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CHAPTER 1

INTRODUCT ION

1.1 Introduction

The operation of nuclear reactors generates radioactive

wastes that require effective, and economical immobilization

and disposal.

The traditional Low-Level Radioactive Waste (LLW)

immobilization options are cementation or bituminization.

Either of these options could be followed by Shallow Land

Burial (SLB) or Above Ground Disposal. These rather simple

LLW procedures appeared to be readily available, to meet

regulatory requirements, and to satisfy cost constraints.

The authorization of State Compacts, the forced closure of

half of the six SLB disposal facilities of the U.S., and the

escalation of transportation/disposal fees diminish the

viability of these immobilization options. The synergetic

combination of these factors led tn a reassessment of

traditional methods and to an investigation of other

techniques. Low Level Radioactive Waste Vitrification

(LLWV) is a technically feasible, and cost competitive
]1

alternative to the existing LLW immobilization options.

This thesis proposes several techniques to control the

volatile radionuclides in LLWV.
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1.2 Scope of this Thesis

The purpose of this thesis is to analyze the

traditional LLW immobilization options, to review the impact

of the LLW stream composition on LLWV, then to propose and

discuss several techniques to control the volatile

radionuclides in a Process Improved LLWV system (PILLWV).

This chapter contains the introduction and background

information. The background section of this chapter

clarifies for the reader the radioactive waste management

terminology. Chapter 2 analyzes the most common LLW

immobilization options. The next chapter proposes several

improvements to the LLWV process which is described in

Ref.1. These improvements are applications of existing

technology to the LLWV system and are aimed at controlling

the volatile radionuclides. Chapter 4 illustrates the

regulatory compliance of the PILLWV waste form and provides

a cost estimation of an ion exchange PILLWV. The final

chapter summarizes the thesis results and presents

recommendations for further work. The general results of

chapter 3 and chapter 4 were presented at the Waste

Management '86 conference and are to be published. 2

1.3 Terminology Review

The terminology of the Radioactive Waste Management is

both dynamic and confusing even for an expert. This dismal

state of affairs results from the lack of a single

. - - -:.. > ; . .: > : .. ; .. .. . .- ..J- . -. - ... d........:. .,.. .,.:.;.,
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controlling agency that is responsible for terminology

standardization, and from the interdisciplinary nature of

Radioactive Waste Management. This section reviews and

clarifies the currently accepted terminology.

Radioactive Wastes 3 (Radwaste) is:

the generic term for gases, liquids, solids, and
equipment produced or used in nuclear operations of
negligible economic value that contain radionuclides in
excess of threshold quantities except for radioactive
material from post weapons test activities.

In the U.S. Radwaste is subdivided into three categories:

High-level Radioactive Wastes (HLW), Transuranic Radioactive

Wastes (TRU), and Low-Level Radioactive Wastes (LLW). The

Nuclear Regulatory Commission defines4 '5 HLW as:

(1) Irradiated reactor fuel, (2) liquid wastes resulting
from the first-cycle solvent extraction system, or
equivalent, and the concentrated wastes from subsequent
extraction cycles, or equivalent, in a facility for
reprocessing irradiated reactor fuel, and (3) solids into
which liquid wastes have been converted.

TRU's were originally defined as those wastes

contaminated with U-233 or transuranic radionuclides. This

was changed when 10 CFR 61 was adopted. The currently

accepted definition6 of TRU waste is:

material of no economic value which at the end of the
institutional control periods contains alpha emitters of
atomic number greater than 92 (but including U-233), with
half-lives of greater than 20 years and in concentrations
greater than 100 nCi/g.
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Finally, LLW is defined7 as:

radioactive wastes not classified as HLW, TRU, spent
fuel, or by-product material as defined in section lle.(2)
of the Atomic Energy Act (uranium or thorium mill tailings
and waste).

This broad definition of LLW includes wastes which vary

greatly in radionuclide content, in physical and chemical

form, and/or in specific activity.

Various Federal and State regulations prescribe the

maximum Radwaste concentrations that are safe to release to

the environment. Waste concentrations above these maxima

require immobilization prior to disposal. Here,

immobilization means the conditioning processes that yield a

waste form which minimizes the migration or leaching of the

Radwaste. Disposal is defined8 as

the isolation of radioactive wastes from the biosphere
inhabited by man and containing his food chains by
emplacement in a land disposal facility.

Various Radwaste immobilization and disposal schemes

are used or are in development (Table 1.1).
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TABLE 1. 1

Radwaste Immobilization and Disposal Schemes

Waste Immobilization Form Disposal Technique

HLW
Clays
Concretes
Calcines Geologic Burial
Glasses
Crystalline Ceramics

LLW
Urea-formaldehyde Above Ground
Cement Enhanced Shallow
Bitumen (asphalt)* Land Burial
Glass Shallow Land Burial

TRU
All of the Above All of the Above
(Activity Dictated)

Geologic Burial means disposal of Radwaste in an

excavated geologic formation 9 , whereas Shallow Land Burial

(SLB) is Radwaste disposal in or within the upper 30 meters

of the earth's surface.1 0 Above Ground Disposal (AGD) is as

its name implies Radwaste disposal in a structure above the

earth's surface. Enhanced Shallow Land Burial (ESLB) is SLB

that has been improved by incorporating engineered

confinement schemes. 11

The last term that the reader should be familiar with

is the Decontamination Factor (DF). The DF is an efficiency

figure of merit for processes (filters, ion exchange

columns, etc.) that partition or decontaminate Radwaste

streams* 12
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CHAPTER 2

LLW IMMOBILIZATION OPTIONS ANALYSIS

2.1 Introduction

The traditional LLW immobilization techniques include

cementation and bituminization. Cementation incorporates

the LLW into a cement matrix, while bituminization

encapsulates the LLW with bitumen (asphalt). The proposed

HLW immobilization process in the U.S., vitrification,

incorporates the Radwaste into a glass matrix. This process

is technically complex and expensive, and it initially

received little consideration as an LLW immobilization

alternative.

2.2 Traditional Immobilization Methods Assessment

Cementation and bituminization have been reported to

present serious technical and economic disadvantages.

Technical disadvantages of cementation include low waste

loading, high cesium and sodium leachability, and the

inherent volume increase of the waste form.1 '13  In this

thesis, waste loading means the percent concentration of the

radwaste in the waste form, rather than the percent of

radionuclides or the percent of fission products in the

waste. 14 Leaching refers to the degradation of the chemical

durability of waste forms by the resultant, overall chemical

reaction between radioactive waste forms and water.15  Table

-..
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2.1 summarizes waste loadings and leachabilities of cement

and glass, and shows the immobilization advantage of glass.

TABLE 2.1

Comparison of Waste Loading and Leachability
1 3 *

Waste Waste Cesium
Form Loading(%) Leaching(%)

Cement 10 to 5 47.5
Glass 33 0.1

Glass Increase(Decrease) 3 to 6 times (475) times

* Reference 13 does not specify the glass advantage.

Cement is incapable of immobilizing cesium without

additional processing. Zeolite absorption schemes are used

to minimize the cesium leaching in cement at defense waste

treatment facilities.
1 6

Bituminization, which is used extensively outside the

U.S., yields a waste form that is flammable 1 and very

leachable.1 7  Reference 17 explicitly states that

bituminization is ill-advised for immobilization of cesium.

Table 2.2 summarizes the results of Ref. 17.
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TABLE 2,2

Bitumen Immobilization Constraints
17

* Cesium insolubilization

* No metals, glass, rubbish, filters, PVC

* No solvents with Boiling Points < 1400 C

* Water content < 5%

Finally, disposal fees at the three operating SLB sites

have escalated by up to 300% since 1983.18 '19 Appendix A

provides the 1983 and the 1985 commercial LLW disposal rate

schedules for the three SLB sites. For illustrative

purposes, Table 2.3 shows the curie surcharge rate increase

at Barnwell, S. C. from 1983 to 1985.

TABLE 2.3

Comparison of Curie Surcharge Fees
(Barnwell ,SC)

Content per 1985 18 1983 I e
Shipment Surcharge Surcharge19  Increase

(Ci) ($) (s) (s)

1.2-5 1500 500 300

75.1-100 7450 2500 298

250-500 15000 5000 300

1000.1-5000 24000 8000 300

These technical and economic problems warrant the

search for an alternative to the traditional LLW

immobilization options.

;..;,,: ;; .; ,';,r, ..";/ ,i' " -<' .% .' ',*. ' '. ,'i. *:,, ".. **,.,-. , .*""" '* - v*.*''-;-'.:.**.**, , - **,'',,..
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2.3 LLWV Immobilization Assessment

Reference 1 describes in detail a proposed LLWV

process which is summarized in Fig. 1.1. Vitrification

produces smaller waste volumes. 1 This advantage is a

significant factor for SLB, ESLB, and/or AGD, when one

considers available disposal space and disposal costs that

are based upon waste volumes. Vitrification also produces a

waste form with leaching resistance1 3 superior to the

previously reviewed methods (Table 2.1). The LLWV waste

form was shown to be in compliance with the proposed

regulation 10 CFR 61.1 Since the publication of Ref.l., 10

CFR 61 was approved, and an updated assessment of the

regulatory compliance of the LLWV waste form is provided in

Table 2.4. Reference 1 also shows that the process is cost

competitive with the traditional LLW immobilization options

(Table 2.5).

2.4 LLW Stream Composition Impact on LLWV

The glass waste form of the vitrification process is

produced by heating the Radwaste and glass formers to

approximately 1150-1500°C. This high temperature heat

treatment requires modifications to control the volatile

radionuclides of LLW streams.
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LLW

Solutions Slurries Solids

Glass

Fig. F.. ood ShredPocess

Prprto %rpr Solids



TABLE 2.4

FEDERAL REGULATIONS COMPLIANCE

10 CFD 61
Put 61.56: kite characteristics Properties of kiate class

to) The fuilsalg requireauts are minimum
emqiruegati for all clase if ete ad Me
Intended te faCilitate headlisg at %be dispsal
site ad provide protection if health aid saf it,
ef WIsuD at the dispesal site.

Ill k19t44 914% mt he pftkagad few disposal (13 Ikite glass Is packaed in oul
I@ cardboard or fiber beard bases. coueaisers.

I0) iquid maste nost be solidified mr packaged 1Il1 kitle glass processinslisisates sel
Is suff icient absorbent material to absorb liquid enter is the eate fees.
%vice the volume of the liquid.

Ill Solid mite contaisieg liqaid shall coituis 131 kite glass processing eliaioates ang
as little free standing ud noncorrosive liquid liquid eater is the mite fees.
as Is reasomablg achievable, but im o case shall
the liquid exceed 1Isof the Vale".

143 Maite oust set be eadil, capable if 143 kite Is choicallg stable because sae
desatis ur of explosive decomosities or cheuicali reactive wastes ewe stabilized is
retles at mrel pressures ad temperatures. the glass forging process.
ur of explosive reaction with inter.

153 ikite mus net contain, or he capable of 13) kite is stable aod does not generate
generating quantites of toic gass, vapors, toxic gases, vapors, ortefum.
or fumes harmol to persi transporting,
handling, or disposing of the miste. This does
sot appl to radiocative Puseus miat* pachagud
is accordance with paragraph fa) (73 of this
aoct ion.

161 kites oust net he pqrophorlc. pgrsphenic 161 kiste is ot p~rophonic.
materials calied in the mistes shall he
treated, prepared. and packaged to be
goof lasoeble.

I7l kite is gaseous feermoust be packaged 171 Den not applg.
at a pressure that does not exceed 1.5 aemoheres
at 10 degrees centigrade. Total activitg eust
got as""e to0 curpies per cotaiser.

Ill kistes containing biological, pathsgoonic, Ill These wastes are decnoposed to sontexic
or infectiens material moust be treated to ferm hi thermal degradatis and oxidation is
reduee to the nauions extent practicable the the glass forging process.
potential hazard free the sooradiological
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TABLE 2.4
( CONTINUED)

part 61 .56: bet. Characteristics properties if bete class

Ibi The reqirsomott 13 this sectimi ame
ictonded to proavide suabilitg of the Masts.
stabilito is istemded to sour* that the Mete
den et strscturall do- ads aid af fect evewall
stabilit, of the site thrugb sleeping, collapse,
Er otb failure of the disuesl "it and therebt
lIad to mOur Infiltrating. StabilistIsi alu a
fatoer in limiting supie. te an liadverft
istreder, sine It prevides a recognizable and
meedisperuible Meta.

Ill bete eust have utrecteal suailitf. A Ill (a) RIe gl959 delegaes AigP With
strocerallg1 stable waute fure mill gemeall, a Ill dere centigrade temperature Ohato is
militaie its phlcal disesuiecs aid its fare, 0.11.
ider the expected disposal conditions ech as 0h1 Compressive strength of the mute

meight of ewerburdee ad cuomeacis. eqipeest, glass is 6.9 to 146 Wa. 11 to 21 kul
the PreUKceof meisters, and microbial activit, Cc) bote glass Is cheicalll,
aid Internal factes snch as radiation effects therealll, and r-adlltlcallg stable.
ud chemical changes. Strectural stabilitg onm
be provided hg the alto fur. itself, processing
the Waste to a stable furs, or placil the muste
In a disposal coetaier or structure that
provides stahllitg after disposal.

IM) Net mithstiadilg the previslees in Part Ill Vitrification elisliates liquId mater
61.56IaIlaind 131, liquid mustes, ur mutes com- frese the waste fur.
talieg liquid, mist he corerted lute a faem
that costaims as little free-staiding aid aou-
Corrosive liquid as is reamiahlg achievable, but
is mfe ase shall the liquid euceed Is of the
felul" of the alto whes the meste is in a
diup,)sl container designed to seur stabillti,
or 5% If the well"e If the mite fur Mea
processed to a a stable firs.

121 Void spaces within the mite and between Ill The mute glass pr-idect Is a solid
the muste aid its package mist he roeced to emealith within its ceetalier with the
the extmit practicuble. exception it se cracks in the glass
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TABLE 2.5

ANNUAL RADWASTE MANAGEMENT COSTSal

(1984 $1000)

No Volume Vitrifl- Clcllnatloh/ Sltumini- Evaporator/ Shredding/
Cost Item Poductloan catlon Incineration zatlon crySta Ilzer 2oMactlon Incineration

Total mnterlaIs 1,954 353 707 1,200 1.545 1,822 1.722

and bur I al

SolIdIfIcatIon 535 37 102 128 354 535 549

labor cost

Wi operating - 895 355 833 a5 -44 229
cast

VR mort Ized - 500 902 712 203 7 289

capital cast

Or-m storage -- -90 -84 -67 -27 -10 -17

cast credit

Transportation 2.011 694 997 2.696 1.962 1.990 1.976

to burlal

Total 4,500 2,389 2,979 5,503 4.123 4,300 4.736

Caso Is for 1100-Nl StP. 1250 mIles transportation4 Bornell burial.

2.4.1 LLW Stream Composition

Reference 20 gives typical radionuclide compositions of

LLW streams. Cesium is a predominant radionuclide in the

LLW streams of Light Water Reactors. 20 '21  Appendix B shows

the concentrations of radionuclides in these waste streams.

Table 2.6 gives the relative content of cesium activity in

each these LLW streams.

_ .. *
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TABLE 2.6

LLW Radionuclide Composition

Total20  Cesium 20  Cesium
LLW Stream (Ci/MWe) (Ci/MWe) (M

BWR 2.142 1.232 57.5

PWR 0.771 0.313 40.6

2.4.2 LLWV Safety Assessment

A Safety Assessment and Major Radionuclides in the

Source Terms were reported in Ref. 1. An analysis (Table

2.7) of this Safety Assessment shows that cesium is the

major contributor to the source term for LLWV Design Basis

Accidents (DBA).

TABLE 2.7

Source Term Analysis

Design Basis Accident % Cs in Source Term

Glass Leakage 100

Thermal Shock Wave 100

Inoperative Scrubber 50

Venturi Leak 50

Full Container Drop 100

Cell Cover Dropped 50

Melter Pressurization 50

Plenum Leakage 50

Regeneration Solution Spill 50
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2.4.3 Cesium Test Facility Effects

Predominance in the LWR LLW stream and in the DBA

source term initially identified cesium as the radionuclide

to be controlled. The need for cesium control is further

supported by LLLWV pilot experiments.

LLWV test results at Mound Laboratory show that cesium

is sorbed in the walls of the glass melter and in the

components of the off-gas system. Furthermore, the cesium

can be randomly desorbed. LLW streams of 1 mCi to 5.2 mCi

of cesium were vitrified. It was found that between 11% and

28% of the cesium was unaccounted for.
22

Analysis of the experimental data reported in Ref. 22

shows significant cesium retention when ion exchange resins

are vitrified. For a large number of experiments, the

unaccounted cesium percentage, in average, for ion exchange

resins is 12.5, whereas the unaccounted cesium percentage,

in average, for dry solid wastes is 20.1.

The adsorption of cesium produces an unacceptable

system mass balance.2 2 The sorption and random desorption

of cesium would seriously hinder the licensing process of a

commercial LLWV facility.

2.5 Conclusion

Waste Loading and leachability of the LLWV waste form

is superior to both cementation and bituminization.
0

Further, the LLWV glass exceeds all standards of stability
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as prescribed in 10CFR61. I The escalation of SLB disposal

fees requires the use of an immobilization process which

optimizes volump reduction.

Cesium is shown to be the predominant radionuclide in
20I

LLW streams, to be the principal source term in DBA's,

and to be randomly sorbed/desorbed by the melter and off-gas

components during vitrification. 22 The foregoing analysis

identifies cesium as the critical volatile radionuclide that

must be controlled in order to improve the proposed LLWV

processes. In the next chapters, process improvements are

proposed and discussed.
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CHAPTER 3

PROCESS IMPROVED LLWV

3.1 Introduction

The Process Improved LLWV (PILLWV) controls the

4 volatility of cesium by selectively incorporating the

radionuclide into a vitrifiable form. In essence, the

initial LLW stream is partitioned prior to the feed

preparation step of Fig. 1.1. Numerous processes that

selectively separate and fix cesium are reported in the

literature and are in various stages of development both in

the U.S. and elsewhere. These processes include ion
:23,24 25

exchange, chemical precipitation, and

electrodialysis. 26  Each process in turn will be reviewed.

3.2 Ion Exchange

Ion exchange is a well developed industrial application

and is currently used in the management of High-Level Wastes

(HLW) at Defense Waste Processing Facilities.
16'23'24

Adaptation of the ion exchange process to wastes other than

HLW is novel in this country, but it has received moderate
27 28Th o

study in Sweden, Japan, and the USSR. 2 9 ' 3 0 ' 3 1 The ion

exchange process described in Ref. 27 transfers the activity

of spent organic ion exchange resins to inorganic ion

exchange media. Reference 28 reports fundamental data on

cesium ion exchange with a hexacynaoferrate (II) impregnated

zeolite. Soviet researchers (Refs. 29, 30, 31) recommend

• i
-" ",, " ," , , " ," " , " : ., ,, .. " ' ',. ., .'''''' . . , .. . € ',
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decontamination of Low- and Medium-Level radioactive wastes

by ion exchange prior to bituminization or cementation.

These processes were meant to reduce the volume of the waste

prior to immobilization by the traditional techniques.

An ion exchange process using heat resistant and cesium

specific media will control cesium's volatility during

vitrification. Recall from section 2.4.3 that the

unaccounted cesium is less even when general purpose bead

resins are vitrified. In Fig. 3.1 the conceptual design of

a possible ion exchange PILLWV is shown.

A continuous ion exchange system is recommended due to

its demonstrated efficiency and economy for nuclear3 0 and

non-nuclear 3 2 applications (Table 3.1 and Table 3.2).

TABLE 3.1

ION EXCHANGE EFFICIENCY
30+

ION EXCHANGE Volume of
SYSTEM Exchanger(L) DF+

Continuous 30 700

Fixed 600 200

+ Decontamination Factor

Table 3.1 shows that continuous ion exchangers are 2.5

times more efficient and require 20 times less volume than

fixed bed exchangers. In addition, Table 3.2 shows that

' ,"'" ', ' - '; ' ', ',,** ,,-'./ . / :: . ":,'- ; . ;,' '' ,. '., ,.. -' ,' U.' ,, "'.U , ' ,'', '"" .
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continuous ion exchangers are approximately 25% cheaper than

fixed bed ion exchangers.

LLW
Stream

Ion Exchanger
OF_ Feed

Preparation To Melter
lin Fig. I

MediaStorage

Fi
Fig. 3.1. Ion Exchange PILLWVp
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TABLE 3.2

Cost Comparison
Continuous Versus Fixed Bed Ion Exchange

Cost 3 2  Continuous Ion
TYpe ($1000) Exchange Advantage

General
Continuous 2164
Fixed 2773

22%

Softening
Continuous 206
Fixed 284

27%

NaH BLEND
Continuous 1038
Fixed 1410

26%

The technical criteria used to determine the ion

exchange media include high cesium selectivity, high

radiation resistivity, and good thermal stability. The

selection of the ion exchange medium should be tailored to a

particular LLW stream, however several effective candidates

are given in Table 3.3.
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TABLE 3.3

Ion Exchange Media Candidates

Medium Waste Stream DF+

Duolite CS-100++ 33 ,34  HLW 10000

Titanates 2 7  HLW 10000

Duolite ARC-359+ +16  HLW 10000

V-Zirconium 35 .36
Phosphate TMI Accident 10000

++ Decontamination Factor
Duolite CS-100 and Duolite ARC-359 are manufactured
by Diamond Shamrock Corporation

All of the candidate media have high cesium selectivity

and radiation resistance. In addition, these ion exchange

media retain cesium during heat treatment which is a crucial

requirement for vitrification. The first three media of

Table 3.3 have been vitrified at HLW facilities, and V-

Zirconium Phosphate has successfully been sintered.
33 t27 ,35

Preprocessing the LLWV stream with an ion exchange

system provides a significant reduction of the amount of

cesium in the melter feed (Table 3.4).
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TABLE 3.4

Kelter Feed Cesium Concentration

Untreated2 0  Predicted
Cs Concentration (1000 MWe-yr) Cs Concentration

BWR LLW 8.640E-1 Ci/m 3  8.64E-5 Ci/m 3

PWR LLW 4.074E-1 Ci/m 3  4.07E-5 Ci/m 3

The reduction, shown in Table 3.4, is calculated with

the reported DF's of Table 3.3 and the Decontamination

Factor (DF) formula 3 7 , DF - Ai / Ae:

where

DF - Decontamination Factor

Ai - Influent Activity

Ae - Effluent Activity

In summary, a continuous ion exchange treatment system

uses fully developed and proven technology that could be

easily integrated into the LLWV process. An ion exchange

PILLWV effectively controls the volatility of cesium during

vitrification and the partitioned waste stream may be also

processed into a waste glass. The ion exchange PILLWV

capitalizes on the effectiveness of ion exchange and

vitrification to produce a superior waste form in a superior

LLW treatment system.
p
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3.3 Chemical Precipitation

A chemical precipitation system would be integrated in

the LLWV process in the same way as an ion exchange process

(Fig. 2). This technique (precipitation) is used to remove

cesium from low-level waste salts prior to cementation and

disposal at the Defense Waste Processing Facility (DWPF) at

24the Savannah River Plant (SRP). SRP has underground waste

storage tanks containing large inventories of cesium in

solution. Chemical precipitation of the cesium

decontaminates these solutions and is easily integrated into

SRP's existing process. Mlile chemical precipitation has

been adopted by SRP, it appears that the process is not as

effective as anticipated.
38

West Valley also investigated chemical precipitation as

a potential cesium removal and volume reduction process.

The efficiency of chemical precipitation to remove cesium

from the waste streams of West Valley was found to be lower

than ion exchange. The unacceptably low efficiency for the

precipitation process at West Valley is due to the

difference in pH and radionuclide concentration of the waste

stream.
3 9

Sodium and Potassium tetraphenyl borates are both cited

in the literature as having high cesium selectivity.
23'25'39

The thermal properties of the precipitates that they produce

have not been reported. These properties must be

established prior to vitrification. Furthermore, as seen

i
P .- %-V . .
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above the individual waste stream characteristics (pH of the

solution, presence and/or concentration of competing ions)

can greatly impact the effectiveness of a chemical

precipitation system.

3.4 Electrodialysis

Reference 40 defines electrodialysis as a process in

which a selectively permeable membrane separates a specific

substance from a solution of numerous substances. Two other
40

membrane processes are dialysis and reverse osmosis.

Table 3.5 provides a comparison of these membrane processes.

TABLE 3.5

Membrane Processes

Process Driving Force (Micron)

Electrodialysis Electric Potential E-2 to E-4

Dialysis Concentration E-1 to E-3

Reverse Osmosis Pressure E-2 to E-3

Electrodialysis (ELECD) has received limited

application within the nuclear industry in the U.S.,4 1 the

UK, 4 2 and the USSR.29 Reference 41 reports the preliminary

development of several promising membranes for cesium

separation. Researchers in the UK report effective and

economical membrane separation of cesium in Low- and Medium-

Opq
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Level Radwastes.42 Reference 29 reports successful volume

reduction of LLW streams by ELECD prior to immobilization in

bitumen or cement. The concept of a combined electro-

dialysis-ion exchange (EIE) system is shown in Fig. 3.2.

LLW
Stream

Ion Exchange
Feed

* Preparation

Electra-
dialysis

To Melter
in Fig. I

CS ~SpentStrg

Fig. 3.2. Electrodialysis-Ion Exchange PILLWV

*! J
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ELECD has been shown to efficiently and economically

separate cesium,4 2 but a follow-on immobilization process

must be utilized to obtain a waste form acceptable for

disposal. This follow-on treatment decreases in part the

volume reduction capability of the process, but significant

overall system effectiveness is attainable.4
2

Cesium decontamination factors of 2000 for ELECD are

42reported. Table 3.6 summarizes the melter feed

concentrations of an EIE. These values are calculated by

the sequential use of. the DF formula and the respective

process DF's.

TABLE 3.6

EIE Melter Feed Cesium Concentration
(1000 MWe-yr)

ELECD EIE
Initial 20  42 Treated Ion 3 Treated
Cs Conc ELECD Cs Conc Exchange3 4 Cs Conc
(Ci/m3) DF (Ci/m3) DF (Ci/m3)

BWR LLW 8.640E-1 2000 4.320E-4 10000 4.320E-8

PWR LLW 4.074E-1 2000 2.037E-4 10000 2.037E-8

Comparison of the melter feed concentrations of Table 3.4

and 3.6 shows an improvement of 3 orders in magnitude for a

proposed EIE process versus an ion exchange process.

In addition, Table 3.6 shows that ELECD can initially

decrease the cesium concentration of the LLW stream fed to
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ion exchange columns, which increases the life of the ion

exchange media. ELECD alone effectively removes specific

ions from LLW streams, however the requirement of a follow-

on immobilization step for the concentrated waste stream is

a significant disadvantage. Possible follow-on

immobilization steps include ion exchange, chemical

precipitation, or solidification in either a thermosetting

resin or a DOW polymer. Reference 29 briefly indicates

preliminary success in a combined electrodialysis-ion

exchange technique in preparation for bituminization or

cementation. This combined technique provides the desired

cesium partitioning, however an effective immobilization

technique for the partitioned cesium waste stream must be

determined.

3.5 Conclusion

Of the three identified processes that selectively

partition cesium from LLWV streams, ion exchange is the

preferred method. Ion exchange technology is well developed

and may be easily integrated into the LLWV process. Ion

exchange media of high cesium selectivity in LLW streams and

high cesium retention when vitrified are commercially

available. Apparently, the effectiveness of chemical

precipitation is questionable. In addition, the process is

waste stream specific, and the thermal stability of the

precipitate is to be determined. Electrodialysis has

IM-
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potential, but its volume reduction capability is degraded

by the follow-on immobilization techniques, and induLtrial

development of the process is still to be completed.

4

* * *1 *b * '
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CHAPTER 4

PILLWV REGULATORY COMPLIANCE AND COST ESTIMATION

4.1 Introduction

Any immobilized waste form must conform to all State

and Federal regulatory requirements. These requirements set

specific standards for stability, transportation, radiation

protection, and final disposal of Radwaste. The Radwaste

regulatory environment is very dynamic and is further

complicated at the Federal level by the existence of four

separate agencies with partially overlapping authority, i.e.

the Environmental Protection Agency (EPA), the Nuclear

Regulatory Commission (NRC), the Department of

Transportation (DOT), and the Department of Energy (DOE).

These agencies are autonomous and often issue conflicting

regulatory requirements. Tables 4.1 and 4.2 show the

applicable regulations and their interrelationships.

LLWV is an unconventional LLW immobilization method.

Therefore, it must not only comply with the regulatory

requirements and be technically superior to conventional

methods, but it must also be cost competitive. Regulatory

aspects and cost estimations of the PILLWV waste form will

be discussed in turn.

.

A.

p.
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TABLE 4.1

Federal Regulations
Applicable to Waste Management43

Federal
Regulation Agency Title

10 CFR 20 NRC Standards for Protection
Against Radiation

10 CFR 50 NRC Policy Relating to the Siting
of Fuel Reprocessing Plants
and Related Waste Management
Facilities

10 CFR 60 NRC Disposal of High-Level
Radioactive Wastes in
Geolog ic Repositories

10 CFR 61 NRC Licensing Requirements for
Land Disposal of Radioactive
Wastes

10 CFR 71 NRC Packaging of Radioactive
Material for Transport and
Transportation of Radioactive
Material Under Certain
Conditions

40 CFR 61 EPA Clean Air Act, Section 112

40 CFR 141 EPA Drinking Water Regulations

40 CFR 190 EPA Environmental Radiation
Protection Standards

40 CFR 191 EPA Environmental Standards for
(DRAFT) the Management and Disposal

of Spent Nuclear Fuel,
High-Level and Transuranic
Radioactive Wastes

V



31

TABLE 4.1
(Continued)

40 CFR 192 EPA Health and Environmental
Protection Standards for - .. -

Uranium and Thorium Mill
Tailings

49 CFR 171-178 DOT Requirements for
Transportation of Radioactive
Materials

Order 5480,XI DOE Standards and
Requirements for Radiation
Protection

Order 5820 DOE Radioactive Waste
Management

A.|

'.

• .o o .° , , ° o ..... ... ...° . ... , ... .-., .i
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TABLE 4.2

Regulatory Interrelationships

10 CFR 20; 40 CFR 61; 40 CFR 141; 40 CFR 190

A0 CFR 191 Draft)

49 CFR 171178;

10 CFR 71
I I

10 CFR 50 (Appendix F)

610 CFR 61

10 CFR 60

10 CFR 60

meologic
Onsite Disposal
StorLge

Adopted from Ref. 43.

, : , %% -: , .' ..; ,' -.i ' " .; .'.:-; .,'-.'- -','- ',';":.- ":' ': > ' "'"'"""
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4.2 Regulatory Compliance

The glass of the reported LLWV process I meets all of

the regulatory requirements for stability stated in 10 CFR

61 (Table 2.4) and for transport stated in 49 CFR 173 (Table

4.3). The PILLWV glass will also meet these regulatory

requirements. In additional, Table 4.3 shows that the

concentrated cesium PILLWV waste forms do not exceed Class C

waste limits as defined in 10 CFR 61.

The methodology for LLW classification is provided in

10 CFR 61.55. The waste class, A, B, or C, is determined by

comparing the specific activity of the waste for selected

radionuclide(s) to the regulatory standards. Cesium has the

most stringent overall standards of the selected

radionuclides in 10 CFR 61 (Table 4.4).

In this work, cesium is selected for the determination

of the vitrified waste product classification due to its

impact on LLWV as described in chapter 2 and to the

stringent classification previously discussed standards . A

cesium dose rate to specific activity conversion factor for

low level waste solid material is 1 rem/hr per 200 Ci/m
3.4 5

Conversion of the drummed product dose rates gives specific

activities that may be compared to the regulatory standards

(Table 4.5).
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TABLE 4.3

Annual Vitrified Product 1100-MWe 
BWR1 *

Drummed Products
Volume Activity Shipping+

Waste (m) (Ci) Number mrem/hr Container Class

Resin 82 1,170
10.3 1.08 A B
31 10.8 B B
10.3 108 B C

Conc
liquid 226 362

38 0.095 Unshielded A
114 0.95 Shielded B
38 9.5 B B

Filter
Sludge 152 1,364

34 2.08 A B
102 20.8 B B
34 208 B C

Waste Classification in accordance with Federal Regulation
10 CFR 61 not included in Ref. 1.

+ Shipping Container Type in accordance with Federal

Regulation 49 CFR 173. The dose limits of Ref. 1 are
correctly shown as mrem/hr instead of rem/hr.
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Table 4.4

Classification Standards f or LLW 4

Class*
Radionuclide AB -C

All nuclides with
half-life < 5 yrs 700 + +

H1-3 40 + +

Co-60 700 + +

Ni-63 3.5 70 700

Sr-90 0.04 150 7000

C9-137 1 40 4600

*If the concentration (Cilia3) < value given.
+ No limits set.

Table 4.5

Annual Vitrified Product Classification
1100-M~We BWR

Dose Rate 1 Calculated 3 Calculated
Waste1  (mrem/hr) Activity(Ci/4 Class

Resin
1.08 0.22 A

10.8 2.2 B
108 21 B

Conc
Liquid

0.095 0.019 A
0.95 0.19 A
9.5 1.9 B

Filter
Sludge

2.08 0.42 A
20.8 4.2 B

208 42 C
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The waste classifications of Table 4.3 are conservative

adjustments of the calculated values of Table 4.4. These

conservative adjustments are made to account for variance of

cesium concentrations in individual waste streams, and for

unusually high concentrations of the other regulated

rad ionucl ides.

4.3 Cost Estimation

Reference 1 gives an installation and operation cost

comparison for LLW volume reduction techniques.

Vitrification was reported to be the cheapest volume

reduction technique. 1 (Table 2.5)

Firm cost estimation figures for installation and

operation of nuclear grade ion exchange systems are not

available in the open literature, but an estimated 1984

annual installation and operation cost (AIOC) is $108,000.

This cost was calculated in the following manner.

The 1970 installation and yearly operation costs for an 800

gallon per minute, continuous, zeolite ion exchanger (to

selectively remove cesium) are $95,000 and $11,100,

respectively.4 6 An annual equivalent installation cost
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(AEIC) was calculated with the standard interest formula
4 7

AEIC - P * (A/P)n ,

where

AEIC - Annual Equivalent Installation Cost

P - Present Value ($95,000)

(A/P) - Capital Recovery Factor

i - Interest Rate

n - Number of Years

The assumed interest rate is 15% and the life expectancy of

the zeolite ion exchanger of Ref. 46 is 10 years. The

capital recovery factor, 0.19925, is determined from the

tabulated data of Ref. 47. The AEIC is $19,000.

This AEIC and the operation cost are evaluated in 1970

dollars, therefore a 1984 dollar adjustment is required for

comparison with costs of Ref.1. Producer price indexes are

used for such adjustments. The 1970 and 1984 nonfood,

excluding fuel, producer price indexes for manufacturing are

109.6 and 395.7, respectively. 48 The 1970 AEIC and

operation cost are multiplied by the 1984 producer price

index then divided by the 1970 index to give a 1984

estimated AEIC of $108,000 and an operation cost of $40,000.

The AEIC and the operation cost are summed to give the AIOC

($108,000). Table 4.6 shows that the Ion Exchange PILLWV is

cost competitive with the LLWV system costs of Ref. 1.

42
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TABLE 4.6

Ion Exchange PILLWV and LLWV Costs
(1984 $1,000,000)

Item PILLWV LLWV

Total materials
and burial 0.353 0.353

Solid if ication
labor 0.037 0.037

VR operating
costs 0.935 0.895

VR amortized
capital cost 0.568 0.500

Drum credit -0.090 -0.090

Transportation 0.694 0.694

Total 2.597 2.389

a Case is for 1100-BWR, 1250 miles transportation,

* Barnwell,SC.
Ion Exchange PILLWV costs not included in Ref.1.

A 1986 installation cost of an ion exchange system that

selectively removes cesium is $71,000. 4 9 This figure shows

that the 1984 estimated AEIC is very conservative, therefore

an ion exchange LLWV system would appear to be even more

attractive when compared to the installation cost of Ref.45.

It is assumed that the 1986 installation cost reflects

considerable technological and economic improvement in the

process.
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Table 4.7 summarizes the cost of volume reduction

techniques of Table 2.5 and shows that the Ion Exchange

PILLWV is cost competitive.

TABLE 4.7

Volume Reduction Cost Comparisonl1+

($1,000,000)

PROCESS COST

Vitrification 2.4

Vitrification 2
with Ion Exchange 2.6

Inc ineration/

Calcination 3.0

Evaporation 4.1

Incineration 4.7

Bituminization 5.5

+Costs are for a 1100-MWe BWR, 1250 miles transportation to
Barnwell, S.C.

Vitrification with Ion Exchange not Included in Ref.l.
Incineration/calcination, evaporation, and incineration all
use cementation as the immobilization technique.

Table 4.7 shows that the ion exchange PILLWV is cheaper

than the traditional immobilization methods and the cost of

the ion exchange improvement is only 4.5% of the LLWV cost

of Ref. 1.

A comparison of the base disposal charges (cubic foot)

is shown in Table 4.8.
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TABLE 4.8

Comparison of Base Disposal Charges
Barnwell, S. C.
( 1lO0-MWe BWR)

Total
Voluje Charges 3

Process (Ft ) (@ $25.112/ft3 )

Vitrification 3000 $75,000

Cementation 26000 $650,000

This base disposal cost estimate is made by converting

the total number of 55-gallon drums of PILLWV (Table 4.3)

into cubic feet and multiplying this figure by the Barnwell

standard waste charge of Table A-i. Cementation has a

volume increase factor of 1.6.50 The cementation cost

estimate was calculated by multiplying the total waste

volume (Table 4.3) by the volume increase factor and by the

standard charge of Table A-1. Due to insufficient data,

weight and curie surcharges are not included in this cost

estimate.

4.4 Conclusion

The PILLWV waste form meets all regulatory standards

for stability, transport, radiation protection, and disposal

as LLW. The highest waste classification of the drummed

products is class C. The volume reduction cost comparisons

show that the PILLWV is cost competitive with the LLWV

"A" "; ",., " " a' " ' " " " " " " ." ' '. €'" "" """"-"" " "" " "." , ; '." " .'.." -", i
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process of Ref. 1. The basic cubic foot disposal charges

for vitrification are 9 times cheaper than cementation.
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS FOR FURTHER STUDY

5.1 Summary of Results

The objective of this thesis, as stated in section 1.2

was to analyze the traditional LLW immobilization options,

to review the impact of the LLW stream composition on LLWV,

then to propose and discuss several techniques to control

the volatile radionuclides in a Process Improved LLWV system

(PILLWV).

The analysis, in chapter 2, showed several

technological and cost disadvantages of the traditional LLW

immobilization options. Cementation and bituminization

have high cesium leachability and low waste loading in

comparison with glass. The 300% escalation of SLB

disposal fees dictates the use of an immobilization process

which optimizes volume reduction. The LLWV process of Ref.

1 is also analyzed in chapter 2. Cesium is identified as

the key volatile radionuclide to be controlled in order for

vitrification to be a viable LLW immobilization option. The

analysis shows cesium to be the predominant radionuclide in

LLW streams, 20  to be the principal source term in LLWV
1

DBA's, and to be randomly sorbed/desorbed by the melter and
22

offgas components during vitrification.

In chapter 3, an improvement to LLWV was proposed which

relies on partitioning, and virtually eliminates the loss of



43

cesium from the LLWV process. Ion exchange is the preferred

method of the three identified processes that selectively

partition cesium from the LLW stream. Ion exchange

technology is fully developed and may be easily integrated

into the vitrification process. In addition, ion exchange

media of high cesium selectivity and high cesium retention

when vitrified are commercially available. The other

possible process improvements have serious technological

obstacles which must be first studied, understood, and

overcome before industrial applications may be considered.

The major obstacles of chemical precipitation and

electrodialysis include the questionable thermal stability

of precipitates, process applicability to specific waste

streams and selection of a follow-on immobilization process.

The following chapter showed that the PILLWV waste form

complies with all regulatory standards for stability,

transportation, and disposal as LLW. The highest waste

classification of PILLWV process is class C. The volume 4

reduction cost comparisons of chapter 4 show that the PILLWV

is cost competitive with the LLWV process of Ref. 1.

Finally, the standard disposal charges (cubic foot) for the

vitrification waste forms are significantly lower than for

the cementation waste forms.

High disposal costs and technical limitations of the

traditional LLW immobilization techniques necessitated

investigation of alternative methods. The PILLWV yields an

-- 3
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improved waste product and effectively controls cesium

volatility which should facilitate the licensing procedure

of a prospective LLWV facility. The comparison of the

technical specifications, of the regulatory compliance, and

of the cost considerations shows the PILLWV to be the

superior immobilization option.

5.2 Recommendations for Future Study

Further work is recommended in the following areas:

(1) A design study, and pilot testing of the ion

exchange PILLWV to verify the type of ion exchange column,

and the optimum exchange media. In addition, the study

should include an economic assessment of a large scale

commercial LLW immobilization facility.

(2) An experimental investigation to determine the

properties of the precipitates identified in chapter 3. The

emphasis of the study should be on the thermal stability of

the precipitates during vitrification, and the elimination

of the process constraints imposed by specific waste

streams.

(3) A design study and experimental test of an

electrodialysis PILLWV to determine specific membrane (s),

and the optimum follow-on immobilization technique.

***F* .;*- . a
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(4) A design study, and experimental testing of the ion

exchange PILLWV to produce partitioned radiation sources for

medical, industrial, or institutional uses. The study should

include media selection, and an economic assessment.

.L
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APPENDIX A

LLW DISPOSAL RATE SCHEDULES

The 1983 and 1985 commercial LLW disposal fees are

shown in Table Al Table A2, Table A3, and Table A4. Tables

Al, A2, and A3 show the 1985 LLW disposal charges for the

Barnwell Low-Level Radioactive Waste Disposal Facility, the

Washington Nuclear Center, and the Nevada Nuclear Center,

respectively. Table A4 provides the 1983 LLW disposal

charges for each of these facilities.
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TABLE Al

BARNWELL RATE SCHEDULES
18

(DECEMBER 9, 1985)

1. BASE DISPOSAL CHARGES: (Not'including Surcharges and Barnwell County
Business License Tax)

A. Standard Waste $ 25.112/ft.3
B. Biological Waste $ 26.112/ft.3
C. Special Nuclear Material (SNM) $ 25.112/ft.3

plus $1.75 per Gram SNM

Note: Minimum charge per shipment, excluding Surcharges and specific Other
Charges is $500.00

SURCHARGES:

A. Weight Surcharges (Crane Loads Only)

Weight of Container Surcharge Per Container

0 - 1,000 lbs. No Surcharge
1,001 - 5,000 lbs. .$ 275.00
5,001 -10,000 lbs. $ SSO.00

10,001 - 20,000 lbs. $ 825.00
20,001 - 30,000 lbs. $1,100.00
30,001 - 40,000 lbs. $1,650.00 V
40,001 - 50,000 lbs. $2,200.00

greater than 50,000 lbs. By Special Request

B. Curie Surcharges:

Curie Content Per Shipment Surcharge Per Shipment

0 - 1 No Surcharge
1.1 - S $ 1,500.00
5.1 - 1s$ 2 250.00

15.1 - 25 $ 3,000.00
25.1 - 5 $ 4,500.00
50.1 - 75 $ 5,500.00
75.1 - 100 $ 7,450.00

100.1 - 1S0 $ 8,900.00
150.1 - 250 $12,000.00
250.1 - 500 $15,000.00
500.1 - 1,000 $18,000.00

1,000.1 S ,000 $24,000.00
Greater than 5,000 By Special Request

/ (;% .' ¢;/i . ; ¢ ; ¢: ; e; v: ; : -".,;. " ", h,* '. . . ... r , . -,,, ,., .- -"_ -. e; '.;r
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TABLE Al (CONTINUED)

C. Special Handling Surcharge may apply on unusually large or bulky
containers. These type containers are acceptable upon approval
of prior request.

3. OTHER CHARGES

A. Cask Handling Fee $600.00 per cask, minimum

3. Taxes and Special Funds

1. Perpetuity Escrow Fund $ 2.80 per ft.3

2. South Carolina Low Level
Radioactive Waste Disposal
Tax $ 4.00 per ft.3

3. Southeast Regional Compact Fee 46.29 per ft.3

4. Barnwell County Business
License Tax:

A 2.4% Barnwell County Business License Tax shall be
added to the Total of all disposal fees.

NOTE: Items 3.B. 1, 2, and 3 are included in Item 1, Base
Di sposal Charges.

'A
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TABLE A2

NEVADA NUCLEAR CENTER RATE SCHEDULE 
18

(DECEMBER 9,1985)

. DISPOSS

A. SOLID NATZ 
1A

Steel Drims, Wowd Soxes:

R/KR AT CONTAINER SMURACZ 
"ICE PER CU. IT.

0.00 - 0.20 $ 20.610.201 - 1.00 22.34
1.01 - 2.00 25.092.01 5.00 30.025.01 - 10.00 35.43
10.01 20.00 45.82
20.01 40.00 56.7740.01 - 60.00 S6.29
60.01 - 80.00 103.5560.01 100.00 114.19
Over 100.00 4y request

Disposal Liners Ramved from ShieldS (Greater than 12.0 cu.ft. each)
3/R AT CONTAINE SRAC MRCMGE PER LINE PRIcE pR C. FT.

0.00 - 0.20 no Charge 30.610.201 - 1.00 $ 272.72 20.61
1.01 - 2.00 668.54 20.61
2.01 - 5.00 940.98 20.61
5.01 - 10.00 2,360.17 20.61

10.01 " 20.00 1.73S.76 20.61
20.01 40.00 2l56.95 20.6140.01 60.00 2,557.19 20.61
60.01 60.00 2,951.60 20.61
60.01 - 100.00 3,3S1.34 20.61

Over 100.00 By Request by Request

3. Sioloqc.1 Waste, Animal Carcasses $22 .37/c.ft.

I

i
S ,S
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TABLE A2
(CONTINUED)

2. XURCNARGE VFM WAVY OJECTS:

Less than 10,000 pounds No Charge
10,001 pounds to Capacity of Sit Xuipment $214.00 plus $.10 per lb.

above.10,000 lbs.

3. SURCHARGE VIOR CURIES (Per Load):

Loss than 100 caries No Charge
101 - 300 curies $l,$54.00 plus 20/Ci

above 100 Ci.
301 - License Limits By Request

4. 1MINIMUM CNARGE PER SIENDIT $4B3.00

S. Chu iNLING puEt $794.00 inimum each

6. WASTE CONTAINING CHELATING AGDITS IN PAC.AGS
AMOUNT GREATER THAN It BY WEIGHT: y Request

7. SURCHhAGE FOR NON-ROUTINE NAN-RER EXPOSURE
(DUE TO DESIGN OR PHYSICAL DEFECT OF
CONTAINER OR SHIELD): $29.21 per man millirem

8. DECONTAMINATION SERVICES (If Required) $106.20 per man hour plus
supplies at cost plus 1SI

9. CIONTAI VOLUMES:

55 Gallon Dnums - 7.50 cu. ft. %
30 Gallon Drums - 4.01 cu. ft.
5 Gallon Drums - 0.67 cu. ft.
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TABLE A3

WASHINGTON NUCLEAR CENTER RATE SCHEDULE
18

(DECEMBER 9,1985)

1. DISPOSAL OPAMES

A- SOLID MATERIAL

steel Drms, Wood Boxes:

3/HR AT CONTAINER SURFACE PRICE PER CU. TT.

0.00 - 0.20 S 24.90
0.201 - 1.00 26.76
1.01 - 2.00 29.66

*2.01 - 5.00 31.00
5.01 - 10.00 36.08

10.01 - 20.00 45.99
20.01 - 40.00 56.34
40.01 -60.00 80.24
60.01 8 0.00 95.75
10.01 -100.00 10S.37

DisPOSal Liners imovemd Siam Shield: (Greater than 12.0 Co. ft.- each)

3/RAT CONTAINER SURACE SURCHARGE PER LINER PRICE PER CU. FT.

0.00 - 0.20 No Charge $24.90
0.201 - 1.00 $ 251.46 24.90
1.01 - 2.00 634.84 24.90
2.01 - 5.00 890.90 24.90
5.01 - 10.00 1,288.52 .24.90
10.01 - 20.00 1,644.84 24.90
20.01 - 40.00 2,042.57 24.90
40.01 - 60.00 2,422.73 24.90
60.01 - 30.00 2o795.36 24.90
80.01 -100.00 3,175.52 24.90

a. LIQUID WASTES

2. Aqueous liquids in vials, less than 50 Md. each $31.84/cu.ft.

2. Aqueous liquids, absorbed 24.90/cu.ft.

C. DIOM ICAL WASTE ANIFAL CR~SZ 26.76/cu.! t.
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TABLE A3
(CONTINUED)

a. SURCAmGE FOR HEAvy OICTS

tons than 10,000 pounds So Carge
10.000 pounds to Capacity of Site Equipsent $194.29 plus 100 per lb. above

120,000 lbs.

3. SURCHARGE FOR CURIES (Per Load)

Less than 100 curies so Charge
100 - 300 curies $1,414.46 plus 190/Ci above 100 Ci
301 - License Limits By Request

4. SURCHARGE FOR SPECIAL XVCLZhR NATURI ($M) $2.55 Per gream of Special Nuclear
Material by Isotope weight

S. uMzwIM CHARXGE PZR SHwnnr $435.00

S.* CASK HANDLING ViE: $719.00 minim each

7. WAST CONTAInNG cmmaTN AGzmT =N FAcnGEs

AMOUN GMZZAT THAN It BY WEIGHT: By Request

S. SURCHAGE Rm 3C-RoTnE HAN-RM ZUOU
(DUE TO DESIGN OR PHYSICAL DEFECT OF
CQNTAInER OR SNIfL.D) $26.67 per man millirem

PRI DECNTMINATIO SURVICES (if Required) $96.92 per man hour plus
Supplies at cost plus 21%

10.* CONTINER VOLUM:

SS Gallon Diums - 7.50 cu. ft.
30 Gallon Drums - 4.01 cu. ft.

5 Gallon Drums - 0.67 cu. ft.
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TABLE A4

1983 COMMERCIAL LLW DISPOSAL RATES 1
9
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TABLE A4
(CONTINUED)
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Appendix B

LWR WASTE STREAM CHARACTERISTICS

Tables HI and Table B2 show the the LLW stream

characteristics for both BWR's and PWR's.
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TABLE B1

BWR KhSTE STREAM CHARACTERISTICS 
2 0

OMNL DWG 63-494*2

INSTALLED CAPACITY)

I.O-MWV0al. BOILING WATER

kbaw ~ m-5 "To7 O 121 a to-' IN.1222E CAP 544 ' 2.45ACTY)

Io5 .7 o-
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TABLE B2 
2

PWR WASTE STREAM CHARACTERISTICS2

ORNL DING 03-431112

0.7 MW I a)- yr LLW-SPENT RESIN
NETPRODUCT(2.3574a qO-2 M3 / MW (e)- yr
NET PODUCTINSTALLED CAPACITY)

LLW- FILTER SLUDGE
(g.163g a 10-4 m3/MW (o) - yr

INSTALLED CAPCITER

CAAIYREACTOR LLW-FILTER CARTRIDGES
(g64066 a 10- 3 /MW (.3 - yr

INSTALLED CAPACITYI

Ci/MW(*)-yr OF LLW -EVAPORATOR SOTTOMS
ISTPEtSTALLED CAPACITY (0.34596 m/MWNe)-yr

Mn-4 34171 a 10-2 INSTALLED CAPACITY) I
Cos 6 465 x 0a
co-6O 3.160 910-1
1-131 F.471 a 10-2 LLW- COMPACTIULE TRASH
Cs1.514 1.466 a t-

Co- 137 1.659w x10- (0.39132 m3 /MW (o.I- yr
OTHER 6.671 a 10-2 INSTALLED CAPACITY)I

LLW- NONCOMPACTIBLE TRASH
(0.04930 mn3 /MW (.3-yr

INSTALLED CAPACITY)

Vrocttu. . o smuta ccolm e. to mno stftoe

UaVets strom (UN)

slioS res10 Olugo cartridges bottom tresh trooft

* faaoo 6.2464 s I 1.3033 a 10-2 3.3691 a Ira 2.033S a Ira 2.0=02 0 Ira 1.0367 a *

Ceolt 4.6w6 5 10-1 1.6296 a 10-2 4.7374 x tr' 7.3116 a to" 6.3433 a 10-1 3.233 a 10-1

Ceime 9.0264 a Ira 3.1939 a Ira 6.3441 a 16rg &.6646 3 le 4.1249 a10-9 1.1.67 a 10-1

fsher 4.3346 s I0a 1.3360 a tr$ 3.4735 a 10'3 4.8464 a Ira 1.6922 a10-2 6.6637 x 10-1
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