of applications. 
reactors can use plutonium as fuel. 

Option 2 can also generate 

Either fast reactors or thermal 

The 
Table 4-  
nucl ides 
shorter- 

results of the appropriate irradiation of the nuclides listed in 
and an associated partitioning step include beneficial radio- 
(90Sr, 13’Cs, 238Pu, fuel-grade plutonium, 244Cm, and 252Cf) and 
ived fission products and actinides (half-1 ives <30 yr). 

4.1.2 Nuclear Data and Transmutation Possibilities 

For neutron transmutation calculations it is important t o  have reliable 
neutron capture cross-section data in the energy range from thermal to about 
1 keV, and reliable neutron fission cross-section data from thermal to a few 
MeV. 
elements: 
berkel i urn. 

Reasonably reliable nuclear data exist for the following isotopes and 
99Tc, 1271, 1291, neptunium, plutonium, americium, curium, and 
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Estimates for transmutation of 1271, 12'1, and "Tc are straightforward. 
All these isotopes can be irradiated without prior isotope separation because 
all neutron capture products are short-1 ived radioisotopes that decay to 
stable isotopes (Table 4-1 and Figures 4-1 and 4-2). 

Figure 4-1. Iodine Isotope Transmutation Chain. 

l30xe t n + 131xe t n + 1 3 2 ~ e  
B- 1291 t n +  1301 -+ 

'%e t n -+ 12'xe t n -+ 13*xe 
B- 1 2 7 ~  t n + 1281 + 

12.4 h Stable Stabl e Stabl e 7 1.6 x 10 yr 

25 m Stable Stabl e Stabl e Stabl e 

Figure 4-2. "Tc Transmutation Chain. 

''OR~ t n + 'O'R~ + n + l o 2 ~ U  
8-  

"Tc + n + "OTC + 

2.1 x 10 yr 16 s Stabl e Stabl e Stabl e 

The situations for 'OS, and 137Cs are more complicated. 
show the transmutation and decay chains for ' O S ,  and 137Cs, respectively. 
Although there are potentially large-scale beneficial uses for 'OS, and 137Cs, 
these uses are complicated by the existence of other stable or long-lived 
isotopes of the same element that effectively dilute the beneficial isotopes. 

Figures 4-3 and 4-4 

It may be desirable to have isotopic separation capability for both strontium 
and cesium to separate out the 'OS, and 137Cs from the other strontium and 
cesium nuclides, respectively. Following beneficial use for a long period 
of time, chemical processing could be used to extract the unused 'OS, and 
137Cs to be combined with additional 'OS, or 137Cs in other sources. The 
amounts o f  'OS, and 137Cs that exceeded that employed for beneficial use might 
be destroyed by irradiation in an optimally chosen particle spectrum. Lack 
of neutron capture data prevents prediction of the optimal neutron spectrum 
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Figure 4-3. Stront ium Iso tope  Transmutation Chain. 

B-  B-  
+ 9 1 ~  + n + 9 2 ~  + 9 2 ~ r  ’OS, + n + 

29 y r  9.5 h 59 d S tab l  e l B -  ,39:z: + + 92zr 
S t a b l e  S tab l  e 

88sr + n + 8 9 ~ r  + n + 

S t a b l e  50.5 d 
. . . 

I L + 2 ’ g : 1  + n + goy -+ 8- 902, + n + 91 Zr 

Stabl  e 64 h S t a b l e  S tab l  e 

Figure 4-4. Cesium Iso tope  Transmutation Chain. 

1 3 9 ~ a  + n + 1 4 O ~ a  B -  + 140ce 
1 3 7 ~ s  + n + 138~s + 8- 138Ba + n + 13’Ba B -  + 

Stab l  e 30 y r  32 m S t a b l e  83 m S tab l  e 40 h 

L- 
. . .  1 I , 137Ba 

S tab l  e 

135 136 137 

3 x 10 y r  13 d 30 y r  

Cs + n +  Cs + n +  C s . .  . 
6 

136Ba + n + 137Ba t n + 138Ba . . .. 
S t a b l e  S tab l  e S tab l  e 

1 3 3 ~ s  + n + 1 3 4 ~ s  + n + 1 3 5 ~ s  
S tab l  e 

. . 
3 x 10 y r  

134Ba + n + 135Ba + n + 136Ba . . . 
Stab l  e S t a b l e  . Stab l  e 
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for destruction of 'OS, and 137Cs. 
137Cs is about 2%/yr, and this may exceed attainable transmutation rates. 
High-flux reactor or accelerator targets may provide a long-range means o f  
transmuting 137Cs and 'OSr. 

The natural decay rate of both 'OS, and 

Neptunium-237 will make a good fast spectrum reactor fuel (destruction 
by fission), or it can be irradiated in a thermal or epithermal spectrum to 
produce 238Pu for beneficial use. 
would result in the equivalent of about 25 megawatt thermal (MWt) heat energy, 
or enough thermal energy to power many thousands of radioisotope-powered 
thermoelectric generators for remote space or terrestrial uses. Figure 4-5 
shows the neptunium transmutation and decay chain. 
and reactor design, the undesirable 236Pu product impurity can be held to 
acceptable concentrations. 

Conversion of the 57 MT of 237Np to 238Pu 

With proper care in target 

Figure 4-5. 237Np Transmutation Chain. 

I 237Np t n + *38NP + 238~u + n + 239Pu t n +  240Pu 
8-  

3 6.6 x 10 yr(a) 1 4 I 3 x 106yr(a) 2.1 d 88 yr(a) 2.4 x 10 yr(a) 
~~~ ~ 

Americium is similar to neptunium, in that it is a good fast-spectrum 
reactor fuel, and beneficial isotopes are created by neutron capture. 
Figure 1-1 shows the simplified transmutation and decay scheme for plutonium, 
americium, and some of the curium isotopes. Neutron capture by 241Am results 
in the production of 242Am which decays primarily to 238Pu. 
produced by americium irradiation (assuming 2 to 3 years o f  decay) is 
approximately 80% 238Pu and 20% 242Pu, with negl igi bl e 236Pu content. 
capture by 243Am produces 244Cm, which is a potential high quality heat 
source isotope. 
isotopes into the higher mass elements as shown in Figure 1-1, especially 
252Cf. 
high-flux irradiation facility to meet product quality requirements. 

Plutonium 

Neutron 

Another option is to allow buildup of the higher curium 

The production of 252Cf may require the use o f  a specially designed 
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Table 4 - 1  shows that about 1,000 metric ton plutonium (MTPu) will exist 
in the U.S.  inventory of LWR spent fuel by the year 2030. This amount of 
plutonium is almost sufficient to fuel enough fast spectrum fission reactors 
to replace the existing LWR nuclear fission reactor electrical capability. 
An obvious potential future energy/waste management strategy would be to use 
plutonium to fuel reactors, some of which could also be used to destroy 
other hazardous by-products of spent fuel reprocessing. 
generating fast breeder and fast burner reactors could be adjusted to any 
desired energy policy from closing out the use of fission reactors and 
eliminating the generation of nuclear waste to continuing the use of fission 
reactors while maintaining a constant or slowly increasing inventory of 
nuclear waste. 
nuclear transmutation rates for the longer-lived fission products and 
actinides must be demonstrated. 

The mix of energy- 

To demonstrate the feasibility of such a scenario, adequate 

4.1.3 Potential Neutron Transmutation Devices 

Several devices could be used to generate high-intensity neutron sources 
to be used for nuclear waste transmutation: fission reactors, fusion 
reactors, and spallation neutron sources. 
exist today, as do low-intensity spallation neutron sources. 

Fission reactors of various types 

A few studies of isotope transmutation using fusion reactors exist. 
Because of the need to produce tritium t o  sustain the fusion reaction, 
deuterium-tritium (D -T )  fusion reactors may have limited potential for use 
of leakage neutrons to transmute waste. 
is not demonstrated. 

The feasibility of fusion reactors 

The high-intensity spallation source envisioned for transmutation 
purposes might be a 1 - 2  GeV proton or deuteron linear accelerator with a 
continuous wave average current o f  20 to 300 mA, and a beam power of 20 to 
600 MW. The charged particle beam would impinge on a heavy element target, 
generating on the order o f  50 to 100 neutrons per proton by a nuclear 
spallation process (Schneider and Platt 1974) .  Each proton or deuteron 
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interacts directly with several target nuclei to knock out one or more 
neutrons and leave the target nuclei in excited states which decay by 
subsequent neutron emission. The resulting neutron spectrum resembles a 
fission neutron spectrum, with a high-energy tail that extends up to the 
incident beam energy. Only limited estimates exist for the viability of 
such devices for nuclear waste transmutation. Because of the flexibility to 
optimize the neutron spectrum for various waste isotopes and the potential 
for use in case of phaseout of fission reactors, spallation devices may be a 
very attractive long-range choice for waste transmutation. A1 though high- 
intensity spallation sources for waste transmutation appear to be technically 
feasible, the integrated technology remains to be demonstrated. Such a 
demonstration may be worthwhile in the near future if preliminary target 
concepts indicate overall advantages in cost and waste transmutation 
capability relative to LMRs. 

Excess neutrons in fission reactors can be divided into two categories: 

1. Neutrons leaking out of the fuel region of the core 

2 .  Neutrons in the fuel region that are not required to sustain 
the fission reaction. 

Neutrons in the first category are typically reflected to the core to the 
extent possible in order to maximize power generation and to prevent neutron 
damage and activation of out-of-core components. 
category are mostly captured by the cool ant, structural materi a1 s, fertile 
heavy metal, i .e., 238U, control material, and fissile heavy metal, 
i .e., 235U. Both categories o f  excess neutrons may be used to transmute 

may differ for different reactor types, and, in general, depends upon many 
factors. 

Neutrons in the second 

1 waste isotopes. The final choice of the source of transmutation neutrons 

Table 4-2 lists estimated LWR thermal spectrum destruction rates for some 
o f  the longer-lived waste products. The "Tc transmutation rate appears 
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Table 4-2. LWR Nuclide Destruction Rates. 

Isotope Rate (%/yr) 

11 
3 

5 - 7  

NOTE: These rates do not include 
reprocessing cycle time, and are in units 
of percent/effective full power year. 

attractive in that present LWRs could begin destruction of "Tc. 
of the twenty-first century, most energy experts expect a phaseout of uranium- 
fueled LWRs and an introduction of higher efficiency plutonium burning 
reactors. 
(ALWR) and/or plutonium-fueled FRs. No estimates are available for the 
potential o f  ALWRs to transmute waste products. However, the ALWR neutron 
spectrum will be harder than that of today's LWR; hence, ALWR nuclear 
transmutation rates may be more attractive than those in LWRs for some isotopes. 

By the middle 

This may result in plutonium-fueled advanced 1 ight-water reactors 

To achieve high neutron capture rates in a FR, special hydride assemblies 
would surround the fueled region and moderate the leakage neutrons from the 
fast region into the epithermal neutron energy range. The epithermal neutron 
capture cross section is high for both "Tc and 12'1, and attractive neutron 
capture transmutation rates are possible under favorable c o n d i t i o n s .  

Very limited calculations of the potential for transmutation of selected 
nuclides in a FR were made as part o f  this study. 
in the fueled region of a FR, because of small neutron capture cross sections, 
would yield very low waste neutron capture transmutation rates, a1 though this 
region may be used to fission actinides because of the relatively high 
fission/capture ratio for this neutron spectrum. 

The hard neutron spectrum 
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4.1.4 Preliminary Estimates o f  Fast Reactor 
Transmutation Feasi bi 1 i ty 

United States reactor designers have recently studied modular sodium- 
cooled FR concepts. The emphasis of these studies has been to develop designs 
that have enough passive safety margin to withstand the most severe postulated 
accidents without fuel damage. 

For purposes o f  this report, the Rockwell International Corporation’s 

The SAFR reference design 
Sodium Advanced Fast Reactor (SAFR) core design was arbitrarily selected for 
assessment of transmutation feasibility in FRs. 
for 900 MWT (400 MWe) utilizes a heterogeneous core design, with both internal 
and radial uranium blanket assemblies. Several variations of the basic SAFR 
core layout, with substitution o f  target assemblies for blanket assemblies, 
resulted in a decision to limit studies to core designs that retain the 
internal blanket assemblies and replace only radial blanket assemblies with 
target assemblies. 

The acronym CLFR (Cleanup Fast Reactor) is used in the following discus- 
sion to denote a transmutation FR. 
penalty associated with radial target assemblies, the CLFR also has fuel in 
the former inner radial blanket row. 
and fuel assemblies in the row of assemblies adjacent to the core region. For 
the calculational studies, the fuel consisted of Pu-U-Zr metal fuel. Plutonium 
isotopic compositions used are typical of those in LWR spent fuel (Table 4-1). 
Ternary Pu-U-Zr fuel is in the early developmental stage and i s  used in these 
calculations mainly for comparisons. Mixed PuO2-UO2 fuel i s  the existing 
proven FR fuel, and burnup extension to 15 atom % (150,000 MWd/THM) appears 
feasible using advanced structural materials. 

To compensate partially for the reactivity 

The resulting core contains only target 

The target assemblies consist of hydride assemblies similar to that 
demonstrated in the Fast Flux Test Facility (FFTF) in 1987. The FFTF test 
contained a 19-pin array of yttrium hydride pins with an approximate diameter 
of 2 cm, with thirty-six 0.6-cm-diameter target pins interspersed among the 
hydride pins. The FFTF test and supporting analyses demonstrated the ability 
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to calculate reaction rates accurately with the Monte Carlo Neutron Photon 
(MCNP) transport code, provided the basic transmutation nuclear cross sections 
are well known. 
calculations are used in the two dimensional diffusion theory code (2DB), 
approximately correct reactivity and transmutation rate data can be obtained. 

If neutron capture cross sections derived from MCNP 

Table 4-3 summarizes the results of a 2DB calculation for a nonoptimized 
Target elements were radioiodine (in the form of CLFR core configuration. 

sodium iodide) and "Tc (in metal form). 
section data are relatively well known for both "Tc and radioiodine. 
A 100-d burnup calculation provided estimates of the annual reactivity swing, 
as well as the target isotope fractions transmuted annually, assuming a 
capacity factor of 70 percent.* The assumed CLFR configuration results in 
annual destruction rates of about 5 percent/yr and 10 percent/yr for "Tc 
and '*'I, respectively. Because of the much higher macroscopic absorption 
cross section in the "Tc target than in the radioiodine target, there is a 
larger neutron self-shielding and flux depression associated with "Tc, 
resulting in the lower transmutation fraction. The core conversion ratio for 
this CLFR configuration is about 0.8, which compares with 1.1 for the SAFR 

design. The CLFR will, therefore, be a net burner of plutonium. A mixture of 
SAFR and CLFR modules could provide electricity production options ranging 
from a gradual shutdown of fission reactor capability using only CLFR reactors 
to an increasing fission reactor capability with more SAFR modules than CLFR 
modules. In order to estimate recycle target element throughput rates, reactor 
residence times of 6 yr and 3 yr were assumed for "Tc and radioiodine targets, 
respectively, to produce about 30 percent target depletion of each element 
before recycl e. 

Epithermal and thermal neutron cross- 

At the same time the CLFR reactor is transmuting various elements in 
target assemblies, it is also producing higher mass actinides and fission 
products in its fuel and internal blanket assemblies. Table 4-4 summarizes 
the estimated annual production of these elements in the CLFR fuel, based on 
an ORIGEN2 calculation for the CLFR fuel. The in-reactor fuel inventory, as 

*Only technetium and iodine target assemblies present a reactivity 
penal ty . 
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Table 4-3. Cleanup Fast Reactor Fission Product 
and Actinide Destruction Rates. 

Parameter Val ue 

Number of fuel assemblies in radial blanket 
Number of Tc assembl ies in radial blanket 
Num e of NaI assemblies in radial blanket 
BoL?*Y eigenvalue 
Eigenvalue after 100-d burnup 
Reactivity swing in 250-d 
Core conversion ratio at BOL 
Burnup in fuel after 100-d burn 
Goal average fuel burnup 
Core residence time to achieve goal burnup 

99Tc 
BOL target mass, kg 327 
BOL fuel mass, kg 
BOL blanket mass, kg 
Fuel mass after 100-d burn, kg 
Blanket mass after 100-d burn, kg 

Rate of target mass burned in 

- -  
- -  
- -  
- -  

2 50 - d , kg/yr 16.3 

Rate of target mass burned in 
250-d, %/yr 5.1 

12 
12 
12 
1.028 
1.019 
0.0225 

0.95 wt% 
15 atom% 
6.5 yr 

0.82 

1291 U 
66.6 - -  

- -  7,349 
- -  3,745 
- -  7,304 
- -  3,719 

- -  6.5 

10.0 - -  

Pu 
- -  

2,467 
0 

2,419 

22.6 

- -  

- -  
~ 

(*)Beginning of life. 
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Table 4-4. Approximate Cleanup Fast  Reactor Waste Isotope 
Annual Generation Rates. 

~~ 

Isotope Production r a t e  (per  900 MWT module) (kg/yr)  
~ 

88sr 

133cs 
l 3 % S  

137cs 
"Tc 
1271 

237Np 
241Am 
243Am 
P1 utonium 
Curi  um 

12gI 

1 .3 
1.8 
7 . 9  
9 . 4  
7 . 8  
5 . 4  
0.6 

1 .7  
0 . 1  
8 . 6  
1 .o 

-64(*)  

0.056 (mostly 244Cm) 

( * )Net  l o s s  i n  fue l  and b lankets .  
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well as that in the CLFR fuel reprocessing stream, must be accounted for in 
calculations of total isotope inventory calculations. The assumed CLFR driver 
fuel goal average burnup is 150,000 MWd/MTHM. 
average core residence time for fuel is about 6.5 yr. 

In the CLFR, the corresponding 

Figures 4-6 and 4-7, along with the fuel and target residence times 
previously defined, provide the relevant inventory and throughput information 
required for strategy evaluations, facility requirements, and cost estimates 
for transmutation of only "Tc and 12'I. 
net destruction of "Tc and 12'1 in the CLFR (see Section 4.2.1). ]  

[Data in these figures indicate a 

Transmutation of either 'OS, or 13'Cs is more compl icated than 
transmutation of neptunium, americium, and curium in either a fast neutron 
core spectrum or an epithermal neutron hydride spectrum. 
and 137C.s, a prior isotopic separation step may be required to isolate these 
two nuclides from other isotopes of cesium and strontium. 

To transmute 'OS, 

4.2 TRANSMUTATION OF TECHNETIUM AND IODINE 

4.2.1 Scenarios That Illustrate CURE Impact 

Two CURE concept scenarios are presented to illustrate the use of CURE 
concept technology to limit "Tc and 12'1 inventory accumulation during the 
power production phase of the fission reactor life cycle and to effectively 
eliminate "Tc and 12'1 inventory during fission reactor phaseout. 
a reference LWR scenario, is presented for comparison. 
elimination of the minor actinides Np and Am is qualitatively similar. 

Scenario 1, 
The case for 

Because the CURE concept is flexible and can be used to pursue many 
different goals, a large number of scenarios are needed to adequately 
characterize its potential. In fact, one goal of follow-on studies of the CURE 

concept should be to identify opportunities, desirable tradeoffs, and criteria 
which are most important in shaping CURE scenarios. 
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The following examples of CURE scenarios are presented with the following 
caveats : 

0 Scenarios and the CURE concept are not optimized. 

Subsystem performance is preliminary and not fully developed. 

The tradeoff between early power generation growth by the 
breeder/burner mix and rapid elimination of 99Tc and lZ9I is a 
compromise case. Additional scenarios are needed to show either 
rapid power production growth or increased "Tc and 12'1 burning rate. 

The LWR phaseout is arbitrary and flexible. 
on electric power generation needs. 
not i ncl uded. 

It can be adjusted based 
The use of LWR to burn "Tc was 

Scenario 1: Produce Electric Power with LWRs (Reference Scenario). 

In Scenario 1, the following assumptions are made: 

All fission reactor electricity demands are satisfied by LWRs. 

The CURE concept i s  not employed. 

Electricity demand from power reactors is assumed to be about 100 GW 
until the year 2030, then grows at a rate of 0.8 percent/yr 
(Figure 4-8) .  

Scenario 1 is presented as a baseline case for comparison purposes. The 
consequence of continued total dependence on LWRs is the inventory accumulation 
of "Tc and 12'1 (Figure 4-9) .  
Scenario 1 results in 95 MT of "Tc and 21 MT of 12'1 being accumulated by 
the year 2030. 
accumulate. If U.S. reactor fuel is not reprocessed and, consequently, spent 

For example, the power production assumed in 

By the year 2150, -470 MT of "Tc and -93 MT "'I will 
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Figure 4-8. U . S .  Nuclear Electricity Production 
Over T i  me. 
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Figure 4 - 9 .  I n v e n t o r y  o f  99Tc and 1291 i n  L ight -Water  
Reactor Fuel as  a Funct ion o f  Time (Scenar io 1 ) .  
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fuel is emplaced in a geologic repository, this entire "Tc and 12'1 inventory 
is also eventually emplaced. 
emplaced HLW to more than 100,000 yr. 

These two nuclides extend the hazard period for 

Scenario 2: Substitute Breeder and Burner Reactors for LWRs 

This scenario describes a complete fission reactor life cycle which 
reduces dependence on LWRs. It is divided into three phases: 

Phase 1. Phase-in of burners and breeders. 
and 12'1 inventories approach an equilibrium level. 
is an unchanging "Tc and '*'I inventory that depends on the 
ratio of breeders to burners and total power output. 
of breeders and burners that can be built is initially limited 
by a v a i  1 a b i  1 i ty o f  pl  u t o n i  urn f u e l  . 

During this period the "Tc 
Equilibrium 

The number 

Phase 2. The power generation complex runs at "Tc and 12'1 equilibrium. 

Phase 3 .  Fission power i s  phased out to complete the fission reactor 
life cycle. 

During Phase 2, availability of  plutonium is a constraint; a plutonium 
inventory must be built up to support transmutation of key fission products. 
Technetium-99 and 12'1 are then burned down to an equilibrium inventory. 
During Phase 2, the "Tc and '"I production rate i s  balanced by the "Tc and 
I2'I burning rate, so that there is no net increase or reduction in "Tc and 
129~ inventory. 

The SAFR or CLFR modules produce 400 MWe and 900 MWt of power. 
number of modules grows rapidly until all available plutonium has been used 
(Figure 4-10). It then grows more slowly, as additional plutonium from 
reprocessing o f  current LWR fuel and breeder-generated material become 

The total 

lable. ava 
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c 
0 

Figure 4-10. Number o f  Breeder and Burner Modules 
As a Funct ion o f  Time (Scenario 2). 
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Figure 4-8 illustrates the phase-in of breeder and burner electric power 

At some time when appropriate replacement technology is available, 
while phasing out of LWRs. 
required. 
phaseout (Phase 3 )  of fission reactors will be called for. 
when power output is no longer a constraint, burner reactors can el iminate 
most of the "Tc and 

An LWR phaseout period of at least 50 yr is 

During this phase, 

12g1 

Scenario 3: Phaseout o f  Fission Reactors 

Scenario 3 describes a situation that demonstrates the ability of CURE 
concept technology to eliminate most "Tc and '*'I. 
the "Tc and '''1 inventory remaining when the last CLFR type reactor is shut 
down. Scenario 3 involves all burners and no breeders (Figure 4-11). More 
burners could be built, if desired. 
off.  Phaseout o f  burner reactors starts in -2076 to maximize "Tc and 

burnout as their availability for in-core inventory becomes 1 imiting. 

The goal is to minimize 

Initially, excess "Tc and '*'I are burned 
129, 

4.2.2 Analysis o f  Scenarios 

Scenario 1: 

In Scenario 1, only LWRs supply electricity through the study period, 
Figure 4-9 shows the 99Tc and 1291 and the spent fuel is not reprocessed. 

inventory which increases steadily with time. 
will have increased to about 470 MT. 

The "Tc inventory, by 2150, 

Scenario 2: 

Spent fuel reprocessing at a rate of 3000 MT/yr will begin in the year 

The total nuclide inventory is divided between 
2010. The LWR phasedown starts in the year 2012. 
zero in 2010 (Figure 4 - 1 2 ) .  
spent LWR fuel, inventory in CURE processing facilities or reactors, and 
empl aced inventory. The aboveground inventory includes spent fuel inventory, 
materials in process, stocks for beneficial applications, and in-core reactor 

Thus, reprocessed "Tc is 
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Figure 4-11. Number o f  Burner Reactor  Modules as a 
Function o f  Time (Scena r io  3 ) .  
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12g1 inventories. 
inventories. 

In Scenario 2 ,  power is produced while containing "Tc and 
At the end of Scenario 2, "Tc and 12'1 are eliminated, while 

phasing out fission reactors. 

During Phase 1 the large "Tc inventory from LWRs becomes available 
between the years 2010 and 2055. 
approaching an equilibrium inventory of about 130 MT (Figure 4-12). 
shortens the phaseout time at the end of the life cycle and reduces surface- 
stored "Tc and radioiodine. The situation is similar for '*'I or, for that 
matter, other nuclides (Figure 4-13). 

Burners eliminate 70 percent of the "TC, 
This 

During Phase 2 the minimum "Tc and "'I inventory at equilibrium is 
The equilibrium CURE "Tc and 12gI that required in burners (Table 4-5). 

inventories are much lower than the corresponding LWR waste inventories produced 
by the,year 2150 (Scenario 1) and are constant, in contrast to the rapidly 
growing LWR inventories. 
inventory can either grow or shrink, depending on the breeder/burner ratio 
(Table 4-5). 

At equilibrium of "Tc and "'1, the plutonium 

Scenario 3: 

Scenario 3 illustrates how the CURE concept can be used to eliminate 
"Tc and "'I during fission reactor phaseout. Figures 4-1 
the amount o f  "Tc and '*'I, respectively, remaining during 
period. Both the "Tc and '''1 inventories are reduced rap 
Aboveground "Tc and "'I inventories are eliminated over a 
period. A development goal in this regard is the reduction 
and "'I inventories by a factor of 1,000 within 80 yr of f 

and 4-15 show 
the phaseout 
dly (Table 4-6 
100-yr burnout 

99 o f  eventual 
ssion reactor 

phaseout. 
129~ conversion. 

Actinide conversion is expected to be comparable with "Tc and 

C 

In conclusion, Figure 4-16 compares the total 99Tc inventory for the 
three scenarios. The once-through LWR (no reprocessing) reference scenario 
results in continual increase in total inventory of 99Tc. 
reactor mix designed to achieve an equilibrium 99Tc inventory, and the same 

Scenario 2 is a 
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Figure 4-13. Inventory o f  1291 As a Function o f  Time 
(Scenario 2). 
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Table 4-5. Eqi i l i b r i u m  99Tc and 1291 1n.rentory 
versus Breeder/Burner Ra t io .  

Equi l ibr ium r e a c t o r  holdup 

Breeder/burner  r a t i o  "Tc (MT)(a)  12'1 (MT) 

0 

1.1 

2.1 

- -  

- -  

-7.2 

( ~ ) M T  = metric ton .  
( ~ ) G w  = g igawa t t .  

Product ion r a t e  

Plutonium 
( W Y  r )  

Bas is :  100 GW(b)  

--19 

0 

-+5.4 
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Figure 4-14. Inventory o f  99Tc During Phaseout 
o f  Fission Reactors. 
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Figure 4-15. I n v e n t o r y  o f  1291 Dur ing  Phaseout 
o f  F i s s i o n  Reactors. 
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Table 4-6. Burnup of 99Tc During 
Reactor Phaseout. 

"Tc Reduct i on 

Time (yr) "Tc burned (%) 

35 55 
63 90 
77 95 

105 >99 

power growth as Scenario 1. 
only to replace LWRs (Scenario 3)  results in destruction of the inventory of 
99Tc over a period of about 100 years, as well as a closeout of the nuclear 
power option. Future studies of Scenario 3 should  a l s o  focus on elimination 
o f  plutonium and other TRU elements. 

Finally, introduction of fast burner reactors 

4.3 FUEL AND TARGET FABRICATION 

4.3.1 Fuel Fabr ica t ion  

4.3.1.1 In t roduct ion .  The fuel fabrication facility for an integrated CURE 

site is nominally scaled at 300 MTU/yr and 20 MTPu/yr input and 1,000 fuel 
assemblies/yr output (Figure 4-17). Because the national strategy for use o f  
the CURE system may vary with time, the plutonium enrichment and reactor core 
configuration may also vary appreciably depending on whether the CURE reactor 
system is used primarily to produce power only or to transmute actinides and 
other isotopes. In addition, the reprocessing plant produces more plutonium 
and uranium than used by the 16 CLFRs, and can provide fuel for other reactors 
including ALWRs (Section 5.1). 
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'igure 4-16. Comparison o f  99Tc Inventory for 
Three Scenarios. 
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4.3.1.2 Planning Assumptions. The reference fuel des ign  used for  the CURE 
system i s  PuO2/UO2 ceramic pe l l e t s  encapsulated in HT-9 f e r r i t i c  s ta in less  
s tee l  cladding. The oxide regime i s  selected as the reference case because: 

I t  i s  an established, well-understood process. 

I t  provides the lowest level of  technical uncertainty and 
programmatic r i sk .  

I t  i s  amenable t o  operation i n  large-scale integrated plants.  

Fast reactors fo r  a large integrated CURE p l a n t  s i t e  are assumed t o  be 
sized a t  about 900 M W t  (400 MWe). The integrated plant s i t e  i s  assumed t o  
have 16 reactors.  The annual fue l ,  blanket, and ta rge t  assembly requirements 
for  a one reactor and for  a 16 reac tor -s i te  are  shown in Table 4 - 7 .  While 
the mass values i n  Table 4 - 7  are for  a metal fuel design (Section 4 .1 .4 ) ,  the 
corresponding values fo r  oxide fuel will be close for  approximate scoping 
s tudies .  

4.3.1.3 Production Processes. The reference oxide fuel fabrication flowsheet 
(Figure 4-18) i s  a flowsheet developed for  the Secure Automated Fabrication 
l i n e  a t  the Hanford S i t e .  The fabrication l i n e  will consis t  of processes t o  
receive, assay, and pe l le t ize  fuel materials and t o  encapsulate the pe l le t s  
w i t h i n  s t a in l e s s  s tee l  cladding t o  form fuel pins meeting specifications for 
FRs. Subsequent processing of sealed fuel p i n s  into finished fuel assemblies 
will be performed i n  a se r ies  of semiautomated and manual operations t o  keep 
operator exposure a t  minimum levels .  

The feed materials for  the fuel production process include the following: 

Fuel grade U02 and Pu02 powders 

Mixed oxide (MOX) fuel returned from e i the r  wet or dry scrap recycle 
operations 
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Table 4-7. Approximate Core Material Requirements for  
C U R E  System Fast Reactor. (sheet 1 of 2) 

Fuel assembl i es 

Number of cores 

Fuel l i f e  ( y r )  

Number of fuel assemblies i n  core 

Number of fuel assembl i es rep1 aced/yr 
(average) 

Number of fuel pins/assembly 

Number of fuel p i n s  i n  core 

Number of fuel p i n s  replaced/yr (average) 

Enrichment (%) (Pu/ (U+Pu)%)  (LWR recycle) 

Pu mass/assembly (kg)  

PU mass in-core (MT) (a) 

Urani um mass/assembl y ( k g )  

Uranium mass in-core (MT) 

Uranium mass/assembly in axial blanket (kg)  

Uranium mass in axial blanket (MT) 

Internal blanket assembl i e s  

Life ( y r )  

Number of blanket assemblies i n  core 

Number of bl anket assembl i es 
replaced/yr (average) 

Number of blanket pins/assembly 

Number of blanket pins in core 

One reactor 

1 

6.5 

126 

19 

271 

34K 

5.3K 

2 5% 

19.6 

2.47 

58.3 

7.35 

23.4 

2.95 

One reactor 

6.5 

37 

5.7 

169 

4.8K 

Number of blanket pins replaced/yr (average) 740 

Sixteen reactors 

16 

6.5 

2016 

310 

271 

546K 

84K 

2 5% 

19.6 

39.5 

58.3 

118 

23.4 

47 

Sixteen reactors 

6.5 

592 

91 

169 

77K 

11.8K 

4-34 



WHC-EP-0268 

Table 4-7. Approximate Core Material Requirements for 
CURE System Fast Reactor. (sheet 2 of 2) 

Internal blanket assembl ies One reactor Sixteen reactors 

Uranium mass/assembly (kg) 

Uranium mass in core (MT) 
100 100 

3.7 60 

Tarset ( b, Assemblies/vr/reactor TvPe Product 

Neptunium TBD(C) Oxide 238P" 

Americium TBD Oxide 2 3 8 ~ u / ~ m  

Curi um TBD Oxide 252cf 

NOTE: The potential actinide mass in CLFRs (Np, Am, Cm) is 10 to 20% 
of the total plutonium from the reprocessing plant, depending mostly on the 
age of !he discharged-light water reactor fuel. 

trans r nics are included with Pu in the driver fuel. 

a MT = Metric ton. 
(b)Optional path for producing beneficial isotopes. 

YcfTBD = To be determined. 

Otherwise, all 

4-35 



P 

w 
m 
I 

Granulate/ 
Sieve Pellet -b - 

Chemistry Adjustment 
Sampling 

Pressing Lubricant + 

Cladding 

Blender - 

Surface 

Fuel Pellet ~~~i pin 
inspection Storage * Column * Loading 

Pellet Pellet 

Makeup 

Cold Components 

To Fuel Fuel 
Reactor + Storage Assembly 

Fuel Pin Fuel Pin 
Closure + LeakTest * 

& Decontamination & Inspection 

38906053.1 

3 
X 
rD 
Q 

0 
X 

-1. 

-1. 

Q 
rD 
--I 
Es 
3 
--I 
P, 
0- 
I 

0 
P, 
rt 

0 
3 

V 
I 
0 
0 
rD 
In 
In 

-1. 

A. 

SE 
I 
0 

m 
W 

I 

t - I 



- - . . . . . . . . . . . ... . . 

WHC-EP-0268 

Depleted U02 axial blanket pellets 

Non-nuclear material fuel pin components. 

The fuel pin fabrication line will include eight major process systems: 

1. Receiving and powder preparation 

2. Powder conditioning 

3 .  

4 .  Debinding, sintering, and property adjustment 

5. Boat transport 

6. Pellet inspection and finishing 

7 .  Fuel pin loading and closure welding 

8. Pin inspection and test operations. 

Pellet pressing and boat loading 

Support systems for the fuel pin line will include the following: 

Feed materials inspection, testing, and certification 

Chemical analysis 

Scrap and waste handling 

Facility and safety 

Maintenance 
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Enclosures 

0 Line control and data center. 

4.3.2 Target Fabrication 

4.3.2.1 Actinide Targets. 
separately to oxide forms from nitrate solutions obtained in the fuel and 
target reprocessing operations. While laboratory confirmation is needed, it 
is believed that Np, Am and Cm can be converted to oxide ceramic pellets using 
similar principles and many of the practices that have been extensively 
employed to fabricate U02 and mixed (U/Pu)O2 sintered fuel pellets for 
commercial reactors and for the FFTF at the Hanford Site. 

The actinides 237Np, Am and Cm would be converted 

Figure 4-19 shows a Np target pin process flowsheet developed by Los 
A1 amos Technical Associates in support of the proposed Space Isotope Program 
( S I P )  production of 238Pu from 237Np at the Hanford Site. 
equipment for fabrication of Np02 pellets and sealed target pins will need a 
shielded glovebox or hot cell 1 ine. Conversion of 237Np t o  238Pu requires a 
moderated neutron environment. 
Np02 target pins will be dictated by the type of reactor providing the neutron 
flux. For the SIP production of 238Pu in the FFTF reactor, the target 
assemblies will include yttrium hydride pins to provide the optimum neutron 
energy spectrum. 

The process 

The design of the core component carrying the 

The process equipment for fabricating Am and Cm target pins and target 
assemblies will have to be located in shielded hot cells and be remotely 
operated and maintained. 
high thermal loads due to the presence o f  such isotopes as 238Pu, 242Cm, 
and 244Cm. 

Adequate provision will have to be made to deal with 

4-38 



WHC-EP-0268 

Figure 4-19. Neptunium Target Pin Fabrication Process. 

Np02 Powder (from Vault) 

Weigh ** 
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End Caps 
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b 
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4.3.2.2 Fission Product Targets. Fabrication of 99Tc and radioiodine target 
pins and in-core target assemblies will require process and materials 
development, particularly for transmutation of radioiodine. 
temperature characteristics of iodine compounds and their interaction with 
encapsulation materials in a FR environment are essentially unknown. 

The high- 

The 99Tc could be alloyed and cast or rolled into metallic target slugs 
for encapsulation or handled as oxide ceramic pellets. 
preferred for its high thermal stability. 
the use of unshielded gloveboxes. 

The metal form may be 
Fabrication of both forms requires 
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5.0 COSTS, RISKS, AND OTHER ISSUES 

A preliminary comparison has been made of the annual resource 
requirements, waste generation costs, and risks for a once-through LWR-only 
scenario and a CURE-LWR scenario, assuming equal electricity generation in 
each scenario. 
rate that it is generated. The comparisons are based on cost, risk, and 
system performance estimates available in the literature or developed in 
previous chapters of this report. 

In the CURE-LWR scenario, HLW i s  destroyed at about the same 

The preliminary comparisons show a cost increase for the CURE-LWR 
scenario over the once-through LWR-only scenario (U.S. Council for Energy 
Awareness 1987) of about 7 percent. Risks for the CURE-LWR scenario appear 
to be slightly lower than for the once-through LWR-only scenario; the 
increased risks associated with reprocessing and partitioning for the CURE- 
LWR concept are more than offset by the decreased risks associated with 
uranium mining that result from lower U3O8 requirements caused by plutonium 
and uranium recycle. 
CLFRs. 

Uranium and plutonium are recycled in both LWRs and 

The consensus of the CURE concept team is that introduction of breeders 
and burners (all fast reactors) and phaseout of LWRs in the year 2010 
(Figure 4-8)  is extremely unlikely. 
introduction of a new generation of LWRs, combined with enough fast -burner  
reactors to maintain a constant inventory of long-lived fission products and 
TRU elements. 
is the basis for the cost/risk assessment for a CURE concept nuclear economy 
versus the reference case. Plutonium recovered in fuel reprocessing is used 
to fuel the CLFRs, and any excess plutonium supplies part of the LWR fuel. 

A more realistic possibility is the 

The LWR/CLFR ratio for such a case is about 5:l. This ratio 

5- 1 
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5.1 COMPARISON OF FUEL CYCLE REQUIREMENTS 
FOR TWO SCENARIOS 

The annual resource requirements for the once-through LWR-only and the 
CURE-LWR scenarios are presented in Figures 5-1 and 5-2. 
assume 36,400 MWe capacity and a 70% capacity factor. 
requirements for both scenarios and the incremental savings and increases 
attributed to the CURE-LWR scenario are shown in Table 5-1. 
16 CLFRs could consume more 1291 and 99Tc than produced in the entire complex. 
In addition, the LWRs could also be used for transmuting 99Tc. 

Both scenarios 
The resource 

Note that the 

5.2 COST COMPARISONS 

Annual cost savings and increases for the CURE-LWR scenario compared to 
the once-through LWR-only scenario are summarized in Table 5-2. 
cost increase for the CURE-LWR scenario is $954 million/yr or 4 . 3  mils/kWh. 
Most of the increased cost occurs in two areas: (1) LWR fuel reprocessing 
and partitioning ($670 million), and (2) increased capital costs for the 
CLFRs ($590 million).* These increased costs are partially offset by reduced 
costs in the LWR-enriched uranium fuel cycle and in spent fuel disposal 
($463 million). Potential revenues from by-products are estimated at 
$38 million. 137Cs accounts for nearly all of the by-product revenues. 
Future increases in the demand for radioisotopes could increase the value of 
by-products. 

The net 

The uncertainties in the scenarios are largely in the unit cost 
estimates. 
(DOE/EIA 1987, DOE/RW 1988) 

The process flow requirements are known with reasonable accuracy 
The largest uncertainty is in the capital cost 

*The CLFR is assumed to cost 30 percent to 40 percent more per kW than 
the LWR. Currently, liquid-metal reactors are estimated to cost about twice 
as much per kW as LWRs. However, projected costs for second generation LMRs 
are expected to be substantially lower (Hudson and Fuller 1987; Berglund 
et al. 1988). 
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Figure 5-1. Light-Water Reactor Once-Through 
Scenario: Annual Material Flows and 

Resource Requirements. 

36,400 M W e a  @ 70% Capacity Factor 

u 3 0 8  

1 
6.0 Million kg 

uF6 5,100 MTUb 

1 
Enrichment 

1 
Fabrication 

1 
irradiation 

1 

4.2 Million SWUC 

850 MTU, 3.25 wt% 235U 

33,000 MWdIMTd Exposure 

Repository 850 MT Spent Fuel 

aMWe = Megawatt electric. 

bMTU = Metric ton uranium. 

cSWU = Separative work unit. 

dMWd/MT = Megawatt days per metric ton. 

P-9-2206-5-1 
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Figure 5-2 .  CURE L igh t -Water  Reactor Scenar io:  
Ma te r i  a1 Flows and Resource Requirements. 

30,000 MWea LWRb & 6,400 MWe CLFRc @ 70% Capacity Factor 
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4 
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I 
2,700 MTUd 

+. 
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0.78 wt% 
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1 IT R:r;lsi? (Initial) 6.2 MTPu 
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? 
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t 
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aMWe = Megawatt electric 
bLWR = Light Water reactor 
CCLFR = Cleanup fast reactor 
dMTU = metricton uranium 
eSWU = Separative work unit 

fMWd/MT = megawatt days per metric t on  
9MTHM = metric ton of heavy metals 
hMTPu = metric ton plutonium 
lMOX = mixedoxide 
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Table 5-1. Annual Resource Requirements for Light-Water Reactor Only 
and CURE Light-Water Reactor Scenarios. 

(sheet 1 of 2) 

LWR(a)-only CURE-LWR CURE 
scenario scenario savings 

LWR processes 

u308 (lo6 lb) 13.2 7.1 6.1 

U F ~  conversion (MTU) (b) 5,100 2,700 2,400 

Enrichment ( lo6 SWU) (c) 4.2 3.5 0.7 

LWR fuel fabrication (MTU) 850 560 290 

LWR reactor (lo9 kWh) 223 184 39 

LWR spent fuel (MTU) 850 700 150 

Spent fuel repository (MTU) 850 10 840 

CURE processes 

Increased CURE 
requ i remen t s 

Fuel reprocessing and partitioning (MTHM) (dl  
LWR-e riched uranium fuel 560 

140 
24 MOX CLFR fuel 

!Jan ket s 16 
4c partitioning 262 kg 

12 I partitioning 142 kg 

MOX@ r LWR fuel 

Tar t separations 
32 assembl i es 
64 assembl i es 

!$, 
1291 611 kg 99Tc, 262 kg Ru 

330 kg I, 142 kg Xe 
Fuel fabrication (MTHM) 

LWR MOX 140 
MOX-driver including other actinides 24 

Blanket fuel fabrication (MTU) 16 
Tar t fabrication 

%C 32 assembl ies 
1291 64 assembl i es 

5-5 

873 kg 99Tc 
472 kg I 



WHC-EP-0268 

Tab le  5-1. Annual Resource Requirements f o r  L igh t -Water  Reactor  Only 
and CURE L igh t -Water  Reactor Scenar ios.  

(sheet  2 o f  2) 

By-products  (kg) 

137cs 
9 0 ~ r  

768 
312 

NOTE: Assumptions 
T o t a l  system c a p a c i t y  i n  each scenar io  i s  36,400 MWe. 
The 36,400 MWe system c a p a c i t y  i s  about o n e - t h i r d  o f  t h e  c u r r e n t  
U. S. n u c l  ea r  c a p a c i t y  . 

0 About t h r e e  o f  these CURE-LWR systems would be r e q u i r e d  t o  handle 
t h e  waste f rom t h e  e x i s t i n g  U.S. LWR c; fFfc i ty .  
The LWR-only scenar io  assumes a l l  PWRs and a t y p i c a l  PWR f u e l  c y c l e  
w i t h  a f u e l  exposure o f  33,000 MWd/MT.(g) 

0 The CURE-LWR scenar io  assumes s i x t e e n  400-MWe(h) CLFR(i) r e a c t o r s  and 
t h i r t y  1,000 MWe PWRs. 
A l l  r e a c t o r s  opera te  a t  a 70% average c a p a c i t y  f a c t o r  (223 b i l l i o n  
kWh/yr t o t a l  ) . 
About 11.3 MT of p lu ton ium i s  r e c y c l e d  annua l ly ,  6.1 MT t o  CLFRs and 

MT togbWRs. 
0 52GI and Tc t a r q e t s  a re  assumed t o  r e q u i r e  separa t i on  and 

r e f a b r i c a t i o n  a f t &  30% o f  t h e  atoms have been transmuted. 

(a)LWR = L igh t -Water  Reactor.  
(b)MTU = M e t r i c  t o n  uranium. 
(C)SWU = Separa t ive  Work U n i t s .  
(d)MTHM = M e t r i c  t o n  o f  heavy meta ls .  
(e)MOX = Mixed Oxide. 
( f )  PWR = Pressur ized  Water Reactor.  
(g)MWd/MT = Megawatt days p e r  m e t r i c  ton .  
(h)MWe = Megawatt e l e c t r i c .  
(')CLFR = Cleanup Fas t  Reactor.  
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Table  5-2.  Net Annual Cost Impacts of CURE Light-Water 
Reactor Scenario versus Once-Through Light-Water 

Reactor Only Scenario. 
(sheet 1 o f  2) 

FUEL CYCLE COSTS 

Savi nqs Quantity Unit cost $(million) Mils/kWh(a) 

$i8convers i on 2400 MTU $2.5/kg 6 
Ura i m enrichment 0.7 million $8O/SWU ( b, 56 
LWRyCy enriched urani um 

fuel fabrication 290 MTU $200/kg 58 
Spent fuel repository 840 MTU $260/kg - 218 

6.1 million lbs $20/lb 122 

Total savings ( 460 ) (2.1) 
Increases 

Fuel and target fabrication(d) 
MOX(e) LMR(f) driver 24 MTHM $1,3OO/kg 31 

$9 c targets 
873 kg ;:$; $1,00O/kg(g) 1 

1247 targets 470 kg $1,00O/kg(g) 1 

MOX LWR driver fuel 140 MTHM $ 780/kg 109 
MR  B1 anket 16 MTU $ 200/kg 3 

Depleted uranium 1 MTU $ 3/kg 0.003 

Reprocessing and partitioning(d) 
LWR-UtPu 700 MTU $ 960/kg 670 
LMR core 24 MTHM $1,20O/kg 29 

$9 c targets 611 
kg YZJ; $1,00O/kg(g) 1 

1 2 4 1  targets 330 kg $2,00O/kg(g) 1 

M R  blanket 16 MTU $1,20O/kg 19 

Total Increases 86 5 - 3.9 

NET FUEL CYCLE INCREASE 405 1.8 

BY-PRODUCT  REVENUE^^) 

137cs 77 MCi $0.48/C i 37 
9 0 ~ r  114 Pins (3 kW) $12,00O/pin 1 

Total potential revenues (savings) (38) (0.2) 
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T a b l e  5-2. Net Annual Cost Impacts of CURE Light-Water 
Reactor Scenario versus Once-Through Light-Water 

Reactor Only Scenario. 
(sheet 2 of 2) 

CAPITAL COST INCREASE ( i QUANTITY UNIT COST $(MILLION) MILS/KWH(~) 

CLFR(J) reactors 39 billion kWh $0.015/kWh 590 2.6 

SUMMARY 

NET INCREASE $ 957 4.3(k) 

(a)The annual electricity production is 223 billion kWh (25.5 GW-years) in 

(C)LWR = Light-Water Reactor. 
(d)Source of fabrication and reprocessing cost estimates is IAEA 1982. 

nari os. 
both TUswu = Separative work units. 

All costs were updated to 1988 constant dollars. The LMR blanket fabrication 
costs were increased to equal LWR U fabrication costs. The LMR blanket 
repro e sing costs were increased to equal LMR core reprocessing costs. 

CejMOX = Mixed oxide.  
(f)LMR = Liquid Metal Reactor. 
(9)Costs are best estimate. 
(h)Source: 
(l.!Source: 

Bloomster et al. 1985; Ross et al. 1989; Sonde et al. 1977. 
Hudson and Fuller 1987; Berglund et a1 . 1988. 

( J ~ L F R  = Cleanup fast reactor. 
(k)Totals do not add due to round 
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differential between the CLFRs and the LWRs. As noted, this differential i s  

currently about 100 percent, but a target differential of 30 percent is 
considered reasonable and is needed to achieve competitiveness. Recent 
estimates for the modular advanced liquid metal reactor (ALMR) project the 
costs of the factory-built ALMR to be about equal to the LWR. The U3O8 
costs should increase with time as higher-grade ores are exhausted (DOE/EIA 
1987); this should increase both the value o f  plutonium recycle and the 
savings from reduced U3O8 consumption. 

The unit cost of reprocessing and partitioning is based on 1980 
International Atomic Energy Agency (IAEA) estimates updated to 1988 constant 
dollars (IAEA 1982). 
an equal probability o f  being higher or lower over the long-term. 
of their similarity, the IAEA cost estimate for reprocessing LMR blanket 
material was increased to equal that of the LMR core reprocessing costs. 
The reprocessing and partitioning costs are also assumed to include the 
partitioning cost for all isotopes that are processed into fuel or targets 
and subsequent waste management costs. 

These costs are uncertain but are considered to have 
Because 

The CLFR driver fuel is expected to recycle plutonium and the other 
actinides. The fabrication cost estimates are based on 1980 I A E A  values 
updated to 1988 constant dollars (IAEA 1982). 
costs (Croff et al. 1980) are about 30% lower. This uncertainty i s  
r e l a t i v e l y  m i n o r  (-1%) i n  comparison w i t h  t h e  t o t a l  e s t i m a t e d  c o s t  d i f f e r e n c e  

between the two scenarios. 

Other estimates of fabrication 

The estimated by-product revenues are small by comparison; therefore, 
the sale o f  by-products is not essential to the success of the CURE concept. 
The by-products are not assumed to be recycled; after initial use they are 
assumed to be placed in intermediate-te'rm storage until decayed sufficiently 
for surface disposal. 
to be included in the reprocessing and partitioning costs. 
would probably require isotopic separation, this would be undertaken only if 
market demand and economics warranted. 

The cost of the intermediate term storage is assumed 
Since recycling 

The costs of intermediate term storage 
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and ultimate disposal are assumed to be included in the reprocessing and 
partitioning costs. 
indifference value (Bloomster 1985) compared to 6oCo, recently priced at 
$1.25/Ci. The indifference value yields identical costs for irradiation 
applications for each isotope. 
preparing Cs capsules for irradiation applications exceeds $0.48/Ci, this 
would not be undertaken. 
encapsulation, whether for storage or use, is included in the reprocessing 
and partitioning cost. 

The price of 137Cs, $0.48/Ci, is based on its 

Of course, if the incremental costs of 

This analysis assumes that the cost of Cs 

The target and fuel fabrication costs are assumed to include further 
conversion, i f  required, of the fuel and target materials received from the 
reprocessing plant into the proper compounds. 

Transportation costs were assumed to be approximately equal in the two 
scenarios and were not included in the analysis. The CLFRs were assumed to 
be collocated with the reprocessing and plutonium processing plants. 

Because the addition of CLFRs to the LWR-only system results in higher 
system costs, increasing the proportion of CLFRs would result in still higher 
system costs. On the other hand, decreasing the proportion of CLFRs is not 
feasible since the HLW disposal objectives would not be met. Thus, the ratio 
appears to be near optimum for these assumptions. When fast reactors become 
competitive with LWRs, then the proportion of CLFRs would increase and fast 
reactor breeders would replace LWRs, assuming the cost of CLFRs and breeders 
are about equal. 

5.3 RISKS 

This section compares the short- and long-term health risks for a once- 
through LWR scenario and a CURE-LWR scenario. Both radiological and 
non-radiological risks to the public and workers are examined. Qualitative 
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and quantitative comparisons are made using best available data (IAEA 1982; 
Cloniger 1982; DOE 1980). 

As noted in Section 5.1, a total system capacity of 36,400 MWe is assumed 
for each scenario. The LWR scenario assumes all PWR reactors and a typical 
PWR once-through fuel cycle. The CURE-LWR scenario assumes sixteen 
400-MWe CLFR and thirty 1,000-MWe PWRs. 
enriched UO2 and MOX fuel cycle. 
plant and a fuel and target fabrication plant. 
(reprocessing, fabrication, irradiation, and waste disposal) are assumed to 
take place in a remote and controlled access enclave. 

The 30 PWRs are supported by an 

The CURE processes 
The 16 CLFR are supported by a reprocessing 

5.3.1 Short-Term Risks 

Short-term risks typica 
and accidental, occupational 

1Y 
and 

nclude the various combinations o f  routine 
publ ic, and radiological and nonradiological 

risks. A brief literature review was conducted to obtain available short-term 
risk information for once-through LWR operations and the CURE-LWR scenario 
operations. The important risk categories, for which information is 
available, include radiological routine risk to the publ ic, radiological 
routine risk to the workers, radiological accident risk to the public, and 
nonradiological accident risk t o  the workers. Table 5-3 provides short-term 
risk estimates for the once-through LWR scenario and the CURE-LWR scenario 
(Schneider et al. 1986). 
effects per GWe-year. 
radiological risk and deaths for nonradiological risks. 

The risk values are reported in terms o f  health 
Health effects consist of latent cancers for 

The short-term risks are very low for both scenarios considered. 
Although the CURE processes involve additional processing steps which add 
to the short-term risk, recycling reduces the LWR fuel requirements which in 
turn reduces the risks from mining and fuel processing operations. Given 
the large uncertainties and simplifying assumptions, the net result is no 
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Table 5-3. Short-Term Risk Comparisons 
(Health Effects/GWe-Year). 

Radiological Radiological Radiological Nonradiological 

Routine Routine Accident Accident 
Dub1 i c worker Dub1 i c worker 

Once-throuqh 1 iqht-water reactor-on1 Y scenarios 

Mining .12 
Milling .024 
Conversion .002 
Enrichment 4 .  O X ~ O - ~  
Fabri cat i on .00012 
Reactor .015 
Transportation .OOl 

Total  .16 

.05 - 

.00014 7.4~10-~ 

.07 .10 

.016 2.0~10-7 

.0002 1.1x10-6 

.002 2.ox10-6 

.002 1.0~10-5 

. 14  .10 

CURE liqht-water reactor scenario 
Mining .065 .027 - -  
Milling .013 ,009 1.2~10-7 
Conversion 00 1 . 0001 5.9~10-~ 
Enrichment 3 :  2x104 * 0001 6.1~10-~ 
Fabrication(*) .00012 .002 2.ox10-6 
Reactor .015 .07 .10 
Transportation .001 .002 1.0~10-5 
Chemical processing .004 .002 7. O X ~ O - ~  
Mixed oxide/t r et 

fabrication t.9 
Total .10 .ll .10 

.09 

.003 

.0003 

.001 

.0004 

.Ol 

.008 

.10 

.048 

.002 

.0002 

.0008 

.0004 

.Ol 

.008 
,001 1 

.062 
~~ 

(*)The risks from mixed oxide and Target Fabrication operations are 
small. The risks from mixed oxide, blankets, and Target Fabrication 
operations in the CURE scenario are assumed identical t o  the Fabrication 
risk in the once-through light water reactor scenario. 
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significant differences in short-term risks. Short-term risks in both 
scenarios are low and potentially controllable to lower levels through 
improved safety systems that would tend to increase cost. 

Transportation risks are based on the once-through LWR scenario. It is 
assumed that since the CURE processes are concentrated at a single site, there 
are negligible transportation differences between the two scenarios. In 
addition to the transportation risks 1 isted, transportation has a 
nonradiological accident risk to the public of .003 deaths per GWe-year. 

It is assumed that there are no important reactor risk differences 
between PWRs and CLFRs. 
the neutron efficiency by about 1 percent which in turn could affect the 
thermal power and hence the electrical output, other things being equal. 
However, the loss of neutrons can be partially compensated for by the core 
design. The higher thermal-to-electric conversion efficiency in the fast 
reactors should, on balance, lead to a more thermally efficient system per 
unit of electrical output. 

The transmutation of the fission products reduces 

The reduction in routine radiological risks is due primarily to reduced 
mining caused by U and Pu recycle; partitioning by itself causes only a small 
reduction in uranium mining requirements through the fissioning of the higher 
actinides. 
transmutation with the risks o f  reprocessing with only Pu and U recycle, the 
risks of reprocessing with P-T would probably be slightly higher because o f  

the greater hand1 ing requirements for radioactive materials. However, the 
more relevant comparison is with the once-through cycle since this is the 
industry standard at present. 

Comparing the risks of reprocessing including partitioning and 
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5.3.2 Long-Term R i  sks 

Spent fuel and low-level waste disposal are the two operations of 
interest in examining long-term risks. 
primary risk category of interest. Table 5-4 provides long-term risk 
estimates for the once-through LWR scenario and the CURE-LWR scenario. 

Radiological risk to the public is the 

The long-term risk from geologic disposal of spent fuel is eliminated 
in the CURE-LWR scenario; this amounts to an estimated 5.2 health effects per 
GWe-yr in the once-through LWR scenario (Croff et al. 1980). The long-term 
risk is a statistical risk integrated over lo6 yr which is derived primarily 
from the release of 99Tc, and, to a lesser extent, lZ9I from the repository. 
The statistical risk derives from low probability natural occurrences, e.g. 
earthquakes and volcanoes, breaching the repository. 99Tc and lZ9I, which 
are much more mobile than the actinides i f  the repository i s  breached, 
constitute the greatest risk, whereas actinides are much less mobile under 
these circumstances. 

The long-term risks from near-surface disposal of LLW for the once- 
through LWR scenario are estimated to be less than one health effect per 
GWe-year, again integrated over lo6 yr. The long-term risk from LLW disposal 
for the CURE-LWR scenario is estimated to be 15 percent greater in proportion 
to the estimated increase in the volume of LLW. The intermediate term risk 
associated with radiostrontium and radiocesium storage is estimated to be 
small (less than 0.05 health effects/GWe-yr); provision for this risk is 
included in the LLW disposal. 
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Table 5-4. Long-Term Risk Comparisons 
(Health Effects/GWe-Year) . 
Once-throuqh 1 iqht-water reactor - C U R E  

Low-1 eve1 waste disposal (1 (1.2 
Repository 5.2 << 1 

NOTE: Statistical risk integrated over one million years. 

5.4 TRANSPORTATION ISSUES 

5.4.1 Introduction 

Transportation of radioactive materials among CURE system facilities 
will be required to support the activities and equipment which will be 
integrated t o  meet CURE system functional requirements. The CURE 
transportation network will consist of onsite systems for each site that 
requires movement of radioactive materials among several site-local 
facilities. 

Transportation streams among CURE system functions present a wide range 
o f  hazard categories, quantities, and physical forms. 
transportation of radi oact i ve materi a1 s are addressed in Federal Codes ( N R C  
1987b; DOT 1988; DOE 1985). These codes provide criteria for shipping 
container design and construction, classification of contents, and package 
certification procedures. 
transportation needs can be provided by application of existing technology 
to design new, or assess existing, shipping containers, perform and document 
analyses and tests to demonstrate compli.ance to Federal Codes, and obtain 
Certificates of Compliance for radioactive materials transportation packages. 

Packaging and 

Shipping containers to meet CURE system 
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5.4 .2  P1 ann i ng As sumpt i ons 

Commercial waste in the form of spent fuel assemblies from LWRs and/or 
monitored retrievable storage (MRS) facilities is a major source of feed 
material for the proposed CURE chemical processing facility. To diagram 
potential transportation streams among CURE program functions, chemical 
processing is treated as a single activity; however, it is comprised of 
several operations. 
will be under one roof, or in facilities in close proximity to one another. 
This arrangement eliminates costly packaging and transportation systems for 
handling liquid and gaseous radioactive materials which must be transferred. 

It is assumed that all chemical processing functions 

Figure 5-3 identifies potential major transportation streams which 
will/may use public transportation routes to transfer reactor fuel, spent 
fuel, target materials, isotopes, and other radioactive materials among CURE 

facilities/functions. 

5.4 .3  Potent i a1 Transport a t  i on St  reams 

Transportation streams among CURE system facilities fall into several 
categories, each presenting different packaging and transportation 
requirements. 

Products of Chemical Processinq. Each of the elements recovered from 
chemical processing is segregated and constitutes an individual transportation 
stream. The products of chemical processing fall into two categories: 
(1) isotopes that will be irradiated further as fuel or target materials; and 
( 2 )  isotopes that will be packaged for storage for 300 to 500 yr and which 
may be used as beneficial radionuclide sources. Isotopes in the first 
category will be in bulk form and will undergo additional processing to be 
made into fuel or target materials suitable for further irradiation. Isotopes 
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in the second category will be encapsulated in a package which is designed 
to provide containment in fixed geometry for safe interim storage for 300 to 
500 yr. 

Fuel and Tarqet Feed Material Processing. It is anticipated that several 
of the products from chemical processing will require additional processing 
before they can be fabricated into irradiation assemblies. 
processing may include items such as blending fissile material(s) into fuel 
isotopes to balance enrichment, combining target isotopes with filler or 
moderating materials, and preforming and densification in preparation for 
assembly. 
processing and/or fuel target assembly fabrication facilities. Additional 
studies will determine optimal process parameters and clearly define the 
transportation streams among chemical processing, makeup of fuel and target 

Additional 

Some of these processes may be incorporated into chemical 

materials, and irradiation assembly fabrication functions. 

Fabrication of Fuel and Tarqet Assemblies. The assembly fabrication 
function produces five types of target and fuel assemblies for thermal and 
fast reactors. 
separate transportation stream. However, additional studies are expected to 
show that two or more of these transportation streams can be combined. 

Each of these five types o f  assemblies is considered a 

Irradiated Fuel and Tarqet Assemblies. Three transportation streams are 
anticipated for irradiated fuel and target assemblies because the source terms 
for the three types shown in Figure 5-3 are quite different. 
curium target assemblies will have very high neutron and heat production 
sources, higher than spent fuel or neptunium target assemblies. Shielding and 
heat dissipation requirements for transportation packages for these three 
types are sufficiently diverse that at least three shipping container designs 
will probably be required for transportation o f  irradiated assemblies from 
reactors to the chemical processing faci 1 i ty. 

Americium and 
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Soent Fuel Assemblies from LWRs and Monitored Retrievable Storaqe (MRS) 
Facilities. Spent fuel assemblies from commercial LWRs and MRS facilities 
represent another transportation stream. 
stream is well developed, and several shipping containers are currently 
licensed for this purpose. 

Transportation technology for this 

IsotoDe Recovery. 137Cs and 90Sr have half-lives of approximately 
30 yrs each, and users will require periodic replacement to maintain stable 
source levels. Spent sources will be shipped from users to chemical 
processing or another specialized facility for recovery and reencapsulation 
of cesium and strontium isotopes which in turn will be returned to users. 

Fissile Material. Enriched uranium for fissile enrichment of some 
reactor fuels will be needed in the initial phase of the CURE system until 
sufficient plutonium has been recovered to meet enrichment requirements. 
Shipments of enriched uranium have been made for several decades in support 
o f  commercial power reactors. Packaging requirements are well known and 
licensed shipping containers are available for this purpose. 

Low-Level Waste. Waste in these streams meets criteria for land disposal 
criteria (NRC 1982; NRC 1987a; NRC 1989) and is suitable for disposal in near- 
surface sites. 
been ongoing for several years. Transportation systems and certified packages 
for this activity are well defined and available for use to dispose of CURE 
system LLW. 

Disposal of Class C LLW in support of nuclear facilities has 

5.4.4 Transportation System Requirements 

Definition of the transportation system requires an initial evaluation 
of the radioactive materials source terms, the quantity of material, and the 
package requirements for each transportation stream shown in Figure 5-3. 
Data from the initial evaluation applied to requirements in the federal 
Transportation Codes will provide the basis to determine the number of types 
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and optimal size of the shipping container that will be required to support 
each CURE system transportation stream. 
established, the number of shipping containers required and optimal transport 
modes can be defined for each transportation stream. 
all transportation streams will provide the basis to determine costs for the 
total system. 

With packaging requirements 

Compilation of data from 

5.5 INSTITUTIONAL ISSUES 

The CURE concept includes two phases: (1) a research and development 
(R&D) phase, in which the technology is refined and developed to the point 
where it would be ready for deployment, if needed; and (2) an implementation 
phase, in which the full CURE concept is placed in operation. The issues 
are quite different for these phases. 
considered in two categories: concerns (including political and pub1 ic), 
and regulatory (including laws and regulations, whether Federal, State, 
or 1 oca1 ) . 

The institutional issues can be 

5.5.1 Concerns 

The primary concern relates to the existing national commitment to deep 
geologic disposal. 
pretreatment, recycle, and disposal technologies that could simplify the 
licensing o f  a geologic repository. 
the CURE concept is viable and useful. 
to be implemented, the separation of long-lived nuclides needs to be efficient 

The CURE concept i s  intended to offer spent fuel 

Thus, the need is to demonstrate that 
In addition, if the CURE concept i s  

near-surface disposal of the solidified process waste stream. 
TRUEX process (for near-quanti tat i ve separation of TRU 

enough to allow 
Addition o f  the 

99 elements and 
the traditional 

c) and separation of other long-lived nuclides (I2’I) to 
P-T processes are intended to address this issue. 

5-20 



WHC- EP-0268 

Another issue is the knowledge that P-T has been studied in the past and 
not found to be worthwhile. 
assumption that a deep geologic repository is already available, so that P-T 
beyond recovery of uranium and plutonium is not worth the added cost. These 
conclusions could change dramatically if the repository program as currently 
envisioned could benefit from spent fuel pretreatment. 

However, this conclusion was based on the 

For full implementation of the CURE concept, it would be necessary for 
public and political perception to change substantially. As discussed above, 
the change could be initiated by the need to assist long-range issues of the 
repository or to remove major obstacles. If such a change were to occur, the 
institutional climate might shift dramatically, and a spent fuel pretreatment 
alternative could become attractive. 
which could be alleviated to some degree by the availability of an option 
ready for deployment. Thus, it would appear to be highly desirable to develop 
the CURE concept as fully as possible, to provide credibility as a viable 
pretreatment option, as well as to permit rapid deployment at a time when 
aboveground storage capacity for HLW might be severely 1 imi ted. 

A sense of urgency might develop, 

5.5.2 Regul atory 

There are many laws and regulations which might influence full deployment 
o f  the CURE concept at the present time. 
Policv Act o f  1982 (NWPA) authorizes the geologic repository program as the 
direction of national policy. In Section 222 o f  the NWPA, DOE is required to 
continue and accelerate a program o f  research, development, and investigation 
of alternative means and technologies for the permanent disposal of high-level 
radioactive waste. Thus, the R&D phase is allowed and even encouraged by the 
NWPA. 
than deep geologic burial in the Environmental Impact Statement (EIS) that 
the DOE will issue in support of its NRC license application. 
o f  volume reduction of HLW by a combination of partitioning, transmutation, 
and interim storage is clearly not excluded. 

In particular, the Nuclear Waste 

The act directs the DOE to exclude disposal options for HLW other 

Consideration 
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Regulatory requirements are minimal for the R&D phase because most of the 
work would be carried out in existing facilities. 
already in place, unless major facility changes are needed. 
trigger the need for some of the documents or permits required for new 
facilities, since some of the requirements apply to new or significantly 
modified facilities. 

Necessary permits are 
Changes could 

Full implementation of the CURE concept will require licenses and 
permits, including those specified by the National Environmental Policv Act 
of 1969 (NEPA), 42 CFR 4321 documentation, NRC licenses, various permits 
under the Resource Conservation and Recovery Act of 1976 (RCRA) 42 USC 6901 
et req., Clean Air Act of 1977, 41 USC 7401, Clean Water Act of 1977, 
33 USC 1251, and various state requirements which will depend on facility 
location. There is little point in detailing the requirements, because some 
are site-specific and several are subject to change. For example, the 
U . S .  Environmental Protection Agency (EPA) i s  developing disposal rules for 
radioactive waste, the U.S. Congress is considering changes to NRC licensing 
procedures, and RCRA rules change frequently. In addition, the rules under 
the Atomic Enerqv Act of 1954, 42 USC 2011, and Enerqv Reorqanization Act of 
- 1974, 5 CFR 5313-5316, are different for DOE and commercial facilities 
(although some of the other laws are the same for both). 
however, to mention the long lead-time items which could become schedule 
drivers. 

It is useful, 

Major facilities will require an Environmental Assessment or an EIS, 
which could take several years to prepare and review. 
multiple facilities could require a programmatic document as well as 
individual or combined documents for the facilities. If the facility is 
considered to be a treatment, storage, or disposal facility under RCRA, a 
RCRA permit is required before start of construction. Commercial nuclear 
facilities require an NRC license, a multiyear process. 
to be started in parallel and early in (or even before) the conceptual design 
stage. 

Major programs with 

These efforts need 
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6.0 KEY CURE TECHNOLOGY DEVELOPMENT ISSUES 

6 .1  INTRODUCTION 

The basic features of the baseline P-T technology described in 
Chapters 3 and 4 have been identified; nevertheless, there are numerous 
opportunities and incentives to develop, prove, and implement enhanced and 
new P-T technology. 

Chapter 6 is devoted to a presentation and discussion of various 
technical issues which relate to development and implementation of the CURE 
concept. The CURE concept includes partitioning of radiostrontium and 
radiocesium as well as actinide elements, 99Tc, and radioiodine. 
preferred option for disposal of partitioned 99Tc and radioiodine is to 
transmute them to stable nuclides. 

The 

6.2  CHEMICAL PROCESSING ISSUES 

6 .2 .1  Appl i c a b i  1 i t y  o f  TRUEX Process t o  
HLW Sol u t i  ons 

A vital chemical processing part o f  the CURE program involves use of 
the recently-developed (Schulz and Horwitz 1987; Schulz and Horwitz 1988) 
TRUEX process for removing actinide elements (U, Np, Pu, Am, Cm) from the 
HLW generated during aqueous (PUREX process) reprocessing of LWR and FR 
fuel. The fundamental chemistry of the TRUEX process and of CMPO, the TRUEX 
process sol vent, has been thoroughly investigated by Horwi tz (1983) and 
colleagues at Argonne National Laboratory. Recent countercurrent tests and 
demonstrations of the TRUEX process at the Hanford Site and the Los Alamos 
Site, with actual acidic wastes not containing fission products, have been 
uniformly very successful. 
tests with various CMPO-diluent solutions demonstrate that CMPO is very 

Complementary radiolysis and chemical degradation 
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resistant to degradation in a highly radioactive environment. 
conventional a1 kal ine washing treatments effectively remove the primary 
degradation product. 

Furthermore, 

There i s  confidence that the TRUEX process can be routinely and 
* successfully used to remove actinides from HLW. 

set up bench-scale and pilot-plant centrifugal extraction equipment to 
conduct an extensive series of countercurrent tests of the TRUEX process 
with actual HLW. 
that the TRUEX process will adequately remove 237Np as well as other actinides 
from the HLW. 
conditions for adequate and selective costripping of Np(1V) and Pu(1V) are 
also needed. 

However, a need exists to 

An important focal point of these tests should be to ensure 

Countercurrent tests to demonstrate proposed flowsheet 

6.2 .2  99Tc Recovery and Separat i on 

Several technology issues exist relating to recovery, separation, and 
purification of 99Tc during reprocessing of reactor fuels: 

1. Removal and concentration of 99Tc from the mainline PUREX 
uranium product 

2 .  Separation of 99Tc from uranium in the Tc-U product resulting from 
TRUEX process operation with PUREX process HLW 

3. Concentration and purification of the combined 99Tc fractions. 

* Such confidence is greatly enhanced by highly favorable results recently 
obtained by J. L. Swanson of Pacific Northwest Laboratory in batch extraction 
tests with actual HLW. 
(-7 yr old, 33,000 MWd/MT) in HNO3 and performed three PUREX-type batch 
extraction (organic/aqueous = 3) contacts of the resulting dissolver solution 
with 30% TBP-NPH sol vent. The resul ti ng aqueous sol ution (HLW) was contacted 
six times with fresh 1.2 to 1.5 volume portions, and then once with a 3.0 
volume portion, of TRUEX process solvent. 
final aqueous raffinate was about 2 nCi/ 

Swanson dissolved sheared pieces of spent PWR fuel 

The total TRU content o f  the 
corresponding to an overall TRU DF (TRUEX feed to raffinate) of 4.5 x 10 !, . 
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From 30% t o  50% o f  t h e  f i s s i o n  product  99Tc i n  HNO3 d i s s o l v e r  s o l u t i o n s  
prepared from LWR and FR f u e l s  w i l l  c o e x t r a c t  w i t h  uranium and f o l l o w  i t  

d u r i n g  PUREX process ing opera t i ons .  The remain ing technet ium w i l l  r e p o r t  t o  
t h e  HLW, f rom which i t  w i l l  be e x t r a c t e d  a long w i t h  a c t i n i d e s  and lan than ides  

i n t o  t h e  TRUEX CMPO s o l v e n t .  I n  TRUEX process opera t i ons ,  99Tc w i l l  f o l l o w  

uranium t o  t h e  spent Na2C03 s o l v e n t  wash s o l u t i o n .  

An impor tan t  p a r t  o f  t h e  b a s e l i n e  CURE program chemical process ing 

technology i n v o l v e s  separat ion,  by p r imary  amine s o l v e n t  e x t r a c t i o n ,  o f  99Tc 
f rom uranium b o t h  i n  t h e  PUREX process uranium n i t r a t e  p roduc t  and i n  t h e  
TRUEX process Na2C03 s o l v e n t  wash s o l u t i o n .  
technology i s  warranted on t h e  b a s i s  o f  t h e  known a f f i n i t y  (Shmidt 1971) o f  
amines f o r  TcO4 i n  weakly a c i d i c  aqueous s o l u t i o n s .  However, bench-scale 
and p i l o t  p l a n t - s c a l e  coun te rcu r ren t  e x t r a c t i o n  t e s t s  w i t h  s imu la ted  and 
a c t u a l  U-Tc feed s o l u t i o n s  need t o  be performed t o  e s t a b l i s h  optimum process 

f lowsheet  c o n d i t i o n s  (e.g., amine concen t ra t i on ,  aqueous feed pH, s t r i p  
composi t ion,  phase f l o w  r a t i o s ,  e t c ) .  

S e l e c t i o n  o f  amine e x t r a c t i o n  

Amine e x t r a c t i o n  o f  99Tc from t h e  PUREX process uranium n i t r a t e  product  
stream must be accomplished w i t h o u t ,  i n  any way, contaminat ing t h e  uranium 
w i t h  metal  i o n s .  

o f  t h e  uranium n i t r a t e  stream t o  pH 1 t o  2, t h e  range needed f o r  e f f i c i e n t  

p r imary  amine e x t r a c t i o n  o f  technetium, must v o l a t i l i z e  o r  decompose when 
uranium in t h e  r a f f i n a t e  f rom t h e  99Tc e x t r a c t i o n  process i s  c a l c i n e d  t o  

UO3. P o s s i b l e  reagents f o r  a d j u s t i n g  t h e  pH of t h e  uranium n i t r a t e  s t r e a m  

i n c l u d e  hydraz ine carbonate, paraformaldehyde, and formic ac id .  
work needs t o  be performed t o  determine whether t h e  a c i d i t y  o f  t h e  uranium 
n i t r a t e  p roduc t  needs t o  be adjusted,  and t o  s e l e c t  and t e s t  va r ious  candidate 
reagents f o r  making t h e  necessary pH adjustment.  

* Thus, any reagents which may be used t o  a d j u s t  t h e  a c i d i t y  

Experimental 

* T h i s  r e s t r i c t i o n  does no t ,  o f  course, apply  t o  amine e x t r a c t i o n  
of 99Tc f rom t h e  spent Nazc03-U-T~ so l ven t  wash stream from t h e  TRUEX 
process. T h i s  stream a l ready  con ta ins  l a r g e  amounts o f  sodium, and uranium 
i n  t h e  aqueous NaN03-U02(N03)2 r a f f i n a t e  f rom t h e  amine e x t r a c t i o n  process 
w i l l  be r e t u r n e d  t o  an a p p r o p r i a t e  p lace  i n  t h e  m a i n l i n e  PUREX process. 

6-3 



WHC-EP-0268 

Bench-scale and pilot plant-scale tests are also needed to investigate 
alternative methods for removing 99Tc from the PUREX process uranium product. 
One such method may be to reduce the 99Tc04 to insoluble Tc02 as suggested 
by the results of Pruett and McTaggart (1984). 
area should also focus on possible modifications to the PUREX process which 
would force all the 99Tc to the HLW. 

Experimental work in this 

Experimental attention must also be given to the chemical form 
concentration, and purity of 99Tc in the product resulting from app ication 
of the primary amine extraction process to both the PUREX uranium n trate 
stream and to the PUREX process HLW. 
flowsheet specifies use of (NHq)zC03 solution to strip the 99Tc04. 
procedure may yield an NHqTc04 solution suitable for direct conversion to 
Tc02 or Tc metal. 
the 99Tc further by means of well known strong base anion exchange sorption- 
elution techniques (Kraus and Nelson 1956; Hoffman et a1 . 1956). 
should also be conducted to determine if a potentially more decomposable 
reagent, e.g., hydrazine carbonate, can be used in place o f  (NH4)$03 to 
strip technetium from the amine solvent. 

The reference amine extraction process 
This 

It may be desirable, however, to concentrate and purify 

Experiments 

6.2.3 Separation o f  Actinides and Lanthanides 

When applied to HLW, the TRUEX process will coextract both radioactive 
and nonradioactive lanthanides, as well as actinides and 99Tc. 
rare earths will co-strip with americium and curium. 
the lanthanides must be separated from americium and curium before 
transmutation o f  the latter depends on the irradiation conditions. However, 
some decontamination of the americium-curium fraction from lanthanides will 
be desired. 

The trivalent 
The extent to which 

Various solvent extraction processes, e.g., Talspeak (Weaver and 
Kappelman 1968) and Tramex (Leuze and Lloyd 1970), have been developed and, 
in some cases, actually used. The Tal speak process involves HDEHP extraction 
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of the lanthanides from aqueous carboxylic acid solutions containing amino- 
polycarboxyl ic acid chelating agents. 
exchange cycle for the concentration and decontamination of americium and 
curium remaining in the aqueous raffinate from the Talspeak process. The 
Tramex process i nvol ves preferent i a1 tert i ary ami ne extraction of t3 act i ni des 
over +3 lanthanides from 10-114 LiCl - 0.02 to 0.25fl HC1. 

Haug (1974) has developed a cation- 

In previous times, much use was made of a thiocyanate anion-exchange 
process to separate americium from rare earths and other impurities (Schulz 
1976). Wheelwright (1969) and others have developed and applied 
chromatographic elution cation exchange schemes employing aminopolycarboxylic 
acids to separate and purify americium and curium from lanthanides. 

All of the available processes for separating americium and curium in 
the TRUEX process product from associated rare earths have a number of serious 
drawbacks. First, they are all complicated processes that are difficult to 
operate and control. Also, they all generate an aqueous waste stream whose 
disposal is complicated by the presence of objectionable chemical species, 
i.e., thiocyanate ion, chloride ion, organic carboxylic and/or 
aminopolycarboxyl ic compounds. To overcome these disadvantages, it is 
necessary to develop a straightforward solvent extraction process which can 
be applied directly to an HNO3 solution of +3 lanthanides and actinides 
without any need for strict pH control, or for addition of organic complexing 
and/or buffering agents. Some recent work by Musikas et al. (1986) in France 
with nitrogen- and sulfur-based extractants offers promise that the requisite 
solvent extraction process can be satisfactorily developed. 

6.2.4 Removal of Radiostrontium from 
Acidic High-Level Waste 

The reference 90Sr removal extraction process described in Section 3.1 
involves HDEHP extraction of 90Sr from an aqueous feed. 
adjusted to pH 5 (by addition of NaOH) and contains large concentrations of 

This solution is 
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organic compounds such as citric acid as a buffering agent and a complexing 
agent to prevent precipitation of iron and other nonradioactive feed 
constituents. Compl icated feed preparation procedures generate a 90Sr-free 
raffinate containing large amounts of NaN03 and aqueous-soluble organic 
compounds. Solidification of this raffinate is difficult and expensive and 
results in a large volume of waste requiring disposal. 

As noted previously (p 3-8), Horwitz and colleagues at the Argonne 
National Laboratory have developed a new radiostrontium solvent extraction 
process which appears to eliminate all the objectionable features of the 
reference HDEHP process. 
new technology are as promising as the initial work,* the Horwitz process will 
replace the HDEHP process, and this issue will be satisfactorily closed. 

If further batch and countercurrent tests of this 

If, however, the Horwitz strontium extraction process does not survive 
exhaustive testing and demonstration, other sorption and solvent extraction 
processes will be investigated for their use in large-scale direct removal 
of radiostrontium from HLW. 
antimonic acid (Sb205-XH20) which selectively sorbs radiostrontium from 
strong HNO3 solutions (Abe 1982), (2) solvent extraction of radiostrontium 
using a four-component extractant containing 27 vol% TBP, 5 vol% 
[(dinonylnapthalene sulfonic acid) (NNS)], 0.021 Crown XVI, a crown ether, 
and 68 vol% kerosene (Shuler et al. 1985), (3) solvent extraction o f  
radiostrontium with an organic extractant containing cobalt dicarbolide- 
nitrobenzene from HLW containing a small concentration of a polyethylene 
glycol, and (4) solvent extraction of radiostrontium. from HLW adjusted to 
pH 2, with a commercially available phosphonic acid, and containing a small 
amount of a recently developed thermally unstable complexant. The latter 

Candidate processes include (1) use o f  solid 

Initial batch tests, by J .  L. Swanson of Pacific Northwest x 

Laboratory, o f  the Horwitz radiostrontium solvent extraction procedure with 
actual HLW have been very successful. Swanson contacted the aqueous 
raffinate from the last batch TRUEX process contact with HLW (cf. p. 6-2) 
three times with fresh three-fold volumes of the Horwitz strontium extractant. 
The overall radiostrontium DF (HLW to final aqueous raffinate) was 4600. 
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reagents are specially formulated organophosphorus compounds which are 
powerful complexing agents and which can be easily decomposed into CO2 and 
phosphoric acid by simple heating and/or treatment with hydrogen peroxide. 
The R&D effort to develop one or more of these processes for plant-scale 
deployment is a very high CURE chemical technology priority. 

6.2.5 Removal o f  Radiocesium from 
Acidic H i  gh-Level Waste 

Processes--preci pi tat ion, ion exchange, and sol vent extract ion--for 
efficient removal of cesium from a1 kaline aqueous media are well-known 
(Schulz and Bray 1987) .  
successfully used on a plant-scale. However, the situation is far different 
for removal o f  radiocesium from HNO3 (10.5M) media. 

Many of these processes have been extensively and 

In strong (0.5 to 2.OM) HNO3 solutions, cesium ions react with 
phosphotungstate ions to produce an insoluble precipitate. 
forms the basis of the reference process specified in Section 3.1. 
the reference precipitation process suffers from several disadvantages, 
including providing only incomplete (e.g., 95%) cesium removal per 
precipitation cycle and the need to dissolve the cesium-bearing precipitate 
in NaOH solution to recover and purify the radiocesium. 

This chemistry 
However, 

Certain inorganic i o n  exchangers (e.g. , titanium phosphate, zirconium 
phosphate, etc.) will sorb cesium from HNO3 solutions, but these expensive 
materials are not suitable for plant-scale application (Schulz and Bray 
1987) .  
prove suitable, with further development and demonstration, for use in 
plant-scale continuous countercurrent equipment for efficient and selective 
removal of cesium from acidic HLW. One of these systems, developed by Shuler 
et al. (1985) ,  employs a four-component organic solvent containing TBP, NNS, 
a crown ether, and a hydrocarbon diluent. 
pioneered by Selucky et a1 . (1979) uses the compound "dicarbolyde," 

On the other hand, two newly-developed solvent extraction systems may 

The second extraction system, 
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H+{[~-(3)-l,l-BgC2H1lC12]2Co)' dissolved in a polar solvent such as 
nitrobenzene to effectively and preferentially extract Cs+ from aqueous HNO3 
sol uti ons. 

In any event, design, development, and testing of new and advanced 
processes to rep1 ace the reference cesi um phosphotungstate precipitation 
process i s  another high priority technological need of the CURE program. 

6.2 6 237Np Recovery Techno1 ogy 

The baseline CURE program chemical processing flowsheet presented and 
described in Section 3.1 assumes: 
during PUREX processing of LWR and FR fuels; (2) 237Np will be quantitatively 
e x t r a c t e d ,  a long w i t h  o t h e r  a c t i n i d e s ,  from t h e  HLW into t h e  TRUEX process 

solvent; and (3) TRUEX process conditions can be adjusted to selectively 
partition neptunium with plutonium from the CMPO extract. 

(1) some 237Np will be routed to the HLW 

The feasibility of the baseline flowsheet is generally supported by all 
presently available knowledge of neptunium chemistry. However, there i s  

still a great need to demonstrate, with actual feed solution, optimal 
neptunium extraction-stripping flowsheets under countercurrent conditions. 
For example, in PUREX processing of LWR fuel, it i s  difficult to divert all 
the 237Np to the HLW as Np(V) without excessive loss of plutonium as Pu(II1). 
Indeed, of several reducing agents (e.g., HN02, hydrazine nitrate, V(IV), 
H202, butyraldehyde) tested by German scientists (Kolarik and Schuler 1984) 
for reducing Np(V1) to Np(V) in 3M HNO3, only butyraldehyde was effective. 
Experimental work with actual HLW is urgently needed to confirm (or refute) 
the German observations. 

Experimental work to confirm expected and desi red 237Np behavior in the 
TRUEX process is also mandated. This experimental work needs to focus on 
reagents and conditions for reducing Np(V)in the PUREX process HLW to 
extractable Np( IV), and reagents and conditions for co-stripping of 237Np 
and plutonium. Because the TRUEX process can accommodate +3 actinide ions, 
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i t  i s  more f o r g i v i n g  w i t h  respec t  t o  e x t r a c t i o n  and separa t i on  o f  237Np and 
p lu ton ium than i s  t h e  PUREX process. 

6.2.7 Radioiodine Recovery Techno1 ogy 

Rad io iod ine  i n  spent r e a c t o r  f ue l ,  p resen t  m a i n l y  as CsI,  i s  o x i d i z e d  

t o  elemental  i o d i n e  i n  h o t  HN03-NOx f u e l  d i s s o l v e r  s o l u t i o n s .  Sparging such 
s o l u t i o n s  w i t h  a i r  causes i o d i n e  t o  t r a n s f e r  t o  t h e  gas phase, f rom which i t  
can be removed e i t h e r  by aqueous scrubbing techniques o r  by t r a p p i n g  on s o l i d  
sorbents .  
a l l  been proposed f o r  scrubbing i o d i n e  from gas streams w h i l e  s o l i d  m a t e r i a l s  
such as cha rcoa l ,  mo lecu la r  seives,  o r  s i l v e r - c o n t a i n i n g  m a t e r i a l s  a l l  have 
a g r e a t  a f f i n i t y  f o r  mo lecu la r  i o d i n e  (Mai len and Toth 1981; 
1961; J u b i n  1979; Ho l l aday  1978). 

Aqueous NaOH, Hg(N03)2, and hyperazeotrop ic  HNO3 s o l u t i o n s  have 

Roger e t  a l .  

The r e f e r e n c e  CURE concept p a r t i t i o n i n g  system i n v o l v e s  s e l e c t i v e  
s o r p t i o n  o f  i o d i n e  from of fgas streams on beds o f  s i l v e r  mordeni te.  
Subsequently, t h e  i o d i n e  i s  desorbed by passage o f  hydrogen gas through t h e  

mordeni te bed. 
d e l i v e r  a p u r i f i e d  r a d i o i o d i n e  f r a c t i o n  i n  t h e  r e q u i r e d  y i e l d .  

a d d i t i o n a l  bench-scale and p i l o t  p l a n t - s c a l e  t e s t s  need t o  be performed w i t h  

s imu la ted  and a c t u a l  PUREX process o f f g a s  t o  f i n a l i z e  f lowsheet  s o r p t i o n -  
desorption conditions. 

There i s  no reason t o  doubt t h a t  these procedures w i l l  n o t  

S t i l l ,  

6.2.8 Head-End Treatment o f  Irradiated 
Target Assembl i e s  

It i s  n o t  p o s s i b l e  a t  t h i s  e a r l y  stage of CURE program technology t o  
p r o v i d e  exac t  d e t a i l s  f o r  t h e  p repara t i on ,  i r r a d i a t i o n ,  and chemical 
process ing o f  99Tc and i n d i v i d u a l  o r  mixed a c t i n i d e  t a r g e t  assemblies. 
t h e  l a t t e r ,  i t  i s  assumed t h a t  such assemblies w i l l  c o n s i s t  o f  p u r i f i e d  

ox ides c l a d  i n  a su i tab ly  r e s i s t a n t  m a t e r i a l ,  e.g., s t a i n l e s s  s t e e l .  That 
99Tc t a r g e t  m a t e r i a l  w i l l  be technet ium metal ,  o r  an a l l o y  t h e r e o f  o r  

For 
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possibly an oxide, is also believed to be a reasonable assumption. 
target compounds or cladding materials for radioiodine target assemblies 
have not yet been identified. 

Suitable 

When fuel and target hardware and cladding have been specified and 
chosen, it will be necessary to ensure that technology is available for 
head-end treatment of irradiated assemblies. Such head-end treatment will 
typically involve mechanical removal of cladding and preparation of an 
aqueous (HN03-based) feed solution for subsequent chemical processing. 

Based on known chemical properties and experience, no difficulties are 
foreseen in dissolving actinide oxide targets in HNO3 media. But there is 
no comparable experience to guide selection of conditions for satisfactory 
dissolution of technetium fuel forms, let alone for dissolution of presently- 
unspecified radioiodine targets. Therefore, comprehensive batch aqueous 
dissolution tests with both irradiated and unirradiated radioiodine, 99Tc, 
and actinide oxide targets need to be scheduled and completed. Attention 
should also be paid to the potential applicability of nonaqueous processes 
(e.g., simple volatilization of Tc and/or I compounds, etc.) for clean and 
easy separation of 99Tc and radioiodine from irradiated targets. 

6.2.9 Purification of Radiostrontium 

The reference HDEHP radiostrontium extraction process will 1 i kely yield 
a product containing various metallic impurities, e.g., Na, Ca, Fe, Cr, Ni, 
etc. 
radiostrontium concentrate suitable for conversion to a solid storage form. 
Various precipitation (e.g., sulfate, hydroxide, etc.) processes have been 
employed previously at the Hanford Site to purify radiostrontium recovered 
from wastes generated in processing of defense reactor fuels. 
exchange process for the latter purpose has also been developed and used at 
the Hanford Site. 

Removal of these impurities is necessary to obtain a suitably pure 

A cation 
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All the presently available radiostrontium purification processes suffer 
* from a major disadvantage. They will all contribute large amounts of 

undesirable chemicals (e.g., sodium, sulfate, organic complexing agents, 
etc.) to the liquid waste produced by CURE program chemical processing 
activities. The presence of these added chemicals will contribute to the 
cost and difficulty o f  solidification and subsequent disposal of the waste. 

New and improved technology for purification of radiostrontium recovered 
from HLW, which overcomes the difficulties o f  present purification processes, 
must be identified and developed. One potentially attractive possibility is 
to selectively sorb radiostrontium from the impure crude concentrate onto 
Sb205.XH20 and then elute it with a HNO3 solution containing newly-developed 
thermally-unstable organic complexants. 

6.3 MANAGEMENT/DISPOSAL OF CURE SYSTEM WASTES 

Baseline CURE concept waste management and disposal technology is 
described in Section 3.2. The following technical issues represent areas 
where improvements and enhancements can be made to the baseline practices. 

6.3.1 Adequate Decontaminat ion o f  CURE System Sol i d  Wastes 

To offer the greatest waste management flexi bi 1 i ty, a1 1 wastes generated 
in P-T operations must be decontaminated to levels which permit their disposal 
in near surface facilities. Technology for partitioning of key long-lived 

~ * The new radiostrontium solvent extraction process developed by 
Horwitz et a1 . (cf., footnote page 3-8) appears to be very selective and to 
yield a radiostrontium product much purer than that obtained from the 
reference HDEHP process. 
radiostrontium extraction process may demonstrate the need to develop new 
technology for purification of the recovered radiostrontium. 

Further development and testing of the new Horwitz 
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radionuclides from CURE system offgases and liquid wastes is much more 
advanced than that for treating and decontaminating CURE concept solid wastes. 

Solid wastes are produced in many parts of the CURE partitioning system. 
For example, solid wastes are produced in disassembly and decladding of 
spent fuels and targets;* in dissolution of declad fuel; in fabrication of 
actinide and fission product targets; in removal of alpha emitters from 
process offgases; etc. 
characteristics (e.g., types and amounts o f  radioactive contaminants, 
solubility in HNO3, combustibility, etc.) greatly complicate collection and 
decontamination of CURE system solid wastes. 

The wide disparity in source, composition, and 

In many cases the solids decontamination problem involves reduction of 
the TRU content of such solids to (100 nCi/gram. 
i t  i s  desirable to devise treatment procedures that generate an aqueous 
HNO3 solution suitable as feed to a PUREX or TRUEX process. 
reagents/procedures which may be useful in removing actinides from solid 
wastes include HNO3, HN03-TUCS (thermally unstable complexants) solutions, 
CEPOD solutions, and, less desirably, HN03-HF solutions. 
materials (e.g., paper, rags, etc.) would be converted to oxides prior to 
1 eachi ng . 

To accomplish this goal, 

Leaching 

Combustible 

A multistep approach is needed to acquire suitable technology for 
decontaminating all the various types of solid wastes produced in CURE system 
operation. Initially, a detailed catalog of all the CURE system solid wastes 
that require treatment before disposal needs to be prepared. 
solid wastes should provide, to the extent possible, quantitative information 
concerning the amount (volume and mass), composition, radionuclide content, 

The list of 

* Disposal of fuel assembly hardware and cladding hulls in considered in 
a separate Technology Issue, 6.3.4. 
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and other relevant properties of each solid waste. 
comprehensive experimental work with both simulated and actual solid wastes 
needs to be performed to develop procedures for solubilizing actinides and,if 
needed, other key radionuclides. These experiments need to demonstrate that 
the treated solids qualify to the extent possible for near-surface disposal 
and that the leachate is, o r  can be converted to, a satisfactory PUREX or 
TRUEX process feed. 

Subsequently, 

6.3.2 Disposal o f  CURE System Low-Level Liquid 
Wastes 

The reference plan (Section 3.2) for disposal of the primary CURE system 
1 iquid waste, after prior removal of TRU elements, radiostrontium, 99Tc, 
radiocesium, and radioiodine involves incorporation in a suitable matrix 
(e.g., grout, bitumen, glass, etc.), and disposal of the resulting solid 
product in a suitably engineered, sited, and licensed facility. In some 
circumstances, near-surface disposal may be practical if the residual 
radionuclide content is low enough. The reference plan shall include 
recycl i ng where appl i cab1 e. 

To this end, comprehensive and detailed engineering studies need to be 
performed to devise candidate solidification and disposal systems and 
facilities and to evaluate costs and risks of such systems and facilities. 
Among other important considerations, these engineering studies need t o  
focus on suitable solid matrices, immobilization methods, and disposal 
facilities to safely contain those long-lived radioisotopes (14C, 79Se, 
93Zr, lo7Pd, 
not removed by CURE system partitioning processes. 
engineering analyses, bench-scale studies need to be completed to determine 
leachability of various radionuclides from candidate waste forms as well as 
uptake of the leached radionuclides by disposal site geologic strata. 

and 151Sm) and any hazardous stable metals (e.g., cadmium) 
In support of the 

Engineering analyses also need to be conducted to specify the treatment 
and disposal of each of the ancillary CURE system liquid waste streams. 
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This latter category of wastes includes spent solvent washes, process 
condensates, equipment decontamination flushes, solutions obtained by 
treatment/di ssol ution of various process sol ids and residues, spent sol vents, 
etc. In most cases it is expected that treatment processes will produce a 
concentrated TRU liquid solution which can be routed as feed to the TRUEX 
process and a liquid waste fraction which can be combined with the primary 
CURE system waste for solidification and disposal. 

6.3.3 Disposal o f  Radiocesium and Radiostrontium 

Removal of the heat-producing elements radiocesium and radiostrontium 
from HLW offers an important degree of waste management flexibility. 
Elimination of 90Sr and 137Cs greatly simp1 ifies and facilitates disposal o f  
the liquid waste from CURE concept partitioning processes. However, the 

issue of how to safely contain the separated radiocesium and radiostrontium 
for at least 300 yr (-10 half-lives) in full compliance with all statutory 
requirements remains. It is anticipated, as pointed out earlier, that 
purified and doubly-encapsulated radiocesium and radiostrontium may likely 
find extensive beneficial application. Even after such beneficial use, 
however, remaining radiocesium and radiostrontium will still need to be 
properly and permanently disposed of. 

If a repository site cannot tolerate a high heat load, the most 
reasonable and direct way* of disposing of doubly-encapsul ated radiocesium 
and radiostrontium compounds is to contain such capsules for several 
half-1 ives in a suitably-designed and constructed near-surface facility. 
Among other features, an engineered storage structure must provide for 
(a) redundant barriers to prevent release of radiocesium and/or radiostrontium 

*Although it may e tually technically feasible, transmutation of 
separated and purified y49Cs and k r  nuclides is not presently considered a 
vi ab1 e disposal option. 
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under all credible accident conditions; (b) adequate radioactive decay heat 
removal; (c) systems to remotely inspect and monitor the inventory and 
condition of capsules; and (d) systems to remotely retrieve and remove 
individual capsules for whatever reason. Comprehensive engineering studies 
need to be performed to design, locate, and evaluate the expected performance 
of hardened engineered-storage facilities. 

6.3.4 Disposal of Cladding Hulls and Fuel Assembly Hardware 

A metric ton o f  irradiated PWR fuel (cf., Table 1-1) contains about 
300 kg of cladding (Zircaloy 2) and fuel assembly hardware (e.g., Inconel, 
etc.) (Roddy 1955). Neutron irradiation of the cladding and assembly 
hardware under light-water reactor conditions produces several activation 
products (cf. Table 1-1). Activation products with half-lives greater than 
20 yr include 59Ni, 63Ni, 93Zr, 94mNb, %IO, 99Tc, and l2ISn. Of these, 
63Ni (t1/2 = 100 yr) is especially significant because it is responsible for 
almost 99 percent o f  the near-term radioactivity o f  the combined cladding 
and assembly hardware. 
hardware and cladding, both of which contain nickel. 

* 

This issue is more pronounced for LMR assembly 

Until a geologic repository is available, interim storage of the fuel 
assembly hardware and cladding hulls remaining after fuel reprocessing is an 

high, according to current regulations,to permit classification as a Class C 
low-level waste. The combined hardware and hulls would then be considered a 
Greater-Than-Class-C (GTCC) waste. 

issue. The radionuclide content o f  some o f  this solid waste may be too 

To implement the CURE concept it may be 
necessary to determine and validate a licensable GTCC interim storage concept. 
An alternative and potentially licensable method o f  handling cladding hulls 

* For comparison purposes, a metric ton of irradiated boiling water 
reactor fuel contains about 600 kg of cladding and fuel assembly hardware. 
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and fuel assembly hardware involves retrievable storage in specially designed 
engineered packages and facilities located either near-surface or, perhaps, 
in already existing deep mines. 

Engineering studies, including associated performance assessments, must 
be performed to devise and evaluate candidate GTCC storage concepts. 
engineering studies also need to address what technology, other than 
rinsing with HNO3 and water, needs to be developed to ensure than the TRU 

content of cladding hulls is tlOO nCi/g. 
tests o f  the application o f  CEPOD electrolytic dissolution technology to 
dissolution of any residual fuel may be necessary. 
studies, consideration should also be given to the technical pros and cons 
of segregating fuel hardware from cladding hulls for disposal purposes, and 
of compacting cladding hulls and/or fuel hardware prior to packaging for 
disposal. 

These 

Bench-scale and pilot plant-scale 

In the engineering 

Development of low-activation cladding and hardware for fast reactors 
is also important. Solute elements to avoid include nickel, niobium, 
molybdenum, tin, and others that produce long-lived activation products. 

6.3.5 Final Disposal o f  l3%s 

After storage for 300 years, capsules initially containing both 1 3 k s  
and 137Cs will not contain a significant amount of 13’Cs (t1/2 = 30 yr). 
Essentially all the initial 135Cs ( t 1 p  = 3 x lo6 yr) 
Appropriate studies need to be performed to ascertain a safe, cost-effective, 
and licensable method for disposal of the inventory of 135Cs. 
options include transfer to a repository or transmutation of 135Cs following 
isotope separation from stable 133Cs. 

will remain, however. 

Potential 
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6.3.6 Disposal of 14C 

As noted in Table 4-1, U.S. light-water reactor fuel in the year 2030 
will contain a total of approximately 16 kg of I4C. 
radionuclide (tl/2 = 5070 yr) will be evolved as C02 when the spent fuel is 
dissolved in HNO3. 
which is currently a repository technical issue. 

Essentially all this 

The concern is how to dispose o f  the inventory of 14C, 

One possible disposal scheme is to disperse the 14C into the atmosphere; 
whether or not future regulations will permit such disposal is not certain. 
Alternatively, 14C02 can be removed from the process offgas either by 
scrubbing with an aqueous alkaline solution or, preferably, by sorption on a 
suitable sorbent. 
can be incorporated in the same solid form used to dispose of residual CURE 
concept liquid wastes. 
pilot plant-scale tests need to be performed to (1) assess the present state 
of technology for removing 14C02 from PUREX process offgas, ( 2 )  fill in 
mi ssi ng technol ogy gaps, (3) demonstrate 14C02 removal and concentration on 
a suitable scale, and (4) assess the performance of solids and disposal 
sites containing Na2I4C03. 

Eventually, the 14C may be converted to Na2I4C03 which 

Engineeringtstudies and associated bench-scale and 

6.3.7 Encapsulation Forms for Radiocesium 
and Radiostrontium 

The base1 i ne chemical processing technol ogy described in Section 3 . 1  
assumes conversion of purified radiocesium to a sol id compound, possibly CsCl , 
and of purified radiostrontium to a solid compound, possibly SrF2, for 
subsequent double encapsulation and storage. Tentative selection of CsCl and 
SrF2 is based on previous Hanford Site experience in preparing and 
encapsulating these compounds. 
safe extended storage o f  radiocesium and radiostrontium, respectively, at 
the Hanford Site was initially made upon the basis of costs, prior 
experience, ability to achieve high radioactive isotope density, and other 

The choice of CsCl and SrF2 solid forms for 
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factors. 
storing recovered and puri f i ed radi oces i um and radi ostront i urn. 

The cesium chloride and SrF2 have proven to be suitable forms for 

Solid forms other than CsCl and SrF2 may be necessary and/or desirable 
for interim storage and commercial utilization of radiocesium and 
radiostrontium recovered from LWR and FR fuels. Many factors, e.g., 
solubility in water, capsule corrosion, radiolytic products (thermodynamic 
stability), amenability to upgrading by isotope separation techniques 
(Section 6.3.9), economics, etc., could lead to a choice of other solid 
encapsulation forms. There is no lack of potential substitutes for CsCl 
SrF2; candidates for replacing CsCl include pollucite (Strachan and Schu 
1977) and other aluminosilicates (Strachan and Schulz 1976). Much exper 
was acquired in the early 1960s in preparing 90SrTi03 irradiation source 
A comprehensive and systematic listing and evaluation of forms for 

and 
Z 

ence 

encapsulating radiocesium and radiostrontium recovered from LWR and FR fuels 
needs to be undertaken and completed. 

6.3.8 Clean Liquid  Waste 

In the suite of baseline chemical processes described in Section 3.1, 
large amounts of sodium salts may be used in pH adjustments (NaOH), in solvent 
washing or stripping operation (Na2C03), in valence adjustments (NaNOz), and 
in complexing nonradioactive constituents in the HLW (Na4EDTA, etc.). The 
latter process operation also involves addition of large quantities of 
aqueous-soluble organic compounds into the HLW and eventually the final 
liquid waste. Objectionable (e.g., S042-) or potentially objectionable 
(e.g., F') anions may also be introduced into the liquid waste by following 
the baseline chemical processing technology described in Section 3.1. The 
presence of 1 arge concentrations of Nat, hard-to-destroy organic compounds, 
and S042- and F- in the liquid waste will seriously complicate its 
solidification and likely greatly increase the cost (because of volume 
considerations), and possibly increase the risk o f  near-surface disposal o f  

the solidified liquid waste. 
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Both engineering and experimental work need to be performed to identify 
sources of objectionable nonradioactive chemicals in the liquid waste and to 
develop alternative processes (e.g., radiocesium and radiostrontium recovery 
and purification) and reagents (e.g., PUREX and TRUEX processes) which reduce 
as much as possible the concentration of objectionable and potentially 
hazardous nonradioactive chemicals in the solidified liquid waste. 

6.3.9 Separation o f  Isotopes o f  Cesium 
and Radiostrontium 

In the CURE concept, radiocesium and radiostrontium separated from the 
HLW will be purified, converted to suitable solid forms, and doubly 
encapsul ated. 
half-lives to allow 137Cs and 90Sr to decay to innocuous levels. 

The resulting capsules wi 11 be safely stored for several 

Experimental work t o  develop and demonstrate practical procedures and 
technology to separate 13ks  and 137Cs from 133Cs, and 90Sr from 88Sr needs 
to be conducted. This isotopic separation technology may prove highly 
desirable to upgrade the quality of 137Cs irradiators and 90Sr power sources 
which have been in service for some time. Furthermore, separation of 135Cs, 
137Cs, and 90Sr isotopes from other inert and radioactive isotopes may be a 
necessary precursor t o  potential transmutation o f  either isotope. I f  n o t  
removed, undesirable products may be produced by neutron irradiation o f  stable 
133Cs and 88Sr, 
potentially suitable for separating cesium and strontium isotopes. 
isotope separation technology may also be suitable for the same task. 

Suchard (1983) has described a generic plasma process 
Laser 

6.4 FUEL AND TARGET FABRICATION 

No significant fuel fabricat on technology development is requ red to 
implement a CURE system based on mixed oxide fuel. Section 3.2.1 describes, 
in detail, the process for fabrication of mixed UO2-PuO2 fuel for use in FRs 
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and CLFRs. 
development, and may be desirable from a reactor safety viewpoint. 

The use of alternate fuel types may involve significant 

Successful deployment of a CURE system will require development and 
validation of suitable actinide target elements as well as 99Tc and 
radioiodine targets. 
reactor by the appropriate regulatory and management agencies, i.e., NRC, 
DOE, etc. 

Validated targets are those approved for use in a 

The following technical issues must be resolved to realize satisfactory 
transmutation targets for routine use in a deployed CURE system. 
technical issues are numbered and discussed in their currently perceived 
priority order. 
areas which can be resolved or developed and demonstrated as soon as required 
resources are ava i  1 ab1 e .  

These 

However, most o f  the issues are "stand-a1 onell techno1 ogical 

6.4.1 Radioiodine Target Fabrication 
and Irradi ati on 

Preparation of radioiodine targets suitable for in-reactor transmutation 
may present a difficult technological challenge to successful deployment of 
a CURE system. 
to cladding materials, and stable for long irradiation periods. The target 
pin design must accommodate xenon production, the transmutation product of 
irradiating both 1271 and 1291. 
radioiodine target materials, clad them, and irradiate them is a very high 
priority need. Such an experimental program would include extensive 
postirradiation examination and evaluation of radioiodine targets, not only 
to verify target stability but also to Val idate calculated transmutation 
rates. 

Radioiodine targets must be compounds which are noncorrosive 

An experimental program to prepare candidate 
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6.4.2 99Tc Target fabrication 
and Irradiation 

Fabrication of suitable 99Tc targets i s  expected to be much easier 
than fabrication of acceptable radioiodine targets. 
to determine reactor performance of candidate technetium targets are a1 so 
considered to be a high priority CURE system technology need. There are, 
for example, currently no hard data for the behavior of technetium targets 
during long-term irradiation in a FR. Fabrication, irradiation, and 
postirradiation testing of candidate technetium target materials will fill 

Nevertheless, experiments 

in the materials data gap and provide confirmation of nuclear cross-section 
data. 

6.4.3 Actinide Target Fabrication and Irradiation 

Previous calculational and experimental studies have demonstrated (see 
references in Appendix A) that actinide elements can be efficiently 
transmuted in suitably-designed FRs. Even so, a comprehensive experimental 
program is necessary to develop and validate suitable target assemblies for 
large-scale irradiation o f  various actinide isotopes removed in CURE system 
partitioning activities. 
the experimental program needs to address the issues involved in transmuting 
t h e  actinides by fissioning or by sequential neutron capture to higher 
actinides (e.g., Z38Pu, 244Cm, 252Cf, etc.). 
to heat and neutron generation after irradiation and the need for dispersed 
targets (e.g., actinide oxides in an inert matrix such as A l 2 O 3 )  need to be 
answered. For fissioning o f  actinides, the advantages and disadvantages of 
incorporating actinide oxides in driver fuel assemblies need to be considered 
and, possibly, tested. 
nuclides, targets and reactor cores which limit fissioning must be designed 
and tested. 
must pay careful attention to the large neutron sources associated with some 
isotopes. 

For each actinide nuclide or group of nuclides, 

In each case, questions related 

For transmutation of actinides to higher actinide 

For a system designed to produce higher actinides, designers 
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6.4.4 Dissolver Sol ids Target Fabrication 
and Irradiation 

A small amount of finely-divided solid residue remains when irradiated 
LWR fuel is dissolved in HNO3. 

of cladding fines and noble metals, but may also contain some actinide 
elements. 
i f  necessary, of the dissolver solids by CEPOD technology to recover plutonium 
and other actinides. 
consuming, difficult, and expensive. 
actinides in dissolver solids need to be found. One possible alternative is 
to incorporate water-washed dissolver solids in an actinide target assembly, 
or, less desirably, in a 99Tc or a radioiodine target. Calculations, 
supplemented by experimental test target fabrication, irradiation, and 
postirradiation examination, need to be performed to determine the technical 
feasibility o f  an irradiation approach to treating dissolver solids to 
transmute or fission any actinides which may be present. 

These dissolver solids consist principally 

The base1 ine CURE system partitioning scheme involves treatment, 

Such aqueous treatment of dissolver solids is time- 
Alternative methods of dealing with 

6.5 CURE SYSTEM TRANSMUTATION PROCESSES 

That various actinide elements, 99T d radi iodin can be 
satisfactorily transmuted to stable or short-lived nuclides i s  a fundamental 
precept of the CURE concept. 
target assembly configuration as well as of target irradiation times requires 
re1 i ab1 e nuclear cross-section data for a1 1 the nucl ides i nvol ved. 
first four technical issues listed are concerned with definitions of nuclear 
cross-section data for special CURE system target irradiation processes. The 
last issue addresses potential transmutation options not discussed in other 
parts of this report. As before, the technical issues are numbered and 
discussed in their currently-perceived priority order. 

Determination of an optimum reactor fuel and 

The 
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6.5.1 Key Isotope Nuclear Cross-Section Data 

Re1 iable nuclear cross-section data for 99Tc, lZ9I, 237Np, 241Am, and 
other actinide elements are essential for design and operation of CURE system 
transmutation targets and reactor configurations. 
cross-section data for key CURE concept target nuclides needs to be performed. 
This review should provide a set of baseline cross-section data for use in 
calculation of isotopic burnup as a function of reactor exposure and o f  the 
impact on reactor reactivity of various target designs and loadings. Missing 
and/or questionable cross-section data need t o  be identified, and appropriate 
measurements should be performed. 

A detailed review of the 

6.5.2 Lanthanide Nuclear Cross-Section Data 

A major item o f  concern to CURE system P-T operation is the extent to 
which the americium and curium products from TRUEX process operation need to 
be separated from coextracted fission product 1 anthanides. 
separation is complex, tedious, and expensive, it is desirable to minimize 

Because such 

it. It is essential, therefore, to determine, both by calculation and by 
reactor testing, the maximum amount of lanthanide elements that can be 
tolerated in americium and curium targets destined for fission or for 
transmutation to higher actinides. 
data must be critically reviewed to establish their availability and 
reliability and to identify cross-section data which need t o  be obtained 
and/or veri f i ed. 

Existing 1 anthanide nuclear cross-section 

6.5.3 Strontium Nuclear Cross-Section Data 

Definitive evaluation of the feasibility of transmuting 90Sr in FRs is 
hampered by lack of reliable nuclear cross-section data for 88Sr, 89Sr, and 
90Sr, 
particularly important. 
necessary to determine the need for separating 88Sr from 90Sr before 

Cross-section data for neutrons in the keV energy range are 
Knowledge of the cross-sections of 88Sr and 89Sr is 
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transmuting the latter nucl ide. 
necessary cross-section data needs to be designed and executed. 

An experimental program to determine the 

6.5.4 Cesium Nuclear Cross-Section Data 

Def i ni t i ve eval uat i on of the feasi bi 1 i ty of transmuting 135Cs and 137Cs 
cannot be accomplished until re1 iable cross-section data, particularly in 
the keV neutron energy region, are available for isotopes 134Cs, 135Cs, 
13%s, and 137Cs. Data for the listed cesium nuclides are essential to 
determine the need for separating cesium isotopes prior to in-reactor 
irradiation. Experiments to obtain the required set of data need to be 
designed and executed. 

6.5.5 Additional Transmutation Studies 

This report describes very limited FR transmutation scoping calculations 
for radioiodine and 99Tc. 
actinides by fissioning in LWRs and FRs. Additional scoping calculations 
are warranted for transmutation in ALWRs fueled with MOX fuel. Such ALWRs 
could be a more practical option than FRs for near-term deployment, and the 
neutron spectrum may be better for HLW transmutation than in today’s LWRs. 

Many previous studies document transmutation of 

High-power accelerators may a1 so represent attractive transmutation 
devices. 
material may have excellent potential for transmuting fission products as 
well as actinides. Most neutrons from a spallation target have an energy 
spectrum similar to a fission spectrum. Therefore, a high-power accelerator 
system may be comparable with or better than an FR for transmutation. The 
capabilities and economics of accelerator transmutation should be compared 
with LWRs, ALWRs, and FRs. If warranted, demonstration o f  such accelerators 
and targets could be performed. 

Neutrons produced by spallation reactions o f  protons with high-Z 
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7.0 CURE CONCEPT--TECHNOLOGY DEVELOPMENT PLAN 

7.1 INTRODUCTION 

Judging from the cost and risk data presented in Chapter 5, the CURE 
concept, even in its present early state of development, appears to be a 
potentially viable HLW and spent fuel pretreatment alternative. However, 
before the CURE concept can indeed be regarded as a proven and reliable 
alternative, the system technology items listed in Chapter 6 must be 
satisfactorily addressed and completed. Further, the entire integrated CURE 
P-T system must be demonstrated in a suitable fashion on an appropriate, 
yet-to-be-determined scale. 

Table 7-1 lists what are considered presently to be the critical, high- 
priority CURE concept technology issues. For example, the CURE concept will 
not be technically feasible if the TRUEX process will not sufficiently remove 
237Np and other actinide elements from PUREX process HLW. Further, if 
suitable 1291 targets cannot be fabricated, irradiated to transmute 1291 to 
stable xenon, and reprocessed, then an alternative radioiodine disposal 
method would be needed. The other seven issues listed in Table 7 - 1  have a 
similar priority basis. 

As indicated in Table 7-1, the estimated cost o f  resolving the nine 
critical CURE system technology issues i s  about $68 million. 
$68 million over an approximate 5- to 10-yr period will provide a solid 
foundation for definitive evaluation of the technical and economic feasibility 
of the CURE concept and for deciding whether or not to pursue the concept 
further. 

Expenditure of 

The total estimated cost (FY 1990 dollars) to close all the technical 
issues listed in Tables 7-2 through 7-5 is about $146 million, excluding the 
cost to develop technology, if needed, for separation of cesium and strontium 
isotopes. Once the requisite technology is in hand, additional large 
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I 

expenditures would be necessary to set up and operate chemical processing 
and target fabrication and irradiation equipment to demonstrate, on a yet- 
to-be-determined scale, an integrated CURE system. 

I 

I 
If overall nuclear power system studies reveal incentives to develop 

reactors based on non-oxide fuel systems, the development complexity and 
costs may increase dramatically. For example, the use of sodium-bonded 
nitride or metal fuel in fast reactors may result in rather substantial 
reactor safety advantages relative to gas-bonded oxide fuel. Dissolution o f  

such advanced fuels may require significant development efforts to assure 
compatibility with chemical processing known to be required for existing LWR 
spent fuel. 
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Table 7-1. CURE System-Critical Technology Items. 

Priority 
order 
number 

Estimated Estimated 
cost to time to 

acquire 
(Yr) 

1 

2 

7 

8 

9 

App i ability o f  TRUEX(b) process to 
HLW 14 sol uti ons 

Adequate decontamination of CURE 
concept solid waste 

1291 target fabri cati on/i rradi ation 

99Tc target fabrication/irradiation 

99Tc recovery and separation 

Separation o f  actinides and 
lanthanides 

Disposal of CURE system low-level 
1 iquid waste 

Removal of radiostrontium from 
acidic HLW 

Removal o f  radiocesium from 
acidic HLW 

7.0 

20.0 

3.0 

3.0 

4.0 

4.0 

15.0 

6.0 

6.0 

3 

4 

2 

2 

2 

2.5 

3 

4 

4 

Total $68.0 3 to 4 

NOTE: See Chapter 6.0 for detailed description o f  technology i s s u e s  and 

TaTIn fiscal year 1990 dollars. 
(b)TRUEX = Transuranic extraction. 
(C)HLW - High-level waste. 

work e ded t o  close issues. 
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Table 7-2. CURE Program Chemical Processing Technology Needs. 

Priority 
order 
number 

Estimated Estimated 
cost to time to 

acquire 
(Yr) 

1 

2 

3 

4 

5 

9 

App i ability of TRUEX(b) process to 

99Tc recovery and separation 

HLW LF solutions 

Separation of actinides and 
1 anthanides 

Removal of radiostrontium from 
acidic HLW 

Removal of radiocesium from acidic 
HLW 
237Np recovery techno1 ogy 

Radioiodine recovery technology 

Head-end treatment of irradiated 
target assemblies 

Pur i f i cat i on of radi ostront i um 

7.0 

4 . 0  

4 . 0  

6.0 

6.0 

10.0 

3.0 

12.0 

3.0 

3 

2 

2.5 

4 

4 

3.5 

2.5 

4 

2.5 

NOTE: 

laTIn fiscal year 1990 dollars. 
(b)TRUEX = Transuranic extraction. 
(C)HLW = High-level waste. 

See Section 6.2 for detailed description of technology issues and 
work e ded to close issues. 
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Tab1 e 7-3. CURE Program Waste Management/Di sposal Techno1 ogy Needs. 

Estimated Estimated 
cost to time to 

acquire 
(Yr) 

Priority 
order 
number 

1 Adequate decontamination o f  CURE 
concept sol id wastes 20.0 

15.0 

4 

3 2 Disposal of CURE system low-level 
liquid waste 

3 Interim storage and disposal o f  
radiocesium and radiostrontium 8.0 3 

4 Interim storage disposal o f  
cladding hulls and fuel 
assembly hardware 

Final disposal of 135Cs 

Disposal of 14C 

8.0 

8.0 

6.0 

3 

3 

2.5 

Encapsulation forms for 
radiocesium and radiostrontium 0.75 

0.5 

2 

1.5 8 Clean CURE system liquid waste 

9 Separation o f  isotopes o f  radiocesium 
and radiostrontium 

TED 

10 Develop low-activation alloy for  f a s t  
reactor cladding and hardware 

TBD TBD 

NOTE: 

vaeIn fiscal year 1990 dollars. 
(b)TBD = To be determined. 

See Section 6.3 for detailed description of technology issues and 
work e ded to close issues. 
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Table 7-4. CURE Program Target Fabrication/Irradiation Technology Needs. 

Priority 
order 
number 

Estimated Estimated 
cost to time to 

acquire 
(Yr) 

1 Radioiodine target fabrication/ 
3.0 i rradi at i on 

2 99Tc target fabricat 

3 Actinide target fabr 

4 

on/irradiation 3.0 4 

cation/irradiation 5.0 3 

4 Dissolver solids target fabrication/ 
irradiation 5.0 3 

NOTE: See Section 6 . 4  for detailed description o f  technology issues and 
ded t o  close issues. 
I n  fiscal year 1990 d o l l a r s .  work 

Table 7-5. CURE Program Transmutation Technology Needs. 

Priority 
order 
number 

Estimated Estimated 
cost to time to 

acqu i re (;iY$*) (Yr) 

1 Key isotope nuclear cross-section data 0.8 1. 

2 Lanthanide nuclear cross-section data 1.25 1.5 

3 Strontium nuclear cross-section data 1.25 3 

4 Cesium nuclear cross-section data 1.25 3 

5 Additional transmutation studies 2.0 4 

NOTE: See Section 6.5 for detailed description o f  technology issues and 
ded to close issues. 
In fiscal year 1990 dollars. work 1pe 
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AND TRANSMUTATION 

The following list of literature citations was originally compiled by 

Mr. A.  G. Croff of the Oak Ridge National Laboratory. It i s  reproduced here 
with the kind permission of Mr. Croff. 
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