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ABSTRACT

In March 1994, the Department of Energy Carlsbad Area Office (DOE/CAOQO) implemented a
performance-based planning method to assist in programmatic prioritization within the Waste
Isolation Pilot Plant (WIPP) project with respect to applicable Environmental Protection
Agency (EPA) long-term performance requirements stated in 40 CFR 191.13(a) and 40 CFR 268.6.
This method, the Systems Prioritization Method (SPM), was designed by Sandia National
Laboratories (SNL) to: (1) identify programmatic options (activities) and their costs and dura-
tions; (2) analyze potential combinations of activities in terms of predicted contribution to long-
term performance; and (3) analyze cost, duration, and performance tradeoffs. SPM results were
the basis for recommendations to DOE/CAQO in May 1995 for prioritization within the WIPP
project. This paper presents a summary of the SPM implementation, key results, and lessons
learned.

THE SPM APPROACH

The goal of SPM was to provide information about how potential activities—twenty-one scien-
tific investigations, three engineered alternatives, and two waste acceptance criteria—when
viewed singly or in combination, could contribute to a demonstration of compliance with EPA
long-term performance requirements for the WIPP disposal system.”* For each activity set (a
combination of activities), SPM calculated the probability of demonstrating compliance (PDC)
if the activity set was implemented, along with the activity set’s projected cost and duration.
These performance measures (PDC, cost and duration) were contained in a decision matrix that
was analyzed to find programmatic options that maximized incremental PDC while minimiz-
ing activity set cost and duration. SNL performance assessment models were used to estimate
how the disposal system might perform if activities were implemented, and this evaluation,
was the basis for calculating an activity set’s PDC. SPM analyzed roughly 46,700 activity sets.
Probabilistic performance calculations for these activity sets resulted in over 1.3 million com-
plementary cumulative distribution functions (CCDFs).

As applied to the WIPP, SPM can be described in terms of eleven key steps (Figure 1):

1. definition of the performance objective (i.e., long-term performance in 40 CFR 191.13(a)
and 40 CFR 268.6);

2. development of a technical baseline for SPM calculations;
3. performance modeling of the baseline;

4. determination of whether the baseline was predicted to succeed or fail in meeting the
performance objectives;
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10.

11.

(if the baseline failed to meet performance objectives), identification of activities
that, if implemented, could improve a predicted ability to meet the performance objec-
tives; )

evaluation of the baseline combined with potential outcomes of activities (i.e., calcula-
tion of the probability of demonstrating compliance);

creation of a decision matrix containing the PDC, cost, and duration for all activities
and subsequent decision analysis to develop final recommendations;

DOE/CAO programmatic decisions about which activities to implement, if any;
implementation of activities;

re-definition of the technical baseline with actual results from the activities, iterating
the overall process as necessary until the baseline is predicted to meet performance ob-
jectives; and, -

when the baseline is predicted to comply, final compliance calculations with approved
data and models, etc.

1. Define .
Performance 2. Define
Obiectives Technical Baseline
y -
3. Model Baseline
10.
: Yes 11. Final Performance
4. Predict » Calculations for
Complianc Compliance
No 9. Implement Activities
5. Identify Activities and
Elicit Potential
Outcomes, Probabilities, 8. DOE
Costs and Durations Decisions

Y

6. Model Potential
Outcomes of Activities

»] 7.Decision Analysis

Figure 1. Key steps of SPM as applied to the Waste Isolation Pilot Plant.

A key to understanding how SPM works is in the relation between the output of the performance
assessment models, the regulatory performance requirements, and decision analysis methods
used to analyze results.® It is also important to understand the role of expert judgment in per-
formance assessment calculations.

Performance assessment models are used by the WIPP project to ‘produce performance measures
that can be compared to regulatory requirements (see reference 4). One such measure is a CCDF,
which represents the probability distribution of summed normalized releases from the disposal
system to the accessible environment. The WIPP disposal system is predicted to be in compli-
ance with 40 CFR 191.13(a) if no point on the CCDF submitted in the compliance certification
application to the EPA exceeds the summed normalized release limits.
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While the regulatory release limits are fixed, estimates of predicted performance of the WIPP
disposal system is not; they are determined by a state of knowledge that changes over time.
Changing the state of knowledge through scientific investigations, implementing engineered
alternatives, or modifying waste acceptance criteria can alter the p051t10n of the CCDF with
respect to the release limits. Our state of knowledge can be expressed, in part, through prob-
ability distributions. For example, while the solubility of plutomum in WIPP brines is not
known accurately at the present time, a range of solubilities under various chemical conditions
and based on many types of existing information can be postulated, thus defining a portion of
the WIPP disposal system technical baseline.

Envision the design of scientific experiments to more accurately determine the solubility of plu-
tonium in brine. The experimental design anticipates a range of possible outcomes based on both
published information and expert judgment. For simplicity, suppose that the experimental out-
comes can be classified into five ranges (really probability distributions), from lowest to high-
est solubility. Denote the event that the experimental outcomes are in the first range by x , in
the second range by x,, etc. Denote the five possible probability distributions correspondmg to
the five expenmental outcomes by f, £, etc. After the experiment is complete, our knowledge of
plutonium solubility changes to reflect new information produced by the study. All uncertamty,
however, will not be resolved by the experiments. Uncertain repository conditions make it im-
possible to know with certainty what the solubility will be. Therefore, after the experiments
are completed, there is still residual uncertainty about the solubility which can, again, be ex-
pressed through a probability distribution that reflects the new evidence and that incorporates
new expert judgments.

Now, suppose that we use expert judgment to specify potential experimental outcomes xi and
associated probability distributions f, before conducting the experiment and use these distribu-
tions in performance assessment models to estimate the corresponding CCDFs: CCDF, CCDF2
etc. In addition to providing the xi and fi, we also use expert judgment to specify the relative
likelihood or probabilities of the various events (x), denoted by p. Suppose that performance
calculations predict events x , X, X, and x4w1ll indicate compliance with long-term performance
requirements but that the event x_ will indicate non-compliance. The predicted probablhty of
successfully demonstrating comphance for the five events x, x, e Xy X and x —viewed prior to
conducting the experiment—is then p, +p, + p,+p, This process is the fundamental basis for
calculating the PDC of an activity set the key measure of programmatic value in the SPM
method. For the WIPP, this technique applies to any activity that can be expressed in terms of
effects on WIPP performance assessment components.

Although this discussion has been restricted to compliance with 40 CFR Part 191.13(a), WIPP
must also comply with the RCRA regulatory requirements in 40 CFR 268.6. The SPM criterion
for success was that the CCDF is at all points less than the release limits and that the RCRA
soil concentration limits are not exceeded. The compliance indicator (CI) for each activity set
oufcome indicates whether the 40 CFR Part 191.13(a) regulatory release limits and the 40 CFR
268.6 soil concentration requirements are met by the activity set. If both requirements are met,
the compliance indicator is equal to one; otherwise it is zero.

For example, suppose an activity set composed of activities x and X, each with two possible
outcomes, and suppose that performance results show that quantitative performance require-
ments are satisfied only if activity xlhas outcome Oy, and activity x, has outcome Og,. The com-
pliance indices for each of the four possible activity set outcomes would then be equal to zero for
all but the outcome consisting of both O,, and O, which would have a compliance indicator
equal to one. Once the compliance index (CI) values have been determined for each activity set
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outcome, PDC is calculated by summing the probabilities for all activity set outcomes where CI
is 1. The PDC for the activity set consisting of x and x would then be calculated as follows:

PDC = OX(PAIXPB!) + OX( PAIXPBZ) + OX( PA2>d)BI) + 1X( PAZXPBZ) (1)

Thus, because all terms (outcomes) with a compliance indicator not equal to one would drop out
of the PDC calculation, the PDC would equal P ,xPg;.

Because of the multiple possible outcomes of SPM activities, activity sets can have anywhere
between two and nearly 60,000 possible outcome combinations, each of which corresponds to a
CCDF and a compliance indicator. Thus, the PDC for an activity set represents a logically
straightforward but very computationally intense set of calculations.

SPM-2 RESULTS

The first iteration of SPM (SPM-1), the prototype of SPM, was completed September 1994. It
served to develop the tools needed for the second iteration (SPM-2), which was completed in
March 1995 for programmatic decision making. SPM-2 used technical positions derived from
WIPP project technical staff, stakeholders, and oversight groups as a starting point for estab-
lishing a baseline. Technical teams also defined proposed activities and were elicited on the
predicted outcomes of those activities. Trained elicitors external to the WIPP project worked
with the technical teams in a formal, structured process to elicit the parameters and models to
describe the activity outcomes and the probabilities of those outcomes. Activity cost and dura-
tion estimates completed the activity descriptions. DOE/CAO and the Westinghouse Waste
Isolation Division provided information with regard to engineered alternatives, potential
changes to waste acceptance criteria, and other programmatic guidance.

Potential outcomes were initially elicited for thirty-seven scientific investigations, eighteen
engineered alternatives, and three waste acceptance criteria. These were screened to twenty-six
discrete activities for the final SPM-2 analysis—twenty-one scientific investigations, three
engineered alternatives, and two waste acceptance criteria. SPM-2 used existing WIPP per-
formance assessment computer codes, with modifications required to model the baseline and ac-
tivity sets, to calculate CCDFs of potential radionuclide releases. SPM-2 evaluated more than
600,000 possible activity sets. Activities that had no performance impact were removed from
the decision matrix, reducing the number of activity sets in the decision matrix to roughly
46,700. Because each activity set had multiple outcomes, approximately 1.3 million CCDFs
were needed to complete the SPM-2 analysis.

For activities in the decision matrix, SPM-2 showed that the probability of demonstrating
compliance generally increased, as expected, with increasing activity set cost and duration.
Figure 2 shows the overall structure of the results in terms of the probability of demonstrating
compliance versus activity set cost. The large cluster of diamond-shaped points (each one corre-
sponding to an activity set) on the far left includes only scientific activities. Activity sets near
the top of Figure 2 all include one or more engineered alternative. Activity sets with a PDC of
zero are not shown in Figure 2 for reasons of clarity, but are contained in the SPM-2 CD-ROM, an
information management tool produced as part of the SPM project.6 Programmatic dependencies
were also apparent from general trends in the data and are discussed in the statistical regres-
sion portion of this paper.
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Figure 2. SPM-2 scatter plot showing the probability of demonstrating compliance versus activity
sef cost for activity sets with a probability of demonstrating compliance greater than zero.

The SPM-2 baseline calculation predicted release of radionuclides in violation of 40 CFR
191.13(a) but compliance with respect to 40 CFR 268.6. About 40% of the SPM-2 activity sets
also had a probability of demonstrating compliance of zero i.e., with no predicted value in sup-
porting a demonstration of compliance. Of the remaining 60% of the SPM-2 activity sets, one
half had a probability of demonstrating compliance equal to one. When conducted alone, no sin-
gle activity—whether a scientific investigation, an engineered alternative, or a waste accep-
tance criterion—had a non-zero PDC.

Activity sets with a PDC of 1.0 included the scientific activity for colloids investigation and
one of two engineered alternatives: either, (1) backfill and a pH buffer to control actinide solu-
bility (EA1), or (2) an engineered backfill (such as clay) in combination with waste form modi-
fication (EA2). (Note that engineered alternatives and waste acceptance criteria were assumed
to be optimally effective and were assigned a 100% probability of yielding the predicted per-
formance. Subsequent sensitivity studies investigated the impact of this assumption on the fi-
nal decision.) Two waste acceptance criteria (WAC) were analyzed by SPM-2. In the WAC-1
activity, steel drums used to store the waste were replaced with noncorrodible materials.
WAC-1 added costs to the program and slightly reduced the probability of demonstrating com-
pliance. WAC-2, elimination of all high-molecular weight organic compounds (such as soils)
from the waste, had no discernible impact on the probability of demonstrating compliance.

The sensitivity of SPM-2 results to the probability of engineered alternative performance was
straightforward to evaluate (see reference 3 for details). The DOE/CAO had a preliminary
decision to make, either:

1. depend on a program consisting of engineered alternatives and minimal scientific inves-
tigations to provide a basis for the final compliance calculations; or

2. reserve engineered alternatives for possible use in providing assurance and depend m
the scientific investigation to demonstrate compliance.

In May 1995, DOE/CAQ chose the second option. Additional work has been conducted on engi-
neered alternatives since the completion of SPM and the final balance between predicted per-
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formance of the geologic system, engineered alternatives, and waste acceptance criteria will be
described in the compliance certification application to the EPA.”

The final programmatic recommendations made to DOE/CAO in May 1995 considered the
SPM-2 results along with existing information such as the 1992 WIPP PA Sensitivity Analysis*
and some sensitivity and uncertainty analyses. The sensitivity and uncertainty analyses did not
alter the recommended series of activities. Other issues that were considered in using the SPM-
2 results for decision-making were:

1. The technical baseline was for SPM use only. The final project technical baseline that
will be used for preparing the WIPP compliance certification application will incorpo-
rate information from the activities completed subsequent to the SPM-2 effort.

2. The results were based on calculations using mean values, and were therefore valid for
discriminating between activities intended to shift a mean value for a parameter but
not for discriminating between activities intended to reduce uncertainty about a mean.

ANALYSIS OF RESULTS

The SPM-2 project generated roughly 46,700 unique activity sets. In order to understand the
structure of the probabilities of demonstrating compliance among these activity sets, a statisti-
cal regression analysis was conducted. This analysis employed a logit regression methodology.
A logit regression assumes that a probability, p, (or other number bounded by zero and one) is
related to several independent variables through equation 2:

log [p/(1-p)] =2b; x; (2)

In equation 2, x are indicator variables (0,1) and b; are regression coefficients to be estimated.
Here, p is the probability of demonstrating compliance. Because the left side of the equation is
unbounded at p=0 and p=1, the probability of demonstrating compliance values were decreased
slightly towards 0.5 as shown in equation 3: .

p = (p - 0.5)(1 - &) + 0.5, where € is a small number such as 0.01 (3)

An initial inspection of activity sets in the decision matrix revealed two very strong relations.
First, if neither colloid activity (NS 8.1 nor NS 8.2) was included in an activity set, the prob-
ability of demonstrating compliance was zero. Second, if either NS 8.1 or NS 8.2 was in an ac-
tivity set, the probability of demonstrating compliance was one as long as an engineered alter-
native (EA 1 or EA 2) was also in that activity set, and less than one otherwise. Both of these
relations were always true and thus the first relation provided a sufficient condition for creat-
ing a probability of demonstrating compliance to equal zero. The second relation provided a
condition that was both necessary and sufficient for probability of demonstrating compliance to
equal one. These two relations logically limited the PDC of activity sets without EA 1 or EA 2
to 0<PDC<1.
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Figure 3. Probability of demonstrating compliance versus activity set cost for duration-constrained
and unconstrained ‘activity series. A sub-optimal set, which does not maximize incremental PDC
gained per dollar invested, is shown on the far right. See references 1, 2, and 3 for a detailed discus-
sion of the method, baseline, activities, and results.

In the absence of EA 1 and EA 2, what scientific programs should be undertaken to achieve a
high probability of demonstrating compliance? This question was important because the pre-
dicted performance of EA 1 and EA 2 did not account for the possibility that an EA might prove
less effective than assumed. Moreover, there were reasons to believe that the system-wide costs
of EA 1 and EA 2 might ultimately be larger than initially estimated. For these reasons and to
better understand the cost/benefit tradeoffs for the scientific program, a statistical analysis
was limited to those activity sets where: both, (1) NS 8.1 or NS 8.2 was present, and (2) neither
EA 1nor EA 2 was present.

Using the logit model and excluding from the data set those activity sets without either NS 8.1
or NS 8.2 and excluding those having some combination of colloid activity with EA 1 or EA 2,
regression coefficients were obtained. Based on regression results, activities are ordered from
those with the greatest impact to those with the least impact, creating a series of activities
such that as activities are added to the series, the PDC continues to increase but at a decreasing
rate (see Figure 3). If the costs of the activities are similar, it is, in principle, possible to build a
concave, monotonically increasing function that maximizes incremental PDC gained while
minimizing incremental costs as more activities are added to the series. Two such activity se-
ries are shown in Figure 3 (the two curves on the left-most side of the graph) but they are not
fully concave. The far-left curve is unconstrained by duration while the middle curve is con-
strained by a 19-month duration. The reason that these curves are not fully concave is that
there are both thresholds and interactions (synergies) among some activities. The right-most
curve in Figure 3 is a sub-optimal activity series that ultimately reaches nearly the same PDC
as the pareto-optimal series but without the same ability to maximize incremental PDC per
dollar at every point in the series.

For both the duration-constrained and unconstrained activity series in Figure 3, no improvement
in the probability of demonstrating compliance was obtained by performing NS 8.1 by itself.
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(Here NS 8.1 was chosen over NS 8.2 because of equal impact on the probability of demonstrat-
ing compliance and lower cost for NS 8.1.) However, for the duration-constrained series, the
addition of NS 2 and NS 4 increased the probability of demonstrating compliance to 0.56. Ad-
dition of NS 7 further increased the PDC to 0.82. As Figure 3 shows, the addition of AST 1.2 did
not increase the probability of demonstrating compliance. However, AST 1.2 was necessary to
gain the PDC improvement provided by the combination of RM 1, SL 4, and DR 2. In fact, with-
out first performing AST 1.2, the addition of RM 1, SL 4, and DR 2 produced a decrement in PDC.
The same unexpected behavior occurred when one switched the order of the activities. One
therefore concludes, that some interaction is taking place between AST 1.2 and the collection of
three activities. Addition of any other activity to the series only brings minuscule improve-
ments. A probability of demonstrating compliance of 0.96 is achieved from the duration-
constrained pareto-optimal series.

" The two left-most series are both considered pareto-optimal, that is, the series that cannot be
bettered simultaneously in both cost and probability of demonstrating compliance. Faced with
programmatic options limited to the scientific program—without engineered alternatives or
waste acceptance modifications—both the duration-constrained and unconstrained activity se-
ries appear to be logical programmatic choices. However, the duration-constrained series,
which eliminated two scientific activities,(NS 3 and NS 5), resulted in virtually the same
probability of demonstrating compliance as the unconstrained set and with lesser cost. The du-
ration-constrained series was selected for implementation by the DOE/CAO.

DISCUSSION

The SPM-2 decision matrix yielded valuable information for identifying: (1) activity sets nec-
essary to achieve a given PDC; (2) activity sets that give the maximum PDC; and (3) activities
that have minimal impact on the PDC. Moreover, the use of quantitative analyses balanced
with expert judgment was essential in developing insights about decision options in a highly
nonlinear system. The SPM project required a significant commitment of human and computa-
tional resources but numerous improvements could be made to increase efficiency.

Information needed for the SPM analysis was acquired as expert elicitation from individuals
directing the various activities and those proposing new activities. Adequate time for training
participants in an expert elicitation process is essential.

Concerns were raised that the SPM baseline was excessively conservative and would not pro-
duce a useful basis for evaluation of activities. A management review was held to assure that
the baseline was, in fact, appropriately balanced and integrated and that it was acceptable as
the basis for performance calculations. Review is recommended of both the baseline and activi-
ties prior to performing calculations to assure appropriate consistency and integration of infor-
mation elicited from many different individuals.

Side efforts (also known as side bar calculations, or side calculations) were also important in
being able to keep the probabilistic calculations tractable and in preventing unnecessary conser-
vatism in the baseline. Side efforts refer to confirmatory evaluations required to address cer-
tain technical positions embedded in the SPM-2 baseline. These confirmatory evaluations in-
cluded scenario screening work, literature searches, bounding calculations, and some computer
modeling.

There are computational limitations to probabilistic calculations underlying SPM. Suppose, for
example, that m activities are to be considered and each activity has k potential outcomes.

The number of endpoints to be evaluated is ;) ,, k'm!/[(m-i)4i!], which becomes very large,
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very quickly. Clearly, not all combinations of activities can be evaluated. But this is where
judgment and an understanding of disposal system performance can be used to create reasonable
sets of activities for evaluation. Other computational schemes, such as sampling certain compu-
tational intensive parts of the performance assessment model, should be explored. In addition,
multi-attribute utility analysis techniques (see reference 5) could be useful for up-front screening
and focusing an initial large set of potential activities into a smaller set that require quantita-
tive evaluation.

The usefulness of an SPM-like method depends upon the quality of the elicited information
about activity outcomes, their probabilities, and the state of knowledge about system parame-
ters and conceptual models. Retrospective analyses of SPM results can assess the degree to
which actual outcomes were consistent with elicited predictions. Bayesian updating methods
could be used if SPM were applied on an iterative basis.

SUMMARY

SPM identified viable combinations of programmatic options (activities) that, if implemented,
were predicted to lead to a positive demonstration of compliance with long-term performance
requirements. Moreover, analysis of the results also indicated that optimal programmatic
pathways existed and that these activity series could provide useful insights into which ac-
tivities to cut or add if budgets changed. Indeed, the analysis indicated that a positive demon-
stration of compliance with the long-term performance requirements could be anticipated
within the DOE/CAOQO schedule.

SPM focused on work to achieve compliance with long-term disposal system performance re-
quirements and helped eliminate concemns that activities would merely contribute to scientific
knowledge. SPM utilized the existing performance assessment codes to calculate the expected
results of various programmatic options. Use of quantitative performance assessment tools for
prioritization was essential in gaining insights into the behavior of a highly coupled, nonlin-
ear disposal system. SPM built upon the power of both performance assessment and decision
analysis techniques, providing insights for decision making.

The general method could be applied to other complex issues in the environmental and waste
management arena that need to clearly focus scientific and engineering activities on specific
(and measurable) objectives within cost and schedule constraints. Because SPM combines deci-
sion analysis methods with quantitative analyses, it is conceptually applicable to any complex
problem for which performance objectives, performance measures, and options to achieve the
performance objectives can be defined. Projects that would likely benefit most are those with a
complex set of technical issues and decision options that would benefit from planning based mn
calculated performance, rather than expert prediction alone. Projects with significant stake-
holder involvement or with multiple participants might also benefit. Finally, probabilistic
techniques used to treat uncertainties in the physical system could also be used to treat uncer-
tainties in the cost or duration of programmatic alternatives.?
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