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Scenario development has two primary purposes in the design and documentation of post-
closure performance assessments in a regulatory setting. First, scenario development
ensures a sufficiently comprehensive consideration of the possible future states of the
system. Second, scenario development identifies the important scenarios that must be
considered in quantitative analyses of the total system performance assessment (TSPA).

To ensure clear documentation of the treatment of potentially relevant fbture states of the
system in the Yucca Mountain license application (LA), the US Department of Energy
(DOE) has chosen to adopt a scenario development process based on the methodology
developed by Cranwell et al. (1990) for the US Nuclear Regulatory Commission (NRC).
Although the process, described below, has been modified somewhat as a result of
experience gained in the last decade, the underlying methodology is consistent with that
outlined by the DOE in the 1988 Site Characterization Plan for the Yucca Mountain
Project (YMP) (U.S. DOE, 1988). The approach is fimdamentally the same as that used
in many performance assessments, including the most recent analysis of the Yucca
Mountain repository by the NRC (Wescott et al., 1995). The approach has also been used
by the DOE for the Waste Isolation Pilot Plant (WIPP) (U. S. DOE, 1996), by the Nuclear
Energy Agency (NEA) of the Organisation for Economic Co-Operation and Development
(OECD), and by other radioactive waste programs internationally (e.g., Skagius and
Wingefors, 1992).
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Section 2.0 of this report describes the scenario development process. Steps in the
process are described in Section 2.1, and terms introduced in this section are defined in
Section 2.2. The electronic database used to document the process is described in Section
3, and Section 4 provides a summary of the current status of the YMP scenario
development work. Section 5 contains acknowledgments, and Section 6 contains a list of
the references cited.
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2.0 The Scenario Development Process

There are five principal steps to the scenario development process, as outlined in Section
2.1 and illustrated in Figure 1. Documentation of the scenario development process will
include documentation of each of these steps.

2.1 The Five Steps of Scenario Development

1. Identi@ and classi$ features, events, and processes (FEPs) potentially
relevant to the long-term petiormance of the disposal system.

2. Screen the FEPs using well-defined criteria to distinguish between those
FEPs that can be excluded from the TSPA and those that should be
included in the analysis.

3. Use the retained FEPs to construct scenarios, or scenario classes (which
are defined as sets of related scenarios), as appropriate.

4. Screen the scenarios (or scenario classes) using the same criteria applied to
the FEPs to identi~ any scenarios that can be excluded from the TSPA.
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Figure 1: The Five Steps in Scenario Development
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5. Specifj the implementation of the scenarios (or scenario classes) in the
computational modeling for the TSP~ and document the treatment of
included FEPs.

These five steps differ slightly from those identified by Cranwell et al. (1990), in that FEP
classification, which was the second step in their procedure, has been included with the
first step, and the final step has been modified to clari~ the linkage between scenario
development and the TSPA analysis.

Section 2.1.1 Step 1: Identifying FEPs and Building the Initial FEP list

The NRC’s proposed rule for the Yucca Mountain repository, 10 CFR part 63, defines
petiormance assessment to be

. . . a probabilistic analysis that:

(1) Identifies the features, events, and processes that might affect the
performance of the geologic repository; and

(2) Examines the effects of such features, events, and processes on the
pedormance of the geologic repository; and

(3) Estimates the expected annual dose to the average member of the
critical group as a result of releases from the repository. (Proposed 10
CFR $ 63.2)

(4) Step 1 of the scenario development process, the identification of FEPs
potentially relevant to the performance of the Yucca Mountain
repository, will help meet NRC expectations regarding the scope of the
performance assessment.

The initial set of FEPs has been created for the Yucca Mountain TSPA by combining lists
of FEPs previously identified as relevant to the YMP (e.g., by Wilson et al., 1994,
CRWMS M&O, 1995, and other documents) with a draft FEP list compiled by an NEA
working group. The NEA list is the most comprehensive list available internationally, and
currently contains 1261 entries from Canadian, Swiss, and Swedish spent-fhel programs,
intermediate and low-level waste programs of the UK, and the US WIPP program. The
YMP initial FEP list currently (as of November 1998) contains 1573 entries.

The FEP list is open, and will continue to grow as additional FEPs are identified. Because
one of the major goals of the process is to address the comprehensiveness of the TSP~
no FEPs are removed from the list at this stage. Consistent with the diverse backgrounds
of the programs contributing to the NEA list, FEPs currently on the list were identified by
a variety of methods, including expert judgement, itiormal elicitation, event tree analysis,
stakeholder review, and regulatory stipulation. For the purposes of the Yucca Mountain
scenario development effort, no specific technique is identified as a preferred method of
FEP identification. All potentially relevant FEPs are included, regardless of origin.
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This approach leads to considerable redundancy in the FEP list, because the same FEPs
are frequently identified by multiple sources. To eliminate this redundancy and to create a
more usefil FEP list to carry forward into the screening process in Step 2, FEPs are
identified in this stage as either Primary FEPs or Secondary FEPs. Primary FEPs are those
FEPs for which the project proposes to develop detailed screening arguments. Secondary
FEPs are either FEPs that are completely redundant (for example, the NEA list contains as
many entries for meteorite impact as there were participating programs), or FEPs that can
be aggregated into a single primary FEP for the purposes of the Yucca Mountain TSPA.
Examples of secondary FEPs that can be aggregated into a single primary FEP for Yucca
Mountain include almost all FEPs related to human disruption of the disposal syste~
given the proposed regulatory requirement regarding the treatment of human intrusion
through a prescribed drilling scenario.

FEPs that are inarguably irrelevant to the Yucca Mountain syste~ such as those that are
specific to repositories in salt host rock, are also identified at this stage, and are not
carried through into Step 2 for the development of specific screening arguments.

Documentation is maintained at this stage of all mapping of FEPs into the primary and
secondary categories, and of any FEPs identified as irrelevant. Screening work in Step 2
focuses on the primary FEPs. For comprehensiveness, traceability is maintained from the
secondary FEPs to the related prima~ FEPs.

2.1.2 Step 2: Screening the FEP list.

Each FEP is screened for inclusion or exclusion in the TSPA on the basis of three basic
criteria. First, each FEP is examined to determine whether or not it is of regulatory
concern, given the specific regulatory requirements applicable to the Yucca Mountain
TSPA. If the FEP is potentially of concern, it is then screened on the basis of its
probability of occurrence or its consequence.

As described in Section 2.1.2.1, each of these screening criteria have their basis in
regulatory requirements contained in the NRC’s proposed rule 10 CFR part 63. FEPs are
excluded from the TSPA only if they are specifically ruled out by regulation (e.g.,
deliberate human disruption of the site), if they can be shown to have a probability of
occurrence less than 10-4in 104 yr, or if their occurrence can be shown to have no
significant effect on the overall performance of the system. Because the regulatory
requirements allow exclusion of FEPs on any one of these criteria, a FEP need not be
shown to be both of low probability and low consequence to be excluded. The order in
which the criteria are applied is, therefore, not essential.

In practice, FEPs are screened as shown in Figure 2: regulatory criteria are examined
first, and then either probability or consequence maybe examined next at the discretion of
the analyst. This application of the analyst’s judgment regarding the order in which to
apply the criteria does not affect the final decision: FEPs that are retained on one criterion
will then be considered against the other. Allowing the analyst to chose the most
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appropriate criteria to apply at this step prevents needless work developing quantitative
probability arguments for low consequence events or complex consequence models for
low probability events. For example, there is no need to develop detailed models of the
response of the disposal system to the impact of a large meteorite ifit can be shown that
this event has a probability below the regulatory cutoff.

Screening Features, Events, and Processes (FEPs)

* ~ combine redundant FE%,
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Figure 2. Schematic illustration of the FEP screening process.

Probability estimates for FEPs maybe based on technical analysis of the past frequency of
similar events (such as seismic events), or, in some cases, on expert elicitation. Probability
arguments, in general, require including some information about the magnitude of the
event in its definition. For example, the probability of meteorite impacts depends on the
size of the meteorite of interest. Impacts of meteorites sufficiently large to create large
craters at Yucca Mountain are much less probable than smaller impacts. Thus, meteorites
large enough to affect the disposal system maybe screened out on the basis of low
probability (if a sufficiently low probability can be established), but small impacts that have
no effect are more appropriately screened out on low consequence. Probability arguments
are also sensitive to the spatial and temporal scales at which FEPs are defined (meteorite
impacts are less likely in shorter time intervals and at smaller locations), and probability
arguments should therefore be made at reasonably coarse scales.

The quantitative basis for consequence-based screening arguments can be established in a
variety of ways, including TSPA sensitivity analyses, modeling studies outside of the
TSP~ or, in the case of relatively straightforward arguments, through the use of reasoned
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arguments based on literature research. For example, consequences of many geomorphic
processes such as erosion and sedimentation can be evaluated by considering bounding
rates reported in geologic literature. More complicated processes such as criticality
require detailed analyses conducted specifically for the Yucca Mountain Project. Low-
consequence arguments are often made by demonstrating that a particular FEP has no
effect on the distribution of an intermediate periiormance measure in the TSPA. For
example, demonstrating that including a particular waste form has no effect on the
concentrations of radionuclides transported from the repository in the aqueous phase may
be sufficient to demonstrate that including this waste form would not change the overall
petiormance measure. Explicit modeling of the characteristics of this waste form could
therefore be excluded from the TSPA.

Documentation of the FEP screening step in the scenario development process will include
a statement of the screening decision for each FEP (retained or excluded). For excluded
FEPs, documentation will include the criterion on which it was excluded and the technical
basis for the screening argument. Documentation of the treatment of retained FEPs in the
models and parameters of the TSP~ as shown in the last steps of Figure 2, will be
provided by Step 4.

2.1.2.1 Regulatory Screening Criteria in Proposed 10 CFR part 63

Proposed 10 CFR part 63 contains regulatory screening criteria relevant to many FEPs.
Examples include the explicit requirements regarding assumptions about the critical group
to be considered in the dose assessment (at $ 63.115), and the specification of the
treatment of human intrusion (at $63. 113(d)).

The probability criterion is explicitly stated at $63.114:

(d) Consider only events that have at least one chance in 10,000 of occurring over
10,000 years.

Because the probability of any specific event depends strongly on how it is defined, the
probability criterion can only be applied at an appropriately broad scale. For example, the
probability of seismic events should be evaluated over the entire 10,000-year period,
rather being artificially lowered by defining 10,000 different seismic events each occurring
in a different year.

Consequence criteria are provided at $63. 114(e) and $63. 114(f):

(e) Provide the tecluical basis for either inclusion or exclusion of specific features,
events, and processes of the geologic setting in the performance assessment.
Specific features, events, and processes of the geologic setting must be
evaluated in detail if the magnitude and time of the resulting expected annual
dose would be significantly changed by their omission.
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(f) Provide the technical basis for either inclusion or exclusion of degradation,
deterioration, or alteration processes of engineered barriers in the performance
assessment, including those processes that would adversely affect the
petiormance of natural barriers. Degradation, deterioration, or alteration
processes of engineered barriers must be evaluated in detail if the magnitude
and time of the resulting expected annual dose would be significantly changed
by their omission.

2.1.3 Step 3: Constructing Scenarios

The NRC has not defined the term “scenario” in drafl. proposed 10 CFR part 63. The
Yucca Mountain TSPA has chosen to define a scenario as a subset of the set of all
possible fitures of the disposal system that contains fitures resulting from a specific
combination of features, events, and processes.

The primary reason for adopting thk definition is pragmatic: one of the goals of scenario
development is to define a limited set of scenarios that can reasonably be analyzed
quantitatively while still maintaining comprehensive coverage of the range of possible
fhture states of the system. There are an essentially infinite number of possible fbture
states, and for scenario development to be usefil, it must generate scenarios that are
representative of the range of fitures that are potentially relevant to the licensing of the
facility.

Under the definition adopted for the Yucca Mountain TSP~ a scenario is not limited to a
single, deterministic fbture of the system, and instead is a set of similar fitures that share
common FEPs. The number and breadth of scenarios depend on the resolution at which
the FEPs have been defined: coarsely defined FEPs result in fewer, broad scenarios,
whereas narrowly defined FEPs result in many narrow scenarios. There is no uniquely
correct level of detail at which to define scenarios: decisions regarding the appropriate
level of resolution for the analysis are made based on consideration of the importance of
the scenario in its effect on overall performance and the resolution desired in the results.
For efllciency, both FEPs and scenarios should be aggregated at the coarsest level at
which a technically sound argument can be made that is adequate for the purposes of the
analysis.

More coarsely defined scenarios may be referred to as scenario classes (sets of closely
related scenarios), and more narrowly defined scenarios may be referred to as
sub scenarios. Mathematically, scenario classes and subscenarios share the same definition
as scenarios: all are subsets of the set of all possible fbtures of the system. In practical
application, however, distiguishlng between coarsely defined scenario classes and more
narrowly defined scenarios and subscenarios is usefi.d. For example, both the DOE and
the NRC have identified “igneous activity occurs at Yucca Mountain” as one of the most
important disruptive scenario classes for the repository. Within this class, consequence
analyses have focussed on specific scenarios and sub scenarios involving processes such as
ash plume eruption and lava intrusion.

p. 7



.

To be published in the Proceedings of the AfEA Workshop on Scenario Development, Madrid, Spain, May 70-12, 1999,
Nuclear Energy Agency of the Organisation for Economic Co-operation and Development

Before scenarios are constructed, FEPs retained from Step 2 are identified as either
expected FEPS (EFEPs) or disruptive FEPs (DFEPs). Expected FEPs are those that can
be assumed, for the purposes of the TSP~ to have a probability of occurrence equal to
1.0 (although they may have uncertain consequences). DFEPs are those that have a
probability less than 1.0 (but greater than the lower cutoff prescribed by the NRC) and
have a significant effect on overall petiormance. All EFEPs are included in a nominal
scenario, which is simulated by the base case model described in the TSPA
documentation. Disruptive scenarios are constructed from all EFEPs and combinations
DFEPs, with the probability of each disruptive scenario calculated as the product of the
probabilities of the included DFEPs.

of

Scenario construction can be displayed graphically using logic diagrams (Figure 3). Note
that these diagrams do not imply any ordering of the events: they are simply a graphical
way of displaying the possible combinations of the retained DFEPs. Documentation of
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Figure 3. Logic Diagram for the Yucca Mountain TSPA for the 1998 Viability
Assessment, showing the construction of scenarios using combinations of disruptive FEPs.
Note that this figure is provided for illustration only. The scenarios shown here may not

be the final set analyzed for the Yucca Mountain license application.

this step in the scenario development process will include demonstration that scenarios
incorporate all combinations of retained DFEPs, and that probabilities of the scenarios
have been correctly calculated based on FEP probabilities.
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2.1.4 Step 4. Screening Scenarios

Scenarios constructed in step 3 are screened using the same regulatory, probability, and
consequence criteria defined in step 2. For example, the probability criterion maybe used
to exclude scenarios that include some combinations of low probability FEPs.

If scenarios are to be screened out on the basis of low probability, the probability must be
taken at an appropriately coarse level. Scenarios should not be defined artificially
narrowly to reduce their probability below the NRC cutoff.

Documentation of this step in the scenario development process will include identification
of any scenarios that have been screened from the analysis, and the technical basis for that
screening decision.

2.1.5 Step 5 Specifying Scenarios for TSPA Analysis

All retained FEPs must be included in TSPA analyses either in the nominal scenario or in
disruptive scenarios. EFEPs maybe included in the nominal scenario either through
explicit modeling or through the selection of parameter values. DFEPs are included
explicitly in modeling of disruptive scenarios.

Documentation of step 5 will include identification of how each retained FEP has been
treated in the TSPA. As shown in Figure 2, retained FEPs will be treated either through
explicit incorporation in TSPA models or through uncertainty included in the assignment
of parameter values used in the TSPA models.

2.2 Definitions

FEP: a feature, event, or process.

Feature: an object, structure, or condition that has a potential to affect disposal system
petiormance.

Event: a natural or anthropogenic phenomenon that has a potential to affect disposal
system performance and that occurs during an interval that is short compared to the period
of performance.

Process: a natural or anthropogenic phenomenon that has a potential to affect disposal
system performance and that operates during all or a significant part of the period of
petiormance.

Future: a single, deterministic representation of the future state of the system. An
essentially infinite set of fitures can be imagined for any system.
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Scenario: a subset of the set of all possible fitures of the disposal system that contains
fitures resulting from a specific combination of features, events, and processes.

Scenario class: a set of scenarios that share sufficient similarities that they can usefhlly be
aggregated for the purposes of a specific analysis.

Subscenario: a subset of a scenario (or a scenario class) created by defining one or more
of the component FEPs more narrowly.

Retained FEP: a FEP that is identified by the screening process as requiring analysis in the
quantitative total system performance assessment.

Expected FEP (EFEP): a retained FEP that, for the purposes of the total system
performance assessment, is assumed to occur with a probability equal to 1.0 during the
period of performance.

Disruptive FEP (DFEP): a retained FEP that has a probability of occurrence during the
period of performance less than 1.0 (but greater than the cutoff of 10”4/104yr defined by
the NRC at 10 CFR $ 63.114(d)).

Nominal scenario: the scenario that contains all expected FEPs and no disruptive FEPs.

Disruptive scenario: any scenario that contains all expected FEPs and one or more
disruptive FEPs.

3.0 The Electronic FEP Database

The YMP performance assessment team is constructing an electronic database of FEPs.
Each FEP identified in Step 1 of the process will be entered as a separate record in the
database. Fields within each record will provide a description of the FEP, unique
identification numbers, the origin of the FEP, identification as a primary or secondary FEP
for the purposes of the YMP TSP~ and mapping to related FEPs. Fields will also
provide summaries of the screening arguments, with references to supporting
documentation, and, for all retained FEPs, statements of the disposition of the FEP within
the TSPA modeling system.

The current YMP electronic FEP database has 1737 FEPs entered in prelimina~ form.
The database has been developed in Claris Filemaker Pro Version 4.0, which is the same
software adopted by the NEA working group for their FEP database. Working copies of
the YMl? FEP database are also available in Microsoft Access 97.

4.0 Current Status of the YMP Scenario Development Work
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Work done for the viability assessment and previous preliminary TSPAS has identified
igneous activity, seismic activity, and criticality as potentially important disruptive FEPs,
and quantitative analyses have focussed on the nominal scenario and the major disturbed
scenarios associated with these events.

Scenario development work for the Yucca Mountain license application is primarily
focussed on documentation of Steps 1 and 2 of the five-step process at this time. This
documentation may confirm that the scenarios selected for preliminary analysis are
appropriate and sufhciently comprehensive to support the LA. However, ongoing work
may identifi FEPs for which additional analyses are needed to support a screening
decision (either in or out), and additional EFEPs or DFEPs could be identified that will
require modification of the scenarios analyzed in the TSPA.

Once the TSPA modeling system for the LA is mature, FEP work will focus on Step 5,
providing the documentation for how all retained FEPs have been treated in the TSPA.

Scenario development is an iterative process, because new FEPs may be added to the
initial list and screening decisions for existing FEPs may change as new information
becomes available. Regulatory requirements that form the essential basis for all FEP
screening may also change when the US Environmental Protection Agency (EPA)
promulgates 40 CFR part 197 and when the NRC promulgates the final rule for 10 CFR
part 63. FEP screening decisions and the resulting scenarios considered in the TSPA-VA
are therefore preliminary. Screening arguments for excluded FEPs will continue to be
developed during the preparation of the LA and the treatment of the included EFEPs and
DFEPs will change as the TSPA models and parameters are refined.
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