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ABSTRACT

When requirements exist to stabilize low-level radioactive waste (LLW)
prior to disposal, efforts to achieve this stability often center on the mixing
of the waste with a solidification medium. Although historically the medium of
choice has been based on the use of portland cement as the binder material,
several other options have been developed and subsequently implemented. These
include thermoplastic polymers, thermosetting polymers and gypsum. No one medium
has thus far been successful in providing stability to all forms of LLW. The
characteristics and attributes of these different binder materials are reviewed
and compared. The aspects examined include availability of information, limita-
tions to use, sensitivity to process or waste chemistry changes, radionuclide
retention ability, modeling of radionuclide release processes, ease and safety
of use, and relative costs.
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EXECUTIVE SUMMARY

Low-level radioactive waste (LLW) is being continuously produced as a
result of a variety of operations and processes, including nuclear fuel
fabrication, operation of nuclear power plants and in medical, educational and
research facilities. Irrespective of the source of the waste, there exist
requirements by the US Nuclear Regulatory Commission (NRC) that LLW with specific
radioactivity characteristics (Classes B and C, and some Class A) be stabilized
in some form prior to disposal. The stability thus imposed is intended to ensure
that the waste does not degrade structurally and affect the overall stability of
the disposal site, ultimately leading to water infiltration. Stabilization is
also intended to limit exposure to an inadvertent intruder to the site. Among
other benefits, handling, transportation and interim storage of the waste are
facilitated if the waste is in a stabilized form, and the potential for migration
of radioactive species into the biosphere is minimized greatly. In practice, the
required stability is often achieved by solidification in an inert and durable
medi urn.

During the early years of LLW disposal, stabilization by solidification was
generally sought using cement or concrete as binder material, but other options
were subsequently investigated and developed. Some, such as incorporation in
bitumen, have enjoyed a degree of success, while others, including encapsulation
in urea formaldehyde, have proved to have insurmountable problems. However, no
one method appears to offer a panacea for all waste streams and situations. As
was pointed out by Akins in 1983, "to select one (solidification agent) as a
universal system would be wrong ... each system must be evaluated on its merits
in conjunction with all the specific parameters of its intended use."

The present review summarizes the findings to date relative to the
following solidification media options:

* cementation (using portland cement, lime/flyash, etc.)
* thermoplastic polymers (primarily bitumen)
* thermosetting polymers (vinyl-ester styrene, etc.)
* gypsum

Emphasis has been placed on those options which are available commercially and
have been demonstrated to be viable to various degrees. At the same time, it is
recognized that other media are being researched as possible future options.
Included in these possibilities are polymer-impregnated cement, polyethylene,
modified sulfur cement and vitrification. However, though some of these other
methods have reached advanced stages of development and demonstration, their
viability has yet to be demonstrated on a commercial scale and it is not possible
to fully assess their suitability at this stage. It should also be pointed out
that problems have been encountered with the solidification of some specific
waste streams, and most waste generators frequently use high integrity containers
(HICs) to provide the required stability for Class B and C wastes. These
containers are generally very expensive but this disadvantage may be offset to
some degree by simplified processing of the wastes. In particular, utilities
prefer HICs for many reasons, including ease of use, lack of on-site
solidification capability, etc. However, it has been pointed out that, when
account is taken of transportation and disposal costs, the use of high integrity
containers is still at least twice as expensive as incorporating the waste in,



for example, oxidized asphalt. How, or if, this situation will change in the
future is difficult to predict.

The various solidification media options have been reviewed in terms of the
availability of information, the limitations to use, the sensitivity to changes
in the process or waste stream characteristics, the ability to retain
radionuclides, the availability of models describing the radionuclide release
processes, the ease and safety of use, and the approximate relative costs. In
keeping with the task directive, no attempt was made to perform a detailed
technical evaluation of the various waste forms and degradation mechanisms but
such factors may be critical in a final analysis. Choosing the most appropriate
solidification system (or systems) for processing LLW is not a simple problem and
consideration must be given to many factors. Cost estimation alone is a
particularly complicated area with many uncertainties regarding future commodity
prices and transportation and disposal rates. On the technical side, the vast
majority of the data available have been obtained from short term testing and
there is a significant lack of information on the long term stability of all the
waste forms. In addition, although models have been developed to predict
radionuclide release rates, confirmatory testing of these models is still
required. The findings of the review are summarized in the following table.
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TABLE ES-1

Summary of Solidification Media Characteristics and Attributes

Data available:
short-term
long-term

Waste stream
limitations

Sensitivity
to changes in
waste chemistry

Radionuclide
retention
ability

Modeling
development

Ease and
safety of use

Relative costs:
materials
processing
transport
disposal

Cementation
Processes

Much
Some

Ion exchange
resins; oils;
organics;
borates and
boric acid.

Very
sensitive

Cs hard to
retain; Co,
Sr much more
tightly bound.

Some

Materials safe
to handle;
process simple
but detailed
characterizing
of wastes
needed.

Low
Low
High
High

Thermoplastic
Polymers

Much
Little

Oxidizing
agents (e.g.
nitrates);
organic
liquids.

Relatively
insensitive

Retention
ability much
better than
cement.

Little

Process simple
but potential
fire hazard
due to high
temperatures.

High
High
Low
Low

Thermosetting
Polymers

Adequate
Some

Boric acid;
Borates;
wastes must
be dewatered.

Relatively
insensitive

Retention
ability much
better than
cement.

Some

Processes
more complex;
material may
be flammable.

Very high
High
Moderate
Moderate

Gypsum

Adequate
Little

Few

Very
insensitive

Cs and Co
very hard to
retain.

Little

Similar to
cementation;
process may
be simpler;
detailed
characterizing
of wastes not
needed.

Low
Low
Moderate
Moderate
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1. INTRODUCTION

Low-level radioactive waste (LLW) is being continuously produced as a
result of a variety of operations and processes, including nuclear fuel
fabrication, operation of nuclear power plants, and in medical, educational and
research facilities. Irrespective of the source of the waste, there exist
requirements by the US Nuclear Regulatory Commission (NRC) that LLW with specific
radioactivity characteristics be stabilized in some form prior to disposal (see
10 CFR Part 61). The stability thus imposed is intended to ensure that the waste
does not degrade structurally and affect the overall stability of the disposal
site, ultimately leading to water infiltration. Stabilization is also intended
to limit exposure to an inadvertent intruder to the site. Among other benefits,
handling, transportation and interim storage of the waste are facilitated if the
waste is in a stabilized form, and the potential for migration of radioactive
species into the biosphere is minimized greatly. Guidance on the test methods
and results acceptable to the NRC for demonstrating waste form stability is
contained in the NRC's "Technical Position on Waste Form" [Higginbotham, 1983]
and the recent revision of that document [Lohaus, 1991]. In practice, the
required stability is often achieved by solidification in an inert and durable
medium.

Solidification generally was achieved during the early years of LLW
disposal using cement or concrete as binder material [Burns, 1971]. However,
other options were subsequently investigated and developed. Some, such as
incorporation in bitumen, have enjoyed a degree of success, while others,
including encapsulation in urea formaldehyde, have proved to have insurmountable
problems. Discussion of the various solidification options can be found in
several sources (for example, [IAEA, 1968], [Burns, 1971], [Colombo, 1976],
[Aubouin, 1980], [Claes, 1980], [Oyen, 1980], [Fuhrmann, 1981], [USAEWES, 1982],
[Akins, 1983], [Davis, 19831, [Tucker, 1983], [IAEA, 1985], [Moghissi, 1986],
[Colombo, 1988] and [Conner, 1990]). It is worthwhile noting at this point that
no one method appears to offer a panacea for all waste streams and situations.
As [Akins, 1983] concluded, "to select one (solidification agent) as a universal
system would be wrong ... each system must be evaluated on its merits in
conjunction with all the specific parameters of its intended use."

The present review summarizes the findings to date relative to the
following solidification media options:

* cementation (using portland cement, lime/flyash, etc.)
* thermoplastic polymers (primarily bitumen)
* thermosetting polymers (vinyl-ester styrene, etc.)
* gypsum

Emphasis has been placed on those options which are available commercially and
have been demonstrated to be viable to various degrees. At the same time, it is
recognized that other media are being researched as possible future options.
Included in these possibilities are polymer-impregnated cement, polyethylene,
modified sulfur cement and vitrification. However, though some of these other
methods have reached advanced stages of development and demonstration, their
viability has yet to be demonstrated on a commercial scale and it is not possible
to fully assess their suitability at this stage. It should also be pointed out
that problems have been encountered with the solidification of some waste
streams, and most waste generators frequently use high integrity containers
(HICs) to provide the required stability for Class B and C wastes. These
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containers are generally very expensive (approximately $8000 for a 200 cubic feet
model, according to [Silvey, 1988]) but this disadvantage may be offset by
simplified processing of the wastes. In particular, utilities prefer HICs for
many reasons, including ease of use, lack of on-site solidification capability,
etc. However, [Silvey, 1988] points out that, when account is taken of
transportation and disposal costs, the use of high integrity containers is still
at least twice as expensive as incorporating the waste in oxidized asphalt. How,
or if, this situation will change in the future is difficult to predict.

The following sections discuss the various options in terms of the
availability of information, the limitations to use, the sensitivity to changes
in the process or waste stream characteristics, the ability to retain
radionuclides, the availability of models describing the radionuclide release
processes, the ease and safety of use, and the approximate relative costs.

2. AVAILABILITY OF INFORMATION

In cases where approval is sought from the NRC for use of a commercial
process to solidify LLW, a vendor usually submits a Topical Report describing the
process and presenting the results of tests performed to demonstrate that the
wastes have been adequately stabilized. Although submittal and approval of a
Topical Report is not mandatory, it represents for the vendor a convenient method
for demonstrating compliance with 10 CFR 61.56 and with the requirements imposed
by the States to which the wastes may be sent for disposal. Some of the
information in a Topical Report is often of a proprietary nature and not readily
available. However, the reports usually include some basic data on the material
and waste form properties, and the anticipated limitations on usage, in
non-proprietary sections. Almost invariably, the data presented in the reports
are of a short-term nature.

2.1 Cementation Processes

In the current document, the term "cementation" is used in a very loose
generic manner. It includes, in addition to solidifications based on plain
Portland cement, those which are lime-based and those employing various additives
such as pozzolana and silicates. In the early days of LLW disposal,
solidifications were usually attempted with plain portland cement (generally
Types I, II or III) as the binder material. However, as difficulties began to
be encountered with specific waste streams, it was found necessary to incorporate
one or more additives into the mixtures in order to produce waste forms with the
desired stability. The development of these binder mixes (and others based on
lime) has been extensively documented and a considerable database exists
concerning the performances of the various waste forms thereby produced, both in
the US and in other countries. The current status of cement stabilization of LLW
in the US is described in detail in [USNRC, 1989].

There are several commercial solidification systems available in the US and
elsewhere based on the cementation process, and information from vendors and
other sources is readily available. Most of the information has been obtained
using small, laboratory-size samples and with relatively short term (90 day)
testing (this statement is also true for all other solidification media). In the
US, these tests derived from the guidance contained in the NRC's Technical
Position on Waste Form [Higginbotham, 1983] (recently revised - see [Lohaus,
1991]). Waste form criteria in European countries and elsewhere differ from



those in the US but qualification of a process is still based mainly on the
results of short term tests. However, test programs have been in place in some
facilities to acquire data on the stability of cement-based waste forms over
longer times. These are now beginning to produce results (see, for example,
[Lee, 1989]).

2.2 Thermoplastic Polymers

Only one thermoplastic polymer - bitumen (asphalt) - is in use as a binding
medium for LLW. Development has taken place over a period of more than 20 years
and several processes involving solidification of specific waste streams in
Ditumen have been commercialized, principally in Europe but also in the US.
Considerable information is readily available on the properties and performance
of such waste forms (see, for example, [OECD, 1976] and [Snellman, 1985]), but,
again, most of it has been obtained from short term studies, including, in the
US, those related to meeting the NRC waste form criteria [Higginbotham, 1983].
Few studies of the performance of the waste forms over the long term appear to
have been reported. This is a particularly critical deficiency in view of the
fact that degradation has been reported following extended exposure to moisture
[Snellman, 1985].

2.3 Thermosettinq Polymers

The principal thermosetting polymers used in solidifying LLW are vinyl
ester-styrene (VES) (often referred to as Dow binder, after the Dow Chemical Co.
which developed the process), polyester resins arJ epoxy resins. Their
development has taken place more recently than those of the cementation and
bituminization processes but all are in commercial use in the US and elsewhere.
Most of the data readily available were obtained from short-term tests but
diligent searching can also reveal data on the long-term performances of the
different binding media. Urea formaldehyde was also used as a binder for a
period of time but problems were encountered which led to its withdrawal from
use. Specifically, urea formaldehyde-based waste forms were found to release
acidic liquids after solidification was apparently completed and these, in turn,
caused accelerated corrosion of the containers.

The sole gypsum-based binding medium, marketed as ENVIROSTONE, has been
used to solidify LLW until very recently. However, although there have been no
problems comparable to that which led to the discontinuation of urea formaldehyde
as a solidification agent, there are concerns about the softening of gypsum when
exposed to moisture and the NRC has withdrawn approval of its use. Information
on ENVIROSTONE-stabilized waste forms is readily available but essentially
restricted to performance in short-term tests.

3. LIMITATIONS TO USE

It is obvious from the continuing research into the development of
solidification media that no one option has been universally accepted for all
applications and that there are limitations to use in all cases. A very brief
summary of the limitations of some specific solidification agents with respect
to waste streams is to be found in [Moghissi, 1986] and is presented here in
Table 1. [Colombo, 1988] provides detailed tabulations of DOE wastes for



potential treatment by the various generic groups of solidification agents.
However, the report includes the caveat that "these predictions ...do not imply
that these wastes can be satisfactorily solidified," and "... the potential
solidification options should be regarded as preliminary."

The following paragraphs indicate which waste streams, in general, have
proved difficult to solidify satisfactorily using the various options. In this
context, a waste is considered by the NRC to be "solidified satisfactorily" when
the end product meets the criteria specified in the latest version of the NRC's
Technical Position on Waste Form [Lohaus, 1991].

3.1 Cementation Processes

There are many variants on the basic cementation procedure and it is
claimed by the vendors that, by choosing the appropriate combination of cement
and additives, virtually any LLW can be solidified. However, some waste streams
(most notably, ion exchange resins) have proven to be less amenable than others,
particularly when the NRC's revised criteria [Lohaus, 1991] are applied. Typical
of the problems encountered are the failures experienced when full-scale
solidifications of Epicor-II resins were attempted following the development of
apparently successful procedures in the laboratory [Barletta, 1984]. Other waste
streams which have proved difficult to solidify by cementation include berates
and boric acid, sulfates, oils and other organic liquids.

3.2 Thermoplastic Polymers

Bitumen is used to solidify many of the same wastes as the cementation
systems, sometimes more successfully, as with boric acid concentrates. Problems
are likely to be encountered when trying to solidify organic liquids. Also, the
process is not recommended for wastes which contain nitrates and other oxidizing
agents. These not only lead to accelerated deterioration of solidified waste
forms but also greatly increase the fire hazard of the process. However,
probably the most significant factor which could limit the use of bitumen is the
ability of water to diffuse in the waste form. This is a relatively slow process
but, depending on the wastes contained and their loading factor, this could lead
to swelling and cracking of the waste form.

3.3 Thermosettinq Polymers

Thermosetting polymers in general appear to be as versatile as bitumen in
the wastes they can stabilize. VES is compatible with most wastes although
problems can be experienced when trying to solidify boric acid wastes if
procedures are not adhered to very closely. The polyester processes, while able
to incorporate most wastes, require that they be dry or dewatered, thus steps
must be included to ensure that this is so. Solidification in epoxies can be
achieved without the necessity of dewatering or drying, and there would appear
to be few restrictions regarding the type of LLW which can be incorporated.

3.4 Gypsum

The polymer-modified gypsum cement known as ENVIROSTONE has been used to
immobilize many types of LLW and appears to be particularly appropriate for
acidic wastes and for oils. However, compressive strengths of waste forms are
generally quite low; although greater than the 60 psi minimum criterion contained
in the NRC's original Technical Position on Waste Form [Higginbotham, 1983], they



are often much less than the 500 psi minimum recommendation provided for
cement-based waste forms in Revision 1 of the Technical Position [Lohaus, 1991].

4. SENSITIVITY TO PROCESS OR WASTE CHEMISTRY CHANGES

4.1 Cementation Processes

The cementation processes involve complex water-cement chemistries and ate
sensitive to the physical and chemical characteristics of the waste streams. As
a consequence, process control programs prescribe very detailed characterization
of the waste stream before solidification processing begins. If required, the
waste should be pretreated so that its properties fall within the values deemed
necessary to produce a successful solidification. It is also of importance that
the cement and additive ingredients be in the appropriate proportions and that
mixing procedures, such as order of additions, mixing speed and time, etc.,
should be followed. To assure that the formulations used are producing
successful solidifications, it is a requirement that verification and
surveillance specimens be prepared for Class B and C wastes, the latter with the
intent of ascertaining that the waste forms remain stable with time [Lohaus,
1991].

4.2 Thermoplastic Polymers

Bitumen solidifications are relatively insensitive to variations in waste
stream chemistry due to the fact that hardening depends only on cooling, not on
chemic 1 reaction. The main concern is that the waste stream hava a pH value of
around . or higher, a requirement which may necessitate pretreatment of acidic
wastes such as boric acid. The process system contains fewer operating
parameters than a cement-based system but such process variables as the
evaporative capacity of the extruder and the extruder temperature profile are
critical if a satisfactory solidification is to be accomplished.

4.3 Thermosetting Polymers

Although all the thermosetting polymer methods are generally thought to be
fairly insensitive to variations in waste chemistry, the processes themselves,
which may involve up to four components, are chemically more complex than
bituminization. This means that the processes have to be closely controlled.
Also, with regard to the waste streams, attention must be given to pH values,
which, if necessary, should be adjusted to ensure that satisfactory
solidification can take place.

4.4 Gvpsum

The hardening process is less chemically complex than that of the portland
cement-based mixes and thus subject to fewer variables. However, waste stream
pH values must be closely monitored and, if necessary, adjusted. If not,
solidification may be significantly retarded.



£.. R.MiiONUCLIDE RETENTION ABILITY

There exists a fairly extensive data base on the ability of the various
solidification media to retain radionuclides. Most data, however, are restricted
to just three elements - cesium, strontium and cobalt. Data on other elements,
such as iodine, technetium, uranium and plutonium, are very sparse.

5.1 Cementation Processes

[Sullivan, 1989] contains a comprehensive summary of all the data available
in the literature on diffusion coefficients and leachability indices (the
Teachability index, LI, is the negative of the logarithm of the diffusion
coefficient) of various nuclides in cement, from which can be deduced ti.e ability
of cement-based sol idifications to retain these nuclides. The wide variability
in the diffusion coefficient data, which can be seen in Table 2, reflects the
dependence on nuclide, on waste stream and on cement mixture. The LI information
to Le found in [Mclsaac, 1988] show slightly wider ranges of values for cesium
and cobalt but a similar one for strontium. In general, the cement-based waste
forms seem most capable in retaining carbon-14, and, to a lesser extent, cobalt.
Strontium and tritium are somewhat more strongly retained than cesium, which
appears the most susceptible to leaching. However, this latter tendency can be
reduced by the use of pozzolanic-type admixtures. There are also data available
on the diffusion and sorption of iodine in cement but the orocesses involved
appear quite complex [Atkinson, 1988]. Leach data on LLW containing transuranic
elements can be found in [Welch, 1983].

In a related area, there is some information available on the leaching of
organic decontamination agents from ion exchange resin beds solidified in cement.
According to [Soo, 1988], both EDTA and LOMI reagents have LI values generally
in the range 9 to 11. However, [Mclsaac, 1988] reports that the LI for EDTA is
much lower than this, in the range 5.8 to 9.0. [Mclsaac, 1988] also provides
data on other agents such as citric acid (6.5 to 11.0) and oxalic acid (7.2 to
10.7).

5.2 Thermoplastic Polymers

Leach test studies on bitumen indicate that such waste forms have, in
general, better nuclide retention properties than cement-based waste forms. Both
[Mattus, 1987] and [Simpson, 1989] report the LI of cesium to be in excess of 8.0
(values as low as 6.0 have been noted with some cement-based waste forms).
Cobalt and strontium have higher values, typically 9.0 or greater. [IAEA, 1985]
and [Dougherty, 1986] indicate that it is not unusual for cesium release rates
from bitumen to be more than two orders of magnitude less than those from cement
(this is equivalent to a four order of magnitude increase in LI) while cobalt
appears to be retained slightly more strongly by cement than bitumen. Retention
of strontium by bitumen is slightly better than by cement (LI calculated to be
about an order of magnitude higher). Carbon-14 release from bitumen is of the
same order of magnitude as it is from cement. As with the portland cement-based
waste forms, there is some dependence of the values on waste stream but the data
spread is not as wide.

5.3 Thermosettina Polymers

The thermosetting polymers appear to have similar nuclide retention
properties to bitumen in many cases, though there are exceptions [IAEA, 1985].



[Aubouin, 1980] includes diffusion coefficient data on cesium in polyester or
epoxy resin which indicate Teachability indices ranging from 8.1 to 12.0. There
is also dependence on waste stream characteristics with cesium being more
strongly retained than cobalt in some instances but vice versa in others.
[Tucker, 1983] reports diffusion data on a polyester product from Toshiba that
indicate a leachability index of around 10 (no nuclideo defined). [Dougherty,
1986] provides data which show that cesium release from VES is at least two
orders of magnitude less than that from cement and similar to that from bitumen.
However, there is no significant difference between the release rates from VES
of cesium, strontium and cobalt. On the negative side, the ability to retain
carbon-14 is much less for polyester than for either cement or bitumen [IAEA,
1985].

As with the cement-based solidifications, there are also data available on
the leaching from VES of organic decontamination agents [Soo, 1988]. Again, the
leachability indices of both EDTA and LOMI reagents were generally in the range
9 to 11.

5.4 Gypsum

The database on leaching of nuclides from ENVIROSTONE is more restricted
than that on the cament-based waste forms. Based on information in [Neilson,
1982] and [VSG, 1984], gypsum appears to be less capable of retaining nuclides
than portland cement. The most significant difference between the two types is
in the diffusion coefficients for cobalt, which are at !e?;t three orders of
magnitude larger in the gypsum-based waste forms and similar to those of cesium.

6. MODELING OF RADIONUCLIDE RELEASE PROCESSES

Knowledge of the processes controlling radionuclide release is critical to
the development of source term models such as FEMWASTE and BLT [Sullivan, 1989].
The acquisition of the leach data described above has been accompanied by
numerous efforts to model these release processes. There is a general acceptance
that, for short-term tests such as the 90-day leach test defined in [ANS, 1986],
the release from a solidified waste form can be adequately described by a
diffusion-controlled model. However, it is recognized that this is only an
approximation which may not be appropriate for describing release over long time
periods and which is probably not applicable to all solidification agents and
radionucl ides. A survey of the various proposed leaching mechanisms can be found
in [Dougherty, 1985] and a program to develop an accelerated leach test to
determine the long-term leaching behavior of several waste forms is in place
[Fuhrmann, 1989]. Interpretation of the data produced by the accelerated leach
test program, however, is still based on assumption of a diffusion-controlled
process. Most of the model development has been concentrated on cement-based
waste forms and on VES. There has been some work in Europe on bitumen waste
forms but little work on other solidification media.

7. EASE AND SAFETY OF USE

7.1 Cementation Processes

Solidifications based on portland cement are well established and involve
relatively simple operations carried out at room temperature. The level of



worker exposure to radioactive waste is dependent on the amount of clean up
needed after the solidification process. This, in turn, is affected by such
factors as whether or not the cement/waste mixing operation is performed in the
disposal container. In addition, detailed characterization of the waste stream,
essential to assure successful solidification, increases the human exposure
factor.

7.2 Thermoplastic Polymers

The bituminization process has been developed over many years and early
operating problems have been resolved. Though the process is straightforward,
the bitumen must be maintained at relatively high temperature during operations
in order to maintain flow of the bitumen and the bitumen/waste mixture. There
is a fire hazard associated with the use of hot bitumen but the processing
temperatures are significantly below the flash point. The solidified waste form
does not pose a fire hazard. Equipment clean up after operations may increase
human exposure to radioactivity. However, the relative insensitivity of
bituminization to waste stream chemistry means that waste characterization need
not be as detailed as with the portland cement-based processes and hence there
will be much reduced human exposure.

7.3 Thermosettinq Polymers

Solidification using thermosetting polymers does not require high
temperature operations and is thus inherently easier to accomplish and safer than
bituminization. On the other hand, thermosetting processes usually involve more
ingredients (for example, catalysts and promoters in addition to the main binder
material) than the thermoplastic process, thereby adding a level of complexity.
At the same time, the thermosetting polymers share with the bitumen a relative
insensitivity to the waste stream chemistry, thus reducing the need for detailed
chemical characterization of the waste and enabling worker exposure to be kept
to a minimum in this phase.

The Dow process (using VES) is probably the easiest to use as the mixing
of the waste and the solidification agent (and the subsequent blending of
catalyst and promoter) are all accomplished in the disposal container, thus
minimizing worker exposure to radioactivity during clean up operations. The
vinyl ester resin in the unsolidified state, is classed as a flammable liquid and
requires appropriate precautions to be taken during storage and use. However,
the waste form itself is not a fire hazard.

Polyester resin processes require more complex systems as the waste must
be dried or dewatered before mixing with the binder. The processes also include
premixing before placement in the disposal container, thus presumably increasing
worker exposure to radioactivity during clean up operations. Epoxy-based systems
involve either premixing (for dry wastes) or in-container mixing (for liquid and
wet wastes). Thus, in terms of ease of operation and of safety, the process can
be considered similar to the polyester resin systems.

Processing waste using ENVIROSTONE is generally thought to be somewhat
simpler and safer than using portland cement. All operations are performed at
room temperature, and gypsum and the additives require no special handling.
ENVIROSTONE is less sensitive to waste stream chemistry than the cement-based
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mixtures so the necessity for detailed waste characterization (and associated
worker exposure to radioactivity) is much reduced. The equipment used in
ENVIROSTONE solidification is similar to that used for cement mixtures but the
post-solidification cleaning process is reputedly easier.

8. APPROXIMATE RELATIVE COSTS

Cost evaluation of solidification methods is, of course, a complex process
which in practice is often handled on an individual case-by-case basis. Economic
considerations must take into account not only material and equipment costs, but
also those associated with such factors as training of personnel, worker
radiation exposure limits, maintenance of equipment, waste volume reduction, and
subsequent handling, storage, transportation and disposal of the waste form. On
top of these must be imposed a time-based factor which takes into account the
susceptibility of costs to change over the years. Perhaps not surprisingly,
evaluations and comparisons which have appeared in the literature fail to provide
a coherent picture concerning the relative costs of the different processes.
Some of these studies are briefly discussed in the following paragraphs.

A fairly detailed account of costs during the 1960s can be found in [IAEA,
1968]. For simplicity, discussion on these early cost figures is limited here
to those in [Burns, 1971] relative to the comparative costs for cementation
processing versus bituminization for the immobilization of 4.55 m3 of sludge.
Although the figures presented have little meaning in terms of today's currencies
and apply only to costs in the UK at that time, they do provide an insight into
the relative costs of the two processes. Some of the figures are shown in Table
3. The materials costs given for both processes are very similar which may seem
a little odd in view of the fact that bitumen is normally much more expensive
than cement. However, if the bitumen could sustain much higher loading
efficiencies, then the amount of bitumen needed to process a defined amount of
sludge would be much smaller than that needed if cement was used, and total
material costs might be very similar. Overall,, however, the processing cost
remains lower for the cementation because of increased costs associated with the
more extensive and complex support facilities required with bituminization.
After this point, the bitumen products recover some of the cost differential due
to significantly lower shipping and disposal costs.

A more recent comparison of costs between cementation and bituminization
is provided in [Doyle, 1986] relative to processing spent resin from a two-unit
BWR. The results in terms of $/m3 are shown in Table 4. These data are similar
to those presented in [Burns, 1971], in that they reflect the much lower cost of
shipping and disposal of bituminized waste, but indicate that solidification
processing costs are the same for either process. No details are provided on the
breakdown of solidification costs so it is difficult to assess the validity of
apparent equality in costs in this area.

[Doyle, 1986] credits the volume reduction feature of bituminization with
the lowering of costs compared with cementation processes. In a similar vein,
the cost analysis performed in [Oyen, 1980] indicates that volume reduction, per
se, can lead to savings of over 50% in annual disposal costs compared with
conventional cementation processing. In this particular case, the analysis
assumes the volume of waste is reduced by drying and incineration, then the
resultant ashes are solidified in cement. The report also discusses other
methods of volume reduction/solidification, including bituminization, but does



not perform a cost analysis on these other methods. However, it can be inferred
that the authors would expect lower overall costs, irrespective of the mode
employed.

Another comparison of costs, this of a more general nature and aimed more
at the solidification and disposal of hazardous wastes, was compiled in [USAEWES,
1982]. Some of the findings are summarized in Table 5. Though these data are
not necessarily completely relevant to processing LLW, they do serve to indicate
some of the general cost trends in the solidification phase. These are that
cement-based solidifications should involve lower costs than the other processes
except gypsum, and that polyester-based solidification is the most costly.
However, the bases used in constructing thece costs are not completely defined.
In particular, the types of waste being solidified are not discussed and this is
an important factor in processing LLW.

The concluding paragraphs in this section attempt to summarize the current
positions with regard to the individual solidification systems.

8.1 Cementation Processes

The materials used in cement-based solidifications are comparatively cheap
and the prices relatively stable. The equipment needed has been developed and
tested over the years, is fairly basic in structure and should represent only a
modest cost, both in acquisition and maintenance. Negative cost factors,
compared to the other processes, include the need for detailed waste
characterization and apparently lower waste loading potential for some waste
streams. The latter lead to increased costs in subsequent areas such as
transportation, storage and disposal.

8.2 Thermoplastic Polymers

The bituminization equipment needs are more complex than those for
cement-based solidification, resulting in increased capital, operating and
maintenance costs. The basic binder material, bitumen, is a petroleum-derived
product and not only much more expensive than the cementation materials but also
subject to price instability. On the positive side, higher waste loading and
volume reduction factors may be available which result in cost savings in
subsequent waste handling and disposal steps. There are also potential savings
in that there may be less of a requirement for detailed characterization of the
waste before solidification.

8.3 Thermosettinq Polymers

Compared with bituminization, equipment requirements in general are
simpler, and should lead to lower capital, operating and maintenance costs.
Against this must be set significantly higher material costs which are also
dependent on the vicissitudes of the oil market. Volume reduction factors are
probably similar to those of cement and gypsum (that is, inferior to those of
bitumen) but higher waste loading factors might be achievable. Also, because of
the relative insensitivity of the binder materials to waste chemistry, savings
could be realized in the reduced need for detailed waste characterization.
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8.4 Gypsum

Equipment needs and material costs would be similar to those for
cement-based solidification and apparently simpler processing controls could lead
to slightly lower costs in this area. Cost savings may also be realized from a
reduced need for detailed waste characterization and possibly higher waste
loading factors.

9. SUMMARY

Table 6 is an attempt to summarize the findings and to simplify comparisons
by highlighting the advantages and disadvantages of each process in the context
of the present report. No attempt has been made to perform a detailed technical
evaluation of the various waste forms and degradation mechanisms. Such factors
as the potential effects of water ingress on the stability of bitumen-based waste
forms may be critical in the final analysis. Table 7, taken from [IAEA, 1985],
compares the properties of immobilized waste (specifically, ion-exchange resins)
from a slightly different perspective. Comparison tables can also be found in
other sources. However, as will have become readily apparent, choosing the most
appropriate solidification system (or systems) for processing LLW is a not a
simple task and consideration must be given to many factors. Cost estimation
alone is a particularly complicated area with many uncertainties regarding future
commodity prices, and transportation and disposal rates. On the technical side,
the vast majority of the data available have been obtained from short term
testing and there is a significant lack of information on the long term stability
of all the waste forms. In addition, although models have been developed to
predict radionuclide release rates, confirmatory testing of these models is still
required.
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TABLE 1

Chemical Tolerance of Solidification Agents

Waste Stream Portland Cement Bitumen Polyesters

Boric acid concentrate

Sodium suifate concentrate

Alkaline waste solution

Detergent waste solution

Organic liquids

Ion exchange resins

Sludges

Poor-fair

Fair-good

Good

Poor

Poor

Fair

Good

Good

Fair

Good

Fair

Fair

Fair

Good

Good

Good

Good

Fair

Poor

Good

Good

(based on information in Table 4 in Chapter 8 of [Moghissi, 1986])
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TABLE 2

Diffusion Coefficients and Le^chability Indices
in Cement-Based Waste Forms

Nuclide Diffusion Coefficients (cmz/s) Leachability
Low value High value Index

Cs-137

Sr-90

Co-60

C-14

H-3

2

2

1

7

1

.8

X

X

X

X

x l O ' 1 1

10"11

io-1 3

10"1 5

10"9

1

9

2

1.

4

X

X

X

2

X

10"6

10"8

io-10

x 10'13

10"8

6.0 -

7.0 -

9.7 -

12.9 -

7.4 -

10.6

10.7

13.0

14.2

9.0

(based on data in Table A8.2 in [Sullivan, 1989])

16



TABLE 3

Comparative Costs for Cementation and Bituminization
Processing of Sludge

Item(s) Cost (in pounds sterling)
Cementation Bituminization

Materials (cement/bitumen,
drums, power, etc.)

Non-material costs (wages,
overheads, depreciation,
maintenance, interest, etc.)

Processing cost

Transport and disposal

Total cost

23.60

59.00

82.60

17.10

99.80

20.60

98.80

119.40

5.00

124.40
(per 4.55 m sludge)

(based on data in [Burns, 1971])
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TABLE 4

Comparative Costs for Cementation and Bituminization
Processing of Spent Resins

Item

Solidification

Transportation

Burial

Total

(based on data in [Doyle,

Cost
Cementation

2649

1843

2889

7381

1986])

(in $/m3)
Bituminization

2649

971

1353

4973
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TABLE 5

Approximate Costs Associated with Various Solidification Media

Solidification
Medium

Portland cement

Bitumen

Polyester

Gypsum

Material
Costs (a)

3.00

18.60

27.70

Negligible

Price Trends

Stable

Subject to
oil price;
increases
probable

Subject to
oil price;
increases
probable

Stable

Equipment
Costs

Low

Very high

Very high

Moderate

Energy
Needs

Low

High

High

Moderate

(a) cost ($) to treat 100 lb of raw waste

(taken from data given in Table 3-6 in [USAEWES, 1982])
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TABLE 6

Summary of Solidification Media Characteristics and Attributes

Data available:
short-term
long-term

Waste stream
limitations

Sensitivity
to changes in
waste chemistry

Radionuclide
retention
ability

Model ing
development

Ease and
safety of use

Relative costs:
materials
processing
transport
disposal

Cementation
Processes

Much
Some

Ion exchange
resins; oils;
organics;
borates and
boric acid.

Very
sensitive

Cs hard to
retain; Co,
Sr much more
tightly bound.

Some

Materials safe
to handle;
process simple
but detailed
characterizing
of wastes
needed.

Low
Low
High
High

Thermoplastic
Polymers

Much
Little

Oxidizing
agents (e.g.
nitrates);
organic
liquids.

Relatively
insensitive

Retention
ability much
better than
cement.

Little

Process simple
but potential
fire hazard
due to high
temperatures.

High
High
Low
Low

Thermosetting
Polymers

Adequate
Some

Boric acid;
Borates;
wastes must
be dewatered.

Relatively
insensitive

Retention
ability much
better than
cement.

Some

Processes
more complex;
material may
be flammable.

Very high
High
Moderate
Moderate

Gypsum

Adequate
Little

Few

Very
insensitive

Cs and Co
very hare to
retain.

Little

Similar to
cementation;
process may
be simpler;
detailed
characterizing
of wastes not
needed.

Low
Low
Moderate
Moderate
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TABLE 7

Comparison of the Properties of Immobilized Waste Forms

leach resistance

radiation resistance

mechanical stability

fire resistance

costs

(taken from TABLE XVI

cement <

polymers <

bitumen <

bitumen <

glass >

in [IAEA, 1985])

polymers <

bitumen <

polymers <

polymers <

polymers >

bitumen <

cement <

glass <

cement <

bitumen >

glass

glass

cement

glass

cement
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