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PROCESS ALTERNATIVES FOR HTGR FUEL REPROCESSING WASTES:
AN ENGINEERING EVALUATION

K. H. Lin

ABSTRACT

An evaluation has been made of numerous process alternatives
for different types of radioactive wastes resulting from reproc-
essing of HTGR fuels. Discussion of pertinent waste character-
istics is followed by a description and an assessment of selected
process alternatives. The final phase of the discussion is
concerned with identification of research and development needs
for specific alternatives. High-level solid wastes from the
head~-end system, which are unique to HTGR fuel reprocessing,
require major process development efforts. Most other types
of wastes can reasonably be expected to make use of technologies
being developed for LWR wastes, and will require minor to
moderate modifications.

1. INTRODUCTION

The types and characteristics of radioactive wastes expected from
High-Temperature Gas-Cooled Reactor (HTGR) fuel reprocessing operations

1,2 .
? In order to achieve successful

have been identified previously.
closure of the HTGR fuel cycle, development of technologies for manage-
ment of those wastes* is just as important as the recovery and the recycle
of fuel values from the spent fuel elements. Some of the primary wastes
(e.g., off-gas from the head-end system, and combustible wastes) must be
treated to reduce the radionuclide contents to below the levels required
by applicable regulations and standards. These secondary wastes and other
types of primary wastes must then be converted to forms acceptable for

handling, transportation, and ultimate isolation from the biosphere. Many

*The term "waste management," as used in this report, refers to the entire
spectrum of waste operations including all the steps involved in treatment
of waste effluents, processing of the resulting wastes, conversion into
acceptable forms for long-term storage, transportation to storage sites,
and control and management of waste isolation sites.



of the alternatives being developed for management of reprocessing wastes
from the Light Water Reactor (LWR) are adaptable to the HTGR case. This
is especially true of the wastes from the solvent extraction system. How-
ever, wastes from the HTGR head-end system are unique, and special methods

must be developed for their processing.

Selection of technical alternatives for treatment and/or conversion of
individual wastes is governed by many factors, including: (1) waste type,
(2) technical and economic feasibility of the process, (3) Federal and
local regulations and standards pertaining to the effluents discharged to
the environment, and (4) Federal regulations that specify the final waste
form for shipment to the isolation repository. Factors (3) and (4) for
wastes from the back end of the nuclear fuel cycle have not yet been fully

defined.

The major objectives of the present study are: (1) to carry out a
critical review and an evaluation of available information related to treat-
ment and processing of waste streams from HTGR fuel reprocessing, (2) to
identify the existing data and development work that are applicable to the
HTGR wastes with little or no modification, and (3) to define the develop-

ment needs for wastes that are unique to the HTGR.

2. WASTE CLASSIFICATION AND EVALUATION CRITERIA
2.1. Classification of HTGR Wastes

There has been confusion concerning usage of the radioactive waste
categories between different organizations that deal with the subjects of
waste management. Traditionally, the radwaste categories at individual
nuclear facilities are based on the local convention that has been in use
for many years. As a result, different organizations rarely employ the
same definitions in reference to the ranges of radionuclide concentrations
or dose rates of the low-, intermediate-, and high-level wastes. In the
United States, the definition of the high-level liquid waste (HLLW) given
by 10 CFR 503 is the only official waste category that has been accepted

by most of the workers in the area of fuel reprocessing.



In 1967, two separate groups, one in the United States and the other
in Europe, proposed independent definitions for various radioactive waste

categories. >3

Although somewhat different bases were used by the two
groups in classifying the radioactive wastes, liquid and gaseous wastes
were defined in terms of the specific radioactivity ranges by both groups.
However, the International Atomic Energy Agency (IAEA) used the dose rate
(R/hr) instead of specific radioactivity to classify solid wastes. The
definitions used in ref. 4 have also been used in this report to categorize
the HTGR reprocessing wastes (as discharged) shown in Table 1. The major
purpose of such a classification is to facilitate any subsequent discussion

of waste processing alternatives. It is not intended for use as the official

categorization of radwastes in general.
2.2. General Criteria for Evaluation of Processing Alternatives

Published technical data and existing technologies, including those
being developed for the LWR fuel cycle, were critically reviewed to identify
information that may be utilized in the development of processing alternatives
for HTGR wastes. The criteria listed below were used as the basis of the
evaluation and selection of potential alternatives. They also served as
the guideline in defining the research and development needs for these

alternatives.

1. The process must be able to convert the waste into a form which can
ensure long-term safety in the isolation repository.

. Simplicity in process and equipment is highly desirable.

The process should be relatively insensitive to the waste composition.

. The process should generate few or no secondary waste streams.

bm & W N

. The number of interim waste treatment steps should be minimized,
and different waste streams should be combined whenever possible.

6. The process should utilize equipment that is easy to maintain.



Table 1. Classification® of HTGR reprocessing wastes

Waste category Radioactivity levelb HTGR Waste streams (source)€

Liquid radwastes

puci/ml

Low level 107 < A<O0.1 Evaporator condensate (S)

Intermediate 0.1 < A< 103 Steam stripper overhead (S);

level kerosene scrub (S8); decont-
tamination solution (M);
carbonate wash solution (S);
tritiated water (O)

High level A > 103 High-level liquid wastes (S);

thorium nitrate solution (S)

Solid radwastes

uCi/kg

Low level 0.02 < A'.i 7 x 103 Spent molecular sieves (0);
misc. solids waste (M)

Intermediate 7 x 103 < A7 <7x 107 Reflector blocks (M); rags, HEPA

level filters, failed tools and
equipment (M); spent catalysts
and zeolites (0)

High level A" > 7 x 107 SiC hulls and insols. (H); 25W
fissile particles (H); sintered
metal filters and cold traps with
semivolatiles, etc. (H); clinkers
(H) ; insoluble residues (S)

Transuranic A" > 10 (alpha HEPA filters, failed tools and
activity) equipment (M); misc. solid
wastes (M); crud and ash (S-W);
spent ion exchange resin, filter
cake and evaporator bottom (W)

aBased on ref. 4.

A refers to radioactivity (uCi/ml) of liquid wastes; A" refers to radio-
activity (uCi/kg) of solid wastes.

c . . . . .

The letters in parentheses refer to the system in which the waste originates,
i.e., S8 = solvent extraction system; O = off-gas cleanup system; M = miscel-
laneous; H = head-end system; W = from waste interim processing, secondary
waste.



3. WASTE PROCESSING ALTERNATIVES

The overall flow diagram depicted in Fig. 1 illustrates the sources
and types of waste streams as well as potential waste processing schemes.
In the discussion that follows, these waste streams are classified into
different categories (as described in Table 1) to facilitate the presenta-
tion of various process alternatives. The final processing schemes for
each waste stream shown in Fig. 1 refer to those which are capable of
converting the waste into forms that are acceptable for release to the
environment or for transport to the ultimate isolation facility. Any
pretreatment or processing required before final processing is considered

to be the interim processing for convenience.

The discussion begins with a brief review of important characteristics
of individual waste streams. Potential alternatives for processing of the
waste are then discussed. The final phase of the discussion outlines the
advantages and shortcomings of the different process alternatives and
identifies the research and development (R&D) needs for these alternatives.
The listing of R&D needs, however, does not imply that all the items should
be studied. Certain items or alternatives may be placed in the low-priority
category or may be rejected, such as those based on the available informa-
tion or on the prospect of acceptance by regulatory authorities. Neverthe-
less, the items associated with waste characterization must be investigated
first, since they would provide guidelines in the selection of a suitable
process alternative and in defining the specific scope of the R&D work. The
estimates pertaining to the generation rates and characteristics of individual

waste streams are based on the fuel element data summarized in Table 2.

3.1 High-Level Solid Wastes

Included in this category are all of the solid~waste streams from the
head-end system, consisting of:

1. sintered-metal filters and cold traps contaminated with semivolatile

and particulate radionuclides;

2. retired 25W fissile particles;

3. SiC hulls and insolubles separated from leach liquor; and

4, clinkers that may be formed in the burning step.
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Table 2. Estimated processing rate and characteristics of individual types of fuel elements (F.E.)2

Average contents of heavy metals (kg/F.E.)

Processing Charged fuel _Spent fuel

Fuel rate Heavy Fissile Fertile Fissile Fertile
typeb (No. F.E./year) metalC particle particle particle particle
IM-25R 11,600 U 0.706 0 0.216 0.222
Th 0 8.550 0 7.926
23R 7,800 U 0.742 0 0.226 0.222
Th 0 8.830 0 7.926
25R-25W 600 U 3.250 0 2.24 0.19
Th 0 7.000 0 5.60

%Based on an HTGR fuel reproceséing plant with a capacity of 20,000 F.E./year.

b

All fuel types contain BISO-coated (inner porous carbon and outer dense carbon) fertile particles and

TRISO-coated (porous carbon, dense carbon, SiC, and dense carbon) fissile particles. Fertile particles
contain thorium, and fissile particles contain uranium of varying isotopic compositions depending upon
the fuel type as follows:

IM: contains
25R: contains
23R: contains
25W: contains

cUranium is present

virgin uranium of ~ 93% 235y, initially charged to HTGR
recycle uranium of ~ 30% 235y (refabricated from burned IM)
recycle 233y

uranium of ~ &4 to 5% 23°U (burned 25R).

as UCz, and thorium as ThOz.



In addition, insoluble residues from the feed preparation step in the
solvent extraction system should also be considered as high-level solid

wastes.

3.1.1 Sintered-metal filters and cold traps

3.1.1.1 General characteristics

These devices are provided in the immediate vicinity of the burners
in the head-end system for the purpose of removing the bulk of semivolatile
(e.g., ruthenium, antimony, and cesium) and particulate radionuclides (e.g.,
fission and activation products and actinides). The filters for the primary
burner are located outside the burner following the cyclone, and those for
the secondary burner are installed inside the burner. The sintered-metal
filter is a cylindrical cartridge type. The relative dimension of the
filter to be used in a commercial reprocessing plant will presumably be
similar to that for a pilot-plant-scale 4-in. burner (i.e., 2-3/4 in. OD
x 36 in. long x 1/8-in. wall thickness). The design for the cold trap has
not yet been finalized, but one of the designs being tested is a concentric,
double~tube coil in which the hot off-gas and the coolant gas flow in the

countercurrent mode.

No final decision has been made concerning the constructional materials
that will be used for the filter and the cold trap in the commercial plant.
Hastelloy X and stainless steel 304L are among the possible candidate
materials for the filter and the cold trap, respectively. Stainless steel
316L and nickel filters have been employed in the laboratory-scale develop-

ment work.

For the spent HTGR fuel of known type and irradiation history, the kinds
and amounts of nuclides retained by the filters and cold traps during a given
period will be governed by the processing condition in the burners, for
example, the burner temperature, temperatures of the filters and traps,
and the off-gas flow rate. The total amounts of nuclides accumulated on
individual filters and cold traps depend upon the service lives of these
devices, which, in turn, are influenced by the rate of buildup of radio-

nuclides and by the extent of corrosion attack. The buildup of radio-



nuclides could affect the performances of the filter and the cold trap
in different ways. An excessive accumulation of radionuclides can
physically block the filter pores. The intensive decay heat resulting
from such an accumulation would tend to accelerate corrosion attack and
change the metallurgical properties of the filter material. Similarly,
increased corrosion attack, as well as changes in heat transfer and
metallurgical characteristics of the cold trap, may result from an

accumulation of radionuclides on cooling surfaces.

Comprehensive experimental data indicating how the different variables
described above can affect the performances of the filter and the cold trap
are not yet available. Consequently, there is no reliable method at present
for estimating the service lives of these devices (or the rates of genera-

tion of these types of waste streams).

3.1.1.2 Radiochemical characteristics and radionuclide behavior

The sources of radiocactivity in the spent filters and cold traps are
semivolatile and particulate radionuclides accumulated on these devices.
Fission products account for the bulk of radioactivity, and a much smaller
portion of radioactivity is attributable to actinides and activation
products. The nuclide behavior in the off-gas stream from the head-end
system has not yet been fully characterized. Nevertheless, the general
trend listed below has been observed recently in bench-scale, hot-cell
experiments using irradiated fuels.6 Interpretation of such a trend
must, however, be considered preliminary until it is confirmed by further
development work.

1. The major portion (> 95%) of semivolatile and particulate nuclides
released in the burning steps (primary and secondary) is retained by the
sintered-metal filter.

2. The quantity of released nuclides varies not only with individual
nuclides but also with the fuel type. 1In general, the rates and quantities
of fission products released from the carbide types of fuel (i.e., UCZ_ThCZ)
are considerably higher than those from the oxide type of fuel (i.e.,

Uo —ThOz). The reverse is true in the case of uranium released during

2
burning.
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3. The quantities of major nuclides released in the burning steps
(primary and secondary combined) in terms of weight percent nuclides in
the original fuel are of the following orders of magnitude:

Quantity released to off-gas
(wt % of nuclides in original fuel)

Ziiiides (TRISO-UO, + BISO-ThO,) (TRISO-UCy + BISO-ThC))
fuel fuel

90Sr, 125Sb, 144Ce, 154Eu < 0.5 <.5

l06Ru, 134Cs, 137Cs < 15 < 50

129I <10

Total uranium ~ 1 ~ 0

4. The total radioactivity accumulated on the sintered-metal filter
would be high enough (> 70 Ci/kg) to be classified as a high-level solid
waste (Table 1). The alpha radiocactivity from actinides is estimated to
be several orders of magnitude greater than 10 uCi/kg, the lower limit

for transuranic waste (Table 1).

3.1.1.3 Process alternatives

Potential alternatives for the processing of spent filter cartridges
and cold traps include methods of widely different complexities. The
simplest approach would be to reduce the volume of these wastes by mechanical
means such as compaction. Volume reduction can also be accomplished by
melting at high temperatures. Leaching of the wastes by acids or other
types of solvent is an alternative that may remove substantial amounts of
radionuclides from the waste materials. A high degree of separation might
be achieved by complete dissolution of the filters and cold traps, followed
by separation of radionuclides from the constructional materials via chemical

means. Discussion of these alternatives follows.

Compaction. This method involves volume reduction by mechanical
compression of the wastes inside a container such as a 55-gal drum, or
a specially designed container. The technique has been used frequently
at different nuclear facilities in handling much of the low-level solid

waste. The extent of volume reduction obtainable would depend mainly upon
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the type of waste material (especially its bulk density) and the applied
compressive force. There is however, a threshold of compaction pressure
range (characteristic of the waste type) beyond which the rate of volume
reduction relative to the pressure change becomes very small. According
to a recent study7 on compaction of low-level solid wastes, the compaction
pressure range to achieve the maximum volume reduction for average wastes
was 30 to 60 kg/cmz. The volume of average low-level wastes 1is reduced

by a factor of 2 to 5 at the lower pressure range, while a volume reduc-

tion of up to ~ 15-fold can be obtained in the upper pressure range.

The characteristics of the spent filters and cold traps, including
their mechanical behavior and the radioactivity levels, would be con-
siderably different from those of the types of wastes described above.

For example, due to the inelastic nature of constructional materials for
filters and traps, there will be little or no tendency of "springback"
when the pressure is released. These wastes are associated with high-
level radioactivity, and a compacting operation may force out appreciable
amounts of radionuclides in the expelled air which would carry significant
airborne contamination. Therefore, the compactor must be placed in a
contained enclosure with radiation shielding and the off-gas cleanup
facility, and it must be capable of sustained remote operation. The
unique characteristics of the wastes under consideration imply that
development work (nonradioactive) is required (1) to establish a suitable
compaction pressure range for obtaining a maximum volume reduction (estimated
to be about five-~ to six-fold); (2) to study their mechanical behavior;
and (3) to develop a package (double-contained) that would contain the
compacted wastes, including the means for dissipating the decay heat and
methods for immobilization of radionuclides. The data available from
compaction studies for non-high-level solid wastes7_9 and for waste
cladding hulls7 would serve as references for the development work dealing
with waste compaction. The types of containers for the cladding hulls

may be adaptable to the present case.

Melt-casting. The volume reduction resulting from this approach

consists of melting pieces of filters and traps which are cut to a specified
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size range and casting the melt into ingots. Similar processes are being
investigated for possible application to the processing of non-high-level
metallic waste materials (including waste LWR fuel cladding hulls) by

several ERDA 1aboratories.ll_13

Several different types of furnaces, as well as technologies, are
available for melting of nonradioactive metal scraps. However, the data
for melting of metallic wastes contaminated with radionuclides are quite
limited; at present, the behavior of radionuclides during melting and
casting is not well understood. The problems associated with melting
and casting of the type of wastes under consideration (i.e., spent
sintered-metal filters and cold traps) are expected to be even more
serious than the waste LWR fuel cladding hulls. This assumption is based
on some preliminary data obtained for the filters, indicating that they
are characterized by high-level radioactivity coming from semivolatile and
particulate nuclides released during burning of HTIGR fuels at (~850° to
900°C). Thus, one of the potential problems is revolatilization of
semivolatile radionuclides (e.g., cesium, iodine, ruthenium) in the
melting and casting steps, since the melting points of Hastelloy X and
stainless steel 304 are considerably higher than the temperatures of
burning fuels (i.e., ~1300° and ~1450°C for Hastelloy X and stainless
steel, respectively). Consequently, provision must be made to recapture

these nuclides.

Considerably more development work will be needed to confirm the
feasibility of adapting the existing techmology to melting and casting
of the waste sintered-metal filters and cold traps. Among the equipment
to be developed is a remotely operated melting system, including the
furnace, the feeder, the off-gas cleanup system,and other accessories.
Reliability of the system must be demonstrated through prolonged remote
operation using radioactive wastes. Much could be learned from the
existing development program in the area of melting and casting of the
LWR fuel cladding.

Leaching. The major goal of this alternative is to preferentially

remove radionuclides from the spent filters and traps by means of acid or
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other types of solvent, with little or no attack on the constructional
materials for these devices. The filters and traps thus decontaminated
could presumably be handled like the low-level solid wastes, while the

leachate solution would be concentrated and combined with the HLLW.

The preliminary data from hot-cell experiments using sintered-metal
filters (stainless steel and nickel) contaminated with radionuclides from
irradiated fuels have indicated that leaching with dilute (1 to 6 M) HNO4
appears promising.6 Leaching of the filter at ambient temperature for
~30 min removed appreciable fractions (up to ~70%) of nuclides including
uranium and major fission products. Likewise, according to data from
related processes (e.g., decontamination of LWR fuel cladding wastes,14
recovery of transuranics from non-high-level wastes,15 and acid digestion
of alpha wastes 16), and from corrosion data,l7_'19 solubilities of the
filter and trap materials (e.g., Hastelloy X and stainless steel 304L,
respectively) in dilute HNO3 and/or HyS80, should be so low at ambient
temperature that preferential leaching of the radionuclides seems
feasible. From the known characteristics of nuclides (oxide forms) of
interest, uranium and alkali and alkaline earth elements would be readily

dissolved in these acids but plutonium and thorium would require the

addition of a small amount of fluoride to promote dissolution.

The above inferences, however, are far from certain; further studies
are required to fully characterize the leaching process in terms of its
capability and limitations as affected by different process parameters.
Preparation of the wastes for leaching (e.g., initial size reduction of
the filters and traps by chopping) may be necessary, primarily to keep

the size of the leaching equipment to a minimum.

Dissolution of wastes. This method of approach also involves chemical

dissolution of the wastes, but much more aggressive chemicals and process
conditions are utilized in an attempt to dissolve the entire mass of the
wastes to release the radionuclide content. Among the potential chemicals

are mixed acids [e.g., aqua regia (HN03—HC1), or a mixture of hot HN03—HZSO4],
and fused salts with an oxidant (e.g., molten NaZCO3 with air). The dissolu-

tion rate of stainless steels (potential constructional materials for cold
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traps) in the HNO —H2804 is expected to be considerably lower than that

in the aqua regia? Dissolution of Hastelloy alloys (sintered-metal filter
materials) in both types of mixed acids will be even slower than that of
stainless steels (possibly by a factor of ~10). Whether a molten-salt
process similar to that being developed by Atomics International20 will
dissolve these materials within a few hours is less certain. It has been
reported that thin-walled (< 2-mm) metallic components (e.g., carbon steel
and nickel-based alloys) could be dissolved within a relatively short time
in molten Na2C03 at ~1000°C. On the other hand, a stainless steel 304 pipe
(~5 mm thick, ~2 in. diam) and other high-chromium (> 10%) alloys would

require a long time (>1 week) to dissolve completely.

Because of the highly corrosive nature of all the chemicals mentioned
above, selection of the materials to be used for construction of the
dissolver will be one of the major problems. The dissolver, using aqua
regia as the solvent, may be fabricated of titanium since it was satis-
factory in the dissolution of stainless-steel-clad fuels.21 Other metals
such as tantalum and noble metals would also be suitable, but they are
much more costly than titanium. A refractory-lined vessel would probably

be satisfactory for the molten-salt process.

Once the entire waste that contains radionuclides is in solution,
chemical separation can proceed. The goal for such a separation is ultimate
partitioning of a small volume of the highly radioactive portion of the
waste from the bulk of the waste constituents which contain few or no radio-
nuclides. Fairly complex process schemes may be required for this purpose,
and the amount of the secondary wastes resulting from the separation might

be prohibitive.

3.1.1.4 Assessment of process alternatives

Table 3 shows a comparative summary of the highlights of the four
process alternatives. Based on the limited amount of available data, the
leaching process appears to be the most promising of the four processes
considered. The important features of this process include the simplicity

of its equipment and operation, and its potential for separation and



Table 3.

Comparison between different alternatives for processing of

spent sintered-metal filters and cold traps

Process

alternative Advantages Disadvantages
Compaction Relatively simple equipment and operation (1) Practically no reduction in specific
' radioactivity (Ci/kg) with limited volume
reduction factor
(2) Has tendency to produce airborne radio-
active contamination
Melt-casting (1) Can achieve higher volume reduction (1) High thermal energy consumption and severe
factor than compaction service requirements due to high-tempera-
(2) Most of "monvolatile" radionuclides ture operation
will be fixed in cast ingots. (2) Has potential of spreading radioactive

Leaching

Waste
dissolution

(1)
(2)

Has

Simplicity in equipment and operation
Has potential for separating the bulk
of radionuclides and concentrating them
into a small volume

potential of completely releasing radio-

nuclides into a fluid phase which gives an
opportunity for separation of radionuclides
from nonradiocactive waste constituents

contamination throughout melting system
due to revaporization of semivolatile
nuclides

Requires transfer of radionuclides to an
aqueous phase which is potentially more
dispersible than solids

(1)

(2)
3)

(4)

Dissolver and accessories must be made
of special materials of construction
because of highly corrosive nature of
solvents,

Potential problems in handling molten-
salt material (molten-salt process)
Requires complex process scheme to
partition radioactive portion from non-
radioactive portion

Requires transfer of radionuclides to an
aqueous solution

ST
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concentration of the radionuclides into a small volume with a minimum
amount of the secondary waste. The requirement that the radionuclides
must first be dissolved (i.e., transferred from the solid phase to the
aqueous phase) is not a serious disadvantage, since the aqueous solution
will be processed in a controlled facility that prevents or minimizes

any chance of dispersion.

The compaction method is also relatively simple in design and operation
of the equipment. Nevertheless, the specific radioactivity still remains
at a high level, and the radionuclides must be immobilized by incorporating
them into some insoluble agent before the waste can be transported to a
repository. This implies that the net volume reduction would be smaller

than that obtainable by a simple compaction alone.

Both the melt-casting and waste-dissolution processes require drastic
process conditions in terms of very high temperature or corrosive chemical
environment. Consequently, costly constructional materials will be required
for the process equipment. In the melt-casting process, the indication
that the semivolatile radionuclides (which constitute a major portion of the
radionuclides in the waste) would be lost from the waste during the melting
step seems to defy the major purpose of the waste processing (i.e., collec-
tion and concentration of radionuclides). A similar statement is applicable

to the waste dissolution process when molten salt is used as the solvent.

3.1.1.5 Research and development needs

Table 4 summarizes the R&D needs for characterization of the spent
sintered-metal filters and cold traps as well as the four process alterna-
tives for these wastes. The identification of the R&D needs is based on
the discussion presented above, together with the review of the current
state of development in related areas. The development data obtained
from laboratory characterization studies of items 1, 3, 4, and 5 would
facilitate not only the selection of the process, but also the definition
of the R&D scope. For example, if the laboratory study of item 5 consis-
tently gave a positive result (i.e., the presence of an appreciable amount

of uranium), the compaction and melt-casting processes would be eliminated.
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Table 4. Identification of R&D needs and available information for processing of
spent sintered-metal filters and cold traps

Research and development needs?® Information from related R&D programb
General waste (1) Materials of construction for filters and traps (1) - (5) None
characterization (Q-c; e-c)

(2) Criteria for and frequency of replacement of filters
and traps (1-h; e-h)

(3) Types, chemical and physical forms (e.g., surface
contamination or compound formation with filter and
trap materials, etc.), and deposition rates of
nuclides (1-h; e-c, h)

(4) Loading of radionuclides on filters and traps at
the time of replacement (1-h; e-h)

(5) Determine whether sufficient quantity of U is
present to justify recovery (1-h; e-h)

Process alternative

Compaction (1) Compaction pressure range for maximum volume (1) LWR cladding hulls (NAP, M)

reduction (l-c)

(2) Extent of release of radionuclides to area around (2) None
compactor (1-h; e-h)

(3) Determine the need for off-gas cleanup facility for (3) None
airborne contamination (1-c¢, h)

(4) Feasibility of remote operation and maintenance of (4) LWR cladding hulls (NAP)
compactor (e-c, h)

(5) Container for compacted wastes; methods of nuclide (5) LWR cladding hulls (M)

immobilization (e-c, h)

Melt-casting (1) Adaptation of existing melting furnace and melt- (1) LWR metal scraps, cladding hulls (M)
casting technologies to wastes with high-level
radicactivity; includes remote operation and
maintenance (e-c, h)

(2) Distribution of radionuclides in gas phase, molten (2) Same as above (M)
metal, slag, and furnace system (l-h; e-c, h)
(3) Leachability of radionuclides in ingot and slag (1-c, h) (3) Same as above (M)
(4) Device for off-gas cleanup or recapture of radio- (4) Nomne
nuclides in gas phase (1-h; e-c¢, h)
(5) Material of construction for melting system (l-c¢; e-c, h) (5) LWR metal scraps, cladding hulls (M)
Leaching (1) Leaching behavior of radionuclides, and filter and (1) - (3) None

trap materials in selected medium (e.g., HNOj,
HNO3-H2S804) under different process conditions (1-h; e-c, h)
(2) Characteristics of off-gas, and need for off-gas
cleanup (l-c, h)
(3) Distribution of nuclides between leachate solution, and
filter or trap (1-h)
(4) Final processing of leachate, and leached filter and (4) LWR-HLLW, metal scraps, cladding hulls (M)
trap (l-c, h; e-c, h)

Waste dissolution (1) Evaluation of dissolvents for filter and trap materials (1) LWR metal scraps, cladding hulls (stainless steels);
(e.g., rates of dissolution under varying process none for Hastelloy X
conditions; off-gas and other by-products) (l-c)

(2) Evaluation of materials of construction for dissolver (2) Corrosion data
and accessories (l-c)
(3) Distribution of radionuclides among solution, insolubles, (3) None
off-gas, dissolver walls, and accessories (l-h; e-c, h)
(4) Off-gas characteristics and method of off-gas treatment (4) None
(1-h; e-c, h)
(5) Chemical separation of radionuclides from large amount (5) None
of nonradioactive waste constituents (l-c, h; e-c, h)
(6) Final separate processing of radioactive and nonradio- (6) LWR-HLLW, -ILLW, and -LLLW (M)

active portions (l-c, h; e-c)

aSymbols in parentheses represent scopes of the development needs as follows: 1, laboratory scale; e, engineering scale;
¢, cold (nonradioactive, include tracer-level radioactivity) work; h, hot (radioactive) work.

bSymbols in parentheses indicate the status of available information: NAP, no active R&D program at present;

M, modification of R&D program or type of available information required — some additional work may be needed.
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A chemical process flowsheet specifically for uranium recovery would have
to be developed based on the feed solution from either the leaching process

or the waste dissolution process.

Also shown in Table 4 is an identification of the information avail-
able from other related R&D programs. Frequently, slight modification of
the data or the program scope may produce useful information for the types

of wastes under consideration. Some additional development work may still

be necessary.

3.1.2 SiC hulls and insolubles

3.1.2.1 General characteristics

The waste SiC hulls form the major portion of the residue that is
separated from the leached product slurry which is discharged from the
fissile particle dissolver. A small insoluble fraction present in the

residue contains mostly noble-metal fission products.

The SiC in the hulls is essentially of the cubic modified-8 form and
has a high degree of chemical and thermal stability (mp > 2700°C). SiC
is chemically stable in most common reagents, but it interacts with molten
alkalies at high temperatures. The bulk density of the waste SiC hulls is
estimated at ~1.6 g/cm3. The estimated generation rate of waste SiC hulls
and insolubles is in the range ~2 to 2.5 metric tons (MT) per MT of uranium
in the spent fuel, or ~100 kg per MT of heavy metal (uranium plus thorium).
Based on the fuel reprocessing rate of 20,000 F.E. per year, as indicated

in Table 2, the total volumetric rate of generation would be ~430 ft3/year.

During irradiation of fuel particles in the reactor, fission products
and smaller amounts of actinides tend to migrate out of the fuel kernel
through the coated layers, thus displaying an 'amoeba effect.'" The rate
and extent of such migration vary with the fuel type (i.e., oxide or carbide),
the nuclide type, irradiation temperature, and burnup, but the quantitative
correlation between these variables has not yet been completely established.

22,23

There is evidence to indicate that migration of these radionuclides

would be retarded by the SiC layer. These nuclides, however, interact with
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the SiC layer and form some stable compounds that resist leaching by HNO3

and several other mineral acids.

3.1.2.2 Radiochemical characteristics and radionuclide behavior

Behavior of radionuclides. The behavior of fission products (F.P.)

in the HTGR type of coated fuel particles during irradiation has been a
subject of intensive studyzzm24 in the past few years. The recent results
of an electron microprobe analysis of irradiated particles22 revealed that
the extent to which the F.P. diffuse away from the fuel kernel has no
linear relationship to the burnup, but it is closely related to the
solubility of F.P. in the kernel. 1In the UO2 kernel, the major portion

of the F.P. either dissolves into it or forms ceramic oxide precipitates
[e.g., metallic inclusions of Mo-Tc-Ru-Rh-Pd and Pd-Te, and precipitates
of (Sr, Ba)*(Zr,U, rare earths)Ox], and migration of these nuclides is
retarded. In contrast, a far greater amount of F.P., especially alkalis,

alkaline earths, and rare earths, were found in pyrocarbon coating layers

than in the UC2 kernel.

Variation of radiochemical composition with cooling time. The

design of the interim storage facility and the processing facility for a
high-level waste such as SiC hulls is influenced by the cooling time for
the waste after its discharge from the reactor. The cooling time affects
the design mainly in terms of the capacity, the radiation shielding, and

the method and rate of heat dissipation required for these facilities.

Table 5 presents the estimated radiochemical composition and the
rate of decay heat generation as functions of cooling time for key radio-
nuclides in waste SiC hulls and insolubles from 25R fissile particles.
The same type of information for 23R fissile particles is shown in Table
6. Computation of these data is based on the same assumptions as those
described in ref. 1. These tables clearly demonstrate that fission
products in the waste SiC hulls and insolubles account for practically
all of the radioactivity and the decay heat even after a prolonged cooling
time (i.e., 8 years). TInitially (i.e., after 180 days of decay), 90Sr,
106Ru 134CS 137C 144

’ s s, and Ce are the predominant fission product nuclides,

contributing to nearly one-half of the total radioactivity and almost 40%



Table 5. Variation in estimated characteristics of waste SiC hulls and insolubles with
cooling time? (from 25R fissile particles)

(Basis: 11,600 25R F.E./year)

Radioactivity (Ci) Rate of heat generation (W, B+y)
Major Time after discharge from reactor " Time after discharge from reactor
muclides 180 days 5 years 8 years 180 days 5 years 8 years
Sr-90 1.90(6) 1.72(6) 1.60(6) 2.51(3) 2.25(3) 2.09(3)
Ru-106 9.52(5) L.26(L) 5.36(3) 60 2.5 0.3
Sb-125 b.71(k) 1.49(h) 6.87(3) 190 60 30
I-129 0.5(3.8 xg) 0.5(3.8 kg) 0.5(3.8 kg) ~ 0 ~ 0 ~ 0
Cs-13k4 5.50(6) 1.20(6) - L.34(5) 5.82(k) 1.27(k) 4.60(3)
Cs-137 1.97(6) 1.78(6) 1.66(6) 3.22(3) 2.90(3) 2.72(3)
Ce-1kk 7.68(6) 1.39(5) 9.52(3) 6.28(3) 110 8
Eu-154 1.41(5) 9.40(Lk) 8.25(4) 940 770 680
Other F.P. 1.83(7) 3.92(6) 3.37(6) 1.11(5) 1.85(k) 1.65(k)
U-235 0.00[0.5 kg] 0.00[0.5 kg] 0.00[0.5 kg] =~ O ~ 0 ~ 0
U-236 0.1[1.3 kxg] 0.1[1.3 kgl 0.1{1.3 kg] 0.00 0.00 0.00
Pu-238 1.53(3) 1.53(3) 1.53(3) 51 L9 L8
[0.1 kg] 0.1 kg] (0.1 kgl
Other Pu 1.08(3) 870[0.4 kg] 759[0.3 kg] 0.2 0.2 0.1
[0.5 kg]

Other actin. 430 180 170 15 11 10
Total F.P. 365(7) 8.91(6) 7.17(6) 1.82(5) 3.73(4) 2.66(4)
Total actin. 3.0L(3) 2.58(3) 2.45(3) 66 60 58
Grand total 3.65(7) 8.91(6) 7.17(6) 1.82(5) - 3.73(h) 2.66(k)

02

aNum.bers in parentheses represent powers of 10.



Table 6.

(from 23R fissile particles)
7800 23R F.E./year)

(Basis;

Estimated characteristics of waste SiC hulls and insolubles with cooling time?

Radioactivity (Ci)

Rate of heat generation (W, B+y)

Major Time after discharge from reactor Time after discharge from reactor
nuclides 180 days 5 years 8 years 180 days 5 years 8 years
Sr-90 1.61(6) 1.44(6) 1.34(6) 2.11(3) 1.89(3) 1.75(3)
Ru-106 5.49(5) 2.46(4) 3.09(3) 30 1.5 0.2
Sb~125 1.07(5) 3.37(4) 1.56(4) 430 140 20
I-129 0.4(2.9 kg) 0.4(2.9 kg) 0.4(2.9 kg) ~ 0 ~ 0 ~ 0
Cs-134 3.94(6) 8.58(5) 3.11(5) 4.17(4) 9.09(3) 3.29(3)
Cs-137 1.69(6) 1.52(6) 1.28(6) 2.77(3) 2.50(3) 2.33(3)
Ce-144 6.92(6) 1.25(5) 8.58(3) 5.66(3) 100 7
Eu-154 7.45(4) 6.12(4) 5.38(4) 610 500 440
Other F.P. 1.83(7) 3.48(6) 2.97(6) 1.05(5) 1.59(4) 1.36(4)
U-235 0.00[0.5 kgl 0.0010.5 kgl 0.00[0.5 kgl ~ 0 ~ 0 ~ 0
U-236 0.04[0.6 kgl 0.04[0.6 kgl 0.04[0.6 kg] ~ 0 ~ 0 ~ 0
Pu-238 790[0.05 kg] 760{0.05 kg] 740{0.05 kg] 26 25 25
Other Pu 310{0.02 kg] 250[0.01 kg] 220[0.01 kgl ~ 0.0 ~ 0.0 ~ 0.0
Other actin. 170 80 30 5 2 2
Total F.P. 3.32(7) 7.54(6) 5.98(6) 1.58(5) 3.01(4) 2.14(4)
Total actin. 1.27(3) 1.09(3) 990 31 27 27
Grand total 3.32(7) 7.54(6) 5.98(6) 1.58(5) 2.14(4)

3.01(4)

a .
Numbers in parentheses

represent powers of 10.

1¢
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of the total rate of decay heat generation. After 5 to 8 years of cooling,

however, the contribution from 106Ru and 144

Ce becomes much less significant.
In any case, the initial (180-day) values of total radioactivity and the
rate of decay heat generation are reduced by factors of ~4 and -5,
respectively, after 5 years of cooling. The reduction in these proper-

ties by a 3-year extension of the cooling period (i.e., 8 years of cooling)

is less dramatic.

Preliminary hot-cell experimental data. The data shown in Tables 5

and 6 are the calculated results of simplified assumptions, some of which
must be confirmed through the experimental development work. Assumptions
pertaining to the radionuclide distribution (Fig. 4 in ref. 1) were based
on the limited amount of information derived from earlier hot-cell experi-

ments using irradiated fuels (specially designed HTGR—type).2J

To improve characterization of the waste SiC hulls and insolubles,
a systematic hot-cell study is being carried out using mainly three dif-
ferent types of specially designed, irradiated HTGR fuels.6 They are:
TRISO UC2—B180 ThC2, TRISO UOZ—BISO Th02, and TRISO(Th,U)Cz-BISO 'I‘hC2
types. Better understanding of the characteristics of the SiC hulls and
insolubles (especially the distribution of nonleachable* nuclides) is
important in the development of chemical flowsheets for processing of
these wastes. The presence of a significant amount of nonleachable
uranium and/or other fissionable nuclides may imply that the process
flowsheet should include provision for recovery of these nuclides.
Studies of the hot-cell data, including the radiochemical analytical
data are still incomplete, and no definite conclusion has been reached
as yet. The preliminary results for the waste SiC hulls and insolubles
appear to show the following trends:
1. The quantities of nonleachable nuclides in the wastes generally vary

with the type of nuclide, and to a lesser degree, with the fuel type.

*
In this case, nonleachable nuclides refer to those that cannot be leached

out by HNO3 in the normal operation of the fissile particle dissolver.
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The approximate orders of magnitude for the quantities of major

nuclides retained by the wastes, in terms of weight percent of

the nuclide in the original fuel, are:

Total uranium

Total thorium
90
Sr

134Cs, 137CS

144Ce

154Eu

106Ru, lZSSb

wt 7%

<~1 to 3

<~

~

~

~

~

14

3 to 5

1 to 2

10 for oxide fuel; ~ 2 to 4 for carbide fuel
10

25 for oxide fuel; ~ 1 to 2 for carbide fuel
50 to 70

The total radioactivity retained by the SiC wastes is estimated to

be ~ 1000 Ci/kg, which is more than a factor of 10 higher than the
lower limit of the high-level solid waste (> 70 Ci/kg; Table 1).

Although the figures for selected nuclides indicated in the second

trend are preliminary in nature, the amounts of uranium and thorium seem

to be greater than ten times those assumed for the calculated data in

Tables 5 and 6 (i.e., 0.1 wt % for both uranium and thorium). If this

trend should be confirmed, the need for development of a process to

recover uranium would probably be justified.

3.1.2.3 Process alternatives

Several alternatives have been considered for processing of the waste

SiC hulls and insolubles.

They are based on essentially two different

methods of approach, namely: (1) direct immobilization and packaging of

the wastes, and (2) chemical separation of radionuclides from the non-

radiocactive components of the wastes followed by separate processing of

the two fractions.

The first approach is not applicable when recovery of

uranium and/or other fissile materials is required.

Direct waste packaging and waste immobilization. At first observa-

tion, processing of the SiC hulls and insolubles may appear quite simple;

they could simply be placed in proper storage containers for long-term

isolation, since the radionuclides in this type of waste are 'nonleachable"
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in the dissolver solution (HNO3). However, the conditions in the dissolver
are completely different from those in the natural environment (e.g.,
geological isolation facility) where these wastes would be placed. No

data are available at this time that would predict the behavior of these
radionuclides in case of container failure in a geological isolation
facility. This would permit the large surface area of the wastes to be
exposed to a natural "leach solution" for an extremely long time, if water
should make a way into the isolation facility. Since the radionuclides

are in a powdery material, they are readily dispersible. Therefore, the
simple alternative described above would not be a reliable means for

isolation of this type of waste.

The next alternative is to incorporate the wastes into a matrix
material that is chemically and physically stable. Thus, the powdery
waste mass would be fixed in place (immobilized), and the exposed surface
area of the waste will be greatly diminished. The matrix binder would
also tend to eliminate or reduce the void volume and would presumably
improve heat dissipation. Glass, concrete, organic polymer, and bitumen
are among the matrix materials employed in fixation of low- and intermediate-
level wastes. 1In view of the high-level radiocactivity (> ~ 1000 Ci/kg)
of the waste SiC hulls and insolubles, glass is probably the only material
in this group suitable for immobilization. Incorporation of these wastes
into a glass matrix may be carried out by modification of the commerciélly
available technology for making borosilicate glasses. It involves melting

of a mixture of NayCOj3, Bp05, and sand with the wastes at 1200 to 1400°C.

One of the major drawbacks associated with this method is dilution of
the original wastes (or an equivalent increase in the waste volume) by
addition of the matrix material. The radionuclide content of the original
wastes is estimated to be ~1% by weight based on the weight of the wastes.
The dilution factor could be ~5. Even at this much dilution, radioactivity
of the wastes would still be high enough to be classified as high level.
This implies that a much larger volume of high-level waste than that of

the original waste would have to be handled.
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Chemical separation. Partitioning of the radionuclides from the

bulk of the nonradioactive constituents of the waste SiC hulls and insolu-
bles seems to be justified based on (1) the very low concentration (weight
basis) of radionuclides in the wastes (~1 wt %), and (2) the possible
presence of a significant amount of uranium in the wastes to warrant its
recovery. As a comparison in regard to the radionuclide concentration,
the fission product oxide content of the solidified HLLW generally ranges
from ~20 to 50 wt % depending upon the specific solidification technology
(see Sect. 3.3 for a detailed discussion of the HLLW).

The major goal of this method is to develop a process that would
partition the wastes into two portions, one containing nearly all radio-
nuclides and the other containing the bulk of nonradioactive constituents.
The process should generate little or no secondary waste. A provision for
separation and recovery of uranium may be required. The portion containing
mostly fission products and small amounts of residual uranium and other
actinides may be concentrated and immobilized by conversion into a glass
or ceramic material. The other portion, which has very low radioactivity,

could be processed as low- or intermediate-level wastes.

The first step in the conceptual process scheme described above is to
decompose the SiC hulls by some chemicals yet to be selected. The selected
chemicals must:

1. display a selective attack on SiC hulls and little or no interaction
with structural materials for the processing equipment;

2. have a high rate of reaction with SiC hulls at relatively low tempera-
tures;

3. allow the heavy metals and fission products to be readily separated
from the resulting mixture; and

4, produce a minimum amount of additional wastes from the process.

Among the chemicals known to attack SiC are halogens (e.g., Cl2 and
FZ)’ phosphoric acid, and molten alkaline salts. Phosphoric acid probably
will not be suitable since the reaction is slow and erratic, and it pro-
duces a layer of SiOz coating on the surface of SiC particles. One of
the drawbacks to the use of either Cl2 or F2 gas is their corrosiveness

toward many of the common structural materials.
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Table 7 contains a list of potential chemicals for decomposition of
SiC hulls, including the rates of reaction estimated from the published
literature. It has been reported26 that the presence of oxygen frequently
enhances the reaction between molten salt and SiC. The oxygen may come
either from the decomposition of the molten salt (e.g., Na202 and KNO3)

or from the air dissolved in the molten salt.

According to Table 7, the molten mixture of KOH—KNO3 (1:4) appears
to be the most suitable chemical of all those listed for decomposition of
SiC hulls, since a high rate of reaction may be expected at a relatively
low temperature (~500°C). This assumption was confirmed at least quali-
tatively in a brief scoping study,6 in which a comparison was made with
the reactions of SiC (nonradiocactive) and three different chemicals,
KOH-KNO3 (1:4), K, Co —KNO3 (1:4), and H_PO For example, the reaction

23 3774

of the molten KOH—KNO3 with SiC was ~90% complete at ~550°C within

~1.5 hr; the molten K2C03-KNO3 attacked SiC much more slowly although the
reaction temperature was appreciably higher (~900°C). Although the initial
reaction of H3PO4 with SiC was relatively fast, it then slowed down,

presumably due to formation of the Si0O, coating on the surface of SiC

particles. 2
A more systematic and comprehensive study will be required to critically
evaluate potential chemicals for decomposition of SiC under different pro-
cess conditions. 1In the selection of a suitable chemical for SiC decomposi-
tion, consideration should also be given to the effects of the decomposition
products on the complexity of the subsequent processing steps, and on the

amount and property of the secondary wastes.

3.1.2.4 Assessment of process alternatives

Table 8 summarizes the highlights of the three process alternatives
discussed above in terms of their relative advantages and disadvantages.
Processing of the waste SiC hulls and insolubles by the chemical separation
process is probably the best approach. This is based on the assumption that
the radionuclides in the wastes would have to be concentrated and immobilized
in order to avoid handling of either a powdery form or a large volume of

"diluted" high-level wastes. Should the presence of an appreciable amount
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Table 7. Potential chemicals for decomposition of SiC hulls

Melting point

Reaction temp.

Relative

Chemical (°c) (°c) reaction rate
1, - 1000 Low

F2 - 300 Moderate
Na2C03 851 900 Low
NaOH 318 900 Moderate
KOH 360 400 Moderate
KNO3 336 600 Low
Na,0, 4602 700 High
NaOH—Na202 (3:1) - 700 High
KOH-KNO, (1:4) ~260 500 High
Na2804—NaF (1:1) - 950 High

a
Decomposes.



Table 8. Comparison between different alternatives for processing of waste SiC hulls and insolubles

Process
alternative

Advantages

Disadvantages

Direct waste
packaging

Waste
immobilization
in matrix
material

Chemical
separation

Very simple equipment and operation

(1) Relatively simple process scheme

(2) Effectively fix wastes in place, and
reduce exposed surface area of the
waste particles

(1) Potential for separation and con-
centration of radionuclides into a
small volume

(2) Potential for recovery of uranium
and other fissile material

Fine particle sizes and large surface area
of wastes tend to make them readily dis-
persible during packaging and in case of
container failure

(1) Considerable increase in waste volume

(2) For glass matrix: requires high-temperature
material for equipment, high thermal
energy consumption (operating temp,
1200-1k00°C)

(3) Some nuclides (e.g., Cs, Ru, etc.) may be
released during melting operation.

(1) Process scheme is somewhat more involved
than two alternatives above.

(2) Requires transfer of radionuclides into
an aqueous phase which is potentially
more dispersible than solids

(3) Generation of secondary waste

8¢



29

of uranium in the wastes be confirmed (see Preliminary Hot-Cell Experi-
-mental Data in Sect. 3.1.2.2), the chemical separation process would be
the only alternative applicable to uranium recovery as well as radio-

nuclide separation and concentration.

Packaging and storage of the unprocessed wastes as a means of ultimate
isolation probably will not be satisfactory, mainly because of the dispers-
ible nature of the powdery waste form. Immobilization of the wastes into a
matrix material such as glass seems to be a simple and effective way of
drastically reducing the probability of dispersal. This waste form will
presumably be more acceptable for long-term isolation than the unprocessed
powder form. One major drawback to this method is the increase in the
volume of the high-level waste to be handled. Also, there may be some
technical problems associated with remote operation and maintenance of
equipment that processes a molten mass of high-level radioactive material

at high temperatures (~1200 to 1400°C).

3.1.2.5 Research and development needs

Table 9 lists the suggested areas to be investigated. These will
provide the primary basis for an evaluation of technical and economic

feasibility of the individual process alternatives.

It is desirable that the R&D work for the chemical separation process
be emphasized because of the reasons listed below:

1. The radionuclide content of the SiC hulls and insolubles is ~1 wt %
as discharged from the dissolver (after drying), despite their high-
level radioactivity. When compared with ~20 to 50 wt % of fission
product oxides in the solidified HLLW, the need for concentration is
indicated.

2. Based on the recent hot-cell data, there are indications that recovery
of uranium from these wastes may be necessary.

3. Much of the basic technical data required for the chemical separation
process is ,nmot available. This is in contrast with the waste immobi-
lization process based on the glass matrix for which the basic glass
technology is already available from the commercial source. In addition,
R&D activities in vitrification of the LWR-HLLW should provide useful

information on the incorporation of radioactive material into glass.



Table 9.

Identification of R&D needs and available information for waste SiC hulls and insolubles

Research and development needs®

Information from related R&D programb

General waste
characterization

Process alternative

Direct waste
packaging

Waste immobili-
zation in matrix
material

Chemical
separation

(1)
(2)

(3)

(1)

Physical properties of the wastes - e.g., particle size
distribution, bulk density, ete. (l-c, h)

Quantities, distribution,and characteristics (including
leachability) of fission products in the wastes as
affected by irradiation and head-end processing histories,
and fuel types (1-h; e-h)

Seme type of data as in (2) for U, Th,and Pu (1-h; e-h)

Feasibility of remote operation and maintenance of the
packaging equipment (e~c, h)
Container for packaging of the wastes (e-c, h)

Adaptation of commercial glass technology to the
wastes having high radioactivity; includes remote
operation and maintenance (1-h; e-c, h)

Distribution of radionuclides among gas phase, matrix
material, and equipment surfaces (1-h; e-h)
Leachability of radionuclides in immobilized wastes
(1-h; e-~h)

Evaluation of chemicals for SiC decomposition - e.g.,
composition of chemicals, reaction rate under different
process conditions, and reaction products (1-c,h; e-c,h)
Distribution of radionuclides among molten salt, insolu-
bles, off-gas,and equipment surfaces (1l-h; e-h)

Material of construction for molten-salt reaction vessel
(1-c; e-h)

Process schemes for separation of radionuclides from non-
redioactive constituents and for uranium recovery

(1-c, h; e-c, h)

(1) - (3): None

(1) LWR cladding hulls
(2) LWR cladding hulls (M)

(1) Commercial glass technology (M); LWR-HLLW
vitrification (M)

(2) None

(3) None

(1) Chemical data for SiC (M)

(2) None
(3) Corrosion data

(4) LWR-TRU recovery (M)

85ymbols in parentheses represent scopes of the development needs as follows: 1, laboratory scale; e, engineering scale; c, cold (nonradioactive,
includes tracer-level radioactivity) work; h, hot (radioactive) work. '

bSymbols in parentheses indicate the status of available information:

NAP, no active R&D program at present; M, modification of R&D program

or type of availsble information required-— some additional development work may be needed.

(013



31

3.1.3 Retired figsile particles and clinkers

3.1.3.1 General characteristics

Retired fissile particles. This type of material results from the

head-end processing of the 25W fuel elements up to the secondary crushing

step (i.e., after primary crushing and burning, and separation from the
fertile particles). The outer high-density graphite coating of these

fissile particles had been removed in the primary burning, but the

individual fuel kernels are still protected by three layers of coating:

the low-density graphite (buffer layer), inner high-density graphite, and

SiC layers, in that order, toward the outside. The size of these particles
would be ~500 um. They will be mixed with small fractions of broken particles

as well as cross-over fertile particles. The kernels of the 25W fissile
235

35

particles contain once-recycled uranium, the U content of which had

declined to ~4 to 5% (as compared with ~93% 2 U in the fresh fuel). Be-
cause of the excessively high 236U content (~70%Z of the total uranium is
236U, which is a neutron poison), the kernels are not suitable for further
recycle in the HTGR. Based on the assumed rate of fuel reprocessing listed
in Table 2 (a total of 20,000 F.E./year, 600 of which are 25W F.E./year),
the rate of generation of 25W fissile particles is estimated at ~4 MI/year

or ~100 ft3/year.

Clinkers. Clinkers are sintered masses of fuel particles produced
under abnormal operating conditions in the primary and/or secondary burners.
Although the exact causes for clinker formation have not yet been determined,
an uncontrollable temperature excursion in the burner tends to promote for-
mation of such masses. However, there is no way of predicting such an
occurrence, nor is there any reliable method for estimating the rate of

clinker formation. Clinkers of widely different sizes have been observed.

3.1.3.2 Radiochemical characteristics

Retired fissile particles. The complete spectra of fission products

and actinides are present in these fissile particles; therefore, this type

of waste stream has the highest specific radioactivity (~650 kCi/ft3 at

180 days of cooling) and specific rate of heat generation (-~3.7 kW/ft3
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at 180 days of cooling) of all HTIGR waste streams. Initially (180 days),
radionuclides contributing to the major portions of the radioactivity
(~95%) and the decay heat (~82%) are the fission products, as illustrated
in Table 10. Fission products are still the major contributors (~81%)
to the radiocactivity even after 8 years of cooling. On the other hand,
the role of the major contributors to the decay heat generation shifts
from fission products to actinides after prolonged cooling (5 to 8 years).
Actinides account for ~61% of the total heat generation at the end of the
8-year cooling period. 1In any case, cooling of the retired fissile particles
for 8 years will reduce both the total radioactivity and the total heat
generation rate by a factor of ~4 to 5. Most of the reduction is attribut-
able to the decay of fission products.

90 106 134 137

Among the predominant fission products are Sr, Ru, Cs, Cs,
and 1440e, which supply over 40% of the total radioactivity and ~1/4 of

the total heat generated at 180 days of cooling. Plutonium isotopes,
particularly 238Pu, represent the controlling actinides. They account
for ~90 to 95% of total actinide radioactivity, and ~80 to 90% of the
total heat generated by actinides, nearly all of which is derived from

238Pu.

Clinkers. It would be practically impossible to obtain a '"representa-
tive" sample of clinkers because they are formed under abnormal or "upset"
conditions that are unpredictable. Nevertheless, since they are typically
sintered masses of fuel particles, their radiochemical characteristics are

expected to be close to those of the original fuel particles.

Recently, a batch of fuel particle product from the primary burner
containing both clinkered and normal portions Wwas processed separately
through the secondary crushing, burning, and dissolution steps in the hot
cell.6 Analytical results of the SiC hulls and insolubles separated from
the dissolver products have indicated that the concentrations of the major
fission products and actinides (uranium and plutonium) in the clinkered
fraction were considerably higher (~3 to 65 times depending upon specific

nuclides) than those in the normal fraction.



Table 10. Variation in estimated radiochemical composition of retired fissile particles with cooling time?
(Basis: 600 25W F.E./year)
Radiocactivity (Ci) Rate of heat generation (W, B+y)
Ms jor Time after discharge from reactor Time after discharge from reactor
nuclides 180 days 5 years 8 years 180 days 5 years 8 years
Sr-90 2.47(6) 2.21(6) 2.06(6) 3.24(3) 2.90(3) 2.69(3)
Ru-106 3.84(6) 1.72(5) 2.16(L) 230 10 1
Sb-125 1.06(5) 3.37(L) 1.55(h) 430 1ho 60
1-129 0.3(1.8 kg) 0.3(1.8 kg) 0.3(1.8 kg) 1(-3) 1(-3) 1(-3)
Cs-13k T.42(6) 1.62(6) 5.87(5) 7.87(4) 1.72(h) 6.21(3)
Cs-137 2.78(6) 2.51(6) 2.34(6) L.55(3) 4.10(3) 3.83(3)
Ce-1kh 1.20(7) 2.16(5) 1.49(k) 9.81(3) 180 10
Eu-15L4 1.67(5) 1.37(5) 1.20(5) 1.37(3) 1.13(3) 990
Other F.P. 3.35(T) 5.62(6) L.68(6) 2.06(5) 2.63(4) 2.14(k)
U-235 0.1(63 kg) 0.1(63 kg) 0.1(63 kg) L(-3) L(-3) b(=3)
U-236 60(970 kg) 60(970 kg) 60(970 kg) 2 2 2
Pu-238 1.63(6)[97 kg] 1.58(6)[94 kg] 1.54(6)[91 kgl 5.41(4) 5.23(k4) 5.11(}4)
Other Pu 9.61(5)[53 kgl 7.76(5)[43 kg] 6.74(5)[37 kgl 170 170 170
Other actin. 3.26(5) 1.33(5) 1.2k4(5) 1.16(4) 4.61(3) 4.24(3)
Total F.P. 6.23(7) 1.25(7) 9.84(6) 3.0L4(5) 5.20(4) 3.52(L)
Total actin. 2.92(6) 2.49(6) 2.34(6) 6.59(k) 5.71(4) 5.55(k4)
Grand total 6.52(7) 1.50(7) 1.22(7) 3.70(5) 1.09(5) 9.07(k)

aNumbers in parentheses represent powers of 10.

£e



34

3.1.3.3 Process alternatives

Although both retired fissile (or 25W) particles and clinkers are
tentatively classified as the 'wastes,'" they can also be considered as
the "scraps" since they contain large amounts of uranium and other fissile
materials that are potentially recoverable. Despite the high 236U content
of 25W particles, which makes them uneconomical to be reused in the HTGR,
there might be a future possibility that uranium would be recovered and
utilized in some other types of reactors after removal of the bulk of
the 236U
both 25W particles and clinkers with minor modifications. Selection of

. The same process alternatives are presumably applicable to

a process among the alternatives listed below would be governed primarily

by whether these materials should be treated as wastes or scraps.

Direct packaging. This simplest method involves packaging of either

25W particles or clinkers as the waste in specially designed containers

for transportation and storage without any pretreatment. They are then
transported to a retrievable isolation facility. The possible problem with
this alternative is that some fractions of either 25W particles or clinkers
would have broken particles that tend to spread the radioactive contamina~
tion. Since clinkers are produced in widely different sizes and shapes,
some of them may have to be broken down to suitable sizes for the con-

tainer, which would result in additional broken particles.

Immobilization before packaging. In order to minimize the chance of

spreading the radioactive contamination, this method would incorporate the
25W particlesor clinkers into a matrix material (probably glass) before
being packaged for long-term isolation. Such processing may be carried

out either independently or in combination with vitrification of the HLLW.
One shortcoming of the immobilization approach is that it would be extremely
difficult in the future to retrieve these materials for further processing,

including recovery of fissile material.

Chemical processing. If it should be decided that either 25W particles

or clinkers were to be handled as scraps instead of wastes, they could
presumably be processed through the head-end and solvent extraction systems

of the fuel reprocessing plant. (See ref. 1 for details of the steps
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involved in fuel reprocessing.) The 25W particles could start with the
secondary crushing, while the clinkers may have to go through the primary
crusher first. Even when they are handled as the wastes, chemical pro-
cessing of these materials would be needed if future Federal regulations
should require that the long-lived nuclides, mainly actinides, are to be
. segregated from the fission products and placed in separate isolation

facilities (include transmutation of actinides).

3.1.3.4 - Assessment .of process alternatives

It appears that the direct packaging of the 25W particles or clinkers
without any pretreatment may be acceptable for onsite storage on a tem-
porary basis with a provision for retrieval. If no retrieval of these
materials is anticipated, they must be immobilized before they are packaged
and placed in the isolation facility. Clinkers are more likely to be subject
to chemical processing for recovery of fuel values than are the 25W particles,
because the former presumably contain a significant amount of uranium that
could be recycled to the HTGR. Advantages and disadvantages of the indivi-

dual process alternatives are compared in Table 11.

3.1.3.5 Research and development needs

Important topics pertaining to processing of 25W particles and clinkers
that are to be studied are itemized in Table 12. Separate characterization
of clinkers is necessary because their properties are expected to vary
considerably depending upon the conditions under which they form. The
items to be investigated for 25W particles are mainly for confirmation of the
calculated radiochemical characteristics and for acquiring the statistical

breakage and crossover data.

The R&D needs for the first two process alternatives (1 and 2) are
similar to those for the corresponding alternatives for waste SiC hulls
and insolubles (Table 9). Accordingly, each pair of the corresponding
alternatives may be consolidated in such a way as to minimize duplication
of the efforts. Chemical processing of 25W particles would be identical
to that of other types of fissile particles (i.e., 25R and 23R), and should
not require a separate R&D task., Some additional R&D work would be needed
to alleviate possible problems associated with irregular properties of

clinkers.



Table 11. Comparison between different alternatives for processing of retired fissile particles and clinkers

Process
alternative

Advantages

Disadvantages

Direct packaging

Immobilization in
matrix material

Chemical processing

Very simple equipment and operation

(1)

Relatively simple process scheme

Drastically reduces chance of spreading
radioactive contamination

Capability of recovering fuel values

Could utilize equipment and facilities
available at HTGR fuel reprocessing
plant

Presence of broken fuel particles and small
fuel particle sizes (~ 500 u) would be
conducive to spread of radioactive contamina-
tion during packaging and in case of container
failure.

(1) Extremely difficult to retrieve immobilized
wastes for chemical processing to recover
fuel values

(2) Use of matrix material with high chemical
and thermal stability would require high-
temperature material for equipment and
high energy consumption

(3) Potential problems associated with handling
of high-temperature molten mass

(1) Would require a somewhat more complex process
scheme than the other two alternatives

(2) Would require transfer of radionuclides into
gaseous and aqueous phases for processing.

9¢
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12. Identification of R&D needs and available information for retired fissile (25W) particles and clinkers

SubjJect

Research and development needs®

Information from related R&D programb

General waste
characterization

Process alternative

Direct packaging

Immobilization
in matrix
material

Chemical
processing

25W particles: (1) Radiochemical characteristics, including
isotopic composition (1-h); (2) approximate fraction of
broken particles and crossover of fertile particles

(1-h; e-h)

Clinkers: (3) Physical, chemical and radiochemical
properties; includes particle size distribution, distri-
bution of radionuclides and nonradiocactive constituents,
bulk density, etc., as affected by process conditions
(1-c, h; e-h)

(1) Remote operation and maintenance of packaging equip-
ment, possibly including a crusher for reducing
clinkers to certain manageable sizes (e-c, h)

(2) Container for packaging (e-c, h)

(1) Feasibility of combining with HLLW in vitrification
step (1-h; e-h)

(2) Adaptation of commercial glass technology to high-
radioactivity material; includes remote operation and
maintenance (1-h; e-c, h

(3) Distribution of radionuclides among gas phase, matrix
material, and equipment surfaces (1-h; e-h)

(4) Leachability of radionuclides in immobilized material
(1-h; e-h)

(1) Adaptation of HIGR reprocessing technology to processing
of clinkers, especially in crushing and leaching (1-h; e-h)

(1)

(1)

(2)
(1)
(2)

(3)
(&)

(1)

- (3): None

LWR cladding hulls (M)

LWR cladding hulls (M)
None

Commercial glass technology (M); LWR-HLLW vitri-
fication (M)

None

None

HTGR reprocessing (M)

85ymbols in parentheses represent scopes of the development needs as follows:

includes tracer-level radioactivity) work; h, hot (radiocactive) work.

bSymbols in parentheses indicate the status of available information:
type of available information required — some additional development work may be needed.

1, laboratory scale; e, engineering scale; c, cold (nonradioactive,

NAP, no active R&D program at present; M, modification of R&D program or

LE
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3.2 Non-High-Level Solid Wastes Including Transuranic Wastes

Solid wastes in this category are:

1. reflector blocks discharged from the HTIGR at a predetermined time

interval;

2. miscellaneous solid wastes consisting of HEPA filters, failed tools

and equipment, contaminated rags, gloves,and clothes, etc.;

spent catalysts and zeolites from the off-gas cleanup system;

4. crud and ash resulting from treatment of the primary wastes, mainly

from the solvent extraction system; and

5. spent ion exchange resins, filter cake, and evaporator bottoms

generated in the treatment of liquid wastes, chiefly from the solvent

extraction system.

According to the present ERDA guidelines, transuranic wastes are those
wastes containing predominantly alpha radiocactivity in excess of 10 uCi
per kilogram of solids. However, should the wastes contain significant
levels of beta and gamma radioactivity, they are usually processed as
either intermediate- or high-level wastes even though the alpha radio~

activity exceeds 10 uCi/kg.

3.2.1 Spent reflector blocks

3.2.1.1 General characteristics

The replaceable reflector blocks are those directly surrounding the
active reactor core of an HTGR. They are hexagonal graphite blocks,
~360 mm across the flats and either 793 mm (full-length) or 396 mm (half-
length) long,27 which are similar in shape to the fuel elements. These
reflector blocks contain different numbers of helium coolant holes that
are determined by their locations in the reactor core. Neutron absorbers

(boronated graphite rods) are also present in some of the reflector blocks.

Because of the accumulation of neutron activation products and radio-
nuclides transported from the reactor core by the helium coolant gas, the
reflector blocks are scheduled to be replaced on an 8-year cycle. The
average rate of replacement of the reflector blocks consistent with a
reprocessing plant having a capacity of 20,000 F.E./year is estimated27 at

5000 mixed blocks/year or an equivalent of 3550 full-size blocks/year.
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3.2.1.2 Radiochemical characteristics and radionuclide behavior

Radioactivity in the reflector blocks originates primarily from two
major sources: the impurities in the blocks which are activated through
interaction with neutrons; and broken fuel particles in the reactor core,
from which fission products and possibly traces of actinides are transported
by the helium coolant gas and deposited in the coolant holes of the reflec-
tor blocks.

Based on the calculated radiochemical composition,27 the major radio-

nuclides in the reflector blocks are 3H, 14C, 90Sr, 95Zr, 95Nb, 103R

110
mAg, 1255b, 129mTe, 134CS’ 137Cs, and 144C

>
e. The total radioactivity
(8-year accumulation, 100-day cooling) of each of the side and upper
reflector blocks is ~5 Ci per full-size block, while that of the bottom
reflector block is ~30 Ci per full-size block. Among the significant

contributors to these total radioactivities are 134Cs, 1370 90Sr, llomAg,

b
and lznge, approximately in that order. The estimated dose rates at 1 ft
from the surface of the block are ~4-7 R/hr at the upper end and side and

~32-33 R/hr at the lower side and end.

3.2.1.3 Process alternatives

There are essentially three process alternatives available for handling
the spent reflector blocks. Shallow-land burial (~20 ft deep) of the
reflector blocks after transport from the HTGR plant to the burial site
would be the most direct and simplest method of disposal. The next
simplest alternative is to crush and burn the blocks followed by treatment
of the off-gas streams, but without any treatment or fixation of 14C02.

The final alternative follows the same process steps as those in the

preceding, except that 14CO2 is fixed as CaCO3 and subsequently buried.

Shallow-land burial. This method involves shipping the reflector

blocks to a selected commercial burial site and burying them without
crushing or any other means of size reduction. Packaging of the blocks

in containers will probably be required before burial, regardless of
whether they are classified as transuranic wastes. A study by the General

Atomic Company27 (GAC) has considered western arid burial sites where



40

there is no high water-table problem and rainfall is low. Although
shallow-land burial of the reflector blocks will presumably be permitted
under the present regulations, there are speculations that such a practice

may be forbidden by future Federal regulationms.

Crush-burn. The reflector blocks first undergo size reduction to
~3/16-in. particles by a crushing system similar to that used for primary
crushing of fuel elements. The crushed particles are then burned in a
002—02 gas stream in a fluidized-bed burner. The burner off-gas stream
is expected to contain not only volatile radionuclides, but also semi-
volatile and particulate radionuclides. Accordingly, it must be treated
to reduce the radionuclide levels to far below the limits imposed by the
Federal regulations. The off-gas cleanup facility for the reprocessing
head-end system may be adapted to the present case to include at least
the units for removal of semivolatile and particulate nuclides (i.e.,
sintered-metal filter and cold trap), iodine, and tritium. An oxidizer
for CO and tritium may also be required upstream of the tritium removal
unit. The off-gas thus treated would be released to the environment.
This process alternative assumes that the 85Kr and 14C contents of the

off-gas stream are negligible.

Crush-burn and 14C fixation. This alternative is essentially the

same as the preceding, but it assumes the 14002 content to be sufficiently

14

high to require fixation by conversion to Ca™ CO The most promising

conversion process appears to be the one based oi the direct reaction of
the 14C—bearing 002 gas stream with slaked lime to form CaCO3 precipi-
tates. The mass of CaCO3 produced would have to be isolated from the
biosphere either by land burial or storage in a safer isolation repository.

146

The fixation process is described in more detail in the treatment of 02

resulting from head-end processing of the fuel elements (see Sect. 3.5.2.2).

3.2.1.4 Assessment of process alternatives

Shallow-land burial of reflector blocks appears to be the simplest
of the three alternatives under consideration. However, the costs of this
alternative are not necessarily lower than those of the other two. 1In fact,

the relative costs of the three process alternatives are governed by two
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major factors, in addition to individual process parameters: (1)
operating capacity (number of blocks per year), and (2) the waste
classification of the spent reflector blocks (i.e., whether they are
classified as alpha wastes or not). Following a recent economic evalu-
ation of the disposal of reflector blocks by GAC,27 the relative costs of
these three alternatives based on the capacity of more than 3550 blocks
per year are summarized below.

If non-alpha wastes:

e

(a) Process 1 Process 2
(b) Process 3 > Process 1 (at any capacity)

(¢c) Process 3 > Process 2

If alpha wastes:

(a) Process 1 >> Process 2 or 3
(b) Process 3 > Process 2
The process numbers given here identify the alternatives listed in Table

13, which also compares their relative advantages and disadvantages.

Although process 2 (crush-burn) almost completely eliminates reflec-
tor blocks by burning, it generates several secondary waste streams,
including: (1) the burner ash containing most of the nonvolatile radio-
nuclides, (2) spent sintered-metal filters and cold traps contaminated
with semivolatile and particulate nuclides, and (3) spent catalysts,
zeolites, and molecular sieves loaded principally with volatile and
semivolatile nuclides (e.g., Iz, Cs, Ru, 3H2’ etc.), and tritiated
water —- all from the off-gas cleanup system. Nevertheless, the total
volume of these secondary waste streams would be considerably less than

that of the original reflector blocks.

Process 3 provides near-complete control of all the radioactive
effluents, including control of the 14C-contaminated CO2 gas stream,
One significant shortcoming is the drastic increase in the volume of the
secondary solid waste streams [mainly attributable to the 140 fixation
process (as CaCO3)] as compared with the original volume of the reflector
blocks. On the other hand, this shortcoming becomes unimportant if the

burial method should be prohibited in the future and/or the reflector



Table 13. Comparison between different alternatives for processing of spent reflector blocks
Process
alternative Advantages Disadvantages

1. Shallow-land
burial

2. Crush-burn

3. Crush-~burn
and
th fixation

Very simple operation

(1) Capability for near-complete
elimination of the primary waste
(reflector blocks)

(2) No requirement for transportation
and isolation of the primary waste

(1) Capability for near-complete
elimination of the primary waste
(reflector blocks)

(2) Has means for l4c control

(1)
(2)

(2)
(3)
(1)

(3)
(%)

Possibility of radionuclides being dispersed by
water in case of container failure
Relatively high transportation cost

Transfer of some radionuclides to the gas phase

Require higher costs for capital and operation
because of high temperature involved and also
because of the need to treat off-gas

Incapable of controlling 85kr and 14C should
they exceed the regulatory limits

aﬂd (2): Same as above

14c fixation as CaCO, would add considerable
sum_of costs to the total

No S%Kr control equipment

(A4
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blocks contain higher concentrations of alpha emitters than the level

classified as alpha wastes.

3.2.1.5 Research and development needs

The R&D needs in characterization of spent reflector blocks listed
in Table 14 are important, especially in confirming the calculated
quantities of fission products and in determining the actinide contents.
Accurate prediction of the quantities of fission products and actinides
in spent reflector blocks is considerably more difficult than that of
neutron-activation products. This is mainly because the former two
types of nuclides originate in the broken fuel particles in the reactor
core; the transport mechanisms of these nuclides are complex and not well

understood.

Development work for the burial method would be concerned mostly
with: (1) the design of the disposal container for the reflector blocks,
and (2) evaluation of the container material with regard to its long-term
interaction with selected soil samples. Migration behavior in the soils
of radionuclides leached out of the reflector blocks can presumably be
inferred from the results of the current development programs sponsored
by the Office of Waste Isolation (OWI). Efforts required in the R&D
needs for processes 2 and 3 (Table 14) are expected to be minimal since
most of the fundamental data would be available from other on-going R&D

programs.

3.2.2 Spent catalysts and molecular sieves

3.2.2.1 General characteristics

These solid wastes are discharged from the off-gas cleanup system
(for the off-gas stream from the head-end processing of fuel elements)
after their performances decline below the design requirements. Spent
catalysts originate from two sources, the NOx decomposition unit and the
off-gas oxidizer (for oxidation of CO and tritium). The catalysts from
the former are ~1/16-in.-diam zeolite extrudates (hydrogen mordenites),

while those from the latter will probably be an oxidation catalyst for



Table 1k. Identification of R&D needs and available information for spent reflector blocks

Research and development needs® Information from related R&D programsb
General Waste (1) Quantities, distribution,and characteristics (including
characterization leachability) of radionuclides in reflector blocks as
affected by irradiation history (1-h; e-h) (1) - (2): None

(2) Mass transfer data for selected nuclides under simulated
transport condition from reactor core to reflector
blocks (1-c, h)

Process alternative

Shallow-land burial (1) Disposable container for spent reflector blocks for (1) None
transport and burial (e-c)
(2) Interaction of selected soil samples with the container (2) OWI progrem on migration of nuclides in soils (M)
material and with graphite material containing tracers
of important nuclides (l-c, h)
Crush-burn (1) Adaptation of primary crushing-burning technology from (1) HTGR reprocessing - head-end system (M)
the head-end system to processing of reflector blocks
(e-c, h)
(2) Modification of off-gas cleanup system (for HTGR head- (2) HIGR reprocessing - off-gas cleanup (M)
end system) to treat burner off-gas (e-c)
Crush-burn and (1) - (2): Same as abpve (1) - (2): Same as above
1k¢ fixation (3) Design data for 1*C fixation as CaC0y (e-c) (3) ThU Waste Program and LWR Waste Program on

| 1 fixation
(4) Method of isolation for CaCO3 contaminated with e gna (4) Same as above
other nuclides (l-c; e-c)

a'Symbols in parentheses represent scopes of the development needs as follows: 1, laboratory scale; e, engineering scale; ¢, cold (nonradiocactive,
includes tracer-level radioactivity) work; h, hot (radioactive) work.

bSy'mbols in parentheses'indicate the status of available information: NAP, no active R&D program at present; M, Modification of R&D program or
type of available information required — some additional development work may be needed,

vy
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both CO and H, (the selection has not yet been finalized). Both types
of spent catalysts will probably be contaminated with radionuclides and

nonradioactive poisons in the off-gas.

Spent molecular sieves are synthetic crystalline zeolites of two
different cation forms. Those from the tritium removal unit are of the
sodium form (e.g., Linde Type 3A), loaded primarily with residual tritiated
water. Those discharged from the iodine removal unit are of the silver-
exchanged form (e.g., Linde Type 13X), commonly called silver zeolites,
loaded with iodine. Also, trace quantities of other radionuclides as
well as nonradioactive impurities, are expected to be retained by these
spent molecular sieves. Molecular sieves of other cation forms (e.g.,
cadmium and lead zeolites) have been suggested for use in iodine removal
in place of high-priced silver zeolite, but their performances appear to

be unsatisfactory.

The current R&D data for various components of the off-gas cleanup
system do not permit accurate estimation of the generation rates of these
waste streams. The order-of-magnitude estimates, on a per-year basis,
for a reprocessing plant with an annual capacity of 20,000 F.E. are:
~140 ft3 for both types of spent catalysts, ~150 ft3 of spent molecular
sieve from the tritium removal unit, and ~1000 ft3 of spent silver zeolite

from the iodine removal unit.

3.2.2.2 Radiochemical and chemical contaminants

Distributions of radionuclides and nonradioactive contaminants on the
spent catalysts are rather difficult to estimate since no suitable experi-
mental data are presently available to use as guidelines. Based on the
estimated catalyst properties and the calculated compositions and other
properties of the off-gas streams, the contaminants on the catalysts from
the NOX decomposition unit would probably include residual amounts of water
(of the order of ~2 wt %), NH

3’
decay daughters of 220Rn. Similarly, the catalysts from the off-gas

and NOX, as well as traces of iodine and

oxidation unit would be contaminated with small amounts of 802 and C02,
and trace quantities of (but appreciably higher than those on NOX decomposi-
tion catalysts) iodine, decay daughters of 220Rn, HTO, and semivolatile

radionuclides.
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The major contaminant on spent silver zeolite is iodine (of the
order of 10 mCi/kg); however, traces of tritiated water, 220Rn decay
daughters, and semivolatile radionuclides are also expected to be present.
The spent molecular sieves from the tritium removal unit will contain a
residual amount (of the order of ~500 mCi/kg) of tritiated water, plus

traces of iodine and other radionuclides found on the spent silver zeolite.

3.2.2.3 Process alternatives

Information pertaining to the nature of various contaminants taken
up by the spent catalysts and molecular sieves is quite limited. Never-
theless, such contaminants are present presumably as physically or
chemically adsorbed species. Evidence indicates that the iodine isotopes
in the silver zeolite are relatively stable chemical species; in any case,
they are probably leachable and dispersible and, therefore, must be

immobilized by some means.

A number of immobilization technologies being developed for non-high-
level LWR wastes might be adaptable to immobilization of radionuclides in
the spent catalysts and molecular sieves. Among these are: (1) direct
packaging, (2) incorporation in cement with additives, (3) immobilization
in polymer-impregnated concrete, and (4) sealing with or conversion into
glass. A brief discussion of these alternatives is presented in the

paragraphs that follow.

Direct packaging. Double-contained packaging of the spent catalysts

or molecular sieves may be acceptable at present. This involves initial
packaging of the wastes in a disposable container followed by overpacking
in a DOT-approved outer container. From the long~term viewpoint, it is
desirable that different types of wastes be packaged separately to minimize
the probability of producing compounds which might interact with the
container material. For example, the iodine-laden silver zeolite, together
with the tritiated water-laden molecular sieve or any other moisture-
containing material, would produce HI, which is highly corrosive toward

common container materials (e.g., stainless steels).

Incorporation in cement with additives. Although the incorporation

of non-high-livel radioactive wastes in cement has been practiced for a



47

number of years, the formulation of a satisfactory mixture for a specific
type of waste still requires a certain degree of experimentation. In the
present case, mixing with cement alone will not be an effective means of
immobilization since the cured solids will still have an open-cell

structure which permits radionuclides to be leached out by water.

Improved leach resistance over that of the plain cement-waste mixture

"can probably be obtained by adding certain mineral materials (e.g., fly ash,
drilling clay, and grundite) to formulate cemetitjious grouts. This type

of mixture has been utilized in the isolation of non-high-level liquid
wastes by the hydrofracture method.28 The main function of these additives
is to improve retention of key radionuclides (i.e., special fly ash to
retain strontium, and grundite to retain cesium); in addition, they lower
the volume expansion factor (e.g., ~30% volume increase over the original
waste as compared with ~100%7 with conventional cement-waste mixtures).

The leach rates of fission products from the cured products were reported

to compare favorably with those from borosilicate glasses.zg’30

Polymer-Impregnated Concrete (PIC). This alternative consists of

soaking the cured concrete-waste mixture with synthetic monomer such as
styrene, followed by heating to 50-70°C to polymerize the monomer-impregnated

2
concrete-waste in situ.31’3

The polymer effectively seals the pores, and
the resulting product (PIC) is practically impermeable, thus reducing leach-
abilities of the radionuclides by two orders of magnitude as compared with
conventional cement-waste products. The PIC is also characterized by high
resistance to chemical attack and high mechanical strength, but starts to

decompose at ~250°C even though it is nonflammable.

Sealing with or conversion into glass. The current emphasis in the

application of glass technology to waste processing is on vitrification
of HLLW. The R&D work specifically directed toward non-high-level wastes
is rather limited; nevertheless, the data derived from development work
relative to HLLW vitrification should prove useful in the processing of

spent catalysts and molecular sieves.

Glass technology could be utilized in the processing of such wastes

in two ways. One method of approach is to place the waste material in
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the glass matrix (mp ~1200°C), thus sealing the pores. Another method
would make use of the components in the waste material (i.e., SiOz, A1203,
Na20, etc.) as part of the ingredients required for formulation of an
acceptable vitrified waste (e.g., borosilicate glass type). The latter

approach may require an appreciably higher temperature than the former.

3.2.2.4 Assessment of process alternatives

Packaging of the spent catalysts and molecular sieves without
additional processing is probably the simplest and most economical
alternative for handling such waste. This method is still permitted
under the present regulations as a means of preparing for transport to
a Federal isolation repository. However, such a practice could be pro-
hibited in the future because of the potential for the radionuclides in

the wastes to be dispersed by leaching in case of container failure.

Use of cement or concrete modified with either mineral additives or
organic polymers represents a significant step in immobilizing the radio-
nuclides. A polymer-impregnated concrete (PIC) waste mixture appears to
have characteristics (e.g., low leachability and high mechanical st}ength)
that are superior to the mineral-modified cement-waste mixture on a near-
term basis. However, in spite of these advantages, the long~term perform-
ance of the PIC-waste mixture is obscured by uncertainties pertaining to
thermal and chemical stabilities of its organic constituents over a pro-
longed isolation period. The process alternatives based on both tvpes of
formulations (i.e., cement-mineral additives and PIC) have fundamentally
desirable features in that the associated equipment and procedures are
relatively simple, with the process temperature being near ambient

(< ~70°C).

Incorporation of the wastes in glass would yield a product with the
highest thermal and chemical stability of the four process alternatives
considered here. One of the shortcomings with this process is the poten-
tial losses of iodine, tritiated water, and semivolatile nuclides from
the waste materials at glass-forming temperatures. Therefore, this

alternative may not be suitable for processing spent molecular sieves and
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zeolites unless the overall scheme and/or conditions could be designed
to circumvent its problem. It is possible that certain glass-making

formulations might suppress their volatility.

Major advantages and disadvantages of the four process alternatives

discussed above are summarized in Table 15.

3.2.2.5 Research and development needs

As outlined in Table 16, the areas requiring major R&D efforts are
related to characterization of the as-discharged waste materials and the
immobilized wastes from the three process alternatives. Relatively minor

work would be needed in most other areas.

The process to incorporate the molecular sieve type of material into
cement with mineral additives should be investigated to determine how the
leachability and the mechanical strength of the product could be improved
sufficiently to be competitive with those from alternatives 3 and 4
(Table 16). Since molecular sieve is basically an aluminosilicate compound,
it may have some beneficial effect on the immobilized wastes. Much of the
data from the LWR-ILW immobilization program should be useful to both the

above study and the study on alternative 3 (PIC).

The bulk of the information from commercial glass technology as well as
that expected from the LWR-HLLW vitrification work should be adaptable to
the effort on immobilization of wastes. Major emphases must be placed upon
development of: (1) methods to retard or eliminate volatilization of radio-
nuclides from the molten glass (e.g., formulation to lower the melting point),
(2) a method to utilize the waste material (molecular sieve) as part of the

required ingredients for glassmaking, and (3) the off-gas treatment system.

3.2.3 Spent ion exchange resins, filter cakes, evaporator bottoms

3.2.3.1 General and radiochemical characteristics

These streams (wet solids or sludge) are composed of the secondary
wastes resulting from the treatment of various non-high-level (i.e., so-

called low-level and intermediate-level) liquid wastes (see Table 1 and



Table 15.

Comparison between different alternatives for processing of spent catalysts and molecular sieves

Process alternative

Advantages

Disadvantages

Direct packaging

Incorporation in
cement with additives

Polymer-impregnated
concrete

Incorporation in
glass

Very simple equipment and operation

(1) Relatively simple processing equipment
and operation

(2) The product has considerably lower leachability
and lower volume expansion than conventional
cement~waste mixtures,

(1) Has much lower leachability, higher strength,
and higher resistance to chemical attack than
conventional cement-wastes

(2) Nonflammable, and thermally stable up to ~ 200°C

(1) Has lower leachability than any of products from
above alternatives

(2) High resistance to chemical attack, and high
thermal stability

In case of container failure, the wastes would be
permesble to water and conducive to spread of
radionuclides.

(1) The product has lower strength than conventional
cement-waste mixture.

(2) Leachability is generally higher than glassified
wastes.

(1) Long-term stability of organic polymer uncertain

(2) Decomposes at > ~ 250°C

(1) Requires high-temperature material for equipment,
and high thermal energy consumption

(2) Some radionuclides (i.e., I2, HTO, etc.) would be
released at glass processing temperatures.

(3) Potential problems in handling molten glass con-
taining radionuclides

0s



Table 16.

Identification of R&D needs and available information for spent catalysts and molecular sieves

Research and development aeedsa

Information from related R&D programb

General waste
characterization

Process alternative

1. Direct packaging

2. Incorporation in cement
with additives

3. Polymer-impregnated
concrete

L. Incorporation in glass

(1) Quantities, distribution, and characteristics (including
leachability) of radionuclides in waste material as
discharged (l-c, h; e-h)

(2) Frequencies or rates of discharge of individual
wastes (1-c, h; e-h)

Containers for packaging of individual types of waste
(e-c, h)

(1) Reduction in leachability and product volume, and
improvement in strength as influenced by different
additives and process conditions (l-c, h; e-h)

(2) pistribution of radionuclides within the finished
products (1-c, h; e-h)

(1) Engineering-scale process equipment and
operation (e-c, h)

(2) Thermal stability, long-term chemical stability,
and leachability as affected by polymer-concrete-
waste formulations and process conditions (l-c, h; e-h)

(1) Adaptation of glass technology to incorporation of
zeolite-type material into glass (equipment, formu-
lation, process scheme, etc.) (l-c; e-c)
Distribution of radionuclides among glass, gas phase,
and equipment surfaces (1-h; e-h)

(3) Leachability of radionuclides in glass (l-c, h)

(4) Off-gas treatment system (l-c; e-c, h)

(2

(1) None

(2) HTGR reprocessing off-gas cleanup

LWR-ILW (solids) containers (M)
(1) LWR-ILW solidification (M)
(2) None

(1) LWR-ILW solidification

(2) Same as (1) (M)

(1) LWR-HLLW vitrification and commercial glass
technology (M)

(2) = (3): None

(4) Same as (1) (M)

aSymbols in parentheses represent scopes of the development needs as follows:

includes tracer-level radioactivity) work; h, hot (radiocactive) work.

1, laboratory scale; e, engineering scale; ¢, cold (nonradioactive,

bSymbols in parentheses indicate the status of available information: NAP, no active R&D program at present; M, Modification of R&D program or
type of available information required — some additional development work may be needed.

189
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Fig. 1). The ion exchange resins commonly used are strong-acid cation
and strong-base anion resins of styrene-polyvinyl benzene copolymers.
Resins of weak-acid and -base types derived from other types of organic
polymers are also utilized. The functional groups associated with cation
resins may consist of either sulfonic (strong-acid) or carboxylic (weak-
acid) radicals with exchangeable H+ or Na+ ions. Quaternery ammonium
(strong-base) or amine radicals with exchangeable OH™ or Cl are the
functional groups in anion resins. Most of the radionuclides taken up
by the spent ion exchangers are those that were present in the original
liquid wastes as ions (e.g., Sr, Cs, I, and certain rare earths and
actinides). Some nuclides in large particulate forms are also retained

by the ion exchange bed functioning as a filter.

The filter cake presumably consists of filter aid [e.g., diatomaceous
silica, "puffed" lava (aluminum alkali silicate), etc.] mixed with radio-
nuclides (e.g., Fe, Co, Zr, Nb, Ru, Rh, and some rare earths and actinides)
that form large (>> ~ 1-u size) solid particles. Evaporator bottoms are
expected to contain large amounts of salts (e.g., nitrates, sulfates, and
carbonates) contaminated with ionic radionuclides (e.g., Sr2+, Cs+, 1)

as well as nuclides in solid forms (e.g., Co, Zr, Nb, Ru, Rh, and actinides).

These wastes would probably contain sufficiently high concentrations
of actinides to be classified as transuranic wastes. Whether the amounts
of fissionable material present in these streams warrant a recovery effort

is yet to be determined on individual bases.

3.2.3.2 Process alternatives and evaluations

Since the radionuclides in these wastes are highly leachable and
dispersible, the wastes must be incorporated into thermally and chemically
stable solids to immobilize the radionuclides. Two process alternatives
discussed previously could be utilized in immobilization of all three types
of wastes under consideration. They consist of incorporating the waste
into either cement with additives or polymer-impregnated concrete. Discus-
sion presented in Sect. 3.2.2.3 and the assessment made in Sect. 3.2.2.4
pertaining to the above two alternatives (for spent catalysts and molecular

sieves) are still valid for the present case.
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The filter cake and evaporator bottoms could also be immobilized
by glassification technology similar to that described in Sect. 3.2.2.4,
but they must be first converted to dry solids by calcination. The
presence of significant amounts of corrosion products (e.g., iron, cobalt,
manganese, and aluminum hydroxides) in either the filter cake or the
evaporator bottoms should not present a serious problem since similar types
of sludges have been successfully glassified33 at ~1150°C. Likewise, the
silicate compounds in the filter cake (from filter aid) or sodium carbonate
and/or nitrate in the evaporator bottoms could presumably serve as part

of the ingredients required in glassmaking.34

Glassification of these wastes will be considerably more costly then
the other two alternatives in terms of the operating costs as well as the
capital costs, mainly because the process requires handling of a high-
viscosity molten radioactive mass at high temperatures. As in the glassi-
fication of other types of solid wastes, losses of volatile and semi-
volatile radionuclides must be kept to a minimum by the use of suitable

process conditions and glassmaking formulation.

The spent ion exchange resins can also be processed as combustible
waste, for example, by the incineration technique to be discussed in detail
for the miscellaneous combustible wastes (see Sect. 3.2.4). The potential
problems associated with incineration of ion exchange resins are: (1)
formation of corrosive and polluting gases (e.g., 802), (2) formation of
salts that are detrimental to the furnace lining, and (3) release of

semivolatile radionuclides (e.g., cesium, iodine, and ruthenium).

3.2.3.3 Research and development needs

The characteristics of the spent resins, filter cake, and evaporator
bottoms from a HTGR fuel reprocessing plant are not expected to be
significantly different from those of the corresponding wastes from an
LWR plant. The HTGR wastes will presumably contain larger quantities of
thorium isotopes and their decay daughters than the LWR wastes. However,
R&D work is needed to more accurately define these HTGR waste streams in

terms of quantities and properties (physical, chemical, and radiochemical).
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As to the process alternatives discussed previously, the R&D needs
for the HTGR case should be practically identical to those for the LWR
case. Therefore, the results from the R&D programs being carried out
for processing of the spent resins, filter cake, and evaporator bottoms
from the LWR reprocessing should be applicable to the corresponding HTGR

wastes with little modification.

3.2.4 Miscellaneous solid wastes

3.2.4.1 General and radiochemical characteristics

This category includes: (1) noncombustible wastes, such as HEPA
and roughing filters, failed tools and equipment, scrap metals, spent
silica gels and molecular sieves, and miscellaneous trash; and (2)
combustible wastes, including rags, clothing, paper, wood, plastic and

rubber materials, and organic ion exchange resimns.

The most important materials of construction contained in the spent
HEPA and roughing filters are fiberglass and metals, although some organic
materials are also present. They are loaded with fine particles of different
sizes, and their radiocactivities vary considerably within the range of low
to intermediate level, depending upon the original service location.
Frequently, these wastes contain sufficient quantities of particulate

nuclides of transuranic elements to be classified as transuranic wastes.

Failed tools and process equipment, which consist essentially of metals

of different types, are usually decontaminated in place to remove as much

of the radionuclides as possible before they are taken out of service.

Large pieces of equipment (e.g., columns, tanks, dissolvers, etc.) would
have to be disassembled before removal and treatment. Most of the tools

and equipment will still have low- to intermediate-level radioactivities,
primarily attributable to fission products, after decontamination. The
failed process equipment handling streams containing heavy elements are

expected to retain appreciable amounts of alpha radioactivity.

Spent molecular sieve from the radon retention unit of the off-gas

cleanup system normally contains 220Rn (half-life, 55 sec) and its decay
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daughters (longest half-life, 10.6 hr for 212Pb). Therefore, this

material shows a rapid decline in radioactivity level after discharge.
It may also be slightly contaminated with semivolatile F.P. Spent silica
gel from the uranium purification step would be contaminated with mixed

F.P., as well as actinides.

Plastic and rubber waste materials are generated mainly by glove-box
operations, while rags, clothing, paper, wood, etc., come from different
sources. Although these wastes differ greatly with regard to type and
degree of radioactive contamination, they presumably contain variable
amounts of F.P., and actinides. The latter group of wastes are readily
combustible, producing essentially CO2 and HZO’ and possibly traces of
semivolatile nuclides. Burning of the former group of wastes, however,
could release harmful gaseous pollutants (e.g., 802, Clz, HC1l, etc.),
depending upon the compositions of rubber and plastic materials. These
combustion products are detrimental to the materials of construction for

the combustion equipment.

In addition to the LLLW and ILLW treatment system, spent ion exchange
resins are also discharged from the fuel pool water treatment system. Two
of the major radionuclides taken up by the resins are 137Cs and 90Sr. The
basic characteristics of these resins would be similar to those from the

LLLW-ILLW treatment system.

The total rate of generation of miscellaneous solid wastes plus spent
ion exchange resins, filter cake, and evaporator bottoms (sludge) (see
Sect. 3.2.3) is estimated to be ~ 70,000 ft3/year for a reprocessing plant
with an annual capacity of 20,000 F.E. The combustible trash (rags,
clothing, paper, wood, plastic, rubber, etc.) would probably account for

nearly one-half of this volume.

3.2.4.2 Process alternatives, their features and R&D needs

Numerous processes either being practiced or being developed for
miscellaneous solid wastes from LWR fuel reprocessing and other nuclear
facilities should be directly applicable to the present case. The basic

goal common to all the processes is containment with or without volume
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reduction. A drastic volume reduction in the primary waste stream could

be achieved by burning of the combustible wastes.

Processing of these wastes is generally preceded by a preparation
step which may consist of sorting, mechanical disassembly, and/or decon-
tamination. Sorting deals with segregation of the wastes into combustibles
and noncombustibles in addition to separation according to radioactivity
levels. Separation of the wastes containing recoverable amounts of fissile
material (i.e., uranium, plutonium) is also important. Decontamination
is mainly concerned with removal of surface layers of radioactive contami-
nants on failed process equipment and tools. Selection of process alterna-
tives is governed primarily by whether the wastes are combustible or non-
combustible. Most of the alternatives have already been discussed elsewhere
in this report and/or in other sources of published literature. Conse-
quently, only a brief listing with references is presented in Table 17.
Table 17 also summarizes important characteristics of different alterna-

tives, together with the R&D needs.

3.3 High-Level Liquid Wastes

Following the criteria listed in Table 1, covered under this category
are:

1. High-level liquid wastes (HLLW), containing primarily the mixture of

aqueous raffinate from the first-cycle extraction column (major portion)
and the concentrate of raffinate from the second-cycle extraction column
(minor portion). These wastes originate from both the Purex and Thorex
processes.

2. Thorium nitrate solution, which is an acidic solution of thorium nitrate

discharged from the first-cycle partition-scrub colummn in the Thorex

solvent extraction system.

The HLLW is one of the nuclear wastes of major concern because of its
intense radioactivity and decay heat associated with the readily dispersible
liquid waste. Although the thorium nitrate solution is treated as a waste
here, it most likely will be stored for a prolonged period (~ 20 to 30 years)
and may be either recycled as a fuel material or processed as waste at that

time.



Table 17.

Process alternatives for miscellaneous solid radiocactive wastes

Form of
Process Volume final Leach- Technology status, problems, and Refer-
alternative Process description reduction Product ability development needs® ences
Combustible Solid Wastes
Direct
packaging No treatment 1 Unchanged High (1) Available. (2) Requirement of
large storage space.

Compaction Mechanical compres- 5 to 15 Unchanged High (1) Available. (2) Potential spring- 7,8
sion of wastes inside back of wastes and airborne contamina-
of container. tion.

Immobiliza— Incorporation of <1; Waste disper- Low to (1) Available. (2) Requirement of 28-32

tion in solid shredded wastes into possibly sed in solid very low large storage space; little or no

matrix cement or other solid volume matrix volume reduction, possibly volume
matrix. increase increase depending upon waste type.

(3) Determination of suitable waste-
matrix mixtures for different wastes,
Combustion
1.Incineration Fluidized-bed 20 to 4o Refractory Moderate (1) Cold pilot plant. (2) Release of 35
processes incineration of wastes oxides semivolatile and particulate radio-
in Na CO3 bed (550~ nuclides. (3) Gas effluent control;
600003. ash-salt separation.
Cyclone incineration 30 to 50 Refractory Moderate (1) Cold pilot plant. (2) Disposal
of wastes in vertical oxides of scrubber solution; throughput of
combustion chamber U or Pu-containing waste is limited
(1100%). by criticality; corrosion of off-gas
system. (3) Process optimization;
confirmation with actual radioactive
wastes.
Dual~chamber two- 30 to 50 Refractory Moderate (1) Cold pilot plant. (2) and (3): 36
stage combustion oxides Same as (2) and (3) above.
(500-800°¢C; 800-1100°C)
Incineration in 30 to 50 Refractory Moderate (1) Cold pilot plant. (2) Suitable 37
inelined rotating kiln oxides seals for rotating kiln; possible in-
(600-800°C primary complete combustion and glass formation|
chamber; 1000°C after- (3) Engineering-scale demonstration
burner) with actual radioactive waste.
2.Pyrolysis Air-deficient pyrolysis| 30 to 50 Refractory Moderate (1) Cold pilot plant. (2) Potential 38
in fixed bed (vertical) oxides plugging of pipe lines by tars; off-
(600°C) followed by comd gas cleanup. (3) Process optimization;
bustion in secondary confirmation with actual radiocactive
chamber (120000) wastes; off-gas treatment system.
3 Molten-salt Combustion of wastes 30 to SOd Salt-ash High to (1) Cold pilot plant. (2) Relatively 39
combustion with air in molten (after ash- mixture Moderate high loading of salt particulate in
Na2003—Na2SOh(N8OOOC) salt separa- off-gas; molten-salt handling; corro-
tion) sion; ash-salt separation. (3) Tests
with actual radioactive wastes.
4 Acid Digestion of wastes in | 30 to SOd Salt cake- High (1) Cold pilot plant. (2) Release of Lo
digestion HZSOh—HNO3 at 230-250°C| (After ash- |sulfate volatile nuclides (e.g., I, and Ru);
salt separa- |oxide equipment corrosion by off-gas (e.g.,
tion) mixture 80,, S0, HCl,etc). (3) Off-gas treat-
ment sygtem; confirmation with actual
radioactive wastes.
Noncombustible Solid Wastes

Direct No treatment for small 1 Unchanged High (1) Available. {2) Requirement of

packaging equipment; disassembly large storage space.
needed for large equip-
ment.

Compaction For small components <5 Unchanged High (1) Available for small waste compo- 7,8
and equipment: same as nents and equipment. (2) Potential air-
combustible wastes. borne contamination; handling of large
For large equipment: and heavy pieces of radloactive equip-
disassembly needed. ment. (3) Adaptation of large-scale

commercial compactor to handling of
radioactive equipment.

Melting Melting of metallic 5 to 15 Metal Low (1) Small-scale studies on stainless 11-13
waste in furnace and ingot steel. (2) Potential loss of semivola-—
cast into ingots tile nuclides; remote operability;

material of construction. (3) Adapta-

tion of commercial metalm~scrap melting
technology to large~scale radioactive

scrap metal.

Molten~ Molten Na2003-air §5d Salt-ash High to (1) Bench-scale hot test. (2) Molten 39

salt oxidation of“thin- mixture moderate salt handling; ash-salt separation;

reduction wall metallic com- relatively high salt particle loading;

ponents

potential loss of semivolatile nuclides
limited to thin-wall metal and glass;
equipment corrosion. (3) Confirmation
with engineering-scale equipment using
actual wastes; suitable material of
construction.

"Ratio of Final Volume

Initial Volume

bLeachability of radionuclides from unpackaged waste mass.

CItem (1):

technology status; Item (2):

major potential problems; Item (3):

major development needs.

d R R . . . . . .
Assume clean separation of ash with radionuclides from nonradiocactive salts; otherwise a volume increase

may occur.

LS
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3.3.1 High-level liquid waste (HLLW)

3.3.1.1 General characteristics

The HLLW is an aqueous HNO3 solution (~2 M as discharged) containing
a variety of reprocessing chemicals and corrosion products as well as
most (~ 90 to 99%) of the fission products and small amounts of actinides.
Among the chemical species other than N03_ found in the HLLW are: Na, Ni,
Fe, Cr, F , POAB—, and 5042_. Soluble neutron poisons (e.g., B, Cd, Gd)
used in dissolution of the fuel may also be found in the HLLW. The chemical
of most concern is fluoride because of its corrosive nature toward common
materials of comnstruction. This subject is discussed in detail in Sect.

3.3.1.2.

In general, the HLLW from the HTGR fuel reprocessing is similar to
that from the LWR fuel reprocessing, with a few exceptions. The HTGR-HLLW
(1) contains appreciable amounts of aluminum and fluoride, introduced at
the time when thoria was dissolved, and thorium lost to the aqueous raf-
finate from solvent extraction, (2) contains considerably larger quantities
of fission products and process chemicals per MI of heavy metals processed
than the LWR-HLLW, and consequently (3) has a large liquid volume per MT
of heavy metals. Based on the unit power generated [e.g., per GW(e)],
however, the quantities of HTGR-HLLW and LWR-HLLW mentioned in items (2)
and (3) would be nearly identical. The approximate rate of generation (as
discharged volume) of the HTGR-HLLW is estimated to be ~3300 gal per MT
of (U + Th). The amount of solidified HLW would probably range from 4 to
6 ftB/MT of (U + Th) (estimated from ref. 41).

3.3.1.2 Potential problems associated with fluoride

Fluorides, including HF, are known to be quite corrosive toward com-
monly used materials of construction, including stainless steel. For
example, the Allied Chemical Corporation - Idaho Chemical Processing Plant
(ACC-Idaho) has experienced severe corrosion problems with equipment
fabricated from stainless steels, in addition to other operational dif-

ficulties associated with fluoride during concentration and calcination
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of the HLLW from reprocessing of Zr-U alloy fuels. The corrosion problem
was alleviated by the addition of Ca2+ ions (as the nitrate), which convert
fluoride into a relatively stable complex,and by elimination of the con-
centration step. In this way, the fluoride content in the gaseous
effluent from the fluidized-bed waste calciner was reduced to a negligible

level. There are indications that Mg(NO may function just as well as,

3)2
or perhaps better than, Ca(NO3)2.

According to the recent information from European researchers, neither
KFA (Germany) nor CEA (France) has encountered any obvious difficulty with
fluorides in a number of instances. Pertinent data were calculated from
one KFA paper42 and two CEA papers,43’44

from ACC-Idaho and ORNL in Table 18. The results in Table 18 indicate

and then compared with the data

that the fluoride content in the HLLW from the Zr-U fuel is approximately
5 to 100 times greater than that in other types of HLLW. Such a high
fluoride content explains the severe equipment corrosion problem experi-

enced at ACC-Idaho in the absence of added Ca(NO Some of the HLLW

3)2'
from CEA contains ~ 0.5 wt % magnesium,which may have stabilized the
fluoride. ACC-Idaho has indicated that the presence of aluminum also
mitigated fluoride corrosion, similar to calcium or magnesium. On the
other hand, the effectiveness of the addition agents [e.g., Ca(NO3)2]

diminishes at temperatures greater than 70 to 80°C.

The incomplete information available from the sources mentioned above
does not permit any definite conclusion as to whether the presence of
fluorides in the HTGR-HLLW would have any detrimental effect. It does,
however, indicate that complexing agents can minimize corrosion. Some
questions still remain to be answered: (1) the range of the fluoride
contents of the effluent streams from the off-gas scrubber for the
HLLW calciner and the vitrification equipment in the KFA and CEA studies;
(2) potential equipment corrosion problems arising from long-term recycl-
ing of the scrubber solution containing fluorides in the KFA and CEA
studies; (3) applicability of the data from the Zr-U fuel type of HLLW
at ACC-Idaho to the HTGR-HLLW case; and (4) behavior of the stabilized
fluoride complexes in the subsequent processing, for example, vitrification.
In considering the above questions, additional R&D work is needed to obtain

more representative data for the HTGR-HLLW.



60

Table 18. Approximate chemical compositions of various types of

HLIW (selected components)

Source of Selected components in HLLW (~ wt %)
information Fuel type F Al Mg Ca
ACC-Idaho Zr-U alloy 4-6 2 52
KFA-Germany  HTR 0.06 0.02
CEA-France MIR, U-Al and Pu-Al alloy 0.4 5

Graphite--natural uranium 0.8 3-4 0.4-0.5
CEA-AVM MTR, U-Al and Pu-Al alloy 1.2 8
France ’

Graphite--natural uranium 0.5-0.8 3-4 0.4~0.5
ORNL? HTGR 0.1 0.3

8From addition agent Ca(NO3)2.

bCalculated values for HTGR.
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3.3.1.3 Radiochemical characteristics

In the course of solvent extraction to recover uranium and thorium
from the spent fuels, nearly all F.P. and actinides end up in the HLLW.
An estimate of the radionuclide contribution to the HLLW includes
~ 90 wt 4 of F.P., ~ 0.5 wt %Z of uranium, and ~ 99 wt % of other
actinides from the fissile particles, and ~ 99 % of F.P., ~ 0.5 wt %
of uranium, ~ 1 wt % of thorium, and ~ 100% of other actinides from the
fertile particles. A significant fraction (~ 10 wt %) of F.P. and a
very small fraction of actinides are expected to be retained by the SiC

hulls.

The distribution of these radionuclides in the HLLW is illustrated
in Table 19 (major nuclides only). Table 19 demonstrates that the F.P.
account for the major portions (~ 90 to 987%) of the total radioactivity
as well as the total decay heat generation irrespective of the cooling
time through 8 years. Although the fraction of the total radioactivity
contributed by the actinides'diminishes with cooling time, the trend is
reversed with respect to their contribution to the total rate of decay
heat generation. After 5 years of cooling, the total radioactivity is
reduced by a factor of ~ 7, and the total heat generation rate is reduced
by a factor of ~ 6 (both values are compared with the values at 180 days).
Extension of the cooling period to 8 years decreased the radioactivity only
slightly, whereas the heat generation rate declined to approximately one-
nineth of the rate at 180 days.

Strontium-90, 134Cs, 137Cs, and 144Ce are among the predominant F.P.

accounting for ~ 35 to 50% of the total radioactivity and ~ 25 to 40% of
the total heat generation rate. The most important radionuclides among
the actinides are plutonium isotopes (notably 238Pu), especially after a
long cooling time (> 5 years); that is, greater than 90% of the actinide
radiocactivity and ~ 85% of the decay heat attributable to actinides come

from the plutonium isotopes.



Table 19. Variation in estimated characteristics of high-level liquid wastes with cooling time®
Radioactivity (Ci) Rate of heat generation (W, B+y)
Major Time after discharge from reactor Time after discharge from reactor
nuclides 5 years 180 days 5 years 8 years
Sr-90 5. 4. ho(T) L, 6:68(L4) 5.99 (k) 5.56(4)
Ru-106 2. 1.01(6) 1. 1.33(3) 60 8
Sb-125 3. 1.12(6) 5. 1.hh(L) k.55(3) 2.10(3)
Cs-134 1. 2.67(7) 9. 1.30(6) 2.83(5) 1.02(5)
Cs-137 5. 4.98(7) L. 9.0k(k) 8.14 (%) 7.61(4)
Ce-14h 3. 5.47(6) 3. 2.47(5) L.48(3) 310
Eu-154 2. 2.00(6) 1. 2.00(k4) 1.65(k) 1.45(L)
Other F.P. 8. 1.14(8) 9. 4.90(6) 5.33(5) 4.52(5)
Th-228 1.48(3) 1. 33d L8d 504
U-232 264 25d oL
U-233 210(22 kg) 6 6 6
U-235 0.0(6.2 kg) 0 0 0
U-236 0.6(9.7 kg) 0 0 0
Pu-238 (6)[138 xg] 2.25(6)[134 kg] 2.20(6)[130 kgl 7.72(4)d 7.46(4)a 7.29(4)d
Other Pu 8.73(5)[64 ke] 46(5)[55 kgl 2504 2004 1904
Other actin. 2.12(5) 1.50(5) 1.29(k4) 1.20(k)
Total F.P. 1. 2.00(8) 1. 6.64(6) 9.83(5) 7.03(5)
Total actin. 9. 3.34(6) 3. 2.27(5) 8.78(k) 8.52(h)
Grand total 1. 2.03(8) 2. 6.87(6) 1.07(6) 7.88(5)

aQuantities shown are based on an assumed annual reprocessing capacity of 7800 23R fuel elements and 11,600

25R fuel elements.

of both fissile and fertile particles.

The high-level wastes (HLWs) in this table are a mixture of HLWs from the reprocessing

P is assumed to contain: (1) all fission products and actinides other.than U (in the discharged fuel),

except those retained by SiC hulls and/or lost to the off-gas, (2) 0.5% of U not retained by SiC hulls,
and (3) 1% of Th in the discharged fuel (fertile particles).

®Numbers in parentheses represent powers of 10.

dBeta power only.

9
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3.3.1.4 Process alternatives and characteristics of solidified HLW

Since the general characteristics of the HTGR-HLLW are similar to
those of the LWR-HLLW, the technical data derived from development of
process alternatives for the LWR-HLLW should be applicable to the HTGR-
HLLW with only minor modification. As in the LWR case, some types of the
non-high-level liquid wastes (so-called ILLW and LLLW) may be combined
with the HLLW after preconcentration. The presence of excessive amounts
of process chemicals (sodium in particular) in these wastes may cause

difficulties in solidification.

The major goal in solidification of the HLLW is to convert it from the
dispersible liquid form into a stable solid form, thus reducing the mobility
of the highly radioactive F.P. and the long-lived, highly toxic actinides.
In addition to the solidification steps, the HLLW processing includes
(1) feed pretreatment (e.g., concentration and denitration), (2) packaging
(include overpacking) of the solidified HLW, and (3) treatment of the
secondary wastes. However, the discussion presented in this report
emphasizes the solidification process and the HLW product characteristics.
Instead of descriptions of individual processes in detail, highlights of
the process alternatives selected from numerous publications on R&D work
in progress are summarized in Table 20; HLW product characteristics are

also included.

Calcination. The three calcination processes (pot, fluidized-bed,
and spray calcination processes) listed in Table 20 have been fully demon-
strated through radioactive engineering and/or pilot-plant scales. Results
show that they can produce solidified HIW (calcine) which satisfies the
present Federal regulations on the HLW form acceptable for storage in a
repository. Nevertheless, the high leachability of the calcined HLW
makes it undesirable from the viewpoint of long-term safety. Calcined
HLW is also characterized by generally low bulk density and thermal
conductivity, and requires storage canisters of small diameter to dissipate
the decay heat properly. Accordingly, the recent emphasis is to further
convert it to glass or ceramic materials having very low leachability as

well as improved demsity and thermal conductivity.
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20. Process alternatives for high-level liquid waste (HLLW):

features and selected product characteristics

Product form Bulk density
Process & & thermal Refer-
alternative Process features wt % waste conductivity Leachability Advantages Disadvantages ences
Calcination

(C1) Pot | In-canister concentra- Porous cake | (a) 1.2-1.5 High (1) sSimplicity; (2) high (1) Limited processing 45 k6
calcination tion and solidification of calcine; waste concentration; (3) rate; (2) require separ-

of HLLW and additives n90% (b} 0.35-1 insensitive to waste com- ate off-gas cleanup line
with gradual addition position; (4) single canister| for each canister; (3)
of feed. Heated by for processing and disposal. product is readily
furnace and decay heat soluble.

at "900°C.

(c2) Fluidized-| Atomization of waste in-| Granular- (a) 2,0-2.4 High (1) High processing rate; (1) Potential losses of 47,48
bed calcina~ | to fluidized bed at 500 powdery (2) relatively insensitive semivolatile and volatile
tion to 600°C. Heated by in-! calcine; (b) 0.2-0.3 to waste composition; (3) radionuclides (e.g., Ru,

bed combustion. 50% can burn small amount of I, Cs, ete); (2) require
waste solvent. provision for removal of
large amount of fines
(30 to 50%) from off-gas;
(3) product is readily
soluble.

(C3) Spray Flash drying and calcin-|{ Fine (a) 0.5-1.3 High (1) Relatively insensitive (1) Same as (1) above; Lo

calcination ation of atomized HLLW powder, to waste composition; (2) (2) fine powder product
droplets in ca%ciner 2~5 um product suitable for press- requires greater effort
barrel at V700 C. Ex- v30% ing, sintering, and melting.| in off-gas filtration;
ternally heated wall. (3) product is readily
soluble and hygroscopic.
Glassification

(G1) Contin- Continuous calcination Borosili=- (a) 3-3.6 Very (1) Relatively insensitive (1) Relatively complex kh
uous calcin- of HLLW in rotary kiln cate glass; low to waste composition; (2) equipment; (2) high elec-
ation-vitri- | followed by vitrifica- 20-30% high processing rate; (3) tric power consumption.
fication tion of calecine and product is quite homo-

(French) added glass frit in geneous due to two-step
metal%ic melter at calcination and vitrifi-
\1150°C. HLW glass cation; (4) high plant DF.
is drained into
storage container.

(G2) In-can Batchwise vitrifica- Borosili- (a) 3-3.6 Very (1) simplicity; (2) low (1) Limited choice in 50

melting tion of HLLW calcine cate glass; low corrosion rate; (3) elimin- material of construction
plus glass frit in a N30% (b) 0.9-1.3 ates problems of controlled for melter-container; (2)
melter-storage con- melter draining or of dis- as a result, excessive
tainer heated by posal of spent melter. stresses in container wall
furnace and coupled and cracks in glass could
to a calciner. Melt- develop due to differences
ing gemp. 1000 to in thermal expansion.
11007C. Container
may have internal
longitudinal fins.

(G3) Joule- Continuous vitrifica- Borosili- (a) 3-3.6 Very (1) Efficient heating tech- | (1) No remote and radio- | 51,52
heated tion of HLLW-glass frit cate glass; low nique; (2) high production active operating ex-
continuocus slurry in refractory- 30% (v) 0.9-1.3 rate; (3) flexibility in perience; {(2) refractory
ceramic oxide-walled glass HLLW feed and glass composi- sludge buildup; (3) rela-
melter melter at 1100 to tion; (4) low off-gas tively complex equipment

1200°C. Either HLLW effluent; (5) long service required.
concentrate or cal- life.

cine may be used.

HLW glass is drained

into storage container.

(G4) Rising- Batchwise filling of Borosili- (a) 3-3.6 Very (1) Simplicity, (2) ability | (1) and (2): Same as 53
level glass ligquid HLLW-glass cate glass; low to process wide concentration{ process (G2) above; (3)
(British) frit, drying, cal- "30% (b) 0.9-1.3 range of HLLW; (3) low corro—| excessive liquid feed rate

cination, and vitri- sion rate; (L) no problems of| could cause canister press-
fication in a melter- controlled melter draining or| urization; (4) more com-
storage canister at of spent melter disposal. plex equipment required
1000 to lOSOoC, for deentrainment and off-
heated by zoned fur- gas cleanup.

nace. Cylindrical or

annular canister.

(G5) Contin- Continuous spray Borosili- (a) 3-3.6 Very (1) BRelatively insensitive (1) sShort operating life | 54,55
uous spray- calcination of de- cate glass; low to HLLW composition; (2) (2 to 6 months) of melter
calciner nitrated HLIW, 30% (b) 0.9-1.3 relatively high processing due to corrosionj (2)
metallic followed by vitri- rate; (3) melter can be re- drain tube is susceptible
melter fication of HLLW- used. to plugging due to build-
(German) glass frit in up of refractory sludge.

Inconel melter at
A1100°C.  HLLW
glass is drained
into storage con-
tainer.
Miscellaneous Solidification Process

(M1) Disper- Incorporation of HLW parti- (a) about the | Moderately (1) High thermal conducti- (1) Inability to cast HLW | 56,57
sion-in- solidified HIW (in cles disper- | density of low to vity; (2) high thermal and with high fine content;
metal matrix form of granular sed in metal | matrix metal very low impact resistance (depends (2) inert atmosphere re-

calcine, vitrified matrix. upon mp of metal). quired for melting-casting
beads, or pellets) Monolithic (b) 5-35 and sintering to minimize
into metal matrices (cast) or oxidation; (3) potential
(either cast or sin- porous (sin- metal-waste interaction in
tered)., Metals used: tered); n10 long-term storage; (4)

for casting-alloys to 20 vol % large volume of resulting
of Al, Zn, Pb, etc.; waste. waste product.

for sintering-alloys

of Fe and Cu.

(M2) Glass- Vitrification of HLIW, Very fine- (a) 2.4-3.3 Very (1) Higher mechanical (1) Tedious operation- 58,59
ceramic followed by programmed grained low strength than glass; some al procedure required in 60,61
formation thermal treatment for crystalline | (b) w0.7-2.2 products have higher thermal| thermal treatment; (2)

controlled nucleation material in conductivity; (2) improved limited R & D data at

and crystallization to thin cross thermal stability against present; (3) possibly

produce stable crystal- section uncontrolled devitrification| higher losses of vola-
line material of very (<3cm); tile and semivolatile

fine grain sizes. 20%. nuclides,

(M3) Sgper- Cglcination of'm?di— Dense and (a) and (b): Moderately (1) Thermally more stable; (1)~(3): Same as 62,63
calcine fied HLLW (additives, refractory About the low to (2) more refractory and process (M2) above.
formation e.g., A1, Si, Ca, Sr, crystalline same as glass very low leach-resistant than

etc.s, followed by solids; ordinary celcine.
heat treatment at "10-30%.

900 to 1100°C to
develop an assemblage
of thermodynamically
stable crystalline
species,

Ttem (a):

bulk density (g/ml); item (b):

thermal conductivity (W/m-°C).

%9
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Glassification (or Vitrification). Most of the current HLLW

solidification R&D programs are concerned with conversion of the HLLW
to glass material, chiefly to borosilicate glass. Among the recent
emphases in the R&D work are: (1) denitration of the HLLW feed; and (2)
the use of lower melting glass formulations (950 to 1150°C), both to
minimize losses of volatile and semivolatile radionuclides (e.g.,

ruthenium and cesium) and to maximize waste loading in the glassified HLW.

The major advantages of the HLW vitrification are: (1) a relatively
wide range of flexibility in regard to HLLW and glass compositions, (2)
the HLW glass products have higher bulk densities and thermal conductivi-
ties than the calcined HLW, and (3) products resist attack by many common
chemicals and exhibit very low leachability of radionuclides. Exceptions
to (1) are wastes containing such compounds as mercury, halogens (F2, Clz,
12), and sulfate compounds which are incompatible with the commonly used
glass formulations. Susceptibility to breakage due to mechanical or thermal
shock is the principal shortcoming of the HLW glass. Breakage would in-
crease the surface area of the HLW glass, which, in turn, will increase
the amount of radionuclides released when the glass comes in contact with
water. Potential devitrification of the HLW glass under the influence of

decay heat would also increase its leachability and dispersibility.

Because of the wide differences in process conditions between calcine
formation and glass formation, it is probably more desirable to carry out
these two steps separately (i.e., processes Gl, G2,and G5, Table 20) than
to combine them into one step (i.e., processes G3 and G4). The combined
process may tend to form products containing excessive amounts of gas
bubbles and unconverted calcine particles. While the continuous process
(Gl1, G3, and G5) is preferable for a large-capacity plant, the HLLW from a
reprocessing plant of small capacity may be more conveniently handled by

the batch process (e.g., G4&4).

Miscellaneous solidification processes. Despite the many desirable

characteristics of the HLW glass, it is subject to damage resulting from
radiation and decay heat. This damage includes fracturing and devitrifica-

tion, both of which would tend to increase leachability and dispersibility
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of the HLW glass. Various processes, some of which are listed in Table 20,
have been proposed to circumvent these difficulties. Because the funding
levels are lower than those for vitrification processes, the development
data from these processes are relatively primitive at present, and not

all the potential problems have been identified. Consequently, consider-
able amounts of time and R&D effort will be required to fully develop

the technologies and to characterize the HLW products.

3.3.1.5 Research and development needs

As discussed previously (Sects. 3.3.1.1 and 3.3.1.2), the effects of
appreciable amounts of fluoride, aluminum, thorium, and process chemicals
on the solidification behavior of the HTGR-HLLW are not clear. In order
to utilize R&D data from the LWR program, such effects must be thoroughly
investigated for the HTGR-HLLW. Most of the R&D needs summarized in
Table 21 will probably be carried out under the LWR-HLLW development
program; the outcome of the above investigations will determine whether

modifications will be required.

3.3.1.6 Partitioning of HLLW

The bulk (> 85 wt %) of the radionuclides in the HLLW are F.P., with
the balance being mostly actinides. Since the half-lives of the F.P.
are generally much shorter than those of actinides, the radioactivity of
the F.P. would diminish to a negligible level long before that of the
actinides. Thus, even for 137Cs (tl/2 = 30 years) and 908r (t1/2 = 28
years), which are among the longest-lived major F.P.s, their radioactivity
would be reduced by a factor of lO9 within 1000 years. On the other hand,

the amounts of some of the transuranium isotopes (e.g., 239P 242P

, u, etc.)
would decrease by only three orders of magnitude after a quarter of a
million years. Because of the relatively high ingestion hazard of plutonium
and other actinides (e.g., americium), isolation of these nuclides for
100,000 years or so may be required. Also, most of the decay heat originates

from the F.P.

These considerations have led to the partitioning concept, whereby the

HLLW is divided into two fractions: actinides and F.P. Development work



Table 21,

Technology availability and R & D needs for HLLW

Process Technology R & Da
alternatives status R & D needs timing
Calcination
(C1) Pot Cold and radiocactive (1) Methods for increasing processing capacity without excessive number of parallel lines; Short
calcination pilot-plant demon- (2) determination of operating conditions for varying HLLW waste composition range
stration completed
(C2) Fluidized | Cold and radioactive Confirmation of (1) pilot-plant data in a large-scale demonstration plant based on Short
bed calcina- | pilot-plant demon- simulated IWR-HLLW; (2) capability of proposed off-gas cleanup system; (3) ability to range
tion stration completed overcome potential safety problems; (4) testing of prototype equipment and remote main-
tenance mockup; (5) evaluation and selection of methods for stabilization of calcine;
(6) development of a practical calcine process
(c3) Spray Cold and radioactive (1) Confirmation of technology in large-scale equipment at higher processing rates; Short
calcination engineering-scale (2) methods for improvements of the bulk density and thermal conductivity of calcine range
tests in progress
Glassification
(G1) Contin- Continuocus cold pilot- (1) Confirmation of technology in a large-scale radioactive process plant; (2) charac~ Short
uous calcin- | plant and discontinu- terization of radionuclides behavior (especially Ru, Te, Te, and Mo); (3) methods for range
ation-vitri- | ous radiocactive pilot- denitration of HLIW
fication plant demonstration
(French) completed
(G2) In-can Radioactive pilot- (1) Determination of optimum process conditions; (2) confirmation of prototype remote Short
melting plant and cold large- operation capability; (3) final design of melter-storage canister range
scale pilot-~plant
demonstration com-
pleted
(G3) Joule- Cold engineering-scale (1) Design for remote operation and confirmation of remote operability; (2) confirmation Inter-
heated demonstration in of reliable long-term operation capability; (3) method and device for fast drain and shut- mediate
continuous progress off of glass feed to storage canister, range
ceramic
melter
(G4) Rising- Cold and radioactive (1) Methods for increase in processing capacity; (2) improvement in off-gas cleaning Inter-
level glass pilot-plant demonstra- and deentrainment; (3) design and testing of large annular canister mediate
(British) tion in progress range
(G5) Continu~ | Cold pilot-plant (1) TImprovement in service life of melter and overall processing capacity; (2) confirma- Inter-
ous spray and discontinuous tion of cold pilot-plant data in large~scale remote operation with radicactive wastes; mediate
calciner- HLLW lab-scale (3) elimination of calcine deposition problem range
metallic demonstration
melter
(German )
Miscellaneous Solidification Process
(M1) Dis- Cold pilot-plant (1) Determination of metheds to prepare metal matrices for different waste forms suitable Long
persion- and lab-scale for remote operation; (2) characteristics of résulting waste-in-metal matrix products range
in-metal radicactive
matrix demonstration
(M2) Glass- Limited lab-scale (1) Determination of suitable product compositions and characterization of product Long
ceramic and engineering- behavior at different processing steps; (2) determination of optimum process conditions; range
formation scale studies (3) confirmation of technology on engineering scale
(M3) Super- Limited studies on Same as above Long,
calcine lab and engineering range
formation scale

%R & D timing to obtain detailed engineering design data:

short range = < 1 yr; intermediate range = < 5 yrs; long-range = > 5 yrs.

L9
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for processes to carry out such a partition for LWR-HLLW is under way

at several ERDA facilities, including Argonne National Laboratory (ANL),
Battelle Northwest Laboratories (BNWL), Idaho National Engineering
Laboratories (INEL, ACC-Idaho), ORNL, and Rocky Flats Plant (RF). However,
it will be some time before a practical and economic process can be
developed. The current R&D activities at these and other facilities have
been summarized in a recent publication.64 Among the development activities
reported in this publication is a cooperative program to establish the
technical feasibility and incentives for partitioning.65 This program
represents concerted efforts by various ERDA facilities mentioned above

in the waste partitioning studies. There is no R&D program for partition-
ing of the HTGR-HLLW at present. The characteristics of the HTGR-HLLW

are appreciably different from those of the LWR-HLLW insofar as waste
partitioning is concerned.66 Nevertheless, the results from the LWR

program may be partially adaptable to the HTGR case.

The nature of the R&D work under the program presented in ref. 65

is outlined below using the ORNL study as an example. The goal of the

experimental study at 0RNL67’68

. - 12 3
removing actinides and 9I from LWR reprocessing wastes, to the extent

is to develop practical processes for

that the potential hazard index values of the resulting HLW at a thousand
years would be ~ 5% of the value of pitchblende. Achievement of this
goal would require that the selected process be capable of performing

the separation in order to obtain, for example, DFs of 10% for plutonium,
103 for americium, curium, and 129I, ~300 for uranium, and 20 for
neptunium based on LWR fuel reprocessing. Other combinations are also
possible. Achievement of the DFs of such magnitudes could probably be
made (at least in concept) by both improved recovery of actinides of

fuel reprocessing and further processing of the LWR-HLLW. Preliminary
results of the conceptual flowsheet studies have led to the identifica-
tion of complex problems that must be solved before practical processes
can be developed. Among the major problems are: (1) improvement in

recovery of plutonium, americium, and curium, and (2) minimization of

secondary waste streams by adequate recycling. Laboratory-scale studies
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are in progress on potential processes based primarily on modifications
. . - 69 |

of the conventional Purex process. Also in progress at ORNL is evalu-

ation of the partitioning-transmutation method as an HLLW management

concept.

3.3.2 Thorium nitrate solution

3.3.2.1 General and radiochemical characteristics

The thorium nitrate solution is an aqueous HNO, solution that is

3
~3 M in free HNO, and ~2.3 M in thorium. Residual amounts of F.P. and

3
uranium and other actinides are also present, as illustrated in Table
22. It is estimated that ~50,000 gal of thorium nitrate solution will
be generated from a reprocessing plant with an annual capacity of

20,000 F.E.

The major sources of radioactivity and decay heat are attributable
to F.P. other than those listed in Table 22, principally 95Zr—95Nb
(~80% at 180 days). Important sources of radioactivity among the F.P.

90Sr 106Ru, 134Cs, 137Cs, and 144Ce, although the

listed are: ,
contribution from 144Ce diminishes rapidly with cooling time. Thorium-
228 (which is one of the decay daughters of 232U) is, by far, the
dominant actinide, accounting for nearly all of the radioactivity and

decay heat from actinides.

Initially (180 days cooling), the F.P. represent the chief sources
of radioactivity (~97%) and decay heat (~85%). Upon extended cooling,
however, their contribution diminishes quickly; that is, after 8 years
of cooling, ~57% of the total radioactivity and only ~15% of the total decay
heat come from the F.P. Thorium-228 becomes the major heat generator
(~80 to 867% of total) after 5 years. Although the total radioactivity
decreases by nearly one order of magnitude for the 8-year-old thorium
nitrate solution, the total rate of heat generation declines only by a
factor of 3. Most of the reduction involved in the decline is attribut-

able to the F.P.



Table 22.

thorium nitrate solution with cooling time®

70

Variation in estimated characteristics of

»b,e

Radioactivity (Ci) Rate of heat generation (W,B+Y)

Major Time after discharge from reactor Time after discharge from reactor
nuclides 180 days 5 years 8 years 180 days 5 years 8 years
Sr-90 210 190 175 0.2 0,2 0.2
Ru-106 8.97(k) L.02(3) 505 5 0.2 0.0
Sb-125 22 7 3 0.1 0.0 0.0
Cs=-134 375 80 30 L 0.9 0.3
Cs-13T7 220 200 185 0.4 0.4 0.3
Ce-1kk 1.71(3) 30 2 1 0.0 0.0
Eu-15k4 T 6 5 0.1 oLl 0.1
Other F.P. 2.10(6) 1.94(5) 1.57(5) 1.05(k) 795 645
Th-228 5.80(k) 1.12(5) 1.18(5) 190 1 3.62(3)8 3.80(3)¢
Other Th 120 135 150 34 1 ud

(155MT Th-232)

U-232 130 125 120 ye 48 48
U-233 Lo 40 Lo 1 1 1
Other 95 0.0 0.0 1 0.0 0.0
actinides

Total 2.19(6) 1.98(5) 1.58(5) 1.05(k) 797 646

F.P.

Total 5.84(4) 1.12(5) 1.18(5) 1.91(3) 3.63(3) 3.81(3)
actinides

Grand 2.25(6) 3.11(5) 2.76(5) 1.24(k) L.43(3) L.46(3)

total

aQuantities listed are based on an annual reprocessing eapacity of 20,000 F.E.
(11,600 25R, 7800 23R, and 600 25W).

bThe recovery of thorium nitrate solution was made by the Acid Thorex Process

based on the following assumptions: (1)

the thorium recovery efficiency is

99%, and (2) tge_DFs are 107 for fission products_(except DF = 100 for Zr-Nb

and Ru-Rh), 10

as: DF =
solution).

for actinides excluding U, and 10° for U. DF here is defined
(amount of nuclide in fuel)/ (amount of nuclide in thorium nitrate

c .
Numbers in parentheses represent powers of 10.

dBeta power only.
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3.3.2.2 Process alternatives

Selection of suitable process alternatives for the thorium nitrate
solution will depend upon the ultimate decision as to whether the solu-
tion should be recycled as a fuel material or disposed of as a waste.

If recycling is done, the solution should be further purified by additional
solvent extraction cycles to remove the bulk of the residual F.P. Removal

232
f 3 U (precursor of 228Th), along with other uranium isotopes, may also

o
be necessary. If the thorium nitrate solution should be processed as a
waste, it can presumably be combined with the HLLW and be solidified by

the process selected for the HLLW.

3.4. Non-High-Level Liquid Wastes

3.4.1 General characteristics

This category includes numerous types of liquid wastes that are
commonly termed low level and intermediate level (LLLW and ILLW), covering
a broad range of chemical and physical properties as well as radioactivity
levels. The major non-high-level liquid wastes from the HTGR fuel reprocess-
ing plant include (see Table 1): (1) steam-stripper overhead, (2) carbonate
wash solution, (3) decontamination solution, (4) tritiated water, (5)
evaporator condensate, and (6) kerosene scrub. The only combustible waste
is the kerosene scrub containing degraded TBP and radionuclides. Various
other miscellaneous liquid wastes are also generated at different sources
in the reprocessing plant, but they vary considerably in types and pro-

perties, depending upon the specific details of the reprocessing flowsheets.

3.4.2 Process alternatives

The common goals in the processing of different non-high-level wastes
are: (1) to separate radionuclides and other harmful constituents, in a
concentrated form, from the clean portion of the waste material; and (2)
to recycle and reuse the decontaminated effluent as much as possible.
Since the ILLW and LLLW from the HTGR fuel reprocessing should not be
very different from the corresponding LWR liquid wastes, most of the R&D

results from the LWR case would be directly applicable.
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The ILLW having chemical and physical properties compatible with the
HLLW may be combined with the HLLW after concentration. The carbonate
wash solution, for example, contains a large amount of Na+ (~1 M as
discharged; much higher after concentration) and may not be a suitable
feed for some of the HLLW calcination processes. Nevertheless, since
sodium is one of the important ingredients in the borosilicate glass
formulations, it should not present any problem in the HLLW vitrification
process. Some addition agents (e.g., sulfate, phosphate, etc.) may be
necessary to stabilize the sodium compounds in the calcination step. The
presence of appreciable amounts of volatile compounds (e.g., mercury and
halogen compounds) in certain types of the ILLW may make them incompatible

with the commonly used borosilicate glass formulations.

Table 23 summarizes important information on five selected alternatives
for the processing of ILLW and LLLW. Sufficient experience has already
been gained in the use of these processes in the treatment of radioactive
wastes. Since the technologies for these processes already exist, little

or no development effort will be needed for immediate application.

It should be noted that the final products from individual processes
listed in Table 23 become the secondary wastes that require further
processing. For example, the filter cake, spent ion exchange resins,
evaporator bottoms, and ash from the incinerator would have to be treated
further by processes selected from the alternatives discussed in Sect.
3.2.3.2. The clarified liquor from either filtration or centrifugation
and the steam condensate from evaporation may also have to be treated
by some other process (e.g., ion exchange) if they should contain radio-

nuclides near or above the limits set by the Federal regulations.

None of the alternatives in Table 23 is applicable to tritiated
water. Nevertheless, tritiated water may be incorporated into cement
with additives or PIC (Table 15).



Table 23.

Process Alternatives for Non-High-Level Liquid Wastes

Process Type of waste Final product Technology status, problems and Refer-
alternative Process features to be processed forms development needs® ences
Filtration Removal of coarse solids, ILLW and LLLW Wet solids (1) Available, (2) may require 70,71

or suspended particles, and containing and clarified filter aids or chemical addition
centrifugation colloidal particles by appreciable liquor (may to promote separation
means of porous media, amounts of solids. still contain
under the influence of Centrifugation is ionic radio-
either pressure (fil- more suiteble for nuclides)
tration) or centrifugal colloidal particles
force (centrifugation)

Ion Removal of ionic radio- ILIW and LLLW con- Wet ion- (1) Available, {2) may require 72,73
exchange nuclides from liquid taining ionic exchanger pretreatment (e.g., flocculation,

waste by a reversible radionuclides with particles filtration) to remove excessive
stoichiometric inter- little or no sus- loaded with amounts of solids, (3) determina-
change of ions with pended solids (e.g., radionuclides tion of design parameters for
resins or ion exchangers clarified liquor and deconta-— specific radionuclides and resin
containing exchangeable from filtration) minated types

ions of the same charge liquor

Evaporation Concentration of non- ILLW and LLLW con- Concentrated (1) Available, (2) deentrainment | 7L 75
volatile radionuclides taining large amounts liquor or of mist or aerosol, foaming, etc.
by vaporization and re- of salts and other slurry and (3) acquisition of design para-
moval of water vapor solids, heavily con~ overhead meters for specific waste types

taminsted with radio- steam con~

nuclides densate. (may
still contain
ionic radio-
nuclides)

Incineration Burning of waste liquid Combustible organic Ash containing (1) Available, (2) formation of 76,77
organics, and retention wastes (e.g., kero- non-volatile incomplete combustion products;
of volatilized radio- sene scrub, degraded radionuclides potential corrosion and erosion
nuclides and harmful solvent) and decontamin- problems of incinerator nozzles
chemicals by an off-gas ated gaseous
cleanup system effluent

®Item (1): technology status; Item (2): major potential problems; Item (3): major development needs.

€L
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3.5. Gaseous Wastes

The secondary gaseous waste streams discharged from the off-gas clean-
up system include the noble gases and the CO2 gas stream containing 14C.
Krypton-85 is the only radioactive noble gas of concern because of its
long half-life (10.7 years). Both 85Kr and 14C02—containing CO2 gas are
discharged separately from the krypton removal unit of the off-gas cleanup
system in which krypton is removed (from the head-end off-gas stream)
and concentrated by the KALC (Krypton Absorption in Liquid C02) process.78’79
A similar process (AKUT) is being developed in Germany for separation and
concentration of krypton.80 Further concentration of krypton may be
accomplished by selective removal of CO2 in the krypton product stream by
means of molecular sieves.8l Under the current Federal regulations, both
85Kr and 14COZ may be released to the atmosphere from a tall stack under
favorable meteorological conditions to comply with the regulatory limits.

In view of the potential hazard resulting from long-term global buildup,
future regulations would probably require that these two radioactive gaseous

effluents be immobilized and isolated from the biosphere.

3.5.1 Krypton gas

3.5.1.1 General and radiochemical characteristics

The krypton concentrate discharged from the KALC unit contains ~6%
Kr plus significant amounts of CO2 and xenon. For a reprocessing plant
with an annual capacity of 20,000 F.E., the rate of production of krypton
gas is estimated at ~460 kg or 123,000 liters (0°C, 1 atm), containing
~11 MCi of 5Kr. The major radioactivity of 85Kr comes from its beta

energy of 0.65 MeV.

3.5.1.2 Assessment of process alternatives and R&D needs

The simplest alternative would be atmospheric dispersal of the diluted

.. 85
krypton gas stream containing ~~Kr through a tall stack when meteorological
conditions are favorable. Estimation of airborne 85Kr concentrations under

various meteorological conditions based on published methodsSz—84 have
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indicated that the dose rates resulting from such a release are generally
much lower than the present regulatory limits. This situation, however,
may change in the near future as the nuclear power industry continues
to’grow. Acquisition of more accurate meteorological data for the
specific fuel reprocessing site is needed to make a more reliable estimate

of the dose rate.

The only other available technology at present for controlling 85Kr
is to confine it in pressurized cylinders (e.g., 50-liter size), which are
then placed in a contained storage facility to permit 85Kr to decay. For
example, krypton gas may be confined in a 50-liter cylinder at ~500 psig
without exceeding ~60°C wall temperature85 in a well-designed storage
facility. Nevertheless, R&D work is needed to evaluate the effects of
impurities in the krypton product (e.g., 85Rb, decay product of 85Kr;
COZ; etc.) on the long-term storage of the product in pressurized
cylinders. These effects include the potential hazard that could result
from corrosion of the cylinder material by the impurities and from
unstable species formed by radiolysis of impurities. An R&D program to
investigate the effect of Rb is under way at ACC-Idaho for the 85Kr gas
from LWR fuel reprocessing.86 Also in progress is a feasibility study
on storage of 85Kr by means of encapsulation in zeolites under high tem-

peratures and pressures (~450°C, 1000 atm).

3.5.2 Carbon-14 in CO, gas

3.5.2.1 General and radiochemical characteristics

Approximately 0.2 ppm (by weight) of 14CO2 is present in the CO2 gas
generated in the burning steps of the fuel elements (assume ~30 ppm of N2

is present in the original fuel elements). This CO2 gas stream may also

. . o 8 ., . ,
contain a residual amount (<1%) of 5Kr. Carbon-14 is a neutron-activation

product resulting from interactions between neutrons and trace impurities
including nitrogen, 13C, and 1702. Nitrogen is the major source (>80%),
followed by 13C and l7O2 in that order. The radioactivity associated with
14C from a 20,000-F.E./year reprocessing plant is estimated at ~4000 Ci

(or ~200 Ci/GW(e)Y).87
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Carbon-14 is of major concern from the environmental aspect not only
because of its long half-life (5370 years), but also because of its ability
to become incorporated into the food chain. However, until recent years
little attention was given to the significance of production of 140 in
the nuclear power reactors in general. Since a large amount of graphite
is contained in the HTGR fuel elements, the rate of 140 production is
expected to be much higher (by about one order of magnitude) than for
the LWR fuels. A fecently published paper88 presented an estimate of the

distribution of 14C within an HTGR fuel reprocessing plant and gave an

evaluation of the environmental effect of 14C released from the plant.

3.5.2.2 Assessment of process alternatives and R&D needs

As in the case of 85Kr, the simplest approach would be to release
the 14C-—containing CO2 gas to the atmosphere from a tall stack. This
method has been practiced by the LWR and fuel reprocessing plants. It

has been suggested88 that nocturnal release of 14CO2 to the environment,

when plant assimilation of carbon is at a minimum, might alleviate the

potential local dose-rate problem. Such an approach, however, does not

solve the problem of the long-term global buildup of 14C.

An alternative to atmospheric dispersal is to convert 14CO to a

2
solid form. One technology immediately available for this purpose with

a minimum of development work is the process of producing CaCO, by direct

3
reaction between CO2 and slaked lime. Although this process has been in

use commercially for some time (e.g,, to manufacture pigment-grade CaCO3
or to sweeten gases), the basic design data are not readily available.
Recent results of a scoping study89 indicate that the direct COz—lime
reaction is technically and economically more attractive than such methods
as the double-alkali process. The study also concluded that shallow-land

burial of packaged, concreted CaCO, will probably be acceptable by the

3
regulatory authority in the future. An experimental investigation of the
direct C02-lime process, using nonradioactive reactants to obtain the
engineering design data, is also in progress at ORNL.90 Further R&D

efforts are needed to determine how this technology can be adapted to



77

the handling of the radioactive CO2 gas stream containing 14C and

possibly a residual amount of 85Kr.

4, SUMMARY AND CONCLUSIONS

1. Numerous process alternatives have been evaluated, and the R&D
needs have been identified for various types of wastes generated in the
reprocessing of HTGR fuels. The highlights of these alternatives are
summarized in Table 24. The goal common to processing of all the wastes
is to convert them into concentrated and immobilized forms that can

ensure long-term safety.

2. Practically all solid wastes from the head-end system are
high-level, and unique to HTGR fuel reprocessing. They include: (1)
sintered-metal filters and cold traps, (2) SiC hulls and insolubles, and
(3) retired fissile particles and clinkers. Because of their uniqueness,
major R&D efforts are required to characterize them and to develop suitable

alternatives for their processing.

3. Other types of wastes unique to the HTGR are: (1) spent reflector

blocks, (2) spent molecular sieves and catalysts, and (3) the CO, gas

2
.. 1 ] .

stream containing 4C, for which some useful waste processing data are
available. Nevertheless, full characterization of these wastes requires

a major effort. Likewise, further studies are needed to develop satisfac-

tory waste processing technology.

4. Most other wastes, including the HLLW, are similar to the correspond-
ing LWR wastes and can utilize technologies that are being developed for the
processing of the LWR wastes. For the HTGR-HLLW, however, the effects of
fluoride, aluminum, thorium, and other process chemicals on the solidifica-

tion behavior must be fully investigated before the LWR-HLLW data can be

utilized.

5. Radioactivities and rates of heat generation of the high-level
solid and liquid wastes vary considerably with cooling time. Such variations

influence the design of the interim waste storage facility as well as the



Table 24, Highlights of alternatives for processing of major HTGR

fuel reprocessing wastes

Radioactiyvity c Availabilitydof Extent of modif%: Details %p
Type of vaste® level Process alternatives R & D data cation required Tables
Sintered-metal filters and High (1) Compaction (1) LWR cladding hulls (NAP) (1) Minor 3 and b
cold traps (H) (s01id) (2) Melt-casting (2) LWR metal scraps (2) Minor
Contaminated with semi- (3) Leaching® (3) None (3) Complete
volatile and particulate (4) Waste dissolution | (4) LWR metsl scraps and (4) Moderate
nuclides cladding hulls
S5iC hulls and High (1) Direct packeging (1) LWR cladding hulls (1) Minor 8 and 9
insolubles (H) (so1id) (2} TImmobilization in | (2) Commercial glass tech.; (2) Moderate
matrix material LWR-HLIW vitrification (3) Major
(3) Chemical separa- (3) Chemical data for SiC;
tion® LWR-TRU recovery
Retired fissile particles High (1) Direct packaging (1) LWR cladding hulls (1) Minor 11 and 12
and clinkers (H) (so1id) (2) Immobilization in |(2) Commercial glass tech.; (2) Moderate
matrix material LWR-HLLW vitrification (3) None
(3) Chemical process~ |(3) HTGR fuel reprocessing
ing*
Spent reflector blocks Intermediate (1) Shallow-land (1) Nuclide migration in (1) Minor 13 and 1k
(M) (solid) burial soils (OWI program) (2) None 1
(2) Crush-burn (2) HIGR fuel head-end (3) Mador (T C
(3) Cgush-burn and (3) HTGR fuel head-end; fixation
C fixation commercial CaCO3 process only)
Spent molecular sieves Intermediate (1) Direct packaging (1) LWR-ILW solids (1) None 15 and 16
and catalysts (0) (solid) (2) Incorporation in (2) LWR-ILLW solidification (2) Minor
cement with (3) LWR-ILLW solidification (3) Minor
additives (4) LWR-HLLW vitrification (4) Minor
(3) Polymer-impregna-
ted concrete®
(4) Incorporation in
glass
Filter cakes, ion-exchange Intermediate (1) TIncorporation in Sect, 3.2.3
resins, and evaporator and/or TRU cement with addi- (1)-(3): (1)-(3): under
bottoms (W) (wet solid) tives® LWR non-high-level None waste pro-
(2) Polymer-impregg wastes cessing
nated concrete alternatives
(3) Incorporation in
glass
Miscellaneous solid Intermediate, (1) Direct packaging 17
wastes—combustible (M) low and/or TRU (2) Compaction (1) -(a): (1)-(4):
(solid) (3) Immobilization None
in solid matrix LWR non-high-level
(4) Combustion® combustible wastes
(incineration;
pyrolysis; molten
salt; acid di-
gestion)
!
Miscellaneous solid Intermediate, (1) Direct packaging (1)-(4): (1)-(4): 17
wastes-noncombustible low and/or TRU (2) Compaction* LWR non-high-level None
(M) (solid) (3) Melt-casting noncombustible wastes
(4) Molten salt re-
duction
High-level liquid waste, High (1) Calcination (pot, 20 and 21
thorium nitrate (1iquid) fluidized bed,
solution (S) spray)
(2) Glassification®
(continuous
calcination-
vitrificationy
in-can; contin- (1)-(3): (H-(3):
uous ceramic LWR-HLLW solidification Moderate
melter; rising-
level; continuous
spray calcination-
vitrification)
(3) Miscellaneous
(dispersion-in-
metal; glass=~
ceramic; super
calcines
Non-high~level liquid Intermediate (1) Filtration or 23
wastes (5,M,W) and low centrifugation (1)-(4): (1)-(4):
(1iquid) (2) TIon exchange LWR non-high-level None
(3) Evaporation liquid wastes
(%) Incineration
(organic liquid
only)

a, . N
The letter in parentheses refers to the source of waste (i.e., H: head-end system; S: solvent extraction; O: off-gas cleanup system;
M: miscellaneous; W: secondary waste from interim processing).

b

See Table 1 for quantitative radioactivity level.

c : R

Process alternatives with * are preferred based on available information at present.
d

Related R & D program from which partial or complete informatioh is available.

e
Complete: completely new R & D are needed because no data are available.

Major : little useful information is available,
Moderate: nearly half of needed data is available.
Minor : major portion of needed data is available.
None : the availaeble data are directly applicable.

In all cases, characterization of individuel wastes is required; the extent of R & D efforts varies with different wastes.,

Detailed information on various process alternatives can be found in these tables and in corresponding discussion in the text,

8L
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design of the processing facility, chiefly in terms of required capacity,
radiation shielding, and method and rate of heat dissipation. The varia-
tion in radiocactivity and heat generation rate with cooling time is

illustrated in Table 25 for four selected high-level wastes.

5. ACKNOWLEDGMENTS

The author wishes to express his appreciation to the following ORNL
staff members for comments and suggestions: A. G. Croff, W. Davis, Jr.,

R. W. Glass, K. J. Notz, and J. W. Snider.



Table 25, Variation in characteristics of selected waste streams with cooling time
Specific radioactivity (Ci per &ﬁ%ﬁtity)& Rate of heat generation (W per aﬁgﬁtity)a

Waste Approximate Nuelide Time after discharge from reactor Time after diséharge from reggtor o
stream quantity® types 180 days 5 years 8 years 180 days 5 years 8 years

Fission 3 3 3 3 3 3
Retired products 6.23(5)/ 1t 1.25(5)/ft 9.8u(4)/ft 3.04(3)/ft 520/ £t 350/ ft
fissile L MT 3 3
pz(a,rtic):les (100 £t7) Actinides 2.92(4) /1t 2.49(4)/ 3 2.3h(4)/gt3 660/t 570/ £t 3 555/t

25W

Total 6.52(5)/et> | 1.50(5)/e63 | 1.2205)/263 | 3.70(3)/863 | 1.09(3)/8%3 905/£t>

Fission 3 3 3 3 3 3

products 1.62(5)/ft 3.82(4)/ 1t 3.06(k)/ft 790/ £t 160/ £t 110/ft

20 MT 5 3 3 3

SiC hulls (430 £t7) Actinides 9.8/t 8.7/ft 8.2/t e 0 0

Total 1.62(5)/1t3 3.82(4)/1t3 3.06(k)/£t3 790/ £t 160/£t3 120/£t3

Fission

products 7.12(3)/gal 1.00(3)/gal 990/gal 33/gal 4,9/gel 3.5/gal
HLLW 2x105 gal Actinides 470/gal 17/gal 16/gsal 1/gal 0.k/gal 0.4/gal

Total 7.59(3)/gal 1.02(3)/gal 1.01(3)/gal 34/gal 5.3/gal 3.9/gal

Fission

products Li/gal k/gal 3.2/gal 0.2/gal 0.0/gal 0.0/gal
Thorium 4 . !
nitrate 5x10 gal Actinides 1/gal 2.2/gal 2.4/gal 0.0/gal 0.1/gal 0.1/gal
solution

Total L5/gal 6.2/gal 5.6/gal 0.2/gal 0.0/gal 0.1/gal :

SNumbers in parentheses represent powers of 10.

b

cUnconcentrated.

For HTGR fuel reprocessing plant of 20,000 F.E,/yr (equivalent to "20 GW(e)-year).
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