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SUMMARY

This study provides an assessment of seven waste forms and eight processes for immob i -
Tizing transuranic {TRU} wastes. Developing the assessment involved 1} the preparation and
characterization of TRU-containing waste forms, and 2} the preparation of preconceptual pro-
cess designs and their evaluation in terms of risks and costs. The waste forms considered
in this study are:

e cast cement
e cold-pressed cement
e FUETAP (“"formed under elevated temperature and pressure"} cement
e borosilicate glass
# aluminosilicate glass
e basalt glass-ceramic
e cold-pressed and sintered silicate ceramic.
The waste-immobilization processes considered are:
® in-can glass melting
® joule-heated glass melting
glass marble forming
cement casting
cement cold-pressing
FUETAP cement processing
ceramic cold-pressing and sintering

basalt glass-ceramic processing.

Quantitative criteria by which to judge the acceptability of a waste form have not been
generally established. However, gualitative criteria have been established by the Waste
Isolation Pilot Plant for defense transuranic wastes, and draft criteria for commercial
wastes have been published by the Nuclear Regulatory Commission. Therefore, the comparisons
of waste forms in this report are generally not made with respect to quantitative criteria,
but are made, instead, with respect to the relative behavior of each of the waste forms con-
sidered in the study. The waste forms compared were prepared from the same waste composi-
tion. Properties considered in the study included gas generation, chemical durability,
mechanical strength, thermal stability, and radiation stability.

The ceramic products demonstrated the best thermal, chemical, and mechanical properties,
except for plutonium release during leaching. The two glass products and the ceramic pro-
ducts had similar properties. The cement products generally had poorer properties than the
other forms, except for plutonium release during leaching. Calculations of the fraction of
plutonium released from full-scale products under static leaching conditions indicated that
the waste forms met the proposed NRC release rate limit of 1 part in 105 per year in most
test conditions.

From the viewpoint of processing costs, the cast-cement process had the lowest cost,
followed closely by the cold-pressed and FUETAP cement processes. Joule-heated glass melting
had the Tower cost of the glass processes. In-can melting in a high-quality canister had the



highest cost, and cold-pressed and sintered ceramic the second highest. Labor costs and the
costs of canisters used for in-can melting were identified as major cost differentiating
items among the processes. The major contributor to costs of disposing of TRU wastes in a
defense waste repository is waste processing costs. Repository costs could become the
dominant cost for disposing of TRU wastes in a commercial repository. Based on the assump-
tions and evaluations in this study, it is recommended that cast and FUETAP cement and boro-
silicate glass waste-form systems be considered for further development and application in

Ltransuranic-waste immobilization.

Additionally, it is recommended that 1)} further development of cast cement be directed
to reducing water content, which would eliminate concerns about radiolysis and free water and
improve thermal stability; 2} a full-scale leach test be conducted to verify calculations
made from laboratory-scale leach tests; and 3) future process development emphasize methods
that can gperate with limited labor requirements and avoid expensive containers.
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INTRODUCTION

Transuranic (TRU} wastes are generated from defense activities related to production and
processing of plutonium for weapons. TRU wastes will also be generated in the commercial
nuclear power fuel cycle. Current policy requires that these wastes be isolated from the
biosphere for long periods of time. The Waste Isolation Pilot Plant {WIPP} is planned as a
demonstration and research and development facility for defense TRU waste disposal. Require-
ments for the waste to be shipped to the WIPP have been published (Irby 1980). Battelle
Memorial Institute's Office of Waste Isolation {OWI) under U.S. Department of Energy {DOE}
funding is developing plans for commercial waste repositories to handle both TRU and high-
level wastes (HLW). The Nuclear Regulatory Commission (NRC) has also published draft cri-
teria (10 CFR 60) for the disposal of TRU and high-level wastes.

Provided in this volume is a summary of a comprehensive comparative assessment of seven
TRU waste forms and eight waste processes performed at Pacific Northwest Laboratory (PNL).
The assessment was based on cost and risk considerations. Additional details of the assess-
ment are contained in companion Yolume II. VYolume II contains additional information on the
fabrication, test methods, and characterization data for the waste forms considered; and
detatiled process descriptions and additional cost data.

This comparative assessment study began in 1978 with a request from the Tramsuranic
Waste Systems Office (TWSO) of the U.S. Department of Energy to provide comparative data on
promising systems for immobilizing TRU wastes. The first phase of the study defined the
following:

e basic criteria to be used for the selection of waste-processing systems

e criteria by which waste-processing systems would be compared

e the waste composition to be used for fabrication of the waste forms

e the size and location of the reference facility to process the waste.
The second phase of the study included:

¢ laboratory-scale fabrication and characterization of the waste forms

& preparation of process descriptions

& estimation of system costs

o evaluation of risks associated with the process.

The third phase of the study is the assembly of the data and the comparison of the systems,
which is the purpose of this report.

PREVIQUS STUDIES

A wide variety of comparative studies, assessments, and compilations of data have been
published during the past few years, Many of these studies have been directed toward HLW
(ERDA 1976; E. R. Johnson 1380; Hench 1979; Mendel et al. 1981; Ross, Rusin and McElroy 1979
Ross et al. 1979; NRC 1979; Rusin 1980; Schulz et al. 1980; Stone, Goforth, and Smith 1979;
Wald et al. 1980). OCne study was directed toward TRU wastes and processes and consisted of
a review of nine potential waste forms and an assessment of their flexibility to allow



incorporation of the wide variety of TRU wastes currently generated {Crisler 1980). Another
study to assess the ability of various TRU waste forms to meet the proposed Nuclear Regula-
tory Commission (NRC} 10 CFR 60 criteria for commercial-waste disposal has been published by
Brookhaven National Laboratory {Bida and MacKenzie 1982).

STUDY EMPHASIS

This study considers both risk and cost factors. These evaluation criteria were organ-
fzed into a hierarchy so that relationships could be established and relative importance
quantified. The hierarchy that was established during the first phases of the program is
shown in Figure 1. 1In the risk side of the hierarchy, both long-term and short-term risks
were considered. For the long term, the primary factors are the leaching and transport of
radionuclides. Gas generation was also considered as an important characteristic for some
TRU wastes in the WIPP report (Irby 1980). Study members also felt that the ability to pro-
vide gquality assurance to the whole package could help quantify and reduce the long-term
risk.

Short-term risks arise in processing and handling, interim storage, transportation of
the waste, and placement in the repository. A major factor during processing is the occupa-
tional exposure to radiation during both routine and maintenance operations. Processing
operations will expose workers to normal industrial hazards such as fire, explosions, and
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FIGURE 1. Hierarchy of TRU Waste Immobilization Systems Objectives




chemical vapors and dusts. During the handling of transuranic elements, the potential of
nuclear criticality should also be considered. The post-processing considerations are
inherent stability and dispersibility of the wastes and the behavior of waste systems during
accidents. Other factors such as population exposure to radiation during transportation were
considered, but were excluded from this study since they are controlled by engineering design
in other parts of the waste management system.

Many of the risk factors for the different waste forms can be compared by using waste-
form property data. It is generally recognized that data generated with different test
methods, with different waste compositions, or at different laborateries are not directly
comparable, Thus, a major factor in this study has been the selection of a single reference
waste and the standardization of the fabrication and characterization of selected waste forms
in order to provide comparable data.

The total costs of the eight systems have been estimated. The major variables in pro-
cessing costs were determined by engineering estimates of processes conceptualized for the
same facility. These estimates provided details of facility costs, manpower and operating
costs, and decommissioning costs. The transportation and disposal costs, which are not
highly immobilization-system dependent, were taken from other studies.

The final objective of this study was to bring together the waste immobilization system
information in such a manner that it can be used by those selecting waste immobilization
systems in the future, Each specific application of a waste immobilization system will have
a different importance rating for each of the system characteristics. Therefore, no attempt
has been made in this report to arrive at final ranking of the immobilization processes.






SELECTION OF REFERENCE WASTE AND WASTE-FORM CRITERIA AND ASSUMPTIONS

The variety of TRU wastes and waste-form options required selection of a reference waste
and a few waste forms to reduce the number of variables in the study. This section discusses
factors considered in developing a reference waste and the criteria used in finally selecting

the waste forms for comparison and evaluation.

SELECTION OF A REFERENCE WASTE

The chemical and physical diversity of TRU wastes is greater than in HLW, owing to the
many different processes and facilities that produce TRU waste materials. Table 1 provides
some fnventory data for defense TRU wastes stored at the Idaho National Engineering Labora-
tory {INEL) during a seven-year period (Bryan 1981}, The WIPP criteria specifically state
that sludges and fine powders must be immobilized for shipment to WIPP, thereby reducing
handling risks in case of container failure. Because of this specific requirement for
immobilization, a sludge and incinerator ash were selected for the study. The reference
waste used in this comparative assessment is a mixture of three parts sludge and one part
incinerator ash.

The chemical composition of incinerator ash can vary considerably since it s primarily
dependent upon the mixture of combustible wastes charged to the incinerator. It is also
dependent, to a lesser extent, upon the incinerator design and operating conditions. The ash
i very heterogeneous owing to poor mixing and the occasional presence of noncombustible
materials in the incinerator feed. If plutonium concentrations are high enough to warrant
recovery (e.g. »0.5 wt¥), the ash may be leached in concentrated nitric acid containing a
small amount of hydrofluoric acid. This treatment will alter the chemical composition of
the residual ash. The ash typically consists of oxides of iron, atuminum, silicon, and
titanium with lesser amounts of alkali and alkaline earth oxides, sulfates and chlorides. A
few weight percent of carbonaceous residue generally remains from incomplete oxidation. The
composition of the ash {Table 2) used in this study was derived from the flowsheets for the
new Rocky Flats Plant (RFP} Waste Treatment Facility (Buildings 371/374),

TABLE 1. Volumes and Plutonium Contents for Important Waste Forms
Received for Storage at INEL from September 1971 through
December 1978 {from Bryan 1981)

¥olume Plutonium Content
Waste Form m3 % of Total Wtg of Total

Metal Scrap 9248 30 13
Paper and Rags--Dry 3023 10

Second-Stage Sludge 1562 5

Paper and Rags--Moist 1554 5

Filters--CWS 1491 5 2
First-Stage Sludge 1262 4 13
Raschig Rings--Unleached 317 1 5
Incinerator Ash-Leached 21 0.1 8



TABLE 2. Chemical Compositions for Typical Process
Sludge and Incinerator Ash

Composition, wt%

Process Incinerator Waste
Compound 5Sludge Ash Blend
A1203 3 20 7
CaC 24 8 20
Cr203 - 2 0.5
Fe203 10 B
K20 1 1 1
Mg0 3 4 3
NaZU 16 2 13
NiD -- 1 0.3
S'iO2 29 35 3l
T102 - 10 3
Zn0 -- 2 0.5
c -- 3 0.8
1 0.% 0.5 0.5
0 RU 3 u

100 100 100

Process sludges are generated during decontamination of aqueous wastes that contain
unrecoverable concentrations of plutonium, americium and other radionuclides. Decontamina-
tion is accomplished by a precipitation/flocculation/filtration process in which a hydrated
ferric oxide flocculant scavenges plutonium and americium from the aqueous stream. The pre-
cipitated sludge, which is collected on a precoated vacuum drum filter and dried to 10 to 15%
water, consists of a variety of metallic compounds and diatomaceous earth filter aid. The
principal sludge components and their concentrations are indicated in Table 2. Fluoride,
sulfate and phosphate anions may also be present significant concentrations.

Data from the RFP indicate that the ratio of sludge to ash production would be about
3:1. The waste blend in Table 2 represents the waste composition that was used in prepara-
tion of the comparative waste-form materials. Plutonium-containing ash was obtained from
Rocky Flats and was used in the fabrication of most samples. Details of sample fabrication
are in Volume II.

WASTE-FORM SYSTEM SELECTION CRITERIA AND ASSUMPTIONS FOR THE COMPARATIVE STUDY

About 40 waste forms and processes were initially identified for possible inclusion in
the study (Platt and Powell 1980). To reduce this group to a practical number for detailed
review, a preliminary screening was performed., For the screening, minimum design objec-
tives were adopted to partition the candidate systems into "probably acceptable" and "proba-
bly nonacceptable" categories. The screening was based on the waste-form performance cri-
teria under development within the WIPP project and at NRC and on discussions of these



developments with RFP-TWSO. Subsequently, the set of products and processes was further
reduced based on degree of performance in various areas.

The design objectives used for preliminary screening fell mostly into the six categories
of performance listed in Table 3. Each of these are briefly discussed below.

Dispersible Fines. Sludges, ashes and other particulate solids (contained in 55 gal

drums, for instance} are generally considered undesirable for transportation or handling 1in

a repository due to the possibility of nuclide respiration following accidental container
breach, Further, if small-sized waste forms or particles were loosely packed in a container
that was breached in a transportation accident, retrieval of all the contents might become
difficult. Consequently, a prime processing objective is consolidation of these solid wastes
to minimize the consequences of postulated accidents.

Gas Generation. Gases generated during degradation of waste forms may be of concern
during interim storage and after emplacement in the repository. Degradation mechanisms
include radiolysis of organics or contained water, thermal and bacterial degradation of
organics, and corrosion of metals. The two performance specificatiens for gas generation
noted in Table 3 were explicit in the draft WIPP acceptance criteria (December 1979} and
appeared to eliminate organic-based waste forms such as bitumen or urea formaldehyde.

Waste Loading. Although the minimum waste loading is somewhat arbitrary, the choice was
based on 1) the notion that economics will be very important in selection of a system for
these wastes, and 2) our judgment of what loadings are achievable in most of the waste forms
under censideration,

Production Capacity. We assumed the TRU waste-generating facility was the 371/374 com-
plex at the Rocky Flats Plant. This assumption was necessary in order to develop detailed

information on the waste characteristics and the immobilization process and facility designs.
The capacity indicated is thus specific to RFP.

TABLE 3, Design Objectives Used in Preliminary Screening of Immobilization

Alternatives
Immobilization Qbjective Minimum Acceptable Performance Level

Minimize Dispersible Fines As-formed, no smaller than 5 mm diameter
sphere,
<1 wt¥ respirable {10 um) fines generated in
150-ft-1b impact test.

Minimize Gas Generation <0.5 moles/ft3/yr and <800 moles/ft3 total.

Maximize Waste Loading Minimum design lpading 20 wt%; cccasionai
Toading of <10 wt¥ acceptable (e.g., to
accommodate waste variability).

Maximize Production Capacity Design feed rate should be 145,000 kg sludge
plus 46,000 kg ash per year.

Minimize Implementation Time Technology should be available for detailed
design of demonstration plant by 1986.

Maximize Chemical Durability Maximum corrosion rate of matrix elements
{e.g., S%) of 10 g/mt.d in deicnized water
at 25°C.



Availability. The year 1986 for the design of the demonstration plant is fixed by the

WIPP operation schedule in place at the time this study was being conducted. It was antici-
pated that inftial waste receipts at WIPP would be unprocessed wastes in retrievable storage
(e.g., metals and combustibles), and that processing of newly generated sludge and ash would

not start until the repository acceptance criteria were firmly adopted.

Chemical Durahility. The WIPP acceptance criteria do not include a durability crite-

rion. This is based on the Final Environmental Impact Statement analyses for WIPP, which
On the other hand, the NRC

philosophy evolving at the time was based on the concept of multiple independent barriers,

demonstrated that long-term risk is not sensitive to leach rate.
each barrier sufficient to meet Environmental Protection Agency standards. Hence, some
waste-form release specification is 1ikely for a licensed repository. Therefore, we judged
that, given these wastes are to be processed, it would be prudent to achieve some minimum
chemical durability. We chose a specification that is relatively easy to comply with,
recognizing that seTubility limits (rather than waste-form degradation kinetics) would likely
constrain plutonium and americium releases and that waste packaging may also be available to

reduce release rates,

With these criteria, the 40 waste forms and process combinations were reduced to seven
waste forms and eight waste processes as noted in Table 4. These waste forms and processes

are discussed below and in the remainder of this report.

e C(ast Hydraulic Cement. Cement has long been used in waste disposal (Lokken 1978)

and its processing is one of the simplest, Cast hydraulic cement has been exten-

sively evaluated for HLW and has met the criteria for inclusion in our study.

& Pressed Hydraulic Cement. One of the major problems encountered with cast cement
The Mound

Facility has developed the pressed-cement system to reduce the amount of water

has been the residual water incorporated in the pores of the cement.

present in the cement {Lewis and Herbert 1981}. Since this is a process currently

under develgpment, it was included in our study.

e FUETAP Cement.
under development at ORNL for a number of years {Dole et al. 1982).

Cement formed under elevated temperature and pressure has been
The FUETAP

TABLE 4. Waste Forms and Processes Selected for the Comparative Study

Process Waste-Form Product

In-Can Glass Melting Borosilicate glass monclith
Joule-Heated Glass Melting
Glass Marble

Basalt Glass Ceramic

Borpsiticate/aluminosilicate glass monolith
Borosilicate/aluminosilicate glass marble
Basalt glass-ceramic manolith

Cast Cement

Pressed Cement

FUETAP Cement

Cold-Pressed Sintered Ceramic

Cast cement monolith

Pressed cement pellet
FUETAP cement monolith
Pressed ceramic pellet



cement formulation can be tailored to specific wastes including TRU wastes. The
process includes steps to accelerate curing and to dewater the cement.

Borosilicate Glass. Glass was considered an improved preduct compared to cement.

Glasses for incorporation of TRU wastes, and in particular for incinerator ash,
have been under development for several years. Borosilicate glass is alsc con-
sidered the reference waste form for HLW.

Aluminosilicate Glass. Aluminosilicate glasses are considered by some to have a

nigher chemical durability than borosilicate glasses, but they require higher pro-
cessing temperatures (1350°C versus 1050°C for borosilicate glass}. The study
provided an opportunity to compare the two glasses directly.

Basalt Glass Ceramics. Early tests have indicated that crystallized basalt glass
has improved chemical durability over the parent glass from which the ceramic is

formed. Improved durability appears as if it may be important in meeting the NRC
requirements for a waste product. A high-iron basalt glass-ceramic has also been
developed at EG&G in ldaho Falls (Flinn et al. 1979) for immobilization of their
stored TRU wastes.

Cold-Pressed and Sintered Silicate-Ceramic. This waste form was developed at LANL

for immobilization of their TRU wastes. It offers the potential of conventional
ceramic processing to produce a nearly crystalline material. It was included as a
feasible ceramic waste form.










































































































































