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1 INTRODUCTION

The newly revised draft DOE Order 5820.2, Chapter III, requires that "DOE low-
level waste shall be managed on a systematic basis using the most appropriate
combination of waste generation reduction, segregation, treatment, and disposal
practices so that the radioactive components are contained and the overall cost
effectiveness is minimized." This order expects each site to "prepare and maintain an
overall waste management systems performance assessment supporting the combination
of waste management practices used in generation reduction, segregation, treatment,
packaging, storage, and disposal."

A document prepared by EG&G Idaho, Inc. for the Department of Energy called
"Guidance for Conduct of Waste Management Systems Performance Assessment" (EG&G
Idaho, Inc. 1987) is specifically intended to provide the approach necessary to meet the
systems performance assessment requirement of DOE Order 5820.2, Chapter III, and
other applicable state regulations dealing with LLW. Methods and procedures are needed
for assessing the performance of a waste management system. This report addresses this
need.

The purpose of the methodology provided in this report is to select the optimal
way to manage particular sets of waste streams from generation to disposal in a safe and
cost-effective manner, and thereby assist the DOE LLW managers in complying with the
DOE order 5820.2, Chapter III, and the associated guidance document (EG&G Idaho, Inc.
1987). The methodology described in Sec. 2 is designed to review the entire waste
management system, assess its performance, ensure that the performance objectives are
met, compare different LLW management alternatives, and select the optimal
alternative. The methodology is based on decision analysis approach, in which costs and
risks are considered for various LLW management alternatives, a comparison of costs,
risks, and benefits is made, and an optimal system is selected which minimizes costs and
risks and maximizes benefits. A "zoom-lens" approach is suggested, i.e., one begins by
looking at gross features and gradually proceeds to more and more detail.

Performance assessment requires certain information about the characteristics
of the waste streams and about the various components of the waste management
system. These information needs are addressed in Sec. 3. Waste acceptance criteria
must be known for each component of the waste management system. They are
discussed in Sec. 3.1. Performance assessment for each component requires data about
properties of the waste streams and operational and design characteristics of the
processing or disposal components. These data needs are described in Sec. 3.2. As the
waste stream undergoes processing, some of its characteristics (e.g., volume,
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radionuclide concentrations) may change. These changes must be known in order to carry
out performance assessment at subsequent steps. These properties are described in
Sec. 3.3.

A number of tools suitable for performance assessment are currently in use.
Such tools are models, computer codes, and data bases. Computer codes are discussed in
Sec. 4.1. Section 4.2 discusses additional available tools. Section 5 presents conclusions
and recommendations.

2 ASSESSMENT METHODOLOGY

2.1 WASTE MANAGEMENT SYSTEM GOALS AND PERFORMANCE OBJECTIVES

The goal of a waste management system is to dispose of low-level radioactive
waste in a systematic, safe, and economical manner. The performance objectives that
must be met by a waste management system are (1) protection of public health and
safety, (2) protection of occupational health and safety, and (3) management of low-level
waste in an environmentally sound manner. Compliance with basic radiation criteria for
members of general public and for radiation workers is of prime importance. Such
compliance must be achieved without regard to cost. In addition, detrimental effects
must be reduced to levels that are as low as reasonably achievable (ALARA). Cost
becomes a consideration in judging what further reductions are "reasonably achievable."

A number of federal (DOE, U.S. Environmental Protection Agency [EPA], DOT,
and NRC) state guidelines and regulatory requirements address more specific
performance objectives derived from basic radiation criteria. Examples of such
objectives are radiation dose limits for members of the general public and radiation
workers, dose limits outside of packages containing radioactive waste, and water and air
contamination limits. The waste management system must satisfy all these performance
objectives. Regulatory requirements and performance objectives are summarized in the
guidance document (EG&G Idaho 1987).

In addition, nonradiological hazards may exist because of the presence of various
toxic, flammable, or explosive substances in the waste. Reduction of ncnradiological
detrimental effects to acceptable limits is another important goal of waste management
systems.

2.2 COMPONENTS OF A WASTE MANAGEMENT SYSTEM

The waste management system comprises all components of waste management:
generation, packaging, storage, treatment, transportation, and disposal. A number of
options are available for each of the components The options for the various components
are summarized in Table 1. A more detailed description of various options for the
system components is available elsewhere ( Jolley et al. 1986; Meshkov et al. 1988a) The
various disposal options available are described in detail in a number of reports (e.g.,
Dames and Moore 1985; Gilbert et al. 1986; Rogers and Associates 1987).

2.3 DECISION ANALYSIS APPROACH
Methods for selecting an optimal waste disposal system should be explicit and

quantitative, allowing for clear separation between technical and policy issues. An
adaptation of the benefit-cost-risk analysis recommended by the International
Commission on Radiological Protection (ICRP) for optimization of radiation protection in
the design of installations meets both these requirements (ICRP 1983).
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TABLE 1 Waste Management System Options

GENERATION
Waste minimization

Process innovation
Segregation
Material substitution
Recycling

STORAGE

Storage buildings, with
waste stored in:

LSA containers
Steel drums
Plastic-lined drums
Other type A containers
Type B containers
High-integrity containers
Shielded, built-in cells

Transportable storage
modules

Concrete
Stainless steel
Polyethylene

Storage vaults
Aboveground
Belowground

TREATMENT
Solidification

Sorbents
Cement
Bitumen
Organic polymers
Glass
Smelting

Compaction
Supercompaction
Other mechanical treatment

Sorting and segregation
Shredding
Dismantling
Cutting and sawing
Crushing

Dewatering
Evaporation and drying
Filtration and
ultrafiltration
Reverse osmosis
Electrodialysis
Precipitation

Incineration
Ion exchange
Other chemical treatment
Biological treatment

TRANSPORTATION

Truck
Rail
Barge or ship

DISPOSAL
Shallow trench
Deep trench
Belowground vault
Aboveground vault

Uncovered structure
Earth-mounded concrete
bunker

Mined cavity
Coal mine
Metal mine
Limestone mine
Salt mine
Rock cavity

Augered hole
Hydrofracture

PACKAGING

Low specific activity (LSA)
containers
Type A packaging
Type B packaging
High-integrity containers

Special steel alloys
Polyethylene
Concrete
Composites

2.3.2 Selecting the Optimum Waste Management System

Prior to examining individual steps of the LLW management system at a
particular DOE site, one should consider the system as a whole. The volumes and types
of wastes generated at present and the projections into the future should be examined,
and the disposal capacity of the site should be estimated. In estimating the disposal
capacity, it is useful at first to take no credit for engineered barriers or improved waste
forms. The estimate of the capacity may be done by performing a site-specific pathway
analysis of the disposal site for all the radionuclides present in the waste both currently
in place and to be empiaced in the future. One then proceeds to examining the system
step by step.

A waste management system must be examined waste stream by waste stream in
order to select the best management alternative. For a given waste stream, a waste
management alternative is a particular combination of alternatives for each of the steps
shown in Table 1. For example, a waste stream containing mostly paper products is
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incinerated, its ashes are solidified in
a cement matrix, it is packaged in a
steel drum, stored until short-lived
radionuclides decay away, and trucked
to a shallow-land burial trench for
disposal. Here the treatment
alternative is incineration followed by
solidification in cement, packaging
alternative is a steel drum, storage is
for decay, transportation is by truck,
and the burial option is shallow land.
Other alternatives and combinations
of alternatives could be selected for
this waste stream.

Not all alternatives are
possible for a given waste stream.
For example, waste containing a lot of
water cannot usually be incinerated, it
must be dewatered first. Thus, the
first step in waste management
system is to identify all the feasible
options that are available for its
waste streams. Suitability of a
particular treatment option for a
given waste stream depends on the
properties of the waste stream. Two
types of information are required to
determine the suitability of a
particular option for the waste
stream: (1) waste acceptance criteria
for each option at every step in the LLW management system, and (2) characterization of
the waste stream in sufficient detail to determine whether acceptance criteria are met.

Major steps in the decision process for a particular waste stream are illustrated
in Fig. 1. The first decision point is at the generation step. Is reduction of waste
generation feasible? To answer this question all suitable alternatives for waste
generation reduction must be identified for the particular waste stream, performance
assessment (calculation of benefit, cost, and risk) must be carried out for each
alternative (one of the alternatives, of course, is to do nothing), and the optimal
alternative or a set of alternatives selected. In addition, changes in relevant waste
properties, such as volume, radionuclide content and concentrations, etc., which will
occur as the consequence of waste generation reduction must be determined. These
steps are outlined in Table 2.

One can now proceed to the next decision point: is this waste stream suitable for
disposal? Two issues need to be addressed at this point. First of all, the waste stream
must satisfy acceptance criteria for disposal. If the waste acceptance criteria are not
met, the waste stream must undergo appropriate treatment. Secondly, even if waste
acceptance criteria are met, it may be desirable to treat the waste in order to reduce its
volume.

If it is established that the waste stream should undergo treatment, one proceeds
in a way similar to that for the preceding step. All feasible treatment options must be
identified for this waste stream, performance must be assessed for each feasible option,
and an optimal option or a set of options must be selected on the basis of the

FIGURE 1 Major Steps in the Decision Process
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Table 2 Selection of an Alternative for Waste Management Component

1. Identify all feasible alternatives
2. Assess performance, i.e. estimate costs, benefits, risks
3. Select an optimal alternative or a set of alternatives on the basis of the

performance assessment
4. Determine changes in relevant waste properties (does not apply to disposal)
5. Proceed to the next decision point (or next waste stream in case of disposal)

performance assessment. In order to identify treatment options, one must first establish
the purpose for treatment. Is the purpose volume reduction, increase in physical
stability, reduction of teachability, dewatering, or reduction of chemical or biological
hazards? This step will narrow down the number of treatment options to be considered.
The next step is to see whether the waste stream satisfies waste acceptance criteria for
treatment options under consideration. The feasible treatment alternatives are now
identified. Again, performance assessment must be carried out for each alternative, and
the optimal alternatives are selected on the basis of this performance assessment.

A waste stream may undergo more than one form of treatment. Thus, dewatered
waste may be subsequently incinerated, incinerated waste may be solidified, etc. This is
indicated in Fig. 1 by the arrow going from the treatment box back to the second
decision diamond. When no further treatment is desirable the waste may go to disposal.

The selection of a disposal alternative proceeds in a way similar to that in other
waste management steps. All feasible disposal alternatives must be identified by first
considering the waste acceptance criteria of different disposal options, and by applying
these waste criteria to the waste stream under consideration. Performance assessment
must be carried out, and an optimal alternatives selected. At this point one can proceed
to the next waste stream.

Fig. 1 also shows three other steps prior to treatment and/or disposal; these are
packaging, transportation, and storage. These steps may occur in any order before
and/or after treatment. The decision process for selecting appropriate alternatives for
each of these steps is the same as for the selection of treatment alternatives.

In the decision process outlined above one starts from generation, selects the
optimum generation reduction alternative, proceeds to treatment, selects optimal
treatment alternative, and proceeds in this manner step by step all the way to disposal.
The combination of waste management steps selected in this way will constitute a waste
management system alternative. This will not necessarily be the optimal choice for the
system alternative but it is expected that it will be a good approximation to the best
choice. To be certain one would have to go through a much more complex procedure.

To illustrate how this would be done consider a simplified set of waste
management options. A simplified LLW management system consists of only three steps:
treatment (three options: Tl, T2, T3), packaging (three options: PI, P2, P3), and disposal
(four options: Dl, D2, D3, D4), for a total of 36 system alternatives (3 x 3 x 4). The
selection process in which one proceeds one step at a time picked the set (Tl, PI, Dl). In
other words, after all steps in Table 2.4 were carried out the treatment option Tl is
judged to be preferable to T2 and T3; the packaging option most suitable for the waste
stream after it underwent the treatment Tl is PI, and the best disposal option is Dl. It
is possible that the combination of steps (T3, P2, D3) is preferable to (Tl, PI, Dl) even

40



though Tl is better than T3. A more accurate approach would be to do a performance
assessment on all 36 system alternatives and then compare these alternatives, rather
than compare alternatives step by step. This procedure would be much costlier and more
time-consuming.

For the sake of time and money economy, it is proposed here that in a
preliminary analysis a simplified step by step procedure be followed as outlined above.
Once the choice of alternative is narrowed down to a manageable number, a more
accurate selection process may be applied.

The decision process for selecting the optimal LLW management system
alternative provides a basis for data requirements. Data are needed for the waste
stream and for the processing and disposal steps. These data needs will be defined by the
acceptance criteria, performance assessment requirements, and to determine changes in
waste properties during processing.

As will be required in DOE order 5820.2, waste acceptance criteria must be
established for each step alternative (treatment, packaging, transportation, storage, and
disposal) specifying the properties of the waste stream to make it acceptable for the
particular processing and disposal step.

Information requirements for performance assessment include all the data
required for performing cost and risk assessments at all processing steps. The data that
must be known for waste streams include radionuclide quantities and concentrations and
their physical and chemical form. The data requirements for the processing and disposal
steps are specifications of design and operational procedures which determine how the
workers and the public becomes exposed to radionuclides in the waste. Economic data
must be known for cost assessments.

In addition, all the changes in important waste properties must be known for each
processing step. Such changes will include changes in volume, radionuclide
concentrations, structural stability, and chemical and biological form.

2.3.1 Benefit-Cost-Risk Analysis

Selection of a waste management system alternative is based on the principle
that the alternative having the greatest net benefit should be chosen. The net benefit
for alternatives that provide different degrees of radiation protection is is obtained by
subtracting the cost and the risk from the gross benefit (ICRP 1983).

The gross benefit and production costs are incurred as a result of the activities
that produce the waste. For the most part, waste managers are not concerned with
balancing the benefits associated with production of the waste against the costs and risks
of waste management. Therefore, the alternative for which the net benefit is largest
will be the alternative for which the sum of disposal costs and disposal risks is the
smallest.

The risks include detrimental effects from exposure of workers and members of
the general public to radiation from radionuclides at all waste management steps,
industrial accidents, and other socioeconomic and environmental effects associated with
radioactive waste management. They are calculated in appropriate units (e.g., in dose
equivalent units [rems or sieverts] for the effects of radiation and in health effects
[illnesses and fatalities] for industrial accidents). A trade-off factor converts the risks
to monetary units.

The trade-off factor is needed to convert the units associated with different
detrimental effects to a common unit so that the detrimental effects can be aggregated
into a total risk and the total cost and total risk can be summed. The size of the
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FIGURE 2 Cost-Risk Plot for Hypothet-
ical Waste Management Alternatives

trade-off factor is a measure of the level
of societal concern attached to a
particular risk. A large trade-off factor
indicates a willingness to pay a lot for
mitigating a particular risk; a small trade-
off factor shows that less importance is
attached to that risk.

Calculating the risk is a technical
matter, whereas assigning a value to the
trade-off factor is a policy matter. It is
important that a clear separation between
technical and policy issues is maintained.

The number of waste management
alternatives to be considered can be
further reduced by looking at costs and
risks alone, prior to selecting a trade-off
factor. For example, if there are a
number of alternatives with the same
costs but different risks, the alternative
with the lowest risk is the obvious
choice. Similarly, among alternatives
with similar risks but varying costs, the
least costly alternative should be chosen.

A more general result can be obtained by representing all feasible alternatives on
a graph, with the cost plotted along the horizontal axis and the risk along the vertical
axis. Such a graph is shown in Fig. 2 for hypothetical waste management alternatives.
The most desirable alternatives lie on a curve concave upward (solid curve passing
through the circled points). The alternatives above this curve are less desirable than the
circled alternatives, regardless of trade-off factors. Different circled alternatives
correspond to different trade-off factors. Selection of optimum alternative from among
the circled alternatives is a policy decision based on the trade-off factor value chosen.

A similar analysis can be performed for comparing two different types of risks
instead of costs and risks. For example, in Fig. 2 the vertical axis could be the
radiological risk to the general public and the horizontal axis the occupational risk for
the workers. The trade-off factor would then be the measure of the relative weight
assigned to the worker risk versus the risk to the general public. The importance
attributed to the worker risk compared to the risk to general public is again largely a
policy issue and cannot be decided solely on technical basis.

The various risks and costs that should be taken into consideration in con-
structing an objective function for different waste management alternatives are
described in the following sections.

Risks

The harmful effects resulting from exposure to ionizing radiation have been
identified and, when possible, quantified in ICRP (1983, 1984). Nonradiological
detrimental effects may be caused, for example, by hazardous materials present in mixed
waste. Thus, both radiological and nonradiological risks should be included in
assessments of waste management systems.

Any comprehensive checklist of potential nonradiological risks should include
detrimental health effects (i.e., illness, death, or genetic changes), adverse socio-
economic impacts, degradation in environmental quality, and public anxiety.
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Nonradiologieal risks should also include health effects from exposure to hazardous
materials, which is of major concern for mixed waste. The major nonradiological risks
for radioactive waste are expected to result from industrial accidents occurring during
the operations phase of waste management and traffic accidents occurring during waste
transport.

Radiological risks can be divided into two categories — public and occupational.
For each of these categories, one must consider risks due to normal operations and risks
due to accidents, in both the short term and the long term. For the purpose of this
report, risks occurring within 100 years are considered to be short term and those
occurring after 100 years are considered to be long term.

Assessment of radiological risk can, in general, be a very complex procedure.
Scenarios must be established for the ways that humans could be exposed to radiation,
and all exposure pathways must be considered. Detailed descriptions of pathway analysis
calculations are available elsewhere (e.g., Gilbert et al. 1986) and will not be repeated
here. A number of computer codes are available to perform these analyses. The models
used in these calculations often require detailed information including knowledge of site-
specific geology, hydrology, and atmospheric conditions. Therefore, a complete
radiological performance assessment can be a time-consuming and expensive task.

In many steps in the the decision process leading to the selection of the optimal
LLW management system, it is not necessary to assess the risk in such detail or with
great precision. Thus, the radiation dose to workers is primarily from direct gamma
radiation and air-borne contaminants. It is a reasonable assumption to neglect other
exposure pathways. For many phases during the waste management operations, the
worker dose is directly proportional to the number of workers, their mean distance from
the waste, and the average duration of exposure. The product of these three quantities
can provide a rough measure of comparative radiation risk of various processing
alternatives, provided the source term remains the same.

During the operational phase the radiation risk to the public is primarily due to
air-borne contaminants; it is expected to be extremely small and could be neglected in
comparative calculations, because most treatment and disposal facilities are located far
from population centers.

Generic cost and risk estimates are available for a variety of disposal options
(Rogers <5c Associates 1987, 1987a; Pasternak and Cohen 1987). In preliminary selection
of disposal options these generic estimates can be used for comparing the options.

As indicated above, rough assessment of risk can be made by means of very
simple calculations or by using known results. These rough assessments may be sufficient
fo narrowing down waste management alternatives to a small number. However, when a
preliminary choice of alternatives has been made, a complete detailed risk assessment
should be carried out to insure compliance with performance criteria. Such detailed
analysis would have to be site-specific and should include all the possible pathways and
all persons that might be potentially exposed.

Costs

Cost should be estimated for all waste management steps (i.e., generation,
treatment, packaging, storage, transportation, and disposal). Cost estimates should
include capital and operational costs for all the system components and closure and post-
closure maintenance costs for the disposal facility. In addition, the time value of money
and the cost of money need to be considered in these estimates. Tools available for
economic analysis of LLW management systems are summarized in a report by Meshkov
et al. (1988).
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3 DATA REQUIREMENTS FOR THE ASSESSMENT PROCEDURE

Data requirements are determined by waste acceptance criteria, performance
assessment models and property changes during processing. Data are needed on waste
properties and on the technologies used in waste management. Most LLW
characterization schemes in current use (ORNL 1984, DOE 1986, NRC 1982) are based on
the source of the waste rather than on where the waste is going. For performance
assessment purposes the latter approach is more desirable. The need for better waste
characterization has been recognized by DOE and addressed in the DOE order 5820.2. A
step in this direction has been taken in the REGINALT system. The data tables for each
waste stream category contain a family of more than 50 parameters characterizing the
physical, chemical, radiological, and other properties of the waste.

3.1 WASTE ACCEPTANCE FOR EACH STEP

Waste acceptance criteria must be known for each stage of the management
process, i.e., for treatment, packaging, storage, transportation, and disposal. The
acceptance criteria will depend on the materials and processes. For example, explosive
material classified as low-level radioactive waste would be unsuitable for treatment by
incineration, and acidic material would be unsuitable for packaging in steel drums.

Waste acceptance criteria will be required by DOE Order 5820.2A (DOE 1988).
These criteria are to address the allowable quantities or concentrations of specific
radioisotopes to be handled, processed, stored, or disposed of, and other physical,
chemical, and radiological properties of the waste.

3.1.1 Waste Acceptance for Treatment Options
Waste acceptance criteria for some treatment options are available in the

REGINALT Project Information System (PINS), the technical database system designed
to complement the REGINALT analysis syst?m (DOE 1986). The treatment options
considered in REGINALT are supercompaction, solidification in concrete or bitumen, in-
plant sizing, and incineration. The acceptance criteria are in the form of exclusion
statements specifying waste properties that would make the waste unacceptable for
treatment, and warning statements specifying waste properties that may cause problems
in treatment.

Methods of treatment of liquid, wet, and solid wastes are described by Gilmore
(1977) and the NLLRWMP (1984). A methodology for selection of processing techniques
for low-level waste has been developed that considers the generic physical forms of the
waste and the regulatory constraints related to transportation, packaging, and land
disposal (NLLRWMP 1984).

3.1.2 Waste Acceptance for Packaging Options
Waste acceptance criteria for packaging originate from the need to ensure that

dispersion of contamination should not occur. Transportation and packaging criteria and
standards are outlined in the Code of Federal Regulations (10 CFR 71 and 49 CFR 170-
189). Criteria for packaging and shipping of low-level defense waste for particular
disposal sites can be found in waste acceptance criteria documents from the site in
question (e.g., INEL Low-Level Radioactive Waste Acceptance Criteria [INEL 1987]).

3.1.3 Waste Acceptance for Storage Options
In general, waste requires packaging prior to storage, and the packaging should

be appropriate to the anticipated conditions and duration of storage. It appears that
specific criteria for waste acceptance for storage are not now in place at all DOE
facilities. However, DOE Order 5820.2A requires that waste acceptance criteria are to
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be established for each low-level waste storage facility and be submitted to the
cognizant field organization.

3.1.4 Waste Acceptance for Transportation Options

Federal, state, and site-specific regulations may apply to the shipment of low-
level radioactive waste to various federal disposal sites. Regulation of the transport of
radioactive materials is covered in the Code of Federal Regulations, Title 49, Parts 100
to 199; 49 CFR 173.389 through 173.398 in particular provide information on waste
acceptance and packaging criteria. Packaging is necessary prior to transportation, and
the transport regulations place constraints on the type of packages which can be used.
Additional regulation of low-level radioactive waste shipments is detailed in DOE Order
5820.2A and includes compliance with labeling requirements of DOE 1540.1 (DOE 1988).
Requirements for shipment of defense low-level waste to particular disposal sites can be
ascertained from documents from the site (e.g.,Operational Radioactive Defense Waste
Management Plan for the Nevada Test Site [DOE 1985a]; INEL Low-Level Radioactive
Waste Acceptance Criteria [INEL 1987]).

3.1.5 Waste Acceptance for Disposal Options

Each LLW disposal site has waste acceptance criteria, both general and specific,
which must be met by shipments of low-level radioactive waste intended for disposal at
that facility. These criteria are generally specified in documents from the site (e.g.,
DOE 1985a; INEL 1987). It can be expected that there will continue to be differences in
disposal criteria among the DOE sites because of the site-specific approach taken in the
the DOE regulation, DOE Order 5820.2A.

While the DOE regulates low-level waste disposal at its sites, the NRC together
with the Agreement States regulate low-level waste disposal at commercial sites.
Standards are being developed by the EPA for land disposal of low-level radioactive
wastes and for wastes considered BRC. In addition, regulations for ocean disposal of
low-level radioactive wastes are under consideration (EPA 1987; Holeomb et al. 1988).
An important point is that they would cover all low-level waste disposal facilities owned
and operated by the federal government, as well as commercial facilities, whereas
current NRC regulations apply only to facilities licensed by the Agreement States or
NRC itself (Holcomb et al. 1988). A final standard is anticipated in 1989.

A methodology has been developed for establishing waste-acceptance criteria for
greater-confinement disposal based on quantitative performance factors that
characterize the confinement capabilities of a waste-disposal site and facility (Gilbert
and Meshkov 1987). The method is based on explicit, straightforward, and quantitative
relationships among individual risk, confinement capabilities, and waste characteristics.
Waste-acceptance criteria are specified as concentration limits on radionuclides in the
waste streams and expressed in quantitative form as a function of parameters that
characterize the site, facility design, waste containers, and waste form. These waste-
acceptance criteria for disposal can be represented visually as activity/time plots. These
plots show the concentrations of radionuclides in a waste stream as a function of time
and permit a visual, quantitative assessment of long-term performance, relative risks
from various radionuclides in the waste stream, and contributions from ingrowth of
daughter radionuclides. We recommend this methodology for developing waste
acceptance criteria for disposal.

3.2 INFORMATION NEEDED FOR PERFORMANCE ASSESSMENT

In assessing the performance of a Waste Management System, what ultimately is
required is an estimate of radiological risks and monetary costs for system operation.
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All steps relevant to the particular system must be identified and the costs and risks for
each step must be estimated.

Regardless of the step being considered, the specific waste and ; ts radionuclides
must be identified in terms of type, chemical form, quantity, concernr.ition, and waste
form. Next, other components in the waste that may influence the migration of the
radionuclides must be identified. For example, colloids may complex with the nuclides
and render them more mobile, organics might be metabolized by microorganisms, and
acids would make the use of metal containers undesirable. This information will help
determine what, if any, packaging or processing is necessary, and those options most
appropriate.

If packaging or other processing is done, the specifics of the process are needed
to calculate costs and radiological risks. During processing, how many workers will be
involved? How many hours per day will they work? What will their distance from the
waste be? How is the waste shielded? How are they shielded? Will they wear protective
clothing, or will they use remote control technologies? For each type of processing,
scenarios for incident-free operations need to be written, along with accident scenarios.
Then possible exposure pathways can be identified.

While processing is occurring population exposure is possible. Demographic data
would be needed. General population radiological risk can be estimated if we can
identify the pathways through which human exposure could occur. Scenario development
for accident occurence and accident-free operation will determine exposure pathways.
Fires, for example, would create an inhalation risk, direct gamma exposure, and food
chain exposure if deposition occurs.

The transportation of radioactive waste incurs costs that can be estimated, once
method of transport, and transport distance are known. Radiological risks depend on
waste packaging, and other shielding, as well as person-hours and proximity to the
waste. Accident scenarios need to be established to estimate extraordinary exposure and
also general population exposure. Again, once a scenario is determined, exposure
pathways are identified.

During storage, facility employees may be exposed to radiation. To estimate
this, information is needed on shielding (waste and worker), worker proximity to the
waste, and time of worker exposure to the waste. Accident and normal operation
scenarios should be developed. General population exposure is possible through pathways
determined by the scenarios. Cost estimates should be straightforward.

Finally, burial of the waste involves radiological risk. This can be estimated
once the emplacement procedure is specified and the barriers known. Distance from the
waste, time working with the waste, and information on shielding (of waste and workers)
must be provided. Accident scenarios will determine conceivable nuclide migration
pathways, and thus, exposure pathways, for workers, inadvertent intruders, and the
general population.

3.3 CHANGE IN PROPERTIES AT EACH PROCESSING STEP

All of the changes in important waste properties at each processing step must be
known, such as changes in volume, radionuclide concentrations, chemical form, and
structural stability of the material. A treatment model would simulate the changes in
the variables during the processing of each waste stream.

Changes in waste properties during treatment are modeled in the REGINALT
(DOE 1986) for supercompaction, solidification, incineration, and in-house sizing.
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4 PERFORMANCE ASSESSMENT TOOLS

Various tools exist for performance assessment including experimental data, such
as from isotope tracer studies, decision trees (in which an if/then sequence is followed),
peer review and expert judgment, audits, mathematical equations or models, data bases,
and computer programs. A comprehensive text on radiological assessment is available
(Till and Meyer 1983).

4.1 COMPUTER CODES

Informative discussions of performance assessment codes in general can be found
in Case and Otis (1987), Robinson (1987), Liebetrau (1987), Mills et al. (1983), and Smith
and Cohen (1980).

Many codes are available for performance assessment of LLW management
systems. Sources of codes and information on them include the National Energy
Software Center, the Radiation Shielding Information Center, and the NEA Data Bank.
Published code summaries can be found in Computer Codes (DOE 1985), Till and Meyer
(Chapt. 13, 1983), Mills and Vogt (1983), and Science Applications (1981).

Computer codes useful for the performance assessment have been recently
reviewed and summarized (Meshkov et al. 1988). This review includes pathway analysis
codes, occupational exposure codes (exposure during waste transportation, processing,
and disposal), accident analysis codes, and economic analysis codes.

There are literally hundred of codes available for one aspect of performance
assessment or another. Some are too site-specific for expanded use, and others are too
general to be meaningful; however, there seems to be something applicable for every
need. One area that codes are just beginning to consider is barrier degradation, and more
work is needed here.

Uncertainties exist about the models on which the codes are based. In some
cases, not all of the variables for the process being modeled have been identified, and in
other cases we do not know how the identified variables behave, individually or in tandem
with others. Geochemistry is an example of an area in which there are significant
unknowns. The solution has been to simplify the system and/or to consider the variables
that appear to be most influential in determining the system behavior. Perhaps this is an
adequate response to the problem.

A further problem is lack of sufficient input data to use with the models and lack
of field data to validate them. How much data is needed? How site specific does it need
to be? On a heterogeneous site, how much sampling needs to be done and to what extent
can a site be generalized?

There is a multitude of codes available. Probably as a result, there sometimes
appears to be a lack of coordination among and between code writers, theoreticians,
those trying to synthesize the code inventory, and those operating in the field.

Codes should be only one of several tools utilized for performance assessment.
At times it may be desirable to use multiple codes for a specific phase of the assessment
and to compare their predictions.

4.2 OTHER TOOLS FOR PERFORMANCE ASSESSMENT

Other quantitative and qualitative tools are available in addition to codes.
Mathematical models used in the codes are often simple enough for hand calculations.
Numerous examples of such simple models are described in Till and Meyer (1983).
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Field and laboratory data should be collected to assess the performance of a site
and its related operating systems (and to validate the mathematical models). Infiltration
tests, flow rate measurements and radioisotope tracer tests can be used. Eichholz and
Wang (1987) describe their use of tracer tests to analyze radionuclide migration under
unsaturated flow conditions, as an example.

Professional judgment is, in some cases, the appropriate tool. Identifying
relevant scenarios for post-closure intrusion or occupational radiation exposure requires
an overall perspective, field experience, and sound scientific reasoning. Data will be
needed to aid in these judgments, and here, various data bases (described in Meshkov et
al. 1988) could be utilized. Data bases such as the DOE Waste Information Network,
sponsored by the Oak Ridge-based Office of Defense Waste and Transportation
Management, could be useful. Expert judgment might also be utilized in the development
and use of decision or logic trees.

Performance assessment of an existing waste management system might utilize
the Environmental Audit, to assess actual conditions with respect to goals and
requirements (Morgan and Sargent 1987; East and Marcus 1987).

In parallel, professional judgment and experience are useful in a peer review
committee or expert panel convened to assess the performance of a proposed facility, in
view of all the information available. A wide variety of experts would be called on to
pull together all of this information and interpret it. Informed citizens might be included
in this panel to raise critical questions and offer alternative perspectives.

Each tool has its limitations. A prudent strategy would employ several tools,
selected to complement each other and to address the identified weaknesses of their
companions.

5 CONCLUSIONS AND RECOMMENDATIONS

The methodology for assessing DOE LLW management systems presented in this
paper is straight forward in principle but may be quite complex in practical
applications. The basic approach used is to first look at the system as a whole,
determine the waste streams, disposal capacity, and other facilities already in place.
The next step is to narrow down the choice of feasible alternatives to a manageable
number by using waste acceptance criteria, and rough estimates of costs and risks.
Existing generic studies could be used in these estimates. This step may have to be
iterated a few times. It is hoped that the application of this procedure will narrow down
the choice of alternatives to a small number. Finally, a full site specific performance
assessment will have to be carried out to insure compliance with performance
objectives.

A large number of technological alternatives available for each of the LLW
management steps is one of the factors contributing to the complexity of the assessment
procedure. A preliminary screening based on the waste acceptance criteria for each of
the steps in the LLW management system is the first step in reducing the alternatives to
a manageable number. Some work has already been done in this area (NLLRWMP 1984,
DOE 1986). Waste acceptance criteria for processing technologies are characteristic of
specific technologies and consist of limitations on waste stream properties. We
recommend that a data base of processing technologies be maintained, in which waste
acceptance criteria are included. It would be efficient to maintain such a data base
centrally, because the information in it would not be site-specific. The data base would
be valuable for management of both DOE and civilian waste. The REGINALT PINS
information system already contains much useful information on processing technologies
and it could serve as a starting point for such a data base.
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Producing reliable cost and risk estimates for waste management system
alternatives may require the use of a large number of sophisticated computational
models and codes that may need periodic revision and updating. Complete performance
assessment codes for the LLW disposal should be site-specific, containing pertinent
r. jological and hydrological information. Monitoring programs should be implemented to
validate the performance assessment models and codes.

While generic codes may be useful for preliminary rough estimates, site-specific
codes will ultimately be required. While a multitude of codes is presently available much
work still remains to be done in constructing site-specific codes designed specifically for
performance assessment. Many of the existing codes may be adapted and modified for
this purpose. Also, much work remains to be done on the verification and validation of
codes.

Performance assessment for various processing steps relies on site specific data
to a lesser extent since the dominant pathways are external gamma radiation and
atmospheric transport. Use of generic codes may be justified here in many cases.

Waste characterization currently in use is not adequate for selecting appropriate
waste management options. We recommend that waste characterization be based on
data requirements for the performance assessment of its management.

Finally, as the uncertainties involved in the performance assessment increase,
one should be hesitant to rely on computer codes or any other single tool to provide the
estimate. Rather, estimates should be confirmed by employing multiple tools.
Site-specific monitoring data, for example, should be used to complement computer code
estimates of radionuclide uptake by vegetation, and site supervisors should work with
code users to confirm scenario selections.
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