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HIGH LEVEL VUCLEAR WASTE*

BY

J. L. Crandall

Savannah River Laboratory
E. I. du Pent de Nemours & Co.
Aiken, South Carolina 29808

ABSTRACT

The DOE Division of A’asteProductsthrough a lead office

at SavannahRiver is developinga program to immobilizeall U.S.

high-levelnuclear waste for terminal disposal. DOE high-level

wastes include those at the Hanford Plant, the Idaho Chemical

ProcessingPlant, and the SavannahRiver Plant. Commercialhigh-

level wastes, for which DOE is also developingimmobilization

technology,include those at the Nuclear Fuel Services Plant and

any future commercialfuels reprocessingplants. The first

immobilizationplant is to be the Defense Waste Processing

Facilityat Savannah River, scheduledfor 1983 project submission.

to Congress and 1989 operation. Waste forms are still being

selected for this plant. Borosilicateglass is currentlythe

referenceform, but alternate candidatesinclude concretes,

calcines,other glasses,ceramics,and matrix forms.

*The informationcontainedin this article was developedduring
the course of work under ContractNo. DE-AC09-765ROOO01with the
U.S. Departmentof Energy.
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INTRODUCTION

High-levelnuclear waste is the

from reprocessingirradiatedreactor

chemicalwaste resulting

fuels and targets to recover

residualfissionablematerialsand other values. Although not

necessarilythe most voluminous,it is certainlythe most radio-

active nuclear waste. It containsbetter than 99 percent of the

active fissionproducts plus any unrecovereduranium,plutonium,

and higher actinides together with varying amounts of inert fuel

materials and reprocessingchemicals. My talk will discuss the

managementof this waste from cradle to the grave, that is, from

its generationin the reprocessingplant to its disposal in a

repository. I will, however, be placing special emphasison the

preparationof disposal forms. The problems of interment,both

for the high-levelreprocessingwaste and for the alternativeof

direct disposal of unprocessedspent fuel, were covered in the

earlier talk by Mr. Hall from the Office of Nuclear h’asteIsola-

tion.

HIGH-LEVEL WASTE DESCRIPTION

The first set of questions Itd like to address is: lfiatare

the hazards of these wastes? How long do the hazards last?

What do we have to do about them? The hazards are almost exclusively

radiological. Although there are some chemicalpoisons present,

they are not too serious. Nitrate is in fact the worst, in

quantitiesrather less than the farmers around Idaho Falls use

to fertilizetheir fields.
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~ first slide shows a time curve of the radiologicalactivity.

It falls into three main periods:

● A high activityperiod of five to ten years dominatedby the

radionuclidessuch as lo6~u
> lkkCe,and I&’Pm which have half-lives

of a year or less.

● A medium activityperiod of five hundred to a thousandyears

dominatedby 90Sr and 137Cs,both of which have half-livesof

about 30 years.

● A low activityperiod extendingout many thousandsof years

dominatedby the higher actinides,the uranium decay product,

and a few very long lived fissionproducts such as ‘9Tc and

129 I.

The overlay to this slide then comparesthese activitieswith

some other hazardousmaterials. The conclusionsare that the high-

level wastes are indeed very hazardous,but not appreciablymore

so than a number of other materials in common use. Also, in

somethingless than a thousandyears their hazard has decayed

to about the same level as the uranium ores which were mined to

produce the reactor fuels from which the wastes were derived.

This analysiswould seem to require very careful but not

extraordinaryprotectionof the wastes for about a thousand

years, and such is indeed the recommendationof a draft ASME

standardon these wastes. Not surprisingly,however, the

regulatoryagencies are asking for considerablymore, as shown

on my second slide. Draft criteria from the Environmental

ProtectionAgency ask that the waste be protected so as to
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produce a risk of only 200 health effects in the next ten thousand

years - out of 1022 natural deaths in the same time period - and

that these risks be mainly exotic ones such as meteorite strikes

rather than routine operatingrisks. Draft regulationsfrom the

Nuclear RegulatoryAgency in turn ask that the repositoryand waste

package (i.e.,the form plus its canister and any further engineered

barriers)be completelyredundantto each other and that the package

alone guaranteezero release for 1,000 years and 10-5 to 10-7

release per year for 10,000years.

HIGH-LEVEL WASTE INVENTORIES

The second set of questions I’d like to address concerns

what are the U.S. high-levelwaste quantitiesand where are they

located? ~ose questionsare covered in my third slide. Not

surprisingly,since high-levelwastes are reprocessingwastes,

theytre locatedat the reprocessingplants. These plants com-

prise the three defenseplants, here at Idaho, at Hanford, and

at SavannahRiver, plus the only U.S. commercialreprocessing

plant, the now defunct Nuclear Fuel Services (NFS) Plant at West

Valley, NY. By 1990, the three defense plants are each expected

to have 500 to 750 megacuriesof HLW in storage. The NFS waste

quantitiesare much smaller,about 48 megacuries,but, if

commercialfuel reprocessingis ever resumed, the quantitiesof

spent fuel now irlstoragewould produce a high-levelwaste “

activity about equivalentto that in the existingdefense wastes,

and by 1990 they would produce about 10 times the activity of the
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defense wastes. As 1’11 be discussingin a few moments, the

Hanford, SavannahRiver, and NFS wastes are all relativelydilute

alkalinewastes, while the Idaho, and presumablyany future

commercialwastes, are much more concentratedacid calcines.

THE DEFENSE WASTE PROCESSIf4GPLANT

The set of questionsto which I’d now like to devote

most of my talk is: Mat are we going to do about these wastes?

Even though my responsibilitiesare for the national HLklprogram,

I’m going to address these questionsmainly in terms of my own

site, SavannahRiver. The reasons are that SavannahRiver is

scheduledto be the first U.S. site to dispose of its high-level

wastes and its alkalinewastes offer rather more complex disposal

problems than the calcineshere at Idaho.

The quantitiesof high-levelwaste at SavannahRiver are

listed in Slide 4, 68 million gallons as originallygenerated,

now evaporatedto 23 million gallons with a

of 1.5 million gallonsper year (whichwill

evaporatedto about 0.5 million gallons per

continuedgeneration

eventuallyalso be

year net addition).

As I mentioned earlier,this is alkalinewaste, meaning that the

nitric acid waste solutionscoming out of the Purex reprocessing

planthavebeen neutralizedwith excess sodium hydroxidewith

results as shown on Slide 5. The greatestbulk of the waste is

then the sodium nitrate and sodium hydroxideneutralization

products,which are very water soluble,but almost all the fission

products and other active materials - except 137CS - have been
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precipitatedout as a highly insolublesludge of oxides,hydroxides,

and carbonates. The decision to go to alkalinewaste was made

some thirty years ago for the purpose of tank storage and still

remains a very sensibledecision for that purpose. It produces

a dilute low-heatwaste, which immobilizesthe radionuclideswell

in insolublesludge or in soluble salt, which can be containedin

carbon steel tanks, and which, if it leaks from the tanks, will

peptize the SavannahRiver soils to produce a nonmigratingplug.

However, as we will see, alkalinewastes have proved to be a very

expensivedecision

forms from them.

Slide 6 shows

essentiallytriple

tanks and an outer

tanks had problems

if it is desired to make

a current SavannahRiver

walled, with primary and

concrete tank. Although

high-integritydisposal

storage tank. It is

secondarycarbon steel

some of the earlier

with stress corrosioncracking,the current

tanks are stress relieved and are expectedto have lifetimesof

50 to 100 years or longer. Slide 7 shows a picture of the soluble

waste fraction,which evaporatesto a nice crystallinesalt,

while Slide 8 shows a picture of the sludge (actuallyfrom

Hanford, but identicalto SRP’S). As one of our engineersre-

marked when he saw this slide, he knew the sludge looked like

peanut butter but he hadn’t been told it was the chunky kind.

Slide 9 gives the overall plan for disposingof the SRP

high-level-waste. This plan involvesremoving the waste from the

tanks and then taking advantageof the natural sludge-solution
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separationto divide the waste into about 16 million gallons of

low-levelsalt and about 250,000 gallons of high-level sludge to

which has been added the ‘37CS and other activitiesfrom the salt

after removal by ion exchange. The reference SRP design is to

put the salt into concretemonolithsand the sludge and separated

radionuclidesinto about 1 million gallons of borosilicateglass

for terminaldisposal. However, as I will be discussingat the

end of my talk, a final decision for a glass waste form has not

been made, and some twenty alternateforms are under active develop-

ment.

Waste removal from the tanks is well demonstratedat Savannah

River and is not expectedto offer problems there. It may be a

major stumblingblock at Hanford,where the waste is in some 156

tanks, some of which are up to forty years old and may not have

the integrityrequired for the hydraulicmining approachused at

SavannahRiver. This hydraulicmining method is illustrated

schematicallyin Slide 10. Enough water is added to dissolve

the salt, which is then pumped out in solution. More water is

added, and special slurryingpumps are insertedthrough risers in

the top of the tank to mechanicallydisperse the sludge into this

water, which is then also pumped out. Slide 11 shows the interior

of one of the SRP waste tanks after the salt removal step, while

Slide 12 shows the same tank after sludge removal. As you can see,

the tank looks quite clean after these two treatments,with 9S to

98 percent waste removal. Final cleaning to 99++ percent waste
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removal is then effectedby chemicaldissolutionh’ith hot oxalic

acid solutionsand possiblywith H202.solutions.

The separatesalt and sludge streamsare pumped to a proposed

new facility,the DefenseliasteProcessingFacilityor DhTF,

illustratedschematicallyin Slide 13. This facilityh’illcomplete

the sludge-saltseparation,remove the high-levelsalt activities

by ion exchange,and prepare the HLIVwaste forms. The salt will

go directlyto onsite disposalwhile the HLW waste forms will be

accumulatedin an onsite storage facility (good for up to 100 years

storage)until our friendsat the Office of Nuclear }i’asteIsolation

have a repositoryfor us.

Slide 14 is an artist’srenditionof the currentDhTF design.

The main processingbuildingis a canyon-typefacility. That is,

all equipmentis operatedand maintainedremotelybehind hea~

concreteshieldingwalls in an environmentwhich is never entered

by humans during its operatinglife. Althoughthis approachis

initiallymore expensivethan a contact-maintainedfacility,our

experiencein operatingthe reprocessingcanyonsat SavannahRiver

for nearly thirtyyears without a major incidentand with about

90 percent process innage,has convincedus it is the preferred

way to go.

Slide 15 is a cross sectionof the proposedprocessingbuilding

showingthe double-canyonarrangementand the most unique piece of
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equipment,the calciner-melterused to produce the borosilicate

high-levelwaste forms. This calciner-melteris drawn in more

detail in Slide 16, The spray calciner operates at 300 to 400”C

primarilyto dewater the sludge - 137Cs zeolite slurry feed.

The calcine then falls into an electrode-heatedglass melter,

joule-heatedceramicmelter, or JCM in the jargon. In the melter,

the calcine is mixed with glass frit and heated to about 1150”C

to form a borosilicateglass containing20 to 30 percent waste

oxides, 30 to 40 percent silica, 5 to 10 percent B203 and 10 to

15 percent alkali oxides plus other additives. This glass is

then tilt-pouredinto a stainlesssteel canister about 2 feet in

diameter and 10 feet long, typicallycontainingabout 165 gallons

of glass. This glass-wastesystem has been extensivelydeveloped

at both Pacific Northwest Laboratories(PNL)and SavannahRiver.

A large number of nonradioactivefull-scalecanisters,as illustrated

in Slide 17, have been made and tested. Two full-scaleradio-

active canistershave also been made at PNL, and large numbers

of smaller-scaleradioactivespecimenshave been prepared at a

number of sites. Further, France

operationat Marcoule, to produce

waste,

has a commercialplant, in

borosilicateglass high-level

The other waste stream from the DWF is the low-levelsalt

waste. It is proposed to fix this salt in large concretemono-

liths which would be buried at depths of about 30 feet in the

SRP burial ground as depicted in Slide 18. According to draft

criteria from the Nuclear RegulatoryCommissionthe radioactivity
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levels in this salt a~e such . about 300 nanocuriesper ~~am -

that it can be placed in this intermediate-depth burial with no

further surveillance.

T“nere appears to be essentially no doubt that the DWPF, as

I have describedit, can be built and would make a technically

acceptabledisposalsystem for the SavannahRiver high-levelwaste.

The Du Pent Company,throughDOE, is in fact preparingto recom-

mend it to Congressfor a 19S3 projectwith a projectedoperating

date of 1989. There are, however,two major possiblepitfallsto

be resolved. The first concernsthe facilitycost, which, as

shownby Slide 19, is currentlyestimatedat $1.5 billion in 1979

dollars or $2.4 billion in escalatedproject dollars. .4naggressive

researchprogramhas reduced this cost nearly half a billion in the

last year and a half and is continuingto look at items such as

preliminaryprocessingin the waste form, slurry-fedmelters and

more compactcanyondesignsto reduce these costs still further.

Staged constructionof the facilitiesmight be anotherway to

reduce at leastthe initialcost impact. Still, the mere size of

the projectwill make the approvalprocess arduous.

HIGH-LEVEL WASTE FORMS DEVELOPMENT

The other possiblepitfall is the waste form. We do regard

borosilicateglass as an acceptableform. Slide 20 for example,

which I borrowedfrom PNL, Shoh’sthat its leachabilitycompares

very favorablywith most commonrocks, and it l-a2s beep demonstrated

to have outstandingradiationresistance. Still, it may not be

-11-



.*.

the best form, and both NRC and a number of review groups have

indicatedthey would like to apply the “as low as reasonably

achievable” [ALARA)principle to demand the best form. Accordingly,

DOE is pursuing a major program to develop alternatehigh-level

waste forms.

Since, as shown by Slide 21, most of the DWPF is concerned

with salt sludge treatmentrather than waste form preparation-

the reason why alkalinewaste is such an expensivechoice for

disposal - the decision on the waste form for the DWPF can be

left until the project approvaldate in 1983. The DOE alternate

waste form schedule is thereforegeared to that date. Slide 22

shows a three-phaseprogram. The first phase, in progress until

the end of 1981, examinesessentiallyall availableforms. The

second phase, in progress until the end of 1982, then examines

the three or four “best” forms, i.e., those that the initial

study has shown to have the greatestpotential of demonstrating

better propertiesthan borosilicateclass, in further detail. A

choice between them is made at the end of 1982. The final phase

is then to perform the detailed engineeringdesign on the winning

form, either borosilicateglass or one of the alternates,so as

to be able to get the DWPF in operationby 1989. The winning form

will obviouslybe chosen by regulatory,environmental,public,

and finallyCongressionalaction as well as by DOE and Savannah

River. A continuingprogram will still proceed on second

generationforms even after the DWPF form choice is made.
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The criteriato be used in the waste form choice are listed

in Slide 23. I wonrt dwell on them except to indicatethat they

are many and varied and must extend over the whole waste manage-

ment system rather than focusingexclusivelyon leachabilityin

the repository.

Slide 24 lists the waste forms being consideredin the pre-

sent stage of the program. The in-place solidificationforms are

knon to be inferiorto borosilicateglass, but are being pursued

against the contingencythat removing some of the older defense

wastes for immobilizationmay offer greater hazards than hardening

them in place. Normal concretesare also known to be inferior

to borosilicateglass, but special concreteswhich have been hot

pressed to eliminateexcess water and reduce void volumes and

leachingareas are still being activelypursued as well as concretes

which essentiallyact as matrices for highly insolubleparticles

such as supercalcines. Calcinesare again known to be inferior

to borosilicateglass, but are useful intermediatesand might be

pelletizedto make acceptableforms. Among the glasses,both

high silica and high alumina glasses are known to be superior to

borosilicateglass, the problem being to prepare them at tempera-

137Cs and other radionuclidesare nottures low enough so the

volatizedout in the glass formation. Ceramic waste analoguesof

minerals which have containedradioactiveelements for long periods

in nature are viewed as particularlyattractiveform candidates.
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Two main mineral series are being investigated, the silicates

as exemplifiedby the supercalcinesoriginallydevelopedat

Penn State and the titanatesas exemplifiedby SYNROC originally

developedat the AustralianNational University. The primary

question on these materials is their relative complexity. The

most complex,but perhaps the most advanced forms of all, however,

are the matrix forms in which any of the earlierwaste forms are

dispersedin metallic or other lattices,with or without protective

coatingson the waste particlesbefore they are put in the matrix.

The forms developersare tabulatedin Slide 25. The attempt

has been to disperse them widely through the DOE laboratories,

industryand universities. The intent is not only to secure the

broadest possible input, but to let each developeract as a

proponent for his particularform.

Finally,and I hope appropriately,Slide 26 is a pretty picture

of some of the waste forms which the Idaho Chemical Processing

Plant has been consideringfor its high-levelwastes.
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SLIDE 1. High-Level Waste Toxicity Vs. Time
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DRAFT EPA CRITERIA(40 CFR 191, WORKINGDRAFT11/9/79)

o DEFENSEIN DEPTH - HIGH-INTEGRITYNASTE FORMS,ENGINEERED
BARRIERS,REPOSITORIES

o ZERO RELEASEFOR 1,000YEARS

o RISK OF LESS THAN 200 HEALTHEFFECTSIN 10,000YEARS

o RISKSONLY FOR UNLIKELYEVENTS (LESSTHAN 1 IN 100 PROBABILITY)

DRAFT NRC REGULATIONS(10 CFR 60, WORKINGDRAFT12/6/79)

o FULLY REDUNDANTREPOSITORYAND WASTE PACKAGE

o ZERO RELEASEFROM WASTE PACKAGEFOR 1,000YEARS

o 10-5 - 10-7 PER YEAR RELEASEFROM WASTE PACKAGE
1,000-10,000 YEARS

SLIDE 2. Draft Regulatory Requirements for High-Level Waste
Disposal
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1980 QUANTITIES 1990 Q

SOURCE

HANFORDPLANT

TYPE 10b GAL TANKS MEGACURIES MEGA

ALKALINE

CS/SR SOURCES

50 156 190

350

2

4

13
61

IDAHOCHEMICAL ACID LIQUID
PROCESSINGPLANT CALCINE

2,5 9
0,45 (3) 1

SAVANNAHRIVER
PLANT ALKALINE 23 33 570 6

NUCLEARFUEL
SERVICES

ALKALINE
ACID

0,6
0.O1

1
1

64
211

14,0SPENT LWR FUEL NOT PROCESSED 1,900

SLIDE 3. U.S. High-Level Nuclear Wastes
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● 58 MILLION GALLONS GENERATED FROM OPERA.
TION OF TWO RADIOCHEMICAL SEPARATIONS
PLANTS

- CURRENT RATE IS 1.5 MILLION GALLONS
PER YEAR

● VOLUME REDUCED TO 23 MILLION GALLONS

- STORED IN 33 TANKS

SLIDE 4. Volume of Waste at Savannah River
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PRZNCIPAL RADIONUCLIDES ARE STRONTiUM-90,
CESIUM-137 AND PLUTONIUM-239

● 10% AS SLUDGE (90Sr, 239h)

IRON
MANGANESE
ALUMINUM

● REMAINDER AS LIQUID AND SALT CAKE (’ 3‘Cs)

SODIUM NITRATE
SODIUM ALUMINATE
SODIUM HYDROXIDE

SLIDE 5. Characteristics of Liquid Wastes at Savannah River
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SLIDE 6. New Waste Storage Tank
(1,300,000-Gal1on Stress-Relieved Tank)
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T
LONG-TERM PROGRAM

1 MILLION GALLONS
16 MILLION GALLONS

G LASS
SALT TO ONSITE DISPOSAL

(0.0001% OF RADIOACTIVITY)

SLIDE 9. Disposition of Current Waste Inventory
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SLIDE 12. Waste Tank with Sludge Removed

-26-



SA’LT
L

I
J

SLIDE 13. Reference Process for SRP Waste



.
e
.

w
n

-28-



,
t

.

\
“-.8-. . ,.

4 133’ +

SLIDE 15. Process Building Section - Defense
Facility

Waste Processing
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OFF-GAS LIQUID WASTE

4 +

REIFICATION

GLASS FR17

Iul

SLIDE 16. Calciner-Mel ter
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SLIDE 18. Salt Disposal System
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Pyrex

Waste Glass
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Marble

Bottle Glass
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Soxhlet Leach Rate
(percentweightlossin72 hrs.)

SLIDE 20. Comparative Chemical Durabilities



GLASS ANO CONTAINER
FINISHING CE11S

I

r
133’

L

I
I # I I I I 1

sERVICE AREA
I

PROCESSCE11s I 1
II

1
1

t CENTRAL CONTROL

VO1 UME: 20 MIL 1ION CU81C FEET

SLIDE 21. Process Building Plan - Defense Ilaste Processing
Facility
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DEFINITIONAND CHARACTERIZATIONOF CANDIDATEFORMS

o EXAMINEALL LIKELYFORMS

o SELECT3-4 FORMSFOR LARGE-SCALEDEVELOPMENT

INTENSIVEDEVELOPMENTAND EVALUATIONOF 3-4 FORMS

FY 1979-1981

FY 1982-1933

e RADIOACTIVE,LARGE-SCALETESTING

t o SELECTCANDIDATEDWPF FORM(S)AT END OF FY 1983
:
t

LARGESCALEEQUIPMENTAND PROCESSDEVELOPMENTOF DWPF FORM FY 1984-1986

0 TIME TO ALLOWFY 1989 STARTUP FOR DWPF

SECONDGENERATIONFORM DEVELOPMENT

o FOR RHO, ICPP,NFS, POSSIBLECOMMERCIALREPROCESSINGWASTE

o FOR POSSIBLESECONDGENERATIONDWPF PROCESSING

FY 1984-

SLIDE 22. Terminal Forms Development Schedule



FORM LEACHABILITY- MATCHTO REPOSITORYCONDITIONS

DISPERSABILITYAND IMPACTRESISTANCE- TRANSPORTAND STORAGE

VOLATILITY- MATCHTO TRANSPORTATIONACCIDENTS

STABILITY- AGING RADIATIONTRANSMUTATION

SENSITIVITYTO WASTE LOADINGAND COMPOSITION

WASTEVOLUMELOADING

DEVELOPMENTSTATUS

PROCESS PROCESSSAFETY- REMOTABILITY

PROCESSSENSITIVITY- QA REQUIREMENTS

FEED PREPARATIONREQUIRED

PROCESSWASTEGENERATION- OPERATINGAND DECOMMISSIONING

CAPITALAND OPERATINGCOSTS

APPLICABLELARGESCALEEXPERIENCE

SLIDE 23. High-Level Waste Immobilization Forms Selection
Factors



IN-PLACESolidification:FORKS

CONCRETE,RICH CLAY,POLYMERS

COb!CRETEFORMS

NORMALCONCRETE,

CALCINE FORMS

DIRECTCALCINES,

GLASSFORPS

PCLYMERCONCRETE,HOT PRESSEDCONCRETE

PELLETIZEDCALCINES

BOROSILICATEGLASS,HIGH SILICAGLASS,PHOSPHATEGLASS

CERANICFORNS

SUPERCALCI!iES,SYNROC,MINERALION EXCHANGERS,OTHERS

MATRIXFORMS

METALMATRIX !IITHGLASSOR CERANICMARBLES
CERMETS
MULTIBARRIERAh!DCOATEDPARTICLEFORMS

SLIDE 24. Primary High-Level Waste Forms
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FORM DEVELOPER

IN-PLACESOLIDIFICATION ROCKWELLHANFORDLABORATORY

CONCRETE OAK RIDGENATIONALLABORATORY
PENN STATEUNIVERSITY- ROCKWELLINTERNATIONAL
SAVANNAHRIVERLABORATORY

CALCINE IDAHOEXXONLABORATORY

GLASS SAVANNAHRIVERLABORATORY
BATTELLEPACIFICNORTHWESTLABORATORY
ROCKWELLI{ANFORDLABORATORY
IDAtiOEXXONLABORATORY
CATHOLICUNIVERSITY
WESTINGHOUSECORPORATION
UNIVERSITYOF FLORIDA
NASA - UNIVERSITYOF DELAWARE

ROCKWELLHANFORDLABORATORY
BATTELLEPACIFICNORTHWESTLABORATORY
PENN STATEUNIVERSITY- ROCKWELLINTERNATIONAL
UNIVERSITYOF CALIFORNIA- LIVERMORELABORATORY
ARGONNENATIONALLABORATORY
NC STATEUNIVERSITY
SANDIALABORATORY
OAK RIDGENATIONALLABORATORY

CERAMIC

MATRIX ARGONNENATIONALLABORATORY
BATTELLEPACIFICNORTHWESTLABORATORY
OAK RiDGENATIONALLABORATORY

SLIDE 25. Waste Form Developers
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