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PREFACE 

This report is one of several reports which maps the strategy for the hture use and disposition of 

uranium-233 ("'U) and disposal of wastes containing u3U. Othcr relevant documents from this and other 

programs are listed below with a brief description of the contents. 

OFWLtTM-13550-Strategy for  the Fzrture Use and Disposition of 233U: Overview. This 
document is a summary of the path forward for disposition of surplus w3U. It includes required 
activities, identifies what major progranmatic decisions will be required, and describes the 
potential disposition options. 

ORNLJTM-1355 l-Strategy for the Fziture Use and Disposition of 233U: History, Inventories, 
Storage Facilities, and Potential Future Uses. This document includes the historical uses, 
sources, potential uses, and current inventory of 233U. The inventory includes the quantities, 
storage forms, and packaging of the material. 

ORNLlTM-13552-Strategy for  the Fufure Use and Disposition of 233U: Technical Information. 
This document summarizes scientific information on 233U. This includes production methods, 
decay processes, and the material characteristics. The requirements for storage and disposal are 
also includcd. 

ORNLTTM- 13524-Isotopic Dilution Requirements for 233U Criticality Sa$iy in Processing and 
Disposal Facilities. This document determincs and dcfines how much depleted uranium (DU) 
must be miscd with 233U to prevent the potential for nuclear criticality under all expected process 
and disposal facility conditions. 

ORhL/Thl-135 17-Definrtion of Wenpons Usable 233U. This document determines and defines 
how much DU must be miscd with 233U to convert thc 233U into a non-weapons-usable material. 

ORNLTTM- 1359 1-Uranium-233 Waste DeJinition: Disposifion Options, Safeguards, 
Criticdip Control, nnd Arms Control. This document defines what 233U-containing material is 
waste and what 233U-containing material must be treated as fissile material. 

ORNL/M-6606-Uraniurn-233 Sfornge Alternative Trade Study: Final Report. This document 
evaluates alternative long-term u3U storage options and idcntifies the costs for each option. 

ORNLfTM- 1360GTechnical Hcindhook of 'j3U Material Properties, Processing, and Handling 
Guidelines. This document is a refercncc handbook for handling and processing 233U, 

ORNLfTM-13SS3-Disposition Options for Uranium-233. This document describes and 
characterizes alternative disposition options for 233U (this report). 
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EXECUTIVE SUMMARY 

The U.S Department of Energy (DOE) Fissile Materials Disposition Program (MD), in support of the 

U.S. arms-control and nonproliferation policies, has initiated a program to disposition surplus weapons- 

usable fissile material by making it inaccessible and unattractive for use in nuclear weapons. Weapons- 

usable fissile materials include plutonium, high-enrichcd uranium (HEW, and uranium-233 (””). In 

support of this program, Oak Ridge National Laboratory led DOE’S contractor cfforts to identify and 

characterize options for the long-term storage and disposal of excess 233U. Five storage and 17 disposal 

options were identified and are described herein. 

Storage, as a type of disposition, refers to methods to isotopically dilute 233U with depleted uranium 

(DU) to convert the 233U into a non-weapons-usable form suitable for long-term storage or hture  use. This 

is functionally equivalcnt to down-blcnding of weapons-usable HEU to low-enriched uranium (LEU). 

Disposal, as a type of disposition. refers to processing the 233U and disposing of the material as a waste in a 

manor that makes the u3U inaccessible and unattractive for use in nuclear weapons. Some disposal options 

involve the down-blending technologies necessary for storage. 

ES.l INVENTORIES AND CHARACTERISTICS OF z33U 

The characteristics of 233U are different from those of HEU or plutonium. Consequently, the best 

options for the storage and disposal of ?-33U may be different from those for HEU and plutonium. 

Uranium-233 has the chemical characteristics of uranium. but it is an alpha emittcr like plutonium and 

thus, as a minimum, must be processed within an alpha containment (e.g., in a glovebox). Uranium-233 

can be rendered unsuitable for weapons use by isotopically diluting it in usU to <12 wt %. It could be 

further diluted with 238U to minimize nuclear criticality issues associated with waste disposal, 

Uranium-233 has a characteristic that makes most plutonium or HEU disposition options not viable for 

233U. In the production of D3U, some 237-U is produced. The 232U has a decay product, thallium-208 (208T1), 
which decays to lead and produccs high-energy, 2.6-MeV gamma rays. The concentration of 232U 

determines the radiation shielding required to protect workers. Uranium-233, which contains very low 

levels [<1 part per million (ppm)] of 232U, has correspondingly low levels of gamma radiation. Uranium- 

233 with higher concentrations of 232U (greatcr than a few ppm) and with associated radioactive decay 

products requires heavy radiation shiclding and rcmotc-handling (RH) operations to protect workers from 

gamma radiation. Most facilities dcsigned to process HEU or plutonium are unsuitable to process 233U. 
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From the perspectives of long-term storage or disposal, the existing 233U inventory can be divided into 

three major categories: (1) clean, (2) Consolidated Edison Uranium Solidification Program (CEUSP), and 
(3) light-water breeder reactor (LWBR) 233U. The different characteristics of these materials suggests that 

the preferred storagc or disposal option for one category may be different from that for another category of 

233u. 
Clean 233U. This uranium has very few chemical impurities and is primarily in the form of oxides. 
Thcre are - 340 kg of clean 233U. The uranium isotopic composition is 233U with variable impurity 
levels of 232U that are measured in parts per million. Thc radiation levcls vary widely depending 
upon the 232U content. 

CEUSP 233U. The CEUSP material is a single batch of material with unusual isotopic, chemical, 
and packaging characteristics. The CEUSP 233U inventory contains - 1,040 kg of uranium in -400 
containers. The uranium isotopic composition i s  - 10 wt % 233U, 76 wt % 23sU, and a complex 
mixture of other uraniuni isotopes. It contains high concentrations of =*U that create a significant 
radiation field. The CEUSP material contains large quantities of cadmium-a Resource 
Conservation and Recovery Act mctal-which may create some unique institutional issues. The 
CEUSP material was solidified in the storage containers into a monolithic mass that is physically 
bound to the inside walls of the stainless-stccl containers. 

L WBR '"U. LWBR 233U refcrs to a collection of unirradiated nuclear hel .  The LWBR '33U 
inventow contains -350 kg of 233U02 which is combined with - 14,000 kg of thorium oxide (Tho2) 
in the fonn of unirradiated high-fired ceramic reactor fuel. The uranium isotopic composition is 
'j3U u i t h  low levels of 232U~ The prcscnce of the Tho2 makes chemical processing of the 233U 
d i f f i  cu 1 t , 

ES.2 CHARACTERISTICS OF STORAGE OPTIONS 

The 'j3U could be stored for fiiture use. Potential uses include medicine, space reactors, analytical 

measurements, development of thorium and nonprolifcration he1 cycles, and nuclcar weapons. There is 
current interest in production of bismuth-213 t2l3B1) from 233U for treatment of certain cancers. Bismuth- 
213 as a decay product of 733U. No decision has bccn made on what material to keep and what material to 

discard. 

For some uses, such as medical applications, thc 'j3U could be down-blended with 238U to non- 
weapons-usable 233U and rcrnain useful. Consequcntly, options for down-blending 233U for storage have 
been investigated and are described herein. No decisions have been made on what fraction of any 233U that 
is kept should be down-blcndcd to non-~~~eapons-usable material 

ES.3 CHARACTERlSTICS OF DISPOSAL OPTIONS 

Some disposition options would transform the 233U and disposc of it as waste, thus rendering it 
inaccessible and unattractive for use in nuclear weapons. In most of the viable options, the ?,J is 
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converted to non-wcapons-usabblc material by isotopic dilution with DU. The material is then disposed of 

as a waste. Uranium-233 is an alpha emitter like plutonium; thus, the most appropriate disposal facility to 
use is a geological repository. There are two types of geological repositories. 

Yucca kfountain (YM)-type repository. The proposed YM repository is designed for spent nuclear 
fuel (SNF) and solidified high-level waste (HLW). These waste forms generate significant heat 
and are highly radioactive. To assure repository performance, any waste form sent to YM must 
meet a series of waste acceptance criteria (WACs) that set stringent requirements on the chemical 
and physical characteristics of the waste. Uranium-233 waste forms could be accepted at YM 
undcr several sets of conditions, provided that they are in acceptable chemical and physical forms. 

Wuste Isolation Pilot Planf (WPP)--type repository. The WIPP repository is designed for the 
disposal of defense transuranic waste (TRUW), which contains small quantities of transuranic 
elements and generate little heat. Because of the characteristics of the waste and the design of the 
repository, there are few requiremcnts relating to the chcmical form of the waste. 

The WIPP site would be technically acceptable for disposal of 233U wastes, but the WIPP enabling 
legislation does not authorize disposal of 233U wastes at this site. However, TRUW containing u3U 
is allowed. The espectcd futurc volumcs of wastcs rcquiring a disposal site with capabilities 
similar to WIPP significantly exceed the authorized WIPP capacity. The United States must 
ultimately expand WIPP, build other disposal sites to manage these wastes, or find other disposal 
options. Existing 233U wastes and othcr wastes that rcquire a WIPP-type disposal facility, but 
which can not be sent to WIPP, are packazed to meet WIPP WACs because these criteria define 
not only the requiremcnts for wastc acccptance at WIPP but also those for long-term storage, 
transportation, and disposal of such wastes at future WIPP-type facilities. For a 233U disposition 
option that generates WIPP-type wastes, there are two suboptions: (1) send the material to WIPP 
after appropriate changes in laws or regulations or (2) add the material to the existing "'U wastes 
in inventory. The volumes of 233U wastes in esisting storage facilities are significantly larger than 
the potential volumes of wastcs from any 2;'U disposition option; thus, the addition of wastes from 
233U disposition activities would not fundanlentally alter future 233U waste management operations. 
Storage of 233U as a non-weapons-usable wastc is significantly less expensive with lower 
accompanying risks than storing weapons-usablc 133U. 

ES.4 STORAGE AND DISPOSAL OPTIONS 

The 233U storage and disposal options are shown in Table ES. 1. In several cases, there are multiple 

variants of specific options. Some transformation processes would render the material suitable for 
subsequent storage or disposal. For example, aqueous proccssing may be used to (1) recover medical 

isotopes from 233U, (2) down-blcnd 233U with 138U to non-weapons-usable material for long-term storage 

and future use, or (3) convert the 'j3U into a form for disposal. Conversion of 2j3U into a form for disposal 

usually includes down-blcnding the 233U with '"U to minimize safeguards and repository nuclear criticality 
issues. For each disposal option, the type of disposal site is listcd. 
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Tabk ES.l. Characteristics for storage or disposal of dispositioned *''U 

Technical viability Recovery of medicrtl isotopes" 

Options with vnr imts  Storaee Type of disposal slle Clem CEUSP LWBR Clean CEUSP LWBH Demonstrated with uranium 

H L W  glass 

Urariiiim-aliiiniriuni alloy 

Statid-alone variani 

Co-process with SNI: 

Aqueoiis 

Fusion melt 

Borate 

Glass 

Grind, blend, and sitikr 

Chemical dilution 

Can-in-canister 

RII TRUW 

Cotitact-handled (CH) TRUW 

Light-water reactor (LWR) SNF 

Deep borehole* 

Greater confiiieinerit disposal 
(GCD)b 

Space disposal* 

Subseabed* 

Shailow-land disposalb 

Define as SNF* 

NO 

Yes 

No 

Yes 

Yes 

N O  

Yes 

N O  

NO 

No 

N O  

No 

N O  

NO 

N O  

No 

No 

N O  
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"Yes implies that the medical isotopes can be recovered during processing. Ftrfirre implies that medical isotopes could be recovered in the future ifthe material is in storage 
*Footnoted items have very-large technical and institutional uncertainlies. 



The technical viability of each option for each type of ='U is indicated. Some options are suitable for 

only certain categories of 233U. For example, the uranium-aluminum melt-dilute option (described below) 

can be used to process clean and CEUSP 333U, but not LWBR '"U. In this specific case, the basic 

chemical processes of this option do not work well with a feed containing large quantities of thorium oxide. 

The LWBR material contains large quantities of thorium oxide. 

Table ES. 1 indicatcs whether the option allows the recovery of medically useful isotopes from the 233U. 
As indicated in the table, there are no currcnt processes for practical recovery of useful isotopes from the 

LWBR material. Several options appear to offcr practical recovery of material for production of medical 

isotopes from the clean and CEUSP categories of materials. 

The last column defines whether there has been any experience in processing uranium with the specific 

technology. A brief description of these options follows. 

ES.4.1 Conversion to HLW Class (Disposal) 

Uranium-233 could bc disposed of by mixing the 133U with existing HLW sludges containing DU and 

converting the mixture into HLW glass for disposal at YM. The option is technically applicable to all 

categories of 233U in inventory This option has several attractivc fcatures. It produces the minimum 

amount of waste of any option because it uses DU that is currently in the HLW tanks for isotopic dilution. 

The HLW glass is qualified for disposal at YM. The option would use existing or planned facilities at the 

Savannah River Site (SRS) or Hanford. The viability of the option for managing L W R  233U is unclear 

because of several technical factors. It is uncertain whcther the SRS t a n k s  have sufficient DU to address 

criticality issues if the entire inventory of 233U was disposed of. Disposal of all material in the Hanford 

waste tanks is technically viable but would rcquirc potentially longcr time-frames. The option allows a 

one-time rccovery of medical isotopes. The primary uncertainty is cost. 

ES.4.2 Melting 233U and DU to  Form a Uranium-Aluminum Alloy (Storage and Disposal) 

Uranium-233 could be rnclted with DU metal and aluminurn metal to create a non-weapons-usable, 

uranium-metal alloy suitable for storage or disposal. If the uranium is in oxide form, it would be converted 

to metal in the process. The process has onc unique characteristic: the molten aluminum can dissolve 

uranium, aluminum, and stainless-steel storagc cans. This capability i s  particularly usehl for processing 

CEUSP 233U because the uranium is in a monolithic form that would be difficult to remove from the storage 

can. The option is applicablc to clean 233U and CEUSP 233U, but it docs not appear to be suitable for 

processing LWBR 133U because the LWBR Tho, is chcmically stable in moltcn aluminum. 
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The process is undcr development at SRS for treatment of aluminum-clad HEU SNF and has been 
demonstrated on a small scale with uranium. If m SNF treatment facility is built using this process, the 
same facility (with minor modification) could bc used to process 233U for disposal at YM. Alternatively, a 

custom 233U treatment facility could be built for storagc of the product or for disposal of the 233U as a waste 
in a WIPP-type facility. A dedicated furnace might allow the recovery of medically useful isotopes. The 

option has potentially low processing costs. However, the final product volumes---because of the added 
aluminum-are significantly larger than those with other options. There are technical uncertainties. 

ES.4.3 Aqueous Blending (Storage and Disposal) 

In the aqueous-nitrate-blending process, solid ?33U material would be dissolved in nitric acid to produce 
an aqueous, uranyl-nitrate solution, which is mixed with a uranyl-nitrate solution of DU. After mixing, the 

solution is solidified for storage or disposal. Several final storage or disposal form options are possible 

(U03, UOz, U30,, cement, and glass). The process would be applicable to all 233U in inventory. If the 233U 
is to be disposed of as waste, it could be sent to a YM- or WIPP-type repository. This is the only process 
that has been used on an industrial scale, and it is the only fully dcrnonstrated technology. It is a proven 

process for recovery of medically useful isotopes Scvcral DOE facilities, with modifications, could 
proccss all 233U. The process might bc more cspensivc than some of the other options, however, it is the 

only process for which risks are fully understood and cost estimates can be easily dcveloped. 

ES.4.4 Fusion-Melt Blending (Storage and Disposal) 

In the fusion-melt blend process, the 233U oxide would be miscd with BU oxide powder and solvent 
metal oxide powder and then mclted in an induction furnace to produce a glasslike material. The melt 

crucible would also serve as the product contaiiicr. 'l'hc product can be storcd or disposed of in a YM- or 
WIPP-type repository or used as a pretrcatmcnt step to ready the material for disposal in HLW tanks 

(Sect. ES.4.1). The process has been demonstrated with uranium, but thcre are technical and institutional 

uncertainties that could impact costs. 
There are two process variants: borate-fusion melt and glass-fusion melt. The difference between the 

hvo options is that with the borate fusion melt, the solvent metal oxide would be B203 or Na2B40,, 
whereas, for the glass fusion melt, the solvent metal oxide would be a mixture of alkali metal oxides and 
silicon dioxide. In the borate-hsion-melt process, a borate would he chosen as the solvent metal oxide to 

minimize processing difficulties and maxirnizc thc uranium content of the final product. In the glass 

fusion-melt process, the solvent mctal oxide (usually containing high concentrations of silica) would be 
chosen to create a high-quality, insoluble uranium product. This choice would require added processing. 

Both variants have becn demonstratcd with uranium in the 1aborator)i. The two variants have different 
uses. 
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Borate-fusion melt. The borate-fusion melt creates a product suitable for storage or disposal in a 
WIPP-type repository. All categories of z3U can be processed. The process is potentially the 
lowest-cost isotopic-dilution option (simple process, low-volume product), but technical 
uncertainties could impact costs. The option allows for the fiture recovery of medical isotopes or 
the 233U for other uses. It also might be used in combination with another disposition process (such 
as disposal in HLW tanks) to optimize overall economics. 

* Glass-fision melt. The glass-fusion mclt creates a high-quality glass suitable for disposal at a 
YM-type repository. Clean and CEUSP 233U can be processed; LWBR 233U probably can not be 
processed because of thc chemical cffects of thorium on glass properties. Product volume is 
significantly larger than that with the borate firsion melt process. The process would not be used 
for storage of 233U for hture usc because of the difficulty of recovering the uranium or medical 
isotopes from the glass. 

ES.4.5 Grind, Blend, and Sinter (Storage and Disposal) 

In the grind, blend, and sinter process, 233U oxide would be mised with DU oxide (both in fine powder 

form), consolidated, and sintered at high temperatures to produce a final storage or disposal form. It is 

applicable to all 233U. The process is a simplified variant of the process used to make the thorium- or 

uranium-oxide reactor fuels. The 233U, after processing, would be suitable for storage or disposal at a YM- 
or WIPP type repository. For 233U sent to storage> medical isotopes could be recovered in the future. The 

CEUSP 233U (with cadmium) would bc suitable at a WIPP-type repository, but tests would be required to 

determine suitability for YM-type repositories due to the cadmium in this specific material. 

ES.4.6 Chemical Dilution (Disposal) 

Uranium-233 could be disposed of as waste if (1) sufficicntly diluted in othcr materials and (2) certain 

other requirements are met. This could bc accomplished by mixing 233U with large quantities of TRUW or 

other materials and limiting the quantiv of 233U pcr waste package. There arc policy questions that must 

be resolved. This process has the potential for becoming the low-cost disposal option for the 233U. 

ES.4.7 Can-in-Canister (Disposal) 

Uranium-233 could be disposed of by mixing it with other oxidcs, converting the mixture into a 

ceramic form, and packaging the mixture in small cans. The cans would be placed inside an empty HLW 

canister, and HLW glass would be pourcd around the cans containing 233U. This option is similar to that 

proposed for plutonium disposition. There are institutional advantages for using the same processes 

proposed for plutonium disposition or for modieing thc plutonium disposition process to permit the 

inclusion of sclected invcntories of 233U material as a fccd stream. 
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The 233U has higher gamma-radiation lcvcls than docs plutonium; however, the LWBR 233U could 

probably be co-processed with the plutonium with minor modification of the plutonium immobilization 

facility. The thorium in the LWBR 233U could replace some or all of the functions of the uranium in the 

final product. The clean and CEUSP 233U radiation lcvels are too high to allow processing in the plutonium 

immobilization facility. Stand-alone facilities would be required to process these materials in a can-in- 

canister option. 

ES.4.8 RH TRUW Processing (Disposal) 

DOE has large quantities of RH TRUW storcd on the Oak Ridge and Ilanford sites. It is planned to 

process much of this waste into a form acceptable for disposal at WIPP. Some RH TRUW processes, such 

as plasma processes, can co-process 233U: DU, and RH TRUW into a form acceptable for WIPP while 

isotopically blending the 233U and DU. No decisions have been made on what processes to use. Depending 

upon future waste management decisions, options may esist to dispose of 233U via this route. 

ES.4-9 CH TRUW Processing (Disposal) 

The United States is planning to build scveral facilities to process certain existing inventories of 

CH TRUW into a form acceptablc for WIPP. In this option, the z3U would be co-processed with CH 

TRUW and DU to produce a waste acceptable for disposal at WlPP. The 233U would be isotopically 

blended with the DU. The process is applicablc to 233U inventories with low external radiation 

levels--primarily the LWBR 233U. It may not be viable for 233U matcrials with higher radiation levels, such 

as the CEUSP material. 

If appropriate CH TRUW facilities arc built, this is a low-cost option. However, three constraints 

determine the viability of this option. 

The option can bc used to process only 'j3U with low g,mma-radiation levels. The LWBR 233U 
material may meet this requirement. It is rclatively pure 233U and is mixed with 14 t of Tho,. 
Most of the remaining inventory could not be processed in such a facility. 

The CH TRUW facility must use a process that isotopically blends 233U with DU. Initially, it was 
proposed to build a facility in Idaho with these charactcristics (plasma-arc furnace). The treatment 
process has becn changed, and thc new process no longer assures isotopic blending of 233U with 
DU. No decisions have been made on the CH TRUW processes for other sites. The viability of 
the option dcpends upon waste manasement decisions on how to treat CH TRUW. 

The wastes must be acceptable for WIPP. Legal uncertainties are associated with mixing 233U with 
CH TRUW. 
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ES.4.10 LWR Fuel (Disposal) 

The reactor option would convert the into LWR fuel for irradiation in power reactors. This option 
would allow the beneficial use of the 233U and would produce an SNF which would be acceptable for 
disposal at YM. The 233U would be blended with DU to make a LEU oxide feed for the fuel. This 
technology has been demonstrated on a large scale. The Shippingport reactor operated using only 233U as a 

fbel. This option would use a disposition path similar to that used to disposition the HEU-blend the 
fissile material to 4 wt % as feed to a nuclear he1 fabrication plant. 

This would be one of the more expensive options. The production of 233U nuclear hels  would require 

special process facilities for uranium purification, conversion to uranium dioxide, and fabrication of 
nuclear &el. No such facilities exist in the Unitcd Statcs (facilities do exist in India). Consequently, it 
would require large expenditures to build such facilities. Neither existing u5U or proposed plutonium fuel 
fabrication facilities could process 233U because of the radiation fields of the U.S. 233U Inventory. The 

aqueous processing option for w3U disposition, described earlier, is effectively the first step in a multistep 

process to makc nuclear fuel, which requircs the additional stcps of uranium purification, fuel fabrication, 
and fuel irradiation. Processes such as the aqueous process would be significantly less expensive than this 
option 

There is one exception to the previous conclusions. Thcre is a batch of material that contains 42.6 kg 
ofuranium consisting of 0.8 kg of very pure 233U and 38.7 kg of 'jsU at the Y-12 plant. The low 
concentration of the 233U, the lack of inipuritics in this 233U, and its alloying with 235U may allow disposition 

of this material by converting this material to LWR nuclear fuel. If this were to occur, the conversion 

could be done whcn processing off-specification HEU in a special production campaign with modifications 

to the process to allow processing and irradiation of this material. 

ES.4.11 Borehole (Disposal) 

Uranium-233 could be convertcd to an appropriate form and disposed of in boreholes at depths of 
several kilometers. Thc same option was investigated for disposal of plutonium. It is technically viable, 
but there are major institutional difficultics in siting such a disposal facility. Because of these difficulties, 

the option was not pursucd for disposition of plutonium. 

ES.4.12 GCD (Disposal) 

Uranium-233 could bc convcrtcd to an appropriate form and disposed of in GCD disposal facilities. A 
GCD facility disposes of waste at sonicwhat grcatcr depths than does a shallow-land disposal 
facility-ty@cally 10 to 30 m undcrground. No such facilitics currcntly exist. Major institutional 
difficulties would probably be encountcred in siting a new disposal facility. Also, it is unclear whether this 
option would mcet currcnt environrncntal rcquircmcnts. 
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ES.4.13 Space (Disposal) 

Uranium-233 could be disposed of by launching it into space or the sun or placing it into high earth or 

solar orbit. There are major technical, cost, institutional, and environmental, safety, and health issues 

associated with launching rockets with radioactive materials into space. This would not be a viable option 

for disposal of the small inventory of 233U. 

ES.4.14 Subseabed (Disposal) 

Uranium-233 could be disposed of by placing it under the ocean seabed (1) in the mid-ocean or 

(2) under a small oceanic island. The option has received major attention in the waste management 

community for disposal of HLW and SNF. It has also been considered as an option to create an 

international SNF repository to minimize the potential for nuclear weapons proliferation. It is technically 

viable and may have long-term environmcntal advantages over most other disposal sites but a decade and 

large resources would be required to develop the technology. It would be a very expensive stand-alone 

option for disposal of the small inventor); of 233U. 

ES.4.15 Shallow-Land Burial (Disposal) 

The 233LJ could be diluted by a factor of - 100,000 to mcct the definition of low-level waste and then 

disposed of in shallow-land disposal facilities. Thcse are significant legal, technical, and economic 

uncertainties associated with this option. 

ES.4.16 Define as SNF (Disposal) 

The LWBR 2j3U could be dcfined as SNF arid disposed of as SNF. The LWBR 233U is in the chemical 

and mechanical form of nuclcar fuel and nuclear fuel componcnts. There are significant legal and technical 

uncertainties associated with this option. 

ES.4.17 Electrometallurgical Processing (Storage and Disposal) 

‘ h e  233U could be downblended with DU using thc electrornetallurgical process that produces a 

uranium metal product. There are significant technical uncertainties, It i s  unclear if the metallic waste 

form would be acccptable for certain types of disposal sites. 
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ES.5 CONCLUSIONS 

Storage and disposal versions of disposition options have been identified and characterized. Multiple 

selection criteria will be used to identify the prcfcrrcd options. No storage or disposal option ranks high in 

all criteria; thus, the hture selection of prefcrred option(s) will depend upon the relative importance of 
different criteria. Because the various categories of t331! in inventor), have significantly different 

characteristics, the option prefcrred for one category may be different from the preferred option(s) for other 

categories. 

Information about the materials and potential disposition paths is sufficient to permit initial evaluation 

and elimination of unqualified options. DOE is using the data in this report and other information to decide 

what options should be hrthcr considered for u3U storage and disposition. DOE report, Summary Report 

of the Screening Process to Determine Reasonnhle Alternatives for Disposition of Uranium-233 (1 999): 

DOE/MD-00 12 describes this process and the rcsults of the initial screening proccss. However, significant 

amounts of additional data must be compiled on technical pcrforrnance, programmatic timing, and 

comparative economics to permit qualitative evaluation and ranking of the options. 
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ABSTRACT 

The US. Departmcnt of Energy, in support of the U S .  arms-control and nonproIiferation policies, has 

initiatcd a program to disposition surplus weapons-usable fissile materials by making them inaccessible and 

unattractive for use in nuclear weapons. Scvcnteen methods to disposition weapons-usable uranium-233 

(233U) were identified and characterized. Somc methods isotopically dilute 233U with depleted uranium to 

convert it to non-weapons-usable uranium. Othcr methods make the 233U chemically or physically 

inaccessible. 
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1. INTRODUCTION 

1.1 OBJECTIVES 

Since the end of the cold war, the United States has bccn investigating options to disposition surplus 
fissile materials that can be used to build nuclear weapons (Fotsberg and Krichinsky January 1998). 
Disposition is the process of making weapons-usable fissile materials inacccssible and unattractive for use 

in nuclear weapons. Fissile materials include weapons-grade plutonium (WGP), high-enriched uranium- 

235 (HEU), and uranium-233 (233U). This report describes the disposition options (long-term storage and 
disposal) for 233U. The descriptions include both the tcchnical characteristics of particular options and 
potential barriers (including institutional j to implementation of specific disposition options. 

Storage, in the context of this report, refers to (1) isotopically dom-blending weapons-usable 233U with 
238U to convert it to nonweapons-usable 233U and (2) placing the material in long-term storage. Future 
down-blended 233U could be used for ccrtain nondcfcnsc applications or be disposed of as a waste. 

Disposal refers to all of the steps necessary to pcrmanently dispose of the 233U in a way that makes the u3U 
inaccessible and unattractive for usc in nuclcar weapons. Many of the same technologies could be used for 
storage or disposal. However, the preferred technolosy(ics) for storage may be different from those for 
disposal because the requirements for long-term storage (with potential use of down-blended ’^33Uj are 
different from the rcquirements for ultimate disposal of’33U in a rcpository. 

1.2 SELECTION OF STORAGE AND DISPOSAL OPTIONS 

The US. Dcpartmcnt of Energy (DOE) is using the data in this report and other information to decide 

what options should be hrthcr considcrcd for lj3U storage and disposition. DOE report, Summary Report 

ofthe Screening Process to Determine Recrsonahle Altcrnarrves for  Disposition of Urmium-233 (I 999): 

DOE/MD-O012 describes this process and the results of the initial screening process. 

1.3 CAVEATS 

There are two important caveats. 

No decision has been made to dispose of 233U. The option exists to continue to store some or all 
of the material in its current form for possible use. 

This report makes no recommendations on the preferred disposition option(s). However, it does 
describe several options and idcntifies issues associated with implementing specific options. The 
choice of option(s) will depcnd upon multiple economic, technical, and institutional considerations, 
including appropriate National Environmental Policy Act review. 
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1.4 SPECIAL ISSUES ASSOCIATED WITH 233U 

The handling and disposition of 233U are complex because of the unique characteristics <f 233U and 

several historical factors. These are summarized herein and described later in this report. 

Most facilities designed to process HEU or WGP can not safcly process 233U. Uranium-233 has the 

chemical properties of uranium, but it is an alpha ernittcr, like plutonium. Uranium-233 contains 

impurities that emit high-energy gamma rays. Consequently, hot-cell facilities with special off-gas systems 

are sometimes required. 

Multiple unique institutional issues are associated with 233U. Usually, regulations, laws, and treaties 

are developed as needed. Uranium-233 is a minor fissile material; that is, the quantities of this material are 

small compared to those of HEU and WGP. Hccause 233U was never used in the United States on a large 

scale, the institutional structure that exists for HEU and WGP does not exist for 233U. An institutional 

structure will have to be created for the disposition of 233U 

1.5 REPORT ORGANIZATION 

This report describes storage and disposition options. Section 2 summarizes u3U characteristics and 

provides inventory data required to define viable options. Section 3 defines the technical and institutional 

constraints that are applicable to all options. Section 4 provides detailed descriptions of the options, while 

Sect. 5 presents conclusions. The appcndises provide additional technical detail on specific issues 

associated with one or more spccific option or options. 



2. CHARACTERISTICS AND INVENTORIES OF 233U 

The characteristics of 233U are very different from those of HEU or plutonium. Consequently, many of 

the storage and disposition options for HEU and plutonium are not applicable to ='U. Furthermore, the 

233U inventory can be divided into three major categories where each category of material has markedly 

different characteristics than do other 733U materials in the invcntory. Some storage and disposition options 

that are applicable to one category of material are not applicable (or may require major modifications to be 

applicable) to other categories of 233U matcrials Thcsc uniquc characteristics and inventory properties are 

summarized herein. 

2.1 CHARACTERISTICS 

Table 2.1 shows the characteristics of 233U as compared to those of the other two weapons-usable 

materials-WGP and HEU. 

2.1.1 Chemical 

Uranium-233 is chemically identical to natural and enrichcd uranium (Bercolos April 1998). The same 

chemical processes used for depleted uranium (DU), natural uranium, and HEU are usually applicable to 

L33U. However, as a radionuclide, 233U has a higher specific radioactivity than does DU, natural uranium, 

or HEU. Consequently, certain radiation-induced chemical rcactions occur faster in uranium containing 

significant quantities of 233U when comparcd to rcactions involving othcr uranium isotopes. This 

phenomenon is important in certain situations such as long-tcm storage during which the higher radiation 

levels of 233U rcquire that storage containers and u3U storage forms do not contain organics (plastics etc.) 

or water that degrades and forms deleterious gases at higher radiation levels. 

2.1.2 Radiological 

Unlike HEU, the radiological worker-protection rcquiremcnts for ultrapure 233U are similar to those for 

WGP. The primary hazard from 233U is alpha radiation, which is also thc primary health hazard from 

WGP. The alpha activity of ='U is three orders of magnitudc higher than that of HEU and about one order 

of magnitude less than that of WGP. Consequently, the handling and containment requirements 

(gloveboxes etc.) for ultrapure "'U are similar to thosc for WGP (Fig. 2.1). 
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Table 2.1. Characteristics of weapons-usable materials 

Fissile material 

Characteristic Plutonium HEU 

Production 

International Atomic Energy 
Agency (IAEA) weapons 
Category I quantity (kg) 

Lsotopic dilution limit for 
nonweaponsa 

Isotopic criticality safety 
limitb 

Chemical properties 

Radiation 

Alpha (relative to HEU) 
Gamma 
Containment 

Neutron bombardment of 23*U 

2 

None 

Not applicable 

Plutonium 

I 04 
Low 

Glovebox 

Separation from natural 
uranium 

5 

20 wt % 

Xwt% 

Uranium 

1 
Low 

Laboratory hood 

Neutron bombardment of 232Th 

2 

-12wt0/0” 

0.66 wt % 

Uranium 

103 
Dependent upon z32U impurity 

Glovebodshielded hot cell 

4 

‘The 12 wt ’% 233U in 23sU is based on a technical study (Forsberg March 1998). However-, neither U.S. nor international regulations expiicitly 

bIsotopic dilution of 2’7U with 23RU to this h i t  minimizes the potential for nuclear criticality in disposal facilities. 
address the required isotopic dilution of 233U with 238U to convert 233U to nonweapons-usable 233U. 
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ORNL DWG 98C-488AR 

Alpha Activity (Relative 
No Significant Gamma 

=I 

Alpha Activity (Relative) -1 O4 
Soft Gamma - Minimal Shielding - Leaded Gloves Acceptable 

- Gamma From Decay 
Product of 232U Impurity 

- Clean 233U Processed in 
Glove Box Hot Cell Glove Box 
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Fig. 2.1. Different fissile materials require different handling procedures. 
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In the production of 233U> some 232U is produced. The concentrations of u2U depend upon the specifics 
of the production techniques for 233U. The 232U has a decay product, thallium-208 (208T1), which decays to 

lead and produces a high-energy, 2.6-MeV gamma ray. The concentration of "'U determines the radiation 
shielding required to protect workers. Superior-quality 233U contains very low levels [- 1 part per million 
(ppm)] of 232U and has corrcspondingly low levels of gamma radiation. Low-quality 233U with higher 

concentrations of 232U (greater than a few ppm) and associated radioactive decay products requires heavy 

radiation shielding and remote-handling (RH) operations to protect workers from gamma radiation 
(Appendix A). 

The 232U in low-quality 233U also impacts the requircmcnts of off-gas systems for processing these 

materials. Uranium-232 decays through sevcral isotopcs to thc noble gas 220Rn. Radon-220 hrther decays 
to 208T1-the radionuclide with the 2.6-MeV gamma ray. The '"Rn, as an inert gas, can pass through high- 
efficiency particulate air (HEPA) filters and then dccay to "*TI. To prevent this from happening in a 

process system, the off-gas system must contain multiple traps. 

The first HEPA filter traps 232U and solid dccay products. Radon-220 from the process and solid 
materials on the HEPA filter will pass through this HEPA filter. 

Following the first filter, the systcm must contain charcoal beds, delay lines (- 10 min), or other 
special equipment to hold the radon in the off-gas system until it decays to a solid material that can 
be removed from thc off-gas with a second HEPA filtcr. 

Typical nuclear-grade off-gas systems dcsigned for HEU or plutonium are not acceptable for 233U 
systems with significant quantities of '32U, this limitation restricts which facilities can process this material. 

There is an important radiochemical characteristic of this system. If 233U is chemically purified with 

A second HEPA filter catches the solid decay products of including '08Tl. 

removal of the decay products, the 233U with significant concentrations of 232U can be processed and 

converted into desired forms in gloveboxes and other enclosures without significant radiation exposure to 

workers. It takes time (days to weeks) for the 23zU radioactive decay products that emit gamma rays to 
build up to high enough conccntrations such as to rcquire thick radiation shielding to protect the workers. 
Very clean processing systems are requircd for this type of operation. If 233U-z2U contamination remains 

in the system, radiation levels will build up with time and can dominate the radiation field from such 
processes. The buildup and decay of 233U, 232U, and dccay products are shown in Fig. 2.2 for 233U with 

high conccntrations of 232U. The first set of pcaks are from thc buildup and subsequent decrease of the 
decay products of 232U. The second sct of pcaks are from thc buildup and subsequent decrease of the decay 

products of 233U. The curve for gamma-ray gencration vs time since purification of the uranium shows 

that, for some time after purification, the gamma-radiation doses are low. 
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Fig. 2.2. Gamma exposure for 1 kg of "U with 100 ppm of 232U. 
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The radiological characteristics of 233U have historically determined what uranium was to be managed 

as 233U. If a mixture of uranium contains several isotopes, the mixture is handled as 233U-provided that 
the 233U is the primary hazard. In practice, this procedure implies that uranium materials containing 
somewhat > 1 wt % 233U would be handled as 233U. 

2.1.3 Nuclear 

The nuclcar characteristics of 233U are significantly diffcrent from those of WGP or HEU. The 

subcritical mass limit of 233U is about 520 g [Oak Ridge National Laboratory (ORNL) February 18,19941. 
This is significantly lcss than that of 23sU (700 g) and slightly grcater than that of 239Pu (450 8). However, 
in certain partly-moderated systems, the critical mass of 233U is less than that of plutonium. Facilities 

designed for IiEU generally are not suitable for the storing or processing of 233U. The required isotopic 
dilution of 233U to minimize the potential of nuclear criticality (0.66 wt % when isotopically diluted with 

pure 238U or 0.53 wt % when diluted with DU containing 0.2 wt % 23sU) is less than that for 235U (1 wt %) 

(Elarn November 1997). 

2.1.4 Institutional 

Although 233U has becn investigated for many applications, it has not been used on a large scale in the 
IJnited States. This has several implications. United States laws, regulations (including DOE orders), and 

standards have bccn developcd as needs wcrc identificd. Thc large large-scale production of WGP, low- 

enriched uranium (LEU), and HEU have lcd to the crcation of facilities and institutional stnictures designed 

to specifically addrcss issues associated n-ith thcse matcrials. For example, the Waste isolation Pilot Plant 
(WIPP) was designed to dispose of transuranic wastes (TRUWs) from plutonium processing operations. In 
addition to the facilities, legal and regulatory structurcs for the management of TRUW have been created. 
The technical characteristics of the WIPP make it suitable for disposal of 233U wastes, but current law does 
not consider 233U wastes in the WIPP enabling legislation. Thus, wastes containing only 233U can not 
legally go to WIPP. Thcre are many other examples. To dispose of 2331J materials, a set of institutional 

issues that are unique to 233U must be addrcssed. The quantities of 233U are sufficiently small such that it 

would be cost-prohibitive to build special facilities and to dcvelop a scparate institutional framework for 
this material. Many of the institutional structures devclopcd for HEU and WGP can be modified and 
extended to 233U. 

2.1.4.1 Safeguards 

As a fissile matcrial, 233U is similar to WGP. Thc IAEA (IAEA. August 1993) defines Category I 
quantities of weapons-usable materials as 2 kg of WGP, 2 kg of 233U, and 5 kg of HEU. The Category I 
quantity is that quantity of material requiring nuclcar wcapons-type security to prevent theft of the 
materials. 
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National and international safeguards requirements [DOE orders, U.S. Nuclear Regulatory 

Commission (NRC) regulations, MEA agreements] for weapons-usable materials have been developed for 

HEU and WGP; however, the requirements are not developed hlly for disposition of surplus 233U. For 

uranium containing 235U, these regulatory requirements recognize that only HEU can be made into nuclear 

weapons. Natural uranium, DU, and LEU do not require the safeguards and security ( S & S )  required of 

weapons-usable HEU. For disposition of surplus HEU. the U.S. policy (DOE June 1996a; DOE 

July 29, 1996) is to blend HEU with DU to make LEU for USC in commercial nuclear power plants. It is 

universally recognized that this process eliminates the use of this material for nuclear weapons and 

eliminates the need for weapons-materials-type sccurity. 

For u3U, the IAEA regulations (August 1993) do not recognize that mixing 233U with DU will create a 

mixture that is unsuitable for the manufacture of nuclcar weapons It is widely recognized within the 

technical community that isotopic dilution with DU will eliminate 233U as a weapons-usable matcrial; 

however, all 233U-bearing matcrials containing significant quantities of 233U are treated as weapons-usable 

material. Historically, there never was any scrious consideration of converting 233U to a non-weapons- 

usablc material; thus, the required rcgulatory structurc was not cstablishcd. The technical basis for 

convertins B3U to non-weapons-usable matcrial by diluting it with 238U is understood, but the regulations 

and othcr institutional agreemcnts are not in place. Bccause onc of the goals of the Fissile Materials 

Disposition Program is to rcduce the risks from these materials in other countries, institutional agreements 

as to the level of isotopic dilution that eliminates the weapons potcntial of 233U are required (Forsberg et al. 
March 1998). The isotopic purity that renders 333U non-weapons-usable (<12 wvt % 233U in 238U) is less 

than that for HEU (<20 wt % ='U in 238U). 

2.1.4.2 Waste Management 

In the United States, no facilities currcntly exist for disposing of wastes containing significant 

concentrations of 233U. Wastes would bc gencratcd from any processing or handling operations. 

Historically, wastes containing 233U have becn managcd as TRUWs (Le., managed similarly to wastes 

containing plutonium) because the primary hazard-alpha radiation-is identical in both waste types; thus, 

the same types of disposal facilities are required. WlPP has becn built to dispose of defense TRUWs. 

However, the enabling lcgislation docs not allow thc disposal of wastes containing only 233U or wastes from 

nondefense activities. DOE has several thousand drums of "'U-containing wastes stored at ORNL, Idaho 
National Engineering and Environmcntal Laboratory (INEEL), and Los Alamos National Laboratory. A 
WIPP-type facility would be suitable for 'j3U waste disposal. 
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2.2 INVENTORIES OF 233U 

2.2.1 Inventories 

From the perspectives of long-term storage and disposition options, the separated inventory can be 

divided into three major categories: clean, Consolidated Edison Uranium Solidification Program (CEUSP), 
and light-water breeder reactor (LWBR) 233U. Because of technical, cost, and other factors, many options 

can only manage one or two of these 233U categories. Figure 2.3 shows these categories where the area on 

top of the cylinder represents the quantity of 233U and the volume represents the total volume of material 

(233U and other materials). Table 2.2 further breaks down the 3 major categories into subcategories. More 

detailed inventory information is available in a companion report (Bcreolos June 1998). Uranium-233 in 
spent nuclear fuel (SNF) and irradiated targets is not includcd in these numbers. 

The inventory contains -800 kg 233U in - 1.800 kg of uranium in a total of 1,505 packages at multiple 

sites. Most of the separated 233U and most of the packages are located at ORNL in the National Repository 

for 233U. The 233TJ is typically packaged in double containers with the inner container made of stainless 
steel or aluminum. Figure 2.4 shows the primary typcs of storage containers Figure 2.5 shows the 

chemical compositions of the three categories. 
In addition to the separated 'j3U, there is a significant inventory of 233U in SNF (Table 2.3). This 

material i s  shown here for complcteness; but, it is not part of thc disposition program. As SNF, it meets 
the Spent Fuel Standard. 

2.2.1.1 Clean 233U 

The clean 233U consists of five large batchcs of material plus many small lots. The uranium isotopic 

composition is 233U with variable impurity lcvels of 232U that are mcasurcd in ppm (Table 2.2). The 
radiation levels vary widcly depending upon the 232U contcnt. This uranium is primarily in the chemical 

form of oxides with few chemical impurities. Most of the inventory is stored at ORNL in a. variety of 
containers. 

2.2-1.2 CEUSP 233U 

The CEUSP ='U was created from the irradiation of a HEU-thorium fuel in the Indian Point Reactor 
Unit I, which is owned by the Consolidation Edison Company. Thc SNF was reprocessed with the 233U 
shipped in the form of a uranium-nitrate aqueous solution to O W L ,  where it was solidified for storage. 

Because all of this material was stored as a liquid solution in a single tank, this is a single, homogeneous 
batch of material. It has several unusual propcrtics. 

First, the CEUSP matcrials is a mixture of - 10 wt % 'j3U, - 76 wt % 23jU, and other uranium isotopes. 
It is 233U isotopically dilutcd with HEU. 
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Fig. 2.3. United States w3U inventory. 



Table 2.2. Quallity of major batches of separated 233U in inventory" 

Batch 
no. Site Material, packaging 

Uranium isotopic composition Measures of qualityb 

CEUSP 

1 

LWRR 

2 

3 

Clean 

1 

5 

6 

7 

8 

9 

ORNL 

NEE1 ,/Radioactive Waste 
Manageitlent Complexd 

NEELfldalio Chemical 
Processing Plant (ICPP)' 

O R n  

ORNL 

ORNL 

ORNL 

Y-12' 

Various 

IJ,O, monolith in >400 welded stainless 
steel cans (CEUSP matcrial) 

Unirradiated rods and pellets in  172 dnims 

Unirradiakd LWI3K fuel with 14 t natural 
thorium 

U02 powder in 140 welded inner 
a 1 umi iitini cans 

U,O, monolith in 27 welded stainless steel 
cans placed in tin-platc cans 

[ J Q  powder i n  174 stainless steel screw- 
top cam 

UO, powder in 1743 welded stairilcss steel 
plates 

UO, powder i n  5 cans 

Variety of material forms, packages, and 
compositions 

1042.6 

35.1 

323.5 

67.4 

65.2 

96.6 

46.2 

42.6 

si .5 

796.3 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

38.70 

4 . 1  

101.1 

34.0 

317.4 

51.3 

60.3 

91.3 

45 

0.8 

79.6 

I40 

21 

9 

165 

15 

7 

7 

6 

< I O  

10.3 1400 

I .03 21 

1.02 8 

1.1 180 

1.08 16 

I .08 7 

1.03 7 

53.2 G 

1.04 

"These data do not represent the entire inventory. Many small batches are not listed. Estimated total quantity of such batches is <1 kg. hi addition, the table excludes 2J3W 
in SNi; and waste streams. Remediation actions associated with the Molten Salt Reactor Experiment niay ultimately recover -40 kg ofadditioiral ='U to bc added to the clean 
inventory. 

*A low number implies higher quality. 
'Based on the total uranium content. 
%e Radiological Waste Management Complex at WEEL. 
'The ICPP at n\TEEL. 
file Oak Ridge Y-12 Plant. 
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Pig. 2.5. Chemical composition of the 233U inventory. 



Table 2.3. Inventory of '"U SNF (not part of disposition program) 
~~~~ ~ 

Uranium isotopics 
2 3 3 ~  232u Total U 

Batch no. Storage site (reactor) (kg) (kg) (PQmf 

1 Savannah River Site (SRS) (Dresden) 15.4 high 

2 SRS (Elk River) 14.7 high 

3 SRS (Sodium Reactor Experiment) 

4 INEEL (Ft. St. Vrain) 

5 Colorado (Ft. S t .  Vrain) 

6 INEEL (Peach Bottom I) 

7 INEEL (Peach Bottom 11) 

8 INEEL (LWBR) 

308.3 

822.5 

206.6 

127.8 

1 . 1  high 

90.1 

236.0 

48.3 

53.4 

20.5 7.1 

25.9 

523.7 

58.6 

220. 

.Total 927.4 
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Second, the CEUSP 233U has a high concentration of 232U. This  results in a significant gamma 

radiation field near the containers. 
Third, the packaging system for the CEUSP uranium is unusual----the 233U oxide is a monolithic block 

and is physically bound to its stainless-steel container. The oxide can be removed from the package only 

by chemical dissolution or an equivalent mechanical means. If the container is cut open, the uranium oxide 

can not be removed physically from the package using conventional techniques (i.e., powder pouring) and 
must be chemically or mechanically extracted. A spccial loading procedure was used for the CEUSP 
uranium. Each stainless steel package was placed vertically in a high-temperature furnace, and the 233U 
was added as a concentrated uranyl nitratc solution. In the package, the nitrate decomposed to an oxide. 

This created a cast-in-place monolithic ceramic in cach storagc package. 
Last, the CEUSP material also contains cadmium and gadolinium, which were added as neutron 

absorbers to prevent nuclear criticality of the material while it was in liquid storage--before it was 
solidified into its current form. Under some circumstances, the prcsence of a Resource Conservation and 
Recovery Act (RCRA) metal impacts how the material must be handled or disposcd of. 

2.2.1.3 LWBR 233u 
The LWBR program investigated the use of 233U--Th nuclcar fuels. When the program was shut down, 

unirradiated fresh fuel assemblies, fuel rods, fuel pcllcts, and other assorted materials were placed in 
storage at INEEL. While the material is in scveral package tlpes, it consists of 1 to 12 wt % 233U02 in 

high-fired (1:750"C for 12 hours) Tho,. The avcrage assay is -2.5 wt % 233U02 in Tho,. For the 
233U-Th0, pellets in fuel rods, the assay varics depending upon the location within the fuel rods. There are 

also many pure Tho, pcllcts in somc of thc fuel rods. The  133U in this batch of matcrial is of a high quality 
with a variable, but low, 232U content. Most of the material contains <10 ppm 132U. 

The characteristics of this material have two implications in tcrms of disposition. First, for any option, 

there would be a front-end, mechanical sorting proccss to separate 233U-7'h02 pellets from packaging 

materials, clad, Tho, pellets, and other matcrials. Sccond, the chcmical form of this feed requires that if 

this material is to be disposed of, then either: (1) the disposition option must be able to tolerate large 

quantities of Thoz or (2) separation of the 233U from the thorium is required before the disposition of the 
233u. 
2.2.2 Quality 

The three primary inventory catesories can bc further dividcd into eight major batches based on the 
characteristics of the 233U (Table 2.2). The rcmaindcr of tlic inventory is a 9th batch (of miscellaneous 
small quantities). The quality of the batches can be mcasurcd by two indices. Most batches are almost 

isotopically pure U3U-except for Batches 1 and 8, both of which contain significant quantities of 235U. 
For most applications (escept nuclear weapons and power reactors), the high 23sU content minimizes the 

value of the 233U. The second index of quality is thc conccntration of 232U in the 233U. If the 232U 
concentration is high, the ncar-term radiation lcvcls associatcd with thesc batches will be high. 



3, GOALS AND CONSTRAINTS 

This report describes storage and disposal options for 233U. However, a set of factors (definition of 

weapons-usable p3U, nuclear criticality, waste managcmcnt, etc.) strongly influence both the choice of 

preferred options and how any specific option would be implcmcnted. These factors are discussed herein. 

3.1 GOALS 

The primary goal of the disposition program is to niakc surplus weapons-usable fissile material 

unsuitable for weapons use. Weapons-usablc 233U can be converted to non-weapons-usable 233U by 

isotopically diluting it with DU. Isotopic dilution can be used to domn-blend 233U for storage and hture 

use when the application does not require wcapons-usable 233U (Scct. 3). Isotopic dilution is used in most 

proposed 233U disposal options. Isotopic dilution is the samc strategy (DOE June 19960; 

DOE July 29, 1996) as that chosen to convert HEU to non-weapons-usable LEU. 

National and international safeguards rcquircmcnts (DOE Orders, NRC regulations, IAEA agreements) 

for weapons-usable matcrials have been developed for HEU and WGP, however, the requirements are not 

developed fully for the disposition of surplus 233U. For uranium containing 235U, these regulatory 

rcquirements recognizc that only HEU can be practically made into nuclear weapons It IS agreed to by 

DOE orders, NRC regulations, and IAEA convcntions that isotopically diluting HEU to <20 wt % 23sU 

with DU converts the HEU to non-wcapons-usablc matcrial. 

For 233U, the regulations (IAEA August 1993) do not rccognizc that mixing 233U with DU will create a 

mixture that is unsuitable for manufacturing nuclcar wcapons. It is recognized within the technical 

community that isotopic dilution ~4th DU will climinate thc 233U as a weapons-usable material. 

Historically, there ncver was any considcration to convert 233U to a non-weapons-usable material; thus, the 

required regulatory structure was not establishcd Thc technical basis for defining non-weapons-usable 

233U by diluting 233U with 238U has been rccently dcvclopcd (Forsberg et a1 March 1998). Actions are 

being undertaken to arrive at national and international consensus on the level of isotopic dilution required 

to make 233U non-weapons-usable. The studics indicatc that uranium with a 233U content of <12 wt % in 

238U i s  non-weapons-usable uranium. This concentration is equivalent to uranium with a 235U content 

<2O wt % in 238U. 
For mixtures of 233U, 35U, and 23gU, cffcctively non-weapons-usable uranium is defined by the 

following formula: 

17 
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< 0.12 Weight of 233U + 0.6 weight of 235U 
Weight of total uranium 

For the studies herein, the previous formula was used to determine the quantities of DU needed to make 

233U a non-weapons-usable material. One kilogram of 233U requires 7.407 kg of DU containing 0.2 ut % 

23sU to convert 233U to non-weapons-usable uranium. 

3.2 STOR4GE OPTIONS AND CONSTRAINTS 

3.2.1 Storage Policy Options 

Some or all of the '33U may be placed into long-tcrm storagc. Storage is unlike other disposition 
options. ,411 disposal options are identical at a fundamental policy lcvel-material is disposed of. 

However, different storage options imply different policies. Thcre are three long-term storage options in 
terms of the isotopic concentration of 233U in the stored material (Fig. 3.1). The three isotopic 

concentrations imply diffcrent policies. 

3.2.1.1 Store A s - 1 ~  

The 133U material can be placed in long-tern1 storage containers in its current isotopic form-weapons- 
usable 233U, As a policy, this is (a) the no-action option or (2) a dccision that 233U should be kept for all 

possible future uses. It is not disposition. Future IJSC may include commercial and defense applications. 

The quality of the 233U slowly improves with time as the 23zU impurity decays at a half-life of 72 years. 

In response to the recommendations of thc U.S. Dcfcnse Nuclear Facilities Safety Board (DNFSB) 
Recommendation 97-1 (DNFSB March 3 ,  1997), DOE (Pcna September 25, 1997) has initiated a program 

to ensure safe, long-term storage of 233U and dcvclopnient of a long-term storage standard. Because u3U is 
weapons-usable material, it must be stored in a high-security vault. 

3.2.1.2 Isotopically Dilute to Non-Weapons-Usable z33U for Future Use 

The 233U can be isotopically blended with DU and thus converted to non-weapons-usable 233U. This 
implies isotopic dilution by a factor of -7 with DU to <12 wt % 233U in *"U. The 233U would remain 
useful for many, but not all, nonweapons applications. In particular, the 233U could be used for production 

of medical isotopes (Hall July 22, 1998; Feinendegcn and McClure May 1996). Conversion to non- 
weapons-usable '"IJ allows the 233U to be stored using industrial security levels rather than those required 
for weapons-usable material. This implics significant savings in storagc costs. The same storage standards 
being developed for high-assay material (Sect. 3.2.1.1) would be expected to apply to this material. 
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Fig. 3.1. Uranium-233 storage options. 
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3.2.1.3 Isotopically Dilute to Critically Safe '"U 

The 233U can be isotopically diluted to convert it to non-weapons-usable 233U and to eliminate the 
potential for long-term nuclear criticality. The niatcrial would then become a waste that is awaiting 
disposal. The required isotopic dilution is <0.66 \it % 233U in 238U to eliminate the potential of nuclear 

criticality and essentially renders thc mixture unusable for all potential applications. It becomes unusable 

because of (1) isotopic impurities or (2) the prohibitivc cost of processing the bulk of the material to access 
some desirable decay product. 

This is a distinct and separate option from use options (keep as weapons-usable material or convert to 

non-weapons-usable 233U) or the disposal options. Thc disposal options lead to defined end points. This 
option leads to long-term storage with disposal to be addressed at a later date. It is potentially viable 
because DOE has a significant inventory of existing 233U wastcs (Forsberg, Storch, and Lewis 

July 7, 1998) with no defined disposal site. Consequently, adding a few hundred additional drums of waste 
of isotopically diluted 233U to this existing inventory of scveral thousand drums would not significantly 

increase the waste management activities or costs. No new management system for a new waste form 
would be needed. The option (1) does allow the conversion of weapons-usable 233U into a non-weapons- 

usable 233U-containing waste; (2) reduces storage costs bccause of a lessened need for security 
requirements; and ( 3 )  does not creatc new waste management problems. Storage as an end point is further 

described in Sect. 3.3.5. 

3.2-2 Impact of Potential Uses of *33U on Storage and Disposal Options 

There are several potential uscs for 233U and its decay products. Figure 3.2 summarizes the larger 

potential uses. For many applications, the "'U may be dobb-nblcndcd with ?-3xU to nonweapons-usable 

material and still be usehl. Consequently, many of the disposition options to dowmblend 233U described in 

this report are potentially usehl evcn if the 233U is kcpt for future use. Table 3.1 defines uses for 233U and 
whether the specific use requires weapons-usable 233U or nonwcapons-usable 233U. 

The major potential uses of 233U and the potcntial implications on ='U storage and disposal are 
summarized below. 

3.2.2.1 Medical Applications 

One potential large-scale use for 233U involvcs one of its dccay products, '13Bi for cancer treatmcnt. 

Specifically of interest is that of antitumor antibodies radiolablcd with an alpha emitter (Knapp and 
Mirzadch 1994; Geerlings 1993). In this mcthod, the radioisotopcs are attached to antibodies that 
specifically target cancer cells; the rcsulting alpha cmissions kill these cells with hish eficiency. Initial 
clinical trials using 'I3Bi on human paticnts at thc Sloan-Kcttcring hospital in New York City have been 
favorable. 
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Table 3.1, Uranium-233 uses, applicable z33U categories, and isotopic requirements 

Applicable 233U category Acceptable isotopic composition in 238U 

Weapons Nonweapons Critically safe 
Use Clean CEUSP LWBR (>>12 wt "/o) (<I2 wt "10) ( ~ 0 . 6 6  wt "A) 

a (I 

Medical Yes Yes No 
(cancer treatment) 

Low-mass reactor Yes No YCS Yes No No 
(deepspace reactor) 

Analytical 
(safeguards, etc.) 

Weapons 
(test, use) 

Yes No Yes Yes Yes No 

Yes No YCS Yes No No 

Nonproliferation fuel cycle Yes No YCS No 
[research and development 
W D ) 1  

Tor  these applications, it is unclear what z33U concentrations in '*CI would be acceptable or preferred. 

Recovery of 213Bi for this application involvcs a three-step process (Fig. 3.3). First, 233U is dissolved in 

acid and *'% and its decay products are separated from thc uranium by ion exchange. The resulting 

thorium-bearing solution contains essentially no fissilc uranium, has no nuclear weapons use, and, 

therefore, poses no complications in terms of safcguards or nuclear criticality Next, 2 2 5 A ~  is separated 

from 22Th and the other decay products. Bccause actinium is not a part of the decay chain of =*U, this 

separation removes the undesirable product 2osT1 and its prccursors. Finally, a biomedical generator system 

may be loaded with 22SA~,  from which 'I3Bi may be "milked". 

After the first recovery step, the remaining uranium in solution is resolidificd. There are several 

options for this 233U. 

The 233U can be saved as a future sourcc o f  "% or for othcr purposes. After several years to 
allow for ingrowth of ''?I% and othcr dccay products, the process can be repeated to recover more 
229Th. If thc 233U is to be placed in storage. there is the option o f  isotopically diluting it with 23*U to 
nonweapons-usable "'U before thc 233U is rcsolidificd. This would increase the mass of uranium 
that must be processed in the future to rccovcr "'Th, but it would reduce security requirements. It 
is not currently known which option is more economic. 
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The 233U may be disposed of as a waste. Because of thc long half-life of 229Th (Tin = 7,340 years), 
separated 229Th can be used to produce useful 2 2 S A ~  and 213Bi for decades. Depending upon 
processing loses of 223Th and growih in *I3Bi dcmand, there may or niay not be a need for 
additional 229Th from 233U after the initial 2 2 T h  recovery. 

The clean and CEUSP 233U can be used in the ncar-term for medical applications. The LWBR 233U 

contains - 14 tons of Tho,. It is not practical to isotopically separate the "9Th from the natural 232Th in the 

LWBR material. If it was desired to obtain **Th from the LNBR 233U, the following steps would be 

required: (1) separate 233U from the thorium, (2) storc 233U for many ycars to allow buildup of 229Th, and 

(3) recover newly created 22% from the 233U. The current invcntory of 2 2 ~  is shown in Fig. 3.4. The 

largest amount is in the CEUSP 233U. This reflccts the fact that this material has becn in storage for a long 

time. This long-term storage has allowed the buildup of the 2'9Th dccay product 

3.2.2.2 Low-Mass Reactors for Deep-Space and Other Special-Purpose Missions 

Because 233U has a lower minimum critical mass than 335U or '39Pu (for neutron flux in the thermal 

regime), it may be desirablc to use it as a nuclear reactor fucl for deep-space missions, for which a 

premium is placed on minimizing mass. For this application, weapons-usable 233U would be used to 

minimize the launch weight of spacecraft. A space rcactor is first put into earth orbit and then is started. 

This procedure avoids the need for massive shielding of the reactor bcfore and during launch operations. 

The preferred type of nuclear power source to providc clectricity for a deep-space mission depends 

upon the encrgy and power requirerncnts. 

For power production Icvels up to many kilowatts, the minimum-mass nuclear power source is a 
radioisotope generator. The currently preferred radioisotope is 23xPu. Nuclear reactors provide 
minimum-mass, steady-state power gcncration at higher power levels. For steady-state power 
levels of a few kilowatts to several mcgawatts, nuclcar power reactors fueled with 233U may 
provide the minimum mass (MacFarlanc 1963; Lantz and Mayo 1972). For each fissile material, a 

minimum mass of that fissile material i s  rcquircd for a nuclear reactor to operate. This minimum 
mass is substantially smaller for 233U than for 23sU. Uranium-233 and plutonium have similar 
nuclear characteristics; however, the physical propcrtics o f  uranium in high-temperature space 
reactors are substantially bctter than those o f  plutonium, and there may be fewer launch safely 
issues. These fcatures may make 233U thc prcfcrrcd material for such applications. 

At higher-power levels, the reactor must have large internal hcat-transfer surfaces to transfer heat 
from the reactor to the elcctric generator. The rcactor fuel assemblies to obtain the heat transfer 
require a significant amount of fissile material. In a large nuclear system, the choice of fissile 
material does not significantly impact \wight bccause thc amount of fissile material needed for heat 
transfer far exceeds the minimum critical mass nccdcd for a rcactor. 
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Fig. 3.4. Recoverable 229Th from the US. 233U inventory. 
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The total mission energy requirements also impact the choice of &el for a space reactor. In 
missions with large total energy requirements, there must be significant quantities of fissile 
materials in the reactor to provide the energy for a long-term mission. Reactor mass is not 
determined by the choice of fissile material. HEU becomes the preferred material. 

Uranium-233 may also be used for small nuclcar propulsion units to boost spacecraft from earth orbit 
to deep space (Ludewig et al. 1989; Hyland 1970). These units have moderate-power levels for short times 

(<I h). The interest in using 233U is that it minimizes weight. 

For all these applications, only weapons-usable 233U would be used. This includes the clean and 

LWBR 233U. The CEUSP material would not be used since it is isotopically diluted with HEU. 

3.2.2.3 Analytical Tracer 

The 233U isotope is used as a calibration spikc in the determination of uranium concentrations and 
isotopic compositions in rnatcrials containing natural uranium or uranium enriched in 235U. This type of 
analytical procedure is used as part of many safeguards and production operations. There are also other 

analpica1 applications. While the quantities of matcrial used arc very small (typically fractions of a gram), 

pure 233U is desired for such applications. 

3.2.2.4 Nuclear Weapons Research 

Because 233U is fissile, it has the potential to be used in nuclear weapons. Some 233U may be kept for 

research. By definition, only weapons-usable 233U is used for this application. 

3,225 Reactor Fuel Cycle Research 

The major historical application for 233U has been for research into new nuclear power reactors and 
associated fuel cycles. This is also a potential future application. There are four incentives for considering 

a 233U-thorium fuel cycle. 

The global resources of thorium are about four times greater than those of uranium. If uranium 
becomes scarce, thorium is a more abundant fertile material to use in reactors to breed nuclear 
hels. 

In thermal reactors, such as light-water reactors (LWRs), thorium fuel cycles breed more fissile 
material (233U) than reactors fueled with LEU. 

SNF and other wastes from the thori~rn-”~U fucl cyclc, when compared to uranium-plutonium fuel 
cycles, contain far smaller quantities of long-lived actinides that are a concern in wastes to be 
disposed in gcological repositories. 

Some 233U-thorium fucl cycles have significantly lower risks of diversion of weapons-usable 
material than conventional uranium-plutonium fucl cycles. In pow-er reactors, the impurity 232U 
and its daughter products build up to very high lcvcls with correspondingly high radiation levels 
associated with thc separatcd 233U. 
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Clean and LWBR 233U would be used for this application. Because of the unusual isotopics of the 

CEUSP 233U, it would not be used for this potential application. 

3.3 DISPOSAL OPTIONS AND CONSTRAINTS 

There are scveral constraints that strongly impact multiplc disposition options. These are described 

herein. 

3.3.1 Criticality Control 

Nuclear criticality must be avoided in any process or disposal facility. Nuclear criticality can be 

prevented by controlling equipment and facility geomctry, limiting the quantity of fissile material in the 

system, adding neutron absorbers, or isotopically diluting 13’U with DU. Nuclear criticality avoidance by 

isotopic dilution is the addition of 238U sufficient such as to lower the L33U purity level below that at which 

nuclear criticality can occur. Isotopic dilution with DU is a preferrcd criticality control option for many 

233U disposition options based on the following considerations: 

Process criticdiry control. For relatively small quantitics of 233U? strong economic incentives exist 
to use already existing waste management and processing facilities. Existing waste management 
facilities are not designed for fissile matcrials or criticality control. The process equipment 
geometry in most cases is not critically safe. Avoiding criticality by limiting the quantity of fissile 
material in a process system is usually not economical because the minimum critical mass of pure 
233U is only 520 g for an optimizcd aqueous system. This implies that the system at any given time 
must contain 4 2 0  g of 233U. The addition of ncutron absorbcrs can prevent nuclear criticality, 
but this action requires full control of the chemistry to avoid the potential for separating the233U 
from the ncutron absorber during thc process. Becausc of these considcrations, isotopic dilution is 
the preferred method for criticality control in many proccss options. 

Repository criticality control. It is difficult to rcly on the geomctry or chemical composition alone 
within disposal facilities to control criticality over geological time frames. Several mechanisms can 
cause changes in waste geometry and chcmistry, including groundwater transport of uranium and 
mechanical disturbances of the waste. If criticality control is to be ensured for thousands of years 
by either geomctric or chemical control (including ncutron absorbers), system performance must be 
predictable for these lengths of time. Such predictions are difficult to make, and they are subject to 
substantial uncertainties. No such difficulties exist when isotopic dilution is used for criticality 
control. In this contest, the U.S. Nuclcar Waste Tcchnical Revicw Board (NWTRB), the 
Congressionally mandated review board for the proposcd Yucca Mountain (YM) geological 
repository, has also recommended considering the use of DU to isotopically dilute fissile uranium 
materials to prcvcnt the potcntial for nuclear criticality in geological repositories containing fissile 
material (NWTRB 1996). Finally, a recent NRC rcport made similar recommendations on the use 
of DU for criticality control in various disposal fhcilitics (NRC June 1997). 



28 

Legalprecedent. The environmental impact statement (EIS) (DOE June 1996a) and record of 
decision (DOE July 29, 1996) for the disposition of excess IIEU recommended isotopic dilution of 
the fissile 235U if any HEU was disposed of as a waste. This dilution eliminates the potential for 
nuclear criticality in disposal sites. The previous considerations, as they were applied to 235U, were 
the basis for this decision. This precedent suggests that a similar criticality strategy may be used 
for any 233U that becomes waste. 

To ensure control of nuclear criticality for 2331J by isotopically diluting u3U with 238U, the 233U 
concentration must be reduced to <0.66 wt % (Elam November 1997). In terms of nuclear criticality 
safety, this concentration is equivalcnt to 23sU at an enrichmcnt levcl of - 1 .O wt %-a level which will not 
result in nuclear criticality under conditions found in processing or disposal facilities. These uranium 

isotopic concentrations avoid the need to control othcr paramctcrs to prevent nuclear criticality; that is, the 
233U can be treated as just another radioactive waste. At thcse concentrations, nuclear criticality will not 
occur either in a geological environmcnt, ovcr timc, nor in wastc proccssing operations that have not been 
designed for fissile materials. 

For mixtures of 233U and 235U, the amount of DU (with 0.2 wt % 23sU) in grams (g) required to ensure 
criticality control by isotopic dilution in a water-niodcratcd systcm is the following: 

where 

DU = grams of DU (0.2 wt % 235U) and 
E = the weight percent of 235U? where the grams of enriched uranium = total U _- 233U. 

In the previous equation, 234U and ?j6U may be considered to be 238U-providing the atom ratio of the 

(234U + 236U): 23sU does not excecd 1 .O. If the quantity of grams of DU calculated is negative, the uranium 
material already contains sufficient 238U such as to ensure subcriticality; therefore, no additional DU is 
needed. For 1 kg of 233U, 188 kg of DU with 0.2 wt % 235U is nccessary to minimize criticality concerns. 

This results in a 233U enrichment of 0.53 wt %. 

3.3.2 Waste Definitions and Legal Constraints 

For historical reasons, 233U d' isposal was not includcd in the enabling legislation for many disposal 

sites. Consequently, there are a set of Icsal issucs and constraints in terms of disposal of 233U as a waste 

material after it has been convcrtcd into a non-wcapons-usable form. These can be classified into three 
categories. 
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Co-processed wustes. If the 233U is mixed with another more hazardous waste, the technical and 
legal requirements for that waste will usually control the final disposition. For example, if the 2113U 
is mixed with DU, converted into reactor fuel, irradiated in a nuclear reactor, and discharged from 
the reactor as SNF, the legal definition and rcquiremcnts for disposal of the SNF would apply. 
The fact that the fuel contains 233U Is not important in this context. DOE currently owns SNF 
containing 233U, which is being treated for disposal as SNF-not as a233U waste form. There are 
several other similar options such as blending 233U with high-level waste (HLW) (Sect. 4.1) or 
blending 233U with TRUW (Sect. 4.6). 

Coprocessing of 233U with a waste does not necessarily require mixing of the 233U with the waste on 
an atomic scale. For example, it is proposed to dispose of cxcess plutonium by (1) converting the 
plutonium to a hizh-grade ceramic, (2) placing the ceramic in cans, (3) placing the small cans in 
empty HLW canisters, and (4) pouring HLW glass around the cans while filling the HLW canister. 
In this example, the plutonium ceramic is mechanically distinct and separate from the HLW glass. 
The NRC (Paperiello January 25, 1999) has recently statcd that ‘The staff is not aware of any 
existing legal or regulatory provisions that would prevent disposal of immobilized plutonium waste 
forms in a high-levcl waste repository.” This precedent indicates codisposal of u3U with various 
HLW or SNF forms is potentially viable. It has not been dcfined how tightly coupled the fissile 
waste form must be to the HLW or SNF to bc lcgally trcatcd as HLW or SNF and meet the legal 
requirements for waste to be acceptcd by such facilities. 

Direct disposal in a WIPP-type facility. Sevcral disposition options for 233U include isotopic 
dilution of 233U with DU followed by disposal of the matcnal as a waste to a WIPP-type disposal 
facility. WIPP is designed for wastes for which the primary hazard is alpha radiation. The 
primary hazard of 233U is alpha radiation; thus, WIPP is technically suitable for accepting 233U 
wastes. Historically, 233U wastes have been trcatcd as TRUWs. However, the enabling legislation 
for WIPP (U.S. Congrcss October 30, 1992) defined WIPP for disposal of TRUW-elements with 
atomic numbers above 92 (uranium). This docs not include 233U. If 233U is to be ultimately 
disposed of as a 233U waste in WIPP, changes in the enabling legislation will be required if the 
material is sent to WIPP. 

There are rclated WIPP-type disposition options with different types of constraints. By law 
(U.S. Congress 1996), WIPP is authorizcd to receive and dispose of 175,600 m3 of TRUW 
generated from defense operations. DOE, in the EIS for WIPP (September 1997), has determined 
that another 142,000 m3 of wastes may require disposal by the year 2033 in a geologic disposal 
facility such as WIPP. Much of this waste does not yct exist in packaged form; it will be generated 
as old cold-war facilities are decontaminated and dccommissioned. These wastes include added 
defense TRUW, other governnicnt TRUW generated from nondefense activities, and other wastes 
that may require geolosical disposal. Thc other wastcs include existing wastes containing 233U that 
are in storage-primarily at ORNL and INEEL (Forsbcrg, Storch, and Lewis July 7, 1998). 
Because of the 142,000 m3 of other wastes th3t ultimatcly will require disposal, either (1) a second 
WIPP-type facility must be built, (2) WIPP must be expanded with congressional authorization to 
accept these othcr materials, or ( 3 )  some ncw option must be identified. As a consequence. there 
arc effectively two WIPP-type disposal facility options with different constraints: (1) use the 
existing WIPP after changes in the enabling legislation allow the disposal of 233U wastes from 
disposition activities or (2) store any future 233U disposition waste designed for WIPP-type disposal 
with existing a3U-containing wastes awaltlng a disposal facility. 
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Direct Disposal in HL W-SNF repository. Uranium-233 may be disposed of as a stand-alone 233.[J 
waste in the proposed HLW-SNF repository. 'llie rcpository is technically designed to accept such 
waste forms. Uranium-233 mixcd with DU is chcmically similar to LWR SNF-uranium dioxide 
in nietal cylinders. It is not, however, SNF. It would be classified as greatei-than-class-( (GTCC) 
low-level waste (LLW) not suitable for shallow land burial if regulated under the rules of the NRC 
or special case wastes if regulated under DOE orders or could it be classified as HLW by petition 
to the NRC. In any case, because of the unique characteristics of the material, unique regulatory 
issues would need to be addressed. 

3.3.3 Interactions Between and Among Disposal Site Criticality Control, Waste Volumes, and Costs 

For many disposal options, there are two variants: ( 1 )  isotopically dilute the 233U to 12 wt % in 238U to 

convert it to non-weapons-usable material or (2) further isotopically dilute the 233U to 0.66 wt % 233U in 
DU to also eliminate criticality issues in disposal sitcs. In most cases, the disposal options described in this 
report assume that the 233U is isotopically diluted to 0.66 wt % 233U in DU. An examination of the 

consequences of sending 233U wastes to a WIPP-type facility (Appendix D) with different criticality control 

strategies is provided herein to understand this constraint on options. 

The WIPY Lvaste acceptance criteria (WACs) dcfine the requirements that must be met for a waste to 
be sent to a WIPP-hpe facility for final disposal. Thcrc arc three criteria that can limit thc amount of 233U 
that can be placed in a drum: 

Weighr Drum weight is limited by disposal site handling cquipment in WIPP-type facilities and 
transport vchicle weight limits. 

Nuclear cnticoliry. WIPP-type criticality control stratcgy dependent upon mass limits of fissile 
matcrials in bvaste packages (WPs). This limit is 200 g "'U/55-gaI drum However, if the 233U is 
isotopically diluted with DU to eliminate criticality issues, there is no 233U mass limit per drum. 

Alpha acfrvrp limits. The WACS limit the quantity of alpha materials per container with different 
limits for untreated vs treated wastes. This critcria is dcsigncd to limit the potential consequences 
of ccrtain t!pcs of accidents. 

Figure 3.5 and Table 3.2 summarizes these criteria for a 233U waste. Uranium233 wastes may 

become, depending upon the option, contact-handled (CH) OJ RH waste. As is evident from the table, 
criticality WACS control the maximum quantities of 2i3U in a WP if fissile mass limits are used as a 
criticality control strategy for 233U. This limit is 200 g of 233U per 55-gal drum or 325 g 233U per RH 
container. If  the 233U is isotopically dilutcd with DU, this limit disappears. 

I f  criticality control does not control the amount of 233U in a WP, other WACs would limit the mount  

of 233U per 55-gal drum. For CII untreated waste, the alpha activity limit of 1.3 kg 233U/55-gal drum is 
limiting. For CH treated waste, the container weight limit controls the 'j31J content per drum. The 
container limit is 450 kg/55-zal drum. To control nuclear criticality by isotopic dilution, - 188 kg of DU 
(0.2 wt % 235U) is required per kg of 233U. If the drum weight limit is 450 kg and one assumes that the 

waste form is uranium dioxide, the drum can contain no morc than 2.2 kg 0f"'U. For RH wastes, the 
weight limits and alpha activity limits are by coincidence almost identical with the slightly more restrictive 
alpha activity limits restricting the 233U per containcr to 16 kg 233U OJ 5.3 kg per equivalent 55-gal drum. 
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TRU Waste Category 

Criteria 
Contact Remote Handled 
Handled (RH Container 

(55-gaI Drum) Accepts 3 Drums) 
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8 

5450 kg 53600 kg 

Accident Consequence 
Control (Radioactivity) 

Untreated s,,3 kg 233U s16 kg 233U Waste 

Treated 629 kg 233U 516 kg 2331J Waste 

Criticality 
Fissile 5200 g 233U1 5325 g 233U/ 

Mass Limit Drum RH Container 

Isotopic 
Dilution No Limit No Limit 

Limit 

Fig. 3.5. Technical WIPP WAC constraints. 
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Table 3.2. Summary of WIPP WACs, as applied to 2331J 

Constraint 

Waste category 

CH RH 

Container 

Weight limit (gross)/container 

Criticality control strategy 
Mass limitkontainer 
Isotopic limidcontainer 

Radioactivity limit (control of handling risks) 
Untreated wastekontainer 
Treated waste/containcr 

Radiation limit/(surface) 

55-gal drum RH container 
(accepts three 55-gal drums) 

450 kg 3600 kg 

200 gP3u 325 g 
No limit No limit 

1.3 kg 233u 
29 kg 233U 

16 kg 233U 
16 kg 233U 

<200 mrem/h >200 mrernh and 
<lo00 re& 

If one assumes that a metric ton (1 t) of 233U is to bc disposcd of, about 5,000 drums are required for 
disposal if isotopic dilution is not used as the criticality control strategy. If isotopic dilution with DU is 
used for isotopic control, as few as 200 drums of waste arc gcncrated (Fig. 3.6). The average transport and 

disposal costs for TRUW are estimated at about $8,000/55-gal drum (Appendix D). For WIPP-type 

disposal sites, using isotopic dilution as a criticality control strategy may lower disposal costs by tens of 

millions of dollars per ton of 233U compared to using mass limits of 233U per drum. 

Similar interactions between and among repository WACs, criticality control strategies, safety, and 
costs exist or will exist for other disposal sites. For the proposed YM repository, the WACs are only partly 

developed. Some analysis to address these issues has bcen done (SNF Task Team March 1994). In most 
cases, disposal site WACs will strongly impact the charactcristics and desirability of alternative disposition 

options. 

3.3.4 Economics and Schedules 

For historical reasons? no larse production facilitics were built to process 233U. Because of the 
radiological characteristics of 133U, facilitics to proccss othcr fissile materials such as HEU and plutonium 

usually can not process 233U. The total quantity of 'j3U (<2 t) is small when compared to the total HEU 
(- 1000 t) and to plutonium (- 100 t) produced in thc United States. This creates a series of practical 
constraints. The cost for new special-purpose facilitics for 233U processing will be high. These factors 

strongly support a n  examination of options that usc csisting facilitics and existing processes. The use of 
existing facilities and processes iniplies schcdules and other constraints that are imposed by the current 
hnctions of these facilities. 
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-5000 Drums/ 
Ton 233U 

No Isotopic Dilution 
WIPP WAC Constraint: 200 g *"U/55-gal Drum 

233 u 

-200 Drumsflon 233U 

Isotopic Dilution (0.66 wt % 233U in 238U; 
0.53 wt % 233U in DU with 0.2 wt Oh 235U) 

WlPP WAC Constraint: Drum G r o s s  Weight, (233U, DU) 

Fig. 3.6. Impact of criticality control strategy on waste volumes to WIPP-type disposal site. 
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3.3.5 Storage for Future Disposal 

As discussed in Sect. 3.2.1.3, the 23'3U can be isotopically diluted to convert it to non-weapons-usable 

U and to eliminate the potential for long-term nuclear criticality. This option can lead to long-term 233 

storage with disposal to be addressed at a later date. It is potcntially viable because DOE has a significant 

inventory of existing 233U wastes (Forsberg, Storch, and Lewis July 7, 1998). Consequently, adding a few 

hundred additional drums of waste of isotopically diluted 233U to this existing inventory of several thousand 

drums would not significantly increase the existing or hture wastc management activities or costs. No new 

management system for a new waste form would be needed. The option (1) does allow the conversion of 

weapons-usable 233U into a non-weapons-usable 233U-containing waste; (2) reduces storage costs because of 

a lessened need for security requirements; and (3) docs not crcate new waste manasement problems. 

However, there are several requirements for such a waste. 

The waste form must meet WIPP WACs. A s  discussed carlier, the United States does not currently 
have a disposal site that can accept 233U wastes. The WIPP is designed for the disposal of alpha- 
hazardous wastes. Transuranic (TRU) and 233U wastes are both alpha wastes; however, the 
enabling legislation does not allow the disposal of 233U wastes in the W P P  (TRUW containing 233U 
is allowed into WIPP). While the WIPP WACS strictly apply only to wastes accepted for disposal 
at WIPP, the WIPP WACS define the acceptable nuclear, chcniical, and radiological 
characteristics for alpha wastes in storagc, transport, or disposal. As such, the same requirements 
are expectcd to be applicable to any future waste management facility (storage or disposal) that 
accepts similar wastes. For this reason, existing '33U wastes are managed to meet WIPP WACs. 
If weapons-usable 233U is to be convertcd into a waste, it should meet the equivalent of WIPP 
WACS to avoid creating a new uniquc waste form that would require development of special 
storage facilities and, in the long-tcrm, devcloprnent of special disposal facilities. 

The 233U should be isotopically diluted to eliminate criticality concerns. The WIPP facility, 
unlike the YM facility, is designed for radioactive wastcs containing very small quantities of 
plutonium and other fissile materials. The WIPP criticality control strategy is based on limiting the 
mass of fissile material per WP to small quantities. This criticality control strategy minimizes 
requirements on the chemical or rndiologicol charncteristics of the waste; but, it implies large 
numbers of waste containers If significant quantities ofjssile materials are to be disposed of: 
For 233U, waste volumes can be reduced by one to two orders of magnitude by isotopic dilution of 
the 233U with 238U and using isotopic dilution rather than mass limits as a criticality control 
strategy. This implies large long-tcrm cost savings (Sect. 3.3.3 and Appendix D). 



4. TECHNICAL DESCRIPTIONS OF OPTIONS 

Technical descriptions of each option are included herein. With each description is a one-page 

summary of the option. 

4.1 CONVERT 233U TO HLW GLASS WITH DU FROM HLW SLUDGE (DISPOSAL) 

4.1.1 Genera! Description 

The 233U can be mixed with existing HLW sludges (containing DU) at either the SRS or Hanford and 

converted with the HLW sludge to HLW glass (Table 4.1). Specific approaches maybe somewhat different 

at the two sites. In all cascs, an HLW glass product for disposal at YM is produced that meets all 

disposition criteria. A generic flowsheet is shown in Figure 4.1 and described later. 

Many of the HLW sludges contain large quantities of DU. With appropriate selection of HLW 

sludges, the 233U will be isotopically diluted with DU currently in the HLW sludges to meet both safeguards 

( 4 2  wt % 233U) and repository nuclear criticality criteria (0.66 wt % 233U when diluted with ='U or 

0.53 ut % 233U when diluted with DU containing 0.2 ut % 235U). The 233U is also made unrecoverable by 

mixing it with HLW sludges. Of all the options, this option is expected to produce the minimum waste 

volumes. Minimum waste production is possible bccause thc DU required €or isotopic dilution is currently 

in the f-ILW tanks. The tanks at SRS contain about 160,000 kg of U, most of which is DU. The tanks at 

Hanford contain about 1.4 x lo6 kg of U, most of which i s  DU. The DU in thc HLW sludge at SRS is 

sufficient such as to dispose ofthe CEUSP 233U and perhaps the entire 233U inventory. Some of the tank- 

farm DU is committcd for other criticality control purposes and additional analysis is require before it can 

be determined if all 233U could be accepted. The DU in the HLW sludge at Hanford is sufficient such as to 

dispose of several times the existing inventory of 233U. 

The addition of 233U to the HLW sludge is not espected to (1) alter processing of the HLW sludge, 

(2) change significantly the characteristics of the final HLW glass, or (3) impact acceptance of the HLW 
glass by the repository. The HLW sludge already contains largc quantities of uranium. For example, the 

SRS HLW glass is expected to average - 2 wt % uranium bccause of the uranium currently in the HLW 

tanks. The additional 233U is small in mass compared to the uranium currently in the sludge and thus is not 

expected to alter sludge or glass chemistry. Some 233U from early site activities is already in the tanks. 

The HLW is highly radioactive; thus, the added radioactivity from the 233U with 13'U impurities is not 

sisnificant . 
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Table 4.1. Summary: Convert 233U to HLW glass with DU from HLW sludge 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
2 3 3 u  

Disposal 

Clean, CEUSP, LWBR? 

Isotopic dilution/radiation 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

YM-type rcpositoiy 

Isotopic dilution 

Excess 233U is dissolved in acid, converted to an acceptable 
chcmical form to be sent to HLW tanks, the 233U feed is 
mixed in the tanks with HLW sludge containing DU, the 
mixcd 233U and sludge is converted to HLW glass, and the 
HLW glass is sent to the Yucca Mountain Repository 
(YMR). The process uses existing facilities at SRS or 
proposed facilities at Hanford. There are alternative 
prctrcatment options such as fision melt (Sect. 4.4) to 
prepare the 233U for transfer to the HLW tanks. 

Clear path to final repository disposal with a high-quality 
waste form. 

Allows rccovcry of medical isotopes before disposal. 

Capable of dissolving 233U from CEUSP storage cans. 

Much of the DIJ in the SRS tank farm has been conlmitted 
for criticality control of other fissionable materials. The 
availablc DU in the tank farm can dispose of most of the 
material; but, it is unclear if all 23iU can be disposed of. 
Adding DU would significantly impact 233U disposal costs 
at this site (Hanford HLW sludge could accept the total 
invcntory, but old facilities would have to be restarted or 
new facilitics built to dissolve the '"U). 

'There are uncertainties associated with LWBR i33U. 

This is an attractive disposition option-particularly for 
the CEUSP 233U. The CEUSP 233U is the most radioactive 
2331J in the invcntory and contains cadmium. These 
characteristics arc not issues if this disposition option is 
used. The primaw unccrtaintv is cost. 
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Process Facility 

Feed Adjustment for 
Tank Farm Acceptance 

HLW Tank with 
Depleted4 rani urn H LW 

YM-Type Repository Glass Plant 
-------------- -----.I 

Glass Glass Melter 

Fig. 4.1. Conversion of surplus u3U and HLW (containing DU) to HLW glass. 
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Converting u3U to glass also ensures that all chcmical repository waste form criteria are met. 

Specifically, the CEUSP 233U contains cadmium-an RCRA material. Existing HLW also contain these 

matcrials. The HLW glass is designed to accept these materials and produce a chemically nonhazardous 

glass acceptable to the repository. This implies that removal of cadmium and othcr neutron absorbers from 

233U is not required if it is to be converted to HLW glass. 

The option does allow the recovery of 22sTh for medical applications before disposal of the 233U. This 

variant requires adding an ion-exchange column for 2 2 q h  recovery between (a) the dissolution step and 

(b) adjusting the 233U feed for acceptance by the HLW tanks farm 

4.1.2 Suboptions 

Within this option, there are a series of suboptions that can impact economics. 

Waste minimizntion. To minimize 233U processing time and, hence, 233U operational costs, it is 
desirable to add the 233U to the minimum amount of WLW. To minimize HLW glass production, 
the 233U should be mixed with sufficient HLW sludge such that no clean DU or other neutron 
absorber for criticality control needs to be added to the waste. Dilution of 233U with added DU or 
other neutron absorbers is to bc minimized bccause added DU or other neutron absorbers generate 
added HLW glass logs at a cost of $0.5-2 x 106/log (processing and disposal costs). There is a 
trade-off between these two strategies to minimize costs. For example, at SRS there are three 
HLW tanks (26, 33, and 34) with 55,000 kg of DU. The rcmaining DU is spread over a larger 
number of tanks. Adding 233U to a small number of tanks is substantially simpler and cheaper than 
spreading the 233U among many tanks with each tank containing only small quantities of 233U and 
DU. 

Mixing options. There are multiple engineering options for addition of the 233U to the HLW 
sludge. The mixing can occur in thc main HLW fced tank, in the tank farm, or in the smaller 
process feed tanks in the vitrification facilitics. For some equipment options, the 233U may need to 
be partially diluted with other ncutron absorbers or DU to assure that nuclear criticality does not 
occur during process operations 

Feedpreparation options. The 233U to bc sent to the HLW tanks could be processed into a form 
that meets waste tank acceptance critcria using (1) existing facilities such as the canyons near the 
HLW tanks or (2) prepared elsewhere with direct transfer from a shipping cask to the tank farm. 
Aqueous processing is the baseline mcthod to prcparc fccds to the HLW tanks .  However, other 
processes such as the fusion melt proccss (Scct. 4.4) may also be used to prepare the feed. 

This option, like all co-processing options? docs impose schedulc constraints on the disposition of 233U. 

The 233U must be in the tanks when the HLW sludgc containing the DU is to be processed. There is a 

window of time when the option exists at SRS and a sccond window of time whcn the option exists at 

Hanford. 
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4.1.3 Current SRS Baseline Option 

A baseline option (Forsberg October 3 1, 1997) has becn dcfined for disposition of 233U by mixing with 
HLW sludge and conversion of the sludge into HLW glass at SRS. The sludge would be converted into 
HLW glass at the Defcnse Waste Processing Facility ( D W P F t a  facility currently converting HLW 
sludge to HLW glass. At the Hanford site, a program to convert HLW sludge and liquids into NLW glass 
is underway; however, it has not progressed to the point where a baseline option can be defined. The 

defined SRS option consists of the following stcps. 

Dissolution. The 233U is dissolvcd into nitric acid. Neutron absorbers (gadolinium nitrate, DU 
nitrate, etc.) are added, as requircd, to thc solution to eliminate concerns about nuclear criticality 
during all operations through conversion of thc material to HLW glass. The neutron-absorber 
mixture is chosen to minimize final glass volumes. Much of the existing 233U inventory contains 
some neutron absorbers (Sect. 2). 

Chemical adiustment. The acid solution is neutralized with sodium hydroxide, and the chemistry 
is adjusted to meet the WAC for the SRS HLW tank farni. The change in pH creates a slurry with 
any neutron absorbers and the uranium in the solid phase. The slurry has chemical and nuclear 
propertics such that it can be sent to any tank in the tank farm using existing HLW transfer lines 
and equipment. 

Transfer to HLWtnnk. The slurry is sent to thc HLW tanks with high concentrations of DU. 

Sludge mixing. The HLW sludge is recovcred from thc tanks containing the 233U and the DU. The 
recovery process creates two streams: a sludge and a liquid. The uranium (u3U and DfJ) remains 
with the sludge. The liquid is separately processed into a LLW stream and a concentrated HLW 
stream that is mixed with thc HLW sludge and sent to a fced tank and then the DWPF for 
conversion to HLW glass. 

To produce highquality glass, a homogencous HLW stream must be fed to the DWPF. Each 
specific HLW glass composition must bc qualified to meet waste form acceptance requirements of 
the repository. Qualifying an HLW glass is a complex operation. The HLW liquids and sludges at 
SRS are not uniform and vary from tank to tank. To create a uniform, qualified HLW glass, HLW 
sludges and liquids from up to sis HLW tanks may be intermixed to produce a single micro-batch 
of uniform feed. This batch of feed allows thc DWPF to opcrate up to 3 years producing a single 
type of qualified HLW glass. 

Complex mixing operations and chcmical fecd adjustments assure a uniform, quality feed for the 
DWPF. This mixing also assurcs complcte mixing of the ?33U with the DU with elimination of the 
'33U as a weapons-usable material and minimization of long-term criticality issues. A 
homogeneous, uniform mixture of uranium isotopes in the HLW glass is assured by the 
requiremcnts to make acceptable HLW glass. 

Vitrification. The HLW fccd is scnt to the DWPF and converted to HLW glass for the geological 
repository. 
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For the previous case, it is estimated that 5 L of added HLW glass will be produced per kilogram of 
233U. About 1.9 L of glass are produced per kilogram 233U, assuming that the glass density is 2.5 g/cm3, the 
waste loading in the glass is 25 wt %, and the chemical forni of the uranium in the glass is equivalent to 
uranium trioxide (UO,). In addition, there will be other neutron absorbers and process chemicals. The 

quantities of these materials are not well dcfincd. 

SRS is currently planning to dispose of limited quantities 0f"'U in its HLW tanks. This establishes 

some precedent for disposition of larger quantities of 233W in the HLW tanks. The SRS has -50 kg of 
irradiated targets containing - 50 g of 233U. It was originally planned to process these targets to recover the 
233U. When a surplus of u3U developed, the targets were placed in storage. The targets have degraded 
with time and were identified in the DNFSB Recomrncndation 94-1 (May 26, 1994) as a potential safety 

concern. To address this safety issue, DOE has dccidcd (DOE October 1995; DOE December 12, 1995; 
and DOE February S3 1996) to dissolve thc targets in nitric acid in 2003, add sodium hydroxide to the 

solution to create a slurry, and pump the slurry to thc tank farm for eventual conversion to HLW glass. 

Detailed planing for this activity has not yet started. 

The basic process for irradiated targcts is identical to that proposed for disposition of 233U, but there 
are differences. The smaller quantity of material allows the addition of large quantities of DU or other 

neutron absorbers to the dissolver to control nuclear criticality without creating ultimately large additional 
quantities of WLW glass. For larger quantities of 233U, the economics of HLW glass vitrification create 
strong incentives to minimize additional HLW glass production. The second difference is that the existing 

dissolvers in the SRS canyons can be used (without modification) to dissolve the irradiated targets. The 
SRS facilities were dcsigned and operatcd to dissolve such irradiated targets. The separated 233U inventory 

is in a variety of containers-many of which can not be directly fcd to the cxisting SRS equipment. In this 

context, processing the separated 233U in inventory will either require modification of one of the existing 
dissolvers or installation of a small special dissolver in one of the hot cclls associated with one of the 

canyon facilities. These issucs are hrther discusscd in Appcndix C 

4.1.4 Issues 

A number of issues have becn identificd. 

Schedule. The HLW option exists only for a limited uindow of time at SKS and another window 
of time at Hanford. The 233U must be disposed of when the HLW with the DU i s  being processed 
into glass. This may happen within a decade for SRS, but will occur hrther into the hture at 
Hanford. There is a second schedule issue at SRS. The site is considering shutdown of its canyon 
processing facilities. Both processing canyons may be closcd in the foreseeable future. These 
facilities can be used for the required acid dissolution step. While special-purpose facilities can be 
built, there arc economic incentives to use existing facilitics. The windows of opportunity are 
currently being defined. 
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0 Available DU in HL W sludge. Thc quantities of DU at SRS are limited. The potential exists for 
other programs to commit to the use of this resource in disposal of other waste streams. The 
quantities of DU in sludge at Hanford are very large and, thus, do not appear to be a constraint 
under any scenario. 

Technical. There are several technical issues that must be addressed. It is not currently believed 
that any of these are a constraint, but some work is required to confirm this. For the SRS option 
defined previously, it must be confirmed that the gadolinium and 233U will not separate in the 
chemical operations that occur in the tank farm and DWPF. Criticality control measures must be 
defined. This impacts final HLW glass volumes. An analysis of dissolver options is also required 
(Appendix C). 

4.2 CONVERT 233U AND DU TO A URANIUM-ALUMINUM ALLOY (STORAGE AND 
DISPOSAL) 

4.2.1 SNF and 233U: Similar Materials and Similar Goals 

Aluminum-based SNF is being consolidated at SRS for treatmcnt, packaging, interim storage, and 

preparation for ultimate disposal. This SNF was discharged from domestic research reactors, foreign 

research reactors. and SRS production reactors. Much of this SNF contains HEU (SRS April 1997). 

From a technical perspcctive, the 233U, uhich is in stainless stcel or aluminum cans, has similarities to the 

SNF: (1) the pnmary component is uranium, (2) a clad (can) surrounds the uranium, and (3) some 

radiation is associated with the material. 

Most of the HEU SNF is highly radioactive; thus, there are limitcd concerns about the potential use of 

such materials in weapons. Howevcr, some of the HEU SNF has low levels of radioactivity, which results 

in concerns about the potcntial for recovery of HEU that could be used in weapons. Consequently, DOE 

(June 1996b) is investigating a melt-dilute process that simultaneously melts aluminum-clad SNF and DU 

metal to produce a uranium-aluminum alloy suitable for disposal as a waste. Sufficient DU IS to be added 

such as to convert the HEU to LEU and address repository criticality problems. The 233U disposition 

program has thc similar goals: convert excess wcapons-usable 233U to nonweapons-usable material and 

convert any material considered waste into a form acceptable for disposal. The same technology is 

potentially applicable for 233U disposition. Tablc 4.2 summarizcs this option. Figure 4.2 shows the option. 



Table 4.2. Summary: Uranium-aluminum melt dilute option' 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
2 3 3 ~  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Storage, disposal 

CEUSP, clcan 233U 

Isotopic dilution 

YM- and WIPP-type rcpository 

Isotopic dilution 

Excess 233U, aluminum, and DU metal are melted in a 
high-temperature furnace to create a uranium-aluminum 
alloy. The alloy is the final storage or waste form. 

Potentially a low cost process to convert 2 3 3 ~  to 
nonwcapons matcrial. 

The process can dissolve the 233U and the packages, thus, 
avoid unpackaging operations. This is particularly 
dcsirable for the CEUSP material. 

WIPP variant may allow future recovery of medical 
isotopes. 

Proccss can not treat LWBR 233U 

The final product volume is significantly larger than with 
many other process options. This implies increased 
storagc or disposal costs. 

Viability depcnds upon results of ongoing research. 

Costs arc unccrtain 

This is an attractive option if DOE decides to build a 
facility to treat aluminum HEU SNF. The same facility 
with little or no modification may be usable for 233U 
disposition. For CEUSP 233U, it is uncertain whether the 
matcrial could go to YM. No leachability tests have been 
done on uranium-cadmium-aluminum waste forms. 

It is a potentially competitive stand-alone option to convert 
""U into an acccptable storage form or for WIPP-type 
disposal. 

7- -  

'The process is being developed for treatmcnt of aluminum-clad SNF for disposal. Uranium-233 could 
be processed using the SNF facility (if built) or processed in a stand-alone facility. 
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Transfer ingot to Waste Package and Weld 
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Fig. 4.2. Isotopic dilution of 233U with DU in a uranium-aluminum alloy for long-term storage or 
disposal. 
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4.2.2 Melt-Dilute Technology 

The melt-dilute technology is currently under development at SRS (April 1997) for processing 

aluminum-clad SNF. The draft SRS Spent Nuclear Fuel bhagement  Environmental Impact Statement 
(DOE December 1998~)  identifies it as the preferred management option for this SNF. The technology, 
without modification, can be used to isotopically dilute 232U for long-term storage or prepare a waste form 
for disposal. Initially, the incoming SNF or 233U is characterized to determine its uranium content. This 
data would be used to determine the amount of DU needed to dilute the HEU or 233U to make the material 

non-weapons-usable and to address nuclear criticality issues. 
The SNF element or 233U would be placed in a crucible and melted. DU (in the form of a mctal) and 

aluminum would be added to the crucible. The final product would be 9 to 67 wt % uranium in the 

u ranium-a1 um inu m a1 1 o y . 
If the uranium is in the oxide form, it reacts with the aluminum metal to form a uranium-aluminum 

alloy and a slag of aluminum oxide floating on top of the melt. For example, if the feed contains U@,, the 
following chemical reaction is expected to occur (Adams, Peacock, and Rhode September 9, 1998): 

52A1 f 3U,O, -. 8A1,Q3 + 9UA1, (3) 

This chemist? al1on.s for the processing of alurninum-clad SNF containing oxides and =’U in oxide form. 

However, studies have also shown that the chemical kinetics of oxide conversion in aluminum are slower 

than for metallic uranium. By addition of elements such as calcium, the oxide is readily reduced and 
dissolution becomcs rapid. Almost all the 233U in inventor)l is in the form of oxides. 

Three final alloy compositions are being studicd at SRS for the uranium-aluminum alloy: 13.2, 30, 

and 67 n-t YO uranium. The final densities of these compositions are about 3.02 g/cm3 (measured), 

3.64 g/cm3 (estimated), and 6.36 g/crn3 (cstimated), respectively. The uranium-aluminum phase diagram i s  

shown in Fig. 4.3. The 13.2 wt % composition is the eutectic for the mixture, which results in the lowest 

melting point (about 600°C). This composition is currently the preferred option for aluminum-based SNF 
melting; however, additional studies are required before a final determination can be made. The other two 

mixtures have higher melting points: about 1000°C for the 30 wt % mixture and about 1500°C for the 
67 wt % mixture. 

The final alloy composition will represent a trade-off between the operating temperature to melt the 
alloy, the final solidified volume of the alloy, and performance of the alloy as a waste form. As DU is 

added, the uranium composition will increase, thereby increasing the required temperature to maintain the 
liquid form (see Fig. 4.3). If SNF is being processed, increased temperatures will drive more fission 

products into the off-gas system during processing. Hence, the operating temperature will dictate the 
design of the off-gas system. On the other hand, if aluminum is added to maintain the composition nearer 

to the eutectic mixture, then the required temperatures will be lower. However, these lower temperatures 
will be offset by a higher final volume of the alloy. The ongoing studies of the three proposed compositions 
will provide insight into the optimum final composition. 
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When the desired final composition of the mcltcd uranium-aluminum alloy has been reached, then the 

molten alloy can either be solidified in the cruciblc or poured into a mold. The solidified form can then be 
sealed and placed in dry storage. Canisters containing the dilutcd alloy will then eventually be shipped to a 

geologic repository for disposition. 
The alternative uranium-aluminum alloy product compositions are presented in Table 4.3. Two cases 

are shown for the dilution of the u3U with DU. For the first case, it is assumed that the material is 
isotopically blended down to nonweapons material. For 1 kg 233U, 7.407 kg of 0.2 fit % DU would be 
required. In the second case, it is assumed that the material is isotopically blended down to eliminate long- 

term nuclear criticality concerns. For 1 kg 233U, 188 kg of 0.2 wt % DU would be required. (Note that in 

both cases, the amount of DU required accounts for the amount of 235U in the DU.) 

Table 4.3. Specific volume and mass of the final uranium-aluminum alloy for different products 
for an initial 1 kg 233U 

Specific volume of alloy Mass of alloy 
(kg/kg 233U) 

I 

(Llkg 233) 

Composition of alloy Critically Critically 
(wt O/O uranium) Nonweapons" safeb Nonweapons" safeb 

13.2 21 474 64 1,432 

30 8 173 28 63 0 

67 2 44 13 282 

"Dilution of the 233U to a nonweapons enrichment (- 12 \it % 233U in 23sU). 
'Dilution of the 233U to eliminate criticality conccrns (-0.53 w-t YO 233U in DU with 0.2 wt YO 23sU). 

The 233U that i s  already containcd in aluminum packages should be acceptable for co-processing with 
the aluminum-based SNF. The remainder of the 233U ivhich is packagcd in steel/stainless steel containers 
could be repackaged into aluminum containers. Altcrnativcly, it may be possible to process these materials 
directly without repackaging because stainless stecl is soluble in aluminum alloy mixtures Further study 

of the chemistry may allow such an option. 
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Initial testing of the melt-dilute technology is currcntly being performed at SRS to determine the 
viability of the process (Barlow September 9, 1998; Peacock, Adams, and Iyer September 9, 1998; Adams, 

Peacock, and mode  September 9, 1998; Kmpa September 9, 1998). Further tests will be conducted to 
determine if the performance of the final waste form is acceptable. An economic (DOE December 1998a), 

nonproliferation impact assessments (DOE Deccmbcr 1998b), and a draft EIS (DOE December 1998~)  

have been recently complcted on the process and thc program. It is expected that by mid 1999, DOE will 

decide whether to proceed to engineering dcsign of the mclt-dilute technology. 

4.2.3 Uranium-233: Specific Uranium-Aluminum Alloy Issues and Options 

4.2.3.1 Other Chemical Species 

This option is technically suitablc for clean and CEUSP 233U. The option is not viable for the LWBR 
’j3U. In the process, uranium oxides are convcrted to rnctal by a chcmical reaction with aluminum metal. 
The LWBR material contains -350 kg of 233U02 in about 14 t of Tho,. Unfortunately, aluminum will not 

convert Tho, to thorium rnctal with subsequent dissolution of the thorium metal in the aluminum metal. 
The Tho, is thennodynamically more stable than A1,0,. Unless the thorium is converted to mctal, the 
aluminum can not reach the 233U02 inside the Tho, matrix to convert it to metal and dissolve it into 

aluminum. 

Consideration is bcing given to recover lZ9Th from the clean and CEUSP u3U for medical purposes. 

The same process chemistry that prohibits USC of this process on LWBR 233U may allow recovery of 229Th 
from the clean and CEUSP 233U invcntories when the 233U i s  bcing isotopically diluted with DU. In these 
two feeds, the thorium contcnt is mcasurcd in parts per million 2’gTh-not natural thorium 232Th. Because 

of these low thorium concentrations, the uranium-aluminum process will work. However, the thorium will 

remain as an oxide. As the 233U oxides are convertcd to uranium rnctal producing aluminum oxide, it 

would be expected that the thorium oxide would bc incorporated into the aluminum oxide to produce a slag 

on top of the metal alloy. The thorium can be rccovcrcd from this slag. No process experiments have been 
done, so the efficicncy of recovery is unknown. 

The CEUSP 233U contains significant quantities of gadolinium oxide (Gd,03) and cadmium oxide that 
were added to assure criticality control. The cadmium oxide is expected to be reduced to metal (Chellew 

and Bennett 1961). Some fraction of thc cadmium will volatilize into the off-gas system. The fraction of 
the cadmium to the off-gas system is strongly dcpcndcnt upon the chosen operating temperature. The 

Gd203 may remain as an oside (Chellew, Bcnnett, and Trice 196 1) and would be expected to float to the 
top of the melt and form a slag with other oxide matcrials. 
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4.2.3.2 Direct Processing of CEUSP 233U Containers 

The packaging of the CEUSP 233U prcscnts significant problems. The 233U is in the form of an oxide 

monolith that is integral with the container; i.e., if the container is cut open, the uranium oxides do not flow 

out of the container but rather remain attached to the walls. For most options, the uranium oxide will have 

to be mechanically removed from the storage cans-a complcx mechanical process. The aqueous 

(Sect. 4.3) and borate fusion melt (Sect. 4.4) processes can dissolve the uranium oxides out of the storage 

cans. The uranium-aluminum alloy process crcates thc unique option of dissolving the stainless steel can 

and the uranium within the can. This simplifies front-end processing. 

Studies at SRS indicate that both 304 and 3 16 stainlcss steel dissolve in molten aluminum with the 

dissolution rate Increasing rapidly with tcmpcraturc. Carbon stccl-a potential crucible material- does 

not dissolve into molten aluminum. Developincnt tests would be required to determine if a practical 

process could be developcd to dissolve the 233U and its storage can. 

4.2,3.3 Product Volumes 

There is one well-understood disadvantage to thc uranium-aluniinum melt options. The product 

volumes are greater than for most other process options. Thc aluminum results in a lower uranium density 

final product. The volumes can be rcduccd by producing a higher uranium content alloy but this does 

require higher process tcmperaturcs with the espectcd complications. This volume factor is an issue for 

233U disposition but it is not an issue for SNF disposition. Aluminum-clad HEU SNF has a large number 

of cooling channels. If the SNF is melted into a monolithic ingot with added DU, the final volume is still 

considerably smaller than the original SNF. 

4.2-3.4 Option Variants 

There are several uranium-aluminum alloy storagc and disposition variants. The success of the SNF 

program will determine which options are potcntially viablc for 133U disposition. There are three technical 

challenges for the SNF program: (1) devclop a workable uranium-aluminum melt process, (2) develop an 

off-gas system for the fission products from melting SNF, and ( 3 )  qualify the uranium-aluminum alloy for 

disposal at YM. If the R&D is succcssfd, a dccision can then be made on whether to build a facility. The 

variants are: 2 3 3 ~  

Use SNFfucility. If the SNF R&D program is succcssful and a decision is mads to build an SNF 
process facility; thcn, the same facility may be used to proccss 'j31J and dispose of the waste at 
YM. 
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There is an additional uncertainty associated with CEUSP 233U if the final product is sent to ykl. 
The proposed YM repository does not acccpt RCRA (chemically hazardous) wastes. There is a 
U.S. Environmental Protection Agency (EPA) test that determines whether a particular waste is 
chemically hazardous (Le., an RCRA waste). No such testing has been done with uranium- 
aluminum-cadmium waste forms. 

Build 233Uprocessfacility and dispose of waste at YM. If the R&D program is fully successful, 
the option exists to build a separate facility for 233U disposition. This may be a practical option 
because a u3U uranium-aluminum process in an existing facility would cost a small fraction of 
what an SNF treatment facility would cost. SNF treatment uith this process implies a costly 
facility because melting SNF releascs volatile fission products to the off-gas system. ?lis, in turn, 
requires development of a complex and an expcnsivc off-gas system. This is the major facility 
cost. With 233U, there docs not exist a high-volume, expensive-to-treat, corrosive off-gas. 

Build 233Uprocess facility and send the product to stauoge or dispose of the material as a waste 
ar a FVIPP-gpe facility. If the final waste form is not fully qualified for YM, the option is to send 
the waste to a WIPP-type facility. The existing data indicate that the uranium-aluminum alloy 
would meet WIPP WAC. The presence of cadmium in the CEUSP 233U would not be an issue 
since RCRA materials are accepted in WIPP-typc facilities. 

4.2.4 Conclusions 

The SRS R&D program has demonstrated the basic uranium-aluminum melt process. The initial 
experiments have been successful. Significant work rcmains to develop an acceptable off-gas system for 
SNF (Howell and Zino Scptember 9, 1998; Hodgcs and Hydcr September 9, 1998). Difficulties have been 

encountered in qualifying the waste form for YM (Duguid et al. Scptember 10, 1998; Louthan, Wiersma, 

and Mickalonia September 10, 1998; Lam, Sindclar, and Pcacock Scptember 10, 1998). 
If the technology were succcssfully dcvclopcd, it would bc applicablc for the isotopic dilution of 233U 

with DU for storage or disposition of excess 233U. Therc is onc exception, the option can not process 
LWBR 233U. There are several variants. The viablc variants dcpend upon the success of the SNF R&D 
program and SNF programmatic dccisions. 

4.3 AQUEOUS BLENDING OF 233U WITH DU (STORAGE AND DISPOSAL) 

4.3.1 Characteristics of Aqueous Option 

The aqueous nitrate blending process can bc uscd to convcrt 233U into nonucapons material for long- 
term storage or into a waste form meeting all tcchnical requircments for disposal at a YM- or WIPP-type 
facility. The option is summarized in Tablc 4.4 and shown in Fig. 4.4. It is the most versatile 233U process 
and is the historical process uscd to purifjl and produce various Ij3U compounds. It allows the option of 

recovery of thorium isotopes for medical purposcs. It also allows separation of thorium or cadmium 

compounds from the fccd to producc dcsircd storagc or disposal forms for 233U-containing materials. 
Multiple storage or waste forms can bc produccd. 
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Table 4.4. Summary: Aqueous nitrate blending of 233U with DU 

Application 

Acceptable u3U feeds 

Method to convert to non-~veapons-usable 
2 3 3 ~  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Long-term storage and disposal 

All 

Isotopic dilution 

YM-typc rcpository, WIPP-type repository 

Isotopic dilution 

Excess 233U is codissolved with DU in nitric acid and 
converted to thc desired product or waste. The process can 
produce multiple storage and waste forms. 

This is the only demonstrated technology 

The proccss can produce different storage and waste 
forms. 

'The process allows recovery of medical isotopes and 
rcmoval of troublesome impurities. 

The process is potcntially more expensive than other 
options. 

No existing facility is currently capable of this type of 
processing. Facility modifications would be required. 

This is the historical, standard, industrial process for u3U. 
No esisting facility is set-up to process existing inventory. 
Facilitics at ORNL, SRS, or INEEL could be modificd to 
do this type of processing. 
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Fig. 4.4. Aqueous processing option for 233U long-term storage or disposal. 
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In the aqueous nitrate blcriding process ( O W L  July 13, 1995b), solid 233U material is dissolved in 
nitric acid to produce an aqueous uranyl nitrate solution, which i s  mixed with a uranyl nitrate solution of 

DU. After mixing, the solution is denitrated (by hating) to form an oxide powder from which the 233U 
cannot be separated from the 238U without isotopic enrichment. The powder may be either pressed into 

pellets or incorporated into grout to provide an acceptable form for transport and disposal. Alternatively, 
the solution may also be denitrated in the storage can to produce an oxide monolith similar to the CEUSP 
233U monoliths. If desired, thorium, cadmium, and other impurities in the 233U feed can be removed by 
adding a purification step after acid dissolution. A schematic flowsheet for the process is s h o w  in 

Fig. 4.5. 

4.3.2 Process Description 

Uranium-233 material is lifted from the storage well into a shicldcd cask, which is then transported to 

the loading port at the manipulator hot cell. Proccssing the material is carried out on a batch basis to 

control criticality and inventory. After inspection and inventory, the containment vessels are opened, and 

the contents are removed. Equipment is provided for cutting the cans open. The material can be removed 

by mechanical means or by direct acid dissolution of the niatcrial in the can (Appendix B). 
Granular or powdered material containing 1 kg ‘J3U is convertcd to a uranyl nitrate solution by reaction 

of about 3 L of 4 Mnitric acid per kilogram of U (as osidc) to produce -330 g U/L of solution. A uranyl 
nitrate solution of DU of the same concentration is prepared by the reaction of DU oxide (U,O,) with nitric 

acid outside the hot-cell area. Dissolution of the thorium ~xide-”~U oxide fuel currently stored at MEEL 
will require the addition of hydrofluoric acid and aluminum nitrate to the nitric acid to aid in dissolution. 

Afier acid dissolution, the option exists to remove useful mcdical isotopcs, cadmium, thorium, or other 

impurities from the feed. The standard processes for these scparations are ion exchange and solvent 

extraction. 

Blending is done by mixing measured amounts of 233U nitrate solution and depleted uranyl nitrate 

solution to produce controlled isotopic conccntrations of uranium. To produce a free-flowing powder 
during denitration, 2 mol of ammonium nitrate pcr rnolc of uranium is mixed with the uranyl nitrate 

solution during the blending step (the modified direct denitration process). 

A one-step conversion of the blended uranyl nitrate solution to uranium trioxide (UO,) is accomplished 
by thermal denitration in a rotary kiln. The process produccs a free-flowing fluffy powder. The powder 
has a low density (about 1 g/cm3) and is in a form that might be easily dispersed. Several methods are 

available to consolidate the material to a safer monolithic storage form (Table 4.5). The powder can be 
compacted to 4.3 g/cm3 (about 60% of the theoretical dcnsity of UO,) to produce a nondusty, monolithic 
form. If desired, the compactcd material can be sintcrcd to form higher-density uranium dioxide like the 

dry-powder blend process. Alternatively, the oxide may be incorporated into a cement grout at a 50 wt YO 
loading. 
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Fig. 4.5. Isotopic dilution by the aqueous-nitrate-blending process. 
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Table 4.5. Product volume and mass per kilogram of u3U for aqueous processing 

Volume Mass 
(L/kg 233u) (kglkg 2"'v) 

<12 wt % 23%J 4 . 6 7 "  wt Yo ='U Processing option (12 wt % Z3'U ~ 0 . 6 7 ~  wt Y o  ='U 

Pcllets (UO,) 2,3 , 52.8 10.1 227 

Sintered pellets (UO,) 0.96 21.7 9.5 2 14 

Grout 4.8 108.2 20.2 454 

In-can denitration (U,O,) 3.1 67.5 9.9 223 

"The rcquired isotopic dilution for criticality control is 0.66 wt % 233U in pure 23v. If DU with 0.2 wt % u5U is 
used, the final concentration of 233U is 0.53 wt O/". Soinc of thc 23RU must be used far criticality control of the ='U in 
the DU. 

Other process options exist to solidify the liquid uranyl nitrate soiution. An immobilized oxide can be 

produced by dcnitrification of the blended uranyl nitrate solution in the product can (similar to that done for 

the CEUSP material and described in Appcndix C). Using this method, ammonium nitrate would not be 

added to the nitrate solution. The solution is slowly dripped into the product can that is  in a vertical tube 

furnace at a temperature of -800°C. At thcse conditions, thc water is driven off, and the resultant uranium 

nitrate is decomposed to produce a U,08 monolith product. This solidification process may be simpler to 

implement on a small scale. The liquid solution may also bc fed to a glass melter to produce a uranium 

glass. This is a variant of the HLW glass disposition option. The products from any of the immobilization 

methods are packaged in doubly contained vessels with wcldcd seals for transport and disposal. 

All of the uranium oxides would be expected to be acceptable for long-term storage. There are some 

technical uncertainties associated with the grout because of the possibility of generation of hydrogen from 

233U alpha radiolysis. All of the uranium oxides would be acceptable for disposal in a WIPP-type facility. 

All of the uranium oxidcs would likely be acccptablc for disposal in a YM-type facility; however, high- 

fired uranium dioxide would probably be prcfsrrcd. Thc proposcd YMR is designed to accept 

63,000 metric tons of initial heavy metal SNF in the form of uranium dioxide pcllets in metal tubes. There 

will be fewer issues associated with a waste form that is chcmically identical to the primary waste form 

expected at the repository. 
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The aqueous process can produce several altcrnative final products with different volumes and masses. 

Isotopic dilution of 1 kg of 233U to non-wcapons-grade uranium by the aqucous-nitrate-blending process 
will produce 10.1 kg of U 0 3  (8.407 kg U) as pellcts having a volume of 2.3 L. Grouting the oxide will 
produce 20.2 kg of matcrial having a volume of 4.8 L. In-can dcnitration will produce 9.9 kg of U30, 
product having a volume of 3.1 L. Blending 1 kg of 233LJ to eliminate long-term criticality will produce 

227 kg of UO, pcllets (189 kg U) having a volume of 52.8 L. Incorporation of the oside into grout will 

produce 454 kg of grout with a volume of 108.2 Lkg of 233U* Denitrification of the blended nitrate 
solution in the product can will produce 223 kg of U30, having a volume of 67.4 L. The actual waste 
volume per kilogram of 233U will be higher in many cases because other materials present in some of the 

233U feeds (thorium oxide, cadmium oxides, gadolinium osidcs, etc.). Actual volumes may vary depending 

upon the specific process conditions chosen. 

4.4 FUSION-MELT BLENDING (STORAGE AND DISPOSAL) 

Uranium-233 and DU can be convertcd to glass by dissolution of uranium oxides into molten glass 
formers in a high temperature furnace. The product IS a non-weapons-usable glass suitable for long-term 
storage or disposal at a YM- or WiPP-type facility. Glass production is a trade-off between processability 

(furnace temperature, dissolution time, etc.), glass durability, and high waste loadings. There are two 
process variants; one chosen to minimize costs (Table 4 6 ,  Fig. 4.6) and the other chosen to produce a high 
quality waste glass that would mect YM-type waste form rcquircments (Table 4.7: Fig. 4.7). 

The first variant i s  a borate fusion mclt wherein the glass formcr [boron oxide (B,O,) or borax 

(Na, B,O,)] is chosen to minimize processing costs and maximize uranium loadings in the final product. It 
can be used to isotopically dilute 233U oxides with DU osidcs and create a solid borate fusion melt suitable 

for long-term storage or disposal at a WIPP-type facility. Thc product would not be acceptable for a YM- 
type facility unless the borate was removed in a subsequent processing step. The process could be used to 

dilute 233U to 12 wt % 233U in 238U (nonweapons '33U) that is stored for potential future use. The product 

characteristics would allow relatively simple recovcry of uranium or decay products such as 229Th (for 
medical applications) at a later date. The process may also be uscd as a pretreatment step for ='U disposal 
in HLW glass (Sect. 4.1). Product charactcristics arc shown in Table 4.8 

The highquality glass fusion melt process can accomplish the same tasks and produce a waste form 
acceptable for a W P P -  or YM-type repository. High-quaiity waste glasses (typically with high silica 
contents) require morc complex processcs and have significantly lower concentrations of uranium in the 
product. This process would not be suitable for dilution of '"U to 12 wt % 233U in 238U (nonweapons ?J) 
that is stored for potential hturc  USCS bccause of thc difficulty in recovery of uranium from such a glass. 
Product characteristics are shown in Table 4.8. 
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Table 4.6. Summary: Convert 233U to borate fusion melt 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
233u  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantags 

Disadvantagcs 

Evaluation 

Storage, disposal 

All 

Isotopic dilution 

WIPP-type rcpository 

Isotopic dilution 

Excess 233U and DU oxides are dissolved in borates [boron 
oside (R ,03)  or borax m a 2  B307)] in an induction furnace 
to crcate a fusion mclt. The melt is cooled to a solid and 
packagcd. 

Potcntially thc simplest, lowest-cost option to isotopically 
dilute '33U oxidcs with DU oxides. 

Can dissolve uranium oxides from sliced CEUSP storage 
containcrs. 

Product form would allow hture  recovery of the 
isotopically dilutcd 233U or potentially valuable decay 
products ("9Th for mcdical applications). 

The process ma!' also be used as a feed preparation step bo 
preparc '"U for disposal in HLW tanks (see Sect. 4.1). 

Low-quality waste form (boron oxide soluble in water) 
suitable for disposal in a WIPP-type facility, but not in a 
YM-tqpe facility. 

Some additional process development work required 

This is a viablc option and may be the low cost option if 
isotopic dilution is the primary requirement. There is the 
potential to modify the process to produce a better waste 
form. 
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Fig. 4.6. Borate-fusion melt for u3U long-term storage or disposal. 
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Table 4.7. Summary: Convert 233U to glass by fusion melt 

Application 

Acceptable 'j3U feeds 

Storage3 disposal 

Clean and CEUSP materials. LWBR u3U as a feed may 
be unacceptable because of its thorium content. 

Method to convert to non-weapons-usable 
233u 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantases 

Evaluation 

Isotopic dilution 

WIPP- and YM-type repository 

Isotopic dilution 

Exccss 133U and DU oxides are dissolved into a molten 
glass frit (mctal oxidcs) in an induction furnace to create a 
fusion melt. The melt is coolcd to a solid and packaged. 

Final waste form is acceptable for any disposal site. 

High confidcnce that proccss will work based on HLW 
glass making cxpcrience. 

Waste form development is required to develop high- 
uranium waste glass that meets YM WACS. Uranium 
loadings in the glass strongly impact process and disposal 
cost. 

Proccss dcvelopment work i s  required. 

It is unclcar whcther a practical thorium glass with high 
waste loadings can be developed. 

This is a viable option because of the large experience base 
that exists with glass waste forms. There are major cost 
uncertainties. These uncertainties derive from two 
technical uncertainties: (1)  maximum allowable uranium 
and thorium loading in the glass and (2) chemical reaction 
rates bctwccn glass frit and the uranium. 
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Fig. 4.7. Glass-fusion melt (alkali glass) option for disposition of 233U. 
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Table 4.8. Product volume and mass per kilogram of 233TJ 

Vo I u me Mass 
(Llkg 233U) (kg/kg 23311) 

Processing option 4 2  wt '/o =-'U ~0.67" wt "/to u3U <12 wt '/o 233U ~0.47" wt '/o u3U 

Boron oxideb 1.98 44.6 

Quality glass 5 .0 115.5 

12.5 282 

19.8 446 

T h e  required isotopic dilution for criticality control is 0.66 wt % 233U in pure 138U. If DU with 
0.2 wt % 235U is used, the final conccntration of 233U is 0.53 \lit %. Some of the 238U must be used for 
criticality control of the 235U in the DU. 

%e B20, fusion melt is assumed to bc 80 wt % U03 and 20 wt % B203. ' n e  respective densities of 
B203, U03, and a firsion melt with 80 w-t % UO, (cstimatcd) are 2.46 g/cm3, 7.29 g/cm3, and 6.32 s/cm3. 

4.4.1 Process Descriptions 

In all fusion melt processes (OKNL July 27, 1999,  the 'j3IJ oxide is mixed with DU oxide powder and 

solvent metal oxide powder and melted in an induction hrnace to produce a material in which the u3U 
cannot be separated from 238U by chcmical or mcchanical mcans. The solvent metal oxide dissolves the 

uranium oxide into a molten solution. The use ofsolvcnt osidcs reduces fusion melt temperatures from 

2,jOO"C for pure UO, to tempcratures between 800 and 1,200 "C .  In a borate hsion melt process, the 

solvent metal oxide is B,O, or Na, B,O,. Other oxidcs may bc added to lower glass viscosities and, thus, 

operating temperatures. The loading of uranium oxidcs may cscecd 80 wt %. In the glass fusion melt 

process, a glass frit containing alkali oxides and silica i s  uscd to produce a high-uranium-content glass with 

uranium oxide loadings up to 50 nt %. 

4.4.1.1 Glass Fusion Melt Process Description 

The glass fusion mclt process is sho\\n in Fig. 4.7. Thc 333U matcrial to be processed is removed from 

the storage wells and transpoi-tcd in a shieldcd carricr to the processing hot cell. The material is then 

processed in limited-sizcd batches for criticality control, Insidc the hot cell, the material is inventoried for 

accountability control. Aftcr inventory mcasurcmcnts, the containers are opcned, and the contents are 

removed. Many of the containers, such as the CEUSP monoliths, require equipment to cut open the 
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container and to drill into it or otherwise to extract the contents. After any large chunks are removed fiom 

the containers, the chunks are crushed into granules before thc material is sent to a ball mill to be 

powdered. Any of the oxide forms in which the uranium is stored (UOz, UsOs, etc.) can be used. Metallic 
uranium and low-oxide uranium may require conversion to oxide ( U30s ) before blending. If so, this is 
affected by heating the uranium in a furnace under an air or steam atmosphere. The nominal processing 

rate is 1.2 kg of fissile uranium per day, assuming a thrce-shift-per-day operation and a 4-h cycle per batch 
using one melt-blend furnace. However, the processing rate could be increased by installing parallel 

systems. 

After the 233U material is converted to an acceptable powder form, it is blended with DU and a 
specified solvent oxide mix consisting largely of alkali-metal oxides and silica. Since the melt-product 

crucible also serves as the product containcr, it should be sited for the final product volume. As such, the 
crucible will not hold all of the matcrial in loose, flowablc, powdcr form. Several powder additions must 
be made during the processing of a single batch of material Thc initial charge does not contain the DU. 
With the onset of melting, DU oxide is periodically addcd whilc the mix is stirred. The final process 

temperature will be adjustcd to achieve complcte mclting for the type 233U product glass being processed. 
No significant chemical reactions occur during mising and mclting other than dissolution of the uranium 

oxide. The isotopic content of the mix is verificd by sampling. Aftcr the contents are melted and mixed, 

the furnace is turned off, and the contcnts are allowcd to solidify in the melt crucible. 

To provide double containment for storage and shipmcnt, the crucible containing the product is sealed 
inside an inner container by welding. The inner container is thcn placed inside a second container, which is 
also sealed by welding 

The glass fusion mclt process adds alkali-mctal osidcs, silica, and DU to final product. The isotopic 
dilution of 1 kg of z33U to non-weapons-grade uranium by the dry mclt process will produce - 19.8 kg of 

oxide product (containing 8.407 kg of U and 9 9 kg of alkali mctal oxide and silica) having a volume of 
5 L. Blending 1 kg of 233U to eliminate long-term criticality will produce 446 kg of oxide (189 kg U as 
U30, and 214.4 kg of alkali metal oxide and silica) with a volume of 115.5 L. The actuai waste volume 

per kilogram of 233U will be higher for those fccds containing impurities (thorium oxide, cadmium, and 
gadolinium oxides). Some impurities, such as thorium, may significantly increase waste volumes because 
of solubility limits of thcse impuritics in glass. 

4.4.1.2 Boron-Oxide Fusion Melt 

The boron-oxide fusion mclt process is similar-csccpt that somc stcps may be simplified, melting 

times may be reduced, and waste loadings may bc increascd. This follows from choosing a metal oxide 
solvent based on its properties to dissolve uranium oxidcs quickly at relatively low temperatures (which 
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minimize off-gas complications) rather than choosing a metal oxide solvent based on glass performance 

requirements. The option may minimize or eliminatc the necd to grind the 233U feed materials. Second, the 

process may be applicable to LWBR 233U. Thorium oxide is not readily soluble in traditional glasses. It is 
an option herein. In this context, the Tho, conccntration will be low in the final product because of the 

addition of large quantities of DU. 
As a part of several programs in Gemany and the Unitcd States to develop chemical core catchers for 

nuclear power reactors, significant work (Dalle Uonnc et al. 1978; Forsberg et al. 1997) has been done on 
the dissolution of uranium oxides in differcnt borates. Core-mclt accidents are among the most serious 
nuclear reactor accidents. In a serious accident, the corc itsclf melts, then melts a hole through the pressure 
vessel, and next melts a hole through the building containment floor that allows release of radioactivity to 
the open environment. Core-melt accidents are difficult to control bccause the primary material in a core 
melt is molten uranium dioxidc at a temperature of several thousand degrees Celsius. In a chemical core 

catcher, a specially selectcd compound i s  placed undcr the rcactor core. When the core debris reaches the 

floor, the decay heat melts the specific compound, and thc uranium oxides are dissolved into the compound. 

The compound is chosen to have a high uranium loading and mclt at a low temperature. The liquid with 

the dissolved uranium rapidly spreads out over the reactor building core in a geometry that allows rapid 
cooling. The major compounds that have been investigatcd for this application include B,O,, Na, B,O,, 
and lead borate (B,03-2Pb0). The requirenients for a chemical core catcher (high uranium solubility in 

liquid, fast dissolution, and low temperatures) are esscntially idcntical to those needed for fusion melt 

isotopic blending. 

The reactor core-catcher data suggest thc potential for major process simplifications which would have 

a large impact on the cost of processing CEUSP and LWBR material. The CEUSP 233U was solidified 

inside its stainless steel container and is partly attachcd to thc container walls. Removal of the 233U from 
the container would be a complex, espensive, mcchanical opcration. If the dissolution kinetics are 
sufficiently fast, a relatively simple batch process opcration would be possible. The furnace with 

disposable inner liner would be loadcd with the borate flux and some DU oxide. The 233U container would 

be cut into several pieces and dumpcd into thc lincr, the furnacc would be heated to operating temperature, 
and the 233U would be dissolved into the moltcn mixture from thc container pieces. After dissolution of the 

U, additional DU would be added to the furnace, the dissolution process would be completed, the melt 

would be cooled, and the solid product (with container parts) would be packaged as one piece. This type of 
operation is inconsistent with production of high-quality glass but may be feasible if the product does not 
need to meet YM-type waste-glass performance spccifications. 

233 
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4.4.2 Uncertainties 

Work is required to dcvelop an uranium glass process. Many uranium glasses have been produced and 

recorded in the literature. However, these glasses have not been evaluated for their performance under 

repository conditions. Furthermore, only limited engineering data exists on these glasses. Because of the 

broad technical experience base with waste glasses, including HLW glasses containing several percent 

uranium, a technically acceptable glass can obviously bc produced. However, the economics (processing, 

transport, and disposal cost) strongly depend upon obtaining a high uranium waste loading in the glass to 

minimize process equipment size and final glass volumes. 

Work is rcquircd to develop a boron-oxidc hsion mclt proccss Thc two borates ofprimary interest are 

B203 and Na, 3,0,. Thc B203 should producc a product with a highcr loading of uranium. Borax may 

have somewhat faster dissolution kinetics. Additional studics and thermodynamic and chemical kinetic data 

on uranium dissolution in hsion melts is rcquircd to predict (1) processing time and (2) if grinding of the 

feed is required in the process. 

4.4.3 Conclusions 

Both variants of the ksion melt option are workable and viable. Additional tcchnical work is required 

to reliably predict costs. Based on available expcrimcntal data, the borate fusion melt technology is 

potentially the lowest cost technology to isotopically dilutc '33U with DU. 

4.5 DRY GRINDING, BLENDING, AND SINTERING (STORAGE AND DISPOSAL) 

In the dry-powder-blending proccss (Table 4.9; Fig. 4.X), 333U oxide and DU oxide are ground to fine 

powders, mixed togcther, and consolidatcd to produce a ceramic-type material from which the 233U cannot 

be separated from the 238U by chcmical or physical mcans. The final product could be sent to long-term 

storage, a WIPP-type facility, or a YM-typc facility. To achicvc these goals rcquircs that the process must 

h s e  the finely ground misturc of oxide particles and should promote the interdiffusion of DU and 233U 

atoms, irreversibly intermising thcm on an atomic scale to a point that only an enrichment plant could 

separate them again. 
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Table 4.9. Summary: Dry grinding, blending, and sintering 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
2 3 3 u  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Storage, disposal 

Clean, LWBR, CEUSP 

Isotopic dilution 

AI 1 

Isotopic dilution 

Excess 233U oxides are ground and mixed with DU dioxide 
until the avcrage particulate size is -0.5 pm. The powder 
is prcssed and thcn sintered by heating to a high 
tempcrature. Thc product is a monolithic solid. If the 233U 
and DU oxidcs have the same chemical compositions, 
several particlc consolidation processes can be used. If the 
233U and DU oxides have different chemical compositions, 
a high-tcrnperature sintering process is needed that 
isotopically mixes the two isotopes by solid diffusion. 
Fine-powder grinding and powder mixing is required for 
rcasonable sintcring times and tempcratures. 

This may be a low-cost process. 

Tlic proccss would be morc complex to use for CEUSP 
fccds bccause of the presence of cadmium that will 
probably volatilize in thc sintering furnace. 

The proccss uses fuel-pellet fabrication technology. This 
i s  a modcratcly complex technology. However, the 
product requircments for the dry-blend option are much 
lcss than thosc rcquired for fuel fabrication; thus, 
simplification of the process should be possible. 

The process produccs vcry fine 233U particulates (-0.5 pm) 
that are a significant inhalation hazard Special safety 
procedures would bc required compared to most other 
disposition options. 

This potcntial option to isotopically blend all 233U with DU 
is a reasonablc one. 
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Fig. 4.8. Simple dry-blend processing for 233U long-term storage or disposal options. 
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4.5-1 Process Description 

The dry-blend processes are similar to the fabrication mcthods for LWR fuel pellets. Several 

equipment variants are possible. Two variants are dcscribcd hcrein. The first variant uses essentially the 

same equipment as is used for fuel fabrication. The sccond variant modifies the equipment to simplify the 

process. 

The 233U to be processed ( O W L  July 19, 1995) is rcrnovcd from the storage wells and transported in a 

shielded carrier to the processing hot cell. A bagless loading procedure is used for contamination control. 

The material is processed in limited-sized batchcs for criticality control. Inside the hot cell, the material is 

inventoried for accountability control. After inventory, thc containers are opened, and the contents are 

removed. Many of the containers, such as the CEUSP monoliths, require equipment to cut them open and 

to drill or otherwise extract the contents. AAcr any large chunks are removed from the containers, they are 

crushed into granulcs before the material is sent to a ball mill to be powdered. Other grinding and mixing 

technologies may be uscd. Any of the oxide forms in which thc uranium is stored (U02, U,O,, etc.) can be 

used. Metallic uranium and nonoxide uranium are converted to oxide (U,O,) by heating in a &mace under 

an air atmosphere before blending. The nominal proccssing ratc i s  1.2 kg of fissile uranium per day, 

assuming an operation of 3 shifts per day and a 4-h cycle pcr batch. The batch size is chosen to be 200 g 

to ensure criticality control. However, the processing rate could be increased by installing parallel systems. 

Material in the feed othcr than uranium oxides: such as cadmium, gadolinium, or thoriuin oxide, will 

remain with the uranium oxide throughout the proccss and be present in the final product. 

Blending begins by adding a weighcd amount of 233U oxide powdcr with a predetermined quantity of 

DU dioxide powder in a mixing vessel. DU dioxidc for blcnding is prepared outside the hot cell. Mixing 

the powder is accomplished by rotating the mixing vcsscl in a tumbling apparatus for a prescribed length of 

time. An organic binder (to aid in thc subseqiicnt pcllct-making process) is added and blended with the 

powder during the mixing operation. 

Cold-pressing of the mixed oxide powdcr is accomplishcd by an automatic press. Blended powder is 

fed into a cavity and pressed by a piston. The ensuing pcllcts arc to be limitcd to a mass of 57 g or less and 

a maximum diameter or hcight of 3 cm, and thc nominal fissionable matcrial in each pellet will not exceed 

1 g. The pellets are thcn ejected from the cavity into a sintcring tray. The pressing creates a sinterable 

product. 

The uranium oxide pcllets are placed in a sintering oven and hcated to a temperature that is sufficient 

such as to vaporize the organic bindcr and to hcat thc pcllcts to ncar melting. The sintcring process 
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converts different uranium osides to uranium diosidc (UOJ. The pellets reduce in size as the volatile 

materials are driven off. The finished pellets will bc -90% of theoretical density (9.86 g/cm3 for U02) of 

the mixed oxide. The sintering also increases the particulate sizc and reduces the inhalation hazard 

associated with small particulatcs. After the pcllcts are sintcrcd, they are allowed to cool and are then 

transferred to an area for nondestructive analysis to vcrifjl thcir fissile content. 

The dry-blend process does not introduce any additional material into the product other than the DU. 

Isotopic dilution of 1 kg of u3U by thc dry-blcnd process will produce 9.5 kg of non-weapons-usable UOz 
(8.407 kg U) product having a pellet volume of -0.96 L Blcnding 1 kg of 233U with DU to eliminate long- 

term criticality will produce 214 kg of uranium oxide (189 kg U) product having a pellet volume of 

-21 7 L The density of the pcllets can bc partially controllcd by thc pellet's pressing and sintering 

conditions. Howcvcr, the actual waste volume pcr kilogram 133U will be higher because of the presence of 

other material (thorium, cadmium, and gadolinium oxides) in thc "'U material, any additional DU required 

to dilute 235U contained in the 233U material, and any DU addcd to accommodate measurement uncertainties, 

AEtcr sintering, the pellets are placed in the inner containment vessel (can), which is sealed by welding. 

The can is then enclosed in an outer container to provide double containment for storage and shipping. 

Off-site transportation is carried out in shicldcd ovcr-packs that mcct U S .  Dcpartment of Transportation 

(DOT) requirements 

There arc sevcral other equipmcnt coilfigurations to thc simple dry-blcnd option (R. Harmon, 

C. V. Smith. and R Henry 1998) Onc option being examined for dry down-blending of HEU with DU 

consists of gnnding and mixing 235U03 and DUO, in a dual drive planctary mill with alumina ball grinding 

media for - 75 minutes. This option has both advantages and disadvantages. The grinding media remains 

with the uranium oxides and occupies -35 vol % of the final product. The use of a grinding media-rather 

than separate grinding and mixing stcps-may allow the grinding and blending container to be used as a 

final product container providcd that the container can be compressed and survive sintering furnace 

conditions. This avoids transfer of the fine powder during opcrations. 

4-52 Variant Isotopic Mixing Methods with Dry Blending 

There are three dry blcnd options. Thc options, thcir advantages, and their disadvantages are described 

herein. The option described previously was chosen as the bascline dry-blend option because of identified 

limitations in the other dry blend options. 
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4.5.2.1 Dry Blending Only 

Currently, it is uncertain whether powder mixing of 233U and DU in the same chemical form assures 

isotopic irreversible mixing. If the particle sizes are large, many types of commercial equipment exist to 

separate powders with different densities. There is almost a 2% difference in the densities of 233U02 and 

"*U02. At small particle sizcs (<I  p i ) ,  there is the potcntial of self-separation by alpha-initiatcd 

Brownian motion. Dunng alpha dccay, a high-cncrgy alpha particle is emitted. With small particulates, 

the recoil from alpha dccay can move the 233U0, particlc. In a mixture of 233U02 and 238U02 particulates, 

the lighter 233U02 with its alpha-driven motion may preferentially work its way to the top of a powder 

mixture. This type of potential separation mcchanism docs not exist when mixing 23siJ02 and DUO, 

powders to create LEU because of the relatively low radioactivity of each uranium isotope. 

For disposal in a YM-type repository, dry blending by itsclf docs not produce an acceptable waste 

form. The currcnt waste form requircmcnts (DOE: August 30, 1994) prohibit waste forms containing fine 

particulates. Dry blcnded solids could be put into storage. 

4.5.2.2 Dry Blending and Consolidation 

To avoid self-separation mechanisms, powdcr mixtures can be consolidated into a matrix after 

blending. The powders can be sintered into pcllcts at rclativcly low temperatures or incorporated into a 

matrix such as ccment. Consolidation also minimizes risks froni respirable particles during storage, 

transport, and disposal. Some disposal sites (c.g., YM) prohibit fine particulate waste forms. 

To assure irreversible isotopic mixing, idcntical chcmical compositions for 233U and DU are required to 

avoid the potential for separation of thc two isotopcs by sclcctivc chemical dissolution of one species or the 

other species with appropriate dissolution agents. Dry-blend processes that mix powdcrs followed by 

consolidation would be difficult to use with CEUSP niatcrial and impractical to use with LWBR material. 

CEUSP 233U. The CEUSP matcrial contains gadolinium (a rare earth) and cadmium oxides. 
Gadolinium osidc in U02 is used as a burnable neutron absorber in nuclear fbels. Rare earths are 
major fission products in SNF. This tjpe of system has been studied in detail. Oxidation and 
dissolution studies (Hanson Julj- 1998; McEachern and Taylor 1998) have shown that the addition 
of rare-earth oxidcs-such as gadolinium oside-to U02 sigriificantly alters U02 oxidation and 
dissolution rates under a wide varicty of conditions. It is cxpected that this phenomenon would 
also be true for other uranium oxidc spccics To blcnd CEUSP material would require that the DU 
oxides have the same concentrations of cadmium and gadolinium oxides as the CEUSP material 
and have the same physical and chemical forms (sintcring tcmpcratures etc.) to avoid separation by 
selective dissolution of one material or thc other. 
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L WBR 233U. The requirement that the 233U and DU have the same chemical foam applies to the 
LWBR material. However, the LWBR feed contains only 1 to 12 wt % 233U in high-fired Tho, 
and must be matched to a comparable feed. The DU (for blending purposes) would contain 
1-12 wt % DU in high-fired Tho,. Because of the low concentrations of uranium in the thorium, 
large quantities of Tho, would be requircd to make the DU feed. The LWBR 233U contains 
-350 kg of 233U incorporated in 14 t of Tho,. To isotopically dilute the 233U to non-weapons- 
usable material would require DU in about 120 t of Tho,. To eliminate criticality concerns, over 
2,000 t of Tho, with DU would be requircd. This implies a large dry blending facility to handle 
the Tho, masscs 

4.5.2.3 Dry Blending with High-Temperature Sintering 

If the 233U feed has variable or complex chemical compositions (CEUSP and LWBR 233U), dry 
blending with high-temperature sintcring does allow the use of normal DU oxides to isotopically dilute the 
233U. With this dry-blending variant, solid diffusion during high-tempcrature sintering causes isotopic 
blending. Fine grains of DUO, and the 233U02 diffusc togcthcr into larger single crystals. There is 

applicable industrial experience. In the fabrication of LWBR fuel pellets, Thoz and 233U02 powders were 
blending, pressed into pellets, and sintcrcd at high tempcratures until the thorium and uranium interdiffuse 
to create a homogeneous Th-U oxide. This does require finc-powder blending (-0.5 pn). Long sintering 

times (hours), and high sintering temperatures (- lSOO°C) assure diffusion of the DU oxides into LWBRor 

CEUSP feed materials. 
There are two specific types of complications using this approach with the CEUSP 233U. At the 

required sintering temperatures, much (pcrhaps all) of the cadmium oxide may vaporize into the off-gas 
system (sublimation temperature of cadmium oxidc is - ISOO°C) with unknown effects on the furnace 

components. Second, for a YM-type rcpository, RCRA (chemically hazardous) materials are not accepted. 

The cadmium must be (1) shown to be a bcncficial matcrial for criticality control and thus not regulated as 

a R C M  material, or (2) removed from thc fccd, or (3) shown that it docs not leach into groundwater using 
the EPA TCLP waste leaching test. 

4.5.3 Safety Issues with Dry-Blend Options 

The dry-blend options may require soinc additional safcty precautions. The primary hazard of "U is 
the internal radiation dose upon inhalation. The risk from inhalation is primarily dependent upon the 

particulate size. Only small particulatcs (<I  pm) can casily be inhaled into the human lung. This process 

requires that the 233U oxides be reduced in size to - 0.5 pm-the size range of high-hazard particulates. 
With the dry-blend process, thcrc is also the dangcr of crcating pyrophoric powders with certain feeds. 

Many materials, such as U02: are pyrophoric in fine powdcr fonn; thus, appropriate process safety 
measures must be implemented. If the UO, is sintcrcd, thc final product is inert and is not pyrophoric. If 
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the blended powder is to be sent to long-term storage (not disposal), it i s  required that the powder be 
converted to a nonpyrophoric form such as U308 (DOE Dcccmber 1998). The storage standards for both 
233U and 23511 (Cox July 1995) do not allow storage of pyrophoric powders. 

4.5.4 Mechanisms of Isotopic Dilution with High-Temperature Sintering and the Implications on 
Process Design 

The applicable experience base for this option is fucl fabrication-particularity LWBR fuel 

fabrication. However, fuel fabrication is relatively complcx bccause of the need to make nuclear fuel 

pellets which meet multiple requirements. For dry blcnding, simplified flowsheets may be viable because 

(1) the primary criteria is isotopic dilution and (2) most hc l  fabrication requirements are irrelevant. 

Process simplification may be possible. 

The grinding and dry-blending processes for the storage and disposition process are similar to the 

fabrication methods for LWR fuel pcllcts, (Frankhauscr ct ai., 1967), (Leitnaker, Smith and 

Fitzpatrick, 1972). Since the final product tolcrances for storage and disposition materials are not as 

severe, several equipment and processing variations are possible. Two processing scenarios are compared 

herein. The first scenario uses esscntially the same equipmcnt and process steps that are used €or fuel 

fabrication. The second scenario niodifies the equipmcnt and climinates steps to simplify the storage and 

disposition process and reduce its costs. 

Both scenarios require that the 233U oxide and DU osidcs bc groiind to about an average diameter 

0.5 pm with a surface area of  -8.0--9.5 m’/gm. In thc casc of fuel fabrication, the fine powder mixture is 

ground and blended in five to six steps or passes. Historically, this grinding of the oxides to such a small 

particle size \vas accomplishcd by using a sequence of two diffcrent sets of equipment (Belle et a]., 1976). 

AAer being milled, the final “micronizing” is done in a pulvcrizer. In the case of the storage and 

disposition process, we would like to reduce the number of stcps and the associated equipment and 

handling. Modern mills may bc capable of achieving thcse particle sizes in one step. 

The pressing of thcse powders into “green” pcllcts bcforc sintcring is essential to meet the goal of 

achieving high theoretical densities in the final product in ordcr to ensure that the fucl pellets have good 

thermal conductivities. To achieve this in fucl fabrication, thc po\vdcrs are agglomerated to aid handling, 

treated with binding and mold release agents, and cold-presscd at around -35,000 psi. This results in a 

pressed “green” pellet that can be handled and that has tightly controllcd dimensions. However, this 

treatment also requires that there are nccessary prehcating trcatment stages in the sintering process that 

removes the added binding and release agents. These process stcps require sequentially heating the pressed 



71 

green pellets to -350, -600 and over 900°C under a C 0 2  atmosphere in order to decompose the reagents, 

to react with the residual carbon, and to volatilize the rcmaining residues, respectively. In the case of the 

storage and disposition process, almost all of thcse steps should be by-passed. 

However, there are some aspects of powdcr pressing that are relevant to the storage and disposition 

process. At these pressures, the contact points of the powder particles are stressed to the point that their 

crystalline structures undcrgo force dislocations, the particlcs are plastically deformed, and their surface 

contact areas are increased (Olandcr, 1976). This gives the subsequent sintering processes a head start, 

accelerating the growth of the particles into coarse grains and facilitating the interdiffusion of atoms across 

the particles' increased contact boundarics. For the storage and disposition product, these coarser gains 

correspond to lower leachabilities. Also, the greater initial particle-particle contact areas will accelerate 

the atomic mixing bctween the 233U osidc and DU oxides. Thcrcfore, a modified version of the powder- 

pressing treatment may be included in the storage and disposition process. 

After pressing, both the green he1 pellets and the grecn storage and disposition products are ready to 

be sintered The questions are, For how long, and at what tcmperature? Grain growth aside, the attainment 

of homogeneous isotopic dilution of 233U oside in DU oxides is the controlling issue. The atoms in the 

233U oxide and DU oxide particles must have time to di&se into one another Thc self-diffusion 

phcnomenon is depicted in Fig. 4.9. 

To achieve a 10: 1 dilution of 33U in DU oxide, the mean self-difhion distance, <r>, must exceed the 

radius of the 233U oxide particle by 2.61 times. Betwecn 1450 and 1800"C, the energy of activation for 

uranium self-diffusion is 88 kcal/mol (Bcllc 1961). Using thcsc data, Table 4.10 calculates and 

extrapolates the diffusion self-diffusion coefficients and <r> for urania-particles between 0.5 and 10 pm. 

As the temperatures increase, so do the diffusion cocfficicnts, and the times for atoms to reach the 

2.61 - r are reduced. At the fuel fabrication conditions of 1,800"C and 0.5 pm, it takes about - 14 h for 

homogeneous isotopic mising. With 5 pm particles at 1,8Oo"C, it would take 1,436 h. If we raise the 

temperature to 2,2OO0C, the 5-pm particles would take -45 h to achieve isotopic homogeneity at 

10: 1 dilution. This would probably require an induction fumacc under a reducing atmosphere of argon 

with 5% hydrogen. Note also at tcmperatures above 1,75OoC, the volatility of UO, may become a control 

issue. 
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ORNL QW 99C-74 

Self-Diffusion Time to Achieve 
1 O : l  Atomic Dilution 

< r > =  dD(T)-t , 
(where:) 

r > = average random displacement, 
D(T) = self-diffusion coefficient as a function of 
T = temperature, 
t = time. 

Fig. 4.9. Self-diffusion of uranium in uranium oxide. 
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Table 4.10. The time required for the tenfold dilution of atoms, when the mean self-diffusion 
distances, <r>, of the uranium atoms UO, are 2.16 times the original particles' radii 

Time (hours) 

Original particle size (pm) 

Uranium oxide 
self-diffusion 

Temperature coem cient, 
("c) Radii 0.5 0.8 1 2 5 10 (cm2/s) 

1,400 

1,450 

1,500 

1,550 

1,600 

1,650 

1,700 

1,750 

1,800 

1,850 

1,900 

1,950 

2,000 

2,050 

2,100 

2,150 

2,200 

2,375 

1,102 

534 

269 

14 1 

76 

42 

24 

14 

8.7 

5.4 

3.4 

2.2 

1.4 

1 .o 
0.7 

0.5 

6,080 

2,520 

1,366 

68X 

360 

195 

109 

62 

37 

22.2 

13.8 

8.7 

5.6 

3.7 

2.5 

1.7 

I .2 

9,500 

4,406 

2,133 

1,076 

562 

304 

170 

97 

57 

31.7 

21.5 

13.6 

8.8 

5.8 

3.9 

2.6 

1.8 

38,000 

17,625 

X337 

4,303 

2,249 

1,216 

679 

3 90 

230 

138.9 

85.9 

54.3 

35.1 

23.0 

15.4 

10.5 

7.2 

237,500 

110,159 

53,357 

26,893 

14,059 

7,602 

4,24 1 

2,435 

1,436 

868 

537 

340 

219 

144 

96 

66 

45 

950,oo 1 

440,636 

2 13,428 

107,570 

56,236 

30,408 

16,963 

9,739 

5,744 

3,472 

2,149 

1,358 

876 

576 

3 86 

262 

181 

1.364E-15 

2.941E-15 

6.072B-15 

1.205E-14 

2.305E-14 

4.262E- 14 

7.640E-14 

1.33 1E- 13 

2.256E-13 

3.732E-13 

6.032E-13 

9.54OE-13 

1.479E-12 

2.219E-12 

3.362E- 12 

4.94 1E- 12 

7.150E-12 

Note: The diffusion cocfficients and times for tcmpcraturc above 1800°C are extrapolated beyond the 
range of data used to establish the activation encrgy of uranium self-diffusion in UO,. 

Considering only self-difkion may be conservative bccause thcre are other transport mechanisms at 
work at the higher sintering temperatures. In the - 1 4 4  sintcring period us'& in he1 fabrication, the 
O.5-prn particles merge and grow into grains > I  0 pm. Thcrc is a driving potential to reduce the high- 
energy surface areas of the fine particlcs that forces thcm to mcrge and grow into larger particles with a 
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much lower surface to volume ratios. Without external pressure, the mechanisms that facilitate this grain 

growth include (1) the more rapid difhsion of atoms on the surfaces of the particles and (2) the 

vaporization of UO,, followed by its condensation at the very narrow particle contact points. At 

temperatures above 1750°C, the kinetics of these mechanisms could be fast enough to preclude the 
necessity for cold-pressing the powder mixtures. Therefore, it may be possible to achieve the required 

isotopic homogeneity at reasonable temperatures, times, and particle sizes without having to press the 
mixares before sintering. 

The experience in fabrication of the LWBR fuel pcllcts is particularly relevant. The u3U02 and Tho, 
powders were ground to -0.5 pm. The pellets were prcsscd and sintered as - 1790°C for 12-14 h. The 

photomicrographs show large homogeneous U02-Th02 grains. The homogeneous characteristics of these 

pellets suggest that the diffusion calculations are conscrvative and that one or more mechanisms described 
previously accelerate mixing on an atomic scale. 

The previous considerations indicate that processes for dry blending of233U with DU for storage or 
disposal may be considerably simpler than those requircd for fuel fabrication with resultant implications for 

processing costs. As shown in Table 4.10, various combinations of particle sizes, temperatures, and 
sintering times can achieve isotopic dilution of 233U. Bccausc nuclear-grade fuel pellets are not required, it 
may be feasible to press at rclatively low prcssurcs uranium oxides into a disposable sintering-boat and 

avoid multiplc handling operations. Othcr possible simplifications include the development of a "liquid" 

sintering rcagcnt to be added to the 233U oxide and DU oxide mixture to accelerate their mixing at lower 
temperarurcs. Idcalljt, this fluxing reagent would disappcar, dissolving into the urania oxides. 

4.5.5 Conclusions 

The process is potentially viablc for isotopic dilution of clcan, LWBR, and potentially CEUSP 233U and 

would produce a product acceptable for storage or disposal in any repository. Further process development 

may be required to (1) simplify the process when nuclear gradc fuel pellcts are not required and (2) address 

specific issues associated with cadmium in the CEUSP 233U fccd material. 

4.6 CHEMICAL DILUTION: WASTE THRESHOLD (DISPOSAL) 

If fissile materials are sufficiently dilute, they may be disposed of as other radioactive wastes. The 

option exists to dilute 233U in other materials to low conccntrations to eliminate it as a weapons usable 

material and then dispose of it as waste. This is summarizcd in Table 4.11 and Fig. 4.10. 
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Table 4.11. Summary: Chemical dilation: waste threshold 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
23311 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Disposal 

AI I 

Chcmical dilution of 233U with fissile mass limits per 
container. 

WIPP-type repository 

Mass limits (optional isotopic dilution) 

There are two variants. 

Coproccss: The 233U is mixed with TRUW for disposal 
at a WIPP-type facility with the 233U being 
chemically diluted to 4 . 1 5  wt % 233U. 

Stand-alone: The LWBR 233U is packaged in special 
containers for direct disposal in WIPP (pipe- 
and-go variant). The 233U mass is limited to 
<200 gL55-gal drum. 

Low cost. 

Thcrc arc policy questions for the stand-alone variant: 
( 1 )  docs this option meet the Spent Fuel Standard and 
(2) docs thc Unitcd States want to advocate nonisotopic 
mcthods for conversion of weapons-usable 233U to non- 
wcapons-usable '%J. The Spent Fuel Standard can be met 
with the coproccssins option if there is sufficient dilution 
of the "'U with other wastes. 

Thcre are institutional uncertainties associated with mixing 
CH TRUW and 'j3U. 

This is likcly to be the lowest-cost disposition option for 
LWBR matcrial-particularly if the operations can be 
integrated with ongoing CH TRUW processing operations 
at Idaho. It is potentially the lowest cost option for other 
233u .  

For the pipe-and-go variant, there~is a policy question of 
whether this option fully meets the Spent Fuel Standard. 
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ORNL DWG 98C-377R3 

Chemical Dilution DUO2 (Variant) 
Waste (Optional) 
Solidification Agent 

2 3 3 ~ 0 ~  (Optional) 

Storage 

--w .- 
Existing 233U Waste 

Storage Facility 

e Chemical Mixing 
e No Isotopic Mixing of 

Uranium isotopes 
* No Radiation Barrier 

Disposal 
.JI 

WIPP-type 
Geological Facility 

Fig. 4.10. Chemical waste threshold disposition option for u3U in a WIPP-Qpe facility- 
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4.6.1 Definition of Waste Threshold 

Radioactive wastes contaminated with low conccntrations of fissile materials can be disposed of as any 
other similar radioactive waste. An example is HLW-which contains plutonium-that will be disposed of 
in YM. High-assay fissile materials can bc an cconomic waste (no value or hture use), but fissile 
materials can not be disposed of as traditional radioactive wastes because of the potential for (1) nuclear 
criticality and (2) use of such materials in nuclear weapons. Because fissile materials can be used for 
weapons, fissile materials have safeguards requircmcnts that do not apply to typical radioactive wastes. 

The requirements for storage, transport, and disposal of traditional radioactive wastes-such as HLW-are 

significantly different than those for fissile materials. The definition of what is waste and what isfissile 

materials is defined as the waste threshold. This dcfinition dcfines what material is to be disposed of as 
fissile materials. If the concentration of fissile matcrials can be reduced to a sufficiently low level by 
dilution with other materials to below the waste threshold, thcy can be treated as a normal radioactive 

waste. 
Historically, a clcar economic division has esistcd bctween wastes and some concentrated fissile 

materials. This division (the economic discard limit) was based on economic criteria for materials 

containing HEU or plutonium. These fissile matcrials arc required to manufacture nuclear weapons and 
were in short supply during the cold war. Fissile material in any scrap and residue stream was considered 

waste only if the cost of the recovery of the fissile matcrial exccedcd the cost of producing new material. If 
clean fissile materials could be recovcred from the scrap and residue stream for less than the cost of 
producing new material, the stream was considered coiiccntratcd fissile material. The high cold-war 
economic value of fissile materials resulted in low concentrations of fissile material in the wastes which, in 

turn, minimized concerns about nuclear criticality, safeguards, and arms control. With the end of the cold 

war, the United States had excess fissile materials, and the cconornic criteria dividing wastes from fissile 

materials are no longer applicable. 
DOE has undertaken studies to dcfine the new waste thrcshold. The 233U waste threshold study 

(Forsberg, Storch, and Lewis July 7, 1998) concludcd that there were three categories of materials: 

Wastes contain sufficiently small masses or low conccntrations of fissile materials such that they 
can be managed as typical radioactive waste. 

Concentrntedfissile moterials contain sufficient fissilc matcrials such as to warrant special 
handling to address nuclear criticality, safcguards, and arms control concerns. Certain 
concentrated fissile matcrials may have no usc and arc therefore excess material; however, they are 
classified and managcd by thcir matcrial characteristics rather than programmatic demand. Thus, 
even if a concentrated fissile matcrial is not nocdcd. it must not bc managed as a waste until it 
meets waste critcria 
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Exception case muferiul is defined as material that should be examined on a case-by-case basis to 
determine if it is waste Many of the post-cold-war arms control and safeguards issues have not 
been fully resolved for plutonium and ?J. Depending upon what is dccided with the management 
of those matenals, decisions can then be made about the specific 233U-containing materials It is 
likely that in many cases exception case material will be classified as waste requiring some 
additional special handling-bctwecn that requircd for wastes and that required for fissile materials. 

Three issues impact the definition of wastes, exception case material, and fissile materials. 

Domestic safeguards. Conccntrated fissile materials must be safeguarded to prevent their theft by 
domestic or international terrorists. Existing and proposed waste-management processing, storage, 
transport, and disposal facilities are not dcsigncd as high-security facilities to prevent theft of 
weapons-usable material. To be a waste, the fissile content must be sufficiently low (enrichment or 
concentration) such that it i s  not an attractivc targct for thcfi. 

Arms control rrnd internntionnf snfegzrnrds. The Uni tcd States has implcmented a post-cold-war 
policy to encourage worldwide reductions in inventories of weapons-usable materials. The 
objectives include mutually verifiable reductions in wcapons-usable fissile materials with Russia 
and, ultimately, other countries. As part of this policy, the United States has proposed that excess 
weapons-usable material in the United Statcs and Russia be converted into a form that makes its 
recovery as difficult or more difficult than recovery of plutonium from LWR SNF. Logically, the 
criterion, known as the Spent Fuel Standard, should also be applied to all waste-containing 
materials; otherwise, any country could adopt waste managemcnt policies that declare concentrated 
fissile materials as waste and bypass the intent of the proposed arms-control treaties to limit 
weapons-usable fissile material inventories. Policy dccisions are being made on the applicability of 
the Spent Fuel Standard to different types of waste. Not all issues have been resolved. Most 
fissile-containing wastes generated in thc cold war mcct the Spent Fuel Standard because they were 
considered wastes only if fissile material rccovcry was more difficult than producing new fissile 
materials. New fissile plutonium and 233U wcrc produccd by recovering them from SNF or 
irradiated targcts. 

Nuclear criticality in disposal fncilities. Regulatory and perforniance requirements for disposal 
sites require that nuclear criticality be avoidcd (1) during the operational phase of the facility and 
(2) after disposal-site closure. Fissile matcrials may migrate in a disposal facility over geologic 
time frames. Waste form composition and special facility design features are required to avoid 
nuclear criticality. These requirements place limits 011 the concentrations and quantities of fissile 
materials in waste. 

Based on analysis (Forsberg, Storch, and Lewis July 7, 1998) of the previous factors, the following 

definitions were proposed to define '33U-containing wastcs, 133U esception case material, and 233U- 

concentrated fissile matcrial (Fig. 4.1 1). DOE has made no dccisions on whether to adopt these 

recommended definitions. 
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Concentrated Fissile Material 

Safeguards 
1 Break nven to in ry t t Issue Resolution Limits 

12 wt% 233u _t 
Exception Case Material 

(Future Management Dependent Upon Pu 
Precedent and Unique Conditions) 

Waste Defined By Three Requirements 

Economic Criticality Safeguards 

1 c I 
No Value e200 g 233U/55-gal drum Homogeneous 

Mixture with 
c I kg 233U/rn3 
(Equivalent to 

<ZOO g 233U/55-gal drum) 
or 

O f  

C0.66 wt% 233U in 238U 

e12 wt% 2 3 3 ~  in 2 3 8 ~  Waste 
or 

More Restrictive 
Rules For 233U 
Concentrated 

Wastes 

Fig. 4.1 1. Definition of "3U-containing materials. 
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Waste. Uranium-233-containing material is waste if it meets three requirements: (1) there is no 
existing, planned, proposcd, or potential use; (2) the '33U (a) has a concentration of <200 g 
233U/55-gal drum or (b) the enrichment level is c0.66 wt % 233U in usU; and (3) the 233U (a) has an 
approximately homogeneous concentration of < 1 kg 233U/m3 (equivalent to <200 g/55-gal drum), or 
(b) the enrichmcnt level is <12 wt % 233U in 238U. This definition includes the three requirements 
(economics, criticality control, and safeguards and arms control) that must be met to allow the 
material to be handled as other radioactive wastes. 

Criticality control is assured (a) by limiting the 233U concentration in the wastes (<200 g 
233U/55-gal drum) to the same concentration limit as uscd by WIPP and other waste management 
facilities for operational safety (DOE April 1996) or (b) by isotopic dilution of 233U with 238U to a 
233U isotopic concentration limit (c0.66 wt % 233U in 238U) that is equivalent to 1 wl % 235U in 238U 
(Elam et al. 1997). 

Avoidance of special safeguards and arms-control constraints is obtained by (a) limiting the 233U 
concentration or (b) isotopically diluting thc 233U to <12 wt % with *38U to make it non-weapons- 
usable material (Forsberg et al. Fcbruary 1998). The requirement for an approximately 
homogeneous concentration of 233U in the kvastcs explicitly recognizcs that a small can of more 
concentrated '33U in a large WP has fundamentally different safeguards and arms control 
implications than if the 233U is distributed through the waste. If the 23311 is concentrated in the 
waste in a small fraction of the waste, it is easier to rccovcr and this changes the S&S 
requirements. Concentrated material is dcfincd herein as containing >O. 15 wt % 233U in n~n-'~'U 
materials. This concentration limit is idcntical to thc maximum allowable plutonium content in 
wastes during the cold war (wastc threshold). For containcrs containing concentrated material, the 
-"hJ content o f  the containcr is limited to 250 g/m3 (50 g/drum) with certain other restrictions. 1- 

Exception case. Exception-case material is dcfincd as material that should be examined on a case- 
by-case basis to dctcrmine if it is waste. Many of thc post-cold-war arms control and safeguards 
issues have only been partly resolvcd for plutonium and 235U. Dcpznding upon what is decided 
with the managemcnt of those matcrials, dccisions can then be made about the specific 233U- 
containing matcrials. For the purposes hercin, exception-case material includes materials not in 
the definition of wastes as described above and containing up to 12 wt % 233U (chemical dilution in 
n ~ n - ' ~ ~ U  containing matcrials). 

The upper limit of esception-case category is closc to the maximum concentration of fissile 
materials proposed for any waste for which safcguards and arms-control restrictions may be 
reduced. It is also a natural brcak point in the 233U inventory. There is little 233U-containing 
materials between the highest assay 233U frcsh fucl ( 12 wt % 233U02 in Tho,) and the inventories of 
nearly pure 233U fissile oxides or mixtures of 233U and "'11 

Concentrutedfissife mnleriaf. All other '"U matcrials (excluding SNF) are defined as 
concentrated fissile matcrial. These materials contain >12 nt % fissile material. 
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4.6.2 Disposal Options 

The existence of a waste threshold aIlows disposal of 233U as a waste if the concentration of w3U is 

suficiently low. There are two practical waste-threshold disposition options. 

4.6.2.1 Convert to Waste: Process with CH TRUW 

The 233U can be chemically diluted with other matcrials until the product meets &he classical definitions 

of waste. The diluent can be clean materials or other M'astes with low fissile content. This option is 

applicable to all 233U that is to be disposcd of and is describcd in Table 4.1 1 and Fig. 4.12. The practical 

option is to mix the 233U with TRUW (Fig. 4.12) and thcn disposed of in a WIPP type facility. This option 

is potentially attractive because of three factors: 

Treutmentprocess. Construction is beginning (DOE January 1999) on the Advanced Mixed 
Waste Treatment Facility (AMWTF) at INEEL to convert existing CH TRUW into a form that 
meets WIPP WAC. The planned treatmcnt process consists of several steps: (1) wastes are 
unloaded from the existing containers and sortcd into categories; (2) combustibles are incinerated; 
(3) large components are cut into pieces and placed in drums or other containers; (4) incinerator 
ash, liquids, and small particulatcs are mixcd with cement; and ( 5 )  the cement is placed into drums 
or other containers. Some of the drums and other containers will contain large components. In 
these cases, the cement is pourcd into the void spaces to make efficient use of drum volume. The 
solidified final product meets a11 WIPP WACS. 

This flowshcct can be modified for 233U disposition. Uranium 233U is ground to a coarse powder 
and added with DU oxides to thc cemcnt containing thc incincrator ash, liquids, and small 
particulates. The mixture is thcn poured into the wastc drums. The 233U grinding process would 
be similar to that dcscribed in Scct. 4.5 on dry blcnding except the particle size would be larger. 
This avoids the specific health and safety concerns associatcd with fine grinding of 233U. Several 
other methods to create a feed are potcntially possiblc. 

Inveplrory location. Thc LWBR 233U and a large fraction of DOE TRUW are stored in Idaho. The 
AMWTF is being built in Idaho. 

* TRUMrinventory. The inventory of TRUW allows dilution of the 233U to low concentrations 
without production of significant quantitics of addcd waste. Thc projected final CH-TRW 
processed-waste volume at INEEL is 36,530 m3, containing 720 kg of fissile material. This 
implies that the average CH-TRW drum will contain <4 g of fissile materials/55-gal drum. In 
theory, about 35 t of fissile materials could be addcd to the misting CH-TRUW inventory at 
NEEL while mecting the WIPP WAC limit of ~ 2 0 0  g fissile material/55-gal drum. The allowed 
3 5 t of fissile materia! that can be addcd to this wastc stream is more than an order of magnitude 
larger than the total quantity of 'j3U in thc inventory. 
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Fig. 4-12" Chemical waste threshold u3U disposition option: Coproeessing with CH T R W .  
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Nationwide, the current and f h r e  quantities of TRUW available for mixing with 233U are much 
larger. In theory, -300 additional tons of fissilc matcrial could be added to the existing and future 
inventory of TRUW (3 17,600 m3) ultimatcly requiring disposal in a WIPP-type facility without 
violating WIPP-type criticality limits of 200 gbj-gal drum. For most of this waste, no decisions 
have been made on where it will be processed. A significant fraction is likely to be processed in the 
INEEL facility. The legal agreements with the State of Idaho allow processing of TRUW from 
other sites providcd the processed TRUW is removcd from the state within a fixed time after 
entering the state. 

This variant is likely to be the lowcst-cost option for the disposal of LWBR 233U and a low-cost option 

for other 233U. It uses facilities that are under construction. Prcliminary evaluations indicate that this 

option does not significantly change those facilities and is unlikely to significantly impact the operating cost 

of those facilities. It does not significantly incrcase the numbcr of drums going to WIPP-type facilities. 

The CH TRUW uses most of the physical volume of a waste drum. The u3U uses excess fissile “capacity” 

of the waste drum, but very little of the volume of thc drum because of the high densities of uranium 

oxides. 

Thc option should allow disposition of 233U with highcr radiation limits. Processing of this material 

may require some modifications in proccss operations. To minimize radiation levcls, two actions can be 

taken. 

Dilution of2”U. The 233U with higher radiation levcls may require additional dilution with TRUW 
to control radiation levcls (see Appcndis A). 

Special plncernent of cement contninzng 233U. The option exists to preferentially place the TRUW 
cement containing 233U with highcr radiation levels in the center of waste drums and place TRUW 
cement with lower radiation levels near the outsidc of thc drum. In effect, low gamma-emitting 
wastes function as shielding for thc higher gamma-emitting wastes. 

It may be desirable to add DU with the 233U. Thcre are two benefits. It provides a higher assurance of 

criticality control and it makes recovcry of the 233U morc difficult. Methods for rccovery of uranium in low 

concentrations from cement would partially or h l l y  isotopically mix the 233U with the DU. These bcnefits 

are associated with clean and CEUSP 233U but may not exist for LWBR 233U. The unique chemical 

characteristics of the LWBR material would allow its separation from cement and DU. The bamer for 

LWBR z3U recovery must be the large-scalc dilution with TRUW. 

There are institutional uncertainties Can t\vo rnatcrials bc co-processed and sent to WIPP under the 

current regulatory and legal structures? The current lcgal and regulatory structure was not designed for 

this option and thus there are multiple ambiguitics that must bc addressed. 



4.6.2.2 Convert To Exception Case Material: Stand-Alone Disposal 

The LWBR u3U may be disposcd of as exception case material. DOE has recently developed a 

strategy for disposition of plutonium scrap and residue (Voorhcis April 2, 1998; DOE August 28, 1998). 

This material is the plutonium equivalent of 23TJ exception case material; thus, a similar strategy is 

potentially viable for 233U. It has bcen decided (DOE Fcbruary 1 1, 1999) to send most plutonium salts and 

other materials with plutonium conccntrations of <10 wt % plutonium to WIPP for disposal. The amount 

of plutonium per 55-gal drum is to be limited to 200 g (criticality limit). Certain other restrictions have 

been proposed on the quantities of plutonium in shipment and storage to address S&S contenis. In effect, 

the disposition decision for these matcrials requires that an intcrmcdiate level of requirements (between 

those for wastes and those for pure fissile matcrials) be tnct for disposal of plutonium scrap and residue 

that have plutonium concentrations in a range betwccn traditional radioactive wastes and concentrated 

fissile materials. 

A parallel approach is potentially applicable to the LWBR 233U inventory-with the final product sent 

to a 233U waste storage area or a WIPP-type repository. This exception-case material has a 233U 

concentration bctween fissile materials and 233U wastcs. It is not an option for other 233U in the inventory. 

The clean and CEUSP "'U would have to be dilutcd by a factor of 10 to meet the definition of exception- 

case material. However, DU is the logical dilution agent. If DU is used, the 233U becomes non-weapons- 

usable material by isotopic dilution and thc wastc thrcshold option is moot. The option i s  described in 

Table 4.11 and shown in Fig. 4.11. 

To implement this option, LWBR 233U would be packagcd in pipe containers with 1200 g of 233U per 

pipe container. One such containcr would be allowed pcr 55-gal drum. The waste may be managed the 

same way as CH TRUW. Each package contains ~ 2 0 0  g of essentially pure '33U02 mixed with Tho2. 
Because of the small quantities of 233U and the chemical dilution, the radiation levels from each package 

will be relatively low and the matcrial may be handled i n  the same way as CI-I TRUW. This would be 

parallel to the proposed approach to manage many plutonium rcsidues at Rocky Flats. 

The LWBR material contains from 1 to 12 'v\rt O/o 133U02 in Tho, vs <10 wt % plutonium in the pipe- 

and-go option at Rocky Flats. On a mass basis, 12 \\I % ''%O ? in ' IhO, is equal to 10.6 wt % 233U heavy 

metal. This small fraction of the LWBR inventory is ovcr the 10 \vi % limit used to define what plutonium 

fissile materials may be disposed of via this option. I-lowcvcr, the basis used to derive the 10 Mrt YO 
plutonium limit would allow a higher concentration of 233U in the fonn it is found in the LWBR inventory. 

The concentration limit for fissile matcrials using this option is imposed to minimize the risks of 
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unauthorized recovery of the fissile rnatcrials from wastes. The concentration limit is one of several 

mechanisms to accomplish this task. The other primary limit is that no drum may contain >200 g of fissile 

material. The 10 u?: % plutonium limit was approved for plutonium in salts (McCallum May 15, 1998; 

Huizenga August 17, 1998) based on estimates of the difficulty of recovery of plutonium from this matrix. 

The 233U in the LWBR material (with a masimum concentration of 10.6 wt % 233U02 in Tho,) is much 

more difficult to recover than 10 wt % plutonium from salts. I f  10 wt O/u plutonium in salt is acceptable, 

10.6 wt % 233U02 in Tho, should be able to mcet the same rcquiremcnts. 

This variant allows stand-alone disposition of the LWBR 233U independent of the AMWTF. The 

expectation is that this is potcntially the low-cost option for LWBR 133U disposition but not as inexpensive 

as mixing with CH T R W  in the AMWTF. A preliminary cstimatcd cost to transport and dispose of a 

drum of TRUW is -$8000/drum (Appendix D). With 350 kg of 33U, the costs would be the packaging 

costs plus -$14 million for transport and disposal. 

4.6.3 Special Issues with Waste Threshold Options 

There are several issues associatcd with the waste thrcshold option. 

0 There are disagreements within the technical and policy communities on the acceptable 
concentrations of fissile materials in wastes (Bum November 23, 1998; DOE November 1997). 
These disagreements arc based on two considerations: ( I )  what is the acceptable risk of theft of 
wastes containing higher conccntrations of fissile materials, and (2) what are the international 
implications to nonprolifcration policies if thc U.S. adopts a policy of allowing significant 
quantities of fissilc matcrials in thc waste? 

Does the United States want to establish a preccdent of converting a weapons-usable uranium 
isotope to a nonweapons-usablc material by any othcr method than isotopic dilution? 

These issues directly impact any pipe-and-go option. Thcy may or may not impact 233U disposition by 

mixing with CH TRUW. With suffkicnt chemical dilution, the Spent Fuel Standard can clearly be met. 

4.7 CAN-IN-CANISTER (DISPOSAL) 

The can-in-canistcr option is being devcloped to disposc of esccss plutonium. It is applicable for the 

disposition of excess 233U. This option consists of ( I )  convcrting plutonium oxides (or 233U oxides) into a 
ceramic form that is packagcd into small cans, (2) placing the cans inside cmpty HLW canisters, 

(3) pouring HLW glass into the HLW canisters, and (4) embedding the cans in the HLW glass. The 

ceramic composition includes large quantitics of ncutron poisons to assure criticality control. The ceramic 
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is a highly stable waste form capable of withstanding the high temperatures within the HLW glass 

vitrification process. Some of the plutonium contains I-IEU. It is currently planned that sufficient DU be 

added to the ceramic so that any HEU fed into the process would be converted to LEU. The same strategy 

would be used for 233U with the addition of sufficient DU to convert it to nonweapons-usable 233U. The 

option is summarized in Table 4.12, the option is shown in Fig. 4.13 and a drawing of the canister with 

minicans i s  shown in Fig. 4.14. 

The option is technically viable. Excess 'j3U and plutonium could be processed and disposed of 

simultaneously or separately in the same facilities. The plutonium immobilization program has chosen a 

ceramic that contains significant amounts of uranium. The uranium in the ceramic can be 233U, DU, or 

some combination. Thcre are, however, constraints. 

The proposed facilities for disposition of exccss plutoniuni arc being designed for CH glove-box-type 

operations-not remote operations. The plutonium fecd acccptance criteria for the plutonium 

immobilization option allows <0.5 wt  % 233U in any fced material to the facility (DOE December 1998e) or 

<1 ppm 232U in the r)33U feed material, This criteria is based on allowable radiation exposures to workers in 

the facilib. As a direct consequence, only the LWBR 233U could be processed by this option. The other 

233U materials could only be processed if the planncd plutonium immobilization facility was converted from 

a glovebos opcration to a hot cell operation. This would multiply the total facility costs by a factor of 2 or 

more and rcquirc additional years of equipmcnt dcvclopment. Consequently, it is not practical to process 

other 233U fceds in the proposed plutonium immobilization facility 

If the LWBR 233U was processed in the proposcd plutonium immobilization facility, there are two 

options: (1) coprocess with the plutonium or (2) process in a separate campaign after plutonium 

processing 

Coyrocessing. The LWBR 233U can be coprocesscd with the plutonium. The baseline plutonium 
ceramic (Ebbinghaus February 1999) has a composition o f  about 10 wt % CaO, 10.7 wt % HfD2, 
23.7 wt % U02, 11.9 w& % PuO,, 8.0 wt % Gd,03, and 35.9 wt % TiO,. The LWBR 233U 
contains -350 kg of 233U in the form of UO, and 14 tons of Tho?. In the proposed ceramic for 
plutonium immobilization, the Tho, can be used to replace some of the depleted UO, that i s  added 
to immobilize the plutonium. This has several advantages. First, <12 additional HLW canisters 
with immobilized ceramic cans would bc required if thoriurn can replace DU on a 1 for 1 basis. 
Second, no separate waste form requiring scparate tcsting and licensing for disposal is required. 
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Table 4.12. Summary: Can-in-canister 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
u3u 

Disposal site 

Criticality control strategy 

Technical description 

Assessmcnt 

Advantages 

Disadvantages 

Evaluation 

Disposal 

LWBR 

Isotopic dilution, radiation barrier 

YM-type rcpository 

Isotopic dilution, chemical neutron poisons 

Excess 233U, DU, and other neutron poisons are converted 
into a high-pcrfomance ceramic that is packaged in small 
cans The cans are placed inside empty HLW canisters 
and moltcn HLW glass is poured over the 
cans-incorporating the cans in HLW glass. This is the 
samc technology that is proposed for immobilization of 
plutonium. The option exists to coprocess the plutonium 
and 233U 

Tcchnically viable option using the technology being 
dcvelopcd for immobilization of excess plutonium. If the 
233U is coprocesscd with the plutonium, there are 
significant cost and institutional advantages. 

Becausc of thc radiation associated XLith the 233U, only the 
LWBR 233U could bc coproccssed with plutonium. 

Stand-alone options capable of processing all 233U 
(including 233U with high 232U levels) require modification 
of the DWPF (HLW glass plant) to handle radiation levels 
from "cnipty" HLW canisters with u3U cans. 

Thc option is potcntially viable for the LWBR 233U if the 
timing issues bctwecn the 233U and plutonium program can 
be resolved. 
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Fig. 4.13. Can-in-canister 233u disposition option. 
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Fig. 4.14. Can-in-canister for disposition of *3U or plutonium. 
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From the perspective of the plutonium immobilization program, there are advantages and 
disadvantages. The thorium would be cspected to (1) increase the difficulty of recovery of the 
plutonium from the ceramic and (2) improve waste form pcrformance because ThO, is significantly 
more inert than UO,. The replacement of the deplctcd UO, would reduce the available DU for 
long-term criticality control in the repository. 

Separate processing. With separate processing in the proposed plutonium immobilization facility, 
processing times would be significantly incrcascd because the 14 tons of Tho, in the LWBR 233U 
is an added fccd to be processed, not rcplaccmcnts for dcpleted UO,. With separate processing, a 
custom ceramic would need to bc devclopcd and qualified for this material. The quantity of waste 
to the repository would incrcase by at least one ordcr of magnitude. 

There is the option to create a stand-alone can-in-canister facility for 233U. The stand-alone option 

would be a remote-operated facility which would allow proccssing of any 333U with any level of 232U and 

any level of radiation. Such a facility would be similar to the previously described aqueous (Sect. 4.3) or 
dry-blend (Sect.4.5) options. The uranium would be isotopically diluted with DU and converted to an inert 

ceramic. Potential waste forms include UO, or a misture of U 0 2  and Tho,. The addition of Tho, would 

increase processing temperatures but produce a bcttcr waste form. The product would be put into rninicans 

that would than be placed into empty I-ILW canisters. HLW glass would be poured around the rninicans. 
The primary advantage of this option would bc to create an HLW (can-in-canister) glass form similar to 

that already accepted by the repositoq (Paperiello Januarp 25, 1999). 
There are complications with a stand-alone can-in-canistcr option in addition to the need for a separate 

RH processing facility. Significant modifications may be required to the DWPF-the HLW vitrification 
plant at SRS. The DWPF was designed on the assumption that the “empty” HLW canisters had low 

radiation levels and could be manually prepared and fcd into the plant. HLW canisters containing 
plutonium ccramic cans but no HLW glass have low radiation levels and match this facilities design basis 
None of the area? on the cold-side of the plant that handlc empty HLW canisters have appropriate radiation 

shielding for canisters with 233U containing significant quantitics of 232U and associated high-gamma 

radiation fields. These areas of the plant would have to be modified to allow transfer of canisters 

containing cans of 233U into the existing high-radiation arcas in the facility. 

The previous considerations indicate that the can-in-canister option is a potentially viable for the 
LWBR D3U; but, there are major difficulties in processing other ’33U in the inventory. 

4.8 RH TRUW PROCESSING (DISPOSAL) 

Uranium-233 could bc co-processed with DU and RH TRUW to produce a waste form acceptable for 

existing 233U waste storage facilities or a WIPP-type disposal facility If the appropriate processing 

technology is chosen, thc 233U would be isotopically dilutcd with DU. Because the handling requirements 
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for RH TRUW are similar to those required to handle 

expected to be abIe to process 233U with minimal modifications. The 233U has many of the characteristics of 
RH TRUW, and, historically, DOE has treated wastes with significant quantities of 233U as TRUW and 

much of this waste as RH TRU waste. A summary of the option is shown in Table 4.13. 

RH TRUW processing facilities would be 

Currently, no RH TRU waste processing facilities exist; however, DOE plans to build such facilities to 
process and package RH TRU into forms acceptable for WIPP. Most of the inventory of RH TRU waste 

(DOE December 1996) gencrated in the United States is at two sites, ORNL and Hanford. Most of the 
hture Rtl TRU waste will also be generated at these sites. Future facilities must ultimately be built at 
these sites. The final waste volumes would dcpend upon the specific processes that were chosen for 
processing and packaging RH TRU wastes 

4.S.l ORNL 

ORNL is considering several options for ncwly generatcd RH TRUW, including a small vitrification 

system for liquid wastes. Much of the newly gencrated RH TRUW at ORNL is liquid waste. If a small 
vitrification facility is built, the233U could be addcd to this waste stream with DU and co-processed with 

future RH TRU wastes (Fig. 4.15). 

One specific variant of this option deserves spccial notc: uranium can form part of the glass structure. 
This creates the possibility of using the uranium (DU and 233U) as a glass former to incorporate other 
wastes into the glass. If this can be accomplished, the volume of the waste taken up by the 233U would be 

reduced. The uranium would make up  part of the waste form, not jus t  the waste. However, the small, 

annual RH TRU cvastc generation ratc would Icad to a protractcd 233U disposal scenario. There are two 
uncertainties associatcd with this variant. The first uncertainty is the allowable loading of uranium in 
glass. Low waste loadings imply high waste volumcs and correspondingly high transpoh and disposal 

costs. The second uncertainty is whcther any facilitics will bc built that are compatible with disposition of 
233U. No decision date for treatment of these wastes has bccn announced 

4.8.2 Hanford 

DOE’S Hanford site in Washington statc has a largc inventory of solid RH TRUWs (no liquids). As 
part of the Triparty Agreement bctween DOE, EPA, and thc State of Washinson, a study will be initiated 

on methods to process this waste into a form acccptablc for shipment to WIPP. The study has not yet been 

initiatcd. It is to be complcted by June 1999 as Milcstone 99 of the Tripatty Agreement. The viability of 
using this facility for processing 233U dcpcnds upon both a dccision to build the facility and the technology 
chosen. If a technology such as plasma-torch processing is choscn for volume reduction, it would be 
applicable to 233U disposition. If thc facility IS only a rcpackaging facility, it would not be suitable for a 
233U disposition mission. 
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Table 4.13. Summary: Co-processing "'U with RH TRUW farms 
- 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
2 3 3 ~  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Disposal 

AI I 

Isotopic dilution 

WIPP-type repository 

Isotopic dilution 

U-233 is coprocessed with proposed RH TRUW 
processing facilities. Process depends upon the specific 
facility. 

Low cost 

The option dcpcnds upon future construction of RH 
TRUW proccssing facilities at cither OFWL or Hanford. 
No dccisions have been made as to whether such facilities 
should be built. 

Evaluation The option exists only if RH TRUW processing facilities 
are built and the technology for such facilities is suitable 
for 233U isotopic dilution with DU. No decisions are 
expected in the ncar-tcrm. 
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Fig. 4.15. Co-processing of liquid RH TRUW and "U for disposition in a WIPP-type repository. 
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4.9 CH TRUW PROCESSING (DISPOSAL) 

The United States is considering the building of one or more CH TRUW processing facilities to 

(1) convert untreated CH TRUW into treated CH TRUW suitable for disposal at WIPP and (2) reduce the 

volume and cost of waste transport and disposal. Some of the potential treatment technologies would allow 

simultaneous feeding of 233U, DU, and CH TRUW to the proccss wFith isotopic mixing of the 2331J and DU 

within the process. Not all treatment proccss are capable of achieving this objective. As a consequence, 

the viability of this option depcnds upon (1) a decision by DOE to build a CH TRUW treatment facility 

and (2) selection of a technology that assures isotopic mixing of 233U and DU. Table 4.14 sununarizes this 

option. 

A CH TRUW trcatment facility is being built at INEEL; howcvcr, the processes chosen for that facility 

are not capable of isotopically mixing 233U with DU (see Scct. 4.5, “Waste Threshold Options”). Decisions 

have yet to be made at a number of sites on whcther to build CH TRUW treatment facilities. 

An example of a CH TRUW treatment process that would be usable for disposition of 233U is the 

plasma torch process (Fig, 4.16). Pilot-plant espcrinients (S. D. Poling et al. March 9, 1994; R. L. Gillins 

and S. D. Poling, May 10, 1994; G. R. Hasscl, R. M. Gcimcr, J. A. Batdorf, and,G. L. Leathernian, 

May 10, 1994) have been conducted on this icchnology for CH TRUW treatment. In this process, the 

wastes are heated by a plasma torch to sufficicntly high tempcratures that organics are pyrolyzed and other 

wastes are converted to a glassy slag. A plasma torch hcats the wastcs. After the organics have been 

oxidized or pyrolyzcd and a slag has formed, thc slag flows through a hole at thc bottom of the hearth into 

a waste container. 

Isotopic dilution is assured by codissolution of the 333U and DU into the slag. The slag provides a good 

matrix to contain the 7-33U. Ilie dense slag also providcs significant radiation shielding against 232U decay 

product gamma radiation. There are sevcral unrcsolvcd issucs for this and other candidate process options: 

WIPP ncceprnnce. The plasma torch proccss can acccpt CH TRUW, but not high concentrations 
of uranium. Too much uranium would raisc thc mclting point of the slag until the molten slag 
could not flow into the WP. There are similar technical constraints with most other CH TRUW 
treatment options. This implies that such options would require spreading the 133U over a large 
number of WPs that also contain TRUW. Becausc of the large number of packages, it would not 
be dcsirable to add this material to existing 233U waste storage areas. It should be directly shipped 
to WIPP. WIPP is authorized to acccpt TRUW and TRUW containing 233U, but not 233U wastes. 
In this case, the processing option niiscs two prcviously separate streams. The regulatory status of 
such processed wastes must be clarificd. 
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Table 4.14. Summary: Convert 233U to CH TRUW form’ 

Application Disposal 

Acceptable 233U feeds LWBR, All? 

Method to convert to non-weapons-usable Isotopic dilution, chemical dilution 
233u 

Disposal site WIPP-type repository 

Criticality control strategy Isotopic dilution 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Excess 233U, DU, and CH TRUW are coprocessed into a 
processed CH final waste form. 

Potentially a low-cost option 

The option may increase radiation levels associated with 
CH TRUW. Radiation exposures probably limit option to 
LWBR ’33U unlcss other 233U is processed with large 
volumes of CH TRUW. 

The option co-mixes 233U and existing CH TRUW. There 
are uncertainties in whcther such material can be accepted 
by WIPP. 

Thc option exists only if CH TRUW processing facilities 
are built and the technology for such facilities is suitable 
for 233U isotopic dilution with DU. 

No decisions are expected in the near-term. 

“This option, when applied to LWBR 233U, can be considered a variant of the waste threshold option. 
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Fig. 4.16. Uranium-233 disposition by co-processing with CH TRUW. 
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Radiation exposure. Radiation levels are limited by dilution and self shielding. However, this 
option may increase total occupational exposure. The potential problems with radiation exposure 
are strongly dependent upon the 233U feed material. The L W R  233U has the lowest radiation 
lcvels, and, thus, would be the most acceptable feed. 

4.10 LWR FRESH FUEL (DISPOSAL) 

4.10.1 General Description 

One option for the disposition of z3U is to use it in the fabrication of LWR fuel and its subsequent 
irradiation in a commercial nuclear reactor. To effect this option, the surplus 233U would be biended with 
either DU or enriched, commercial-grade uranium to produce suitable fuel material. Table 4.15 

summarizes the option 
The blending of 233U-containing matcrials with DU (or enriched, commercial-grade uranium) is unique 

because of the unusual isotopes involved (most notably, 232U and 233U). The relatively small quantities of 
233U (as compared to the U.S. HEU invcntoq) would result in an expensive, special campaign. However, 

some of the L13U materials are similar to HEU 
reasonable to consider the inclusion of these materials in a special campaign that is being planned for some 
HEU materials 

they contain primarily 235U). As a result, it is 

One specific option examined in this section is the blending of the surplus 233U with DU and the 

surplus, off-spcc~fication HEU in storage at SRS, INEEL, and Y-12. This off-specification I-EU has a 

high isotopic content of 234U and 236U (McWhorter 1995). Once irradiated, fuel containing the surplus 233U 
would be destined for permanent disposal in the SNF repository. 

The donn-blending of HEU with DU results in a material with characteristics different from those of 

LEU produced directly through the enrichmcnt process. Most notably, this down-blended material will 
have a higher isotopic content of 234U than that of the LEU produced directly from enrichment. 

Additionally, the surplus. off-specification HEU has a high 'j6U content which will in turn results in a high 
236U content in thc LEU that is produced from this material. As a result, a special campaign is being 

planncd to down-blend the off-specification HEU to LEU. 

Three different sccnarios for the bicnding of the surplus 233U with off-specification HEU have been 
analyzed: (1) disposition of 233U that is in storage at the Y-12 facility in Oak Ridge, Tennessee; 
(2) disposition of the CEUSP 233U; and (3) disposition of the entire 233U inventory (i.e., all U3U-containing 
materials). The 233U in storage at Y-12 IS primarily HEU and is similar to the material. being considered for 
down-blending at SRS. The scenario for the CEUSP 233U provides an analysis of the worst (in t e r n  of 

232U content) material in the 233U invcntory. Finally, the scenario for the entire u3U inventory provides an 
upper-bound analysis for disposition of 233U with off-specification HEU. The results from these analyses 

are summarized in the following subsections. A schcrnatic of the gcneral option is shown in Fig. 4.17. 
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Table 4.15. Summary: Convert 233U to LWR fuel 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usablc 
2 3 3 u  

Disposal site 

Criticality control strategy 

Technical description 

Disposal 

Y-12 233u 
Isotopic dilution, radiation 

YM-type repository 

Isotopic dilution 

Excess 233U is dissolved in acid; purified; isotopically 
diluted with DU, natural or LEU; converted into UO, 
pellets; fabricated into fuel assemblies; and sent to power 
reactors as fresh he l .  The SNF is sent to the YMR. 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Clear path to final repository disposal 

Medical isotopes can be recovercd during the purification 
process. 

Except for the 'j3U stored at the Y-12 plant, this is an 
expcnsive option bccause existing fuel fabrication plants 
can not accept 233U due to the radiation levels. 

Thc Y-12 233U inventory consists of very pure 233U diluted 
with high-grade HEU. The radiation levels of this material 
are sufficicntly low that it could be fabricated into fuel in 
existing facilities. 

This is a potentially attractive disposition option for one 
small lot of 233U which could be processed in existing 
facilities. It is an expensive option for the remaining 233U 
bccause spccial fuel fabrication facilities would be 
required. 
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Fig. 4.17. Conversion of u3U to LWR fuel, irradiation, and disposal of the SNF in YM. 
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4.10.2 Past Experience 

The United States has experience in the manufacture and irradiation of 233U-based fuels. The 

Shippingport Atomic Power Station, located near Beaver, Pennsylvania, was the first large-scale central- 

station nuclear power plant in the United States. It was started up in 1957, was shut down in 1982, and 

was decommissioned over the ensuing few years (DOE July 1992). Shippingport was initially an enriched 

23SU-fUeled pressurized LWR, but it was converted in 1977 to an L W R  based on the 233U-thoriurn fuel 

cycle. 

To minimize the radiological dose to workers during Shippingport fuel fabrication, the 233U nitrate 

solution, processed at O W L ,  was purified by ion exchange to remove the 232U decay products and to 

provide a window of time during which the radiation field from the material produced was significantly 

reduced. The resulting solution was then convertcd to oxidc and shipped, not more than 1 week to 10 d 

following purification, to Bcttis Atomic Power Laboratory for fuel fabrication in a relatively low radiation 

field. It is noteworthy that the largest radiation exposurc of personnel under the Naval Reactors Program 

occurred in 1975. The combined cumulative dose to all navy program personnel was 15 times greater than 

the amount reported in 1994-primarily because of the fabrication of the LWBR core for Shippingport 

(Mangeno and Burrows March 1995). Some of the 233U in invcntory today is of better quality than the 

Shippingport material however, a significant quantity of the current inventory has higher ='U impurities 

and higher radiation levels than the material that was processed. The experience gained from handling 233U 

materials indicates that control of radiation doses is the major issue. 

4.10.3 Conversion of Off-Specification HEU and '"U to LWR Fuel 

DOE and the Tennessee Valley Authority (TVA) have signed a Memorandum of IJnderstanding 

(MOU) regarding the conversion of SRS off-specification HEU to commercial nuclcar reactor fuel. This 

MOU could lead to disposition of as much as 30 t of off-spccification HEU (Nuclear Fuel 

February 10, 1997; McWhorter April 29, 1997). Thc HEU will be diluted with natural uranium in order to 

meet TVA LEU specifications. 

It is anticipated that test fuel assemblies containing thc down-blended, off-specification HEU will be 

fabricated by the spring of 1999. These assemblics \vi11 be irradiated for about 6 months in a reactor and 

then removed for testing. The results of these tests will be uscd to obtain permission from the NRC to use 

the down-blended, off-specification HEU in TVA nuclcar rcactors (McWhorter April 15, 1997). 



The composition of the SRS HEU and that of the materials for the three scenarios studied are shown in 

Tabie 4.16. The SRS DU is -0.27 wt % 235U and -99.73 wt % ='U (McWhorter April 29, 1997). The 

SRS HEU will be down-blended with DU to obtain -4.9 wt % LEU. It is estimated that about 108 t of 

SRS DU will be required. The resulting composition of the SRS LEU is presented in Table 4.17. Also 

presented in Table 4.17 are the compositions for the three proposed blends of materials containing 233U 

(ix., Y-12 233U, CEUSP 233U, and all 233U-containing materials) and the SRS LEU. For blending the Y-12 

233U, no additional DU would be required. However, to maintain an enrichment of 4.9 wt %, for the 

examples of the CEUSP z3U and all 233U-containing materials, about 19.7 and 44.5 t of SRS DU would 

have to be added, respectively. In each of the scenarios analyzed, the fissile isotopes 233U and 235U are 
blended with the SRS LEU. Therefore, the enrichment is defined in terms of the equivalent 235U enrichment 

and is given by the following formula: 

massof *W + (g) (massof U ~ W  
totalmassof U 

Equivalent zj5U enrichment = x 100% . (4) 

This formula provides an estimate of the equivalent mass of "'U for the 233U present. 

In Table 4.18, the proposed blends are comparcd with American Society of Testing and Materials 

(ASTM) specifications. These specifications are industry standards used by LWR fuel fabricators and are 

used to address three primary issues: (1) neutronics, (2) alpha activity, and (3) gamma activity. 

4.10.3.1 Neutronics 

Uranium-236 is a neutron poisc-n, and the basis for i ts specification is rooted in neutronics 

considerations (Cagle June 24, 1997). The presence of 236U in a fuel (above the specification) would 

require a special analysis of the fuel performance. For each of the scenarios examined, the 236U content 

would be well above the specification. However, this off-specification condition is already being addressed 

by the SRS disposition program by its fabrication and testing of fuel assemblies for NRC approval. 

Additionally, the conccntration of u6U in the resulting LEU could be reduced by further blending the LEU 

with enriched, commercial-grade uranium. 
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Table 4.16. Composition of candidate materials for down-blending by mixing with SRS DU 

Composition (kg) 

Total U3U-containing 
Radionuclide SRS HEUnvb Y-12 233Uc CEUSP *33Uc,d 

2 3 2 ~  1.80 x 10" 4.80 x lo6 0.15 0.16 

0 0.8 101.1 789.2 2 3 3 ~  

2 3 4 ~  108 0.0 0.0 0.0 

2 3 5 ~  5,445 38.7 196.4 835.2 

2 3 6 ~  2,133 0.0 0.0 0.0 
238u 1.314 3.1 145.0 174.9 

Total U 9,000 42.6 1,042.6 1,799.5 

"McWhorter, D. L., April 15, 1991. Westinghouse Savannah Rver Company, Savannah River Site, 
Aiken, S.C., personal communication to A. S.  Icenhour, Lockheed Martin Energy Research Corp., 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

%is material also contains - 200 disintegrations pcr minute plutonium and 11 ppm q c .  
Torsberg, C. W. and A. M. Krichinsky, January 1998. Strrrtegv for the Future Use and Disposition 

of Uranium-233: Overview, ORNLRM-13550, Lockhccd Martin Energy Research Corp., Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 

%e CEUSP material contains -287 kg of cadiniuin. 
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Table 4.17. Composition of proposed blends 

Composition e) 
Blended SRS Blended SRS LEU and Blended SRS LEU and Blended SRS LEU and 

Radionuclide LEU" Y-12 2'3Ub CEUSP Z33Ur "W-containing materials" 

"'u 1.80 x lo-' 1.85 x lod 0.15 0.16 

T J  0 0.8 101 1 789.2 

mu 108 108 108 108 

TJ 5,737 5,775.7 6,586 6 6,692.4 

W 2,133 2,133 2,133 2,133 

u8v 109.100 109.103 1 128.891 8 153,654 8 

Total u 117,078 117,120.6 137,820.6 163,377.5 

"Obtained by blending 9,000 kg of SRS I-IEU with 108,078 kg of SRS DU 
'Obtained by blending the SRS LEU and the 42.6 kg of Y-12 I-EU. 
'Obtained by blending the SRS LEU, 1,042.6 kg of CEUSP HEU, and an additional 19,700 kg of SRS DU. 
'Obtained by blending the SRS LEU, 1,799.5 kg ofD3U-conta~ning materials, and an additional 43,500 kg of SRS DU. 

Table 4.18. Comparison of proposed blends with ASTM specifications 

Radionuclide Blended Blended SRS LEU Blended SRS LEU Blended SRS LEU and 
or quantity Specification" SRS LEU and Y-12 w3U and CEUSP ='U U-'U-containing materials 

?J 0.05 pg/g U 0.002 0.002 1.060 1.002 

'31U 2,000 pp/g U 922 922 784 66 1 

mu s5 w t %  4.90 4.93 4.90 4.90 

T J  250 p g l g  U 18,219 18,212 15,477 13,056 

Alpha activity'd 3,300 Bqkg 2 58 x I @  2.60 x 10' 132  x io9 2 71 x io9 

"'Standard Specification for Uranium Hesaflouride Eiuiched to Less Than 5% u5U," ASTM Standard C99G-96, American 

%eludes contnbution from 2)3U as equivalent ?.75U 
The alpha activity presented here is compared wth the specification for neptunium and plutonium (3,300 Bqkg U). For 

%e alpha activity for typical HEU is about 2 38 x IO9 Bqkg U, while it is about 2 68 x lo'* Bqkg Pu for WGP. 

Society for Testing and Matenals, West Conshohocken, Pcnnsylvanla, 1996. 

purposes of this comparison, the alpha activity IS cstimated from the amounts of =:U, p3U, and their daughters. 
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4.10.3.2 Alpha Activity 

The alpha activity spccification is dcsigned for thc radiological protection of workers, particularly 
during fuel fabrication. High levels of alpha activity would dictate special handling and protective 
requirements. The alpha activity specification presented in the ASTM Standard is based on the activity of 
neptunium and plutonium in the material For purposes of comparison, the alpha activity for the scenarios 

analyzed is estimated from the amounts of 232U, 233U, 234U, 236U, and their decay products. Because the 
alpha activity for the blended SRS LEU is significantly higher than the specification for normal LEU fuel 

fabrication, this high activity may dictate special handling requirements for the SRS LEU. The addition of 
the Y-12 233U to the SRS LEU increases the alpha activity only slightly, while the alpha activity is 
increased by about a factor of 5 with the addition of the CEUSP 233U and about a factor of 10 with the 

addition of all 233U-containing materials. The alpha activity varies with time, primarily because of the 
decay of 232U and the ingrowth of 232U daughters. For a material initially containing only 232U, the alpha 
activity will peak after about 10 years of decay. 

The alpha activity specification is for LEU LWR fix1 fabrication. It should be noted that the alpha 

activity for typical HEU is about 2.38 x lo9 Bqkg U (Duerkscn May 19. 1997) and is about 
2 68 x 10l2 Bqkg Pu for WGP (Albright, Bcrkhout, and Walker 1997). There is a large experience base at 
DOE facilities in handling both HEU and WGP In addition, thcre is a large experience base at commercial 
(i.e., NRC-licensed) facilities in handling HEU for 1J.S Navy rcactors and for research reactors. As a 

result, the high alpha activity estimated for the scenarios analyzed should not preclude the fabrication of 

LWR hel .  

4.10.3.3 Gamma Activity 

The gainma activity of a material is a concern with respect to radiological protection of personnel. A 
large gamma activity can result in significant radiation fields during all aspects of LWR fuel fabrication 

and handling before to loading thc fucl into a reactor. 

A unique feature of 233U is that it contains 232U. The '"U contaminant in 233U can result in a large 

gamma activity and dose. A daughter of 232U> "*'l-l, emits a 2.6 MeV gamma with a half-life of about 
3 min. Similar to the alpha activity, the gamma activity will pcak after about 10 years of decay. The 

concentration of the 232U dcterrnines the gamma activity and ultimately determines the potential dose to 
workers. The 232U content of the proposed blend of SRS LEU and Y-12 HEU would be well under the 
specification. However, for the CEUSP and all '"U-containing materials blends, the 232U specification 
would be exceeded. 
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4.10.4 Conclusions 

Of the three scenarios considered, only the Y-12 233U appears to be a viable candidate material for 

disposition with the SRS off-specification HEU as LWR fucl. The resulting blend would be almost 

indistinguishable from the proposed SRS LEU blcnd and should have no significant impact on operations 

because of its unique characteristics (Le., it is primarily HEU with a small amount of 232U and u3U). No 

legal barrier has been identified that would prevent thc blending of the Y-12 233U with the off-specification 

HEU and DU. 

For the CEUSP and all 233U-containing materials, the ASTM specifications are significantly exceeded 

for both 232U content and alpha activity. Hcnce, thcsc materials present a radiological problem for both 

gamma and alpha radiation that likely could not bc addrcsscd by the current plans for processing the off- 

specification HEU to LWR he1 Before thcir proccssing, thcsc materials could be purified by removing the 

232U decay products, thereby reducing radiation lcvcls and thus affording a window of opportunity for 

processing the 233U in a lower radiation field Howevcr. because the u2U decay products would build up 

rather rapidly, such an option would require close coordination and strict schedulcs. It is unlikely that it 

would be possible to purify the material (by removing 232U decay products), blend the resulting material 

with the off-specification HEU and DU, convcrt the blcnd to oxide, fiibricate pellets and bel, and install the 

fuel assembly in a reactor before the radiation lcvels increascd significantly Therefore, the CEUSP 233U 

and all z3U-containing materials are not viable options for blending with the SRS off-specification HEU. 

Furthermore, because of the high gamma radioactivity, it is likely (based on earlier experience) that only a 

custom-built, remote-operatcd, fuel-fabrication facility could convcrt these materials to LWR hel .  

4.11 DEEP BOREHOLE (DISPOSAL) 

This section describes the deep borehole conccpt for gcologic disposal of immobilized excess 233U- 

bearing material. It is summarized in Tabic 4.19 The conccpt is based on a method of direct geologic 

disposal. Most of the discussion prescnted about this concept is based on a documented analysis by 

Lawrence Livermore National Laboratory (LLNL) for thc disposition of WGP (Wijesinghe et al. 

August 23, 1996) and information provided by LLNL staff involved with that analysis 

(Halsey August 6, 1998; Wijesinghe August 5, 1998). 
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Table 4.19. Summary: Characteristics of deep borehole disposal 

Application Disposal 

Acceptable 233U- feeds All 

Method to convert to non-weapons- 
usable 233U 

Inunobilization and isolation in deep underground boreholes 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Deep underground boreholes in geologically stable rock. (One 
borehole may be enough for the disposition of all excess 
domestic '33U-bearing materials ) 

Chemical forni arid physical dilution 

Excess 233U-bearing materials are packaged in canistsrs and 
placed about 2 to 4 km down into an underground borehole dug 
into geologically stable rock formation. The emplaced 233U 
canisters are cemented in place, and then the isolation zone 
above the canisters in thc borehole shaft is filled with 
appropriate backfill materials to provide a significant transport 
barrier from the biosphere. 

USCS relatively few bulk processing steps 

Requires modcst transportation requirements 

Offcrs fewcr material accounting uncertainties and fewer 
opportunities for theft than other alternatives 

Providcs potentially permanent isolation from the biosphere 

One borehole could be enough for the disposition of all 233U- 
bearing materials declared cxccss. 

Could espcct only sinall amounts of water migration from a 
dccp-level emplacement rcgion 

Difticult for such a facility to gain public acceptance and 
obtain licensing approval because of perceived political 
sensitivities and problems in dealing with another federal 
geologic repository that \vould be following the W P P  and the 
YMR. 

Difficult to dcmonstrate subcriticality over geologic time 

Technically viable, but with major institutional problems 
Siting and liccnsing a new waste disposal facility has 
historically required a multidecade, multibillion dollar effort. 

Evaluation 
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4.11.1 General Description 

The dcep-borehole concept for geologic disposal of excess '33U-bearing material includes the 

ernplacement of the excess material into the lower part of one or more underground boreholes, each of 

which is drilled into a stable rock formation. The stability of the rock formation must be based on 

appropriate criteria that cover tectonic, hydrology, thermal, and geochemical characteristics. Application 

of deep boreholes as a disposition option for excess WGP was studied extensively by LLNL and is 

documented in Alrernatlve Technical Summary Report for Immobilized Disposition In Deep Boreholes, 

UCRL-LR-122736 Pijesinghe et ai. August 23, 1996). 

If the borehole disposition concept is adopted, 233U-bearing matcrials would be emplaced and sealed in 

a region of stable rock that lies 2 to 4 km below thc surface. This region is called the emplacement zone. 

A suitable rock identified for borehole emplacement is granite Following emplacement, the region above 

the disposed material. extending from the top of the emplaccmcnt zone to the ground surface (and called the 

isolation zone), i s  filled and sealed with appropriate backfill materials. The isolation zone provides a large 

transport barrier to any disposed material. 

As noted in the LLNL disposition study for WGP (Wijesinghe et al. August 23, 19961, the deep 

borehole-emplacement depths can be several thousands of metcrs greater than those of mined geologic 

repositories. At such depths, the groundwater is expectcd to bc rclatively stagnant and have temperatures 

of 75 to 150°C, pressures of 7,500 to 15,000 psi, and dissolvcd salt content of up to 40 wt %. 

Table 4.19 summanzes the major features of tlx decp borehole application for the disposition of 233U- 
bearing materials. Figure 4.18 shows the gcncral fcatures of the option. 

411.2 Waste Form and Site Characteristics 

Desired characteristics of waste forms suitable for immobilized disposition in deep boreholes include a 

stable solid form, high resistance to dissolution by subsurface brines, thermal stability, and compositional 

stability over the long periods of time. The host rock formation into which the excess material is buried 

should be a plutonic-metamorphic, crystalline rock ( e g .  granite) in a tectonically, hydrologically, 

thermally, and geochemically stable region (Wijesinghe et al. August 23, 1996). 
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Fig. 4.18. Borehole disposal of u3U. 
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4.1 1.3 Deep-Borehole Alternative Applications 

Two alternatives have been identified for the deep-borchole disposal option (Wijesinghe et. a1 
August 23, 1996): immobilizcd disposition and direct disposition. Process flow diagrams for these 

alternatives are given in Fig. 4.19. Both alternatives require the transport of excess materials for 

disposition to a facility for conversion and repackaging before these materials are transferred to the 
borehole facility for emplacement, sealing, and backfill. In thc immobilized disposition alternative, an 
additional step is included in the convcrsion phase to immobilize the material before borehole emplacement. 

The type of immobilization used would depend on the particular waste form and could include any (or a 

combination) of the following processes: grouting, encapsulation in ceramic pellets, or vitrification. 

Figure 4.20 illustrates the concept for the immobilized disposal of coated ceramic pellets in grout. For 
most of the domestic 233U inventory, littlc material convcrsion and some repackaging would be necessary. 
Consequently, the appropriate application of the deep borchole option for any excess "'U-bearing materials 

would be the direct disposition alternative. 

4.11.4 Issues 

An evaluation of the dcep-borehole option for plutonium disposition was made with other alternatives 

and documented b!. DOE'S Office of Arms Control and Nonproliferation in the report, FinaZ 

Nonproli feration and Arms Control Assessment of Wenpons- Usable Fissile Material Storage and Excess 

Plutonizim Dixposifion AIternatives, (DOE January 1997). Several major advantages and disadvantages of 

the deep-borchole option have been identified 

A major advantage of the borehole option is that the isolation zone provides a large transport barrier to 

any disposed matcrial For all practical purposes, this matcrial can be expected to remain permanently 
isolated from the biosphere. This feature assumes the availability and selection of a facility that is located 

in a geologically stable location which has stagnant groundwater at deep emplacement depths. The 
borehole option also uses relatively few processing steps in transforming the material into a form for 
disposition. Transportation requirements are also modest. The borehole option also has lower material 

accounting uncertainties and fewer opportunities for theft than other alternatives. 
Primary disadvantages of the dcep-borehole option are rclated to political sensitivities and public 

perception. The deep-borehole option requires thc availability and sclection of a hcility that is located in a 

very geologically stable location that has stagnant groundwatcr at deep emplacement depths. It may be 

difficult for a deep borehole facility to acquire public acccptance and obtain licensing approval because of 

problems in these areas experienced from licensing geologic repositories like WIPP and the YMR. 
A borehole facility for the disposition of '"U-bearing materials would be another federal waste geologic 
disposal facility that would require public review and approval for liccnsing. Another problem with the 

deep borehole option involves criticality verification. In the deep-borehole environment, it would be 
difficult to demonstrate or verify subcriticality of the disposed materials over geologic time. 
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4.11.5 Conclusions 

The deep-borehole concept is a technologically viable option. The drilling technology exists, and some 

existing sites could be modified and developed to support this option. A major incentive for the deep- 

borehole option is that it potentially provides permanent isolation of the disposed material from the 

biosphere. However, there are significant hurdles to clear regarding politics, public approval, and licensing 

before the deep borehole option could be irnplementcd for 233U-bea~ing materials. It is not a practical 

option for the small quantities of 233U. 

4.12 GREATER CONFINEMENT DISPOSAL (GCD) (DISPOSAL) 

The Nuclear Waste Policy Act (1982) and the Nuclear Waste Policy Amendments Act (1987) stipulate 

the requirements for disposing of radioactive wastes. HLWs are to be disposed of in a geologic repository 

(e.g., the proposed YM site). Many LLWs are suitable for near-surface disposal (e.g.. trenches at the 

facility in Barnwel13 South Carolina). However, some LLWs are not suitable for near-surface disposal 

(Le., the GTCC or special-case wastes). To provide more isolation of and protection from these wastes, 

they may be disposed of at depths that are intermediate between those of near-surface disposal and those of 

a geologic repositon.. GCD was implemcnted by DOE to provide an intermediate-depth disposal option. It 

is no longer uscd. It may be a potential future disposition option for 233U. Table 4.20 summarizes this 

option. 

The Ncvada Test Site (NTS) has, in thc past, opcratcd a GCD disposal facility. As discussed below, 

that facility is currently shut down. In addition, the NTS operates several large LLW burial sites. Among 

these sites are deep craters from nuclear wcapons tests that are beirig used as disposal sites. Some ofthese 

disposal sites have technical characteristics similar to a GCD disposal facility. The NTS does not 

necessarily cxclude the disposal of GTCC wastcs. In thc NTS wastc acceptance document (DOE 

September 1996), DOE states: 

“Disposition of commercial or DOE-generated waste dcsignated as Greater-than-Class C, as defined in 
lOCFR61.55, may be evaluated for disposal on a case-by-case basis depending on the site-specific 
waste classification limits. This review may involve considering non routine disposal operations @e., 
controlling depth of disposal, considering other waste forms and package integrity, limiting the other 
types of wastes disposed nearby) or the dcvclopmcnt of a specific radiological performance 
assessment.” 

Uranium-233 wastes could be classified as GTCC wastcs. However, it is noted that the NTS does not 

accept TRUW. While 233U is not legally defined as TRUW, it has many of the characteristics of TRUW. 
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Table 4.20. Summary: GCD of ='U 

Application Disposal 

Acceptable 233U feeds AI 1 

Method to convert to non-weapons-usable Isotopic dilution 
2 3 3 u  

Disposal site GCD facility 

Criticality control strategy Isotopic dilution, chemical dilution 

Technical description 

Assessment 

Advantages 

Disadvantages 

Excess 233U is isotopically diluted with DU and disposed of 
in intermediate depth boreholes. Any one of several 
technologies may be used to isotopically dilute 233U with 
DU. 

The construction costs for building a GCD facility should 
be less than for a repository. 

The single GCD facility (NTS) in the United States has 
becn shut down by the regulator. 

No pcrformance assessment (PA) has been done to 
detcrmine the capability of this disposal option for alpha 
wastcs including 233U. Long-term performance of such a 
disposal option i s  unknown. Major development work 
would bc required to develop the technology and address 
pcrformance unccrtainties. 

Evaluation Significant resources (time and money) would be required 
to determine if this is available option. There i s  no current 
or planned program to develop GCD site technology. A 
PA to determine if the single, existing, shutdown facility 
will require rcmediation will not be complete until €3' 
1999. No currently available data to indicate whether such 
a disposal site would be acceptable for 233U. 



114 

GCD was used at the NTS from 1983 through 1989 to dispose of wastes considered unsuitable for 
shallow land burial. The GCD disposal units (Fig.4.2 1) consist of 36-m deep, 3-m-dim boreholes that 

were drilled into the desert alluvium. The borcholes were unlined, except for the top 3 m of each, which 
was lined with a corrugated steel culvert. A borehole was filled with WPs to a depth of about 21 m. The 
remaining 15 m of the borehole were filled with native soil and a 1.8-m long concrete monument that 

indicated the location and contents of the borehole. These boreholes were initially used to dispose of 
TRUW, high-specific activity tritium waste, irradiated hel-rod cladding, and sealed sources. Wastes 
disposed of from September 1988 through 1989 contained only 3H and DU. Thirteen GCD boreholes have 

been prepared. The first borehole, known as the GCD test, was experimental. Seven boreholes were filled 

and closed, while three more have been partially filled. Thrce other boreholes are empty (Shott et al. 

June 1995). During operation, there were no specific WAC (as established by a PA) for the facility. 
Instead, worker protection requirements (e.g., radiation protection) served as disposal criteria (Cinanni 

September 22, 1997; Cochran September 22, 1997). 

In 1989, Nevada determined that the borcholes at the GCD facility were injection wells, which are 
prohibited by the state. Consequently, DOE suspended opcration of the facility and currently has no plans 

to resume operations (Ginanni Septcmber 22, 1997). In 1994, a preliminary PA of the 4 TRU-containing 
boreholes was prepared to evaluate any effects on the public and the environment that could result from 
leaving these wastes in place. The final PA for the 4 boreholes is to be issued during FY 1999 

(Cochran September 22: 1997). 
If GCD were to be considered for 233U disposition, the technology would have to be fully developed to 

meet current waste management requircments. Specifically, a dctailed PA is required. The PA is a 

methodology to predict the long-term perfomiancc of a disposal facility. If the predicted performance does 

not match requirements, the design must be altered until the requirements are met. Current information 

does not indicate whether a GCD facility such as the earlicr facility at Nevada would be acceptable for u3U 
or what the requirements are for a 233U waste form scnt to such a facility. Waste management requirements 

would likely include acceptable chemical form and require isotopic dilution to avoid criticality issues. In 
particular, recent NRC (June 1997) studies suggest the necd for isotopic dilution of any 233U sent to a GCD 
facility. The NRC analyzed the long-term potential for nuclear criticality at the Envirocare Site in Utah for 
disposal of certain radioactive wastes that contained small quantities of HEU. The Envirocare site is a 

shallow-land, dry, disposal site that is somewhat similar to the NTS. The results of that analysis indicated 
the potential for nuclear criticality due to gcochcrnical conccntration of enriched uranium. Isotopic dilution 
would be the only viable method for criticality control if such a facility had significant quantities of fissile 
uranium isotopes. 
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4.13 SPACE (DISPOSAL) 

Disposal of excess 233U-bearing materials in outer space is an option that potentially offers the goal of 
permanently isolating these materials from the earth’s environment. Table 4.21 and Fig. 4.22 summarize 

the option. The possibility of disposal of radioactive waste materials in outer space has been studied 
extensively by the National Aeronautics and Space Administration (NASA), DOE, and European sources 

(Cosman January 1985). 

Several evaluations have been made of space disposal o f  radioactive wastes, most notably those 
documented by Boeing Aerospace Company (RAC) (BAC 19810, 1981b, 1982a, 1982b) for NASA. 
These studies identified and examined all of the major areas associated with the space disposal concept, 
including mission and operations analysis and systems integration and evaluation and various options for 
space disposal destinations, space transportation, flight support systems, launch sites, launch vehicles, orbit 

transfer systems, payload protection, and payload rcscue techniques. 

4.13.1 General Description 

Space disposal of 233U-bearing materials, like space disposal for other radioactive waste, would involve 

disposal by means of space transportation, not necessarily disposal in outer space itself. Several options 
have been identified with this method of disposal, and thcy are dcscribed below. 

Disposal of 233U-bearing materials in space would necd to includc those activities previously idcntified 
for the space disposal of radioactive matcrials (Coopcrsmith August 1992): solidifjiing the material (if 

necessary); embedding the material in an explosion-proof dclivcrp vehicle; and launching that delivery 

vehicle into a designated orbit (earth, lunar, or solar). Diffcrcnt orbits are associated with several options 

for space disposal. 

4.13.2 Waste Form Characteristics 

Characteristics of waste forms suitable for space disposal have been identified and discussed in several 

sources (BAC 1982b, McCallum et al. January 1983, and Rice and Priest 1981). Waste forms suitable for 
space disposal should be based on chemical and physical compatibly with the required engineered 

protection systems. The major space disposal payload requirements identified for candidate radioactive 
wastes that also pertain to candidate 233U-bcaring materials include: 

Ease of fabrication into a dcsircd form 
Economics 
High thermal conductivity 
High waste material loading 
Nuclear criticality control 
Resistance to leaching, oxidation, and thermal shock 
Strength of material (Le., toughness cornpared with othcr waste forms) 
Strong thermochemical stability 
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Table 4.21. Summary: Space disposal 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
233 u 

Disposal site 

Criticality control stratcgy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Disposal 

AI 1 

Isolation in outcr space 

Outer space (beyond earth's atmosphere) 

Chemical form 

Excess '33U-bearing materials are packaged and placed 
into the cargo area of either a booster rocket or space 
shuttle for transport and disposition into outer space. Such 
materials would need to be solidified (if necessary) and 
cnibeddcd in an explosion-proof section of a delivery 
vehicle, which would be launched for disposition into a 
designated orbit (earth, lunar, or solar). The feasibility of 
this type of disposition is strongly depcndent upon the 
technical capabilities of NASA space program. 

Provides a mode of permanent disposition that includes 
complctc isolation from the earth's environment 

Uncertainty in the stability of disposal orbits 

Risk of relcasc of material to the atmosphere, either from a 
launch failure or a bad orbit, causing a potentially severe 
cnvironmcntal impact with possible international 
implications 

Restrictive launch characteristics: waste payload system, 
launch systcm and site, and required orbit transfer system 

High energy rcquirements and total costs for space 
missions 

Viablc only if there is significant incentive to use outer 
space for the disposition of other types of wastes as well as 
"3U-bcaring matcrials. Very high costs. Significant 
environmcntal, safety, and health (ES&H) questions about 
launch safety. 
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One candidate material form that has been identified for space disposal is cermet, a waste form in 

which ceramic particles are uniformly dispersed throughout a metal iron-nickel-copper based matrix. As 
discussed in Aaron, Quinby, and Kobisk 1979, advantages of cermet include high material loading, high 

thermal conductivity, good corrosion resistance, good leach resistance, high durability, and high mechanical 

strength. These features make cermet an attractive shipping form. A comparison of cermet with other 
waste forms is provided in Table 4.22 (RICC and Priest 1981). 

4.13.3 Space Disposal Options and Destinations 

Varied disposal concepts under the space disposal option include: 

- Disposal in the Van Allcn Belt around the earth by Dclta V rocket 
Disposal in high earth orbit by Delta V rocket 
Disposal by Space Shuttle in low earth orbit 

For some disposal schemes, several alternative propulsion systems have also been proposed: mass 
drivers, solar sailing, and solar-powered tlicrmionic propulsion (Cosman January 1 985). One destination 
that has been selected in studies (BAC 198 l b )  as a rcfcrence has been the 0.85 astronomical unit 
heliocentric orbit destination, which did not rcquire thc rcrnoval of the protective shield container. 

4.13.4 Issues 

As described in various sources (notably, Coopersmith August 1992), the benefits of such a disposal 

system include the obvious safe, permanent disposal of the matcrial. However, before this objective can be 
achieved, several concerns need to be addrcssed in the considcration of each space disposal option 
(Friedlander et al. 1991; Angelo and Budcn 1987, and BAC 1982b): 

* 

Rescue mission requiremcnts 

Stability of disposal or storage orbits 
Long-term risk of reentry of the material into earth’s atmosphere 
Establishment of a supporting technology infrastructure 
Launch characteristics: waste payload systcm, launch system and site, and required orbit transfer 
system 

Disposal of all radioactive wastes (especially SNF) in spacc is not practicable because of the high 
launch rate required, resulting environmental impacts, high energy requirements, and high costs (Rice and 
Priest 1981). A proper selection of a mix of radioactive wastes for space disposal involves consideration of 

both the technical and economic factors affected by the cncrgy requircments and total costs of the space 
mission(s). Technical factors considcred in the waste-mix payload selection affect launch rates and heat 

loads. These factors include: 



Table 4.22. Potential forms for nuclear waste in space disposal"b 

Sandia National 
ORNL ICPP glass Laboratory Borosilicate Metal matrix Hot-pressed 

Factor cermet ceramic titanate ceramic glass {coated particle) supercalcine 

High waste loading M M M L E H 

High thernial conductivity M E L L H L 

Resistance to thermal shock PI H H L H H 

Thermochemical stability 1450 1100 1100 1100 1000' 1100 

Resistance to leaching M M H H H H 

Toughness H M M L H M 

(fabrication ternperaturc), "C 

Applicability to commcrcial and defense M L 

Fabrication*of wastc into desired shape M L 

(Hanford) waste mixes 

and size 

L L H L 

L H M L 

Economics M M M H L M 

Resistance to oxidation L E1 H H L H 

'From Rice and Priest 198 1, 
'Potential is rated as H = high, M = modcrate, or L = low 
'Copper. 
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Specific activities (and half-lives) 
Material transport properties 
Potential biological effects 

Radionuclide composition and mass content 

A major issue with space disposal has been its difficulty in addressing concerns regarding a high (or at 

least significant) launch risk. The environmental impact of a hture launch failure like that of the 

1986 Challenger space shuttle disaster is potentially large, depcnding in large part upon the characteristics 

of the payload of radioactive material. 

4.13.5 Condusions 

To ensure success, a wide rangc of technical choices needs to be evaluated along with a combination of 

societal, economic, and political factors that must be addressed (Coopersmith August 1992). At best, most 

of the concepts considered will not represcnt viable alternatives to earth-based disposal until well into the 

twenty-first century (Cosman January 1985). 

Based on the economic and risk assessments madc in studies of the space disposal of radioactive wastes 

(notably, Rice, Denning, and Friedlander February 1982), in order for the space disposal option to be 

viable for 233U-bearing matcrials, it would nccd to be dcrnonstrated that the overall long-term risks 

associated uith this activity would be sigiificantly less than the long-term risk associated with any earth 

disposal of the current total 233U invcntory. In addition, the long-term risk benefit associated with the space 

disposal of 233U materiais must be achievcd within an acceptable short-term and overall program cost. 

A major incentive for space disposat (McCallum et al. January 1983) is that it offcrs a perception of 

reduced risks rather than an actual significant reduction. Incremental costs for treating, storing, and 

transporting radioactive wastes and "'U matcrials for space disposal are substantial. A likely space 

disposal scenario involving a payload of "'U-bearing materials would be one in which the 233U materials 

would be included in the payload along with other forms of radioactive m s t e  

Cost, schedule, and risk considerations eliminate this option as a viable option at the current time. 

4.14 SUBSEABED (DISPOSAL) 

Uranium-233 may be disposed of by converting it to a stable form and disposing of it under the ocean 

seabed. Placement under the ocean scabcd can be accomplishcd using a drill ship or by tunnelling from 

small oceanic islands. Table 4.23 summarizes this option. 
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Table 4.23. Summary: Subseabed disposal 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
2 3 3 u  

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Disposal 

,411 

Isotopic dilution andor geological isolation 

Subscabcd 

Isotopic dilution or geology 

Excess 'j3U is converted to a stable waste form and 
disposed of under the ocean seabed. 

Recovery of final 233U waste form would be a lengthy, 
costly, and visible to the international community. 

Creates thc option for an international repository for SNF 
with rcduccd proliferation risks from civilian nuclear 
powcr. 

Dcvelopmcnt of a site is a decade-long, multibillion dollar 
effort requiring significant international cooperation and 
support. 

The option i s  not viable for small quantities of materials 
such as 233U because of high development costs, long 
development timcs, and complex regulatory issues that 
must bc addrcsscd. 

This disposal option has been examincd by multiple international programs. The results of such 

studies are that there are major tcchnical (environmental) and long-term institutional (nonproliferation) 

advantages of such a n  option, but significant financial resources and multiple international agreements 

would be required to implement such an option. It is. thus, not a viable stand-alone option for the relatively 

small quantities of 233U. A further dcscription follows. 
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4.14.1 Engineering Description 

There are two variants for subseabed disposal (Organization for Economic Co-operation 
Development 1988; Forsbcrg January 1993). The first is direct emplacement of the packaged waste from a 

floating offshore platform into the clay layer on the ocean seabed (Fig. 4.23). This option involves the use 
of currcnt technologies for offshore drilling of oil. The second option is to construct a repository under a 

small oceanic island and under the nearby seabed. This option also includes the possibility of constructing 
a man-made island. The technology is well understood bccausc many conventional mines are constructed 

under lakes and the occan by contincntal seashores. Construction of an ocean island repository would be 
no different that construction of a conventional repository on land. 

For both variants there are the requirements that sites with stable geology and appropriate geological 
formations for waste isolation be selected. Therc is also a specific set of technical requirements for an 
ocean island rcpository including a groundwatcr level near sca levcl, an isolated site, and a site where there 

is significant ocean-water mixing. The basis for these requirements are discussed herein. Large islands 
(such as the island of Hawaii) would not mect these requirements and would not be considered ocean-island 

repositories because disposal of wastes on islands of such size as Hawaii is similar to disposal of wastes on 
continents. Most candidate ocean islands that mcct the requircments have land areas of only a few square 
kilometers Man? such islands are uninhabited because of the lack of fresh water. 

4.14.2 Performance Capabiiities 

The objective of any radioactive disposal site is to isolate radionuclides from man and the environment 

until the radionuclides decay to nonradioactive elcmcnts or to such low levcis of radioactivity that there is 
minimal risk to the public and environment. The espected failure mode of a rcpository is groundwater- 

leaching of the waste, movement of the groundwater to the opcn environment, and subsequent radioactive 
contamination of food or water. Conventional continental gcological repositories and subseabed 

repositories have many of the same fcatures to ensure waste isolation: ( 1 )  insoluble waste forms; (2) long- 
lived WPs; ( 3 )  deep underground burial [to prcvcnt radionuclide release by natural phenomenon (glaciers, 

erosion, etc.) and man-made conditions (tcrrorists, accidents, etc.)]; (4) radionuclide exchange with local 
rock; and ( 5 )  geology with low groundwater flow. 

The potential attraction of subseabed disposal it that the long-tcrm repository performance may be 
significantly bctter than can be achieved by other disposal options (Fig. 4.24). There is an important 

caveat. The most important parameter in  determining rcpository performance is the local site geology. A 
good site anywhere can provide high assurances of protection of public health and safety. The differences 

in long-term performance re dcscribed hcrcin. 
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Fig. 4.23. Subseabed disposal options. 
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4.14.2.1 Predictability 

The performance of a site is only as good as the capability to reliably predict performance. The ocean 
scabed and midocean islands have thc most predictable environments on earth. Ocean seabed is formed at 

midocean spreading centers by volcanic activity. The seabed moves from these midocean spreading centers 
to subduction zoiics located at the edge of continents. At the edge of the continents, the seabed is subducted 

into the earth's crust. The process requires tens of millions of years. 

Hot spots under the ocean scabed create volcanic islands such as Hawaii. Because of seabed 

spreading, the volcanic cones are carried by the ocean seabed into subduction zones. This results in chains 
of islands. For example, in the Hawaiian islands, the island of Hawaii is an active volcano. As one 

progresses northwest, the remaining islands are dead volcanos-each older and dead longer than the earlier 
island. The dead volcanos slowly sink into the ocean seabcd which results in each island becoming smaller 
with time. The Hawaiian chain is above the level of thc Pacific Ocean until it reaches Midway Island. 
Beyond Midway, the dead volcanos arc totally submerged and are called the Emperor Seamounds If one 

wants to predict how the island of Hawaii will look in x-million years, one examines an island or seamound 

that is x-million years old in the same island chain. The same is true of the oceanic crust. 

Because the ocean seabcd is under the ocean, changes in climate do not significantly impact subseabed 
conditions. This avoids the complications of predicting the cffccts of climate on a disposal site. 

4.14.2.2 Intrinsic Isolation 

Subseabed repositories have several mcchanisrns in addition to those of continental repositories that 

isolate radionuclides from the environment. 

The ocean reduces thc potential for radionuclide lcakage from a repository because of geohydrological 

factors. The long-term natural mechanism for repository radionuclide release is by groundwater moving 

through the repository and then being transported to the open cnvironrnent. There are two requirements for 
water movement: (1) a water-permeable rock (local geology) and (2) a hydraulic gradient to push the water 

through the rock from the waste form to the biosphere. The watcr table of the ocean and a small island is 
that of sea level; thus, there is little or no hydraulic gradient to move groundwater and any radionuclides 
dissolved in the groundwater. Groundwater moves on the continents because differences in land elevation 

above sea level create hydraulic gradicnts that cause watcr to flow to the sea. A waste disposal site, 
depending upon the local geology2 can also create a thermal hydraulic plume from radioactive decay heat; 
however, many WPs are designed to last bcyond the period of significant radioactive decay heat. The 
desirability of avoiding hydraulic gradients (hence, moving groundwater) is the basis for the island- 
repository requirement that the island have a groundwatcr table near sea-level. 
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The potential for human intrusion is significantly lower for island and subseabed sites. 

Resources. Ocean islands and thc ocean subseabed are made of basalt-the most common rock on 
this planet which covers >50% of the planet’s surface. Mineral deposits and oil are not found in 
this type of rock. In both environments, there is no fresh water, hence, no drilling for water. 

Accessibility. Small island repositories and subseabed sitcs are the most inaccessible locations on 
earth. Subseabed sites are accessible only with special deep-ocean capabilities. Small islands have 
no fresh water and requirc significant logistical support to conduct mining operations under such 
islands. 

4.14.2.3 Independent Isolation Mechanisms 

When very-high levels of safety or environmental protection are desired, a facility is designed (1) to 
minimize the possibility of failure and (2) to be fail safe. Fail safe, as an engineering concept, refers to 

designs that provide for the facility to converge to a safe state if unexpected failures or unfavorable 

conditions should occur. 

The fail-safe charactcristic of an ocean island or subseabcd repository is the protective mechanism of 
&luting any unplanned releases of radionuclidcs from thc repository by ocean dilution. This is the basis for 

the Ocean island and subseabed requirement to avoid sitcs with limited ocean mixing. This environmental 
protection mcchanism, which is unique to occan-based conccpts, is based on the observations that (1) the 
radioactive waste toxicity is small compared with the natural radioactive toxicity of the oceans and (2) very 

little of the natural or man-made radioactivity in the ocean reaches man via any pathway, and (3) ocean 

dilution usually reduces radiotoxity to biologically insignificant levels. 
The advantages of ocean dilution as an indcpcndcnt barricr for a repository have been explicitly noted 

by the National Acadcmy of Sciences (December 1983) and British Royal Commissions (September 1976). 

The benefits have also bcen theorctically quantified. The analysis (Cohen 1980) indicates that if 

radionuclides were uniformly distributed In the upper contincntal crust at repository depths, the fraction of 
radionuclides that would enter the human food chain each ycar would be between IO-” and IO-’*. For 
radionuctides dumped directly into the oceanLT1: the fraction of radionuclides that would enter the human food 

chain each year is between 1 O-’ and lo-’’. This type of gencric analysis indicates that ocean dilution as a 

barrier for radionuclide transport to man is within several orders of magnitude as good as continental 

geological disposal. The Ocean is an esecllcnt, independent, alternative mechanism, backup to either 

oceanic island or subseabed disposal. 

As an aside, it is noted that the natural radioactivity in the ocean exceeds all radioactivity generated by 
man. It is estimated that if world electrical dcmand doubles, all electricity is from nuclear power, nuclear 
process is used for 100 y [los GW (electric)-year of electricity is generated], and all radioactive wastes 
were dumped into the Ocean, the averagc radiation dosc to marine life would increase by <1% over natural 
background radiation levels. 
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4.14.3 Institutional Considerations 

There have been many multinational studies of off-shore repositories to address political, economic, 

and environmental issues. Such studies have considercd such repositories for national use, national 

repositories that accept foreign radioactive wastes, and international repositories. There are three major 

incentives to operate such a facility as an intcmational rcpository for all types of radioactive waste: 

Economics. A large repositov has economies of scale. It is particularly attractive for small 
countries to work together to minimize costs. 

Environmental. Different countries have different cnviroivnental standards. International 
repositories are expected to follow international standards that ensure high-levels of environmental 
protection. 

Political. An international repository can be used to fonvard nonproliferation goals by providing a 
location for disposal. of SNF or fissilc materials undcr appropriate safeguards (Weinberg 1985). 
This would be a large-scale implementation of the US. policy of accepting return of HEU SNF 
that was originally manufactured in the United Statcs as part of our non-proliferation goals. 
Return of small quantities of foreign SNF has bccn controversial. Off-shore repositories offer the 
possibility of large-scale international disposal of SNF. 

4.14.4 Issues 

From technical, economic, and nonprolifcration pcrspectives, there has been a continuous interest in 

ocean island and subseabed disposal. Howcver, politically thc option is difficult to implement. Several 

reasons havc been idcntified for this perspective. 

History. Nuclear weapons testing was conducted in the Pacific by several countries. This resulted 
in serious long-term contamination of several islands, dcaths of some fishermen, and created a 
large political legacy. 

Institutionof. If an international rcpository is to be built, major international institutions must be 
creatcd. This requires a major commitment by national leaders of multiple countries. 

Technical. The technical devclopmcnt rcquircrncnts for either an ocean island repository or a 
subseabed repository are significant. With the occan island repository option, there are significant 
siting constraints. For example, islands such as Bikini (a former test site) might be politically 
attractive, but they do not have acceptable gcological structures. Other islands that meet the 
technical requirements may be considered politically unacceptable. The technical basis has 
improved recently uith the French dccision.to declassib- geological data on their two Pacific island 
underground test sites (International Advisory Committee 1998). These reports provide detailed 
data applicable to most Pacific islands. 
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4.15 DISPOSAL AS SNF (DISPOSAL) 

The United States is formulating policcs for the disposal of research reactor and other misccllaneous 

SNF. Much of this fuel contains HEU. Some of this fuel has very low bumup with low associated 
radiation fields. The CEUSP and some of the clean 233U have higher radiation levels than does this SNF. 
The LWBR '233U consists of unirradiated fucl assemblies, fuel rods, and pellets. It has the chemical and 

mechanical characteristics of nuclear fucl These considcrations raise the question of whether the material 

could be disposed of as SNF. Figure 4.25 and Table 4.24 summarize this option. 
SRS is responsible for managing aluminum-clad misccllaneous SNF; INEEL is responsible for 

managing other miscellaneous SNF. A draft EIS (DOE December 1998) is being issued on long-term 
management options for aluminum-clad SNF-including low-burnup HEU SNF. Options that are being 

evaluated include direct disposal, aluminum melt-dilute (see Sect. 4.2.2), and aqueous processing. Some of 
these options involve isotopic dilution of thc HEU with DU to convert the HEU to non-weapons-usable 
LEU. Other options, such as direct disposal, do not require convcrsion of weapons-usable material to a 

non-weapons-usable form. A dccision on the prcfcrred managcment option is expected in FY 1999. If 
direct disposal of HEU SNF is chosen, this becomes a potcntial option for some 233U materials. If direct 
disposition is not chosen, the option may or may not bc viable-depending upon whether a major problem 
with this option has becn identified. If the option is considcrcd viable for HEU SNF but is not chosen, 

costs to develop the option for 233U will be much higher since the technology is not being developed for both 

HEU SNF and 233U. 

DOE is considcring direct disposal of thc LWBR irradiatcd SNF. The baseline option for this and 

other miscellaneous SNF is codisposal in a repository WP containing five canisters of HLW glass. 
Repository criticality safety issues are associatcd with disposal of this SNF. It is proposed to address these 

issues by limiting the amount of SNF per WP by including it in a package containing HLW but no other 
SNF (SNF Task Team Report March 1997). In the case of the LWBR SNF, a WP could contain up to 

(1) one 233U LWBR blanket SNF assembly with 1 1.8 kg of 233U before irradiation or (2) one 233U standard 

LWBR SNF assembly with 2 1 kg of 233U bcfore irradiation. Detailed repository criticality analysis has not 
been done; thus, it is uncertain whether these quantitics of material are acceptable. If unirradiated 233U 
were to be disposed of, a similar approach would likcly bc adopted. 

For disposal of separated 233U, there arc several issucs. 

The repository criticality issue has not been addressed for the LWBR SNF; hence, it is uncertain 
whethcr this material is acceptablc for the repository. Because this SNF will be in storage for 
many decades, there is not an immediate need to address this issue. 
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Fig. 4.25. Co-disposal of 253U (defined as SNF') with HLW. 
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Table 4.24. Summary: Dispose as SNF 

Application 

Acceptable u3U feeds 

Disposal 

AI1 

Method to convert to non-weapons-usable Isolation in geological repository 
233u 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

YM-type repository 

Package mass limit 

Excess 233U is managed as HEU SNF by placing the 
matcrial in special packages and then placing the packages 
into a WP containing multiple HLW canisters. 

Dcfined path to final repository. 

, The 233U does not meet the conventional definition of SNF. 

Thc option may not meet the Spent Fuel Standard 

Major policy questions must be addressed. It is a lowcost 
option if DOE’S SNF program adopts this strategy for 
dimosal of miscellaneous SNF. 

The LWBR 33U is not technically SNF. It has not becn irradiatcd in a reactor. The legal status of 
treating the material as SNF is unclear. Likc plutonium, it is a product of irradiation of targets 
with neutrons in nuclear reactors. Any determination on whether plutonium or 233U could be 
considered SNF would be applicable to both. This has important implications for 233U and 
plutonium because there are multiple regulatory requircments for managing SNF. 

Decisions on disposal of miscellaneous SNF in FY 1999 will likely determine whether this is a viable 

The 233U may not meet the SNF standard (see Scct. 4.6, “Waste Threshold Option”). 

option for any u3U. This IS an expensive option to develop for a small quantity of material. 
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4.16 SHALLOW-LAND BURIAL (DISPOSAL) 

Shallow-land disposal is disposal of wastcs in a near-surface structure or trench. It is used to dispose 

of low-level radioactive wastes, municipal wastes, and some hazardous wastes. A characteristic of most 

LLW that may be disposed of in such facilities is that most LLW becomes nonradioactive in a relatively 

short time period. Waste isolation is required only for a limited time period. The quantities of long-lived 

radionuclides allowed in a shallow-land disposal site are typically limited to <lo0 nC;/g. 
The radiation characteristics of 233U are similar to those of TRU elements such as plutonium. The 

primary hazard is from alpha radiation. The United States requires geological disposal of wastes 

containing significant quantities of plutonium to minimize the risks from alpha radiation. By definition, 

plutonium wastes containing in excess of 100 nCi of plutonium pcr gram (about 1 ppm) require geological 
disposal. If the alpha activity is lower, shallow land disposal as LLW is acceptable. Based on health- 

physics considerations, a similar policy would be expcctcd for 233U. A 233U disposition option based on this 

assumption i s  shown in Table 4.25 and Fig. 4.26. 

Table 4.25. Summary: Shallow-land disposal as LLW 

Application 

Acceptable 233U feeds 

Method to convert to non-weapons-usable 
?33u 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantages 

Disadvantages 

Evaluation 

Disposal 

All 

Chemical dilution 

Shallow-land disposal 

Isotopic dilution and chemical dilution 

Excess 233U is diluted by a factor of 100,000 with inert 
materials, DU is added, and the mixture is disposed of as 
LLW in a shallow-land disposal site. 

Mects the Spcnt Fucl Standard 

High costs are associated with processing and there are 
significant uncertaintics on how it would be done. 

Significant institutional questions on the acceptability of 
dilution as a mcthod to change the classification of a waste 
form. 

Thcrc are major institutional issues with this option 
compared to most other disposition options. 
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Fig. 4.26. Disposition of w3U by dilution to LLW (400 nCi/g) with shallow-land diwosd. 
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The specific activity of'j3LT is 9.6 x IO6 nCi/g. To dilute 233U to alpha-radiation levels allowed in 

shallow-land disposal facilities, the 233U would have to be diluted by about a factor of 100,000. Assuming 

that the soil density is 2 g/cm3, the waste volume would bc -50,000 L k g  of 233U. 
Diluting 233U with large quantities of other materials would be a significant engineering task; however, 

the difficulty of large-scale mixing operations and the large quantities of diluent required suggest that the 

diluted u3U would meet the Spent Fuel Standard. Bascd on recent analysis of shallow-land burial grounds 

by the NRC (Toran et ai. June 1997j, DU would need to be addcd to the waste for criticality control. It 

would probably not be necessary to isotopically mix the 233U with the DU. The different uranium isotopes 

could be physically mixed with the solidification agent. The natural mechanisms of uranium dissolution 

and transport would be expected to isotopically mix thc uranium isotopes over time 

Several factors suggest that this option would be espensive and difficult to implement compared to 

other 233U disposition options. 

Dejnition of acceptable 'j3U concentrations in LL W. The dividing line on the allowable content 
of alpha-emitting radionuclides in LLW to be disposcd of in a shallow-land burial ground was 
developed for plutonium. Uranium-233 was not considered when this dividing line was 
established. Uranium in oxidizing environmcnts, as is often found in shallow-land disposal sites, is 
more mobile than plutonium in groundwater. If large quantities of 233U were to be disposed of, an 
evaluation of the acceptability to dispose of LLW containing <lo0 nCdg would be required. There 
i s  a potential that the allowable concentration of "31J acceptable for shallow-land burial would be 
lower. 

Dilztrion as a waste rrinnagement strategy. Dilution of radioactive waste to change the waste 
classification and allow shallow-land disposal is restricted unless thcre are special conditions. Any 
decision on 233U could have a large institutional and economic implications for the disposal of 
TRUW since there are large quantities of TRUW with somcwhat >lo0 nCi/g of TRU elements. 
Consequently, addressing the institutional issues with this option would be complex. 

Economics. The option has high processing and potcntially high transporl and disposal costs. 
This is a direct result of the large final waste volumcs. The costs of shallow-land disposal is 
strongly dependent on the site. Currcntly, the NTS acccpts wastes with characteristics that are 
closest to 23% (bomb debris) and that have low disposal costs. For this favorable site, the cost is 
$265/m3 ($7.50/ft3). This implies 233U disposal costs in excess of $13 x 106/ton of 233U. 

4.17 ELECTROMETALLURGICAL PROCESSING (STORAGE AND DISPOSAL) 

Uranium-233 may be down-blended with DU using an electrometallurgical process to produce a 

uranium metal form for (a) disposal at a YM-type or WIPP-tjpe rcpository or (b) a long-term storage. 

Table 4.26 summarizes the option. Figure 4.27 shows the process 
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Table 4.26. Summary: Electrometallurgical process 

Application 

Acceptable u3U feeds 

Method to convert to non-weapons-usable 
u3u 

Disposal site 

Criticality control strategy 

Technical description 

Assessment 

Advantases 

Disadvanbges 

Evaluation 

Storage, disposal 

LWBR, Clean, CEUSP 

Isotopic dilution of 233U 

YM- or WIPP-type repository 

Isotopic dilution 

233U oxides converted to metal with lithium. u3U and DU 
mctal dissolved in molten salt. Uranium metal 
elcctroplated on cathode as final product for storage and 
disposal. 

May use partly completed facility at Argonne National 
Laboratory (ANL) (West) 

It is unknown if the product (metallic uranium) can meet 
repository WACS. 

Complcx process 

A version of the process is under development to process 
SNF wvhcrc the uranium is recovered for reuse. There are 
major technical and institutional uncertainties on whether 
the process is viable for 233U where the waste form is 
uranium metal 
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The original process was developcd at ANL to recycle uranium and actinides from sodium-bonded, 

breeder reactor, SNF into new nuclear fuel. In the eicctrometallurgical process, mctallic SNF i s  dissolved 

in a molten lithium-chloride-potassiumchloride (LiCI-KCI) salt solution. Uranium metal is recovered 

from this molten salt by electrolysis for eventual refabrication into fuel for recycling back into the reactor. 

The process is currently being investigated for another use-processing certain DOE SNF (National 

Research Council 1998) into waste forms acceptable for disposal in a YM-type repository. The uranium 

from the SNF is recovered for future use while the fission products and actinides are converted into 

acceptable repository waste forms. For this application, the 235U is to be down-blended with DU in the 

process to produce LEU as a waste or storage form. 

For down-blending of u3U, the 233U and DU mctal would be dissolved in the molten salt and then the 

233U and the DU would be codeposited on the cathode in an clcctrolytic cell as uranium metal. The uranium 

metal would be the final product for storage or disposal as a waste form. 

The electrometallurgical process is based on the dissolution of the elemental (metal) actinide fiels in 

LiC1-KC1 molten salt. For those fecd matcrials that are not clemental (metallic) uranium, a front-end 

process must be used to reduce the actinide compounds in the he1 material to the elemental state which can 

then be dissolved in the molten salt. This requires additional front-end processing for essentially all the 

233U in the inventory: 

Clean and CEUSP 233U. The clean and CEUSP 333U are in the form of uranium oxides. These 
forms would be processed using the same methods developed for oxide SNF. Typically, for oxide 
fuels, elemental lithium is used as the reductant to convcrt the uranium oxide to uranium metal. 
The oxidized lithium is then converted back to the elcmcntal state for use in the next reduction 
cycle. Stainless steel and Zircaloy cladding are not dissolved by this process. The fuel is chopped 
so that the fuel meat can be leachcd from thc Zircaloy or stainless steel hulls by the molten salt. 
The hulls are then managed as solid, LLW and discarded. 

LWBR ’33U. This material is in the form of a high-fircd U-Th oxide. It is proposed 
(J. Laidler March 5 ,  1999) that LWBR hc l  could be processcd by chopping the he1 rods to expose 
the pellets, grinding the pellcts to submicron sizc to make it more reactive with the elemental 
lithium, reducing the uranium and thorium osidcs with lithium metal to the elemental state, and 
then dissolving the uranium and thorium in the molten salt misture. 

With current technology, it is estimated that - 1 kg/d of uranium could be processed. Some 
laboratory-scale experiments have demonstratcd processing “low-fired” U-Th oxide ceramics. 
Questions still must be resolved as to whether the proccss could, in a reasonable time, convert the 
“high-fired” ceramics from the LWBR 233U osidcs to metal. It has been dcmonstrated that the 
uranium could be separated from thc thorium in the clectrolytic cell by adjusting the electrolytic- 
cell deposition conditions. 
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This process is probably capable of treating the 233U inventory, including the LWBR 233U. However, 

there are technical uncertainties that would strongly impact economics. There have been no full system 

tests processing high-fired ceramic fuel pellets. The process is complex compared to most other alternative 

processes for down-blending 233U. 
Moreover, there are significant uncertainties if the uranium product is to be a waste. In all other uses 

of this technology, the uranium i s  a product for reuse. No testing of such a uranium-metal waste form for a 

YM-type repository has occurred. It is an unusual waste form For the CEUSP 233U, which contains 

cadmium, it is unclear whether the final product would be acceptable to a YM-type repository which 

prohibits chemically hazardous waste forms. It is unknowm too, if *2% (the isotope with potentially 

useful medical applications) could be recovercd during processing of the clean or CEUSP 233U. Uranium 

metal is allowed as a storagc form although U,O, is prcfcrrcd because it is less chemically reactive. 



5. CONCLUSIONS 

Alternative storage and disposition options have been identified and described. Each option has 
different technical, institutional, schedule, and economic characteristics. All of the storage and disposal 
options could be implemented; however, the resources (financial, technical, time, and institutional) to 

implement the different options vary by orders of magnitude. 

5.1 SPECIAL CHARACTERISTICS OF 233U 

There are several important caveats when considcring 233U storage and disposal options. 

Characteristics. Uranium-233 has fundamentally different characteristics than HEU and 
plutonium. With modem ES&H requirements, most of the 233U will require hot-cell processing 
because of the buildup of 232U decay products that emit high-energy gamma rays. Storage and 
disposition options suitable for HEU or plutonium are not necessarily suitable for 233U. 

QuuntTties. The quantities of 233U are small compared to HEU and plutonium. In total, there is 
<2 t of uranium in somewhat <20 t of material. 

Categories. Thcre are three categories of 'j3U with fundamentally different characteristics: clean, 
CEUSP, and LWBR 233U. Many storage and disposal options are only viable for one or more 
categories. 

Instrtufronal constraints. There are a set of unique institutional issues associated with 'j3U 
disposition options because 733U is the orphan fissile material. Much of the institutional structure 
that exists for HEU and plutonium does not exist for 233U. Th' IS includes . such items as a lack of an 
official dcfinition of weapons-usable 233U to constraints on disposal sites because enabling 
legislation did not consider the existence of ?j3U materials or wastes. 

Criticality control srmlegy. Criticality control strongly influcnces costs and feasibility of various 
disposition options. In many cases, adding additional DU to minimize nuclear criticality 
constraints minimizes costs by minimizing waste volumes. 

5.2 STORAGE AND PROCESSING OPTIONS 

There are three storage strategies: (1) store as weapons-usable material for future use, (2) store as 
non-weapons-usable matcrial for future use, and (3) store for future waste disposal. Weapons-usable 233U 
must be stored in a Category I facility to prcvent potential theft of material. If the 233U is to be stored as 
non-wcapons-usable material for future use, it must bc isotopically diluted to <12 wt % u3U in 238U. 
Isotopically diluted material may be storcd in facilities with industrial-type security. If the "'U is to be 
stored as a waste, it should be isotopically diluted to 0.66 ~t % 3%J in 3xU to convert it to non-weapons- 
usable material and minimize the potcntial for nuclear criticality. This material may be stored in existing 
233U waste storage areas with ultimate disposal in a WIPP-type geological repository. . 

139 
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Five technologies have been identified for isotopically diluting 2331J with DU. Two processes have been 

used on a large-scale: (1) aqueous dissolution and (2) dry blend with sintering. Three processes have been 
demonstrated in the laboratory using uranium, but not on an industrial scale: hsion melt, uranium- 
aluminum alloy, and electrometallurgical. The borate fusion melt process may be the lowest cost process 

to isotopically dilute 233U with DU-if this is the only goal. The uranium-aluminum process can not handle 
LWBR 233U because this 233U contains large quantities of Tho, which is incompatible with the process. 

5.3 DISPOSAL OPTIONS 

Seventeen disposal options were identified. Each of the disposal options has different characteristics: 

The HLW option has the fewest institutional constraints of any option. The disposal costs of the 
LWBR 233U may be high due to complications from the thorium in this feed material. 

The uranium-aluminum melt blend options dcpcnd upon successful development of the technology 
for treating aluminum-clad SNF. The option can not process LWBR 233U. 

The aqueous process option is the only fully demonstrated process, is the most versatile option 
which allows for the recovery of spccial isotopes, and can produce multiple waste forms that are 
acceptable for disposal in a YM- or WIPP-type disposal facility. There are cost uncertainties. 

The borate-fusion melt option is probably the lowest-cost option for isotopically diluting 233U, but 
there are technical uncertainties that could impact costs as well as institutional issues associated 
with disposal. It is also a potential pretreatment option to place 233U in HLW tanks. 

The grind, dry-blend, and sinter option is potcntially a lower cost option. 

The waste threshold option is probably the lowcst-cost disposal option for the LWBK 233U and a 
low-cost option for othcr 233U. There arc policy issues associated with this option. 

The can-in-canister option is conccptually identical to the can-in-canister plutonium disposition 
option. Because of the radiation levcls associatcd with the 233U, the plutonium facility could only 
process the LWBR 233U. 

The RH TRUW processing option is potcntially attractive if DOE builds an appropriate RH 
TRUW facility. No such facility is planncd in the ncar tern. 

The CH TRUW processing option is potentially attractive if DOE builds an appropriate CH 
TRUW facility. No such facility is planned in the ncar term. 

The LWR &el option for 233U has been dcmonstratcd in the past. Because of the radiation levels of 
this feed material, existing fuel fabrication facilities can not process 233U. A new custom-built 
facility would be needed. This would include hot-ccll handling facilities. It is an expensive option. 
There is one exception to this conclusion. The Y-12 233U is HEU with small quantities of high- 
purity 233U. It may be convertible into LWR frcsh f u d  without special facilities. 
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The borehole-disposal option is identical to that proposed and then dropped for disposal of 
plutonium. The 233U variant has the same advantages and disadvantages as the plutonium borehole 
option. It is a long-term and expensive option if used to dispose of a single waste. 

The GCD option is highly uncertain. It is unclear whether this option can meet current 
environmental requirements for disposal of long-lived radioactive materials. 

The space-disposal option has a very high cost and would require many years to develop. There 
are serious questions about rocket-launch safety. 

The subseabed disposal option is environmentally attractive, but it is a long-term and an expensive 
option if used to dispose of a single waste. 

Direct disposal of 233U as SNF is potentially a low-cost option; but, there are questions whether 
this option mects the Spent Fuel Standard. Only the LWBR 233U is a potential candidate for this 
disposal option. 

- Disposal of 333U as LLW (after dilution by a factor of 100,000) has major technical, cost, and 
institutional barriers. 

Processing and disposal of the 233U elcctromctallurgical process is complex. It is unclear whether 
the final product is acceptable for YM-type repository disposal. 

For all disposal options, there are multiple regulatory and other institutional issues that must be 

addressed Those disposal options that coprocess 733U with other waste forms have the fewest regulatory 

uncertainties These include HLW glass disposal, the uranium-aluminum melt-dilute options, and can-in- 

canister 
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The radiation levels from '-33U determine (1) many of the facility requirements for its processing, (2) its 

transport requirements, and (3) the waste-handling requirements of any 233U product. For example, if the 
233U is classified as TRUW, it may be either CH or RI-I waste depending upon the external radiation levels. 
For TRUW and most other wastes, the dividing line between CH and R H  is 200 m r e d  at the surface of 

the container. The radiation levels from 233U, as discussed in Sect. 2, depend upon (1) the impurities in 
t33U, particularly 232U and its decay products; (2) the age of the 233U since the gamma-emitting decay 

products have been removed from the 233U and 232U impurity; and (3) other materials that the 233U is mixed 
with. This appendix provides some additional information on expected radiation levels, 

A set of calculations was made to determine the radiation dose from a 53-gal (208-L) drum near the 

surface of the drum. Radiation doses were calculated 1 cm from the drum as an approximation for surface 
measukments on the drum (minimize numerical instabilities in radiation calculations). The following 
assumptions were used. 

Uranium-233 impurity level. The 433U was assurncd to have 100 ppm 232U. The 233U inventory 
has materials with 232U concentrations from a few ppm to somewhat >IO0 pprn. 

Uranium-232 age. The primary radiation from 'j3U in storage is from the u2U decay product, 
"'Tl. This decay product emits a 2.6-MeV gamma ray. If the uranium has been purified, the "'Tl 
builds up over time and then decays as the 232U decays. The time of maximum radiation levels is 
10.3 years after separation of the decay products from the uranium. The radiation calculations 
hercin are for this particular time of maximum radiation. 

Drum characteristics. The drum heisht is 35 in., the diameter i s  24 in., and the wall thickness is 
1/16-in. carbon stcel. 

Urnniiim chemicnl form. The uranium is assumed to be U30, in the form of a loose powder with a 
density of 1.5 g/cm3. The drum contains - 390 kg of oxide. 

If the B3U is isotopically diluted with DU to bccome non-wcapons-usable 233U (1 part 233U with 
7.407 parts DU containing 0.2 wit % 235U), the evtcrnal radiation doses calculated 1 crn Erom the drum will 
be 141 Rk. The z2U concentration would have to be <O. 1 pprn to be CH matcrial(<200 mrem/h). In this 

specific example, a neutron absorber would have to be added to the drum for criticality control. 
If the '-33U is isotopically diluted with DU to minimize criticality concerns (1 part 233U with 188 parts 

DU containing 0.2 wt % '"U), the external radiation doses calculated 1 cm from the drum will be 

6.247 R/h. The 232U concentration would have to be rcduccd to <3 pprn to reduce the radiation levels to 

those of CH waste (<200 mremh). This implies that a CH drum (without special features) can contain up 
to a few tens of grams of B3U with high concentrations of ='U (>lo0 ppm 232U) or a few hundred grams of 
233U mith lower 232U concentrations (105 ppni "'U). 
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€3.1 MEDICAL USES OF BISMUTH-213 

One potential large-scale use of 233U involves one of its decay products, 2i3Bi (Bereolos et al. 

June 1998). Over the past dccade, there has been considerable research in the area of radioimmunotherapy 
using alpha receptors. Specifically of interest are antitumor antibodies radiolabeled with an alpha emitter 
(Knapp and Mirzadeh 1994; Geerlings 1993). In this mcthod, the isotopes are attached to antibodies that 
specifically target the cancer cell, after which the resulting alpha emissions kill these cells with high 
efficiency. 

Previous work in this area focuscd on using 2i2Bi, which is produced by the decay chain of 232U (or 
usTh). However, the undesirable side effect of 21zBi is the 2.6-MeV gamma radiation emitted during the 

decay of '08T1. The radiation level from this decay could prove to be a debilitating hazard to the patient and 
an unacceptable risk to the paticnt's family members and the mcdical staff involved in the treatment. There 

are also particular concerns about the long-term dose levels to medical personnel who treat multiple 
patients. 

A potential solution to this dilcmma is the use of 'I3B1 produced from the decay chain of 233U 
(Pippen 1995). Bismuth-213 has the unique propcrties of being primarily an alpha emitter (by way of 
'l3Po) and having only a 2% probability of dccaying to *'TI, which emits a 1.5-MeV gamma-ray. This 
compares with 36% probability for 2i2Bi to decay to 2"sT1, which emits a 2.6-MeV gamma ray. Still, it is 
chemically identical to 2i3Bi, with a similar haIf-life. 

B.2 BISMUTH RECOVERY PROCESS 

Recovcry of '13Bi involves a thrce-step proccss, as shown i n  Fig. B. 1. 

Recovery of 229ThfYom '"U. The 233U is dissolvcd in acid, and "9Th and its decay product are 
separatcd from the uranium by ion cxchange in a shieldcd process facility with appropriate 
safeguards. The resulting thorium-bcaring solution contains essentially no fissile uranium; has no 
nuclear weapons use; and, therefore, poses no complications in terms of safeguards or nuclear 
critically. 

Recovery of 225Ac from "'Th. Thc 12'Ac is separatcd from 22% and the other decay products. 
This chemical separation is done in a shicldcd proccss facility. No safeguards are required because 
thcre is no fissile material. Because actinium is not a part of the decay chain of 232LJ, this 
separation removes the undesirable product, "'T1, and its precursors. The 2 'SA~ is packaged in a 
biomedical generator system and is scnt to the hospital. 

Recovery of the 213Bipr~dztct. At the hospital, the *"Bi is rccovered from the 22sAc, converted into 
the appropriate chemical form, and injectcd into the patient. The 213Bi has a short half-life 
(45.6 minutes). Thc transport times are too long for scparation of the 2i3Bi at a central site; 
thercforc, thc final separations and chcmical processing are done at the hospital. 
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Fig. B.1. Flowsheet for *13Bi production for treatment of cancer. 
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Currently, "9Th produced from the dccay of 23313- is thc only source of 213Bi. Additionally, 22% could 

be produced by irradiation of 226Ra in a nuclcar reactor (Fcinendegen and McClure 1996). This alternative 

production route would allow added production of 2'3Bi; however, the levels of the contaminant, 228Th, 

produced by irradiation of radium, are much higher than those from decay of 233U/232U mixtures in 

inventory. 

B.3 RECOVERY OF THORIUM-229 FROM URANITJM-233 

After 30 years of storage, 1 kg of 2331J will contain - 20 mg of 229Th. The 233U currently stored at 

ORNL contains -40 g of "% (Fienendegen and McClurc 1996). Thorium-229 can be recovered from the 

uranium as a separate process or as a step in an isotopic dilution proccss using the aqueous nitrate blend 

method Recovery of the 2'9Th involves dissolving thc uranium in nitric acid and passing the solution 

through an ion-exchange column to remove the thorium. Aftcr the recovery step, the 233U nitrate solution 

could be either converted back to oxide and storcd in standardized packages for hture use or disposal or 

diluted with DU solution prior to conversion to oxide The entire process may be repeated after several 

years for in-growth of 229Th and other dccay products. It is likcly that the isotopic dilution of the u3U 
would have little affect on this application. The dccay chain of 238U, which would be used as the blend- 

down material, does not contain actinium. Thcreforc, the third separation step in the recovery of 2'3Bi 

would still isolate the desired part of the 233U dccay chain. 

Separation of 229Th from w3U has becn succcsshlly dcmonstrated on a small scale using an anion ion- 

exchange resin The separation is accomplishcd by first dissolving the 233U in nitric acid to give a 

concentration of 200 to 400 g U/L in 8 to 9 Mnitric acid solution. The solution is then passed through an 

anion ion-exchange resin, during which timc thc thorium and a portion of the uranium collect on the resin. 

The uranium is washed from the resin with a volume of 8 A4 nitric acid, which is about equal to the volume 

of solution processed. Thc 22% is then recovered by washing the ion-exchange resin with 0.1 Mnitric 

acid. Further processing would be rcquircd to prepare thc 229Th for medical use as previously described. 

Uranium solution from the thorium removal proccss is in a form suitable for isotopic dilution by the 

aqueous nitrate blending process ( O W L  1995) andor conversion to oxide for storage or disposal as 

previously described. The process will work on "'U-containing neutron absorbers such as cadmium and 

gadolinium. 
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C.l. INTRODUCTION 

Approximately one-half the inventory of 233U is storcd in CEUSP cans, including the single largest 

batch of 233U and another batch of 233U. This storage can is unique among packages used for fissile 

material storase. Most fissilc materials are stored as loose solids in cans. The uranium in CEUSP cans is 

stored as a solid, monolithic U30, integral with the can. The can may be cut open, but the uranium will not 

fall out. As such, it is an excellent storage form. However, special methods are required for removal fiom 

the can, and most of the disposition options rcquire such removal. Aqueous dissolution removal of 233U 

from CEUSP cans is dcscribed hercin. It is the only demonstrated technology for emptying these cans. 

C.2 FILLING OF CEUSP CANS 

The CEUSP cans are part of a process dcvelopcd and uscd at ORNL to convert liquid solutions of 233U 
nitrates into monolithic solids for storage The uranium nitratc solutions contained uranium, gadolinium, 

and cadmium nitrates. The gadolinium and cadmium were uscd as neutron absorbers in the liquid solutions 

to prevent nuclear criticality in storage In the solidification proccss, a stainless steel CEUSP can is placed 

in a vertical tube furnace at -800°C. The uranium nitrate solution is slowly added to the can. In the can, 

the solution evaporates to dryncss, the nitrates decompose to oxides, and a monolithic solid product integral 

with the can is produced. The uranium product is U,O,. Aftcr solidification, a lid is welded onto the can to 

provide a sealed storage can. The can is a relativcly robust form of storage, and many o f  its design 

characteristics are dictated by the need for the can to ivithstand hish-tcmperature processing operations. 

Figure C.l shows a full CEUSP can. 

C.3 REMOVAL OF URANIUM FROM CEUSP CANS 

A method has been demonstrated by which thc U308, CdO, and Gd,O, monoliths contained in the 

CEUSP cans can be rcmoved by dissolution with nitric acid in the product can. The removal method was 

originally used to (1) dissolve and rccycle uranium solutions during development of the CEUSP process 

and (2) recycle CEUSP cans during developmcnt of the CEUSP proccss. 

The CEUSP material is contained in stainless stccl cans (3-in.diani by 24-in.-high with an internal 

volume of about 3 L). Each can contains -4.1 kg of oxidc with an -50 vol % void fraction. Initially, the 

can has about 1.5 L of void space to which nitric acid can be added to dissolve the oxide. 
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Fig. C.l. CEUSP can assembly for monolithic uranium oxide storage. 
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In-can dissolution tests were conducted using surrogate CEUSP product made from DU, cadmium, and 

gadolinium oxides by the same method as that used in the CEUSP process. The cans were opened at the 

top, and an air-sparge tube was inserted into the void space for agitation. The void space was filled with 

6 to 8 Mnitric acid at room temperature. In these tests, the off-gas from the can, which did not appear to 

cause problems, was sent to the cell exhaust system. After reacting for a predetermined time, the acid was 

decanted, and fresh acid was added until dissolution was complcted. Approximately 1 to 2 d were required 

to dissolve the material under the conditions uscd. 
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D.1 INTRODUCTION 

This appendix is a discussion of the technical constraints and limitations on the disposition of u3U- 

bearing materials in a geologic repository like WIPP. 

For disposal, TRUW containing 233U is acceptable at WIPP if it meets the WAC documented in the 

latest version of the WIPP WAC report (DOE Carlsbad Area Office April 1996). For a waste to be 

certified as TRUW, its TRU content must cxceed 100 nCi/g. If that requirement is met, other radionuclides 

such as 233U may be present as co-contaminants. A waste stream with only u3U as a contaminant would 

not be acceptable for WIPP. As a provision of DOE Order 5820.2A (DOE September 26, 1988) indicates, 

sites may elect to handle (Le., treat, transport, and storc) wastes contaminated with 233U as TRUW based 

on the potential hazards. However, according to the WIPP Land Withdrawal Act (U S. Congress 1996), 

such materials cannot be shipped to WIPP for disposal 

Also, a significant inventory of wastes csist containing 233U with no TRU radionuclides 

(Forsberg, Storch, and Lewis July 7, 1998) Although these wastes cannot go to WIPP, the W P P  WAC 
document provides thc best current (but not lcgally binding) dcfinitton of waste form and packaging 

requirements for eventual disposal of 233U wastes. WIPP is dcsigned for wastes for which the primary 

hazard is alpha radiation The primary hazard of 233U is alpha radiation; thus, WIPP is technically suitable 

for accepting 233U wastes and has suitable WAC for this purposc. 

By law (US.  Congrcss 1996), WIPP is authorized to rcccive and dispose of 175,600 m3 of TRUW 

generated from defense operations. In its EIS for WIPP (DOE September 1997), DOE has determined that 

another 142,000 m3 of wastes may require disposal by 2033 in a geologic disposal facility such as WIPP. 

Much of this waste docs not yet exist in packagcd form; it will be generated as old cold-war facilities are 

decontaminated and decommissioned. These wastes include added defense TRUW, other government 

TRUW generated from nondefcnse activities. and othcr wastes that may require geological disposal. The 

other wastes include exzsfrng wastes containing ?j3U that are in storage-primarily at QRNL and INEEL 

(Forsberg, Storch, and Lewis July 7, 1998). Bccause of the 142,000 m3 of other wastes that ultimately will 

require disposal, (1) a second WIPP-type facility must bc built, (2) WIPP must be expanded with 

congressional authorization to accept these othcr matcriais, or (3) some new option must be identified. 
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D.2 WACS FOR *33U 

Based on the WIPP WAC, Table D. 1 lists the controlling WAC for a 233U waste authorized for 

disposal in a WIPP-type repository. Section D.3 provides a more detailed description of the WIPP WAC 

that were used to derive Table D. 1 .  Three criteria limit thc amount of 233U that can be placed in a 55-gal 

drum: 

Weight (or mass). Total drum weight (i.e., weight of both the drum itself and the waste content) is 
limited by the capacity of WIPP waste-handling equipment and vehicle-weight limits. 

Nuclear criticality. The WIPP facility uses a criticality control strategy dependent upon mass 
limits of fissile materials in WPs. For CH wastc, this limit is 200 g 2331J in a 55gaI drum. In the 
current design of the RH waste canister, which can hold up to three 55-gal drums, there is also a 
container limit of 325 g. This limit is irnposcd by the specific transport vehicle and is not a 
repository limit. With an alternative transport systcm, each 55-gal drum of RH waste could accept 
200 of 233u. 
The WIPP facility is technically designcd for alpha wastes, which include 233U. Unlike plutonium 
and most other fissile materials, 233U can be isotopically diluted with DU as an alternative method 
to eliminate criticality problems. The WIPP WAC do not consider isotopic dilution as a criticality 
control strategy because no significant quantities of 2331J were expected to be disposed of in this 
facility. However, this alternative criticality control stratesy, which is applicable only to fissile 
uranium isotopes, eliminates all mass criticality limits for 2 3 3 ~ "  

A b h a  uctzvig limits. The WIPP WAC limit thc quantity of alpha matcrials per container with 
diffcrent limits for untreatcd vs treatcd wastcs. Thcsc critcria are dcsigned to limit the potential 
consequences of certain types of accidents. 

As is evident from Table D. 1, WIPP criticality critcria control the masimum quantities of 233U in a WP 

if mass limits are used as a criticality control stratcgy for ?j3U. This limit i s  200 g of 233U per drum. If the 

U is isotopically diluted with DU, this limit no longer applies. 233 

If criticality criteria do not control the amount of 333U in a WP, other W.4C would limit the 233U per 

55-gal drum. For untreated CH waste, the alpha activity limit of 1.3 kg 233U/55-gal drum is limiting. For 

CH-treated waste, the masimum container weight limit, -450 kg/55-gal drum, controls the 233U content per 

drum. To control nuclear criticality by isotopic dilution, - 188 kg of DU (0.2 wt % 235U) is required per 

kilogram of 233U. If the drum weisht limit is - 450 kg and the waste form is assumed to be solid uranium 

metal, the drum can contain 52.2 kg of 233U. For RH wastcs, the weight limits and alpha activity limits are 

by coincidence almost identical with the slightly more restrictive alpha activity limits, which restrict the 

U per container to 16 kg 'j3U or 5.3 kg per equivalent 55-gal drum. 233 
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Table D.l .  Summary of WIPP WAC as applied to 253U 

Waste category 

Constraint CH RH 

Container Sj-gal drum RH container (accepts three 55-gal drums) 

Weight limit (gross) 450 kg 

Criticality control strategy 

3,600 kg 

Mass limits 200 g / d m  325 gcontainzr 

Isotopic dilution 

Activity limits 

No limit No limit 

Untreated waste 1.3 kg 33u 16 kg 33U 

Solidified waste 29 kg ?33U 16 kg =’U 

Radiation dose limit 1200 mreinh >200 mremh and <I ,000 mrem/h 

D.3 WLPPWAC 

The WIPP WAC document identifies thc requirements that must be mct by participating sites before 

any TRUWs are shipped for disposal to the WIPP facility. As stated in the “Executive Summary’’ of the 

WlPP WAC document, “The WIPP Project will comply with applicable federal and state regulations and 

requirements, inchdins those in Titles 10, 40, and 49 of thc Code of Federnl Reyulatrons (CFR). The 

WAC documcnt, DOEWIPP-069, serves as the primary directive for assuring the safe handling, 

transportation, and disposal of defensc TRU wastes in the WIPP and for certification of these wastes. The 

WAC document identifies the requirements that must bc met by participating Sites before these TRU 

wastes may be shippcd for disposal in the WIPP facility.” \ 

As a consequence of this commitment, the WIPP Projcct is requircd to comply with the following title 

sections of the CFR 

NRC and DOE standards in CFR Title 10 
EPA standards in CFR Title 40 
DOT standards in CFR Title 49. 
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The WIPP WAC rcports separate criteria for CH and RH TRUWs. For RH TRUW, the WACS 
reported in the WIPP WAC documcnt are preliminary in nature. For CH TRUW, all weight criteria must 

be met, and these are summarized in Table B.2. WIPP WAC packaging configurations, authorized for CH 
TRUW shipments, are given in Table D.3. Different payload configurations are restricted by different 

weight requirements for CH TRUW payload containers, TRU package transporter Type I1 (TRUPACT-11) 

shipments, and loaded TRUPACT-11s. For example, a payload assembly of fourteen 55-gal drums may not 

exceed 3,300 kg (7,265 Ib) even through the maximum weight of a 55-gal drum may be 450 kg (1,000 lb). 
The WIPP WAC also mentions that although the maximum weight of a payload assembly must not 

exceed 3,300 kg (9,265 Ib), the weight available for thc CH TRUW payload assembly will be less 
depending on the as-built weight of a TRUPACT-11 to be used. [The average as-built weight of production 

TRUPACT-11's is 5,670 kg (12,705 lb).] The weight available for the CH TRUW waste payload assembly 

is obtained by subtracting the as-built wcight o f a  TRUPACT-11 from the maximum gross weight, which as 
Table D.2 shows, is 8,730 kg (19,250 Ib). The maximum gross weight per TRUPACT-I1 is based on an 
approximate as-built weight of 5,920 kg (13,050 Ib) and an avcrage payload weight of 2,810 kg (6,200 Ib), 
which is usually the limiting weight for two TRUPACT-11's per shipment. DOT'S limit of 36,300 kg 
(80,000 Ib) gross vehicle-weight rating must also be mct; this is the limiting weight for three TRUPACTs 
per shipmcnt. 

Several criteria rcported in the WIPP WAC are based on parameters normalized to the radiological 

properties of '"Pu. A comparison of some pertinent radiological properties of uranium isotopes with those 

of 239Pu is provided in Tablc D.4. This table indicates that thc fissile gram equivalent (FGE) of 233U is 0.9 
that of 239Pu (Chapman July 23, 1998). Howevcr, Appendix 1.3.7 (Table 10.1) ofthe TRUPACT-TI safety 

analysis report (SAR) (DOE Carlsbad Area Office 1994) indicates a value of 1.00 for the FGE of both 
2 3 3 u  and 239Pu. To be conservative, the latter value (ccprcssing 133U7s equivalence with 239Pu) is used for 
the FGE of 233U in this assessment. 

Several TRUW acceptance criteria specified in the WIPP WAC document directly impact the 
thresholds of 233U-bearing waste materials. Separate summaries of these requirements are provided for CH 
TRUW in Table D.5a and for RH TRUW in Table D.5h. The criticality data for CH-TRUW in 

Table D S a  are based on the WIPP WAC specifications for the maximum allowable fissile material for the 
standard shipping container (TRUPACT-11). These spccifications are given for various payload containers 
in Table D.6. 

As previously indicated, the RH TRUW rcquircmcnts listcd in Table D.5b are preliminary in nature. 
Current plans are to ship RH TRUWs in a spccially dcsigncd container called the RH TRU 72-B Cask. 
The design specifications and requirements of this shipping package are reported in the current SAR for the 
RH TRU 72-B Shipping Cask (DOE Carlsbad Area Office Scpternbcr 1996). 
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Table D.2. WlPP CH TRUW container and assembly weight criteria' 

Maximum gross weight 

Cornpanen t Ib k 
IirdividuaI puyloud coiitoirrer 

55-gal steel drum (DOT specification 17C) 1 1,000 1450 

55-gal steel drum (DOT specification 17H) 5 1,000 ~ 4 5 0  

55-gal steel drum (UN/IA2/X32O/Sj 5700 1320 

55-gal steel drum (uN/lM/X325/S) s716 5325 

55-gal steel drum (UN/lA2/X40O/Sj 5882 5400 

55-gal steel drum (UN/IMrX425/S) r937 1425 

55-gal steel drum (UN/lM/X430/S) s 948 1430 

55-gal steel drum (uN/lMrX435/S)  5959 1435 

55-gal steel drum overpacked in a standard waste box 
( S W )  

S W B b  

10-drum overpack (TDOP) 

j 1,450 I 660 

14,000 

16,700 . 

s 1,810 

13,m0 

Pipe owrpuck payload corituiiIer 

Pipe ovcrpack 6-in.-diam 1328 5150 

Pipe overpack 12-in.dian1 5 547 5250 

Payload container assembly I 7265 13.300 

TRIPACT-1 1 119,250 ~8,730 

Truck (tractor/trailer) 180,000 136,300 

"Based on Table 3.2.2.2 of thc W P  WAC document (DOE Carlsbad Area OEce April 1996). 
b S w R  = standard-waste box. 
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Table D.3. Maximum number of CH TRUW containers per TRUPACT-I1 and 
authorized packaging configurations" 

Numbrr Type of container(s) per TRUPACT-II 

14 55-gal drums 

14 pipe overpacks in 55-gal drums 

2 SWBS 

2 

2 

1 

1 TDOP, containing one SW3 

1 

1 

S W s ,  each containing one bin 

SWBs, each containing four 55-gal dnims 

TDOP, containing tcn 5 i - y l  drums 

TDOP, containing one bin within a S W  

TDOP, containing four 55-gal drums with an SWB 

"Based on 'Table 3.2.1.2 of the WIPP WAC document (DOE Carlsbad Area Ofice April 1996). 
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Table D.4. Comparison of uranium isotope and '"Pu characteristics" 

Radionuclide 

Characteristic Uni t(s) 23Zu 233 u 23Su =Bv =-VU 

Half-life Years 6.89E+O 1 l.j9E+O5 7.04Ei-08 4.47E+09 2.41E-W 

Specific activity Ci/g 2.14E+O 1 9.688-03 2.16E-06 3.36E-07 6.22E-02 

Specific power wig 6.73E-0 1 2.77E-04 5.86E-08 8.38E-09 1.88E-03 

?Pu FGI? g 0 1 .oo 1 .oo 0 1 .oo 
Subcritical mass limit g 0 500 700 0 450 

L( 3 9)&( i)' 0 0.90 0.64 0 1 .oo 
=Tu E-Ci Ci 80 300 430 430 100 

239P~ E-g 0 3.7 40,290 1.99E+o8 1.28E+09 1,610 

Lung classd w, -f Y Y Y Y W 

Weighting factor 0.8 3.9 4.3 4.3 1 .o 

"Adapted from Chapman July 23, 1998; Carlsbad Area Ofice 1994; and DOE Ofice of Environment, Safety, and Health 
July 1988. 

*Plutoniuni-239 FGE, as reported in Appendix 1.3.7 of !-he TRUPACT-II Sufi@ Aiia1,vsis Reportfor Packaging 
(DOE Carlsbad Area Office 1994). The ?'u FGE is an isotopic mass of a radionuclide that has been normalized to "%. 

l iat io of the ='Pu subcritical mass limit to the subcritical m m s  limit of a particular nuclide. Used for calculating =?Pu 
FGE. 

qspressed as weekly (w) or yearly (Y). 
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Table DSo. Summary of CH TRUW acceptance criteria requirements that pertain to 
233U waste thresholds 

Requirement As documented in WlPP WAC" Metric or  9.J equivalent 

Container criteria 

Description 

Container/assembl y weight 

Container weight limit 

Nuclear criteria 

Criticality ("%I FGUcontainer)* 

Activity (PE-Wcontainer)' 

IJntreated waste 

Solidifiedhitrified waste 

Thermal power 

TRU-a1 pha act i vi tf 

Contact dose rate 

DOT Type A 55-gal drums or SWBs 

5 1,000 Ibl55-gal drum 
14,000 Ib/SWE 
sTRUPACT-IT weight limits 

160 lb/55-gal drum 

~ 2 0 0  9/55-gal drum 
<325 g/SWB 
<TRUPACT-II limits 

580 PE-Cil55-gal drum 

5 1,800 PE-Ci/Sj-gal drum ovcrpacked 
in 

5 130 PE-Ci/SWB 

SWB or TDOP 

DOT Type A 55-gal drums or SWBs 

~ 4 5 0  kg/SS-gal drum 
5 1,800 kg/SWB 
sTRUPACT-II weight limits 

~200 g/55-gal drums 
<32S g/SwU 
<TRUPACl'-II limits 

5 1.3 PE-kd55-gal drum 

~ 2 9  PE-kg/S5-gal drum ovayacked in 
52.1 PE-kg/SW 

SWB or TDOP 

129 PE-kglSj-gal drum 
5 1,800 PE-Ci/jS-gal drum 

Report if >3.5 W/m3 
<145 kg ='U per TRUPACT-II 

>IO0 nCdg (waste matrix) 
>IO0 nCi/g (waste matrix) 

5200 m r c d  

"As specified in the WIPP WAC document (DOE Carlsbad Area Ofice April 1996). 
bSee also Table E.6. 
'Radioactivity (per containcr) expressed in units of "'Pu equivalent curies. 
dActivity of alpha-emitting TRU isotopes with half-lives >20 ycars. 
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Table DSb.  Summary of RH TRUW preliminary acceptance criteria requirements that 
pertain to 233U waste thresholds 

As documcntcd in 
Requiremcn t WIPP WAC" or SAR' Metric or "'U equivalent 

Container criteria 

Description 

Weight limit for canister and 
contents 

Weight of empty canister 

Weight limit for waste contents 
in canister 

Nuclear criteria 

Criticality (%I FGUcask) 

Activity (x9Pu-E/canister) 

Thermal power (canister) 

TRU-alpha activitld 

Contact dose rate 

Per canister 

Per cask 

DOT Type A RH canistef 

<8,000 lb 

1,762 lb 

~ 6 , 2 3 8  Ib 

<325 g 

s 1,000 PE-Ci 

<300 W 

>IO0 nCi/g (waste matrix) and 
s23 Ci/L 

< 1,000 rem/h 
Prcapproval for > 100 rein/h 

DOT Type A RH canister' 

23,630 kg 

800 kg 

$2,830 kg 

<325 g 

16 PE-kg 

<I,OSO kg 3% 

> 100 nCi/g (waste matrix) and 
r2.3 kg ='TJ/L 

s 1,000 r e d  
Prcapproval for >lo0 re& 

2200 mrem/h 

"As specified In the W P  WAC document (DOE Carlsbad Arm Oflice April 1996) 
bAs specified In the S A R  for the RH-TRU 72-B shipping cask (DOE Carlsbad Area Office September 1996) 
'A shipping container that holds three Sj-gal drums. 
dActivity of alpha-emitting TRU isotopes WUI half-lives >20 ycars 
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Table D.6. Maximum allowable fissile material, expressed as 239Pu FGE 
for CH TRUW in the TRUPACT-11" 

Payload container Mass of maximum allowable fissile material (L.)% FGE) 

55-gal drum 200 

SWB 

IDOP 

Pipe component overpacked in a 55-gal drum 

TRUPACT-II 

325 

325 

200 

325 

'IXUPACT-II (14 pipe overpacks) 2,800 

"Adapted from Table 3.3.1.2 of the WIPP WAC document (DOE Carlsbad Arca Office April 1996). 

A comparison o f  WIPP-bascd nuclear criteria for sclcctcd radionuclides is provided for CH T R W  

and RH TRUW in Tables D.7a and D.7b, respectively. Each table lists separate criteria for 239Pu and four 

uranium isotopes: 232U> 233U, 23sU, and 23RU. 
A sample sensitivity analysis is provided in the following to show the impacts of the WIPP WAC and 

isotopic dilution on 233U packaging in 55-gal drums. Four cases (A, 3, C, and D) are considered, one of 
which shows the amount of 233U (in the form of 233U0,) that could be placed into a 55-gal drum if the 233U 
content were isotopically diluted to 0.53 wt % in DU, which has 0.20 wt % 235U. This assessment i s  made 
to show also the quantity of 233U (in the form of 233UO~) that could be placed into a 55-gal drum under four 
different conditions. For the four cases considered, the results are summarized in the following for a 
nominal 1 t domestic 233U inventory: 

D.3.1 CaseA 

WIPP WAC for CH TRUW as 233U0, in a 55-gal drum: 

Control 1 i ng factor 

- Nuclear criticality limit: 0.200 kg (as "'U) = 0.227 kg (as 233U02) 

Resulting numbcr of jj-gal drums needed from a 1,000-kg 233U inventory = 1,000 kg/0.200 kg 
233U per drum = 5,000 drums. 
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Table D.7a. Comparison of WIPP-based nuclear criteria for various radionuclides 
comprising CH TRUWa 

Radionuclide 

Nuclear criteria Units 232u mu usu u8u uvpu 

Maximum criticality limits 

55-gal drum FGE (g) 0 200 200 0 200 

SWB 2391% FGE (g) 0 325 325 0 325 

TRUPACT-IT =vu FGE (g)  0 325 325 0 325 

TRUPACT-II (with 14 pipe overpacks) 0 2,800 2,800 0 2,800 

Masimum activity limits 

Untreated waste 

55-gal drum 1'E-C i 64 312 340 340 80 

SWB PE-Ci 100 510 560 560 130 

TDOP PE-Ci 1,410 7,020 7,740 7,740 1,800 

Solidifiedvitrified waste 

55-gal drum PE-Ci 1,440 7,020 7,740 7,740 1,800 

"Adapted from the WlPP WAC documcnt (DOE Carlshd Arm Ollicc April 1996). 
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Table D.7h. Comparison of WIPP-based nuclear criteria for various radionuclides 
comprising RH TRUW" 

Radionuclide 

Nuclear criteria Units 232u 2 3 3 ~  23sU =w u9Pu 

Maximum criticality limits 

55-gal drum ?3'Pu FGE (g) 0 200 200 0 200 

S W 3  23yPu FGE (g) 0 325 325 0 325 

Rw TRU 72-B shipping caskb "%I FGE (g) 0 325 325 0 325 

Maximum activity limits 

Untreated waste P E G  NA' NA NA NA NA 

Solidifiedlvitrified waste PE-Ci NA NA NA NA NA 

"Adapted from the W P  WAC documcnt (DOE Carlsbad Area Oflice April 1996). 
*Based on SAR for RH TRU 72-B shipping cask (DOE Carlsbad Area Ofice September 1996). 
%A = not applicable ( i t . ,  no activity limits arc specifically iridicatcd for untreated and treated wastes) 

D.3.2 CaseB 

Isotopic dilution of solidified CH TRUW as 233U02 in a 55-gal drum (if the 233U is considered untreated 

waste, the mass limit per drum of 2j3U is 450 kg): 

Controlling factor 

- Maximum permissible mass of drum contents (after subtracting dmrn weight): 426.4 kg (as 
UOJ .= 375.8 kg (as U). 

Mass of '33Uper isotopically diluted drum := 0.0053 x 375.8 kg = 1.992 kg 

Resulting number of 55-gal drums needed from a 1,000 kg 233U inventory = 1,000 kd1.992 kg 233U 
per drum = 502 drums. 
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D.3.3 Case C 

WIPP WAC for RH TRUW as 233U0 ?. in . two or three %-gal drums in an R H  TRU 72-B shipping 

canister: 

Controlling factor 

- Nuclear criticality limit: 0.325 kg (as 233U) = 0.369 kg (as u3U02). 

Restriction: a single drum can contain 50.200 kg 233U. The remaining mass of 0.125 kg 233U 
allotted for an RH TRU 72-B shipping canister must go into one or two more drums. 

Assuming only one more drum is needed, then the resulting number of %-gal drums needed from a 
1,000 kg w3U inventory = 1,000 kg/0.325 ks 333U pcr 2 drums = 6,154 drums. 

D.3.4 CaseD 

Isotopic dilution of RH T R W  as 233U02 in thrce 55-gal drums in an RH TRU 72-B shipping canister: 

Controlling factor 

- Maximum permissible mass of an RH canistcr containing three 55-gal drums (gross canister 
weight limit is 3630 kg; canister weight is 800 kg): 2830 kg (as UO,) = 2494.5 kg (as v) = 
831.5 kg (as U per 55gal drum), 

Mass of z3U in an isotopically diluted drum = 0.0053 x 83 1.5 kg = 4.407 kg. 

Resulting number of 55-gal drums nceded from a 1,000 kg 233U inventory: 
= 1,000 kg/4.407 kgdrum = 227 drums. 

For both CH and RH wastes, these results show that isotopic dilution results in very significant 

reductions in the number of 55-gal drums that would bc rcquircd for the disposition of a domestic 233U 

inventory. In the prcvious cxamplcs, isotopic dilution results in a requirement of nearly 4,500 fewer drums 

for CH wastes (Case B vs Case A) and nearly 5,930 fcwcr drums for RH wastes (Case D vs Case C). The 

cost savings associated with these potential diffcrcnccs can bc shown to be very significant. 

The WIPP Disposal Phase Final EiS (DOE Carlsbad Arca Office September 1997) indicates the 

following costs [in millions (M) of 1994 dollars ($)I: 

Total life-cycle cost for TRUW program: $19,03OM. 
Total life-cycle costs for waste treatment: $12,14OM. 
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The difference between Items 1 and 2 above gives an estimated total cost of $6,89OM for waste 

transport and disposal. This cost is for about 168,500 ni3 of waste. Expressing this cost on a unit volume 

basis gives ($6,89OM)/(168,500 m’) = $40,890/m3. Since the volume capacity of a 55-gal drum i s  

0.2082 m3, this unit cost can be expressed as ’- $8,5OO/drum. Applying this result to the drum inventory 

savings previously indicated gives a total potential cost savings of -$38M for a domestic u3U inventory of 

CH wastes and about $50M for a domestic 233U inventory of RH wastes. 

D.4 GLOSSARY OF TERMS FOR APPENDIX D 

Canister gross weight: Total weight of a waste canister and its contents. 

Dunnage: Loose packing material used to protect a waste container’s contents from damage during 
transport. 

FGE ( L39P~) :  An isotopic mass of a radionuclide that has bccn normalized to 239Pu. 

Overpack: A payload container placed around another container to control contamination, or enclose a 
damaged container. 

Package: The reusable Type B shipping container (Le., TRUPACT-I1 or RH-TKUW 72-B Cask) loaded 
with TRUW payload containers, which has been prepared for shipment in accordance with thc TRUW 
Packaging QA Program. 

Packaging: The reusable Type B shipping containcr for transport of TRUW payload containers 
(i.e., TRUPACT-I1 or RH-TRUW 7243 Cask). A transportation device consisting of an assembly of 
components necessary to ensure compliance with the requirements of Titles 49 CFR Part 173, Subpart 1 
(“Shippers-General Requirements and Packaging”) and 10 CFR Part 71 (“Packaging and Transportation of 
Radioactive Material”). 

Payload container: The outerrnost container for TRUW material that is placed in a reusable Type B 
shipping container (i.e., TRUPACT-I1 or RH-TRUW 72-B Cask) for transport. 

Payload container assembly: An asscnibly of payload containers, such as a seven-pack of drums, which 
is intended to be handled and emplaced as a single unit. 

Plutonium equivalent curie (PE-Ci): An equivalent radiotoxic hazard (radioactivity) of a radionuclide 
normalized to 13’Pu. 

Standard waste box (SWB): A payload container authorizcd for usc with TRUPACT-I1 Transportation 
Packages that meet DOT Specification 7A Typc A. 

Ten drum overpack (TDOP): A specialized payload container authorized for use within the 
TRUPACT-I1 packaging that mccts DOT specification 7A T)pe A. 
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Thermal power (or decay heat): A measure of thc rate of heat-energy emission that results from the 
radioactive decay of a material. A unit of thcrmal power commonly used is the watt 0. 

Transuranic waste (TRUW): Radioactive waste that, at the time of assay, contains ,100 nCi/g of alpha- 
emitting isotopes with atomic numbers >92 and half-lives >20 years. 

TRUW, contact-handled (CH): Packaged TRUW with an external contact dose rate at the container 
surface that is 1200 mrem/h. 

TRUW, remote-handled (RH): Packaged TRUW with an external contact dose rate at the container 
surface that is >200 mremk. For WIPP, there is an  uppcr limit of 1000 rem/%. 

TRU alpha activity: Radioactivity (Ci) from the alpha radiation of TRU radionuclides. 

TRUPACT-11: Transuranic Package Transportcr 11; An NRC-certified, Type B transportation packaging 
used for the shipment of CH TRUW. 
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