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ABSTRACT ...........

Uncertainties arise from a number of different sources in low-level waste performance assessment. In this paper
the types of uncertainty are reviewed, and existing methods for quantifying and reducing each type of uncertainty
are discussed. These approaches are examined in the context of the current low-level radioactive waste
regulatory performance objectives, which are deterministic. The types of uncertainty discussed in this paper are
model uncertainty, uncertainty about future conditions, and parameter uncertainty. The advantages and
disadvantages of available methods for addressing uncertainty in low-level waste performance assessment are
presented.

INTRODUCTION

A low-level radioactive waste performance assessment methodology has been developed by Sandia National
Laboratories (SNL) foruse by the U.S. Nuclear Regulatory Commission (NRC) in evaluating license applications
under 10 CFR Part 61 [Kozak et al., 1990]. The purpose of the methodology is to allow NRC to conduct
confirmatory analyses of a licensee's evaluation of postclosure impacts. This evaluation is meant to provide
reasonable assurance that the performance objectives in 10 CFR Part 61.4/ are not exceeded. These
performance objectives specify that an offsite person may not receive a committed annual dose equivalent of
more than 25 mrem whole body, 75 mrem thyroid, or 25 mrem to any other critical organ. The 25 mrem whole
body objective has also been adopted by the U.S. Department of Energy (DOE) for low-level waste disposal
under DOE Order 5820.2A, and has been proposed for the Environmental Protection Agency's (EPA) 40 CFR
Part 193, which has not yet been promulgated. In order to assess compliance with the regulations, the
performance assessment methodology developed by SNL consists of a set of models that are meant to represent
a low-level waste disposal facility.

Uncertainties are an intrinsic part of any performance assessment. Uncertainty analysis is nothing more than
an identification of how much or how little confidence the analyst has in his knowledge of the modeled system
[Finkel, 1990]. The uncertainties in performance assessment have been classified as conceptual model
uncertainty, mathematical model uncertainty, uncertainty about the future of the site, and parameter uncertainty
[Davis et al., 1990a]. The NRC's currently preferred approach to uncertainty in low-level waste performance
assessment is to bound the uncertainties using conservative models and parameter values [Starmer et al., 1988].
However, as part of our work to update, improve, and build confidence in the methodology, we are reassessing
whether this approach to uncertainty analysis is appropriate and adequate.

1This work was supported by the U.S. Nuclear Regulatory Commission and performed at Sandia National
Laboratories, which is operated for the U.S. Department of Energy under contract number
DE-AC04-76DP00789. The views expressed in this paper are those of the authors. They should not be
construed as representing the views of the U.S. Nuclear Regulatory Commission.
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In the following sections, each type of uncertainty associated with performance assessment is discussed. For the
sake of concisenes.g, we have lumped mathematical model and conceptual model uncertainty into the more
general category of model uncertainty. For the sake of clarity, we have separated model and parameter
uncertainty, although in some cases these two types of uncertainty cannot be completely distinguished.

MODEL UNCERTAINTY

The core of any model is its conceptual model. A conceptual model is a set of simplifying assumptions about
the real system that can be used as the basis for a mathematical model, which in turn can be solved to estimate
the variables of interest for a performance assessment. Simplification is necessary to represent the real system
for the given well-defined purpose. The simplifying assumptions are derived from site-specific information and
expert opinion, and include assumptions about the geometry of the system, spatial and temporal varial_ilityof
parameters, isotropy of the system, and initial and boundary conditions.

Since models are simplifications of real systems, uncertainty is implicit in their definition. Many sources
contribute to conceptual model uncertainty, including inadequacies in site-characterization data,
misinterpretations of the data, and limitations of current models to describe the actual site adequately. In
addition, models are most commonly developed by a single analyst or a small group of analysts using only their
professional judgment to resolve available data into a model. The model is therefore often limited by the
abilities and imagination of the developer, in addition to limitations in the available dat,t. There may in general
be a number of different models that are consistent with the data. In many cases, model uncertainty is t _e
dominant type of uncertainty in a performance assessment: if an inadequate model is being used, uncertmnty
associated with the model input parameters becomes irrelevant.

Some have suggested that the formal elicitation of expert opinions may identify the initial uncertainties associated
with the conceptual model [Kerl et al., 1991; Kerl et al., in press, Chhibber et al., 1991a]. The primary advantage
of this approach is the potential for developing an exhaustive number of possible alternative conceptual models
that are consistent with available data. By broadening the base of expertise from which the conceptual models
are developed, there is increased likelihood that a conceptual model will be included that captures some
potentially adverse characteristic of the site, and to the extent possible, conceptual model uncertainty is
addressed. The disadvantages of this approach include increases in cost and time and reduced flexibility
associated with formalizing expert judgment [Bonano et al., 1989].

An approach for the quantification of conceptual model uncertainty has also recently been proposed [Chhibber
et al., 199la,b; Heger et al., 1991]. The approach associates a probabilitywith a given conceptual model, which
is interpreted as a measure of the degree of belief that the conceptual model is appropriate for a given purpose.
However, Chhibber et al. [1991a] recognize a number of difficulties in quantifying model uncertaint3. Perhaps
the most important constraint is that to apply probability theory, the models should be defined such that they
are mutually exclusive, exhaustive, and independent. This difficulty seems insurmountable since ali the ccnceptual
models are based on the same site-specific data. Other difficulties arise when combining and aggregating, expert
opinion, and when incorporating new information into probability estim_tes. Given these problems, we ct aclude
that this approach is an interesting area of research, but many significaat issues need to be addressed before it
can be considered for use in perforr_ance assessment.

Overall model uncertainty can be reduced,but not eliminated, by site-specific model validation. Si:e-specific data
is the most defensible _vidence for determining the reliability of a model, since it represents the real system to
be modeled. However, as discussed by Davis et al. [1991], it is not practical to conduct validation experiments
for the full range of conditions of interest in performance assessment because of time and funding constraints
and because extensive testing at a site may interfere with the site's geologic integrity. Therefore, validation can
be used to build confidence that the uncertainties are reduced to the extent practicable. In general, the
appropriateness of any performance assessment model should always be determined based on site-specific
validation.

Performance assessment models are often based on conservative assumptions. These assumptions are usually



supported by rational arguments, or by modeling analyses that assume a specific conceptual model. However,
the most convincing evidence of conservatism is site-specific observations, and such evidence should be sought
at every opportunity.

Another approach to addressing conceptual model uncertainty is model intercomparison, which consists of
comparing different models of the same processes. The models are different because they are based on different
conceptual models (i.e., they may not implement the physics or chemistry in an identical manner, or may have
somewhat different assumptions). For instance, one might compare results from a one-dimensional, single layer
transport analysis of radionuclide migration to results from a multidimensional, multilayer model. The
intercomparison can be used to identify crucial assumptions in the two approaches to modeling radionuclide
migration, and these assumptions can then be the focus of validation studies. Another example of
intercomparison might be comparing a one-dimensional flow analysis with a multidimensional model, lt should
be noted that intercomparison is different from benchmarking, which is a comparison of computer codes that
have the same conceptual model. Benchmarking provides confidence about the implementation of the model
into a computer code, but does not provide any information about the appropriateness of the underlying
conceptual model.

Model intercomparison does not provide as much confidence as model validation, since the comparison is
between models, not between a model and experimental data. However, intercomparison can provide some
confidence that the model is conservative compared to other possible models. This issue becomes important
when there are multiple conceptual models that are equally consistent with available data. If the models cannot
be distinguished from each other by acquiring additional site-specific data, then each of the models should be
considered credible. The performance assessment must then be conducted using each model, and the results
used to establish which model is most conservative. In general, it is not possible to establish conservatism of the
model a priori. Conservatism among models can only be established by a posteriori comparisons of the calculated
performance objective.

• Besides the uncertainties associated with the underlying conceptual model, uncertainty in mati_ematical models
arises from approximations required to arrive at a solution to the equatior_ involved [Davis and Olague, 1991].
These approximations include truncations of mathematical infinite series, equation discretization, apatial
discretization, and temporal discretization. Since numerical solutions are usually required that are implemented
in the form of computer codes, there are also uncertainties associated with coding errors, computing limitations,
an:l user errors. Both of these types of uncertainties are reduced with validation, since the complete model is
being compared to the data. Benchmarking, verification, and quality assurance procedures can also be used to
minimize uncertainties associated with implementing the models in the form of computer codes.

Current regulatory guidance on model uncertainty states that modeling must be defensible, and promotes the
use of the appropriate amount of model detail that can be justified [Starmer et al., 1988]. However, the current
approach for determining defensibility is based on a blend of model intercomparison and expert opinion [Starmer
et al., 1988]. The blend of these approaches is informal, and the links between them are not completely clear.
Furthermore, there has been very little discussion to date in low-level waste regulatory guidance about the use
of validation to address model uncertainty. In our opinion, low-level waste performance assessments would
benefit from a formal approach to addressing model uncertainty that includes the use of validation, model

_ intercomparison, and expert opinion. Such a formal approach would increase the defensibility of analyses, and
the consistency between analyses.

We recommend a process for reducing model uncertaintythat includes five key aspects. First, a formal approach
should be used to produce a broad spectrum of conceptual models that are consistent with data. At the present
time, the only method available for this step is formal elicitation of expert opinion. Second, an iterative process
of performance assessment modeling, data collection, and validation should be used to refine the model and to
narrow the range of possible alternativemodels. Third, models that cannot be differentiated using available site-
specific information should each be used in performance assessment analyses. Fourth, the conservatism of the
performance assessment model(s) should be compared to real site behavior, if possible. Fifth, quality assurance
procedures should be followed for code development and implementation.
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We introduce a caution about this approach: the early steps should not be detached from the purpose of the

performance assessment. The danger is that much effort may be expended toward processes that do not
significantly affect the compari:'o_, with the regulatory performance objective. For instance, it may require much
data to distinguish between two alternative models of unsaturated-zone flow, but if those models produce similar
dose histories, it may not be necessary to distinguish between them. The solution to this problem is that
performance assessment should be used at each step of the way to guide data collection, model refinement, and
validation. By using performance assessment in this way, ali efforts remain focused on the primary decision
criterion: the regulatory performance objectives.

We also caution that this approach is not foolproof. Soliciting a broad range of opinion does not guarantee
completeness in the resulting spectrum of models. Similarly, it is far easier during validation to reject a model
than it is to accept one, and acquiring absolute confidence in a model from validation is impossible to achieve
[Davis et aL, 1991]. However, since the purpose of performance assessment is to provide reasonable confidence,
absolute confidence is unnecessary. Nevertheless, this overall approach is an improvement over current
approaches, where little attention is paid to model uncertainty in low-level waste performance assessment.

UNCERTAINTY ABOUT THE FUTURE OF THE SITE

Uncertainty about the future of the site is the result of our inherent lack of knowledge about the future time
evolution of the site. In the high-level waste arena this uncertainty is often accounted for by explicitly
acknowledging possible alternative future scenarios. These possible scenarios are incorporated into performance
assessment by assigning probabilities to each scenario. This approach was developed in response to the
requirement in 40 CFR Part 191 that high-level waste performance assessment must include ali significant events
and processes over a period of 10,000 years. This requirement is not included in the low-level waste regulations
(10 CFR Part 61 or DOE Order 5820.2A), and there is no regulatory guidance concerning the low-level waste
performance assessment time period or how to account for future conditions at a low-level waste site. Hence,
at the present time it is not clear what conditions need to be evaluated to meet the low-level waste regulations.
Regulatory guidance is therefore necessary to identify conditions that need to be included low-level waste
performance assessments. The guidance would promote consistency between analyses, which in turn will tend
to make them more defensible.

Uncertainty about the future for low-level waste performance assessment is difficult to address because the
regulation does not explicitly state a performance assessment time period or how to account for future conditions.
Consequently, uncertainty about future conditions is not just a technical issue, but must be resolved by the
regulators. The purpose of the following discussion is to provide possible approaches based on relevant technical
information, from which regulatory decisions can be made.

In evaluating the proposed approaches, consider what the results of the performance assessment are intended
to represent. The performance assessment is not a predictor of actual doses to an individual. Indeed, since the
models tend to be deliberately conservative, the results are by definition not predictive. The results are therefore
not to be taken as what will occur, but rather as an indicator of safety. This indicator should be optimized to
evaluate the conditions of greatest concern.

One logical strategy would be to conduct the low-level waste performance assessment until the peak dose is
obtained. Because low-level waste contains long-lived radionuclides (mainly 14C,l_l, 99Tc,and the actinides), and
because of the current emphasis on long-lived engineered barrier systems, this time period can become relatively
long. Therefore, one approach would be to make assumptions about the long-term future and include these
assumptions in the performance assessment modeling. The scenario approach mentioned above can 'be used to
trace and justify assumptions about the future in a formal manner, and also addresses the uncertainty associated
with the future by allowing for multiple scenarios..

There are two problems associated with using a sce_:ario approach for low-level waste performance assessment.
First, because most low-level waste, sites are located near the land surface, surficial events and processes that

could reasonably occur over long time periods may become important (e.g., flooding, erosion, glaciation).
-



Considering and modeling such processes would complicate low-levelwaste performance assessment significantly,
and the main question becomes whether or not a near-surface facility can meet the regulations with these types
of events and processes occurring. For instance, in many parts of the country, it is reasonable to assume that
glaciation may occur within 10,000 years. Does that mean that glaciation should be included in a low-level waste
performance assessment?

Second, since the scenario approach addresses uncertainty in the future, the result of applying scenario analysis
is not a single dose, but rather a distribution of possible doses. The scenario approach identifies low probability
events and processes that occur over long time periods. Because the occurrence of such events and processes
is unlikely, the corresponding doses are also unlikely. Currently there is no guidance concerning how to compare
a distribution of possible doses with the deterministic low-level waste regulations; therefore, the minimum that
canbe assumed is that the regulations cannot be exceeded. Consequently, the low probability doses are required
to meet the low-level waste regulations. In other words, we must use the upper bound of the dose probability
distribution function as the basis for comparison to the regulations. Including distant tails of the distribution
results in focusing on low-probability events and processes, and the facility results in being designed for unlikely
conditions, rather than more probable conditions. Viewed in the language of probability theory, to what extent
do we want to include the tails of the probability distribution of doses when comparing to the deterministic
regulation?

lt is important to note that scenario definitions need to be self-consistent in evaluating the likelihood of human
exposure. For instance, in the glaciation example above, there would clearly be a minimal probability of a well
being drilled during the glacial period. The effect of these considerations will be to lower the probability of such
exposure analyses, often to the point that they become so extreme that they can be eliminated from
consideration.

The full scenario approach can be salvaged for use in low-level waste performance assessment by choosing an
intermediate confidence limit for comparison with the deterministic performance objectives. For instance, the
EPA provided guidance that suggested using the larger of the mean or median value of the probability curves
forassessing compliance with the IndividualProtection Requirement _nd Ground Water Protection Requirement
in 40 CFR Part 191 [EPA, 1985]. Alternatively, the regulator may c|_oose to use some higher confidence limit
of the whole body dose probability curve to compare against the 2.5 mrem objective. This approach is self
consistent, since ali events and processes of possible importance are included, but it omits the low probability

: events, and focuses the decision maker's attention on more likelyevents. In light of ali the immense uncertainties
associated with performance assessment modeling, interpreting the deterministic regulation in this probabilistic
manner, and explicitly acknowledging the associated uncertainties, seems to be the only viable way to assess
compliance with the regulations.

Although this probabilistic interpretation of the deterministic standard overcomes the problems associated with
including low probability events and processes, some near surface disposal facility will not be able to comply with
the regulations for surficial events and process that may reasonably occur over long time periods. For such
facilities, the regulator may then be constrained to limiting the inventories of the long-lived radionuclides that
are permissible for disposal at the site.

Another possible approach to the time-frame issues associated with low-level waste performance assessment is
to define an arbitrary, relatively short-term time period for determining events and processes to include in the
performance assessment. This relatively short time period may not be suIhcient for characterizing the peak dose
because of the longevity of some constituents in low-level waste, as mentioned above. Also, because concrete
barriers may last hundreds of years, use of concrete in low-level waste disposal facilities results in moving the
peak dose past reasonably short time periods. This approach then becomes one of including events and
processes that occur for an arbitrarily defined short time period, and extrapolating these conditions over long
periods of time, for which it is not rigorously appropriate. However, analyses conducted in this way will be
focused on events and processes that are likely to occur (e.g., transport to a weil), rather than highly uncertain
events distant in the future. This approach is similar to the one suggested by EPA for assessing compliance with
the Individual Protection Requirement and Ground Water Protection Requirement contained in 40 CFR Part

i
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191: current conditions are assumed to exist for 1,000 years [EPA, 1985].

An example of this second approach would be to conduct the performance assessment using conditions that may
be reasonably expected to occur during the first 100 years of the postclosure performance time period. This
approach may be considered to be equivalent to modeling relatively minor perturbations about the current state
of the site. Nevertheless, there arises the question of how large the perturbations should be. As an example,
consider the rainfall at the site, which is important for assessing recharge, and hence, degradation rates of
engineered barriers and release rates from the facility. There is an intrinsically probabilistic aspect in defining
what rainfall will be included in the analysis, for rainfall is usually treated as being stochastically distributed in
time. If the analyst decides to use the 100 year "maximum probable" precipitation year in the analysis, it should
be understood that there will remain a finite probability that this value of maximum precipitation will be
exceeded even during the first 100 years after closure, since the "maximum probable" event is actually based on
some confidence limit that is less than 100 percent. If this value of precipitation is used as a basis for longer-
term analyses, say for a 500 year analysis, the probability will increase that an actual annual precipitation will
exceed this design basis precipitation. However, for the purpose of indicating safety, this may be adequate.

We conclude that there are two approaches that might be taken to quantify uncertainties about the site's future
in the context of low-level waste regulations. The first approach is to conduct the performance assessment until
peak dose, and to include possible future events and processes through a scenario evaluation. However, to use
this approach in an appropriate way for decision making, the regulators must allow some low probability events
that result in low probability dose estimates to exceed the performance objective. This approach would be
completely self-consistent, and would focus attention on the appropriate (high probability, high consequence)
issues. The choice of the particular value of the confidence limit for comparison with the low-level waste
performance objectives is entirely a regulatory decision. Although the scenario approach provides a means for
systematically treating future conditions at site and allowing for possible alternative scenarios, it is acknowledged
that this type of analysis is not foolproof: any assumptions about the future are very uncertain.

The second approach is to define well-established design-basis conditions, in which only events and processes
that are reasonable for a shorter time frame are included in the analysis. These conditions are then used to
extrapolate to the longer time period needed to characterize peak dose. This approach has the advantage of
focusing attention on the events and processes that are likely to occur in low-level waste performance assessment.
lt has the disadvantage that extrapolation of the design-basis conditions to longer time has progressively less
physical meaning as the time period expands.

In closing this discussion, we again note that the resolution of these issues is entirely up to the regulator. The
regulator may choose to follow either of these approaches, or an entirely different approach, depending on the
particular regulatory philosophy applied. However, the most significant point is that some form of regulatory
guidance is needed concerning uncertainty about the future state of the site for low-level waste performance
assessment.

PARAMETER UNCERTAINTY

Parameter uncertainty relates to an incomplete knowledge of the model constitutive coefficients used in the
performance assessment. In part, this uncertainty is identified with uncertainty in the actual values and the

statistical and spatial distributions of data used to infer the model parameters. In addition, the parameters are
not usually directly measurable, and, therefore, are commonly inextricably linked to a model. For _nstance, one
cannot interpret an aquifer pumping test to evaluate hydraulic permeability without some assumptions about the

geometry of the aquifer, or without an assumption about the constitutive behavior of the flow regime.
Furthermore, one must also often invoke a complicated model to interpret the data. Therefore, while parameter

uncertainty is frequently treated as being independent of other types of uncertainty, the types cannot be
completely distinguished.

Extensive reviews of methods for propagating parameter uncertainty through models are given elsewhere [Doctor

et aL, 1988; Doctor, 1989; Maheras and Kotecki, 1990; Zimmerman et al., 1990]; hence, we will not provide



elaborate details about them here. Instead, we focus on evaluating the approaches in the context of low-level
waste performance assessment. That is, the information produced in the uncertainty analysis is to be compared
against a fixed, deterministic performance objective.

To represent the effect of input parameter uncertainty on modeling results, the modeler must lm-stquantify, then
propagate the parameter uncertainty through the model to the model results. This may be accomplished in one
of several ways. The most common approach is Monte Carlo analysis, which consists of selecting discrete sets
of input parameter values from probability distribution functions of the input variables, running each set through
the model, and constructing an output probability distribution function that quantifies the macertaintyassociated
with the input. Another approach is perturbation analysis (also called analytical stochastic models). This
approach is similar to Monte Carlo analysis, where distributions in input parameters are used to estimate
distributions in output parameters,. However, based on simplifying assumptions, the model equations and
solutions are derived with the probability distribution functions for the input and output parameters explicitly
included. A third approach is to conduct "bounding"analyses, in which a clearly conservative set of parameter
values is used to produce clearly conservative dose estimates.

The current NRC/SNL low-level waste performance assessment methodology is based on using bounding
parameter values. In part, this approach was taken because of the intended use of the methodology. As
mentioned previously, the purpose of the methodology was for the NRC to conduct confirmatory analyses of a
license applicant's evaluation [Starmer eta/., 1988]. For this use, it may not always be necessary to conduct a
full parameter uncerta;,ntyanalysis, since the licensee should already have quantified the parameter uncertainty
and identified a conservative set of model parameters.

Although bounding analysis was thought to be adequate for the NRC's purpose, in general there are several
disadvantages associated with bounding analysis. First, to have confidence that a correct set of conservative input
parameters is chosen, it must be compared with other likely sets of parameter values. In treating parameter
uncertainty by a bounding analysis, it is assumed that the analyst can select the conservative combination of
parameters a priori, in most cases, particularly for nonlinear models, this a priori identification of the bounding
parameters cannot be done. Therefore, one would have to go through some analysis similar to Monte Carlo to
estimate bounding parameters, and the advantage of bounding analysis (i.e., simplicity) is lost.

A second drawback to bounding analysis is that using only a single realization of parameters reduces the amount
of information available to the analyst and the decision maker. This can be illustrated by considering calculated
dose distributions from two hypothetical sites, as shown in Figure 1. A bounding analysis would suggest that the
two sites are similar: the standard is violated, and the maximum doses are comparable. However, there is clearly
a distinction between the two cases. For Site A, there is a much higher probability that the standard has been
violated, which suggests that many sets of possible parameters produce a violation. In contrast, fewer sets of
parameters produce the violation at Site B. This suggests that more site characterization may be in order to
attempt to narrow the input parameter distributions. Further site characterization is less likely to produce
improvement in the analysis of Site A.

The goal of performance assessment should be to provide as much necessary information to the decision maker
as possible. A model prediction should be provided along with an estimate of the associated uncertainty in order
to maximize the information available to the decision maker [IAEA, 1989]. Furthermore, "no method based
solely on point estimates provides the decision-maker with ali the available information on the nature and extent
of uncertainty, nor does it give decision-makers or other analysts a window into the process to identify and
criticize the assumptions made therein" [Finkel, 1990]. Providing enough information so that it is easy to identify
the modeling assumptions and associated uncertainties is important, since the ultimate goal is public acceptance.
Not only is it important to present the decision-maker and the public with as much information as possible, but
this information is also needed to guide data collection and validation efforts.

The above discussion suggests that while the use of bounding parameter values may be appropriate in some
simple situations, in most practical cases the bounding parameter values cannot be specified a priori.
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Figure 1: Comparison Between Two Hypothetical Dose Distributions

Furthermore, the use of a bounding analysis limits the amount of information available to the analyst and
decision maker. We therefore conclude that bounding analysis is not the best available method for parameter
uncertainty analysis in low-level waste performance assessment.

As discussed by Zimmerman et al., [1990], of the available techniques for parameter uncertaintyanalysis, Monte
Carlo analysis is the most versatile because (1) it facilitates consistent propagation of uncertainties, (2) it can be
easily applied to a series of linked models, such as are used in low-level waste performance assessment [Kozak
et al., 1990], (3) it does not require modifications to the original models; therefore, it is generally straightforward
to use, (4) it is capable of dealing with large uncertainties in the input variables, since it allows full stratification
over the variable ranges, and (5) it is appropriate for use with nonlinear models, in contrast to other popular
techniques [Helton, 1990]. The primary advantage to conducting Monte Carlo analysis is that ii provides model
results from a large number of likely input parameter sets. Therefore, the output uncertainty is acknowledged,
and there is some means for identifying whether the output uncertainty resulting from ;.nput parameter
uncertainty has been bounded. Clearly, one has more confidence that the output has been bounded with
increasing numbers of samples. Another advantage to this approach is that sensitivities of the model output to
input parameter variations may be identified [Zimmerman et al., 1990]; this allows the analyst to identify
important model parameters for future data collection efforts. In this sense, it is consistent with our
recommendation, given above, to use performance assessment to guide data collection.

The primary disadvantages that are usually cited for Monte Carlo analysis are that many realizations of the data
are required to span the input data range, and that the parameters must be treated as uncorrelated [Harr, 1987].
However, both of these problems have been addressed. The required number of realizations can be greatly
reduced through the use of a stratified sampling strategy, such as the Latin Hypercube Sampling method [Iman



et al., 1981]. Methods are also available that allow the analyst to introduce correlations among variables [lman
and Conover, 1982], and these methods are included in the computer implementation of Latin Hypercube
Sampling [Iman et al.,1981].

An alternate approach to conducting parameter uncertainty analysis that has been proposed involves the use of
analytical perturbation methods (analytical stochastic methods) for ground-water flow and transport calculations
[Polmann eta/., 1988]. These models are often more numerically efficient than Monte Carlo analysis (i.e.,
require fewer realizations), although when Latin Hypercube sampling is used in conjunction with the Monte
Carlo analysis, Monte Carlo analysis approaches the analytical perturbation methods in computational efficiency
[Bonano et al., 1987]. The available models contain a number of serious limitations (e.g., normal input parameter
distributions, small perturbations, highly uncertain correlation lengths, infinite domains), and we do not consider
these models to be flexible enough or robust enough for use in performance assessment at this time.

As indicated above, the result of accounting for input parameter uncertainty, with the exception of bounding
analysis, is a distribution of doses; therefore, the issues discussed in the previous section in relation to comparing
a probabilistic answer with a deterministic regulation become relevant. As mentioned before, without any
regulatory guidance, it is assumed that the fLxedregulations cannot be exceeded. Therefore, the tail of the dose
distribution obtained from accounting for parameter uncertainty must meet the deterministic regulations. An
alternative approach, mentioned above, is to use some intermediate statistical measure of the dose distribution.
This approach is comparable to the EPA's guidance that the basis for comparison between the deterministic
Individual Protection Requirement (which is dose based) and Ground-Water Protection Requirement (which is
concentration based) in 40 CFR Part 191 is the greater of the mean or median of the output variable distribution
[EPA, 1985].

We recommend that for low-level waste performance assessment, parameter uncertainty analysis should be
addressed using Monte Carlo analysis coupled with Latin Hypercube Sampling. This approach is used
extensively, and has been recommended for high-level waste performance assessment [Davis et al., 1990b]. Use
of this approach will provide the decision maker with considerably more information relative to bounding
analysis, and more importantly, it clearly acknowledges and communicates the large uncertainty associated with
the model output variable due to input param _,teruncertainty, lt also provides some basis for assessing whether
or not the model output distribution has been bounded. However, as discussed in the previous section,
determining whether the complete dose history output distribution must fall below the regulatory performance
measure, as opposed to some statistical measure of the distribution (e.g., mean, median, 95 percent confidence
limit) is entirely a regulatory decision.

SUMMARY AND CONCLUSIONS

Techniques for treating uncertainties associated with models, the future condition of the site, and parameters
have been reviewed for applicability to low-level waste performance assessment. Special issues are introduced
that relate to comparison of performance assessment results to a deterministic performance objective.

We recommend using a combination of expert opinion elicitation, validation, model intercomparison, and data
collection to reduce model uncertainty. Model refinement should proceed by an iterative process of performance
assessment modeling, data collection, and validation, lt is recommended that, from a practical standpoint, the
process be driven by performance assessment. In this way, resources will be efficiently allocated to the i_ssues
that most closely relate to the comparison with the regulatory performance objective.

Uncertainty about the future of the site poses peculiar problems in the context of current low-level waste
regulations. These problems arise because of the indeterminate time scale for performance assessment and the
deterministic performance objectives. To characterize the peak dose, the time scale may become fairly long.
As the time scale expands, more processes become more likely, and fall into the category of "reasonable" events.
One approach to quantifying these uncertainties is through the use of scenarios: this approach is used in high-
level waste performat_ce assessment. However, this approach requires consideration of events and processes that
have a relatively low probability of occurring and, therefore, produce dose estimates that have a low probability
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of occurring. A comparison against performance objectives that cannot be exceeded would require the facility
to meet the regulation for these less likely events. This approach becomes more practical by using an
intermediate confidence limit of the output distribution for comparison with the deterministic performance
objectives. In this way, the low probability events are excluded, and the scenario approach becomes more
appropriate for low-level waste performance assessment.

An alternative approach is to del'me a reasonable short-term time scale, and to incorporate only events and
processes that may occur during that period, even if the analysis is carried out for longer times. Because of this
extrapolation in time, this approach is not rigorous, but has the virtues of omitting highly uncertain events and
processes that may occur in the distant future, and of focusing the analysis on more important assessment issues.
However, there needs to be a clear limit established by the regulator on the magnitude of perturbations that are
to be considered, even for relatively short term design-basis periods, to ensure consistency of treatment. This
approach makes sense once one realizes that the performance assessment analysis is an indicator of safety, rather
than a predictor of actual doses.

The decision about how to approach uncertainties about the future of the site must be resolved by the regulators
because the issues are more closely related to regulatory philosophy than to definable technical concerns. We
therefore make no recommendation about the appropriate approach.

To address input parameter uncertainty, we recommend using Monte Carlo analysis with Latin Hypercube
Sampling. This approach acknowledges and communicates the uncertainty in model output due to model input,
and provides a means for determining if the uncertainty in output has been bounded based on parameter
uncertainty. The decision maker is provided with information about the distribution as well as the ma_mum
dose from the analysis. The distribution may be used to identify qualitative differences between sites with
comparable "bounding"behavior, to identify which may be suitable for further study, and should be used by the
licensee to direct site characterization and validation efforts. Comparison of the model output distribution from
parameter uncertainty with the deterministic low-level waste regulation is a strictly regulatory decision: the
regulator may require the complete distribution to fallbelow the regulatory performance objectives, or may use
some other statistical measure of the distribution as the basis for comparison.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.
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