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1.0 INTRODUCTION

A wide range of waste management system alternatives and combinations are
available for management of the radicactive wastes that are produced during
spent-fuel reprocessing, This report presents the results of a comparative
evaluation of a selected set of these alternatives. Most concerns for
reprocessing wastes have usually focused on the high-level waste (H W); however,
from a cost and performance standpoint, transuranic (TRU) wastes can have a
comparable impact on the waste management system., Six different combinations of
TRU waste treatment alternatives were selected for evaluation in this study. To
identify the total impact of these aiternatives on costs and waste form
performance, however, the total waste management system must be considered
because improved costs and/or performance in one area may result in lower
performance or higher costs in another area. The waste management system
considered in this evaluation includes waste processing at a fuel reprocessing
piant (FRP), transportation of the wastes generated at the FRP to dispesal
facilities, and disposal of the wastes at a repository for HLW and TRU wastes

and a near=-surface burial facility for low-level wastes {LLW),

The objective of this study, which was performed for the U.,S. Department of
Energy (DOE) by Pacific Northwest Laboratory (PNL} operated for the DOE by
Battelle Memorial Institute, was to help define a preferred TRU waste treatment
alternative based on minimum waste management system costs, minimum system
risks, and improved waste form performance in a geologic repository. These
results, in turn, were to be used to assist in the development of TRU waste
acceptance requirements that may be needed to meet regulatory requirements for
disposal. The principal performance and cecst impact issues addressed here
include:

1. TRU waste volume reduction incentives

2., the impact of excluding untreated combustible TRU wastes from the
repository

3. incentives for decontaminating spent fuel cladding hulls to LLW

4., incentives for incorporating TRU waste into HLW glass.
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This is not intended to be an all-inclusive 1ist of issues. It represents an
initial selection of important cost and potential regulatory issues. This

report represents a preliminary evaluation of these issues.

Most of the work reported here was completed 1n FY-1983 ang FY-1984. The
study was interrupted in mig-1984 to focus staff efforts on once-through
fuel-cycle (non-reprocessing) waste disposal reguirements. Spent-fuel
reprocessing in this country nad become a remote prospect and concerns are
currently focused on wastes generatea without fuel reprccessing. Work on this
study was continued at a low priority level to compiete the documentation of
work already essentially completed. As a consequencea, the analyses relating to
cost and performance assessment comparisons are less comprehensive than

originally planned.



2.0 SUMMARY AND_CONCLUSIONS

This study was performea to nelp fcentify a preferred TRU waste treatment
alternative for reprocessing wastes with respect to waste form performance in a
geologic repository, near-term waste management system risks, and minimum waste
management system costs. The resuits were intended for use in developing TRU
waste acceptance requirements that may Lbe needed to meet regulatory requirements
for disposal of TRU wastes in a geologic repository. The waste management
system components included in this analysis are waste treatment and packaging,
transportation, and disposal. The major features of the TRU waste treatment

alternatives examined here include.

1. packaging (as~produced} without treatment (PWOT)

2. compaction of hulls and other compactable wastes

3. incineration of combustibles with cementation of the ash plus compacticn
of hulls and filters

4, mwelting of hulls and failed equipment plus incineration of cembustibles
with vitrification of the ash along with the HLW

S5a. decontamination of hulls and fajleac equipment to produce LLW plus
incineration and incorporation of ash and other inert wastes into HLW
glass

S5b. variation of this fifth treatment alternative in which the {incineration
ash is 1ncorporated into a separate TRU waste glass.

The six alternative processing system concepts provide progressively increasing
levels of TRU waste consolidation and TRU waste form integrity. Vitrification
of HLW and intermediate-level liquic wastes (ILLW) was assumed in all cases.
Table 2.1 summarizes the six TRU waste treatment alternatives that were

analyzed,

The analyses developed here are intended to define the relative advantages
of these different treatment systems as opposed to a rigorous determination of
total system costs and waste form performance. The analysis is based on a

simplified scenario for the operation of the waste management system to fdentify
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TABLE 2.1.

Reprocessing Waste Treatment Alternative

Descriptions

Waste Treatment Hulls and General Process Trash (GPT) HEPA filters Failed Fluorinator SAc(a)
Alternative No. Hardware Noncombustible Combustible Frame Media Equipment Solids Waste
1 puoT(b)  puor PWOT PWOT PHOT PWOT PUOT PHOT
2 Compact Compact Compact Compact Compact PUOT PUOT Compact
3 Campact Compact Burn and Burn and  Burn and PWOT Cement Burn and
Cement Cement Cement Cement
4 Melt Melt Burn and As GPT(C) Rurn and Meilt Cement Burn and
Vitrify Vitrify Vitrify/
w/HLY w/HLU Melt
ba Decon Decon Most, Burn and Burn and Burn and Decon Cement Burn and
Cement Other Vitrify Cement Vitrify HMost, Vitrify/
w/HLY w/HLW Cement Cement
Other
5b Decon Decon Most, Burn and Burn and Burn and Decon Vitrify w/ Burn and
Melt Other Vitrify w/  Vitrify/ Vitrify Most, Mher TRU Vitrify/
Other TRU Melt w/Other Melt Melt
TRU Other
(a) SAC = Sample and Apalytical Cell,
{b) PWOT = Package without treatment.
(¢} 6GPT = General Process Trash,



the specific effects of treatment, transport, and disposal alternatives. The

basic assumptions that define the scenario are.

e Waste treatment facilities are associated with a 1,500 MTU/yr reprocessing
plant and are operated at capacity.

e Repository capacity is 70,000 MTU-equivalent of reprocessing wastes.

e Reposfitory receiving rates are 1,800 MTU/yr for the first five years, 3000
MTU/yr fer the next twenty years, and 1,000 MTU in the 26th year.

e Total system costs are based on a 70,000 MTU-equivalent system or one
filled repository. These estimates show that the predominant amounts of
radionuclides in TRUW are expected to be in the cladding hulls and in the
HEFA filters.

e Waste characteristics and quantities are based on the wastes that would
have been generated at the Barnwell Nuclear Fuels Plant (BNFP) had it
operated (Darr 1983).

e The SCOPE computer code was used to model the releases of radicnuciides
from TRU waste forms under representative salt, basalt, tuff, and granite
ground water conditions.

e The relative benefits of treating the wastes are measured in terms of araft
Environmental Protecticn Agency (EPA} regulations (40 CFR 191),

e Waste processing risks are based on average radiation exposure rates,
estimated ¢rew sizes, durations of the various operations, and the number
of cperations per year.

8 Waste transportation risks were calculated using the "unit-risk factor"
approach; separate unit risk factors (person-rem/km of travel) were used
for each waste type and for both truck and rail transport modes.

Based on these assumptions, the following results were obtained.

The results of the long-term waste form performance assessment indicated
that Alternative 4, hulls melting, was the most favorable alternative because
the radionuclide dissolution rate is 1imited by the dissolution rate of the
metal matrix. As a result, melted metal waste forms are clearly favored over

other alternatives for metallic wastes. With compacted metallic waste forms,
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performance coulc be expected to increase as the compaction factor increases,
especially if compactions appraching theoretical censity can be obtained.
Alternatives 1 to 3 (packaging without treatment, compaction, compaction plus
incineration/cementation) were determined to produce the least favorable waste
forms in terms of repository performance; however, this preliminary analysis is
not adequate to distinguish between the performance of untreated combustible

materials and cemented incinarator ash.

The near-term performance assessment provided mixed results. First, due to
increasing compiexity of the waste processing concepts, occupaticnal routine and
accident risks appear to favor Alternative 1, the minimum treatment alternative.
These risks were also determined to increase progressively as the waste
treatment facilities increase in complexity; i.e., the waste processing facility
routine and accident risks increase in order from Alternative 1 to Alternative
5b. Transportation risks, which are targely determined by the volumes of
material to be transported {(which determines the number of shipments regquired).
clearly favored Alternative 4 because it produces the lowest total wasts volume.
Also, Alternative 2 (ccmpaction) has lower trarsportation risks than Alternative
1. These two observations indicate there is a significant incentive for
reducingc the volume of hulls and hardware to the maximum extent. However,
decontaminating the hulls and hardware to produce low-level waste {LLW) as in
Alternatives 5a and 5b has higher transport risks than Alterative 4, primarily

because of a large LLW transgort risk compeonent.

Total life-cycle waste management system costs are presented in Table 2.2.
Results indicate that increased waste treatment costs in the more complex
alternatives were offset by reductions in transportation and disposal costs.
Alternative 4 (metal meliting plus incineration/vitrification) has the lowest
system cost. Thus, a substantial incentive is shown for reducing the volume of
hulis and hardware toc the maximum possible extent. A significant cost reduction
(about 32 biilion} is also shown for Alternative 2 versus Alternative 1, which
reinforces the previocus statement regarding huils and hardware volume reduction.
No cost savings are shown for incineration of combustible wastes (Alternative 3)

versus simple compaction (Alternative 2). Thus, from a system cost standpoint,
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TABLE 2.2. Total Waste Management System Costs For Each Alternative

Waste Treatment Alternative Costs

{$ biilions}
1 2 3 4 S5a 50
. Metals Matals
moT Compaction Compaction + Metals Decontamination + Decontamination +
Incineration/ Melting + Incineration/ Incineration/
Cementation Incinceration/ Vitrification to Vitrification as
- o Vitrification HLW TRUW
Treatment Cost 1.24 1.42 1.70 1.72 1.83 1.83
Transport Cost 1.33 0.48 0.43 0.26 0.58 0.55
Disposal Cost
HLW and TRUW 5.75 4.56 4,52 3.93 3.54 3.94
LLW 0.22 0.13 0.11 0.07 0.79 0.79
Total (rounded) 8.5 6.6 6.8 6.0 6,7 7.1

fa) All costs are given in billions of mid-1984 dollars
{bf Repository disposal costs are calculated for a bedded salt repository assuming co-emplacement and
long-lived overpacks for all wastes



no incentive is shown for incineration and subsequent cementation of combustible
TRU waste. The decontamination alternatives show no cost incentive over the
Tess compiex compaction alternative but are still 20 to 30 percent lower in ccst

than the minimum treatment alternative.

The final step in the evaluation of waste treatment alternatives was to
provide an approximate ranking of the alternatives based on the resuits of the
performance assessments and cost analyses. This ranking was done by first
1isting each alternative in order of most preferred (assigned a value of 1) to
least preferred, including ties, with respect to each of Tive evaluation
parameters (life-cycle system costs, long-term waste form performance in the
repository, near-term waste processing routine risks anc accident risks, and
transportation risks)., The cverall order in which these alternatives were
ranked was then determined by counting the numter of times each alternative was
ranked least-preferred with respect ic each evaluation parameter. The
least-preferred alternative was assumed to be the alternative that was ranked
least-preferred in the most evaluation categories. Ties were broken by adding
together and comparing the sum of the ranking values for the otherwise

equivalent alternatives,

The approximate ranking of waste treatment alternatives is summarized in
Table 2.3. As shown, Alternative 4 was ranked as the most preferred
alterpative, This was primarily because of a large reduction in TRU waste
volumes and an improvement in long-term waste form perfermance that results from
hulls meiting. Alternative 2 (compaction) was ranked higher than Alternative 1
{PWOT) but Tower than Alternative 4 for similar reasons. This indicates a
substantial incentive for reducing hulls and hardware waste volumes as much as
possible. Aithough compaction reduces the hulls and hardware waste volumes, it
does not improve waste form integrity to any appreciable extent. Alternative 3,
which improves waste form integrity by fincinerating and subsequent cementing of
combustible wastes, did not show a significant improvement in jong-term
repository performance over Alternative 2 and was, therefore, ranked lower,
However, the results of the long-term performance assessment are preliminary.

Further analyses are necessary to distinguish differences in waste form
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TABLE 2.3.

Wasta Troeatment Alternpativo

Approximate Ranking of TRU Waste Treatment Alternatives

1 3 4 Sa 5h
: Metals Metals
POT Compaction Compactign + Metals fecontamination + Decontamination +
Evaluation Incineration/ Melting + Incineration/ Incineration/
Paramoter Cementation Incinceration/  vitrification ta Vitrification as
Vitrification HLW TRUW

Long~term performance
of waste forms 1n 4 4 1 2 2
repository
Near-term parformance
- Routine proces- 1 4 5

risks
=~ Risks from proces-

sing accidents
- Trahsportation 6 1 5 2

risks
Life~cycle costs 6 4 1 3 5
Number of 1east- 3 1 0 2 2
preferrable scores ‘
Approximate overall
ranking 6 3 1 4 4

{a) Rankings ars based on a max]mum range of 1 to 6, ipcluding ties,

‘Ties were broken by adding together the ranking values an

with respect to each evaluation parameter.
comparing the totals.



performance between these two alternatives. The decontamination alternatives
(52 and 5b) were not ranked high because they were the least-preferred
alternatives with respect to waste processing routine risks and accident risks.
These two alternatives were ranked evenly because the increased costs that
result from producing, transporting. and disposing of a separate TRU waste glass

waste stream are offset by reductions in transportation risks.
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3.0 DESCRIPTION OF WASTES TO BE TREATED

The quantities and radionuclide contents of the solid reprocessing wastes
used in this report are primarily as estimated by Allied-General Nuclear Serv-
ices {AGNS) personnel for operation of the BNFP (Darr 1983)., Modifications to
these estimates that were made by the authors of this report are discussed
later in this section.

3.1 ORIGIN OF WASTE TYPES AT THE REFERENCE FUEL REPROCESSING PLANT

The hulls and hardware are the metallic (i.e., Zircaloy, Inconel, and
stainless steel) portions of the spent-fuel elements. These portions remain
after the elements are sheared and the uranium dioxide (UOZ) fuel fraction is
removed by dissolving with nitric acid during reprocessing, The hulls and
hardware are not only the most voluminous and heaviest waste type, they are
also the most highly radioactive.

The GPT waste contains both combustible (e.g., paper, cloth, plastics,
rubber) and noncombustible (e.g., metal, glass, cement) materials. The sample
and analytical cell (SAC) waste is similar to the GPT waste.

Used HEPA filters comprise a large volume waste stream that presents some
challenging treatment problems. The filters have either wooden or metallic
frames and noncombustible {e.g., glass, asbestos) or combustible (e.g., paper)
filter media. They also contain an appreciable amount of organic materials in
the form of adhesives and rubber gaskets. Some filters also contain separators
made of aluminum; however, in this study we are assuming that such filters
would not be used in a reprocessing plant. The presence of aluminum could have
adverse effects on some of the treatment options being examined.

Failed equipment comprises another metatlic {primarily stainless steel)
waste stream. Darr's (1983) estimates indicate that this is a low volume waste
stream. The BNFP staff planned to store large pieces of failed equipment
onsite until the plant was decommissioned, at which time the failed equipment
would be treated along with (and considered as) decommissioning waste,
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Fluorinator solids resuit from fluorination of the uranium product of the
reprocessing plant. This waste stream is composed primarily of alumina (A1203J
and calcium fluoride (CaF,) particulates.

Except for the hulls and hardware, portions of all of these waste types
are expected to axist as LLW as well as TRUW,

3.2 BASES FOR WASTE DESCRIPTIONS

For this study of various waste treatment alternatives, it was neceassary
to determine the relative amounts of combustible and noncombustible materials
in the reprocessing wastes. A clear distinction of these two types was diffi-
cult to obtain from the Darr {1983) study of GPT and SAC wastes. Most of the
difficulty came from the distinctions made by the BNFP staff between the frac-
tion of the waste containers in which at least a portion of the waste is com-
bustible, and the fraction of the contained waste which is combustible. Unless
the waste is segregated, these fractions are not necessarily the same. The
information listed in Appendix C of the Darr (1983) study does not provide all

of the information needed to evaiuate alternative waste tresatment options.

The following bases for the GPT and SAC wastes which were adopted for this
study, are based on values from the Darr (1983) study and knowledge of waste
compositions and handling practices held by the authors of this report.

e The GPT waste from the Fuel Receiving and Storage Station (FRSS) is
95 vol% combustible and 5 vol% noncombustible and is not segregated
into its combustible and noncombustible fractions.

® The GPT wastes from other portions of the reprocessing plant are
segregated at the point of origin, with the result that the fraction
of the combustible waste is equal to the fraction of the GPT con-
tainers that contain combustible wastes. All of these GPT wastes are
80 vol% combustible and 20 vol% noncombustible materials. Only for
the GPT from the Plutonium Product Facility do these bases give quan-
tities different from those given in the Oarr (1983) study.

® The SAC wastes are not segregated at the point of origin, so all of
the containers contain both combustible and noncombustible wastes, as
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indicated in Appendix C of the Darr (1983) study. Each SAC waste
container holds a mixture of 60 vol% combustible and 40 vol% noncom-
bustible waste; these somewhat arbitrary fractions are based on PNL's
interpretation of information for SAC waste stream 23 described in
Appendix B of the Darr {1983) study. These bases give different
quantities than those in Darr's Appendix C for both of the SAC waste
streams.

® The weight percentages of the combustible and noncombustible portions
of the GPT and SAC streams are the same as the volume percentages.
This basis is admittedly arbitrary but is believed to be reasonable
since Darr {1983) applied the same weight per drum to all of the
drums of GPT waste, even though he appears to have assumed that
segregation had occurred.

Another important consideration not evident in the BNFP staff estimates is
that all HEPA filters, even those with metal frames, contain an appreciable
amount of organic material such as adhesives. All of this waste stream must
therefore be considered partially combustible, even though Darr {1983) applied
that designation only to the wood-framed filters. PNL estimated that a typical
HEPA filter is 33 wt? filter frame, 33 wt% filter media, and 33 wt% adhesives.

These bases/assumptions have no effect on the Darr (1983} estimates of
initial waste volumes and numbers of containers. However, they are important
for the considerations of alterpative waste treatment processes in this study.

3.3 QUANTITIES OF WASTES

The quantities of different reprocessing wastes that fall into various
waste categories are summarized here in a series of tables. More detailed data
are contained in Section A.l of Appendix A. The wastes are categorized as LLW,
with three different subdivisions that are based on the radionuclide content,
and as TRUW, with four different dose rate ranges. While this study emphasizes
TRUW treatment alternatives, LLW is also included because of the possible
impacts of these wastes on the TRUW treatment economics (e.g., treatment in the
same facilities). The low-level wastes are divided among Classes A, B, and C
(as defined in 1D CFR 61). Only the LLW Class A (LLW-A) wastes can be sent to
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shallow-land burial in regular drums without treatment. Low-level waste
Classes B and C (LLW-B and LLW-C} must be treated to put them in waste forms or
containers designed to be stable for 300 years before they can be placed in
shailow-land burial.

The TRU wastes are divided into contact-handied {{H) and remotely-handied
(RH) categories., Contact-handled waste is defined as wastes contained within
drums and having a radiation dose rate below 200 mR/hr at the surface of the
containers. The remotely handled TRU wastes are also characterized in several
dose rate ranges.

The containers pianned for the BNFP wastes as they were generated were
50-, 80-, and 60C-gal drums. The standard 55-gal drum was planned to be used
extensively, Because standard HEPA filters do not fit into 55-gal drums,
80-gal drums (military specificaticn 27683) were to be usad to contain most of
these wastes. Specially designed 600-gal staintess steel containers equipped
for remote handling were to be used to contain the hulls and hardware, the
larger pieces of failed equipment, the SAC wastes, and the most highly radio-
active HEPA filters.

Table 3.1 contains a summary of the Darr (1383) estimates of the numbers
of initial waste containers produced each year to reprocess spent fuel at a
rate of 1500 MTU/yr. The initial containers are those in which the wastes are
collected and moved from the part of the facility where they were generated.
The results are tabulated by container size and type of waste and are allocated
among several dose rate ranges, These values are based on the data published
by Darr (1983, Appendix C), without including the container weight in defining
the TRU level. (Note that if the weight of the container had been included,
there would have been some decrease in the quantity of TRUW and a corresponding
increase in the quantity of LLW-C. The overall effect of this change, however,
would be small.)

The wastes from the iodine retention operations are excluded from
Tabte 3.1 and from subsequent consideration, because of the special disposal

requirements for such wastes and because of their small volume., Treatment of
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TABLE 3.1,

Container Size and Waste Type

Stream Number(®)

55-Gal Drums Containing:
General Process Trash (GPT)

From FR3S

Segregated Combustible
Segregated Noncombustible
Total GPT

Failed Equipment
Parttculate Solids
Hetal-Framed Filters
Tota) in 85-Gal Drums

80-Gal Drums Containing:
Wood-Framed Filters
Metal-Framed Filters

Total in 80-Gal Drums

600-Gal Drums Containing:

Hulls and Hardware

Failed Equipment
Matal-Framed Filters

Sample and Apalytical
Cel) (SAC) wWaste

Total in 600-Gal Orums

Total A1l Drums

Notey

13
27,28,29,47 ,48,53,650,66
27,28,29,47,48,53,65,66

118,514
41,42,43
268,528

12,254,258 ,26C

258 ,26A,260,45,46 524,618,
63C,64

21
118,24,44,51B,62
25C,634

73,67

Drum/yr in Indicated

Drum/yr of TRU Waste
in Indicated Dose

Initial Containers Per Year in Low-Level and TRU Waste Classes

Low-Leve) Waste {lass Rate {mR/hr} Range Totals
A B C <200 200-10° 108100 10 LLW CH-TRU  RH-TRU Total
625 - - -— - - -- 625 -— -— 625
6912 - 974 432 84 14.4 .- 7,886 432 158.4 B,476
1728 - 243 108 21 18.6 -- 1,971 108 39,6 2,119
10,482 540 198 11,220
8 7 -= 70 - -- - 25 70 - 95
4035 -- 327 - 53 e - 4,362 - 93 4,455
10 - -- 50 -- - - 10 50 -~ 60
14,879 660 291 15,830
15 20 25.5 153 52 i2 -- 60.5 153 54 277.5
71 g ?8.5 961 5& 13 -- 108.5 961 _69  1,138.5
169 1,114 133 1,416
- _— - -- - - 300 - . 300 300
19 & 13 4 1 2 1 38 4 4 a6
-- -- -- - - - 44 -- -- 44 44
-- -- 4 -- 28 6 3 4 -— 37 41
42 ] 385 431
15,090 1,778 809 17,677

Container weights not included fn defining TRU level.

{1)
{2} Wastes from iodine retention operations not included {79 55-gal drum/yr).
{3) values may be converted %o container/MTH by dividing by 1500.

{a) Data and stream numbers are taken from Darr {1983} for reprocessing 1500 MTU/yr.



such wastes can be considered separately. Costs of such treatment would cer-
tainly be only a small fraction of the costs of treating the wastes addressed
in this study.

Table 3.2 contains a summary of the volumes occupied by the initial con-
tainers, again using values provided by Darr (1982). Ir this and subsequent
tables the quantities are given per MTU processed. The volumes in this table
represent the volumes of waste to be disposed of if disposal in the initial
containers is possible.

The volumes of untreated wastes before they are placed in the initial
containers are given in Table 3.3. These values represent the starting volumes
for waste treatment processes and are occasionally much smaller than the vol-
umes of the initial containers because of inefficient packing., This is espe-
cially important with filters that are packaged individually in drums. These
volumes of untreated wastes were obtained by calculating the volumes of
untreated wastes per container from the data published by Darr (1983, Appen-
dix B) and mulitiplying those values by the number of containers filled per MTU

processed,

Table 3.4 contains the weight of the various wastes. These data also
ceme directly from the Darr (1933) study.

Table 3.5 presents a summary comparison of the volumes of the initial
waste drums containing the different types of waste that will require treatment
and/or repository disposal (the LLW-B, LLW-C and the TRUW). Because of tneir
initially high volumes, pctential cost savings attainable by volume reduction
processes are obviously the greatest for the bulls and hardware, the filters,
and the GPT. Treatment facilities for the hulls and hardware and the filters
can be sized without consideration of low-level waste treatment requirements.
However, the quantities of LLW requiring treatment are greater than the quan-
tities of TRUW for the GPT, the failed equipment, and the particulate sclids.
Thus, treatment of both the LLW and TRUW components of these wastes in the same
facility may be indicated.

The potential impact of a plus-or-minus threefold uncertainty in Darr's
(1983) radionuclide content estimates on the TRUW quantities is addressed in
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TABLE 3.2.

w3/MTU in Indicated

m3/MTU of TRU Waste in

Volume of Initial Containers Containing the Untreated Wastes

Low-Level Waste £lass Indicated Dose Rate {mR/hr) Range Totals
Container Size and Waste Type Stream Numher{a) A B £ <200 200- 1018 10F - 1K > 10 LLW CH-TRU  RH-TRI  Total
55-Gal Drums Containing:
General Process Trash (GPT)
- From FRSS 13 0.108 - -- -- - -- - n.108 -~ - 0,108
» Segregated Cembustible 27,28,2% 47 48,53 .65 66 1,1R9 - 0.168 0,074 a.014 0.013 -- 1,356 0.074 a.oz? 1.458
- Segregated Noncombustible 27,28,23,47,48,53,65,66 0,297 -- 0.042 0.018 n.0036 n.0032 -- 0,33% 0,019 0.0068 D.364
« Total GPT 1.803 0.093 0,034 1.930
Faited Equipment 114,614 0.0014  0.0029 -~ 0.012 .- - -- 0.0043 0,012 -- ¢.0lb
Farticulate Solids 41,42,43 0.694 -- 0.056 -- 0.016 - - 0,750 -~ 0.016 0.766
Metal-Framed Filters 268,528 0.0017 - -- 0.0086  -- .- -- 0.017 0.0086 -- 0,019
Total in §5-Gal Drums 2.559 0.114 0,050 2.7123
80-621 Drums Containing:
Wood-Framed Filters 12,254,25B,26C 0.0035  0.0047 0,.0060 0.036 0.012 n.0028 -- 0.014 0.036 0,018 0.06%
Metal-Framed Filters 258,264,260 ,45,46 524, 0.017 0.0021 00,0067 0.225 0.m3 6.0030 - 0.028 0.225 0,018 0.267
63B,63C,64
Total in 80-Gal Drums 0.040 0,261 0.031 0.332
60G0-Gal Drums Containing:
Hulls and Hardware 21 -- - -- - -- - 0.482 - - 0.482 0.482
Failed Equipment 11R, 24,44 S51R,62 0.031 0.010 .021 0.0064  0.0016 t.0032 a.0016  0.061 0.0064 0.0084 0.074
Matal-Framed Filters 25C 634 -— -- -- - - -- 0,071 - - 0.071 0,071
Sample and Analytical 23,67 - - 0.0064 - 0.045 0.010 NG04  0.0064 -~ .059 ,066
Cell {SAC) Maste
Total in &00-Gal Nrums 0.067 0.0064 0.618 0.692
Total ATl Drums Z.666 G,381 .6499 3.747

Note:

Yolume values obtained from:
{1} DBrumfyr from Table 1,

{a} Data and stream numbers are taken from Darr (1983).

{2} 1500 MTU/yr reprocessing rate.

{3} Volumes occupied by containers as in Darr,
{a) 55-gal drum occupies 0.258 m3 (9.1 ft?

b} BO0-9al drum occupies 0,351 p3 {12.4 ft3)
{c) 600-gal drum occupies 2.41 m3 {85 ft?).
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TABLE 3,3,

Volume of Initial Wastes

m3/MTU in Indicated

Before Containerization

m3IMTU of THU Haste in

| nw-Level Waste Class Indicated Dose Rate {mR/hr) Range Totals
Container Size and Waste Type Stream tiumher!2} A B c <200 200-10¢ 1M1 s i0¢ LM CH-TRU RH-TRU_  Totdl
55-Gal Drums Containing:
General Process Trash {GPT}
- FfFrom FR33 13 n.nges - -- -- .- -- -- p.o888  -- -- 0.0888
- Segregated Combustible 27,208,729 47 48,53 ,65,66 N_4676 -- N.130 f1.058 0.0113 (.80 -- 1.106 0.056 0.0214  1.183
~ Segregated Nancombustihle 27,208,29,47,48,53,64,6F 0,744 -- N.N326 .Gl 000283 0,00251 -- 0.276 0140 0,.00534 0,796
- Total GPT 1.471 0.070 0,0267 1.568
Failed Egutipment J1ALG1A a.noory 0.n0re7 .- 0.09944 - - - 0,00217 0.00944 -~ 0.0166
Particulate 50l1ids 4]1,42,43 0.571 -- 00410 -- 0.00117  -- - 0.612 -- 0.0117  0.624
Motal-Framed Fitters 268,520 2,00030 -- -- 000283 -- .- -- 0.00030 0.00283 -- 0.0031
Total in 55%-hHal Brums 2.092 0.0B23 0,0384 2.212
B0-Gal Drums Containing;
Wood-Framed Filters 12,254,258 ,26C 0.0G170 ©.00138 0.00170 Q.0102 Q.00347 0.00054 -- 0.00478 0.0102  0.00401 0.0190
Metal-Framed Filters 258,264 ,26C,45,46,52A 0.00334 0.0068  0.00128 0.0655  0.00363 a.00037 -- 000531 N.0655  0.00d449  0.0753
Total in 80-Gal Drums P03 08 0.0101  0.6757  0.0084  0,0933
600-Gal Drums Containing:
Hulls and Hardware 21 -— - -- -~ -- -~ 0.425 -~ -~ 0.425 0.425
Failed Equipment 118,24 ,44 51k ,62 ULU18Yy w000 D.tlZe ULODs /8 Dunigs OLi22? 0.00044  0,0389  O,00378 0,004 0.0468
Metal-Framed Filters 250,634 -- .- -- -- -- - 0.0113 - -- 0.a113  n.aii2
Sample and Analytical 23,67 - - a.00153 - 00167 0,00629  0,00215 000153 -- _ 2.0191 0.0207
Cell (SACY MWaste
Total in E00-Gal Tirums 0.0404 0.00378 0,460 0,54
2.1425 0,118 0507 2.810

Total A1l Wastes

(a) DNata and stream numbers are taken from Dare (1983},
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TABLE 3.4,

Weight of Unpackaged Initial Wastes

Kg/MTt in tndicated

Kg/MTH of TRU Waste in Indicated

Low-Level Waste [lass Dose Rate fmRshri Range Totals
Container Size and Waste Type Stream Humber!(@) A B L <200 200-108  1Di-1(m v 1K LLW CH-TRU  RH-TRU Total
55-Gal Prums Containing:
General Process Trash {GPT)
- From FRSS 13 .75 -- - .- - - -- 8.75 -- - 8.75
- Segregated Combustible 27,28,29,47,48,53,65,66 96.77 - 13.68 6.0% 1.18 1.04 -- 110.41 6,05 2.22 118.68
- Segregated Roncombustible  27,28,29,47,48,53,65,66 24,18 -~ .40 1,581 0.29 0.26 -- 27.59 1.51 0.55 29.65
- Total GPT 146.7% 7.56 2.7 157.08
Failed Equipment 11A,51A 1.07 2.27 - 5.33 - - -- 3.34 9.33 -- 12,67
Particulate Solids 11,42.43 354.44 - 72.59 - 20.65 - = 427.03 - 20.65 447,68
Metal-Framed Filters 266,528 0.2  —- -- 1.27 - -- -— 0,25 1.27 -— 1.52
Total in 55-Gal Drums 5771.37 18.16 23,42 618,95
80-Gal Drums Containing:
Wood-Framed Filters 12,25A,258,26C 0,130 0.173  0.221 1.326 0.451 0.104 -- 0.524 1,326 0.555% 2.405
Metal~Framed Filters 28B,26A,26C,45,46,524 0.615 0,078 0,247 B.329 0.485 n.113 -- 0.940 8.329 0. 598 9.867
63B,63C,64
TJotal in B0-Gal Orums 1.464 9,655 1.183  12.272
A00-Kal Drums Cantaining:
Hulls and Hardware 21 - -— e -- - - 324.0 —- - 324.0 324.0
Failed Equipment 118,24,44 518,62 11.40 3,60 7.80  2.40 0,60 1.20 n.60 22.80 2.46 2.40 21.60
HMetal-Framed Filters 250,634 -- -- -- - -- -- 1.32 -- - 1.32 1.32
Sample and Analytical 23,67 -- -- 0.211 -~ 1.475 1.316 0,158 0.211 -« 1.949 2.16
Cell (SAC) MWaste
TJotal in 600-Gal Drums 23.0 2.40 3249.7 355.08
Tetal A1l Wastes 601.8 m.2 354.2 986.3

{a} Data and stream numbers are taken from Darr [1983),
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TABLE 3,5, Comparison of Wastes Requiring Treatment Before Disposal

Volume of Initial Waste Packages, m3/MTU Volume of Waste Initial Density of Waste
Total Requiring Before Packaging, Packaging Before Packaging,
Waste LLW-B+C CH-TRU RH-TRU  Tgotal TRU Treatment m? /HTU Factor kg/md
Hulls and Hardware -- -- 0.482 0.482 0.482 0.425 0.9 7160
Filtters 0.0195 0.270 0.102 0.372 0.391 0.102 0.3 130
GPT 0.210 0.093 0.034 0.127 0.337 0.274 0.8 104
SAC 0.0064 -- 0.0598 0.0598 0.066 0.021 0.3 100
Failed Equipment 0,024 ¢.0184 0.0064 0.0232 0.057 0.043 0.8 600-700
Fluorinator 5olids  0.056 -- 0.016 0.016 0.072 0.0527 0.7 1800
Total 0.326 0.381 0,700 1.08 1,405 0:918

Note: This table does net include the LLW-A wastes since such wastes do not require any treatment for disposal.



Table 3.6. This uncertainty range, chosen arbitrarily, has relatively little
effect on the volume of the various classes of most of the types of waste,
However, the fluorinator solids provide a case in which a large variability
could occur. The quantity of TRUW of this type could vary from zero to four
times the quantity based on the AGNS estimate. This large a variability should
be kept in mind when designing and evaluating alternative treatment processes

for this waste.

3.11



2 >

TABLE 3.6. Maximum Possible Variation in Initial Waste Quantities Res?lging from Plus
or Minus Three-Fold Uncertainties in Radionuclide Contents'?®

Volume of Initial Waste Packages Relative to Reference caselb)
Total Requiring

Waste LLW-B+C CH-TRU RH-TRU Total TRU Treatment
Hulls and Hardware o -—= 1.0 1.0 1.0
Filters 0.5 to 1.9 0.3 to 1.0 0.7 to 1.6 0.9 to 1.0 1.0
GPT 0.8 to 3.5 0.7 to 0.8 0.5 to 2.4 0.7 to 1.2 0.8 to 2.6
SAC 0.0 to 1.0 Large 0.4 to 1.0 1.0 to 1.1 1.0
Failed Equipment 1.0 to 1.5 1.0 1.0 to 2.0 1.0 to 1.2 1.0 to 1.4
Fluorinator Solids 0.1 to 1.3 - 0.0 to 4.0 0.0 to 4.0 1.0

(a) Assuming all containers whose classification could be changed in a given direction
by a three-fold change in radionuclide were changed in that direction.
{b) Values for the reference case are given in Table 3.5,



4.0 WASTE PROCESSING ALTERNATIVES SELECTION

Five primary waste treatment alternatives were selected for evaluation.
In all of the alternatives it is assumed that the high-level liquid waste
{HLLW} and the intermediate-level liquid waste {ILLW) are immobilized by vitri-
fication. The primary features of the other reprocessing waste treatment por-
tions of the various alternatives are summarized in Table 4,1, Note that
Alternative 5 is divided into options 5a and 5b. More detailed descriptions of
each alternative wiil be presented later.

The waste treatment alternatives selected for study will provide a wide
range of treatment process complexity, treated waste volume, and waste form
stability. Comparison of the overall waste management system costs for systems
involving these alternatives will help to define a minimum-cost reprocessing
waste management system and to define the cost impacts of potential waste
acceptance criteria and specifications. The five altarnatives represent
increasing process complexity and waste form stabiiity from Alternative 1 to
Alternative 5. Each alternative represents a completely integrated system for
the treatment of all wastes except the off-gas treatment wastes, which are
unique, small volume wastes that would not affect TRU waste treatment

comparisons,

The combination of various possible treatment processes into the alterna-
tives to be examined was based on the objectives of this project, on the rela-
tive quantities of the various types of waste, and on other, more subjective,
considerations that are addressed later in the report. Assessment of the fea-
sibility and effectiveness of treatment processes was aided by consultation
with those involved in a closely related program at PNL sponsored by the
Nuciear Waste Treatment Program,

As seen in the data presented in Section 3.3, reprocessing wastes contain
LLW as well as TRUW. The level of radioactivity in some of this LLW is low
enough that it can be disposed of as LLW-A without additional treatment or
packaging. However, other wastes contains too much radioactivity to be dis-
posed of as LLW-A but not enough transuranics to make it TRUW. Such

4.1



TABLE 4.1,

Reprocessing Waste Treatment Alternative Descriptions

't

oo

Sample and Analytical Cell.
Package without treatment.
General Process Trash.

Waste Treatment Hulls and General Process Trash {GPT) HEPA Filters Failed Fluorinator SAC(a)
Alternative No. Hardware Noncombustible Combustible Frame Media Equipment Solids Waste
pwoT(P}  pwoT PWOT PHOT PWOT PHOT PWOT PWOT
Compact Compact Compact Compact Compact  PWOT PWOT Compact
Compact Compact Burn and Burn and  Burn and PWOT Cement Burn and
Cement Cement Cement Cement
Melt Melt Burn and As 6PT(C) Burn and Melt Cement Burn and
Vitrify Vitrify Vitrify/
w/HLW w/HLW Melt
Decon Decon Most, Burn and Burn and Burn and Decon Cement Burn and
Cement Other Vitrify Cement Vitrify Most, Vitrify/
w/HLW w/HLW Cement Cement
Other
Decon Necon Most, Burn and Burn and  Burn and Decon Vitrify w/ Burn and
Melt Other Vitrify w/ Vitrify/ Vitrify Most, Other TRU Vitrify/
Other TRU Melt w/0ther  Melt Melt
TRU Other























































































TABLE 5.3.

Waste Types

and Quantities Present in Each Process Stream--Alternative 3

Compaztion Compacted _ 0*fzas Jarticulate .. - Glass- et
Kaste PWCT PWOT PNOT PHOT ar Inginer-  fompaction Waste Compactee  Comoacted  Comcacten  Shredeer Incineratton Scrun Selies To Temerie Tetal Total Famming Hitrifieg
naste Type and Irout Waste Liw-342 LLhed TRUW aticn Feeg Feec {Tetall Liw=l LLn-84&C TRl Feeq Regtaus Concentrate  Fe Treates Cement Weste 23 . Oxiaes HLw
Cuantity {par TN 1 z 3 4 g o 7 2 2 19 il 12 t2 14 18 16 17 K N 20 21
Hulls ang Haraware
kg 324,35 - -- - - 322.3 324.0 324.0 - - 3240 - - - -- --
m* a.425
160-gal can -— - - 0.2353 0,2383
§00=-g41 can 0.200 0.200 0.200 -- --
Filters
kg 15.11 - - - - 15.11 - -- -- - - 15.11 9.448 -- --
m 0.1086 -
55-gal drum 0.0400 0.0400 00,0400
80-gal drum 0.9433 0.9433 0.9433
§00-gal can 0.02493 2.0233 0.0293
GPT
kg 157.1 - -- - . 157.1 29.65 29,65 24.19 .40 2.06 127.4 4,247 - -
m 1.568
55-gal drum 7.480 7.480 1.4127 - e . -- 6.067
160-gal can - - 2.3249 0.2679 0.0358 a,0212 -
SAC
kg z2.16 - - .- - 2.18 -n - - - - 2.18 0.9026 - -
m 0.0207
600-gal can 0.0273 0.0273 0.0273
Failed Equipment .
kg 40.27 40,27 13,67 12.47 14,13 -- - - - - - - - - - -
m 0.0584
55-qal drum 0.0633 0.0633 0.0113 0.00833 0.0487
600-gal can Q.07 0.0207 0.01267 0.01267 .00533
Particulate Sglids
kg 447.7 354.4 - 3544 - - - -- -- -- -- -- - - 93.24 --
m 0.624
55-9al drum 2.970 2.690 - 2.690 - 0.280
In-Process Material
kg GR6.3 394.7 12.67 366.9 14.13 4938, 4 353.6 351.6 24,19 3.408 326.6 144.7 14,50 93,24 121.6 3ra?
m 2.310
55-gal drum 10.55 2.753 0.0113 2.695 0.0467 7.520 -- - -- -- 0.280 0.2081  0.5231  3.239
8n-gal drum 0,343 -- -- - - 0.943 — - - i ="
160-gat can - - -- -- - 0.5612 0.2679 0.0358 n.25758 -- -- 8.2575 0.393§
600-gal can 0.2873 0.0307  0.01257 0.01267  €.00533 0.0566 - - -- - - 0.00533  0.02533
HLW
Lk Glass 191 277
-9 0,089
60-gal can 0.4633
























TABLE 5.4.

Waste Types and Quantities Present in Each Process Stream--Alternative 4

Melting or Direct Feed Offgas Mettalic Nonmetallic Giass- o
Waste PWOT Incineration Feed to to Size Shredder Serub Incineration Melted Particulate Cemented  Total Total Incineration Form1ng Vitrified
Waste Type and Input Waste Feed Meiter Reduction Feed Concentrate Residue Metals Solids Cement Waste TRUM LLW Residue Oxides HLW
Quantity {per MT) 1 2 3 4 5 3 7 a 9 10 11 12 13 14 15 16 17
Hulls and Hardware
kg 324.0 -- 324.0 324,0 - -~ -- -- 324.0 -~ ==
m 0,425
160-gal can -
600-gal can 0.200 0.200 0.200
Filters
ka 15.11 -- 15.11 - -- 15.11 -- 4,24 4,24 -- 5.213
m 0.1086
55-g9al drum 0.0400 0.0400 0.0400
80-gal drum 0.9473 0.9433 0.9433
600-gal can 0.0293 0.0293 0.0291
GPT
kg 157.1 - 157.1 29.65 -- 127.4 - 31.40 -- 3.809
m 1.568 0.0724
55-gal drum 7.480 7.480 1.4127 6.067
SAC
kg 2.16 - 2,16 .- -- 2.16 0.863 0.863 -- 0.039
m 0.,0207 0.00074
600-gal can 0.0273 0.0273 0.0273
Failed Equipment
kﬂ 40,27 - 40.27 . - 40,27 -- -- - 40.27 -- -
m 0.0584
55-gal drum 0.06133 0.0633 0.0633
600-gal can 0.0307 0.0307 0.0307
Particutate Solids
kg 447.7 354.4 - - -- - ~- -- -~ 93.24 =
m 0.624
55-gal drum 2,970 2.690 0.280
In-Process Material
k§ 986.1 354.4 538.,6 353.8 40,27 144.7 5.10 400,77 111.9 278.3 9.06
m 2.810 0.0731
55-gal drum 10.55 2,690 -- 0.7441 0.llo 3.324
80-gal drum 0.943 -- - -- == =" ==
160-gal can - -~ -- 169.5 == 0.113  --
600-gal can 0.2873 - -- - = -
HLW Glass
ka 182 217
m 0.089
60-gal can 0.4633
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Decon or
Waste PuOT Incineratian

Waste Type and Input Waste Feed
Duantity (per MTU) 1 H 3
Hulls and Hardware

ka 3z24.0 - 4.0

o 0.425

160-gal can - -

6M-gal can 0.200 0.200
Filters

ka 15,11 - 15.11

L4 0, 1086

S5-gal drum D.0400 0.0400

A0-gal drum 0.3433 0.9433

00-gat can 0.0293 0.0293
BRT

kg 157.1 - 157.1

m 1.568

55.qa1 drum 7,480 7,480
SAC

l:g 2.16 - .08

- 0.02e7

B00-gal can 2.0273 00273
Falled Eguipment

kg 40.2% - 45,27

m 0.0584

$5-g2al drum 0.0633 0.063)

60-gal can 0.0307 0.q307
Particulate Soldoy

kg LE 3844 -

m &.624

S5-ga! drum 2.970 2,690
[n-Process Material

ki 9AE.) 54,4 S3%.6

- LA

55-ga1 drum 10,55 2,650

Rll-gal drum 0,083 -

160-gal can = -

G00-gal can 0,2473 -
HLW Glass

k

o

B0-qat can

Hully
4

2676

7675

TABLE 5.5.

Size Randacon-

Aprasive  Reduction  taernable  Decoa

Hardwace  [A1304) Fasd metals Waste
5 & 7 -1 3
5.4 - - — ——
- - 29.65 §.90 --
- - 40.27 12.1 -
54,4 z2.41 69,5 L. .3

Types and Quantities of Wastes in Each

Process Stream--Alternative 5

Ash and Qffqas Particulate
Shredger  Filter Shredded Scrub Solias to Cemented Lok Lsoac _—
Matallic Wastes Feed media retals foncengrate Loment Lement Wastes -a- - L 2. :
T Tia 11 12 123 14 1% 16 T2 HEE) 5. _IZ L
5.2 30582 - - - - — -
0.4377 0,4377
- 4.74 15.11 5.2131 4.4 - ~= -
m.r 29.6% 127.4 3,809 - . ——
0.0724
0.997
- FI-1-X] 2.16 0,339 1.763 - -
b,onoza
4.1 40,27 - - - - -— -~
0.210
- - - - 91,24 -
0.280
i54.0 80,2 144.7 2.06 §.10 93.2 11a
o 2,886 0.6492  1.892 1.9 0518 9,51 0.284 d.764
1.297 1,207 . N . . o _— -
- - - r
0. 0 -- -- -- - 0,438 0.a3s -C 0.127
0,4377 D.4ais - -

LLW

———
id £:d

4,408

Q.4335

Glass-

Forming

(eides
Tre i

4.478

0.433

289

5.33

191

Particulate Glass-
mlted Saligs FelOH]q Forming TRIM
vitrified HLW TRUW [ TRUW ) Scayenger  Oxides Glass
) ) 24 250 26b 11l 8n
20.85 0, 0006 143 20l
0.467
a.0038 c.123
113 77
0.13% 0.08%
0,765 04633


















necessary to fit within the vibratory finisher. Sectioning is done in a second
glove-box type enclosure equipped with oxygen/acetylene cutting torches, plasma
arc cutting torches, mechanical cutting saws, or other cutting devices.

The vibratory finishing process, adapted from a process used in the metal
finishing industry for deburring metal parts, combines mechanical scrubbing and
chemical action to remove the tightly adhered contaminants from surfaces of the
sectioned metal parts, Processing occurs in a 5.25-ft diameter, 12 ft3 vibrat-
ing, annular tub that contains hardened metal-grinding media of various shapes.
The shape variations permit the media to enter corners and crevices of the
waste. A chemical solution, which both locsens and rinses contaminants from
surfaces of the waste, is recirculated between a collection tank and the
vibrating tub.

5.5.3 Technology Assessment and R&D Needs for Metals Decontamination

The vibratory finishing process has been used commercially since 1957 to
improve surface finishes and clean metailic and nonmetallic objects. Large
objects must be sectioned before they are placed in the vibratory tub., A sec-
tioning to a 6 in. dimension is typical. Mechanical cutting methods have been
used on a wide variety of radiologically contaminated materials (McCoy et al.
1982a). A pilot scale sectioning-vibratory finishing demonstration program has
been conducted {McCoy et al. 1982b}. The program demonstrated the ability of
the sectioning-vibratory finishing process to decontaminate beta/gamma and TRU
contaminated metallic and nonmetallic objects of various shapes and sizes.
However, the operation of the disassembly and vibratory finishing processes in

a remote environment has not been demonstrated.

Neither the centrifugal barrel machine to abrade surface contamination
from the fuel hulls nor the chiller and crusher used to expose interior sur-
faces has been adapted to process fuel hulls in a remote environment, Non-
radfoactive proof of principal tests of these components have been performed at
PNL. Determination of the degree of decontamination achievable awaits work
with irradiated fuel hulis.
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6.0 DESCRIPTION OF TREATED WASTES

This section provides summary comparisons of the quantities and properties
of the treated wastes resulting from the treatment alternatives described in
this report. Additional data are containad in Appendix C.

6.1 TREATED WASTE QUANTITIES

Table 6.1 compares the total number of the various sized containers
required to dispose of the reprocessing wastes for each of the treatment alter-
natives examined in this study. The quantities are summarized according to
the three major categories of waste: LLW, TRUW, and HLW, This table also com-
pares the total waste volumes in each category for each treatment alternative.

A more detailed comparison of the waste quantities is presented in Table
6.2, where breakdowns by LLW and TRUW classification are included. The waste
quantities are also separated according to the type of treatment in this table.
Even more detailed breakdowns are presented for each of the treatment alterna-
tives in Appendix C (Tables C.1 through C.6).

Radionuclide contents of TRUW resulting from the various treatment alter-
natives are compared in Table 6.3 according to type of treated waste (waste
form). This comparison is made for a typical fission product, Cs-137 and a
typical transuranic, Pu-238; somewhat different results will prevail for some
other radionuclides {see Appendix A, Table A.7), but these data provide a good
comparison of the division of radionuclides among various waste forms for the
treatment alternatives examined.

6.2 PROPERTIES OF TREATED TRUW

In addition to comparing the quantities of treated wastes, as in Sec-
tion 6,1, it is also important to compare the properties of the wastes result-
ing from the various treatment alternatives examined in this study. Because of
insufficient data, quantitative comparisons cannot be made, but some
qualitative comparisons are possible.

6.1
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TABLE 6.1.

Waste Containers from Treatment Alternatives, by Waste Category

Waste Container

Containers Yoiume

Treatment Treatment Waste Containers/1500 MTU Intgrna] Volume, Relative ta That
Alternative Description Category E5-.gal au-qal 160-gal 600-gal 60-gal m3/1500 MTU in Alternative 1
1 Package Without Liw 14,879 169 -- 42 -- 3,244 1.00

Treatment Flus TRUW 951 1,247 - 389 - 1,459 1.00
HLW Vitrification HLW - -- - - £95 158 1.00

15,830 1,416 - 431 695 4,860
2 Compaction Plus LLW 4,387 -— 1,287 38 - 1,779 0.55
HLW Witrification TRUW 183 —- ha? 8 - 371 0,25
HLW - - -- o= 695 158 1.00

4,550 - 1,814 46 695 2,308
3 Incineration/Cementation LLW 4,868 -- 456 38 -- 1,374 0.42
Plus Compaction Plus TRUW 483 -- 386 a -~ 353 0,24
HLW Vitrification HLW -~ - e - 695 158 1.00

5,342 - 84?2 46 695 1,885
4 Metals Melting Plus LLW 4,985 -- - -- -- 1,038 0.32
Incineration/HLKW TRUW 166 -- 170 -- -- 138 0.09
vitrification HLW -- . - - 695 158 1.09

5,151 - 170 - 695 1,334
5a Metals Decontamination LLW 6,612 -- 657 -- -- 1,774 0.55
Plus Incineration/HLW TRUM 396 - - - -- 82 0.06
Vitrification HLW - - - - 1,057 240 1.52

7,008 -- 657 - 1,057 2,086
5b Metats Dacantamination LiW 6,716 - 657 - - 1,746 0.55
Plus lncineration/TRUW TRUW —-- - 190 - -—- 115 0.08
Vitrificaticon HLW -= - == el 685 158 1.00

6,716 - 847 - 695 2,069
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TABLE 6.2. Waste Containers from Treatment Alternatives, by Waste Form and Waste Classification
Containers/1500 MTU
Treatment Treatment Container LW TRUW Graad
Alternative Description Waste Form Size, Gal [} B C Total CH RH Total HL W Tota!
1 Package Without Untreated 55 13,318 17 1,544 14,879 660 291 §51 -- 15,830
Treatment Ptus 80 86 20 63 169 1,114 133 1,247 -- 1,416
HLW ¥itrification 600 19 B 17 42 q 385 389 -- 431
HLW Glass 60 ~— -— -— - - - - 695 i34
15,090 2,587 18,372
2 Compactian Untreated 55 4,043 17 327 4,387 70 93 163 -- 4,550
Plus HLW 600 19 [ 13 3B 4 4 8 -- 46
Vitrification Compacted 160 1,138 1 148 1,287 63 164 527 -- 1,814
HLW Giass 60 -- -- - - .- .- == 695 695
5,712 698 7,105
3 Tncineratian/ Untreated 55 1,043 17 - 4,060 70 - 70 - 4,130
Cementation Plus 600 19 & 13 38 4 4 B - 16
Compaction Plus Compacted 160 402 -- 54 456 16 370 386 - 842
HLW vitrification Cement ed L1 216 -- 582 798 15 399 414 -- 1,212
HLW Glass &0 -- - - -— - —_ - 695 6§95
5,352 B79 6,925
4 Metals Melting Pius Untreated 55 4,035 - - 4,035 - - - - 4,035
Incineration/HLKW Melted 160 -- - - - - 170 170 -- 170
¥itrification Cemented 05 368 -- 582 950 -— 166 156 - 1,116
HLW Glass 60 - -— - - - - -— 695 695
4,985 336 6,016
5a Metats Decontamination Untreated 55 4,035 -- -- 4,035 -- -- -- - 4,035
Plus Incineration/HLW Decontaminated 55 1,643 -- - 1,543 - - -- -- 1,643
¥itrification 160 - - 657 657 -- -- -- - 657
Cemented 55 160 25 749 934 178 218 396 - 1,330
HLW Glass 60 -- -- -- -- -- -- -- 1,057 1,057
7,269 396 8,722
5b Metals Decontamination Untreated 55 4,035 - -= 4,035 -- - - -- 4,035
Plus Incineration/TRUW Decontaminated 55 1,643 - - 1,643 - -- - - 1,643
Vitrification 160 -- -- 657 657 - - - - 657
Cemented 55 264 25 745 1,028 - - - -- 1,038
Melted 160 -- P -- —- - 6 [ - [
TRUKN Glass 160 -- -- -- -- — 184 184 .- 184
HLW Glass 60 - -~ - - - - - bg5 695
7,373 190 8,258



TABLE 6.3. Comparison of TRUW Radionuclide Distributions
Among Treated Waste Forms

Distribution
of TRUW
Radionuclides
Among Wast

5]

Treatment Forms, %
Alternative Treatment Description Waste Form 137-Cs 238-Pu
i Package Without Treatment Untreated 100 100

Plus HLW Vitrification HLW Giass -~ -
2 Compaction Plus Untreated 0.05 7.7
HLW Vitrification Compacted 100 92.3
HLW Glass - -
3 Incineration/Cementation Untreated 0.04 7.7
Plus Compaction Plus Compacted 94.1 56.6
HLW Vitrification Cemented 5.8 35.7
HLW 4lass - -
4 Metals Melting Plus Melted 96.0 73.2
Incineration/HLW Cemented 0.01 0.04
Vitrification HLW Glass 4.0 26.8
5a Metals Decontamination Cemented 1.9 11.8
Plus Incineration/HLW HLW Glass 98.1 88,2
Vitrification
6b Metals Decontamination Melted 1.9 11,7
Plus Incineration/TRUW TRUW Glass g98.1 88.3
Vitrification HLW Glass - --

(a) Total quantities in initial TRUW are given in Table A.6.

There are many criteria that will likely have to be met by the treated
TRUW before it can be disposed of in a geologic repository. Such criteria have
not yet been defined. One purpose of this study was to assist in the defini-
tion of reasonable criteria by establishing the costs of their implementa-
tion. Thus, the wastes resulting from some of these treatment alternatives
will likely not meet the criteria that are eventually established.
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Among the waste form characteristics that are likely to be covered by
waste disposal criteria, and that can be controlled by waste treatment proces-
ses, are:

® presence of combustibie material
® gas generation possibility

presence of particulate material
presence of free liquids
presence of pyrophoric material

release rate of radionuclides.

A summary comparison, based on these criteria, of the treatment alterna-
tives is given in Table 6.4, Brief discussions of these comparisons folliow.

Combustible Material

Combustible materials are present in the wastes from treatment Alterna-
tives 1 and 2, but not in the wastes from Alternatives 3, 4, and 5. The fire
hazard in the waste from Alternative 2 should be lower than in the waste from
Alternative 1 because of the compactions that occur in Alternative 2.

Gas Generation

Gases can be generated by microbial actions on or chemical decomposition
of organic materials, and by radiolytic decomposition of organic materials or
water, The mechanisms involving organic materials would be operative, and
probably about equal in result, in Alternatives 1 and 2, but not in Alterna-
tives 3, 4, and 5. Radiolyses of water would not be important in Alterna-
tives 1 and 2, but could be in Alternatives 3, 4, and 5a where some of the
wastes are cemented. In these three alternatives, radiolyses of water would
generate the most gas in Alternative 3 and the least gas in Alternative &,
bécause of the relative amounts of radionuclides present in the cemented waste
forms {see Table 6.3}.

Particulate Material

Particulate materials will be present in the largest quantities in Alter-
natives 1 and 2, where the fluorinator solids are disposed of without
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TABLE 6.4. Comparison of TRUW Properties in the Treatment Alternatives

Combustible Gas Particulate Free Pyrophoric  Radionuclide
Treatment Material Generation Material Liquid Material Release
Alternative Present Possibility Present Present Present Probabi]ity(a)
1 Yes Yes Yes No Maybe Highest
2 Yes Yes Yes No Mayhe High
3 No Yes No No Mayhe High
4 No Slight No No No Low
5a No Yes No No No Low
4b No No No No No Low

{(a} Release to water within the repository.



treatment. However, these wastes have a low radionuclide content (see

Table A.8) so this problem may not be severe, Another possible source of par-
ticulate material is the cladding hulls, where fines may be present initially
and may be formed during compaction in Alternatives 2 and 3. However, it is
not known if compaction results in 1argér or smaller quantities of Toose par-

ticulate material.

Free Liquids

No free 1iquid is anticipated in any of the treated wastes. Careful con-
trol of the cementation processes in Alternatives 3, 4, and 5a will be required
to assure the absence of free liquid in the cemented products.

Pyrophoric Material

Cladding hull fines can be pyrophoric under certain conditions. Such
fines may be present in Alternative 1, and additional fines may be formed dur-
ing compaction in Alternatives 2 and 3; however, it is not known if compactions
results in larger or smaller quantities of loose particulate material. No
pyrophoric material should be present in the treated TRUW from Alternatives 4
and 5,

Radionuclide Release Probability

In this comparison of alternative waste forms, the release of radio-
nuclides from the waste itself into the groundwater that might enter a geologic
repository is of primary concern. This release to the groundwater does not
necessarily mean that the radionuclides are released from the repository, since
the movement of many radionuclides may be greatly retarded by precipitation
and/or sorption reactions as the water passes through the soil. Thus, the
release from the repository of many important radionuclides may be insensitive
to waste form. However, more stable waste forms do provide containment of
highly mobile radionuclides and also provide an added safety factor for those
that are retarded by precipitation and/or sorption reactions, The discussion
in this section is limited to possible releases from the waste to the reposi-
tory groundwater. Release from the repository itself is covered in
Section 7.1.
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With untreated wastes, as in treatment Alternative 1, the contained radio-
nuclides must be assumed to be 100 percent available for dissolution into the
groundwater as soon as the containers fail. Some decrease in the rate of dis-
solution of at Teast some radionuclides may result in Alternative 2, because of
compaction of much of the waste, but this decrease may rot be very large.
Alternative 3 provides an additional improvement by immobilizing part of the
waste in cement; however, this improvement is not great because over 50 percent
of the radionuclide content remains with untreated or compacted wastes
{Table 6.3). A great improvement in waste form stability occurs in Alterna-
tives 4 and 5b, where greater than 99.9 percent of the radionuclide content is
present in metal or gtass monoliths., Alternative 5a should also provide low
radionuclide releases even though larger fractions of radionuclides are
immobiTized by cementation than in Alternative 4, About 125 percent of the Pu
is cemented in Alternative 5a (Tabie 6.3}, but Pu release from cemented waste
forms is very low {Ross 1982). Only about 2 percent of the fission products
are cemented in Alternative 5a.
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7.0 PERFORMANCE ASSESSMENT

This section describes an assessment of the performance of the TRU waste
forms. Both near-term and long-term performance of the waste forms were
evaluated. Near-term performance was measured in terms of the radiation
exposures and potential accident risks that result from processing the TRU waste
streams and transporting the TRU wastes to the repository for disposal.
Long-term waste form performance was measured in terms of the radionuctide
release rate from the repository. For the latter, the SCOPE computer code was
usec to model the releases from the TRU waste packages under representative
groundwater conditions., It should be recognized that the near-term and
long-term performance assessments performed in this study were undertaken fo
develop any initial idea about the scope of waste performances. More detailed
data and analyses are needed to establish the absolute performance of the
cifferent waste forms. Differences in performance under representative
groundwater conditions cannot be interpreted as absolute differences in the
relative performance of the actual repository sites. They provide a preliminary

indication of potential cifferences that require more detailed evajuation.

7.1 LONG-TERM REPOSITORY PERFORMANCE ASSESOMENT

Treatment of TRU wastes could be of benefit when release of radionuclides
from a repository is considered. In general, treated waste forms are more
chemically stable and physically durable than untreated wastes. This section
describes a performance assessment undertaken to evaluate release patterns of
radionuciices from various TRU waste forms when they are transported from a
repository to the environment. The relative benefifts of treating the wastes are
measured in terms of the EPA regulations on HLW disposal (40 CFR 191). However,
since this report presents a scoping assessment and because important
site-specific data remain to be collected in the future, results cannot be used
to compare the performance of specific sites to each other or to the EPA
criteria,

7.1



Four types of geologic media are currently under consideration as potential
locations for a repcsitory. These four media are basait, salt, tuff, and
granite. Since research into the characteristics of these media s on-going,
the crucial parameters which define the repository environment are not
completely characterized. These environmental parameters are the subject of
research being conducted by DOE. Accordingly, the analyses discussed in this
section are generic fn nature and use best-estimate or representative parameter
values where needed to define the waste disposal environment. Although the
values are preliminary, they are adequate for comparing the relative performance
of the various TRU waste forms. Use of the results for comparisen of the

disposal media, however, is an jnappropriate apnlicaticn.

Five TRU waste treatment alternatives (see Table 4.1) were examined in this

study. These are:

1. package without treatment (ssrves as the base-case for comparison purposes)

2. compaction of compactible wastes and package the remaining wastes without

treatment

2., incireration of combustible wastes {plus subsequent incorporation of ash in
cement), compaction of remaining wastes that are compactable, and package
all other wastes without treatment

4, meiting of metailic wastes, incineration of combustible wastes (plus

subsequant fncerporation of ash into a glass waste form)

5. decontamination of metallic wastes to result in their classification as LLW,
incineration of combustible wastes and subsequent incorporation into glass,
plus cementing of fluorinatoer soiids and metallic wastes that cannot be

decontaminated

These five waste treatment alternatives will produce five c¢ifferent TRU

waste forms: 1) untreated; 2) compacted; 3) cemented; 4) melted metals and
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5) vitrified wastes, The waste treatment alternatives are based on treatment of
wastes from a reprocessing plant; however, the relative performance of the waste
forms in the repository environments is believed to also be applicable to TRU

wastes generated without fuel reprocessing.

7.1.1 Method for Determining the Relative Performance of TRU Waste Forms

This section briefly describes SCOPE, the simplified radionuciide transport
simulator that was used in this assessment. SCOPE (Yersion 1.0) which is
described in detail by Petrie et al. (1983), is an acronym for Simplified Codes
for Performance Evaluation of radionuclide transport. 3COPE is comprised of
complex "bookkeeping" ccdes that track the transport and uptake of
radio-nuc] ides as they move through the repository system and jnto the
accessible environment. This computer code cannot replace the sophisticated,
multi-dimensional analyses that will be required to generate information for use
in 1icensing the repository; however, it suffices for performing relatively

simple scoping calculations to be used for relative comparisons of alternatives.

The SCOPE system (Yersion 1.0} consists of three groups of computer
programs (see Figure 7.l1). The first group, the BAIRN system, is comprised of
four subprograms (BAIRN 1 to BAIRN 4) that simulate transport of radionuclides
in a groundwater system from the repository to the accessible environment. The
EXPOSE program jis the second group. EXPQSE uses the results from BAIRN to
caiculate the integrated exposure to radionuclides in accordance with EPA
repository release criteria {40 CFR 191). The third group consists of dose
codes PABLM and ALLDOS. These codes use the output from BAIRN to estimate the
radiation doses (and subsequent health effects) to the general public (Napier et
al. 1980, Strenge et al, 1980). The SCOPE system also uses two CONYERT
programs, CONBABLM and CONALDOS, which translate the information from BAIRN into
a form that can be understood by the dose codes.

BAIRN uses analytical solutions to the equations for one-dimensional solute

transport for up to a three-member radionuclide decay chain (Harada et al,

1980). Analytical solutions for single radionuclides are derived by BAIRN 1;
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two- and three member decay chains are simulated by BAIRN 2 and BAIRN 3,
respectively. The equation used in the BAIRN series may be written as follows:

aC: _ D, aC;
Bi Ef* - ,D ER?L -V E_L - Bikici + Bi-lli-lci-l
where concentration

retardation factor
dispersion coefficient
pore velocity

radioactive decay constant

W

The subscripts in the equation refer to the position of the radionuclide
in the decay chain. The principal simplifying assumptions for BAIRN's
analytical solutions are:

e Sorption 15 in equilibrium and fully reversible.

e Alj] elements are infinite soluble during transport; i.e., solubility
1imits were not included in the transport analysis (these were included
in the source term calculations).

¢ Dispersion for all radionuclides is equivalent.

e Fluid flow is steady-state.

¢ Radioactivity is released into groundwater from the TRU waste as a band
release,

e The flow path is uniform and one-dimensional.

BAIRN 4 simulates the transport of decay chains that are longer than
three members and also prepares the data generated by BAIRN 1, BAIRN 2, and
BAIRN 3 into a format that is understandable to the subsequent codes. BAIRN
4 approximates decay chains of four or more radionuclides by combining the
results of 1-, 2-, and 3-member chain solutions of the above equation.
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The EXPOSE program estimates the potential hazard to the public that may be
caused by the transport of radionuclides from the disposal area te the boundary
between the repository and the accessible environment. EXPOSE uses the resulis
from BAIRN to calculate the amount of radiocactive material passing through the
boundary over time {(i.e., radionuclide-specific release rates). The results are
then compared with the allowable release criteria for each radionuclide given by
the EPA's regulatjons (40 CFR 191),

The programs ALLDOS and PABLM, which calculate health effects, were not
used in this assessment because EPA's regulations are given in terms of the
maximum allowable radionuclide release rates. Therefore, far this preliminary
analysis, it was not cansicered necessary to calculate the health effects that

may result fram potential releases.

7.1.2 Bages and Assumpiions

The major bases and assumptions used to determine the relative performance
of the various waste forms and the source-term release models for each waste
type that drive the SCOPE program are described in this section. Each waste
form has {ts own degracdation and leaching characteristics, and the conceptual
release models differ among waste forms. These conceptual release models are

discussed below.

Waste container Tifetime feor all untreated and compacted waste forms is
conservatively assumed to be zeroc. Water is assumed to flow through the waste
with no impedance (f,e., unrestricted flow is assumed). The release of many
radionuclides s assumed to be constrained by appropriate solubility limits.
Elements that are not solubiiity-controlled are arbitrarily assumed to be
released at a rate of 1 percent of the original amount per year. 3Solubilities
depend on groundwater chemistry. For this study, two simple groundwater
chemistry conditions were assumed--oxidizing and reducing. The effects of other
water chemistry parameters, such as pH and anion concentraticns, were not
evaluated. The solubility values used in this assessment are shown in Table 7.1

{these values are derived in Appendix D). The recucing environment of pH 9 tc



JABLE 7,1, Reference Solubility Values for Oxidizing and
Reducing Groundwater Conditions, g/1

pH_9-10 Reducing
3.3

Element

Ni
Np
u

Pu
Th
Pa
Am
Cm
Zr
5n
5r
Ra
Pb
Se
Pd

Tc

2.5

1.4

6

X

x 107
x 10~10
x 1078
10-10
107/

10”7

10-10

10-10

7.7

H 7. Oxidizi

1.7 x 1073

1

1

X

X

1073
1073
1072
1070
-7
1077
1077

10~/

1 x 1077

essentially
essentialily

essentially

1x10°°

2 x 1078

essentially

infinite
infinite

infinite

infinite



10 is assumed to apply to basalt. The oxidizing environment of pH 7 is assumec
to apply te tuff. For granite and salt, conditions are not well defined so both

reducing and oxidizing conditions were considered.

Cemented, vitrified, and melted-metal waste forms were assumed to be
impermeable toc water flow. The dissolution rate of the waste matrix ir the
specified groundwater conditions was used to approximate the release rate of
radionucliges from a waste form. Nonsolubility-controiled elements were assumed
to be released from the waste form at this rate. Solubility-controlled elements
were assumed to be released at the lesser of either the matrix dissolution rate
or the rate governed by sclubility controls, The UCB mass-transport model

(Chambre et al. 1982) was used for solubility-controlled elements.

The release rate of the TRU inventory was determined by calculating the
release rate {(in units of elemental mass per year) from each waste container and
summing over all waste types to obtain a total release rate. The release period
(or duration of release) was assumed to te the amount of time over which the
entire inventory would be released, assuming it was released at a constant rate.
This assumpticn tends to uncerestimate the actual release period because it
conservatively cverestimates the average release rate. However, the assumption

yields information that is adequate for comparison purposes.

For this assessment, radicnuclides released from the waste forms were
assumed to be transported to the assessable envircnment by groundwater
transport. Radionuciide transport via groundwater is siowed by sorption to the
repository media. The delay depends on the characteristics of the porous media
and groundwater chemistry. Groundwater travel time was assumed to be 10,000
years. Radionuclide travel times are a function of the groundwater travel time,
distribution (or sorption) ccefficients {K,), and the effective porosity of
the repository medium. The distribution coefficients used in this assessment
are shown in Table 7.2 for each possible repository medium. Groundwater
transport in sait coula occur in the sedimentary rock which borders most salt

sites; groundwater flow in sedimentary media was assumed to be saturated.
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JABLE 7.2. Reference Sorption Coefficients (de} for

Four Host Rock Types, ml/g

Element Basalt Grapite
H 0 0
C 0 0
Co 20 20
N 15 20
Se 20 3
Kr 0 0
Rb 50 25
Sr 100 10
ir 30 30
Nb 30 30
Mo 5 2
Tc 50 20
Ru 5 5
Pd 5 )
Cd 20 20
Sn 20 20
Sb 5 3
I 0 0
Cs 500 150
Sm 20 20
Eu 20 20
Ho 20 20
Pb 20 20
Ra 50-100 100
Th 50 30
Pa 20 20
U 10 50
Np 100 100
Pu 100 100
Am 20 50
Cm 20 50
Cf 20 50

3 (gzren (@) 10,0 33.0

(a) Retardation factor =1 + BKd,
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0

0
20
20
5

0
100
250
30
30
1

1

3
10
20
20
3

0
500
500
500
500
300
300
50
50

100
300
300
300

9.7

100
50
50
S0
50
20
100
20
50
50
100
100
100
100
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Travel aistance is not a concern here because no comparisons are made among
repository media and no judgements are made regarding the regulatory release

criteria.

7.1.3 Results and Conclusions

Scoping calculations were first performed to determine which radionuclides
dominate the repository release rate. It was found that C-14 and I-129 are most
important for the first 10,000 years. In situations where oxidizing
groundwaters exist, Tc-99 hecomes an important contributor to the release rate
for times approaching 100,000 years after repositeory clcsure. Since this
assessment is primarily concerned with the first 106,000 years after repository
closure, cnly C-14 and i-129 release rates are discussed. It is assumed that
the {inventories of C-14 and I-129 in the TRU wastes were constant for all
treatment alternatives. However, it shoulc be noted that essentially none of
these radionuclides woula remain in the {ncinerated, melted, or vitrifiec waste
forms because they would vaporize at the required waste processing temperatures
and would be released to the facility off-gas system. This phenomenon, which
results from waste processing (i.e., removal of the most troublesome

radfonuclices from the waste form), was not explorea further.

The results of this assessment for the five waste treatment alternatives
are shown in Table 7.3. The results are not affected by the type of geologic
medium., This relative insensitivity to type of repository medium is a result of
the assumption that groundwater transport of C-14 and I-129 is not retarded by
the geologic medium. Since retardation properties are determined by the
specific medium, the perfcrmance of the geologic containment system will be
independent of medium for those radionuclides that are not retarded. A
sensitivity analysis that evaluates the effect of retardation is discussed

subsequently.
No significant differences were found among the calculated release

fractions for Alternatives 1, 2 and 3. Thus, from a repository performance

standpoint, there appears to be no incentive to compact or incinerate the wastes
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JABLE 7.3, Releases of I-129 and C-14 to the
Accessible Environment, (a)
Fraction of Total Inventory'?®

Fractional Re1ease(b)

Waste Treatment

Alternative Reducing Reducing Granite Oxidizing Granite Oxidizing
Number/E} ement Basalt and Salt and Salt Tuff
1
Carbon 0.0195 0.0195 0.0195 0.0195
Todine 0.0004 0.0004 0.0004 0.0004
2
Carbon 0.0195 0.0195 0.0195 0.0195
Lodine 0.0004 0.0004 0.0004 0.0004
3
Carbon 0.0195 0.0195 0.0195 0.0195
Iodine 0.0004 0.0004 0.0004 0.0004
4
Carbon 1 x 1077 1 x 1077 1 x 1076 1 x 1077
Iodine 1 x 1079 1 x 1079 1 x 1078 1 x 1072
Ea
Carbon 1 x 1070 1 x 107> 1 x 10 1 x 107
5b
Carbon 1 x 1075 1 x 1070 1 x 1072 1 x 10~/

(a) Release fractions calculated for the first 10,000 years after repository
closure.

(hb) Given as fraction of release 1{mits stated in 40 CFR 191.
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(with subsequent incorporation of incinerator ash into cement). Waste treatment
Alternative 4, which includes provisions for melting metallic wastes, has the
lowest release fractions. This indicates that meiting of metalliic wastes is
more favorable than compaction (i.e., melting is the primary difference between
Alternatives 3 and 4). Alternatives 5a and 5b exhibit somewhat Targer release
fractions than Altenative 4. Therefore, there does not appear to be a

repository~performance incentive for decontaminating the metaliic wastes.

The primary reason that a consolidated metal waste form performs better
‘than others is because the metal waste form is essentially impermeable to
groundwater. The dissoluticn of the metal matrix occurs by a diffusion process
{(i.e.» a concentration gradient is formed in the groundwater around the waste
form). The radionuclide release rates from metal waste forms were based on
their rate of dissoluticn in the specified groundwater conditions., As a resu’t,
the radionuclide concentration at the waste form/groundwater interface is at its
solubility Timit. Thus, since this is a diffusion process, there is no criving
force for radionuclicge retease from the metal waste form at a rate higher than
the dissolution rate of the metal. Therefore, the radionuclice dissolution rate
s no higher tnan the metal matrix dissolution rate and, since the leach rates
of the metallic elements are significantly lower than those for most
radionucl ide elements, a substantial benmefit is calculated for this treatment
alternative. In other words, waste form performance (and thus repository
performance) will be improved if more metal is present in the waste forms. The
TRU waste decomtamination alternatives {(Alternatives 5a and 5b} actually reduce
the amount of metal in the waste forms and, thus. downgrade the performance of
the waste form in the repository.

As mentioned previously, the results in Table 7.3 were insensitive to the
type of host rock because it was assumed that migration of C-14 and I-129 is not
retarded by the geologic medium. Retardation, caused by sorption of the
radionucl ides in the geologic medium, delays the release of radicnuclices to the
accessible environment. An adgitioral assumpticon was that carbon and jodine are
essentially Infinitely soluble. Experimental evidence has suggested that carbon

released from the wastes may be retarded by an exchange process with natural
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carbon in the geologic medium. Experiments have also suggested that fodine may
be {incorporated into certain rock types. As a result, retardation
characteristics of the host medium for carbon and iodine may reduce the

repository release fractions.

A sensitivity analysis was performed to determine the effects of
retardation on release fractions for jodine and carbon. Three additional

computer cases were run.

Case l: Carbon is assumed to have a retardation factor of 5; iodine has a
retardation factor of 2. All other assumptions are the same as those used

in waste treatment Alternative 1.

Case 2: Carbon is assumed to have a retardatfon factor of 10Q; fodine has a

retardation factor of 5. All other assumptions are the same.

Case 3: The release of carbon is assumed to be controlled by the
dissolution of zirconium metal so that these elements are released
equivalentiy. All other assumptions are the same. No retardation is
assumed, This assumes that the principal source of carbon in the wastes
results from activation of nitrogen impurities in zirconium metal (which is

used for fuel-element cladding).

Results of the sensitivity analysis are shown in Table 7.4. These results
are shown to be insensitive to rock type. However, if retardation factors are
different for different rock types, the results could be affected by rock type.
Results also indicate that the effect of geologic retardation is to delay the
releases of carbon and iodine (compared to Table 7.3)., Carbon releases are
delayed long enocugh that retardation permits it to decay before it reaches the
accessibie environment. Iodine releases are also delayed but the half-life of
I-129 1s Tong enough that little radicactivity decay occurs. The effect of
assuming that carbon is retained in the zirconium and the release of carbon from

the waste form is controlled by dissolution of zirconium is to dramatically
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[ABLE 7.4. Results of Sensitivity Anmalysis of

Fractional Release

Carbon and Iodine Retardation

{a)

Sensitivity
Case/ Reducing Reducing Granite Oxidizing Granite Oxidizirg
Element Basalt and Salt and Salt Tuff
CarbonEC) 0 0 0 0
Todine'd) 0 0 0 0
2 (
Carbon(e; 0 0 0 0
Todine'f 0 0 0 0
Carbon 1 x 1077 1 x 107° 1 x 1077 1 x 1077
Todine 0.0004 0.0004 0.0004 0.0004
(a} Given as the fraction of release 1imits stated in 40 CFR 191,
10,000 years after repository closure.
(b) See text for descriptions of sensitivity cases.
(¢) Release of carbon to the accessible environment is delayed until about
30,000 vears.
{d) Iodine release is delayed until 10,000 years but before 20,000 years,
(e) Carbon release is delayed until 60,006 years,
(f} lodine release is delayed until 40,000 years.

-

No retardation

of carbon or {odine is assumed.



reduce the release to the accessible environment. This again indicates that

significant benefits may be derived from a consolicated metal waste form.

7.2 NEAR-TERM PERFORMANCE ASSESSMENT

This section describes in qualitative and quantitative terms the
radiciogical risks associated with handling, precessing, and transporting HLW,
LLW, and TRU wastes generated in each waste treatment alternative. Risks due to
normal or routine radiclogical exposures and abnormal or accidental radiological
exposures are described. The near-term perfecrmance (operations phase) of the
repository was not included because the study was terminated before this work
was completed. However, it is believed that the conclusions derived from this
assessment are generally applicable to the near-term performance of the
repository, also, The relative differences among processing alternatives that
result from repository operations are anticipated to follow the same general
trends as the relative risks from waste transportation operations. Reduced
waste volumes should reduce near-term occupational risks at the repository
because reduced waste voiumes will reduce the number of shipments and waste

packages to be handled at the repositaory.

7.2.1 Methodologies. Bases and Assumptions

Normal radiological exposures in waste treatment facilities are the
exposures of operating personnel to penetrating radiation that arise from
planned practices at the facility. Abnormal radiation exposures are the risks
to operating personnel which are caused by abnormal events at the facility.
Abnormal events are those events that disrupt routine operations and are serious
enough to warrant design features to mitigate adverse effects from such events.
The preliminary risk assessment of the waste processing facilities fncluded both
HLW and TRU/LLW treatment facilities.

Risks from transportation of the wastes are also categorized as routine and
abnormal. Routine risks arise from the exposures of the public and
transpartation personnel to the very Tow levels of radiation emitted from the
shipping container. Abnormal transportation risks arise from the potential

releases of radioactive material from a shipping container that is involved
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in an accident. The methods, bases, and assumptions used to estimate these

risks are described in the following subsections.

7.2.1.1 Normal Exposures from Waste Processing

The total normal exposure resulting from operation of each waste treatmert
facility concept depends on exposure rates, crew sizes, curaticn of various
cperations, and the number of these cperations per year. The maximum quarterly
exposure received by any individual at the waste treatment facility is
established by 10 CFR 20, Section 20.10l. This regulation establishes an upper
1imit of 3 rems per calendar quarter per individual (rem/quarter} as the total
cccupational cose to the wnole body. This 1{imit takes into acccunt the person's

age and past dose history.

The exposure of operating persennel to raciation will depend on many
factors. These factors include the racioactivity levels of the materjals being
handled, the shielcing between workers and the radioactive materials, and the
protective clothing worn by each worker. The exposure rates for various types
of waste treatment operations will vary with conditicns. Nonetheless, an
average exposure rate can be estabiished using the 3 rem/quarter upper dose

1imit for radiation workers.

It was assumed that an administrative decision was made at the waste
treatment facilities to hold quarterly exposures to a value equal to 1/.0 of the
maximum level established by regulations. This assumed decision created an
aliowance for inadvertent exposures to personnel involved in accidental or
abnormal situations. This assumption was made by the National Committee on
Ragiation Protection and Measurements (NCRP) and the Internaticnal Commission on
Rad{iological Protection (ICRP) and has been utilized by cother investigators (DOE
1980). This assumpticn also reduces the maximum permissible dose to radiation
workers to 0.3 rem/quarter. This number was used as the basis for estimating

the expected average exposure rate during normal operations.
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Fach individual at the facility was assumed to work 8-hour shifts and 75
shifts per quarter. This corresponds to 600 working hours per individual per
quarter {or 2,400 hours per year). Dividing this number into the maximum
permissable exposure of 0.3 rem/quarter gives an average exposure rate of 0.5

millirem/hr, which will be expected in all restricted areas of the facilities.

Annual manpower requirements for operating each of the waste treatment
alternatives can be determined by estimating the crew sizes, duration of various
operaticns, and the number of these operaticons per year. This information,
along with the assumed exposure rate, was used to determine the annual total
radiological exposure to the work force associated with each waste treatment
process operation, Since the current Jevel of technical develcopment of some
waste treatment concepts is limited, only estimates of manpower requirements

were possible,

7.2.1.2 Abnormai_fxposures From Waste Processing

The approach used to estimate abnormal radiological risks was to evaluate
major radiological accidents and off-standard conditions that could potentially
occur in each waste treatment facility concept. A liquid-fed ceramic melter
system is used for vitrification of i1iquid¢ HLW. TRU waste treatment concepts
were described previously (see Section 4.0), To simpliify the approach, this
accident assessment was divided into an assessment of the HLW treatment facility

and an assessment of the TRU waste treatment facilities.

This preliminary risk assessment is an evaluation of the treatment facility
cniy and is independent of other facilities or associated processes in the FRP,
For some cases, the risk assessment covers major accidents in the waste
treatment facility resulting from errors made in other waste processing systems
(e.g., the explosion of "red oil" in the mixing or denitration tanks as a result
of its formation and subsequent transfer from a waste processing system
evaporator). For most cases, however, these types of accidents were determined

to be minor.
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The methodology used in the radiological accident assessment was to first
identify any significant accidents that could occur in the two waste treatment
subsystems. This was accomplished by the use of fault tree analysis, one for
the HLW vitrification system, and one for each of the six TRU waste treatment
alternatives, Significant accidents refer to any accident with the potential
for releasing radicactive material outside its primary ccntainment. After
identification of the accidents, descriptions were developed for each identified
accigent. The accident descriptions include detailed scenarios of possibie
causes, potential consequences, and potential ways to prevent, detect, or
mitigate the accident. They alsc form the bulk of the accident risk assessment.
Included in the discussion of the accicent scenarios are references in which
additional information can be obtainec on the accidents or the waste treatment

systems.,

7.2.1.3 Jransportation Exposures and Risks

Routine exposures and accident risks for offsite shipments of HLW and TRU
wastes are divided into two categories: occupaticnal and nonoccupaticnai.
Occupational exposures are the exposures to radiation that are received by
persons as a result of their occupation (e.g., truck drivers, raflroad
employees). The general public is the nonoccupationally exposed group. Where
possible, radiation exposures to these two population groups are presented

separately.

The "unit-risk factor" approach was used to estimate transportaticn
radioiogical exposures for each waste treatment concept. This approach uses
unit risk factors (Neuhauser at al. 1984, Wilmot, Madsen and Cashwell 1883),
given in units of person-rem/km of vehicle travei, to calculate the risk.
Transportation risks are then calculated using the following formula:

R = rbs

where
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R = the total risk (person-rem)
= a unit risk factor (person-rem/km)
D = the shipping distance (km)

the number of shipments

Unit risk factors have been developed for CH-TRU wastes, RH-TRU wastes, hulls
and hardware, and solidified HLW (Wilmot, Madsen, and Cashwell 1983). Risk
factors for LLW transport are conservatively assumed to be the same as the
CH-TRU waste unit risk factors. Separate risk factors are provided for truck
and rail transport. The unit risk factors used in this analysis are presented
in Table 7.5. The unit risk factors were used to calculate the risks for
transporting each waste type produced in each waste treatment alternative. The
risks for each waste type were then aggregated to determine a total risk value

for each treatment alternative.

Transportation risks were calculated on an annual Lasis assuming a 1500
MTU/yr reprocessing facility. It was assumed that the crne-way shipping distance
for HLW was 3,200 km (2,000 miles) and that fcr LLW was 480 km (300 miles). As
shown in Table 7.6, separate risk factors were developed for travel in each of
three population zones: rural, suburban, and urban. It was assumed that al)
shipments travel through predominantly rural areas (90 percent) with lesser
amounts of suburban (5 percent) and urban travel (5 percent). One-hundred
percent rafl shipping is assumed. The annual number of shipments of each waste

type wera calculated using the assumed shipping container capacities shown in
Table 7.6.

2.2.2 Resuylts and Conclusions

The foliowing subsections present the resuits and conclusions from the
near-term performance assessment.
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TABLE 7.5. Transportaticn Unit Risk Factors {person-rem/km)

HLW by Rail RH-TRU by Rail
Hazard Category Rural Suburban  Urban Rural Suburban  Urban
Normal
Nonoccupational 2.1E-3 2.1E~3 2.1E-3 4,9E-4 4,9E~4 4.9E-4
Occupational 4.0E-7 4,0E-7 4,0E-7 9.6E-8 9.6E-8 9.6E-8
Accident

Nonoccupational 1.4E-8 3.0E-5 4,9E~4  7.9E-12 1.6E-8 2.4E-7

FH-TRU by Truck CH=-TRU by Rail
Hazard Category  Rural Suburban  Urban Rural Suburban  Urban
Normal
Nonoccupational 3.3E-5 4.9E-5 6.3E-5 8.6E-4 8.6E-4 8.6E-4
Occupational 5.2E-6 1.1E-5 1.8E-5 1.3E-7 1.3E-7 1.3E-7
Accident

Nenoccupational 3.1E-12 4.5E-9 1.56~8 1.5E-15 3.1E-12 4.5E-11

CH-TRU by Truck Hulls by Rail
Hazard Category  Rural Suburban  Urban Rurail Suburban  Urban
Normal
Nonoccupational 2.8E-5 4,3E-5 5.5E-5 2.1E=3 2.1E~3 2.1E-3
Occupational 4,6E-6 1.0E-5 1.7€-5 4,0E-7 4.0E-7 4.0E-7
Accident

Nonoccupational 7.1E-16 1.0E~-12 3.4E-12 2.9E-14 3.2E-12 9.0E-12

Note: Abbreviated scientific notation = 2.8E-5 = 2.8 x 1072
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TABLE 7.6. Reference Cask Capacities
Transport
Waste Type Mode Capacity
HLW Rail 12 canisters
Truck 1 canister
Hulls Rail 1 600-gal drum or
4 160-gal canisters
RH-TRU Waste
< lIR/hr Truck 14 55-gal drums or
10 80-gal drums or
1 160~gal canister
> 1 R/hr Rail 21 55-gal darums or
15 80-gal drums or
4 160-gal cans or
1 600-gal drum
CH-TRU Waste Truck 36 55-gal drums or
32 80-gal drums or
6 160-gal canisters
CH-TRU Waste Rail 72 55-gal drums or
64 60-gal drums or
16 160-gal cans or
1 600~gal drum
LLW Rail 96 L55-gal drums or
84 80-gal drums or
16 160-gal cans or
1 600-gal drum
(a) Source: Wilmot et al. (1983}
(b} Source; NRC (1983); adjustments were

made to accomodate odd drum sizes (i.e.,
80-gal, 160-gal. and 600-gal containers}
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7.2.2.1 Routine Risks from Wasie Processing

The routine exposures from waste processing at the FRP were calculated from
average radiation dose rates and estimates of facility staffing requirements.
The type, frequency, and duration of each unit operation and the required crew
size for each operation are the essential parameters for performing a detailec
staffing estimate. Currently, most cf these parameters are not well defined.
Nonetheless, the annual manpower requirements were estimated for each waste
treatment facility concept using the information in Sections 4.0, 5.0, and
Appendix B. The anticipated operating schedule for each waste treatment
alternative is summarized in Table 7.7. The table indicates that most waste
treatment processes can be operated on a 200-day~per-year and 24-hour-day
(3-shifts-per-day) basis. This assessment assumes that all operations,
including maintenance, are scheduled for 300 days/year with three 8-hour
shifts/day.

The staffing requirements in terms of man-years/year for each waste
treatment alternative are shown in Table 7.8. These estimates are based on the
estimated number of process operators, radiation meniters, maintenance workers,
and foremen needed for each process operation. Staffing requirements develaoped
by others (Anderson et al. 1979) for similar TRU waste itreaiment operations are
also shown for comparison purposes. As shown, these estimates agree fairly well
with the current estimates. The estimates presented in this report are about 70
percent to 100 percent higher than those develioped by others.

The annual occupational exposures were calculated by multiplying the annual
wark force times the maximum exposure rate. A conversion facter of 2,400
hrs/yr/individual was assumed in the calculations. Table 7.9 presents the
resuits of these calculations. Annual exposure estimates developed by cthers
are also shown in the table. The results indicate that the radiation exposures
generally increase from WPF-1 through WPF-5. The occupaticnal exposures
calculated for WPF-5 were calculated tc be about 60 percent higher than those

for WPF-1. Also, note that WPF-3 and WPF-4 have roughly equal occupaticnal
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TABLE 7.7.

Alternative Annual Process Capacily Unit Capacity

Waste Handling Capacity and Operating Schedule

Operating Schedule

-1(a)
WPF 5AIF(anSiC)
HiL W

60 drums/d

18,000 drums
1,320 kg-glass/d

¢) vitrifica- 360,180 kg-glass
700 canister/yr -—-

t
SHLl».fagSI Storage
1,400 storage capacity

WPF-2
Basic Same as_ WPF-1 Same as_WPF-1
Compaction 3,183 m3 3,778 m3/300 d

WPF-3
Basic Same as_WPF-1 Same as_WPF-1
Compaction 1,082 m3 1,606 m3/300 d
Incineration 2,102 m3 (214,000 kg) 45 tg{h
Cementation 822,000 kq T80

WPF-4
Basic Same as WPF-1 Same as WPF-1
Meiting 601,000 kg 1,400 kg/h
Incineration 214,000 kg . 45 kg/h
Cementation 811,000 kg TBD

WPF-5
Basic Same as WPF-1 Same as WPF-1
Hulls Decon 402,000 kg T80
¥ibratory Finishing ~192,000 kg T8D
Incineration 214,000 kg 45 kg/h
Cementat jon ~B50,000 kg TBD

Ta) WPF-1 = Waste Processing Facility - Alternative No. 1
(b) WAIC = Waste Assay, Inspection, and Certification

{c) HLW = High-Level Waste

{d) SHLW = Solidified High-Level Waste

(e} TBD = To be determined

300 d/yr @ 24 h/d
272 d/yr © 24 h/d

300 d/yr © 24 h/d

Same as WPF-1
202 d/yr 8 24

Same as WPF-1

202 d/yr @ 24 h/d;
198 d/yr @ 24 h/d;

T60

Same as WPF-1

198 d/yr @ 24 h/d;

71 d/yr © 24 h/d
TBO

Same as WPF-1
18D
TBD

198 d/yr © 24 h/d;

T8D

h/d;

303 d/yr © 16 h/d

16 h/d
16 h/d

300 d/yr @
300 d/yr @

300 d/yr @ 16 h/d

300 d/yr @ 16 h/d
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TABLE 7.9.  Summary of Annual Occupational Exposures at Waste Processing Facilities

Annual Occupational Exposures, person-remn/yr

1 2 3 4 5a Sb
Metals Metals
PWOT Compaction Compaction + Metals Decontamination + Decontamination +
Incineration/ Melting + incineration/ Incinevation/
Lemenitation Incinceration/ Vitrification to V¥itrification as
Vitrification HLW TRUM
Reference 1 225 245 ELY:] EY:L >358 >358
Current Estimate 130 148 187 1683 213 213
Difference a5 97 171 205 >145 >145

{a} Reference 1 = DOE (1979); usad 0.7 rom/quarter allowable dose rate —_—
{b) Information was not available for vibratory finishing facility
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exposures, Thus, from this standpoint, exposures resuiting from huils melting

appear to be roughly equivalent to those resulting from hulils compaction.

7.2.2.2 Accident Risks From Waste Processing

HLW ard Intermediate~level Waste Solidification

The reference process for high- and intermediate-level 1iquid waste
treatment in all alternatives is vitrification in a liquid-fed ceramic melter
(LFCM). The major equipment and process descriptions for the waste
vitrification system are quite similar to most other LFCM-based systems. As a
result, accident assessments for other LFCM systems (Buelt and Partain 1S80)
were used to fdentify most of the significant potential accidents for the system
described in Appendix B. A fault tree analysis was performed to identify any

other potentially significant accidents., The fault tree is shown in Figure 7.2.

After identification of the potential accidents, scenarios were developed
to determine the severity of each potential accident. Of the 23 identified
accigents, only those that might involve a major release of radicactive
materials within the processing celis were selected for further evaiuation.

Accident scenarios for the 10 major accidents are shown in Table 7.10.

A1l but one of the 10 major accidents {nvolves releases from the waste
vitrification system (primary containment) to the vitrification cell {secondary
containment). These accidents would be mitigated by the facility off-gas
systems and the design of the vitrification cell to minimize occupational
exposures. The only major potential accident involving rejeases outside the
cell that was identified would be the pressurized blowback of radiocactive
materials through the frit-feed lines to the cell gailery. To prevent this type
of accident, all transfer 1ines from the gallery into the cell must be designed

to prevent backflows or siphon effects,

As shown in Table 7.10, design-basis accidents for FRPs or waste

solidification facilities are included. These accidents are the most preeminent
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in the safety review of a facility, although minor and moderate accidents are

also important. The design~basis accidents in Table 7.10 are:

e a criticality occurrence in the meilter

& rupture of the melter from a molten glass/water steam explosion
® rupture of the feed mixing tank from a "red oil™ explosion
[ ]

rupture of the melter from a molten salt/water steam explosion.

Qf these, the occcurrence of a criticality and & molten rupture of the melter

from glass/water steam explosion are judged to se impossible.

Criticality in the melter is not a problem for several reasons. First,
evidence indicates that the actinides in a typical HLW glass will not
precipitate as a sediment {(Walker and Riege 1979). The solubility of PuQ,
in HLW glass containing 20 wt% simulated HLW oxides and 10 percent Gd,Cy
is approximately 1.3 percent. The solubility rises tc 4.5 percent if Tess than
7 percent gadolinia is present. The concentraticn of Pul, in reprocessed
waste glass should be an order of magnitude less than the maximum solubility cf
PuOZ. Even if such a sediment were to form, it would be substantially
subcritical due to the predominant neutron absorption characteristics of the
actinice mix. Inclusfon of the fission products further reduces the criticality

multiplication factors.

The potential for rupture of the melter from a molien glass/water steam
explosion was eliminated on the basis of analyses by Postma, Chapman, and Buelt
(1980) and Robinson and Fry (198l) which established the required conditions for
such an explosion. Based on these analyses, the HLW glass has a viscosity that
is orders of magnitude greater than the viscisity of liquids that can thermally
interact to produce a vapor explosion. In addition, the HLW feed solution
contains solids that act as nucleation sites, further etiminating the

possibility of a steam explosion.
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TABLE 7.10.

Incident

A LIQUID FEED SPILL S

Possible Causes

Hed 011 Exploaion in
feed Tank or Menibre-
tion Tank

0L

Extremely Improbable.
fled il ia @ nitreted
cumpound of degraded
anlvent.

U. POTENTIAL RFLEASES FROH LFCH ACCIDENTS

Severe MHulten Sall/
Waler ean Explugion
Ruptures the Helter

Formation of a thiwk
leyer of molten vall

on top of Ehe molten
glass, Walt layer en-

t capo Viguid feed
Superheating of Lhe
ligquid fFeed to sponlan-
eoun aucleaslion bempera-

bure,

Fotent ial Cunacqueices

Metection

Feed Tank is ruptured.
100% of feed in tank
leeks ta call floor.
Ixplosive forces assimed
to aktomize 5% of feed

Rupture of the melter
All malken
glass spilla to cell
floor. {Talcine cold cap

contaliunent .

dispersed as purt iculales,

5% of molten glass dis-
persed na pacrlicolatbe,

Tank level indicslar,
Gall deain aump
activity alarim.

Me 1l er inat caaent at ton.
{f Fgas inat camentat ion,

Summary of Major Accidents From A LFCM Waste Vitrification System

FreventinnMil iyatinn

Red O1] only forms in
evaparstora operaled
ouksido specifications,
The presence of red oil
wnuld be detected in Lhe
HILLW eampling privor to
being trunaferred Lo Lhe
feed tank. feed tank is
water-cooled below aut o-
ignition temperatures.
lLiquid releases in the
cell are collected in
HWEPA Filtera sized
Lo sccommodat e increaacd

By,

geroanl and particulat e
looding.

The concentrubion of

salts in the HLLW ara
aignificantly below solu-
bility tumta of the glosa.
Viaual obaervat 1on of Lhe
molten gloss sucface would
indicate substantial salt
buildup. HLLW feed has
nucleation aitea that pre-
clude steam explosion.

OF fqua piping and venlur i
serubbec overalzed Ly a
factor of & ta handle steawm

Burges. Research indicaltes
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Incident

Possible Causes

Breach of MHelter
Cantaiment Box
Melow Glase level

Criticality in Hzlter

Haler/Glass Stean

Explosion Ruptares
the Metter

Damage from crane oper-
al ian (e.g., dropping
canister an meller).

Accumilation of critical
Fissile material via
gediment al ion or precipi-
L akt ian.

Signifienal volune of
Viguid injected below
the mollen glass sur-
face in auch o0 way aa
to entrap Lhe liquid
and superheat it ko
sponLaneous nucleat ion
Lemecatures .

TABLE 7.70.

Potential Conueguuences

(Contd)

Deiectian

100% glasa spilled on
cell flaooe st t100°C.
Ruthenium and cesiwn
volatilization, Some
diaperaesble glass fines
c reated,

(onsidered impossible to
occur (See Buelt and
Parlain 1980)

Experience und theorel i-
cal analyses of LFCH's
indicat e Lhal destruc-
tive water/glags inten
actiona are imposaible,
{See Postma, Chapman,
and Nuelt 7900).

Vioual observation during
Helter
H:lLer

crane operst iong,
of f-gana preagure.
temperulure.

froceas aamling.

feed sanpling.

Prevent ionMit1gat inn

that maximum pressurizaetion
from explosinn would not be
greater than 70 paig, wrat
cese conditions {Kihn 19033).
Emergency vents availoble.

S urwlard operating procedures.
Melter ia very rugged,

Breach of metal containment
would not necessarily cause
glassg leskage theough refrac-
taories.
power and allaow glaas to
solidify in melter,

Turn off melter

fongidered impoasible to
Actinidey in tha HLIW
will not precipitate in melter
68 sediment. Solubility of
actinidesa in gluss mich higher
than HLLW actinide concentra-
tions. [ven if sediment could
occur, it would be substantially
subcritical due Lo Lhe predomi-
nating neutron wbsorption charac-
teristica of the actinide mix
pregent in glasa.

OCCUr.

Water/gleas steam explasian
inpos3aible due to high partio-
ulate loading in HLLW feed, and
tiigh viscouity of glass,
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TABLE 7.10. (Contd)

Incidenl Puouaihte Causes Patenlial Coansequences etect ion Prevent ianMit 1qut ion

C. POTENTIAL RELEASES fROM OF F-GAS SYSTEH COMPDNENT FAILURLCS

Ureak In ODFf-Gas Equipment dropped an Aasume 60 min. of melter Of f-gas inslrmentat ion. Operation within Flowsheet

bystem Piping piping. off-gas diverted Lo cell specifications. iklter
atmoaphere. Entrainmsnl feed stopped upan loas of
from melter of 0.4% vale- of f-gaa vacuum.

Lile ﬂullq, 6% particulate
Ru02 and 0.5% total par-
ticutat e release.

D. POTENTTAL HEIEASES FRIOM LI ASS FILLED CANISTER

HIW Cunister Rupture Weld Fallure. Waold feilure resuita in Cell activity deteciors (A on canisler welds
50% of the glass 1n Lhe vigual datection, makes incldenl probebility
canialer apilling to Lhe extremely low,

cell fluor. Siill cemaina
at 1000°C for 30 minules
Lefore coaling ummediately.,

F. RADIOACTIVE HATERTAL HELFASE OQUTSIDE PROCESS CFLL

Bhawback of HLW Feed tiverfilied t ankk in con- 0L of HUIW pushed into Faed tank level mlaras. Glass farmer line outlet

tu iperal 1 Gallery Juncbion wilh mualigned glass former mabkeup Lank Uf f yas pressure alarng. is abave normal tank level.
wvalvigu) and o pressuri- in the operaling goellery. Gallery ruodiolion alacms. At least one valve located
ot 1on source would Agaune N.1% is entrained in line. Mrmal tunk ‘
force LW 10l o glaas in gallery almosphere, presaure below gallery

former addilion line. almoaplhiere pressure.



TRU_and LL¥W Treatment Operations

The purpose of this section is to identify the types of accidents that need
to be considered as the complexity of the faciiities increases. In general,
process complexity increases in order from Alternative 1 to Alternative 5b.
Block diagrams for each waste treatment facility concept were shown in Section
4.0. As shown, the more complex alternatives include much, if not ali, of the
more simple waste treatment processes. In particular, the types of operations
and associated accidents found in the PWOT alternative can also be found in ail
the cther alternatives, O0ther overlaps of the complex alternatives with more

simple ajternatives are:

Alternative 3 overiaps Alternative 2 (compaction)
Alternative 4 overlaps Alternative 3 (incineration)

Alternatives 5a and 5b overlap Alternative 4 {{ncineration)

Aiternative 5b overlaps Alternative 5a (metals decontamination)

Potential accidents related to waste processing were identified from the
Titerature. These accidents are described jn Table 7.11. The table groups the
accidents according to the waste treatment alternative and functional operation
given in Section 4.0. To simpiify the accident summary, each alternative l1ists
only the accidents that were not listed for the previous less-complex
alternatives, Included with each alternative in the table are footnotes
identifying the location of the overlapping accident scenarios.

In general, it can be concluded that accident risks increase directly as
the facility concept complexity increases. Two important reasons for this
conclusion are that 1) accident driving forces (processing pressures and
temperatures) are higher in the more complex processes and 2) radionuciide
concentrations are higher in the product waste streams for the more complex
alternatives. These two effects increase the sizes of potential releases and
increases the nealth effects caused by the potential releases. However, the
total risks are expected to be small because the facilities will be designed to
prevent or mitigate potential accidents that could result in a release of
radicactive material to a normally-occupied area of the facility or to the

environment. 7.33
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Incident

TABLE 7.11.

Summary of Potential Radiological Accidents for

TRU and Low-Level Waste Treatment System

Possible Causes

Potential Consequences

Detectiion

Prevention/Mitigation

A, PACKAQING WITHOUT TREATMENT ALTERNATIVE

1. Storage

Over-Pressurizationf
Eventual Release of
Sealed Canisters {EGAG
1982, VYol. 3; DIE
1979)

Spontanecus Internal
Combustion of a Sealed
Drus Occurs (Anderson,
et. al. 1979}

Reactive pateriai sealed
in druas. Biological,
radiclytic, or chemical

reaction generates gas.
Casket fails,
gas. Building fire.

releasing

Internal heat generation
occurs in a canister as a
resuitof react ivematerial,
Internal c¢an temporature
raised to spontaneous com-

bustion levels.

2. Inspection Operations

Waste Hufl Canister
Dropped, Breached, or
Spitled (DOE 1979,

Vol. 2)

Hulls canister dropped by
crane. Forklift fork pene-
trates barrels. Forklift

drops canister.

Spread of contamination;
airborne retease of TRU
contaminated particulate.

Sufficient oxygen present
to support cosbustion of
amount of waste.
gasket fails.

small
keoprena
Yolatization of ruthenium
and other fission products
in burned waste,

Canister breached by fall.
188% of the hulls escape
Large
amount of the waste volume

ths container.

available for entraineent
as fines. Small amount

of finesactual lyentrained.

Visual exaaination. Gas
detection system (x-ray).

¥isual examination of

canister pressurization.

Yisual detection.

Provisions to vent drums con-
taining combustibles, organics,
sludge wasie
hufls, tf necessary.
material packaged tao prevent
reaction.

materiais, or
Reactive

Provision to vent drums con-
taining combustibles, organics,
studge materials, if necessary.
Reactive material not routinety
packaged with cosbustibles.
Neoprene gasket designed to

not fail under these conditions.

Crane inspected prior to use.
Crane height limited tominiaize
impact force. Forklift designed
for drum handling. Sand matrix
minimized exposed finematerial .
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Incident

Poassibie Causes

TABLE 7.11.

Potential Consequences

(Contd)

Detection

ProventionjfMitigation

TRU Waste Drus (No
Hulks) Dropped, Bro-
ached, of Spilled
(E 19789, Vol. 3)

Ignition of Dpen Bar-
rel of Waste During
Interior Inspaction
(IME 1979, Yol. 2)

3. Aasay Dperations

Radiation
(Y-Rays or
Neutron Source) From
Assay Facility to
Operating Personnel
{Anderson, et. al.
1979)

Abnoresl
Release

Saee as waste hull canis-
ter.

Open barro| comes in contact
with flame. Combustibles
and organics ignite. Open
barral self-ignites.

Failure of x-ray protection
equipment. Breach of en-
capsufatjon barriers sur-
rounding neutron detection
source.

4. Dverpacking Operations

Ignition of Fire Re-
sulting from Welding
of Overpacking Com-
tainer (EQGAG 1982)

Sparks from welding opera-
tion ignite TRU or low
fevel waste materials.

Fali breached canister.
182X of the general process
trashescapesthecontainer.
Small amount

for entraingent.

available

Spalier
amount of relsasedcontents
entrained.

Fire alows. Small volume
of trash burned before
beingextinguished. Systes
entrainment of ruthenium,
and other fission products
in burned waste.

Very unlikely. If breach
occurs, only a small amount
of nautronsource released.

Spread of some contamina-
tion. Pessible ralease of
entrained radiocactive
material

Yisual detection.

Fire detection system.

Activity detectors.

Dosimetry.

Fire detection systes.

Crane inspected prior to use.
Crane height limited tominimize
ispact force. Forklift designed
fros drum handling.
designed tosurvive 9meterdrop.

Drums

Fire iamediately put out by
Bniy one
barrel open at a time. Self

suppression system.

igniting materials not normal ly
placed indrunwithcosbustibles.

Radiation con-
tainsent in assay facility
designed bo protect operating

Vary unlikely.

personnel .

Fire suppression systen. Over-
pack welding area separated
from other waste treatment
stations by fire wall.



Incident

Possibla Causes

TABLE 7.11.

Potential Consequences

(Contd)

Detection

Prevention/Mitigation

B. PACKAGING WITH COMPACTION

Additional Risks to the Packaging ¥Without Treatsment Alternative (See A.)

1. Drus Bumping

¥asts Hull Canistaer
Spill ¥hile Dumping
(DOE 1879, Vol. 2)

TRU ¥aste Drum Spilled
While Dusping (DOE
197§, Vol. 8)

Canister dropped during
handling. Operater errer
vesults in epill to the
floor instead of to the
dumping tank.

Same as waste hull canister
{sea above).

2. Shredding Dperations

Potantial Ignitionf
Combustion of Combus-
tibles (Xlingler 1581)

Fire or explosion caused
by excessive dusting, ex-
plosive or reactive con-
stituent in feed. Jam-up
of materialscausessparking
or friction.

106% of the hulis in can-
ister spilled to the floor.
Fraction of wasts in can-
ister available for en-
trainment as fines. Yery
small amount of actual
fineentrainaent. Airborne
conbamination.

128% of waste in drum
spilled to fleor. Small
amount available for en-
trainment. Smaller amount
of released contents en-
trained.

tamination.

Airborne con-

Aerosols, volatiles, and
scot inencliosure. Possible
rupture of chaasber. Room
contamination.
Exposure.

Personnel

Visual detection.

Yisuval detection.

Fire detection system.

Sand watrix minimizes exposed
fine material.
station designed ta minimize
spills, entrainment.

Drus dusping

Drus dugping station designed
to minimize spills and entrain-

ment,.

Fire suppression system. Normal
low dust operations of shredder.
Administrative control of feed.
Visual obsarvation.
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Incident

Possible Causes

TABLE 7.11.

Potential Consequences

{Contd)

Detection

Prevention/Mitigation

3. In Can Compaction

Ignition of Zircalloy
Fines During Compac-
tion of Waste Hull
Canisters (DOE 1979,
Yol. 2; Klingler 1881)

CriticalityDccurrence

Generation of pyropheric
fines from compaction op-
sration. fines ignite
from aparking and expesure
to air of unoxidized zirc-
alley surface fines.

Compaction reduces volume
1.8 - 4.8 times (McCarthy,
1984)

€. INCINERATION/CEMENTATION PLUS COMPACTION

Additions! Risks to the Packaging Without Treatment Alterrative (See A.) and

1. Gensral Process Trash Segregation

Glovys andfor Skin
Tear During Sorting
and Segregation

2. Incineration

Fire or Explosion In

Incineration Feed
Preparation System
(Klingler 1981; DAE
1979, Vol. 2)

Sharp items (glass, sharp
mnetal) found during segre-
gation. Cuts through gloves
and finger or hand.

Fire starts in trash amait-
ing incineration or small
amount, of explosivematerial
in incinerator feed. Fai-
lure of fire suppression
systen.

Fireinwastehulicanister.
Fire may also ignite other
previously created fines.
Potential releass of air-
borne contamination.

Considered very unlikely
to occur. Compaction
does not increaseeffective
criticality enough as the
waste is just compacted,
not changed.

Skin and Possible internal
contamination to operating
personnei .

Burning of a large frac-
tion of the entire inci-
neration inventory. En-
trainment of airborne

radionuc|idecontamination.

Fire dataction systea.

Potential detected during
assay.

If hull surfaces are clean,
free of oxides, compaction
bonds the surfaces together

under sufficient pressure to
encasa all but the surface
fines. Fines should not be
processed by compaction

Wasts assayed to make certain
that the miniwus critical mass
i s not preaent ineachcontainer.

Packaging with Compaction Alternative (See B.)

Radiation monitoring
survey upon exiting rad-
iation zone.

Fire Datection Systea.

designad to minimize

cuts, tears. {Qperator wears

Glove

2nd pair surgeon's gloves when
hands are inside tha contamin-
ation glovas.

Fire suppression system. Cell
filters located away from in-
cinerator. Explosives not used
in incineration,



gL

Incident

Possible Causes

TABLE 7.11.

Potential Consequences

{Contd)

Detecticn

Prevention/Mitigation

Explosion in Inciner-
ator From Incinerater
of Flameout Followed
by Explosive Re-igni-
tion, (Klingler 1981;
DOE 1979, Yol. 2)

Explesion in Inciner-
ator Resulting from
Improper Combustion
of Feed (Klingler
1981; DOE 1979, Yol.

2

Explosion
From Leaking Fuel or
lrganic Feed Dutside
of Incinarator {Klin-
gler 1981)

Fire or

Flame-out occurs in incin-
erator. Explosive re-igni-
tion of fual-air mixture
leads to breach of incin-
erator. Incineratorcontrol
fails to detect

flaae ailowing

aysten

loss of
accuaulation of unburned
feed prior to re-igrnition.

Explosive of violent reac-
Live consbituent in feed.
Gverfeedingof combustibles.

Delivery systes leakage
coupled with ignition by
sparks or chacber radiant
heat.

3. Incineration Bff Gas Treatment

Explosion In Off Qas
Train Resulting From
Re-ignition of Flama-
able Yapors (Klingler
1981)

Organic volatiles intro-
duced because of incoaplete

coabustion.

6@% of ash in incinerator
at aaximua load is suspended
in cell air. herosols
volatilesand soot released

to air.

Possible rupture of incin-
erator chaaber. Aerosols,
volati)es, andsootreleased
to air.

Particles, aerosol, ash,
soot released to enclosure
and service duct. Possibie
ralease to room.

Particles and aerosol
raleased in
and in service duct for

exhaust. Possibfe rupture

enc losures

of duct with resulting
contasination release.
Possible flow interrup-

tion. Bccupational expo-

sure Lo radioacbivilty.

Incineration control
systes.
lyzer should detect com-
bustibles and shut off

feed.

Combustion ana-

Incinerater or control
systea.
lyzer should detect ovor-
feeding and shut of f feed.

Combustion ana-

Liquid leaks visually
detected.
Gas analyzer detection

system.

Incinerator control systes
greatly reduces probability of
Autoratic fire

control sprinklers would act-

oCCurrancs.

ivate, reducing airborne part-
icles.

Incinerater controil  system
greakly reduces chance of occur-
Automatic fire control
and sprinkiers would activate,
reducing airborne particles.

Raste organics in feed limited

rance.

by precess requirements.

Fire exbinguishing system in
enclosures. Leaks repaired.
System designed and inspected

to be frea of leaks.

Combustion gas analyzer shuts
down incinerator if explosive
levels of erganic vapors are
present.  Ignition source in
off gas is unlikely. Scrubber
solution spray is available to

reduca organic volatiles.
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Incident

Possible Causes

TABLE 7.11.

Potential Consequences

(Contd)

Detection

Prevention/Mitigation

Criticality in Scrub
Concentration Tank
(Klingler 1981)

Accumulation of excessive
fissile material in a geo-
loca-
Insoluble siudge
settles in tank and goes
undetected.

metrically unsafe

tion.

4. In Drum CementationfAsh Treatment

Criticality in Incin-
eraztor Ash or Cement-
ation Form (Klingler
1981)

Ash  SpillfExcessive
Entrainment During
Mixing of Handling

Incineration of combust-
ibles accusulates an ash
residue that can become
concentrated with fission
products. Moderator added
to ash during cementation.

Movement of ash results in
excessive entrainment while
handling or spilling eor
ash and ash wmixing with
dry ceaent,

Fission products, noble
gases, and volatilez re-
Low probability
of occurrance. Significant

gnsite and offaite con-

{eased.

sequences with occurrence.

Considered very unlikely
to occur, but significant
onsite and offsite conse-
quences if it does.

Entrainment of axcessive
amounts of sirborne radio-
nuclide particuiate,

Scrub ligquor monitoring
for achivity.

Detaction of quantity of
critical material in ash
assay.

Airborne activity detec-
tars and visual detection.

Yessel fabricated with bottom
outlet drains to remove siudge.
Vessel agitatedtopreventsludge
buildup. Tank routinslyemptied.
Yery low probability of occur-
rence.

Incinerator emptiad after each
batch. Aaount of material
loss easi ly detected by material
balances. Komoderatoravailabie
in incinerator. Amount  of
critical material in each ash
batch |imited to below minimum
critical mass for each cemented

drus,

Constant wetting of ash/ceaent
sixture minimizes entrainment,
Yater aprays available in ash
handling area.



7.2.2.3 Irapsportation Accident Risks and Routine Exposures

The results of the transportation risk assessment for each waste treatment
alternative are presented in Table 7.12. These results are fjlustrated 1in
Figure 7.3. The waste treatment alternatives would be ranked, based on total

annual transportation risks, in the following order:

1. Alternative 4 (lcwest risk)
2. Alternative 5b

3. Alternative 3

4, Alternative 2

S. Alternative 5a

6. Alternative 1 (highest risk?

In general, transportation risks are dominated by HLW transportation risks.
The percentage of the risks in each case that were attributabie to HLW
transportaticn ranged from a iow of about 50 percent (Alternative 1) to a high
of about 90 percent {(Alternative 4} of the total risks. Alternative 2
{compaction) has significantly lower transport risks than Alternative 1 (PWCOT),
primarily because of the reduced volume of cladding hulis and hardware,
Alternative 3, which includes incineration of combustible wastes, did not show a
significant reduction in tranportation risks, which indicates there is no
incentive with respect to transportation risks to incinerate the TRU wastes,
Alternative 4 has the lowest transportation risks, which indicates there is a
significant incentive to reduce the volume of hulls and hardware as much as
possibie. Note that in Alternative 5b transport risks are second highest
because the volume of HLW has been increased above the other waste treatment
alternatives by adding combustible GPT and filter media to the LFCM feed strean.
Since HLW transportation contributes the largest fraction of the total annual
risks for each alternative, a relatively large increase in transportation risks

for Alternative 5a occurs.

7.40
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The total cosis of treatment, transportation, and disposal of solidified
HLW, TRU wastes, and LLW generated at a fuel reprocessing plant are estimated in
this section. Total system costs are an essential element of this study because
a cost reduction resulting from TRU waste processing in one component of the
waste management system may affect the costs other components. This section is
organized into separate sections for waste treatment, transportation, and
disposal cost estimates., The fourth section is provided to discuss the total
waste management system costs. The final section presents an overall comparison
and ranking of the waste treatment alternatives, based on the results of the

performance assessment and the cost analysis.

8.1 WASTE TREATMENT COSTS

This section presents estimates of the capital and operating costs for the
processas and facilities that may be required at a FRP to treat radicactive
wastes. The WPF concept considered in this study is that of a separate facility
from the FRP. The WPF is an integrated concept where the various waste
treatment processes share service facilities such as cranes, crane maintenance
cells, remote maintenance cells, laboratories, control rooms, offices, change
rooms, ventilation systems, utilities, security services, and the WPF building.
Much of the cost data used herein was taken from previous conceptual cdesigns of
facilities to handle liquid and solid wastes that would have been generated at
the BNFP, As a result, the cost information presented in this section is
focused on changes and additions made to the BNFP conceptual designs. Detailed
descriptions of the alternative WPF concepts and the amounts of waste generated
were presented in Sections 5.0, 6.0, and Appendices B and C.

Waste treatment costs are the sum of capital and operating costs. Capital

costs include the direct costs for major equipment (tanks, vessels, melters,

8.1



etc.),» bulk materials (including concrete, structural materials, pipe, liner
ptates, etc.), and construction labor plus indirect costs for engineering, fees,
and other distributable costs. A 25 percent contingency was added to the direct
and indirect capital costs. Capital cost estimates for each WPF concept are

proviced in Appendix B.

Operating costs include salaries, fringe benefits, overheads, utilities,
suppiies, and other fixed and variabie annual costs. Direct operating labor
costs are calculated from estimates of the operating man-power requirements (see
Table 7.9). Man-power requirements were multiplied by annual man-power costs
(assumed to be $71,300/man-year for direct operating laber costs and
$43,700/man-year for support labor). Ip all cases, it was assumed that 1.95
man-years of support labor are required for each man-year of direct operating
labor. All costs are presented in mid-1984 dollars.

Total life-cycle (70,000 MTU-equivalent) waste treatment costs are

calculated in Section 8.4.

8.1.1 Package-Without-Treaiment Alfernative (WPF-1)

The minimum facilities required for reprocessing waste treatment is defined
when the wastes are packaged without treatment. In this alternative, the WPF
contains faciiities for 1) HLLW and ILLW solidification; 2) WAIC; 3) soifdified
HLW storage; 4) hulls storage; 5) CH-TRU waste storage; and 6) RH-TRU waste

storage. These facilities were described in Section 5.l.

A breakdown of the cost estmates for WPF-1 is shown in Table 8.1. These
cost estimates were escalated to mid-1984 dollars using an escalation factor of
1.03 {cost estimates were given in Appendix B in mid-1983 dollars). As shown,
capital costs for WPF-1 were estimated to be 5227 miliion, and total operating
costs were approximately $21.6 million/yr.

8.2
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TABLE 8.1. <Capital and Operating Cost Estimates for WPF-1

Capital Cost Operating Cost, % millionsfyr

Facitity Capacity 2 Millions Reference  Fixed Variable Support  Reference
HLW and ILLY Hydraulic - 288 L/hr 186 3 1.3 6.2 --- d
solidification Glass - 1328 kg/day
Hul s Storage 12,998 cu. ft. 9 b 8.7 — — b,c
(pre-assay)
Hulls Storage 12,808 cu. ft. 18 b 8.7 - - b,c
(post-assay)
WAIC 18,060 drumsfyr 31 d --- 1.7 --- b,c
CH-TRU Storage 1,822 drums 1 b 8.8 — —_ b,c
pre b post assay
RH-TRU Storage $6@ drums 5 b g.e - - b,c
pre b post assay
Other 5 2.3 —— 9.5
Total 227 4.2 7.9 9.8

{a) Cosks are given in mid-1884 dollars.

(b} References are as follows: a = Rogeli and Stenbeck 1983; b = AGNS 1978;
c = Mesorandum from ¥. Knox, of AGNS, to L. R. Codd, PML, 1983.

(c] WAIC costs consist of $28 willion (from Knox, ANGS) plus ¥16 million to
accomodate hulls assay facilities (PNL estimate).

(d) Based on 1.95 man-yrs of support labor for each man-yr of direct operating
labor.



TABLE 8.2. Capital and Operating Cost Estimates for WPF-2

Capital Cost Operating Cost, § miliionsfyr
Facility Capacity $ Millions Refeorence Fixed Yariable Support Reference

HLLY and ILLY
solidification

Hydraulic - 208 L/hr 168 a 1.3 6.2 ——— d
Glass - 1328 kg/day

r'8

Hulfs Sterage 12,008 cu. ft. 2 8.7 — _— b,c
{pre-assay)

Hulls Storage 3,888 cu. ft. 5 8.7 —-- —- b,c
(post-assay)

TAIC 18,689 druasfyr 31 —- 1.7 - b,c
CH-TRU Storage 858 drums 1 8.8 P —— b,c
pre b post assay

RH-TRU Storagse 558 druss 1 8.8 —— a— b,e
pra & post assay

Compaction 18,888 drums/yr 41 < 8.7 1.3 - ¢
Gther b 8.3 -— 9.5

Total 255 4.9 8.2 1.7

(a) Costs are given in mid-1984 dollars.

(b) References are as follows: a = Rogell and Stenbeck 1983; b = AGNS 1978;
c = Memorandus from ¥. Knox, of AGNS, to L. R. Dodd, PNL, 1983.

(c) WAIC costs consist of $28 million (from Knox, ANGS) pius $18 million to
acconodate hulls assay facilities (PNL estiaate).

(d) Based on 1.95 ean-yrs of support laber for each man-yr of direct operating
labor .



8.1.2 Compaction Alternative (WPF-2)

The second waste treatment facility concept includes provisicns for
compaction of cladding hulls and hardware and other compactible wastes. This
process reduces waste volumes but does not affect waste form stability. This is
essentially the same facility as WPF-~1 with the addition of a compaction

facility and associated support services.

Cost estimates for WPF-2 include the costs of all of the facilities in
WPF-1 except for adjustments for reduced treated waste storage requirements plus
the compaction facility costs. Capital and operating cost estimates for WPF-2
are summarized in Table 8.2, As shown, total capital costs are estimated to be
about 3259 million and total operating costs are estimated to be $24.8

million/yr.

8.1.3 Compaction Plus Incineration/Cementation Alternative (WPF=3)

This concept provides additional volume reduction by incinerating
combustible wastes rather than compacting them. The ash from the incinerator
system is combined with concentrated incinerator off-gas scrubber solution and
particulate solids i{n a cemented waste form. This concept improves the
stabitity of the combustible waste materials. Compaction capabilities, although
at lTower capacities, are still provided for wastes that are campactible but not
combustible. WPF-3 contains all the facilities contained in WPF-2 with the
adaition of an incineration/cementation system. Adjustments were made fn the
WPF-3 cost estimates to reflect reduced treated waste storage requirements.

Table 8.3 contains a breakdown of the capital and cperating costs for each

component of WPF-3. As shown, total capital costs are estimated to be $276
million. Total operating costs are approximately 329.7 miilion/yr.
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TABLE 8.3. Capital and Operating Cost Estimates for WPF-3

Capital Cost Operating Cost, $ militons/yr

Facility Capactty § millions Reference Fixed  Variable __gipport “Reterence
HLLW and ILLW Hydraulic ~ 200 L/hr 166 a 1.3 6.2 e e
sgtidification
Hulls Storage 12,000 cu, ft. 9 b 0.7 ——— —— bec
(pre—assay)
Hulls Storage 3,800 cu.ft 5 [ 0.7 -—— ——— bsC
{post-assay)
WAIC 18,000 drums/yr 31 c —-—= 1.7 -—= b,c
Chi-TRU storage 940 contalners 1 o) 0.6 -— ——— bscC
pre & post assay
RH-TRU storage 650 containers 1 b 0.6 e —— b.c
pre & post assay
Compaction 1,800 contalnars/yr 21 c 0.7 0.8 -—- c
Incineration/ 45 Lg/hr 37 d 0.4 2.4 o d
cementation
Other 5 0.3 - 13.3
Total ' 276 5.3 11.1 13.3

{a)} Costs are glven in mid-1584 doliars.

{b} References are as follows: a = Rogell and Sieneck 1983; b = AGNS 1978;
¢ = Anderson and Evans 1983; d = Evans and Mitchell 1983; e = Memorandunm
from W. Knoax: AGNS, to L. R. Dodd, PNL, 1963,

{c) WAIC costs consist of $20 milifon from Knox (1983} plus 310 miilion
to accommodate hulls assay facilitles (PML estimatel.

{d) Based on 1.95 man-yrs of support labar for each man-yr of direct
vperating labor.



8.1.4 Metals Melting Plus Incineration/Vitrification Alternative (WPF-4)

This concept includes facilities for melting of metalljc wastes and
incineration/vitrification of combustible wastes. Metallic solids from the
incineration process are melted along with other metallic wastes. The ash plus
HEPA filter media from the incinerator is combined and added to the LFCM to
provide some of the inert materials needed for the vitrification process. No
waste compaction faci{lities are provided in this concept. Further detalils
regarding this WPF concept are presented in Appendix B.

The capital and operating cost estimates for WPF-4 are presented in Table
B8.4. As shown, total capital costs are estimated to be 3299 miilicn and total

operating costs are approximately $29.7 million.

8.1.5 Metals Decontamination Plus Incineration/¥itrification Alternative
{WPF-5a and 5b)

In this concept, facilities are proviced to decontaminate most of the
metallic wastes so they can be disposed of as LLW rather than TRU waste.
Secondary wastes resulting from decontamination are vitrified along with the HLW
and incinerator ash and HEPA filter media resulting from incinreration of
combustible wastes. The Incinerator off-gas scrubber solution and some of the
particulate solids are incorporated into a cement matrix. No metals melting or
compaction facilities are inciuded in this concept.

The primary difference between treatment Alternatives 5a and 5b {s that a
separate TRU waste glass 1s produced in Alternative 5b. The TRU waste glass
includes the metals removed during the decontamination process and the
flourinator solids, the incinerator ash and the filter media. In case 5a, the
incinerator ash and filter media are incorporated in the HLW glass. This
increases the total volume of HLW glass produced. Capital and operating costs

for both cases 5a and 5b are approximately the same.

Table 8.5 contains a breakdown of the cost estimates for WPF=5a and WPF-5b,
The total capital costs were estimated to be $316 million and operating costs

were estimated to be about $31.6 miilion.
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TABLE 8.4.

Capital and Operating Cost Estimates for WPF-4

Capital Cost Operating Cost, § millionsfyr

Facility Capacity $ nillions Reference Fixed Yariable Support Reference
HLLY and ILLW Hydraulic - 288 Lfhr 166 a 1.3 6.2 -—- ]
salidification Glass - 1328 kg/day
Hulls Storage 12,028 cu. ft. 14 b a.7 - - b,c
{pre-assay)
Hul |3 Storage 1,688 cu. ft. 3 h 8.7 - - b,c
{post-assay}
WAIC 18,008 druwsfyr 3l ° —-- 1.7 - b,c
CH-TRU storage B9Y contziners 1 b p.8 ——— - b,c
pre b post assay
Incineration/ 45 kg/hr as < 9.4 8.8 - c
vitrification
Hulls Welting 188 kg/hr 42 d 1.2 2.2 - d
Other b 2.3 - 13.8
Total 299 5.8 18.9 13.9

(a) Costs are given in mid-1984 dollars

(b) References are as follows:

& = Rogell and Steneck 1983; b = AGNS 1978;

d = Memorandum from P. Ebel, AGNS to R. ¥. McKes, PNL, August, 1983;
e: Memorandus from ¥. Knox, AGNS, to L. R. Dodd, PNI, 1983.

{c) WAIC costs consist of 828 aiflion plus §1@ siilion to accomacdate hulis

assay facilities (PHML estiaate).

(d) Based on 1.95 man-yrs of support labor for each man-yr of direct cperating

iabor.



Facility
HLLW and ILLW
solidification

Hulls Storage
(pre-assay)

WAIC

CH-TRU storage
pre b post assay

Incinerationf
vitrification

Centrifugal
barral; decon

Yibratory
finishing decon

Nther

Total

TABLE 8.5.

Capacity

Hydraulic - 288 Lfhr
Glass - 1328 kg/day

12,080 cu. ft.

16,808 drums/yr

980 containers

668 containers

424 068 kgfyr

176,088 kg/fyr

{a) Costs are given in mid-1984 dollars
{b} References are as follows;

Capital and Operating Cost Estimates for WPF-5a
and WPF-5b

Capital Cost Dperating Cost, & milliens/yr
§ nillions Reference Fixed Variable  Support Reference
168 3 1.3 8.2 -— d
14 b 8.7 --- —-= b,c
n ¢ --- 1.7 - b,c
i b B8 -—- - b,c
kL c 8.4 2.8 - c
43 [ - 3.4 -—- c
19 ° - 8.5 -—- e
) 8.3 -— 15.1
318 B 3.9 12.8 15.1

a = Rogell and Steneck 1983; b = AGNS 1078;

o = Memorandum from W. Knox, AGNS, to L. R. Dodd, PHL, 1983; e = PNL estimate.
{c) YAIC costs consist of 528 million plus 518 aillion to accommodate huss

assay facilities (PNL estimate).
(d) Based on 1.95 man-yrs of support labor for each man-yr of direct operating labor.



8.2 TJRANSPORTATION COSTS

The costs for transporting radicactive wastes to a repository is a
substantial porticn of the waste management system costs. Basic cost
information is presented in this section for transporting HLW, LLW, CH-TRU and
RH-TRU wastes. Total system transportation costs over a 70,000 MTU-equivalent

capacity repository life-cycie are presented later in Section &§.4.

It is assumed in this study that transportation services will be provided
by commercial carriers. Transportation costs are assumed to he the sum of two
factors: 1) shipping cask lease fees and 2) frefght charges. In general, each
waste material requires a different shipping container (or cask) because of the
gifferences in radiological and thermal properties of the cargo., Table 8.6
presents much of the basic shipping cask information used in this analysis.
Note that no shipping casks are designed specifically to transport 600-gal drums
and 80-gal drums. The characteristics of casks designec for smaller waste
containers were adapted for these larger sizes and used in this analysis.
Furthermore, it was assumed in the cost calculations that all shipments of HLW
and cladding huils were made by rail. A1l shipments of 600-gal arums, as well
as RH-TRU wastes with a surface dose rate greater than 1 R/hr, are also shipped

by rail. A1l other shipments are assumed to be by truck.

Calculation of transport costs for HLW and TRU wastes were based on a 3,200
km (2,000 mile) one-way shipping distance from the FRP to the repository. LLW
transport costs are based on a 480 km (300 mile) one-way distance because LLW
burial grounds will be much closer to the FRP than the repository. The average
rail speed was assumed to be 19.2 km/hr (12 mph} for 24 hours per day (Wilmot,
Madsen, and Cashwell 1983). Truck shipments of HLKW, RH-TRU wastes, and c¢ladding
hulls are assumed to travel 24 hours per day (using two truck drivers) at an
average speed of 56 km/hr (35 mph). Other waste types travel at the same
average speed but are assumed to travel only 12 hours per day (using one truck
driver). Truck and rail turnaround times are assumed to be 3 days per truck

shipment and 5 days per rail shipment (Wilmot, Madsen, and Cashwell 1983).
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(b} Cask lease rates were calculated assuming a 26% annual capital charge.

assumed to amount to 5X of the initial capital coste per year
{c) Round-trip transit times calculated for a 2,008-nils one-way shipping distanca.

{d) Hulls rail cask is also used to transport 68d-gal. druas and 16@-gal. RH-TRU waste canisters.
{e) RH-TRU wastes less than 1 R/hr are shipped by truck in CNS14-178 (KRC 1983}; greater than 1 R/hr are shipped

by rail in CNS7-188 (thres casks per rail car)
{f) Daily lease rate obiained by telephone contact with cask supplier company.
{g) Assuaed to use TRUPACT shipping container.

Maintenance and servica charges are

TABLE 8.6. Transportation Parameters
Round-trip
Transport Eapty Loaded Captial Cost Lease fee, Turnaround transit time,
¥aste Type Mode Capacity ¥t., Ibs. Wt., lbs. $ nillions $/day tine, days days
Hn Rail 12 canisters 158,800 179, 668 1.8 1,880 5 24
Truck 1 canister 38,628 38,508 1.1 1,188 3 i1
Hulls Rail 1 6@P-gal drus or 158,880 208,040 1.8 1,800 B 24
4 168-pgal canisters
RH-TRU ¥aste
£ 1R/hr Truck 14 66-gal drums or 33,908 48,508 NA 208 2 14
18 B@-gal drums or 33,088 37,408 NA 200 2 14
1 188-gal canister 39,888 43,088 1.1 1,182 3 18
{ 1R/hr Rail 21 b5-gal drums or 108,208 116,148 NA 66@ B 24
16 80-gal drums or 108,288 111,608 NA ead 5 24
4 168@-gal canisters 158, 028 17a,080 1.8 1,802 B 24
CH-TRU Waste Truck 39 65-gal druss or 33,840 6@, 208 8.7 700 2 14
37 8d-gal drums or 33,880 42,2088 8.7 708 2 14
6 180-gal canisters 33,080 58,098 8.7 109 2 "
{a) Source: VYilmot, Madsen, and Cashwel| (1983)



Truck freight charges are based on published tariffs from a commercial
radiocactive material shipping company. Rail freight charges are calculated from
information published by Daling and Engel (1983), These charges are based on
the shipping distance and the empty and loaded weights of the shipping

contaliners.

The unit transportaticn costs for each waste type are presented in Table
8.7. The total system transportation costs ars calculated by multipiying the
unit transportation costs times the total number of shipments required to
transport the amount of waste generated by regprocessing 70,000 MTU of spent
fuel. The total number of shipments required to dispose of 70,000
MTU-equivalent of HLW, TRU waste, and LLW are presented in Table 8.8.

8.3 REPQSITORY AND LLW DISPOSAL COSTS

This section describes the bases used for calculating repository disposal
costs for HLW and TRU wastes and the costs for disposing of LLW in a

shallow=1and burial faciiity.

8.3.1 Repository DRisposal Cosis

Disposal costs for HLW and TRU wastes were calculated using the RECOM
computer program (Clark et ail. 1983). RECON mocels the 1ife-cycle construction
and operating costs of deep geologic repositories., The mcdel consists of
subroutines that describe repository constructicn and operation using about 800
variables of which 200 are input variables. The variables describe such items
as Jabor requirements, materials costs, utilities, capital costs, wage rates,
equipment costss processing rates, rock excavation, beckfilling, sealing,
decommissioning, and waste receiving, packaging, onsite transport, and
empiacement operations. Other parameters describe site preparations, surface
facilities, mine layout, and repository capacity. The model differentiates
between each waste type received by the repository in terms of the quantity

received, shipping cask capacities, transport mode, heat generation rates, type



TABLE 8.7 Unit Transportation Costs

Waste Transport Unit Costs
Waste Type Container Mode $/shipment
HLW Canister Rail 106,000
RH-TRU Waste
< 1 R/hr 55-gal drum Truck 14,000
80-gal drum Truck 14,000
160-gal can Truck 21,000
600-gal drum Rail 57,000
> 1 R/NT 55-gal drum Truck 8,700
80-gat drum Truck 8,700
160-gal can Rail 72,000
600-gal drum Rail 57,000
CH-TRU Waste 55-gal drum Truck 25,000
80-gal drum Truck 30,000
160-gal can Truck 19,000
600-gal drum Rail 57,000
LLW=unshielded all contziners Truck 2,000
LLW-shielced 55~ and &0-gal Truck 4,000
drums
160-gal can Truck 4,000
600-gal drum Rail 28,000

(a) See Table 8.6 for reference shipping cask parameters
{b} This category is for LLW containers with surface

dose rates greater than 200 millirem/hr
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TABLE 8.8. Number of Shipments in Each Alternative

Transport Haste Number of Snipments/70,000 MTU
Waste Type Mode Container Alt.1 Alt.2 Alt.3 Alt.4 Alt.5a Alt.5b
HLW Raii Canister 1,800 1,800 1,800 1,800 1,800 1,800
RH-TRU Waste

< 1 R/hr Truck 55-gal drum 660 310 577 552 613 -
Truck 80~-gal drum 504 —— - - —— -

Truck 160~-gal can -— 1,991 567 ——— — ——

Rail 600-gal drum 1,354 47 47 - —— —-—

> 1 R/hr Truck 55-gal drum 621 - 1,508 -— 225 -_——
Truck 80-gal drum 234 —— -— ——— —— -—-

Rail 160-93] can ——— 2,811 2,390 1,130 - 1,266

Rail 600-gal drum 16,613 140 140 -— — ———

CH-TRU Waste Truck 55=-gal drum 856 91 111 - 231 -——
Truck 80-gal drum 1,624 - — -— - -—

Truck 160-gal can -— 493 121 e —_— -—

Rail 600-gal drum 187 187 187 _— - -—

LLW-unshielded Truck 55~gal drum 9,353 2,664 3,150 3,232 4,279 4,347
Truck 80-gal drum 149 ——— - —— —— -—-

Truck 160~gal can —— 2,972 1,064 —— -— -—

Rail 600~gal drum 304 292 292 ——— —— ——

LLW~-shielded Truck 55-gal drum 788 546 —— ——= 21 21
Truck 80~gal drum 74 m—— ——— — ——— —
Truck 160~gal can -— 623 -— —— 30,660 30,660

Rail 600-gal drum 140 ——- — - - —

(a)} Based on annual waste generation rates from Section 6.0 and reference shipping cask capacities
from Table 8.6.



of handling required (i.e., contact or remote), package or overpack dimensions,
throughput rates, and emplacement parameters. Based on input constraints such
as maximum repository heat loading or minimum canister spacing, the model
calculates emplacement densities, excavation requirements, and operating
periods., This information is used with the input data previously described to
generate cost estimates for each phase of repository operation from construction
through decommissioning. Contingency costs representing the uncertain costs of
labor, materials, and other items are added by multiplying costs by a

contingency factor,

Repository disposal costs are calculated in this study based on disposal in
a commercial salt repository. Design details for the commercial salt repository
were reported by Stearns - Regers (1983}, Cost estimates were prepared for two
cases. Case 1 assumes that TRU wastes will be co-emplaced in the same rooms as
the HLW canisters. This practice will reduce the mining requirements and costs.
However, it is believed that the NRC will require long-lived packagings on
wastes in high-heat repository zones. Therefore, for Case 1, it was assumed
that thicks long-Tived carbon steel overpack canisters would be placed around
the TRU wastes as well as around the HLW. In Case 2, the TRU wastes and HLW
were assumed to be emplaced in separate rooms in the repostory. This was
assumed to eliminate the requirement for the long-lived overpack container for
TRU wastes.

The repository cost estimates for each waste treatment alternative are
shown in Table 8.9. A comparison of the total costs for the two cases shows
substantially higher costs for the co-emplacement alternative. This higher cost
is primarily caused by the increased costs for the long-lived overpack
containers. These cost differences become much less noticeable as the wastes

recejive more treatment and as waste volumes are reduced.

LLW disposal costs are based on the rates charged at the Barnwel]l Low-Level
Radicactive Waste Disposal Facility. These charge rates were obtajned from the
staff at the disposal facility. LLW disposal costs consist of a basic disposal

charge plus additicnal surcharges that depend upon the characteristics of the

8.15
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TABLE 8.9. Life-Cycle Repository Costs for Each Waste Treatment Alternative

Waste Treatment Alternative

1 2 3 4 Ca Sb
_ Metals Metals
ot Compaction Compaction + Hetals Uecontamination + Decontamination +
Incineration/ Melting 4 Incineratian/ incineration/
Camentation Incinceration/ Vitrification to VYitrification as
__Vitrification HLW L
Case 1 -
Ca-empl}acemont
(Imillions)
Facllifties 1.073 1,073 1,073 954 973 964
Mine Operations 7138 701 701 701 701 703
Waste Oparﬁtioﬂs 3,934 2,785 2,743 2:260 1.866 2:271
Total (rounded) 5,750 4,560 4,520 31,930 3,540 3,940
Case 2 - Saparate
TR/ HLW emplacement
{$mi111ions)
Facilities 1,073 1,073 1,073 964 973 964
Mine Operations 685 783 786 739 718 736
Waste Operations 2,356 2,352 2.289 2,064 1,794 2,094
Total {rounded} 4,310 4,210 4,150 3,770 3,400 3,800

(a) Costs ware calculated in mid-1984 dollars for disposal In a salt repository.
(b} Includes decommiss{oning costs.



waste. Additional surcharges are based on the waste's radiation level, weight,
and curie content. Additional charges are also assessed for cask handling, high
integrity containers (if required), state and county taxes, and any special

handling that may be required.

The disposal costs were calculated for the amounts of LLW expected to be
generated from reprocessing 70,000 MTU of spent fuel. Annual LLW generation
rates were presented for each waste treatment alternative in Section 6.0,
including an estimated breakdown of the quantities of LLW-A, LLW-B, and LLW-C,
The results of the LLW disposal cost calculations are presented in Table 8.10.
As shown, the burial charges, which are based on unit volumes, are highest for
the PWOT alternative and decrease as more treatment is applied to the waste.

The costs for the high integrity containers follow the same patterns because the
reduction in waste volumes reduces the number of ccntainers needed. Costs for
Alternatives 5a and 5b are higher than the costs for the other alternatives
because they include disposal of contaminated zircalloy cladding materfal, which
is disposed of in the geologic repository in the other alternatives. These
wastes are still highly radioactive and thus incur substantial radiation and
curie content surcharges as well as charges for high integrity containers.
Additional charges for special handiing of shipping casks for these materials

are also assessed because of their radtatfon fields and shielding requirements.

8.4 WASTE MANAGEMENT SYSTEM COSTS

Total 70,000~MTU, 1ife-cycle waste management system costs for each TRU
waste treatment alternative are calculated in this section. Waste management
system costs are the sum of waste treatment, transport, and disposal costs for
each waste type that is produced in each alternative. Waste-treatment costs
were calculated by adding together the capital and 11fe-cycle operating costs.
Life-cycle operating costs were calculated by muitiplying the annual 1,500
MTU/yr-capacity operating costs times a conversion factor (70,000 MTU divided by
1,500 MTU/yr = 46.67 yrs). The results of these calculations are presented in
Table B.11. As shown, life-cycle waste treatment costs increase as the

processing facilities become more and more complex. The 1ife-cycle waste

8.17
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TABLE 8.10. Life-Cycle Low-Level Waste Disposal Costs {($ millions) for Each

Waste Treatment Alternative

Waste Treatment Alternative

Cost Categary

Burial charge
Radfation surcharge
Welght surcharge
Curfe surcharge
Cask handling

fiigh Integ. Cont.
Taxes

Special handling

Total {rounded)

(a) Costs are given in

1 2 3 4 Sa 5b
: Matals Metals
POT Compaction Compaction + Metais Decontamination + Decontamination t
Incineration/ Melting + Incineration/ Incineration/
Cementation Incincaration/ Yitrification to V¥itrification as
Vitrification HLW TRUW
74.9 41.4 33.1 25.3 42.9 43 .4
2.0 2.6 1.6 0.9 116.7 116.7
0.5 15.2 5.8 0.0 7.7 1.7
0.9 0.9 3.2 3.2 310.9 311.0
0.4 0.5 0.0 0.0 15.3 15.3
98.6 50.2 51.3 21.2 109.8 109.8
38.2 20.5 16.3 12.3 31.5 31.8
0.0 0.0 0.0 0.0 153.3 153.3
220.0 130.0 110.0 10.0 790.0 7190.0

mid-1984 dollars
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TABLE B.11. Life- Cycle Waste Treatment Costs for Each Alternative

Waste Treatment Alternative

1 2 3 4 5a 5b
) Metals Metals
PoT Compactfon Compaction + Metais Decontamination + Decontamination +

Incineration/ Helting + Incineration/ Incineration/

Cementation Incinceration? Vitrification to Vitrification as
3 ¥itrification HLW TRUN
Capital, $mitlions 227 259 216 299 316 316
Operatlng; $miilions 1.008 1,157 1.419 1,419 1.512 1,512
Total, Imiiiions 1,240 1,420 1,700 1,720 1,830 1,630

fa} Capital and operating costs are based on construction and operation of a 1,500 MIU/yr waste processing facility;

costs are given {n mid-1984 dollars.



treatment costs for Alternatives 2 through 5 range from 15 percent to 50 percent
{($200 million to $600 miliion) higher than the 1{fe-cycle costs for the minimum

treatment alternative.

Total life-cycle waste transportation costs are presented in Table 8.12 for
each TRU waste treatment alternative. These costs were calculated by
multiplying the unit transportation costs from Table 8.7 times the number of
shipments of each waste type produced in each alternative from Tabtle 8.8. As
shown, total Tife-cycle transportation costs are highest for Alternative 1
{(PHOT) and lowest for Alternative 4 (hulis melting). A reduction factor of
about five, or over %1 billion, was calculated for Alternative 4 in relation to
Alternative 1. The life-cycle trasportation costs for the PWOT alternative are
about a factor of two (3800 million) more costly than the next highest
atternative, Alterative ba. WNote that Alternative 5a, which has the highest TRU
waste volume reduction, also has the lowest TRU waste transportation costs.
However, this is more than offset by increased HLW transportation costs that
result from adding TRUW into the MHLW stream. Alternatives 52 and 5b also have
the highest LLW transportation costs which cause this alternative to have higher

transportation ceosts than Alternatives 2, 3, and 4.

Table 8.13 summarizes the total system cost estimates for each waste
treatment alterpative. These results are illustrated in Figure 8.1. Repcsitory
disposal costs account for approximately twe-thirds of the total system costs
followed in order of importance by waste treatment costs, transportation costs,
and LLW disposal costs. The repository disposal costs are for the case in which
HLW and TRU wastes are coemplaced in the same rooms and high-integrity overpacks
are applied to the TRU waste containers. The treatment ccsts shown in the tabile
increase from left to right as the treatment facilities become more complex to
accomplish volume reductions and increase waste form stability. Transportation
and disposal costs, on the other hand, decrease from left to right (except for

Alternative 5) as waste volumes are reduced,.

In general, the increased costs to treat wastes in the more complex

alternatives are more than offset by reductions in transportation costs that

8.20
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TABLE B.12. Life-Cycle Transportation System Costs for Each Waste Treatment Alternative

Waste Treatment Alternative

1 2 3 4 Sa Sb
. Heta]s Metals
MOT Compaction Compaction + Metals Decontamination + Decontamination +
Incineration/ Melting * Incineration/ Incineration/
Waste Type Cementation Incinceration/ vitrification to VYitrification as
Yitrification Hiw TRUW
HiW, Imillions 191 191 191 151 290 191
TRU waste, $millions 1,123 283 233 90 17 92
LLW, Smi1110n§, 18 10 4 3 268 268
Total, $mill1ons 1,330 480 430 260 580 550

(a)} Costs are given in millions of mid-1984 dollars
{b) Shipments are assumed to travel 2,000 miles one-way
{c} Shipments are assumed to travel 300 miles one-way
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TABLE 8.13.

Total Waste Management System Costs ($ billions) for Each Alternative

Kaste Treatment Alternative

1 2 3 4 5a 5b
. ' Hetals Metals
POT Compaction Compaction + Metals Necontamination + Decontaminatfon +
[ncineraginn{ Melting Incingration/ Incineration/
Cementation Incinceration/ vyitrification to Yitrification as
Vitrification HLK TRUMW
Treatment Cost 1.24 1.42 1.70 1.72 1.83 1.83
Transport Cost 1.33 0.48 0.43 0.26 0.58 0.55
Disposal Cost
tHLW and TRUW 5.75 4,56 4.52 3.93 3.54 3.94
LLW 0.22 .13 0.11 0.07 0.79 o.79
Tota) (rounded) 8.5 6.6 6.8 6.0 6.7 7.1

(a) Al costs are given In billions of mid-1984 dollars
(b) Repository disposal costs are calculated for a bedded sall reposftory assuming co~emptacement and

long-1ived overpacks for all wastes









alternative with respest to the most evaluation parameters. Ties were decided
by adding the ranking values for each alternative and then comparing the total
values for the alternatives that are otherwise equal. The alternative with the
lowest total value was ranked highest. Due to the uncertain nature of this

ranking scheme, the results can only be considered to be approximate.

The results of the approximate ranking of TRU waste treatment alternatives
are presented in Table 8.14. The most preferred alternative was determined to
be Alternative 4, which includes hulls melting, compaction, and incineration
capabilities. This alternative was not ranked "least preferred™ with respect to
any of the evaluation parameters and was the most preferred alternative with
respect to long-term performance of the waste forms in the repository, near-term
transportation risks, and 1ife-cycle waste management system costs. Alternative
1 (PWOT) was the least preferred alternative because it was ranked
"least-preferred" in three evaluation categories: long-term waste form

performance, transportation risks, and life-cycle system costs.

Some additional comparisons were made to determine the effects on the waste
management system of the various TRU waste treatment alternatives., First,
Alternative 1 was ranked the lowest which indicates that TRU waste voiume
reduction will result in an overall improvement to the waste management system
even though it may Increase waste treatment costs and complexity and increase
occupational risks. Based on the results of this study, the benefits of volume
reduction {i.e., reduced repository and transportation costs and reduced
transportation risks) outweigh the disadvantages previously mentioned.
Furthermore, based on comparing Alternative 2 with Alternative 3, there is no
apparent incentive for incinerating combustible TRU wastes. However, more
detailed analyses are needed to compare the long-term performance of untreated
combustible TRU waste forms with incinerated/cemented TRU waste forms. Based on
the results presented here, the determining facter is the 1ife-cycle system

costs, which favor Alternative 2.
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TABLE 8.14.

Approximate Ranking of TRU Waste

Waste Treatment Alternative

Treatment Alternatives

i 2 3
MOoT Compaétlon Compaction +
Evaluation Incineration/
Parameter Cementation
Long-term performance
of waste forms 1n 4 4 4
rapository.
Near-term performance
- Routine procss- 1
risks
=~ R{sks from proces-
sing accidents
~ Transportation 6 3
I'isks
Life-cycle costs 6 2 4
Number of least- 3 H 1
preferrable scores
Approximate overall
ranking 6 2 3

4 5a 5b
Metals Metals
Melals Decontamination + Decontamination #
Melting + Incineration/ Incineration/
Incinceration/ Vitrification to Vitrification as
¥itrification HLW TRUK
i 2 2
4 5
4
1
1 3 5
0 2 2
1 4 4

(a) Rankings are based on a maximum range of 1 to &, including ttes, with resgect to each evaluvation parameter,

Ties were broken by adding together the ranking values an

comparing the

otals,



Alternative 4 ig the most preferred alternative primarily because of major
reductions in the volume of hulls and hardware. In general, the alternatives
are ranked from most preferred to least preferred in order of increasing volume
of hulls and hardware. For example, Alternatives 2 and 3 are the next twe
highest ranked aiternatives and also produce the second-lowest volume of hulls
and hardware wastes. Alternatives Sa and 5b, which reduce a large porticn of
the hulls and hardware to LLW, are the next two highest-ranked alternatives.
Finally, Alternative 1, which produces the highest volume of hulls and hardware,
is ranked last. Thus, there is substantial incentive for reducing the maximum

possible extent the volume of hulls and hardware wastes.

No incentive was determined for the hulls decontamination alternatives.
These alternatives were ranked M"least-preferred” in two evaluation categories;
waste processing accident and routipe risks. This was primarily due to the
increased complexity of the waste processing facilities relative to the other
alternatives. These are alsc relatively costly alternatives in comparison to
Alternative 4. These two alternatives were ranked almost evenly, the principal
differences being that Alternative 5a is less costiy than 5b and 5b has lower

transportation risks than Alternative 5a.

q.27
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APPENDIX A

DETAILED DESCRIPTIONS OF WASTES TO BE TREATED AND FLOWSHEET BASES

A brief description of the reprocessing wastes to be treated was given in
Section 3.0 and descriptions of the flowsheet bases used for the various waste
treatment alternative processes were given in Section 5,0. More detailed
information in these areas is presented in this appendix.

A,1 DETAILED DESCRIPTION OF WASTES TO BE TREATED

Table A.1 contains a summary of the waste stream data of Darr (1983), that
are of most importance to this study. These waste streams were modified as
described in Section 3.2. The data are grouped by waste type for ease in use
when comparing waste treatment processes. The quantities of waste in each
stream are given along with the classifications of the waste in each stream.
Also given are some radionuclide contents and dose rates, which determine the
waste ciassification. Treatment processes that change the waste volume or
weight may change the classifications of some waste streams. Table A.1 allows
the possible effect on each stream to be easily evaluated.

The data in Tabie A.l1 provide the bases for the summary waste description
tables in Section 3.3. For completeness, Tables 3.1, 3.3, and 3.4 are also
presented here as Tables A.2, A.3, and A.4. The weights of various portions of
the initial wastes are listed in a different format in Table A.5, where the
wastes are grouped by waste type instead of by container size, as they were in
Table A,4. The grouping in Table A.5 is more useful in studying different
treatment options, as was done in this research.

Tables A.6, A.7, and A.8 contain summarized data on the radionuclide con-
tents of different groupings of TRUW. Table A.6 compiles the quantities of
Cs-137 and Pu-238 present in the CH and RH portions of the various waste types
in the different containers. Table A.7 presents ratios of other fission pro-
duct isotopes to Cs-137 and ratios of other actinide isotopes to Pu-238 in
various waste grouping, thus allowing their quantities to be approximated for
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the groupings listed in Table A.6. Table A.8 is essentially the same as

Table A.6, except that the radionuciide contents of the different waste group-
ings are presented as percentages of the total present in all of the TRUW
groupings.

A.2 FLOWSHEET BASES

This section presents the bases used in developing information about the
waste quantities present in each of the waste treatment alternatives studied.

A,2.1 Package Without Treatment-Alternative 1

In this alternative, the LLW and TRUW are assumed to he disposed of in the
containers in which they are transported from the reprocessing facility. The
total waste quantities are thus identical to the initial waste quantities that
were described in Section 3.0 of this report.

The HLW glass resulting from vitrification of the liquid waste streams
consists of 31 wt% of oxides of components of the HLLW and 69 wt% of the oxides
that are added to form an appropriate glass. The glass quantity is 277 kg MTU
(0.089 m3/MTU}. It is poured into canisters in 0.192 m> portions.

A.2.2 Compaction-Alternative 2

In the compaction alternative, most of the wastes are removed from the
containers in which they arrive at the WIF and are then compacted within 160-
gal canisters for disposal. Some of these wastes are shredded to reduce their
size before they are compacted. Two types of waste, failed equipment and
particulate solids, are not compacted. These wastes are disposed of in their
original containers as in Alternative 1, HLW verification is identical to that
in Alternative 1.

Waste volumes after compaction are based on estimated compaction factors
(compaction factors used here are defined as the volume of the untreated,
unpackaged waste divided by the volume of the compacted waste}. A compaction
factor of 3.33 was used here for hulls and hardware and a value of 4,0 was used
for filters. For GPT, compactions factors of 4.0 and 1.67 were used for the
combustible and noncombustible portions, respectively, giving an overall factor
of 3.13 for the 80 percent combustible mixture which comprises the bulk of this
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waste, A compaction factor of 2.57 was used for SAC waste, which contains
60 percent combustible and 40 percent noncombustible material.

An in-can compaction process is used and wastes of different categories
are assumed to be processed on a campaign basis with no cross contamination (no
LLW is converted tc TRUW during processing).

Compaction is performed in 22-in. diameter x 8-ft long {160 gal) carbon
steel canisters. These canisters are assumed to be filled to 90 percent of
their capacity during the compaction process.

Surface dose rates of the filled canisters were estimated by multiplying
the initial surface dose rate by the initial packaged volume and dividing by
the final package volume. This method of estimation assumes that compaction
provides negligible additional shielding and that surface dose rate is affected
1ittle by package geometry.

A.2.3 Incineration/Cementation Plus Compaction-Alternative 3

In this treatment alternative, the wastes that contain organic material
{the combustible GPT, the filters, and the SAC waste)} are incinerated to
destroy the organic material, and the incineration residues are immobilized
with cement. Other wastes (hulls and hardware, noncombustible GPT) are com-
pacted as in Alternative 2. Failed equipment remains untreated as in Alterna-
tives 1 and 2 but particulate solids {other than those that are LLW-A) are
cemented, HLW vitrification remains unchanged from that in Alternatives 1 and
2. The bases used to estimate the flowsheet values and the guantities of
treated wastes are as follows:

1. The waight of incinerator ash is 3 percent of the weight of the mate-
rials actually burned {paper, rags, rubber, plastic, wood, fiiter
adhesives),

2. The incinerator off-gas scrub concentrate volume is controlled by the
chloride concentration and the concentrate contains 2.85 M chloride
(chloride results from incineration of chlorinated plastics such as
PVC). The combustible portions of the GPT and SAC wastes contain
10 wt% PVC, which contains 57 wt% chloride.
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3.

10.

The wastes are incinerated on a campaign basis and the residues are

segregated in the following cateqories:

a. ash from GPT

b. ash, media, and shredded metals from filters and SAC
c. scrub concentrate from incineration of the LLW GPT
d. scrub concentrate from incineration of other wastes.

The GPT ash is cemented using the formulation: 40 wt¥ ash, 32 wt%
watar, and 28 wt¥% cement. All of this material is TRUW,

The ash, media, and shredded metals from the filters and the SAC
wastes are cemented using the formulation: 10 wt% filter media plus
ash, 20 wt% water, 9.7 wt% shredded metals, and 60.3 wt% cement. All
of this material is TRUW.

Excess scrub concentrate is cemented using the formulation: 35 wt%
water and 65 wt% cement. This excess concentrate is part of that
generated during incineration of the LLW GPT, so that the cemented
product is LLW-A,

The scrub concentrate from the incinerator off-gas system is also
used as the liquid in the cementation of the LLW-B and LLW-C and the
TRUW particulate solids. The cement formulation used is: 50 wt%
fluorinator solids, 22 wt% water, and 28 wt% cement, The scrub con-
centrate used for these LLW solids is part of that generated during
incineration of the LLW GPT, so that the LLW portion of these wastes
remains LLW.,

Scrub concentrate was assumed to be used instead of water in all of
the cement formulations., For simplicity, the density of the scrub
concentrate solution was taken as 1.0 g/cm3.

A density of 2.0 g/cm3 was assumed for all of the cemented waste
forms. A 90 percent fill factor was assumed in calculating the num-
ber of drums of cemented product,

The surface dose rates of drums containing the cemented products were
approximated from the (s-137 contents of the drums and the dose rate
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per curie of contained Cs-137 calculated from the data in Darr
{1983). A two-fold reduction in dose rate due to shielding by the
cement was assumed.

11. The bases used for the wastes that are compacted in this alternative
case {the hulls and hardware and the noncombustible GPT) are the same
as those used for those wastes in Alternative 2,

A.2.4 Metals Melting Plus Incineration/Vitrification-Alternative 4

In this alternative treatment case, the metallic wastes are melted. The
wastes that contain organic material are incinerated as in Alternative 3 but
the nonmetallic solid incinerator residues are incorporated in the HLW glass
instead of being cemented. The concentrated incinerator off-gas scrub solution
and the particulate solids are immobilized by cementation as in Alternative 3.

The Zircaloy hulls and the stainless steel fuel hardware and other metal-
Jic wastes are melted into ingots that are estimated to be 90 percent of the
theoretical density and that fill the 160-gal canister 90 percent full, Theo-
retical densities of 6520 and 7860 kg/m3 were used for Zircaloy and stainless
steel, respectively. Fuel hardware was estimated to account for 17.4 percent
of the weight of the hulls and hardware (DOE 1979). No seqregation is assumed
for the melting operation, so that all metallic wastes become RH-TRUW.

The quantities of solid and liquid incineration residues in this case are
the same as in the preceding case (Section A,2.3}, The nonmetallic solid resi-
dues (incinerator ash and filter media) are added to the HLW vitrification
process, with a corresponding reduction in the quantity of 5102 added in the
glass-forming chemicals stream,

The cement formulations used for the mixed incinerator off-gas scrub con-
centrate plus particulate solids and for the excess scrub concentrate are the
same as in the preceding case (Section A.2.3}.

The dose rates of the cemented waste containers were estimated as in
Alternative 3. A1l of the containers containing melted metals have very high
dose rates, because no segregation of such wastes was assumed,
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A.2,5 Metals Decontamination Plus Incineration/Vitrification-
Alternatives 5A and 5B

In this alternative treatment case, most of the metallic wastes are decor-~
taminated for disposal as LLW., The wastes that contain organic materials are
incinerated with the nonmetallic solid incinerator residues being immobilized
in glass, The concentrated incinerator off-gas scrub solution and some other
wastes are immobilized by cementation. The secondary wastes resulting from
metals decontamination are also immobilized in glass.

Two options were evaluated for this alternative. In the primary option
{5a), the nonmetallic solid incinerator residues and the secondary wastes from
decontamination are vitrified with the HLLW and ILLW so that HLW glass is the
only vitrified product. In the secondary option (5b), these wastes are vitri-
fied separately to produce a TRUW glass stream that also contains the particu-
late solids that are TRUW. Nondecontaminable metals are cemented in option ba
but melted in option 5b. Also in option 5b, the concentrated scrub sclution
that is TRUW is decontaminated to LLW before it is cemented, so that this
option provides an example case where no cemented products need be placed in a
repository.

The hulls decontamination process is estimated to remove (by abrasion)
seven percent of the Zr and to use 9 g of A1203 abrasive per kg of hulls. The
decontaminatad hulls, which are cracked into smaller pieces prior to decontami-
nation, have a bulk density of 1360 kg;m3. These values are based on the
results of preliminary development work at PNL. The Zr02 produced by oxidation
of the ZIr and the A1,0, are incorporated in glass at loadings of 20 wit%., The

density of this glass is 3000 kg/mS.

The fuel hardware and other decontaminable metallic wastes are treated by
vibratory finishing, which is estimated to remove 50 g (meta])/m2 of surface
and to use 350 g{Na in so]ution)/m2 of surface. To estimate the surface area
of the metals to be decontaminated, fuel hardware and failed equipment were
assumed to have average thicknesses of 0.25 in. and the metals in GPT and SAC
wastes were assumed to have an average thickness of 0.125 in, The bulk density
of the decontaminated hardware is 1600 kg/rn3 {DOE 1979} and that of the other
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metals is taken to be twice as great as it was before treatment, because of
better packing resulting from the size reduction that preceded decontamina-
tion., The Fe203 produced by oxidaticn of the removed iron is incorporated in
glass at a loading of 33 wt%, and a glass density of 3000 kg/m3.

These decontamination processes are estimated to reduce the contamination
3 to 104. They do not,

of course, markedly reduce the content of neutron activation products that are

Yevels of TRU and cther radionuclides by a factor of 10

present in the fuel hulls and hardware.

The decontaminated hulls and hardware are packaged in 160-gal containers
that are within (or qualify as) high integrity containers for disposal., The
other decontaminated metals are placed in 55-gal drums, and cement is added to
form a monolith, except for the Class A wastes, which are not cemented.

A portion, estimated here at 30 percent of the total, of the failed equip-
ment and noncombustible GPT wastes is not readily decontaminable. In option Ba
these wastes are placed within 55-gal drums at the same bulk density as the
untreated waste and cement is added to fill the void spaces. The volume of
cement is estimated to be 25 gal/drum. In option 5b these wastes are melted
and packaged using the same bases as established in the metals melting alter-
native (Section A.2.4).

Failed equipment that is LLW-A initially, and thus does not be decontami-
nated, is assumed to still undergo size reduction and be repackaged at bulk
density twice as great as the initial value.

The shredded metals that passed through the incinerator are also treated
differently in options 53 and 5b., They are cemented in option 5a and melted in
option 5b, using the same bases as described in Sections A,2.3 and A,2.4,
respectively.

The TRUW glass generated in option 5b also contains the TRUW fluorinator
solids, which consist of 40 percent CaF2 and 60 percent A1203 (00E 1979}.
These solids are incorporated in the glass at loading of 20 wt% A1203; the
weight of TRUW glass necessitated by this approach is 31 percent of the total.

Decontamination of the TRUW concentrated scrubber solution is accomplished
by adding Fe(III) to a concentration of lxlo'sﬂ: The Fe(OH)3 thus produced
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scavenges TRU elements from the solution, and aids in the removal of finely-
divided TRU-containing solids, so that the solution will be LLW. This Fe(OH)3
is also included in the TRUW glass at a 33 wt% loading,
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TABLE A.l, Reprocessing Wastes to be Treated

Quantity of Contatner Effactlive
Containers Contalned Waste 5r-90 Dose TRU Con-
Stroam per Contalner {per 1500 MTU) Content, Rate, tant, (D} Waste Classi-
waste Type Number ¢2) 1500 MTU _ Size, Gal m? kg Ci/g MR/hr nCl/g tication(c)
Hulls and 21 300 600 637.13 486,000 1.7xt0™?  4.6x100 2x14 RH-TRUW
Hardware
Filters 258-1 51 80 5.10 563  2.8x107°%  1,3x102 370 CH-TRUW
(Metal -2 18 80 1.74 234 8,9x10°%  4.1x102 1200 RH~TRUW
Framed } -3 4 80 0.27 52 5.0x107°  2,3x10° 300 RH-TRUW
25C-1 3 500 1.08 135 1,7x107>  7.9x104 2x107 RH-TRUW
-2 21 600 7.42 945  1,7x1072  7.9x107 2x10© RH-TRUMW
26A~1 14 80 1.42 182 6.3007  2,9x107! 1 LLwW=A
-2 2 80 0,20 26 7.0x10°7  3.2x10] 2 LLW-A
268-1 g 55 0.41 342 5,2x1072  7,7x107! 1 LLW-A
-2 1 55 0.045 18 5.9x10°% 8.8 8 LLW-A
26C B.S 80 0.85 110 7.0x10°7  3,2x10! 91 Liw-C
45-1 33 80 1.87 429 2.Bx10”%  1.3x102 170 CH-TRUW
-2 " 80 0,62 143 8.9x10°%  4,1x102 1200 RH-TRUW
46-1 50 80 2.83 650 6.5x10‘3 2.9xIDTI 1 LLW-A
-2 6 a0 0,34 78 7.0x10°7  3,2x10 91 LLW-C
52A~1 52 80 5.35 616 - 2.8x107} 5000 CH-TRUW
-2 497 80 51,22 6,460 - 4,5 Bx104 CH=-TRUW

-3 25 80 25.88 3,263 - 3.lx10I 6x10° CH-TRUW
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TABLE A.1,

(contd)

Quantity of Container Effactive
Contalners Contalned Waste Sr=90 Dose TRU Con-
Stream per Contalner (par 1500 MTU} Content, Rate, tent, (b} Waste CIE?S;-
Waste Type Number {2} 1500 MTL Stze, Gal m> kg Ci/g MR/ e nCi/g tlcatton'©
Filters 52B-1 1 55 0,085 L - 2.7x107! 4200 CH-TRUW
(Matal -2 19 55 1.61 722 - 3,5 6x104 CH-TRUW
(Framed) -3 30 55 2.55 1,140 -- 1.7x10! 3103 CH-TRUW
{contd)
63A=1 2 600 0.85 90 1.7x1073  7,9xi0? ax104 RH-TRUW
-2 18 600 7.65 810 1.7x1072  7,9x10° ax10? RH-TRUW
638-1 77 8O 8.72 1,001 2,8x10~%  1,3x10Z 120 CH-TRUW
-2 27 80 1,06 351 B.9x107%  4,1x10? 180 RH-TRUW
-3 9 80 1,02 17 5,0x107°  2.3x10° 2200 RH-TRUW
630-1 7 80 0.79 91 2.9x10°%  t1.3x102 13 LLW-C
~2 2 a0 0.23 26 B,9%107%  4.1x102 13 LLW~(
6AA-1 5 80 0.57 65  6.3%1077  2.9x107! <1 LLW-A
-2 1 80 0,11 13 7.0xt077  3,2xt0! 13 LLW-C
64B 13 80 1.47 169 7.0x1077  3,2x10] 30 LLW~c
Fllters 12 15 BO 2,55 195  6.3x10°Y  Z,9x107" t LLW~A
{ wood
{Framed) 258~ 1 15 80 1,56 195  2.8x1078  1.3x102 2 LLW-8
-2 5 80 52 65 8,9x10°%  4,1x10? 2 LLW-8
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TABLE A.1. (contd)

Quantity of Contalner Effective
Containers Contalned Waste Sr-90 Dose TRU Con-
Stream per Container {per 1500 MTU) Content, Rate, tent, P} Waste Cla?si—
Waste Type Number (8) 1500 MTU  Slze, Gal o kg Ci/g MR/hr nCl/g flcation'®
Filters 258-1 153 80 15.23 1,989  2.8x10°8  1.3x102 370 CH-TRU
{Wood -2 52 80 5,21 676 8,9x1070 4.lx10§ 1200 RH-TRU
(Framed) -3 12 80 0,81 156 5.0x107°  2.3x10 300 RH~TRU
{contd)
26C 25,5 80 2.55 322 7.0x10°7  3.2x10] 91 LLW-C
FRSS, 131 606 55 129.04 12,726  2.4x10~B 2.2 2 LLW=A
gpTld) -2 19 55 4,05 399  8,7x1078 8.3 2 LLW—-A
Segregated 271-1 128 55 27.18 2,688 1.6!10_6 1.5x302 220 CH-TRU
Comhustible -2 48 55 10,19 1,008 5.2x1070 4.8x10§ 630 RH-TRU
cPTl® -3 42,4 55 9,00 B9O  3.5x107°  3,2x10 4500 RH=TRU
28-1 1440 55 105,82 30,240  5.3x10°%  4.8x107! i LLW-A
-2 1680 55 356,79 315,280 7.0x107% 6,4 . 9 LLW-A
-3 502 55 106.53 10,542  4,3x10"7  4,0x10 56 LLW~C
29 460 55 97,69 9,660 5.3x10"7  4.8x107! 1 LLW-A
47 136 55 28,32 2,856 5.3x10°%  4.8xio”! 7 LLWN-A
48 136 55 28,32 2,856  S5.3x107%  4,8x107! i LLW=-A
53-1 94,4 55 17.58 1,982 == 7.3x10~1 4300 CH-TRU
-2 137.6 55 25.63 2,890 - 9.6 6x10% CH-TRU

-3 72 55 13,42 1,512 -~ 6.0x10! ax10° CH-TRU
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TARLE A.1. ({contd)

Quantity of Container Effective
Contalners Contained Waste S5r=90 Dosa TRU Con=
Stream per Container (per 1500 MTU) Content, Rate, tent, (P} Waste Cla?s-;-
wWastae Typa Number ¢2) 1500 MTU S1ze, Gal m> kg Cl/q MR/hr nCl/g tication "
Segregatad 65-1 9 55 18,12 2,016 l.6x10:g 1.5x102 71 LLW-C
Combustible -2 16 55 7,36 756  5.2x10 4.8x10 220 RH-TRU
GPT (contd) -3 32 55 6,06 672 3.5x1077  3,2x10 1500 RH=TRY
661 1800 55 382,28 37,800  5.3x1072  7.6x1072 <t LLW-A
-2 1260 55 263,35 26,460 7.0x10‘? 6e8 3 LLW-A
-3 376 55 71,02 7,896 4.4x10”7  4,0x10 13 LLW-C
Segregated 27-1 32 55 27,18 2,668 l.6x1o:g 1.5%102 220 CH-TRU
NongombustTble -2 12 55 2,55 252 5.2x1070  4.8x102 680 RH~TRU
gprie -3 10.6 55 2.26 233 3,5%107°  3,2x10 4500 RH=TRU
28-1 360 55 76.46 7,560  5.3x1072  4,axi0™! 1 LLW-A
-2 420 55 89.20 8,820 7.0x1078 6.4 g LLW~-A
-3 125 55 26.62 2,625 4,3x1077  4,0x10! 56 LLW-C
29 115 55 24,41 2,415 5.3%10"9  4.8x107! 1 LLW-A
47 34 55 7.08 714 5,3x10°%  4,8x107" 7 LLW-A
48 14 55 7.08 714 s5.3x1079  4.8x107! 1 LLW~A
53-1 23.6 55 4,39 496 - 7.3%107! 4300 CH-TRU
-2 34.4 55 6.40 722 - 9.6 6x10% CH-TRU

-3 18 55 3,34 318 - 6.0x10! 4x10° CH-TRY
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TABLE A.1. (contd)

Quantity of Container Effective
Contalners Contained Waste Sr=90 Dosa TRU Con~-
5tream per Contaliner (per 1500 MYy} Content, Rate, tent, (D) Waste Classf-
Waste Type Number (2} 1500 MTU  Slze, Gal m> kg Ci/g MR/ hr nCl/q flcation'c)
Segregated 65-1 24 55 4,53 504 1,6x1076  1,5%x102 11 LLW=C
Noncombust Ibla -2 9 55 1.70 189 5,2x10°¢  4.8x10 220 RH-TRY
GPT (contd) -3 8 55 1,50 168 3,5x107°  3,2x10° 1500 RH-TRU
66-1 450 55 95,57 9,450 5.5x}0—g 7.6x1072 < LLW-A
-2 315 55 65.84 6,615 7.0x10°8% 6.4 3 LLW=A
-3 94 55 17.76 1,974  4,4x10"7  a,0x10! 13 LLW-C
Sample and 23-1 4 600 2,29 316 6.9x1077  5,.3xt0} 89 LLW-C
Analytical ~2 21 600 12,06 1,659 3.4x107%  2.6x102 450 RH=-TRU
Cell {SAC) -3 7 600 4,02 553 6.1x|0‘3 5.3xt0§ 890 RH-TRU
-4 2 600 1.16 158 1,0x10°%  7.9x10 1.3x103 RH=TRU
-5 2 600 1.16 158 1,0x1077  7.9x10% 1.3x10 RH-TRU
67-1 4 600 8,27 316 1.0x1074  7.9x107 4400 RH-TRU
-2 1 600 2,07 79 t.ox1077  7.9x10% ax10? RH-TRU
falled 14A=1 8 55 1,05 1,600  1.4x10™8 5.8 2 LLN-A
Equipment -2 17 55 2.21 3,400 8.6x1078  3,7xt0! 2 LLW=-B
11e-1 1 600 1.19 900 2.ox10'§ 8.6 2 LLW-A
-2 1 600 1,19 900 1.2x10”7  s5,2x10! 2 LLW=B
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TABLE A.1 {(contd)

Quantity of Container Effective
Containers Contalned Waste Sr-90 Dose TRU Con-
Stream per Contaliner (per 1500 _MTU) Content, Rate, tent, {P) Waste Classl-
Waste Typa Mumber (3) 1500 MTU  Slze, Gal m? kg Cl/g MR/ hr nCl/g ticatlon'®’
Falled 24-1 5 600 7.08 4,500 3.6x|0'§ I.5x10: 5 LLW-A
Equi pment -2 10 600 14,16 9,000 1,6x10"!  6.9x10 21 LLW-C
{contd) -3 2 600 2.83% 1,800 6.0¢10°7  2,6x10° 8 LLW-C
-4 1 600 1.42 900 1.2x107%  5,2x10 160 RH=TRU
-5 1 600 1.42 900 l.BxlO"i 7.7x10: 2400 RH-TRU
-6 1 600 1,42 900 1.8x107%  7,7x10 2.4x10 RH=-TRU
44-1 2 600 2.83 1,800 4.0x10'g L7 f LLW-A
-2 8 600 11.33 7,200  5,6x10” 1.5%10 2 LLW-A
51A~1 2 55 0,40 400 — 1.1x107! 680 CH-TRU
-2 30 55 6.06 6,000 -- 1.2 6800 CH-TRU
-3 13 55 7.67 7,600 —- 2,0x10! 1.2%10° CH-TRU
518~} 1 600 1.42 900 —- 3,.8x10”! 2600 CH-TRU
-2 3 600 4,25 2,700 - 1.7 1.2x10% CH=TRU
62-1 3 600 5,95 2,700  3,6x107° I.leﬂ: 2 LLW-A
-2 5 600 9.91 4,500 1,6x107 6.9x10) 7 LLW-A
-3 1 600 1.98 900 6.1x10‘; 2.6x10 26 LLW-C
-3 1 600 1.98 900  1.8x10™°  7,7x10° 774 RH-TRU
Particu- 41-1 46 55 8.66 15,318 2.0x10~7  8,7x10] 26 LLW=C
late -2 281 55 52,87 93,573 5.9x10”!  2.6x102 77 LLW-C

Sotlds -3 93 55 17.50 30,9649 2.0x107®  a.7x10 260 RH-~TRU
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TABLE A.1., ({(contd)

Quantity of Container Effectiva

Contalners Contained Waste Sr-90 Dose TRY Con-—
Stream par Contalner (per 1500 MTU) Content, Rate, +en+,(b) Waste Class|-
Waste Type Number ¢ 2) 1500 MTU  Size, Gal m> kg Ci/g MR/ hr nCi/q ficatton(®)
Particulate 42 35 55 6,60 11,655 B.QXIO-Q 1.6 2 LLW-A
Solids (contd)
13 4000 59 849,50 520,000 2.IXI0-9 7.3x10_t <1 LLW=-A

(c)

{d)
(e}

From Oarr {1983},
Effective TRU content 1s calculated to reflect in one value all of the transuranic activities pertinent to 10 GFR 61.

it is the sum of tha alpha-emitting ftransuranic alements with half-llves greater than 5 years plus 1/35 of tha actlivity
of Pu-24) plus 1/200 the activity of Cm-242, For the reference spent fusl of this study It Is equal to 2,26 times the
Pu-238 actlvity plus 1,02 times the Am=241 actlivity plus 1.00 tlmes the Cm-244 activity,

TRUW is that waste having an effective TRU content of 100 nCi/g or greater; that In containers having surface dose
rates below 200 MR/br is contact handlad (CH), and that in containers having higher dose rates |s remote handled

(RH}. The LLW classification, as glven In 10 CFR 61, for most reprocessing wastes is determined by Tthe TRU confent,
but the S5r-50 and Cs-137 contents are also sometimes iImportant. LLW-A_contalins <10 rCl TRU/q, <Q.04 Cl Sr-90/m~, and
<1 Ci Cs~137/m~. LLW-B contfains <10 nCi TRH/Q, 0.04 to 150 Ci Sr-90/m5, and 1 to 44 CI Cs-137/m”’. LLW-C contains

10 to 100 nCl TRU/g, 150 to 7000 Ci S5r-90/m”, and 44 to 4600 Ci Cs-l)?/mB.

FRSS GPT consists of 95% combustible and 5f noncombustible material,

Division of GPT between combustible and noncombustibie portlons is as discussed In Sectlon 3,0, It was also assumed
that the radlonuclide concentrations (Ci/g of waste) of the combustible and noncombustible portlons of a waste stream
ara the same.
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TABLE A.Z2.

Container Size and Waste Type

Initial Centainers Per Year in Low-Level and TRU Waste Classes

Stream Number!2)

558-6a} Orums Containing:
Generzl Process Trash {GPT)
- From FRSS
-~ Segregated Combustible
- Segregated Moncombustible
- Total GPT
Failed Equipment
Particulate Solids
Metal-Framed Filters
Total in 55-Gal Drums

80-Gal Drums Containing:
Wood-Framed Filters
Metal-Framed Filters

Total in BD-Gal Drums

600-Gal Drums Containing:
Hulls and Hardware
Faited Equipment
Metal-Framed Filters

Sample and Analyticai
Cell [SAC) MWaste

Tetal in 600-Gal Drums

Total AlT Drums

13
27,28,29,47 ,48,53,65 66
27,28,29,47,48,53,65,66

11A,51A
41,42,43
26B 528

12,254,258,26C

25B,26A,26C,45,46,52A,636,
63C,64

z1
11E,24,44,518,62
25C,63A4

23,67

Drumfyr of TR Waste

Drumfyr in Indicated in Indicated Dose

Low-lLevel Waste Class Rate {mR/hr) Range Totals

A B C <200 200-10°7 1098100 1M LLW CH-TRU  RH-TRU  Total
625 - - - -- -- -- 625 -- -- 626
6912 -- 974 432 a4 74.4 - 7.886 432 158.4 8,476
1728 - 243 108 21 18.6 - 1,971 108 39.6 z2,118
10,482 540 198 11,220
8 17 - 70 - -- - 25 70 -- 95
4035 -- 327 - 92 -- “- 4,362 = 93 4,455
10 -- -- 50 -- -- -- 10 50 -~ &0
14,379 660 291 15,830
15 20 25.5 153 52 12 - 60.5 153 64 217.5
71 g 28,5 951 56 13 -- 108,5 961 _69  1,138.5
169 1,114 133 1,416
-- -- -- - -- -- 00 -- -- 300 300
19 6 13 3 1 IS 1 KL ) 4 46
- -— -- -- -- - 44 -- -- LL ! 44
S 6 3 =
42 4 Bs 43}
15,094G L,778 BO9 17,677

{1) Container waights nat included in defining TRY ievel.
{2) MWastes from iodine retentien operations not included {78 bG-gal drum/yr]).
{3) Values may be converted to container/MTl by dividing by 1500,

{a) Data and stream numbers are taken from Darr (1983} far reprocessing 1500 MTU/yr.
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TABLE A.3.

Volume

of Initial Wastes

mBKHTU in Indicated

Before Containerization

m3/MTU of TRU Maste in

Low-level Waste Class indicated Gose Rate (mR/nr) Range Totals
Container Size and Waste Type Stream Hunber(®) R B 'y <200 200-10° 1010 »i0 {LW  CH-TRU RH-TRU  Total
§5-Gal Brums Containing:
.. General Process Trash [GPT)
- From FRSS 13 0.0888 -- -- - -- -- -- o.08388  -- -- 0.G888
- Segregated Combustible 27,28,29,47 ,48,53,65.66 0.976 -- 0.130 0,056 0.0113  0.0100 -- 1.106 0.05%6 0.0214 1.183
- Segregated Noncombustible  27,28,29,47,48,53,65,66 0,244 - 0.0326 0.0140  0,00283 0,0025] -- 0.2%6 0.0140  0.00534 0,29
- Total GPT 1.471 0.070 0.0267 1.568
Failed Equipment 11A,51A 0.00070  0.00147 -~ 0.00944  -- -- .- 0.30217  0.00G944  -- 0,0166
Particulate Solids 41,42.43 0.571 -- 0,010 -- 0.0117  -- -— J.612 - 0.0117 0,624
Metal-Framed Filters 268,528 0.80030 -- -- 0.00283  -- - -- 0.00030 0.00283 - .0031
Total in 55-Gal Drums 2.092 0.0823 0.0384 2,212
B0-Gal Drums Containing:
Wood-Framed Filters 12,25A, 258,260 0,00170 0.00138 0.00170 0.0102 0.00347 0,.00054 - 2.00473 0.0102  0.00401 0.0190
Metal-Framed Filtars 25B,26A,260,45,46,52A 0.00334 0.0068 0,00128 0,0655 0,00363 G.0003F -- 0.00531 0.0855  0.00449 0.G753
Total in 80-6a) Drums 838, 63C, &4 0.0101  5.0767  0.0085  0.0943
600«Gal Drums Containing:
Hulls and Hardware 71 - -- -- - - - 0.425 -- -- 0,425 0.42%
Failed Equipment 118,24,44,518,62 0.0189 g.00740 0.0126  G0,00378 0.00094 0.00227 0.00094 0.038%  0.00378 0.0042  0.0468
Metal-Framed Filters 250,634 - -- -- .- -- - 8.0113 -- - 0.0113  0.0113
Sample and Analytical 23,67 -— -- 1.00153 - 00107 0.00629 0.00215 0.00153 -- {.0191 0.0207
Cell {SAC) MWaste
Total in 600-Gal Drums 0.0404  0.00378 0.460 0,504
Total All Wastes 2.1425  0.1618  §.5G7 2.810

{a) Data and stream numbers are taken from Darr {1983).
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TABLE A.4,

Weight of Unpackaged Initial Wastes

Kg/MTU in Indicated

Kg/HMTU of TRU Waste in Indicated

Low-Level Waste Class Dose Rate {mh/hr} Range Totals
Container Size and Waste Type Stream Munbert?) A B ¢ <20 206-10° 10°-10° »16° LW CH-TRU  RH-TRU Total
55-Gal Drums Containing:
Gereral Process Trash (GPT)
- From FRSS 13 8.6 -- -- - -- -- - 8.75 -— -- §.75
- Segregated Combustible 27,28,29,47 ,48,53,65,66  96.77 -- 13.64 6,05 1.18 1.04 - 110.41 6.05 Z.22 118.&8
- Segregated Moncombustible  27,28,29,47,48,53,66,66 24.19 - 3.4 1.8 0.29 .26 - 27.589 1.51 0,55 29.65
- Total GPT 146,75 7.56 277 157.08
failed tquipment 114,514 1.0 2.27 - §.33 -- -- -~ .34 9,33 -- 12.&7
Particulate $olids 41,42,43 54,44 -- 72.59 -- 20.65 - - 427.03 - 20.65 A47.68
Metal-Framed Filters 268,528 0.25 -~ -- 1.27 -- - - 0.25 1.27 -- 1.52
Total in 55-Gal Drums 5??.3?’ 18.16 23.42 618,95
80-Gal Orums Containing:
Wood-Framed Filters 12,254,258,26C 0.130 0.173 0,221 1.326 .45] 0,104 - 0.524  1.326 0.555 2,405
Metal -Framed Filters 25B,26A4,26C,45,46,52A 0,615 0.0?8 0.247 B.329 0._485 0.113 -- 0.940  8.32% {.598 9,867
Total in 80-Gal Brums 68,6354 1,468 9.655  1.153  12.272
600-Gal Orums Containing:
Hulls ang¢ Hardware 21 - - -- -- - -- 324.0 - -- 324.0 324.0
Fatied Equipment 118,24,44,5]1B,62 11.40 3.60 7.80 2.40 .60 1,20 0.0 22.80 2.4 Z.40 27 .60
Metal -Framed Filters 25C, 63A -- -- -- - -- -- 1.32 -- - 1.32 1.32
Sample and Analytical 23,67 -— - 0211 -- 1.475 1.316 0.158 0.211  -- 1.945 2,16
Cell {SAC) MWaste
Total in 600-Gal Drums 23.0 2.40 329.7 356.08
Total A1l MWastes 601,8 30.2 354,2 986.3

{a) Data and stream numbers are taken from Darr {1983).
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TABLE A.5.

Kg/HTU in Indicated

Kg/

MTU of TRU Waste in Ind

Weight of Various Portions of Initial Wastes

Eg?ted

Low-Level Waste Class Nose Rate [mR/hr) Range Totals
Waste Type Waste A R 0 <200 zan-103 103-10%  »10t LLW  CH-TRU RH-TRU  Total
Hulls and hardware Hulls and hardware -— -- - -— - -- 324.0 -- -- 324.0 324.0
Other compactible {but Filter media‘h} n.332 n, 0837 n,154 3.647 0.312 0.0722 0,440 0,592 3.642 0,824 L.038
noncombustihle) waste  Metal filter frames! ) 0,288 0.076 0.0823 3.200 0,162 0,0377 0.440 0.396 3,200 0.640 4,236
Caombustible f{and Waod filter framestb) 1.0433 0.0577 06,0737 7.442 0.150 0.0347 -- n.175 0.442 0,185 0.602
compactable) waste Filter adhesives n.332 (L0837 0,156 3.642  0.312  0.0723 1.440 0.572 i.682 0.824 5.038
GPTLC 103.77 -- 13.64 £.05 1.18 1.04 -- 117,41 6,05 2.22 17568
sacta) -- -- 0.127  -- 0.885  (.130 U 038 00127 -- 1,170 1,297
Poorly compactable GeTl(c} 25,44 —- 3.80 .51 0,29 0.26 -- 29.34  1.5! 0.55 31,40
fand noncomhustinle) sacld} _— -- 1. 084 - 0.5%0 D.176 f1.1163 0,084  -- 0.779 0.863
wWoht e raited equipment 12,37 sLBY TR 11.73 8.60 1.2n .60 26.14 11.73 Z2.40 40,27
Partioulates Fluorinator solias - - 72,56 -- 20,65 -- .- 72.5% -- 20,65 43.724
Fluorins generastior sofids B - - - - - - .77 -- -- F.i7
liryer soplids 346,A7 -- - - -- - - 346,67 - - 346.67

Ac packaned in initial containers, and assuming
Filters arg 33 wty media, 33 wt? frames, and 33
SET s 80t comhustible,

SAL s AD% combustihle (PHLY,

that the ouse rates of suhdivided partions {e.g., filter
Wi adhesives,

media and frames) sre the same,
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TABLE A.6. Quantities of Cs-137 and Pu-238 in Selected TRU Waste Groupings
CH-TRi} RH-TRU
C1/MTN CT/MTU
Drum Size, Ratlo Ratio
Waste Gal Orum/MTU ~_Csm137 Pu-238  Reference’®) prum/MTy  Cs-137 Pu-738 _ Reference'

Hulls and hardware 600 - - - - 0,200  4.95x10Z  2,04x100 1,5
Filters 55 0.0333 - 1.02x1072 3 - — - -
80 0.7427  1,12x1072 6.,87x107! 2,4 0.0887 2.81x10°2 2,49x1074 2,5
600 - - - -— 0.0293  3.00x10'  4,18x10™! 2,5

GPT 55 0.360  5.28x107°  2.54x107! 2,4 0,132 7.73x1072  1,15x107> 2,5
$AC 600 - - - -— 0.0247  2.96x10”1 4,79x1073 2,5

Faited equipment 55 0.0467 - 2.70x10"" 3 - - - -
600 0.0027 - 9.73%1073 3 G.0027  1.88x107)  4,55x1072 2,5

Fluorinator sollds 55 —_— - - - 0.0620 5.85x]0"2 1.56x10-3 2,5

1.18 1.65x1072 1,23 0.539  5.26x10% 2.47

(a) Refer to these columns [n
indicated wasta portions,

Table A.7 To obtailn ratlos to be used in calculating other radicnuclide contents in +the
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TABLE A.7.

Ratios of Other Radionuclides to Cs-137 and Pu-238 in Selected
TRU Waste Groupings

Ci/Ci Cs-137

CifCi_Pu-238

Hulls and Hardware

Other WastelP)

Some €H Waste

Other CH Waste

Al1 RH Wastelc)

Nuclide {1} (2) (3) {4) (5)
H-3 3.2 x 10°! 3 x 1073

c-14 7.1 x 1076 5 x 107°

5r-90 1.1 x 1071 7 x 10-1

2r-93 3.1 x 10-% 2 x 107>

T¢-99 2.4 x 1074 7 x 1074

Cd-113M 1.1 x 105 7 x 1073

$n-126 9.1 x 1076 6 x 1076

1-129 4,3 x 10-7 4 x 1077

Cs-135 4.6 x 10°9 5 x 10-6

Cs-137 1,00 1.00

Sm-151 2.1 x 1072 2 x 10-2

Eu-152 9.0 x 1075 9 x 107°

Eu-154 7.9 x 1073 a x 10-3

Ra-226 -- 5 x 10718 1.0 x 10-10
U-234 -- 2 x 10°7 4.2 x 107°
Np-237 - 7 x 1078 1.4 x 1074
Pu-238 1.00 1.00 1.00
Pu-239 0.16 0,16 0.16
Pu-240 0.22 0.22 n.22
Pu-241 31 a1 3
Pu-247 5.6 x 1072 5.6 x 10~% 5.6 x 10-1
Am-241 5 x 102 5 x 1072 5.8 x 10-1
Am-242H 3 x 1073 3 x 1078 3.6 x 1073
Am-243 6 x 1074 6 x 10-% 6.7 x 1073
Cm-242 -- 2 x 1078 3.0 x 1073
Cin-243 - 6 x 1077 1.1 x 103
Cm-244 - 3 x 104 5.8 x 197!

{a} From Darr (1963}, Appendix {, fer fuel irradiated to 28,500 MWd/MTU and cooled 9 years,
{b} Values for individual streams may vary by 30% from the Jisted values,
{c) The values for the other groupings of Table 7a

Values glven are those for hulls and hardware.

fall within g
factor of 1§

factor of two of these values (generally within ~30%).
hetwean drums,

Some ratles vary up to a
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TABLE A.8,

Percentages of Cs-137 and Pu-238 in Selected TRU Waste Groupings

ChH=TRU RH=-TRU
7 of TR?:) I 01012??5)
waste Eroeclaar  Confiplner/ Cs-]ls*al Pu-z38 WA Glisr T Puise
Hu!ls and hardware 600 - - - 0,200 94,1 55,1
Filters 55 0.0333 - 0.28 - - -
a0 0,7427 0,002 18.6 0.0887 0.00% 0.007
600 - - - 0.0293 5.7 11,3
GPT 55 0.360 0,001 6,9 0.132 0,015 0.031
SAC &00 - - —— 0.0247 0,056 0.13
Falled equipment 55 0.0467 - 7.3 - - -
600 0.0027 —-— 0,26 0.0027 0.036 0.12
Fluorinator sofids 55 - - - 0.0620 0,011 0.042
1.18 0,003 33,3 0.%39 100.0 66,7

(B}

Total

Cs~137 in

TRUW = 526 CI/MTU and total Pu-238 in TRUW = 3,70 Ci/MTU.
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DETAILS OF FACILITY DESCRIPTIONS














































































































































































































































incinerator ash and filter media are segregated from the shredded metals that
had passed through the incinerator and are immobilized in HLW glass, as in
WPF-4, The shredded metals from the incinerator are cemented along with the
incinerator off-gas scrubber concentrate and particulate soiids as in WPF-3.
Also immobilized by cementation in WPF-5 is the nondecontaminable portion of
the noncombustible GPT and failed equipment.
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APPENDIX C

QUANTITIES OF TREATED WASTES

This section contains tables summarizing the quantities of treated wastes
resulting from each of the waste treatment alternatives examined. For each
alternative, the number of containers per 1500 MTU processed is tabulated by
container size and surface dose rate for both LLW and TRUW. The total radionu-
¢lide content of each container of LiW is also Tisted, because this quantity
also affects disposal costs, Table C.1 through C.5 contains the summaries for
alternative treatment Alternatives 1 through 5a, and the summary for Alterna-
tives 5b is in Table C.6.

To allow comparison of the long-term repository performance of the waste
packages resulting from the various treatment alternatives, it was necessary to
define the distribution of radionuclides among the treated TRUW packages.

Table C.7 provides a means of determining this distribution; this table 1ists
the fractions of radionuclides present in a portion of untreated waste that end
up in a certain portion of treated waste. For example, in Alternative 2 the
contact-handled, compacted waste contains 0.64 of the fission product activity
that was initially present in the filters packaged within contact-handled
80-gallon drums, and the other 0.36 of the activity is present in the remote-
handied compacted waste. The actual quantities of radionuclides present in the
portions of untreated wastes are listed in Table A.6. Thus, multiplying the
Ci/MTU values in Table A.6 by the fractions in Table C.7 leads to Ci/MTU values
for the treated waste forms. Table 6.3 contains a summary comparison of such
data for the examined treatment alternatives.
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TARLE C.1. TRUW and LLW Containers for Package Without Treatment Alternative
(AMternative 1)

Wasta Container Surface Container /1500 MTU (average Cl/contalnar)
Ciassificaticn Dose Rats, aR/hr Dh—>allon Lrum §0=Gallon Orum 600=GalfTon CanTstar
LLW=A <59 13,318 (3,40 x 107 86 (1,64 x 1073 19 (1,72 x 1071
LLW-B <50 17 (9.48 x 10~%) - - \

50-100 - — 6 (7.44 x 10~
100-250 - 15 (1,96 x 107 -
250~500 - 5 (6,13 x 1071 -
17 20 6
LLW=C <50 1,097 (5.5 x 1072) 54 (5,67 x 1072) -
50100 46 14,34 x 10~ - 14 (7.82 x 107"
100-250 120 ¢1.99 x 10~ 7 (1.9 x 1071 —
250-500 281 (1,30} 2 (6,13 x 1071} 3 (3,35}
1,544 63 17
Total LLW 14,879 169 42
TRUW=CH <200 66 1114 4
TRUW=RH 20 -102 198 108 29
10-=10 93 25 8
10%=107 - .- 3
10°-10° — - 19
108-107 - -- 300
291 133 185
Total TRUW 951 1,247 389
Total LLW and TRUW 15,830 1,416 431



TABLE C.2. TRUW and LLW Containers for Compaction Alternative (Alternative 2)

Contalner/1500 MTU {average Ci/container)

Hasta Contalner Surfacs

Classltication Dose Rate, mR/hr 55-Gal lon Drum'?} 80-Gailon orum'®)  500-Gatlon Canister(?’
LLW=A <50 4043 (1,96 x 10™°) 1138 (3.29 x 1072) 19 (1,72 x 1071
LLW-B <50 17 (9.48 x 1072) == - 1
50=100 - - 6 {(7.44 x 10~
250=500 _ 0.1 (9,95 x 10~1y ==
1000-5000 - 1,0 {5,71) -—
17 i 6
LLWN=C 50-100 46 (4,3 x 10°1) 49 (2,47 x 10'}} 10 (9.52 x 10™H
100-250 — 86 (6,18 x 1071) 3 (3.35)
250-500 281 (1,30) 2 (1,36 -
500-1000 - 10 (2,07) -
1000-5000 — 1 (2,54} -
327 148 13
Total LLW 4387 1287 38
TRUN=CH <200 70 63 4
TRUW=RH 20 -103 93 43 1
10,=107 - 42 2
10410 -— 15 1
10%=108 - 2 -
105?107 - 1 -—
9% 464 4
Total TRUW 163 527 8
Total LtW and TRUW 4550 1814 46

(a) All of these wastes are untreated,
{bY All of these wastes are compacted.
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TRUW and LLW Containers for Incineration/Cementation

TABLE C.3.
Plus Compaction Alternative (Alternative 3)

oot fontatnar Seriace —— ... hoatainer/1506 MTU {average Ci/container)

__55-faltnn HLHgfa} 80-Gallon Drunt®)  600-Gallon CaniEEer{a}

Ciassi‘icatinn Dose Rare, wR hro

LLK-A I A A DL FREN a2 f1.76 x 1077) 19 {1.72 « 1071y
1A (1.ah ¢« 17 - --
1ona anz 149
LEW-" o5 RECIR R R -- --
R . - 6 (7.4 x 101y
LLW-" sai VAN T I 1|1'1} [LmM] - --
I R (7,30 ¢ 101y TeM] 49 (2,47 « 107 ) 10 (9.52 « 101y
tan_ e -- 5 (9.5% x 1074) _3{3,35}
e 54 13
Takal 11w Tnn 15A B
TR e ™ 16 4
15 Tre] - o
1R 16 4
FRUM-P!I #no-1n? 1713 [LM] 12 t
it a2 M3 4 ?
1t gt T ien} - 1
1t nf 151 FoM] -- --
e s 354 =
™ 370
Tatal e “.I.:.l ‘3_& H
Total 11 s TRUW £742 8942 16

{a} The< wastes are unfreated axcapt for those denoted [M], which are cemented.

{b] 1 ~f these wastns are compacted,
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TABLE C.4., TRUW and LLW Containers for Metal Melting Plus Incineration/
HLW Vitrification Alternative (Alternative 4)

Waste Container Surface Container/1500 MTU (average Ci/container)
Classification Dose Rate, mR/hr 5-Gallon Drum(a) 160-Gallon Canister{b)
LLW-A <50 368 (~1 x 10'5)3[(2!'-1] --

4035 (1.91 x 1077)
4403
LLW-B - --
LLW-C <50 82 (2.44 x 10'%) rcM) -
50-100 500 (7.30 x 107%) [CM] -
582 -
Total LLW 4985 -
TRUW-CH - -—
TRUW-RH 200=10° 166 [CM] -
>107 - 170
Total TRUW 166 170
Total LLW and TRUW 5151 170

(a) Cemented wastes denoted by [CM]; other waste is untreated.
{b} Melted metals.
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TABLE C.5. TRUW and LLW Containers for Metals Decontamination Plus
Incineration/HLW Vitrification Alternative {Alternative 5a)

Waste Container Surface
Classification Dose Rate, mR/hr

Container/1500 MTU (average Ci/container}

55-Gallon Drum!d)

160-Gallon Canister

LLW-A <50
LLW-B <50
100-250
LLW-C <50
50-100
250-500,
~7 % 107
~2 % 10
Total LLW
TRUM-CH <200
TRUW-RH 20 -102
107-10
105-102
10°-10
Total TRUW

Total LLW and TRUW(C)

160 {~1 x
4035 (1.91
1643 {8.34

5838

396

7008

10°%)
x 1073)
x 1073

o
— et
o R e}
| I |
[n v R ]
e il

Fuj
(0]

—

504(b)
15(0)

657
657

(a) These wastes are cemented except for that denoted [U], which is untreated,
and that denoted [D], which are metallic wastes that were decontaminated
to (or were initially) this level.

(b) These wastes are packaged in high integrity containers (HICs).

{c) In addition to the containers listed here, this treatment option results
in an increase of 362 HLW canisters.

C.b



TABLE C.6. TRUW and LLW Containers for Incineration/TRUW Vitrification
Option of Metals Decontamination Alternative (Alternative 5b)

Container/1500 MTU (average Ci/container)

Waste Container Surface
Classification Dose Rate, mR/hr 55-Gallon Drum(a) 160-Gallon Canister
LLW-A <50 264 (~1 x 10‘5)3 --
4035 (1.91 x 1077} [U]
1643 (8.34 x 107°) [D]
5838
LLW-B <50 4 {9.72 x 10‘3} -
100-250 21 (6.38 x 107°%) -
25
LLW-C <50 169 (1.47 x 10“%) --
50-100 570 (7.45 x 10‘1) --
250-5004 10 {2.97 x 107%) == 0k
~7 x 10 -- 504(b)
~2 x 10/ = 153(P)
749 657
Total LLW 6716 657
TRUW-CH - -
4 145 c)
TRUW-RH 10/-10 -- 6
106-10? -- lg&ﬂd)
Total TRUW - 190
Total LLW and TRUW 6716 847

(a) These wastes are cemented except for that denoted [U], which is untreated,
and that denoted [D], which are metallic wastes that were decontaminated
to (or were initially) this Jlevel.

These wastes are packaged in HICS.

Melted metals.

TRUW glass.

s —
o O o
L L P
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TABLE C.7. Distribution of Input Radionuclides Among Different
TRUW Forms for the Treatment Alternative

. Filters Failed
Treatwne Hutie nd TN #H GET Equipmrent  Fluprinatour
Aiternativer  Waste Form  Heeware 5hogatb 8D-gal R0-ga]  &hi-qal CH R SAC H RH Solids
i Hntrpatern dlasra
H - b0 1.0 - -- 1.0 -- -- .o - .-
n v o .- 1.0 1.9 -- L4 10 -~ 1.0 1.9
2 Hntreated kazrao
CH . - - - - .- - - 1.0 -- --
oy , .- .- - - .- -- -- -- 1.0 1.0
tmpanted Hare
il . o oaosalsl o L -- -- . e e - -
] .o . awlzl g 1.0 .ndd) 1t 1 -- - —
3 hbepabpe Vst
e - - - -- -- . S s --
PH . -- -- - -- -- S R 1.0
VampAar tedt Wanta C
oM - - .- .- JoanEs s -- -- .- -
LT i -- .- .- -- 7.2MeN o - - .- -
fumentad Waske
R{L] .- I 1.1 L.0 1.0} 2,80 0.8 1.0 - -- -
3 “altpd Waste
il -- - . -- - — S -
RH 1.7 B2 0,08 n? 0,23 n.2n 2.20 0.40 1.0 .0 --
Conented Waste
PH - .- au - - -- -- -- -- -~ 1.0
Ce LW fifase . "n,A7 R A3 a7 1,50 G40 0,50 -- -- -
5a forentart Was'e
oH - I 1,74 - - LR - - 0,30 M40 -
P - -- . 1,17 n.13 -- 266 N.400 .. -- 1.0
fn HLW Gl 1 1t NRT 1T o3 0.67 7.04 .94 0.60 0.70 .70 --
Gt LLW n,aifl - - - - - - - - - .-
5hb Molted Waske
RH - 3.2 .28 n,17 9,23 3.06 0.06 0.40 0.30 0.30 --
TR G1ass o
RH vttt n.E7 0,72 1,81 0.67 .94 0,94 3,60 0.70 0,70 1.0
17 LLM n.nifl - -- -- -- - - e e o —
fa) Fracrine applles to all containec radionuclides unless otherwise indicated,
{t) Seo Tahle A6 for the nuantities of radfonuciides in the initial wastes,
{¢) Tranmsuranie distribution {5 0.22 CH and 0,78 RH.
{d) Transuranic distribution T 0,24 CH and 0.76 FH.
fe}l  Transuraeic distributios is 0,08 CH and 0,15 RH,
(fY Activatian proaduct distributian is 0.97 ta glass and 7,93 to LLM.
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APPENDIX D

ACTINIDE SOLUBILITIES IN REPOSITORY ENVIRONMENTS

In this appendix, actinide solubilities in repository environments are
formulated based on extensive work done at PNL and also on other work reported
in the literature. The objective is to provide reasonable estimates of the
solubilities of actinides under more or less generic nuclear waste repository
conditions based on reasonably reliable available data and means of estima-
tion, It is recognized, most importantly, that the environments of such a
repository or repositories may be either cxidizing or reducing. For exampie, a
repository in tuff might exhibit oxidizing conditions; whereas, a repository in
basalt would definitely have reducing conditions. It is also recognized that
the conditions in a repository might be highly saline, as in a salt repository,
or nonsaline. Beycond these divisions there has not been any attempt to be site
specific, This study should not be considered comprehensive but does treat
factors of importance to estimation of actinide solubilities and, as such, is a
guide to solubilities of actinides as well as to gaps in our information on
selubilities.

D.1 GENERAL BASES FOR VALUES

Overall, the treatment of actinide solubilities has been conservative.
Thus, for example, in cases where it can be anticipated that the stable phase
might be a tetravalent oxide, it is generally assumed that the hydrous {amor-
phous) oxide prevails rather than the fully crystalline oxide even though the
latter are certainly considerably less soluble. There is considerable evi-
dence, at PNL and elsewhere, that in the case of the tetravalent metals, the
fully crystalline oxides are more stable than the hydrous oxides by from 9 to
13 kcal/mole., Thus, a value for the free energy of formation of hydrous oxide
can be determined from its solubility product. Compariscn of these values for
Th, Np, and Pu to values for the crystalline dioxides determined from the data

of Fuger and Oetting (1976) gives a difference of 10 to 13 kcal, where Ksp
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values are based hydrous oxides that are a few weeks cld. Other researchers
(Baes and Mesmer 1976) conclude a similar difference between the amorphous and
crystalline oxides.

Such differences would indicate lower solubilities, by a factor of 10? to
109, for the crystalline dioxides when compared with the amorphous oxides, It
is also known that, as amorphous hydroxides and hydrous oxides age, they become
increasingly more crystalline, and the hydrous MO, very slowly approach crys-
talline M02 (Mi1ligan and Dwight 1965; Miliigan et al., 1967; Prasad, Beasley,
and Milligan 1967). Despite this, there are basic reasons for using values for
hydrous oxides. First, if the waste form is a material such as glass and is
attacked by groundwater, it can be expected that amorphous oxide will form
first as the glass matrix is dissolved, and tne rate of conversion to crys-
tailine material will be slow, particularly at low temperatures. Secondly, Rai
and Ryan (1982} found that, in the case of piutonium, the crystalline oxide is
made Jess crystailine because of the reaction of alpha particle-produced free
radicals. It is this "less crystalline" material that controls measured solu-
bilities. Although there will definitely be high radiation fields in the
immediate vicinity of the waste package, this effect can be expected to become

less important as distance from the package increases,

D.2 RESULTS
Thorium

Thorium has a single oxidation state, Th(IV), and therefore, will not be
affected by conditions within the repository (i.e., oxidizing or reducing con-
ditions). Since chloride complexing of Th is weak, the salinity conditions are
not expected to have any appreciable effect (only relatively minor ionic
strength effects). Ailthough other compounds of Th may be less soluble, an
upper 1imit is established by the solubility of the hydrous oxide that has been
measured at PNL. Data on the effect of the carbonate ion are not available,
but based on data for Np, much less effect up to 0.01 M is expected than would
be predicted from tetravalent actinide carbonate complex formation constants
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that are available in the technical }iterature. On this basis, 0.0l M carbon-
ate is not expected to produce solubilities above 5 x 1077 M. Hydrous oxide
solubiiities are shown below:

PH Th solubility, moles/liter
6 3 x 1078

6 x 1079
>8 1.5 x 1072

Based on measurement of the dependence of solubility on hydroxide ion con-
centration, the average charge for the Th species in solution from pH § to 10
is estimated between +1 and zero. It does not appear that the average charge
i5 less than zero until pH exceeds 10,

The effect of increasing temperature above 25°C on the solubility of
hydrous ThO2 was not measured. It can reasonably be expected that solubility
will not increase above levels found at 25°C, and it should actually very mark-
edly decrease at least up to 200-300°C. [t is well known that hydrolytic pre-
cipitation is markedly favored upon heating more acidic solutions of tetra-
valent actinides. It can be expected that such heating would tend to dehydrate
and age the hydrous oxide to make it less hydrated and more crystalline thereby
lowering its solubility, but the effect of heating on the stability of solution
phase species is more difficult to predict. Conversion of hydrous Th02 to a
fully crystalline form would probably occur below 250°C, and this effect would
Tower solubility by a factor of 108 over the values shown. Additionally, the
thermedynamic concentration of the Th*4 ion in equilibrium with crystalline
Th0, markedly decreases with increases in temperature. Thus, at 225°C, the
thermodynamic concentration is lower by a factor of 108 than its value at 25°C,
There is no direct data for the effect of increased temperature on hydrolysis
constants, but based on the effect of temperature on fluoride complexes of
Cm+3, the stability of T4 hydroxy species would not be expected to increase

by more than a factor of about 104. Since other factors were predicted to
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tower solubility by about a factor of 1016, a decrease of a factor of 1030 in
Th solubility over the values shown in increasing temperature from 25° to 225°C
might be reasonable to expect.

Protactinium

Protactinium can be expected to be only pentavalent under environmental
conditions, The chemistry of protactinium is markedly different from that of
the other pentavalent actinides. It is much more Tike that of niobium and tan-
talum. There is probably no direct information on Pa solubilities, but it is
markedly hydrolyzed and has extremely low solubilities even in strongly acid,
noncomplexing solutions. On the other hand, it does {based on Mb and Ta chem-
istry) show some amphoteric behavior with greater solubility possibly occurrinc
at higher pH values. It is estimated that Pa solubility under environmental
conditions does not exceed 1079 M.

Even in strong, noncomplexing acid extremely dilute solutions of Nb ({and
presumably also Pa) appear definitely to be highly polymeric and do not behave
as typical ionic species. There is definitely no evidence of an actinyl (V)
{PaO%) ion as is the case of other pentavalent actinides. Solution species in
the pH 6-10 region probably have charges in the low positive to low negative
range.

As with Th{IV), increasing temperature at least to 200-300°C, would prob-
ably not increase the solubility of Proactinum,

Uranium

Uranium has two oxidation states (IV) and (VI), which exist under envi-
ronmental conditions, and a third, U{(V), which is no doubt an important solu-
tion species under reducing conditions. Under reducing conditions, U02 in
either its crystalline or amorphous form can be expected to be the stable
phase. \Under oxidizing conditions, U{VI} compounds will be the stable se¢lids
and U(VI) will be the dominant form in solution.

Reducing Conditions

Under reducing conditions such as those found in basalt, U0, can be
expected to be the stable solid phase., It is difficult to predict solubilities
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in terms of U{IV) in solution because hydrolysis constants reported in the
literature are questionable (Baes and Mesmer 1967; Langmuir 1978; Lemire and
Tremaine 1980; Phillips 1982; Allard 1982; and Barnum 1983). The published
data predicts quite measurable (at least 10°® M for U0y .y or at Teast 10°* M
for UOZ(am)) solubility at pH 14 in terms of U(OH)g species. Since Ryan and
Rai {1983) have shown that published data is incorrect and no evidence of
amphoteric behavior with U{IV) seems to exist, all U(IV) hydrolysis constants
beyond the first one are probably lower than those that have been published.
If this is correct, the solubility of UOZ(C) or UDZ(am) as U(IV) species would
be extremely low in the pH 6-10 region.

This extremely Tow solubility will be increased by complexing agents for
U{IV} if they are present. Weak complexing agents such as C1~ will not sig-
nificantly affect this extremely low solubility. In the case of stronger com-
plexants such as carbonate, it can also be expected that solubilities will be
quite Tow unless carbonate levels are quite high. The carbonate complex forma-
tion constants in the literature are most certainly in error {Rai and Ryan
1984). The K., for hydrous U02 indicates that, at pH 10 without carbonate, the

3p
U+4 =37 _t‘_-

ion concentration will be about 10'36 to 10 Assuming reasonable for-

mation constants for carbonata complexes and bucking these against this Ksp
would indicate that the first three carbonate complexes would not raise the
solubility of U{IV} to above, at most, about 1078 Meven up to 1 M CO:‘;? The
higher carbonate complexes will probably produce appreciable solubility at such
a carbonate concentration, but because the concentrations of these higher car-
bonate complexes in solution will follow a greater than third power carbonate
dependence, these higher carbonate complexes will not be important at carbonate
concentrations of environmental concern. This conclusion is in close agreement
with results obtained from Np{IV} in which 0.01 M total carbonate did not raise
the Np solution concentration to above the detection 1imit of about 5 x 1072 M

{Rai and Ryan 1984).

As pointed out by Krupka, Jenne, and Deutsch (1983}, U(V) as the UOE ion
should probably be the dominant solution species under the Eh conditions
expected in a basalt repository. Using a value of pe + pH = 1.9 reported by
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Jacobs and Apted (1981), a value of K., of 3 x 1{]'53 was derived., The follow-

sp
ing uranium solubilities, in terms of U{V), wera used in deriving this Ksp‘
pH UOE Molarity
6 6 x 1078
7 65 x 1079
8 6 x 10710
9 65 x 10711

The value of K.y = 3 x 10723 was determined by nlotting a straight line

p
sp for Pu(IV), Np(IV¥), and Th{IY) versus 1/r2, whera r

values are for the tetravalent ionic radii., This technique and the standard

through values of K

potential value for the reaction:

g e oh 0wl s ant el
2 2

{where UOE concentrations were calculated to be pH + pe = 1.9) were used to

determine the U*? concentration as a function of pH. The potential value was

gbtained by combining values of 0.163 volts for:

and 0.273 volts for:

2+

s * ant o+ e

™+ 2 1,0 T uo
These values assume, that U(V) chemistry with regard to hydrolysis is similar
to that of Np{V) but not similar to the solubility chemistry of Pa{V). They
are conservative high values with regard to the value of the U{IV)-U(V} couple
chosen and with regard to the fact that this is based on precipitated amorphous
UO2 rather than crystalline U02. Carbonate would be expected to increase the
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U(V) concentrations, but at 0.01 M total carbonate, the expect total U(V) would
not exceed 10~2 M in the pH range 6-10.

This conclusion is based on calculation of the concentrations of U02C0§,
UOZ(C03)§§ and UOZ(CO3)§51n the pH range 6-10 based on the conservative
assumption that the UOE jon forms carbonate complexes of the same strength as
those reported for NpOE (Maya 1983).

The calculated concentration of UDJQ’2 at pH + pe = 1.9 in equilibrium with
hydrous U02, and U(VI) in solution should be many orders of magnitude below
U{¥) in the pH 6-10 region,

Experimentaliy, solubility was measured as low as 10-8 MU at pH 7.5 in
the presence of iron metal. It is probable that this represented the analy-
tical background level,

Oxidizing Conditions

Under oxidizing conditions ccmparable to the presence of air, uranium is
expected to be only hexavalent in both the solid and solution state. The chem-
istry of U(VI) under a variety of environmental conditions is complex and, as
known from uranium mineralogy, a large number of difficult sclid phases are
possible depending on conditions. These incltude hydrous oxides, metal poly-
uranates, carbonates, complex phosphates, complex vanadates, silicates, and
others., A1l of these probably result in much higher uranium solubilities than
those under reducing conditions. Even in the absence of any complexing or pre-
cipitating anions, the behavior of U(VI) is complex. In pure water, UO3 {or
UD, under oxidizing conditions) solubiltity will be controlied by the reactions
such as:

uo, + 1/2 02 + H,0 + U0

2 2 2 (0H)

hydrated U0

2 { 3

o ont + on”

UO,,(OH), )

2

and UO_(OH), + H,0 ~ UO,(OH)>

p(OH) 5 + H 0 UQ,(OH) 5 + Hbs
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Published data has not been found that demonstrates the pH attained, but this
limited data would indicate that it is probably between pH 5.5 and 6. At pH €,
U sclubility appears to be about 2 x 1075 M. 1In the presence of any appreci-
able amounts of Na‘t or Ca+2, and presumably some other metal jons, formation of
solid phase polyuranates occurs, If neutral salts such as NaCl or CaCl, are
the solute species, pH lowers due to reactions such as:

U0, + 1/2 0, + 1/2 H,0 + Na* 3 172 Naju 0, + H'
to produce pH values in the range 4.5 to 5.0 and U solubilities {at pH 4.75) of
4 x 107% M. In the absence of metal ions precipitating polyuranates, the solu-
bility at pH 7 is about 10'5 M U. Since the Na* and Ca*? polyuranates are mors
stable than hydrous UO; above about pH 5, their solubilities should be lower,
In this regard, at pH values above 5 in oxic, U solubilities under saline
conditions should be lower than in nonsaline conditions.

In the presence of aporeciable amounts of carbonate, U{VI) is quite sol-
uble. Uranyl carbonate, U0,C04, or Rutherfordine is known as a uranium min-
eral, In oxic carbonate containing environmental waters at pH values below
about 10, the uranium concentration in solution in contact with U02 or UO3 can
be expected to approach half of the total carbonate concentration. This is
based on the fact that U{VI) can be dissolved in carhonate soiution up to for-
mation of a 2/1 carbonate/uranium complex (actually apparently [(U02)3(C03)5]‘6
(Rai and Ryan 1984). At 0.03 M HCO3, unless the system is heated, equilibrium
is approached very slowly (months or more).

The effects of temperature on uranium solubility are somewhat difficult to
predict., Under reducing conditions, factors include change of crystallinity of
the hydrous oxide, the effect of temperature on the equilibrium solubility as
the M™% fon, the effect of temperature on U*® - U0} equilibrium, the effect of
temperature on hydroiysis constants for U+4, and the effect of temperature on
carbonate complexation of MOE. These calculations for the solubility of MO,
type materials has been conservative because of the use of values for the more
sgluble hydrous oxides. If the temperature was raised 200° {to 225°C), the

crystaliine oxide would be expected to form rather rapidiy with a lowering in
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solubility {over the estimate) of possibly a factor of 108, In addition, the
eguilibrium constant for the reaction:

0o, + ant © ot

Y2 H,0

decreases in going from 25°C to 225°C by a factor 2.5 x 106 based on entropy
values and heats of formation values for UQ, and U+4 from (Fuger 1972) and
(Fuger and Oetting, 1976} and for H,0 from (Latimer 1952). Again, as in the Th
case, the effect of temperature on the Ths hydrolysis constants is hard to pre-
dict, but, in any case, the soluble M{IV) hydrolytic species would not be
expected to increase in stability adequately to exceed the M(V) concentration
as the principal solution species. For the oxidation of U3 to UOE, a particu-
lar oxidant must be assumed before the effect of temperature can be caiculated.
Assuming the HZS-S couple (the potential of this couple is very near pH + pe =
1.9), the overall reaction is:

+4

VY v 172 S+ 2 B0 € uog € 1/2 HyS + K",

2

Using U+4

and U0§ heat of formation and entropy data from (Fuger and QJetting,
1976) and for S, H,0, and HoS from (Latimer 1952), the eguilibrium is shifted
to the right by (solubility is increased by) a factor of 5 x 10? in going from
25° to 225°C. If the somewhat weaker oxidant, HZO had been assumed, instead of
sulfur, this increase would have been a factor 107, In addition to this, some
increase (perhaps a factor of 10 to 100} would be expected in the stability of
U{V) carbonate complexes {based on extrapolation from data for oxalate com-
plexes (Jones and Choppin 1969) on increasing temperature by 200°. Overall,
these effects will probably not compensate for the conservative use of hydrous
rather than crystalline UO2 solubility, but they may be coming close and fur-
ther increasing temperature {above 225°C) might increase solubilities above
1078 M at pH « pe = 1.9.

The effect of temperature on the solubility of U under oxic conditions,
where solubility is already high at 25°C, is difficult to estimate because so
Tittle is known about the various possible solid phases as well as about the
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solution species. Overail, considering the nature of these species, my best
educated guess would be that overall solubilities would be more likely to rise
than to decrease.

Neptunium

Neptunium can be expected to have two oxidation states under environmental
conditions, Np{IV) and Np{V}. A third oxidation state, Np(VI), might be pos-
sible under strong complexing oxic conditions but does not appear too likely.
Under reducing conditions, Np02 is almost certainly the stable solid phase.

The solid phase is somewhat less certain under oxidizing conditions.
Strickert, Rai, and fulton (1984) have reported some evidence of a Np(V) soiid
phase forming in oxic solutions above pH 8.5.

Reducing Conditions

Under reducing conditions such as those found in basalt, Np can be
expected to be very inspoluble ovar the entire environmental pH range. The
equilibrium amount of Np{V) in the presence of hydrous Np02 under reducing,
pe + pH = 1.9, conditions can be calculated to decrease from about 10"13 M at
pH 6 to about 107/ M at pH 10. The calculation is based on a log Ky, of -53.5
for hydrous NpO, and E° = 0.670 volts for the Np(IV}-Np{V) couple (Fuger and
Oetting 1976). This means that MNp is undoubtedly less scluble than U under
reducing conditions and makes it quite possible that Np(IV) hydroxy spacies may
dominate in solution. Since no evidence was found of amphoteric behavior for
Np{IV) down to about 5 x 10~2 M Np at 1 M OH™ indicating that all, except pos-
sibly the first, hydrolysis constants are no doubt lower than indicated in the
literature, Np(IV) solubilities in the pH range 6-10 are probably many orders
of magnitude lower than the 1imit of 5 x 1079 M measured in this range.

If one assumes the same continucus progression which has been proposed by
various others (Baes and Mesmer 1976, Langmuir 1978, Lemire and Tremaine 1980,
Phillips 1982, Allard 1982, and Barnum 1983) for log hydrolysis constant values
for M(OH)TIx the lower hydrolysis constants are limited by a recently measured
limit for log Bg5<-24.7 for Np(IV) (Rai and Ryan 1984). Calculation of such
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limits (particularly for 85 and B4) would indicate that total Np(IV) solubility
as Np(IV) hydroxy species would not exceed about 10'12 M in the pH 6-10 region.

Saline conditions are not expected to appreciably affect these low solu-
bilities. Carbonate complexing, as in the discussion on U(IV), is not expected
to produce appreciable Np({IV) solubility except at high carbonate levels. At
0.01 M total carbonate, Np(IV) is still found at or below the detection limit
of 5 x 1072 M at all pH values in which CO'% or HCO3 are stable, The real

value is no doubt much lower,

As in the case of U under reducing conditions, and for the same reasons,
we do not expect increase in temperature from 25°C to 225°C to raise the solu-
bility to above the 10712 M value in the pH 6-10 range stated above.

Oxidizing Conditions

Under oxidizing conditions, Np0O, is still probably the stable solid phase
at least below pH 8.5, but Np is relatively quite soluble as Np{V) in solution.
If a Np(V) solid phase does form above pH 8.5 but not below that pH level
(Strickert, Rat, and Fulton 1984), its solubility would be equal to that of
NpO, at pH 8.5 and could not vary greatly from it in the narrow pH range 8.5 to
10. At pH + pe = 13.6, hydrous NpO2 solubility as Np{V) should decrease from
about 6 x 10'3_ﬂ_at pH 6 using initially crystalline NpO,, which should be less
soluble, However, the solubility appeared to very slowly increase with time,
and it may be that some less crystalline NpO, slowly formed due to radiolytic
reactions, which occur at a faster rate for Pu02.

Strickert, Rai, and Fulton (1984} have also studied hydrous NpO, solubii-
ity and obtained values of about 1073-10"% M at pH 6 with fresh hydrous NpO,.
In this case, solubility decreases with time and the characteristic X-ray pat-
tern of Np0, can be obtained as the material progresses toward more crystalline
oxide.

The effect of saline conditions is probably minimal on Np under oxidizing
conditions. Carbonate will probably increase solubility. At a free carbonate
ion concentration of 0,01 M, solubilities of about a factor of 103 higher than
those quoted above might be expected based on literature values of Np(V)
carbonate formation constants which appear reasonable. It must be noted in
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regard to this statement that as pH decreases below about 10, the free carbon-
ate to total carbonate ratio drops rapidly so that this magnitude of effect
will not occur at lower pH values.

As in the case of U under oxidizing conditions, it is difficult to predict
the effect of temperature under oxidizing conditions, but solubility is not
necessarily expected to decrease appreciably and solubilities in the range 10"5
M to 1073 M are not unreasonable.

PTutonium

Aithough Pu{IV) is no doubt the most stable solid phase oxidation state of
Pu under oxidizing conditions, it is possible, particularly at low pH, but cer-
tainly unproven, that under highly reducing conditions a Pu{III) solid phase
might form. In solution, under oxidizing conditions, Pu{V) and possibly Pu{¥I}
are expected under environmental pH conditions, and under reducing conditions
Pu(TII} and Pu{IV) are expected.

Reducing Conditions

Under reducing conditions, plutonium chemistry will be that of the tetra-
valent and trivalent state, As noted for Th through Np in the tetravalent
state, the hydroxy complexes are much weaker than tne Titerature indicates.
Although no direct data on Pu was found, it is known that Np(IV) does not show
amphoteric species down to 5 x 10-9 M at pH 14, The adjecent actinide Pu(1v)
would not be more than at most two orders of magnitude more soluble, if any
more at atl, at pH 14. Since the solubilities are definitely expected to be
considerably lower in the pH 6-10 region than any caused by an amphoteric spec-
jes at pH 14, soluble Pu{IV} would be below 5 x 10"9j1cwer the pH 6~10 region
in equilibrium with hydrous Pu0,. Complexing with carbonate up to 0.01 M free
Coazshould not cause Pu(IV) concentrations above that value. The solubility
product of the tetravalent hydrous oxide decreases with atomic number and
decreasing ionic radius. Although hydrolysis constants and carbonate complex
formation constants are expected to increase in the same direction with atomic
number they would certainly not be expected to more than compensate for the

decreasing Ksp'
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In a system free of other precipitates and at a pH + pe of 1.9 (basalt
water), Pu(III) should be the dominant solution species. Based on Rai's value
of Ksp for Pqu(am), Fuger and Oetting's (1976) value for the Pu{IIIl}-(IV)
potential, and assuming that Pu(III} has the same hydrolysis constants Rafi
et al. (1983) found for the adjacent trivalent actinide, An{III}, the following

Pu{III) concentrations were found to exist with P”OZ(am) at pH + pe = 1.9:

H Pu(II1) Total (M)
0.14
1.4 x 10674
1.4 x 1077
<2.5 x 10710
2.5 x 10712
10 1x 10713

W@ -1 O n

The above values show rather high Pu concentrations as Pu{III) at pH 7 and
below. It should be noted, however, that Rai et al. (1981) found that the
adjacent trivalent actinide, Am{III), appears to be soliubiiity rather than
adsorption controlled in the presence of various soils and minerals, The solu-
bilities observed were below 10™9 M at pH 5 and decreased with the first power
of the OH™ concentration. This solid phase was not identified, but it should
also be noted that the chemically virtually identical light rare earths are
extremely insoluble in nature and insoluble minerals include the simple phos-
phates and fiuorocarbonates. Under such reducing conditions then, a Pu(II})
solid rather than Pul, may be solubility controlling.

As in the case of the other tetravalent actinides, carbonate at typical
ground and rock water levels will produce solubilities up to the detection
1imit for Pu{lIV); certainly not above 5 x 10-2 M. Carbonate may, however,
increase Pu solubility as Pu{III). This is not expected to greatly increase
solubilities over those shown above because of the Tow solubilities of the
Pu(III) basic carbonates and fluorocarbonates themselves. There is no apparent
evidence of solubilization of T1ight lanthanides in nature by this route.
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Increasing temperature would be expected tc appreciably Tower the sglubil-
ity of Pu relative to the values shown above under reducing conditions. Again,
as in the cases of Th, U, and Np, increasing temperature will convert the oxide
to a more crystailine form of lower solubility and will lower the solubility of

*& in solution. This effect should more

crystalline Pu0, itself to produce Pu
than compensate for any increase in Pu{IV)} hydrolysis constants. Since Pu{III}
is expected to be the dominant solution species though under reducing condi-
tions, the effect of temperature on the reductive dissolution will probably be
controlling. Again, assuming the redox potential to be controlled by the Hy5-5
couple, the following reaction occurs:

3+

PUd, + 3H  + 1/2 HyS e+ 1725+ 2 H.0.

2 2

Using Pu thermodynamic data of Fuger and Oetting (1976), and data from Latimer
{1952), it can be concluded that the equilibrium constant for the above reac-
tion decreases by a factor of 106 when temperature increases from 25°C to
225°C, Thus, overall, a lowering of solubility of Pu02 is expected on increas-
ing temperature in a reducing repositery.

Oxidizing Conditions

Rai, Serne, and Moore {198Q0), Rai and Swanson {1981), and Wedepohl ({1969
and 1970} have shown that the solubility of Pul, under oxidizing (air) condi-

tions involves the following reaction:

+ -
Pud, + 1/4 02 + 1/2 H20 * PuO2 + 0H .

2

The measured solubilities of Pqu as a function of pH are as shown below:
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PH o Pu0,-239.y () Pu0y-239 (2
5 6x 1078 M 6 x 1078 M

6 1.6 x 1078 1 x 107°

7 3 x 10°9 2 x 1077

8 6 x 10°10 3 x 1078

(a) The Pu0,-239 ..y 9radually becomes less
soluble and shows greater but far from
complete crystallinity on long {(a few
years} aging, and the measured Pul, .
solubility is controlled by the presence
of some "less crystalline" material which
rapidly forms through radiolytic reactions
with water (Rai and Ryan, 1982). The two
materials approach an identical, very poorly
crystalline state in a few (~3-5) years.

As in the case of Np, carbonate would be expected to increase the solubil-
ity of Pqu in an oxidizing environment by perhaps one thousand-fold at pH 10
and 0.01‘5_c0§? It is also possible that carbonate complexing might stabilize
the Pu(VI) state. Less effect will occur at lower pH values at the same total
carbonate concentrations and considerably less effect will occur at lower car-
bonate Tevels. A large effect of saline versus nonsaline is not expected
except for ionic strength effects and the effect on the pe value due to
radiolysis of the NaCl solution. This makes the solution more oxidizing
resulting in appreciable solubility increase, but this will be only a near-
field effect where there is appreciable radiation intensity.

For the reaction:

+

+ o+
PuO2 + 1/4 O2 + H o+ PuO2

+ 1/2 H,0

the equilibrium constant, and thus presumably the solubility as Puog, decreases
by only a factor of 1.3 in the temperature range from 25°C to 225°C. The value
of the equilibrium constant at 25°C would predict a solubility of fully crys-
talline Pud, in full thermodynamic equilibrium with air of about 8 x 10715 M
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Pu0} at pH 8. The measured value for hydrous Pud, at pH 8 is about 3 x 10'8_ﬂ
or a2 factor of about 4 x 106 higher than predicted for the crystalline mate-
rial. Since, as noted earlier, we predicted 10? to 109-f01d lower solubility
for crystailine than for hydrous oxide, this value would indicate that oxygen
is oxidizing to approximately its full thermodynamic potential, and the differ-
ence is fully ascribable to difference in oxide crystallinity. Because of
this, the effect of increased temperature is expected to be only that affecting
the Pu0, crystallinity. Even with the radiolytic decrease in crystallinity
observed by Rai and Ryan (1982), some net increase in steady-state PuO2 Crys-
tallinity with increase in temperature, and thus some decrease in solubility in
an oxygen environment, could be expected., This decrease would be no more than
six orders of magnitude as an absolute limit, and it wouid probably be less.

Americium

Americium can be expected to be only trivalent under environmental condi-
tions and is thus expected not to behave differently under oxidizing or reduc-
ing conditions. The solubility of Am(OH)5 is quite Tow, <10710 M, at or above
pR 10,5 but increases rapidiy at lower pH values (Rai et al. 1983).

pH Am, M

10 3 x 10-10
3 x 10°°
3 x 1077
3 x 1072

Because of these high solubilities at low pH values (<8), it is highly unlikely
that Am(OH)3 would control solubility in this range and perhaps would not at
higher pH values. Am, like the Janthanides, forms insoluble phosphates, fluo-
rides, basic carbonates, carbonate-fluorides, complex silicates, complex oxides
(particularly with pentavalent metals and others), Rai, et al. (1981) have
found the solubility of Am in contact with soils and a variety of minerals to
be controlled by an unidentified solid having much lower solubilities than that
of Am(OH)3. These values decreased with approximately the inverse first power



of the pH., The values probably represent much more realistic values for upper
1imits of solubiiity of Am in the environment.

pH Am, M

5 6 x 10-10
6 6 x 10-L1
7 6 x 10712
8 6 x 10-13

An effect of saline versus nonsaline is not expected to be any greater than an

ionic strength effect. The effect of carbonate up to 0.01 E_wou]d probably not
be to bring any concentrations above 10“1015: By comparison, the soluble por-

tion of total trivalent lanthanides is less than 10'10 M in seawater having pH

8.15 and 0.0025 M total carbonate (Wedepohl 1369, 1970).

Curium

Curium will be only trivalent under environmental conditions, and as an
adjacent actinide of Am, its chemistry in the environment can be expected to
closely follow that of americium.
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