NNA.940406.0158

WBS: 1.2.54.1

Civilian Radioactive Waste Management System
Management and Operating Contractor

TOTAL SYSTEM PERFORMANCE ASSESSMENT - 1993:

AN EVALUATION OF THE POTENTIAL
YUCCA MOUNTAIN REPOSITORY

B00000000-01717-2200-00099-Rev. 01

March 1994

Prepared for:

U.S. Department of Energy
Yucca Mountain Site Characterization Project
P.O. Box 98608
Las Vegas, Nevada 89193-8608

Prepared by:

Robert W. Andrews, Timothy F. Dale, and Jerry A. McNeish
INTERA, Inc.
101 Convention Center Drive
Suite P-110
Las Vegas, Nevada 89109-2006

Under Contract Number
DE-AC01-91RW00134

QA: N/A




N

3 4 6

27

Civilian Radioactive Waste Management System
Management and Operating Contractor
TOTAL SYSTEM PERFORMANCE ASSESSMENT - 1993:

AN EVALUATION OF THE POTENTIAL
YUCCA MOUNTAIN REPOSITORY

B00000000-01717-2200-00099-Rev. 01

March 1994

Prepared by: &A’\N f&\ﬂ}b Date: 3/’8/0“‘{

Date: 3'}“:/4_‘4

Reviewed by:

Approved by: r}L&A 7é Wirndor — Date: _3/!%/4 Y

3.“L. Younker, “Manager
Regulatory and Technical Evaluation

Interdiscipline Review:




-s
)

6

ACKNOWLEDGEMENTS

Analyses of integrated total system performance assessment require input from numerous
individuals familiar with the multiple disciplines affecting the behavior of the system. Such is
certainly the case in this document. We would like to acknowledge the formal and informal
contributions of several of our colleagues within the Civilian Radioactive Waste Management
System Management and Operating Contractor who have augmented our understanding of some
detailed process directly or indirectly imbedded in the total system performance analyses. These
individuals include (in alphabetical order): John King, Suresh Lingineni, Srikanta Mishra,
Mark Reeves, Anthony Smith, and David Stahl. In addition, we have had very fruitful
discussions with several individuals outside our organization, including Thomas Buscheck,
Alan Lamont, and William Halsey of Lawrence Livermore National Laboratory; Arend Meijer
and Ines Triay of Los Alamos National Laboratory; Ralston Barnard, John Gauthier, and
Michael Wilson of Sandia National Laboratories; Alan Flint, Lorraine Flint, and Dwight Hoxie
of the U.S. Geological Survey; and Daniel Bullen of Iowa State University. When information
from one of these individuals was used directly in our analyses, we have attached the relevant
information provided in an Appendix to this document. We would also like to acknowledge the
significant support provided to the early phases of the analyses by Carl Bruch who is presently
pursuing a law career.

This document has benefitted significantly by reviews of earlier drafts conducted by
Albin Brandstetter, Suresh Pahwa, and Abraham Van Luik. We were ably supported by
Trina Herbst, Judy Long, Lin Wilson, Sandra Trillo, and Beverly Plumley in the final preparation
of this manuscript. :

The work reported in this document was funded under Work Breakdown
Structure 1.2.5.4.1—Total System Performance Assessment by the U.S. Department of Energy
Office of Civilian Radioactive Waste Management—Yucca Mountain Site Characterization
Project Office under Contract #DE-AC01-91RW00134. The Branch Chief responsible for this
work is Jeremy Boak; the Work Breakdown Structure Manager responsible for this work is
Eric Smistad. The Management and Operating Contractor Office Manager responsible for this
work is Jean Younker. The support of these individuals and organizations is gratefully
acknowledged.

it



4

3496

I 275

9

EXECUTIVE SUMMARY

Total System Performance Assessments are an important component in the evaluation of the
suitability of Yucca Mountain, Nevada as a potential site for a mined geologic repository for the
permanent disposal of high-level radioactive wastes in the United States. The Total System
Performance Assessments are conducted iteratively during site characterization to identify issues
which should be addressed by the characterization and design activities as well as providing input
to regulatory/licensing and programmatic decisions. During fiscal years 1991 and 1992, the first
iteration of Total System Performance Assessment (hereafter referred to as TSPA 1991) was
completed by Sandia National Laboratories and Pacific Northwest Laboratory. Beginning in
fiscal year 1993, the Civilian Radioactive Waste Management System Management and Operating
Contractor was assigned the responsibility to plan, coordinate, and contribute to the second
iteration of Total System Performance Assessment (hereafter referred to as TSPA 1993). This
document presents the objectives, approach, assumptions, input, results, conclusions, and
recommendations associated with the Management and Operating Contractor contribution to
TSPA 1993. A parallel effort was conducted by Sandia National Laboratories and is reported
in Wilson et al. (1994, in press).

The principal objectives of the second iteration of Total System Performance Assessment are to
(1) enhance the realism/ representativeness of the analyses, (2) incorporate new information and
designs that have become available since the completion of TSPA 1991, (3) test the significance
(ie., sensitivity) of various conceptual model and parameter uncertainties on the predictec
performance, and (4) evaluate alternate measures of postclosure performance.

The representativeness of the analyses has been significantly enhanced over that presented in
TSPA 1991 by (1) directly incorporating the thermohydrologic behavior in the near-field
environment, (2) directly incorporating the possible corrosion processes and their thermo-
hydrologic dependence in the determination of the degradation time of the waste package
containers, and (3) the incorporation of a more complete radionuclide inventory that includes
39 radionuclides. The near-field environment used in TSPA 1993 is based on thermohydrologic
analyses conducted at the panel scale in order to evaluate the potential edge effects associated
with unheated portions of the repository due to the presence of main axis drift and associated side
adits, the setback of waste packages from these drifts, and the existence of the lower thermal
output from the defense high-level waste.

The new information incorporated in TSPA 1993 includes (1) revised estimates of radionuclide
solubilities (and their thermal and geochemical dependency), (2) thermal and geochemical
dependency of spent fuel waste alteration and glass dissolution rates, (3) new distribution
coefficient (k,) estimates, (4) revised estimates of gas-phase velocities and travel times, and
(5) revised hydrologic modeling of the saturated zone which provides updated estimates of the
advective flux through the saturated zone. The new designs that have been proposed since the
completion of TSPA 1991 (which focused on the Site Characterization Plan design) include
(1) alternate thermal loads, (2) alternate waste package emplacement designs, and (3) the concept
of multibarrier waste package containers consisting of an outer corrosion-allowance material and
an inner corrosion-resistant material of various thicknesses.
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The alternate conceptual models that have been evaluated in TSPA 1993 include the assumed
criteria affecting the initiation of aqueous corrosion under the possible thermohydrologic
environments in the vicinity of the repository as well as the conceptual model for corrosion itself.

Finally, the alternate postclosure total system performance measures that have been evaluated in
this TSPA 1993 include (1) the normalized cumulative release of radionuclides to the accessible
environment for 10,000 years and (2) the peak individual dose associated with possible releases
for a 1,000,000-year time period. These later analyses were conducted in recognition of the role
that the individual dose performance criterion may play in the National Academy of Science’s
evaluation of the reasonableness/appropriateness of alternate environmental standards that may
be applied to Yucca Mountain (per Section 801 of the Energy Policy Act of 1992 [U.S. Congress,
1992]).

The general approach taken in the Management and Operating Contractor’s contribution to
TSPA 1993 is to (1) abstract primary functional relationships from either the results of detailed
process models (for example, the thermohydrologic analyses) or directly from uncertain parameter
distributions, (2) define the dependence of relevant waste package containment, radionuclide
exposure, waste package release, engineered barrier system release, and geosphere transport
properties on the primary thermohydrologic and geochemical variables, (3) incorporate the
functional relationships and dependencies into the Repository Integration Program, and (4) predict
the performance and the uncertainty associated with the uncertain conceptual models and
parameter values. The Repository Integration Program, developed by Golder Associates Inc., has
been chosen for this assessment because it allows the user to incorporate a sufficient specificity
in the process or process interactions to ensurc that potentially important correlations and
dependencies are included in the analysis. The utility of the Repository Integration Program has
been previously verified in an earlier comparison of it to the analyses conducted in TSPA 1991
(INTERA, 1993).

Numerous comparisons of the predicted results associated with alternate thermal loads, waste
package designs, and conceptual representations of the initiation of aqueous corrosion plus the
corresponding rates of corrosion, are documented in this report. The results may generally be
grouped into those related to releases from the waste package, those related to releases to the
accessible environment, and those associated with peak individual doses at the accessible
environment. For the waste package, results are presented for (1) the expected value radionuclide
releases for 10,000 and 100,000 years, (2) the expected value cumulative normalized release to
the 40 CFR 191 Table 1 values for 10,000 and 100,000 years, (3) complementary cumulative
distribution functions of normalized cumulative releases from the waste package for 10,000 and
100,000 years, and (4) scatter plots of cumulative normalized release vs. pH. For releases from
the geosphere, results are presented for (1) the expected value radionuclide release for 10,000 and
100,000 years, (2) the expected value of the normalized cumulative release for 10,000 and
100,000 years, (3) complementary cumulative distribution functions of the cumulative normalized
gaseous release for 10,000 years, (4) complementary cumulative distribution functions of the
cumulative normalized aqueous release for 10,000 and 100,000 years, and (5) scatter plots
illustrating the sensitivity of cumulative normalized release to the unsaturated zone percolation
flux. For individual peak doses, results are presented for (1) the expected value doses for
1,000,000 years, (2) complementary cumulative distribution functions of the peak dose for
1,000,000 years, and (3) scatter plots of the sensitivity of peak individual dose to the unsaturated
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zone flux, the saturated zone flux, and pH. For each result, comparisons are made to evaluate
the sensitivity of waste package and geosphere releases to alternative thermal loads and waste

package designs.

Based on the Total System Performance Assessment results presented, it is possible to conclude
that, in general, when considering the integrated release from the waste package for 10,000 years
(and the corresponding release to the accessible environment over this time period), the higher
and lower thermal loads, represented by 282 kW/ha (114 kW/acre) and 704 kW/ha
(28.5 kW/acre) respectively, yield slightly lower releases than does the 141 kW/ha (57 kW/acre)
case. In the case of the 282 kW/ha (114 kW/acre) case, this reduction is due to the delay in the
initiation of aqueous corrosion at the higher temperatures/lower water saturations. In the case
of the 70.4 kW/ha (28.5 kW/acre) case, this reduction is due to the lower aqueous corrosion rates
and waste form alteration rates at the lower temperatures. These conclusions are also germane
to the 100,000- year time period, although the differences are not significant given the range of
other uncertainties affecting the results.

As in previous Total System Performance Assessments, the normalized 10,000-year cumulative
releases to the accessible environment are dominated by '“C releases. The "“C release is
controlled by the time of "failure” of the waste package container and therefore is strongly
dependent on the thermohydrologic near-field regime as well as the conceptual representation of
aqueous corrosion and corrosion rates. The integrated aqueous releases to the accessible
environment for 10,000 years are extremely small (less than a 10 percent probability of being
greater than 10 of the 40 CFR 191 Table 1 values), and are also controlled by the time at which
the containment is breached as well as the percolation flux and dispersion in the unsaturated
zone. The dominant aqueous radionuclide released over this time period is *Tc.

The effect of alternative thermal loads on the peak individual dose over a 1,000,000-year time
period is insignificant. This is a direct result of the fact that while the thermal load can cause
differences in expected releases and the corresponding doses over the time period that the thermal
regime is perturbed, at larger time these effects have no impact on the predicted consequences.
However, this conclusion must be prefaced by noting that the long-term "dryout” of the
geosphere expected at very high thermal loads was not evaluated in this study due to a lack of
a sufficient suite of process-level thermohydrologic analyses over a wide range of uncertain
hydrogeologic parameters and boundary conditions. This so-called "extended-dry" concept should
be considered more explicitly in future Total System Performance Assessment iterations.

The result of varying the waste package container thicknesses indicate, as expected, that as the
outer wall thickness is increased, the package lifetime also increased and the corresponding
releases decreased. While the differences between a 10-cm and 20-cm outer mild steel container
are not significant, there is virtually no release for 10,000 years when a 45-cm outer container
is used. This conclusion also is relevant when comparing the releases for a 100,000-year time
period. Again, however, as the time period is increased to 1,000,000 years, even the long-lived
45-cm waste package is predicted to yield equivalent peak doses to the other waste package
designs.

It warrants noting that conclusions regarding the relative advantages or disadvantages of
particular design options based on the present Total System Performance Assessment analyses
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must be qualified by the confidence in the current conceptualization of the system and its
components. As significant uncertainties remain in the understanding of the very-near-field
environment and it’s effect on the initiation and rate of aqueous corrosion, some caution should
be exercised prior to unconditionally accepting the conclusions presented above.

The Total System Performance Assessment analyses conducted as part of TSPA 1993 have
significantly extended the analyses performed in TSPA 1991. However, uncertainties still remain.
As performance assessment is an iterative process, it is important to identify those assumptions
and uncertainties which contribute significantly to the predicted performance so they may be the
focus of continued investigation and analysis. The primary sources of significant uncertainty are
(1) panel- and drift-scale thermohydrologic analyses, (2) initiation and rates of aqueous corrosion
processes, (3) the ambient unsaturated-zone percolation flux, and (4) the conceptual representation
of fracture-matrix interactions. ' '

Additional thermohydrologic analyses are required to evaluate the effect of uncertain and spatially
variable thermohydrologic properties, uncertain fracture-matrix conceptual models, and uncertain
ambient percolation fluxes on the expected far-field, near-field and very-near-field (waste
package-scale) thermal and hydrologic regimes as a function of space and time. Considerable
uncertainty remains regarding the processes affecting the initiation and rate of aqueous corrosion
under the range of possible thermohydrologic environments likely to be encountered under
various thermal loading scenarios at Yucca Mountain. Greater understanding is required of the
cathodic protection of the inner container, the processes affecting the growth of pits, and even
the definition of waste package "failure" in order to provide a more defensible argument for the

range of likely waste package lifetimes.

The ambient unsaturated zone percolation flux remains a very significant parameter in this
iteration of Total System Performance Assessment. Any direct or indirect observations to better
quantify the expected flux value and its uncertainty should be employed. It is foreseen that the
preliminary site-scale unsaturated-zone model, to be completed by the U.S. Geological Survey
in fiscal year 1994, should be the basis for subsequent iterations of Total System Performance
Assessments. In addition, the conceptual understanding of how water moves through the
unsaturated zone at Yucca Mountain needs to be improved before initiating the next Total System
Performance Assessment iteration. In the present iteration, the composite porosity model of
fracture-matrix interaction is used, but additional "testing" is required to determine the relative
significance of alternate conceptualizations.

vii
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1. INTRODUCTION

Yucca Mountain, Nevada, is currently being characterized by the U.S. Department of Energy
(DOE) to determine its suitability as a potential site for a mined geologic repository for the
permanent disposal of high-level radioactive waste. An important component in the
determination of the suitability of the Yucca Mountain site is the ability of the natural and
engineered barriers to contain and isolate the radioactive wastes from the biosphere. The method
used to evaluate the ability of the site and engineered barriers to meet regulatory criteria is
referred to as performance assessment. Although several different criteria may be used to
determine the performance of the site and engineered barriers, generally the evaluations
conducted to date have used the total cumulative radionuclide release for 10,000 years to the
accessible environment normalized to the Table 1 limits specified in the U.S. Environmental
Protection Agency (EPA) Standard (40 CFR Part 191).! Although the EPA standard is no longer
directly applicable to Yucca Mountain, it is a useful measure of total system performance and
can be used as a surrogate performance measure for judging the suitability of the potential
geologic disposal system. In addition, because the NAS committee is evaluating the possibility
of a dose-based standard, the performance of the site and engineered barriers using dose as the
performance measure has also been evaluated.

Total system performance assessment (TSPA) combines the effects of the waste package and
other engineered barriers and the site to determine the release of radionuclides to the accessible
environment due to all significant processes and events. Several evaluations of total system
performance of the Yucca Mountain site have been ‘conducted by a number of different
organizations. These earlier assessments have included the Sandia National Laboratories (SNL)
preliminary evaluations reported in the Environmental Assessment (DOE, 1986), which reported
the results of performance evaluations by Thompson et al. (1984) and Sinnock et al. (1984).
Pacific Northwest Laboratory (PNL) performed a preliminary total system risk assessment in
1988 (Doctor et al., 1992). Independent of the DOE program, the NRC completed Phase 1 of
their Tterative Performance Assessment in 1990 (NRC, 1990). The Electric Power Research
Institute (EPRI) completed a Phase 1 performance assessment in 1990 (McGuire et al., 1990),
and a Phase 2 evaluation in 1992 (McGuire et al., 1992). Recent assessments have been
performed on behalf of the Yucca Mountain Site Characterization Project (YMP). These are
reported in PNL (Eslinger et al., 1993) and SNL (Bamard et al., 1992) documents. These latter
analyses constitute the first iteration of the TSPAs and are referred to as TSPA 1991. Each of
the above analyses has used a different level of detail with which to represent the individual
processes of relevance to the performance of the potential mined geologic disposal system.

'"The EPA Standard promulgated under 40 CFR 191 does not currently apply to Yucca
Mountain as per the language of Section 801 of the Energy Policy Act of 1992. This Act directs
the EPA to contract with the National Academy of Sciences (NAS) to conduct a study to
determine the reasonableness of different types of environmental standards (notably, individual
dose) to protect human health. Based on the NAS recommendations, EPA is to promulgate a
new standard explicitly for Yucca Mountain. The U.S. Nuclear Regulatory Commission (NRC)
would then modify 10 CFR Part 60 to be consistent with the revised EPA Standard.
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The TSPAs are conducted iteratively during the course of the investigations leading to the license
application. The iterative assessments are used to identify the key issues which should be the
focus of site characterization and design activities. The results of a performance assessment
iteration provide input to regulatory/licensing and programmatic decisions as well as providing
guidance to prioritize site characterization and design activities.

Beginning in fiscal year 1993, the Civilian Radioactive Waste Management System Management
and Operating Contractor (CRWMS M&O) was given the responsibility to plan, coordinate, and
manage the second iteration of TSPA (hereafter referred to as TSPA 1993) for the Yucca
Mountain Site Characterization Project Office (YMPO) of the Office of Civilian Radioactive
Waste Management. The M&O responsibility also includes conducting TSPAs which would
complement the analyses being performed by other participants (principally SNL with support
from Lawrence Livermore National Laboratory (LLNL) in the area of waste package
performance). This document presents the objectives, approach, assumptions, input, results,
conclusions, and recommendations associated with the M&O TSPA 1993.

1.1 OBJECTIVES

The primary objectives of TSPA 1993 have been derived after a review of the programmatic
needs for TSPA and the assumptions incorporated in TSPA 1991. The aim of any assessment
of total system performance is to either (1) enhance the realism/representativeness of the
analyses, (2) incorporate new information or designs into the analyses, (3) test the
impact/importance (i.e., sensitivity) of certain assumptions on the behavior of the system, or
(4) evaluate alternative measures of performance or safety. In the case of TSPA 1993, all of the
above general objectives apply.

In TSPA 1991, while it was recognized that the thermohydrologic environment in the vicinity of
the waste packages and repository would be perturbed following waste emplacement, the
thermohydrologic regime was not incorporated into the analyses except as an assumed delay time
related to the "rewetting" of the repository. This "rewetting" was assumed to start at 300 years
following emplacement and continue with a uniform distribution for 1,000 years so that all those
waste packages that were going to come in contact with liquid water were "rewet” at 1,300 years
after emplacement. Similarly, the container lifetime incorporated in TSPA 1991 was an assumed
log-uniform distribution between 500 and 10,000 years after the repository was "rewet”. Both
of these assumptions were required due to the paucity of thermohydrologic analyses and
corrosion rate information.

The TSPA 1993 analyses presented in this document directly incorporate the expected
dependency of several processes and parameters on the thermohydrologic regime. In particular,
detailed thermohydrologic analyses are used to determine the temperature, aqueous flux, gaseous
flux, and liquid saturation in the vicinity of the repository under a number of possible thermal
loads. These primary results are then used to modify the radionuclide exposure, engineered
barrier system (EBS) release, and geosphere transport properties that affect the radionuclide
release to the accessible environment. In addition, TSPA 1993 directly incorporates the corrosion
(both general and pitting) of the waste package’s corrosion allowance outer barrier and corrosion
resistant inner barrier in determining the expected time to "failure" of the waste package. The

1-2

[N

41 I



.
q

{l

1

8

3 4

Lo

O™N

direct inclusion of thermally-dependent processes and parameters, and the corrosion of the waste
package, is a significant advancement over the simplifications required in TSPA 1991.

The analyses of aqueous releases presented in TSPA 1991 utilized a radionuclide inventory that
was limited to the radionuclides believed to contribute most significantly to the normalized
cumulative release over 10,000 years (with the normalization being to the Table 1 values in
40 CFR 191). The present TSPA 1993 greatly expands the inventory to include all radionuclides
(and their parents) which may potentially contribute to the peak individual dose over a time
period up to one million years. In addition, TSPA 1993 considers the inventory associated with
spent fuel from commercial nuclear reactors as well as defense high-level radioactive waste. A
defense waste inventory component was not considered in the SNL analyses in TSPA 1991, but
was considered in the PNL analyses (Eslinger et al., 1993).

Since the completion of TSPA 1991, significant new information has been collected and new
designs have been proposed which change some of the fundamental premises of the earlier
analyses. In particular, laboratory measurements of radionuclide solubility and retardation over
a range of likely environmental conditions (namely, temperature and geochemistry) have been
generated by scientists at Los Alamos National Laboratory (Los Alamos). In addition, thermally
dependent waste form alteration and glass dissolution rates are available from studies conducted
at LLNL and PNL. The design of the repository (with special emphasis on the thermal load),
the mode of waste package emplacement (vertical in borehole vs. horizontal in drift), and the
waste package design (varying thicknesses of an outer corrosion-allowance material such as mild
steel surrounding varying thicknesses of an inner corrosion-resistant material such as Alloy 825)
have all undergone changes since the completion of TSPA 1991. The earlier analyses
concentrated on the Site Characterization Plan (SCP) thermal load (nominally 141 kW/ha or
57 kW/acre), waste emplacement mode (vertical in borehole) and waste package design (thin
corrosion resistant material). Although the proposed designs are not fixed, an important role of
performance assessment in general and the TSPAs in particular is to assess the
advantages/disadvantages of the different proposed designs from a postclosure perforrmance
perspective.  As a result, TSPA 1993 incorporates alternate designs and investigates the
sensitivity of the releases to the accessible environment to these alternate designs.

An important goal of any assessment of performance must be an evaluation of the impact of
certain assumptions on the expected behavior of the system being modeled. The results may be
sensitive to certain components, processes, Or parameters used to describe the subsystem
behavior. Identifying the important processes and parameters can be useful in assisting the
project in focussing resources on those areas that contribute most significantly to the overall
performance. As a result, analyses conducted as part of TSPA 1993 aim to identify the key
assumptions and the sensitivity of the resuits to these assumptions.

Since the completion of TSPA 1991, the total system postclosure performance measure applicable
to Yucca Mountain has been questioned by Section 801 of the Energy Policy Act of 1992.
Previously, the principal postclosure performance measure was the cumulative normalized release
integrated over 10,000 years (referred to as the EPA sum). Section 801 calls for the NAS to
evaluate the reasonableness/appropriateness of alternate environmental standards to assure the
protection of the public if a nuclear waste repository is located at Yucca Mountain. In particular,
the NAS is to evaluate the potential use of a dose-based standard to protect the public from
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future radiation exposure. Although it is impossible to prejudge the outcome of the NAS
committee convened to address this issue (as well as how EPA may decide to implement the
recommendations of the NAS committee), it does seem prudent to quantify the expected doses
associated with a potential repository at Yucca Mountain. As a result, TSPA 1993 considers both
the cumulative normalized radionuclide release at the accessible environment and the peak
individual dose as relevant performance m