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TECHNICAL SUMMARY

INTRODUCTION

The U.S. Nuclear Waste Technical Review Board was created by Congress in 1987 to evaluate
the technical and scientific validity of U.S. Department of Energy (DOE) work related to
implementing the Nuclear Waste Policy Act. The Board’s major focus for the last 20 years has
been on DOE’s efforts to develop a deep geologic repository for high-activity waste' at Yucca
Mountain in Nevada. As this report is being written, the Administration has eliminated
DOE’s Office of Civilian Radioactive Waste Management and is seeking to withdraw the
license application it submitted to the U.S. Nuclear Regulatory Commission to construct a

repository at Yucca Mountain.

An important part of the Board’s mission is advising Congress and the Secretary of Energy
on technical issues related to management and disposal of high-activity waste. Therefore,
regardless of the outcome of deliberations over Yucca Mountain, the Board believes that it

is important to extract knowledge while it is still available from the experience of the Yucca
Mountain program and other programs. Such knowledge may be useful for future U.S. high-

activity waste management and disposal efforts.

This report is not meant to be an assessment of the licenseability of a Yucca Mountain
repository. If licensing goes forward, the Nuclear Regulatory Commission will determine
whether a license should be granted. But, as President Harry S Truman astutely observed,
“...there is nothing new in the world except the history you do not know.” The purpose of
this report, then, is to extract from the history of the Yucca Mountain program, and to a
lesser degree from other programs, some of the technical “lessons learned” that may apply to

future U.S. programs for waste management and waste disposal.

LONG-TERM MANAGEMENT OF HIGH-ACTIVITY WASTE—
TECHNICAL CHALLENGES

Perceptions of and opinions on managing high-activity waste vary from it being a problem
that is the Achilles’ heel of nuclear power without a real solution to being a trivial technical

problem that is made complicated by mismanagement, inconsistent policies, or political

T 'The term “high-activity waste” refers to both high-level radioactive waste and spent nuclear fuel.
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decisions. Experience indicates that managing high-activity waste is a problem that is
neither unsolvable nor trivial. An international consensus has emerged that burial of high-
activity waste in a deep geologic repository is technically feasible and that such an approach

can provide adequate protection to humans and the environment.

At least at this time, the only potential alternative to deep geologic disposal of high-activity
waste is partitioning the material and transmuting it in reactors or accelerators. Although
partitioning and transmutation theoretically could reduce waste volumes, there are many
practical problems, the solutions to which are still very much a challenge. Moreover, no
amount of partitioning and transmutation can completely eliminate the need for deep
geologic disposal. All fuel cycles generate long-lived radioactive wastes that cannot be

completely destroyed.

The overarching complication of all high-activity waste-management programs is the long-
lived toxicity of the waste, which requires isolating it from biological systems, especially
human beings, for many hundreds of thousands of years. Understanding the potential
performance of a proposed geologic repository is complex because repository performance
depends on (1) the integrity of the engineered barriers, including the waste form and its
physical state; (2) dissolution and mobilization mechanisms within the engineered barriers;
(3) transport, retardation, and sequestering processes in the natural system; and (4)
biological uptake. The waste form and heat generated by the wastes are two critical factors
affecting basic understanding of a geologic repository. The waste form greatly affects the
chemistry when radionuclides are mobilized, and heat generation introduces uncertainties

in the analytical models, particularly at temperatures above boiling.

Three categories of radioactive species dominate design considerations for a geologic
repository. The first category consists of *’Sr and '¥’Cs. Although they are not considered

a long-term repository health risk because of their relatively short half-lives, they are the
dominant contributors to the heat released by spent nuclear fuel during the first hundred
years after irradiation. They also are a major part of the radiation source to be considered in
handling, storage, and transportation operations before disposal. Decay heat can be a major
issue in repository design if there are limits on the size of the repository. The second category
of radioactive species important for repository design comprises the fission products

%Tc and 1. These fission products are very long-lived and are in some abundance in the
inventory. They are generally soluble and thus able to migrate relatively quickly on release
to groundwater. The third category is from the actinide group of radioactive species. The
important actinides include uranium, plutonium, neptunium, and americium. Many of

these species also are long-lived.

The very long half-lives of many of these species present major challenges to demonstrating

waste isolation and containment. Because movement by or through water is the dominant
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mode by which radionuclides can reach the accessible environment, geochemical mobility is
a principal concern. Projections have to be made about the solubility limits for each species
as well as for which ones will move as colloids. The projections may have to extend far into

the future, perhaps as much as one million years.

LESSONS LEARNED FROM THE YUCCA MOUNTAIN PROGRAM

The United States has a variety of waste forms with different chemical and physical
properties because of their generation through defense activities, reactor-development
work, and electricity production. Specialized deep geologic disposal methods that take
advantage of these differences may be reasonable to consider. A possible scenario is using
deep geologic repositories that permit retrieval of spent nuclear fuel and boreholes that
preclude retrieval of waste forms that offer few or no further recycling advantages, such as

vitrified high-level waste.

High-activity wastes in the United States are in a wide variety of forms and in some cases,
such as much of the liquid “legacy” waste from the Manhattan Project and the Cold War, are
difficult to recover from storage and convert to suitable solid forms for permanent disposal.
The waste form determines the burden on the engineered barrier system and the natural
system of a geologic disposal facility. Thus, there are three options: (1) develop disposal
systems that can accommodate a wide variety of waste forms; (2) process or package the
wastes into more-or-less standard forms for disposal; or (3) develop separate repositories for
classes of waste forms, e.g., deep boreholes for vitrified waste and a deep geologic repository
for spent nuclear fuel. Waste-form characteristics and inventories should be reevaluated,
and the issue of the optimal disposal method for each waste form should be assessed. The
one-size-fits-all approach used by the Yucca Mountain program may or may not be the best
approach. Decisions still are being made on these issues, and a timely decision on geologic
disposal siting could have a major effect on the availability of a permanent solution for
disposal of high-activity waste.

Considerable methodology and evidence have been developed to indicate the technical
feasibility of isolating nuclear waste in an unsaturated zone of the subsurface that involves
an oxidizing environment, thus expanding the options for siting a repository. Programs both
inside and outside the United States have provided evidence that many geologic options can
be attractive candidates for a repository, including intrusive or extrusive igneous rocks (e.g.,

granite, tuff) and sedimentary rocks (e.g., salt, clay).

Studies at Yucca Mountain advanced scientific understanding of water flow in unsaturated
fractured rock in arid regions. On the basis of laboratory, field, and analytical work,
scientists developed models accounting for runoff, evaporation, plant transpiration, the

effect of capillary forces, and other parameters. Various hypotheses were tested in the
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models, leading to improved insights on flow in unsaturated rock. Yucca Mountain scientists
also coupled heat and fluid-mass transport with provision for geochemical reactions in

time and space. That coupling allows modeling on time scales that are appropriate for
considering disposal of nuclear waste and sets the stage for future advances in modeling and

understanding multiphase transport in geologic media.

The Yucca Mountain program contributed to knowledge of how to use mapping and other
studies for locating faults and past volcanic activity in the vicinity of potential disposal
locations. The location, timing, and amount of movement of these faults and of periods of
volcanism were characterized as part of the hazard analysis. The Yucca Mountain program
significantly advanced the state of scientific knowledge in several areas, including its
rigorous leading-edge investigations of seismic and igneous hazards. State-of-the-art expert
elicitations and probabilistic seismic- and volcanic-hazard analyses led to significantly more-
robust fundamental understanding of the phenomena and substantially improved technical
bases for risk calculations. A diagnostic science was developed based on using precariously
balanced rocks as strong-motion seismoscopes at the Earth’s surface to constrain the

probability of seismic ground motions.

Yucca Mountain engineers and others investigated many alternatives for controlling

the temperatures in the repository. Many of the alternatives were quite novel. The work
established that there are many ways to meet thermal goals and constraints from which to
select for developing an optimal system. The decision on a repository’s temperature limit is

one that future repository developers face, and it is a difficult one to make.

Contemporaneously with the Yucca Mountain program, similar advances in understanding
geologic disposal in crystalline rock, clay, and salt were being made in other countries. Taken
together with the American experience, these activities and the data and understanding from

them constitute a formidable knowledge base for pursuing geologic disposal in many media.

Research over the last several decades has led to increasing confidence in the ability to
provide engineered barriers that will delay dependence on the waste-isolation capabilities

of the natural system for extended periods, possibly hundreds of thousands of years. Such a
delay dramatically reduces the radiotoxicity of the waste and simplifies the chemistry of the
waste that might enter the natural system, thus enhancing the predictability of the long-term

performance of a repository.

Assuming that the environments, including temperatures, to which waste packages would
be exposed over time in a repository are known or bounded and that appropriate corrosion
data are available, the general-corrosion behavior of waste packages over long periods is
predictable. More difficult to predict are localized-corrosion rates. The ability to control

waste package materials and fabrication methods enhances confidence in the analysis
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and prediction of waste package lifetimes. Analyses indicate that the lifetime of the waste
package can be very long, if the waste package also is robust (thick-walled). Because of
the long-term predictability of waste packages and the positive experience of programs in
crystalline rock in reducing environments and tuft in oxidizing environments, the Board
recommends that future repository programs in the United States at least consider robust
waste packages. This is believed to be an effective way to reduce uncertainty in the overall

performance of a repository, regardless of the site chosen.

Because waste package design and performance depend critically on environment, studying
the evolution of the waste packages’ surface environment is important for any future
repository. For example, an issue for the waste packages in the proposed Yucca Mountain
repository was the possible existence of elevated temperatures in combination with liquid
water in the form of concentrated, multicomponent brines, which are a result of exposure to
dust-containing ventilation air from the outside. The Yucca Mountain experience should be
valuable for future designers of waste packages, particularly with respect to the requirements

for demonstrating long-term performance.

Clay-based buffers, fillers, seals, or plugs are used in many repository concepts, and clay is
the geologic medium for some proposed repositories overseas. Because swelling clay may
play an important role in any future U.S. repository, future U.S. programs should be aware
of, and become involved in, cooperative international research efforts on buffers, backfills,

and other uses of swelling clays.

A critical factor in assessing the performance of a geologic repository, and thus the achievement
of an efficient design, is quantifying the radionuclide source term entering the natural system.
Experience indicates an imbalance in the relative emphasis on research in degradation of the

engineered barriers and the emphasis on research in mobilization of the waste.

A key calculation of the performance of any repository is the release rate of radionuclides
from the engineered barrier system to the natural system as a function of time: the source
term. An overarching lesson learned in the Yucca Mountain program is the difficulty of
quantifying the properties important to the mobilization and transport of radionuclides.
The modeling and simplifying assumptions for radionuclide mobilization and transport

in the engineered barrier system were conservative—possibly resulting in an unrealistic
characterization of the source term. There are several areas where more-detailed

analysis would have resulted in a more transparent if not a more realistic source term.
They include more-accurate characterization of the coprecipitation of radionuclides in
thermodynamically stable secondary minerals and more-explicit consideration of the rate of
diffusive transport of radionuclides through waste-package-alteration materials to account

for the transient retardation of radionuclide migration to the natural environment.

Technical Summary v



Another area of considerable interest has to do with the possibility of localized reducing
conditions in an otherwise oxidizing environment. In particular, the presence of abundant
reducing material in the engineered barriers and the ability of corrosion products to limit
the access of water and oxygen to the waste are likely to cause substantial lowering of the
in-package oxidation-reduction potential. For example, despite strong evidence that the
presence of large amounts of iron-based waste-package or invert materials significantly
reduces the rate of degradation of uranium dioxide or spent fuel by making the local
environment less oxidizing, DOE only partially took the effect of these materials on the

environment into account in its license application.

Future consideration of sites involving unsaturated zones will greatly benefit from the

Yucca Mountain experience, particularly for modeling the mobilization and transport

of radionuclides. The studies and investigations associated with the retardation of
radioactive-material transport in the Yucca Mountain performance assessment were a major

contribution.

There is strong evidence that many of the Yucca Mountain program deficiencies could have
been prevented had the project adopted a total integrated systems approach to performing the
necessary science, engineering, and construction activity. A critically important element of
such an approach is making the right decisions on transitioning from a science program to an

engineering program that involves prototyping first-of-a-kind systems.

Although a total system simulation model that included waste acceptance, storage, handling,
transportation, packaging, and emplacement was developed for the Yucca Mountain
program, it was not fully embraced by all program elements until late and was terminated
too early. Such models are key to a systems approach to design and to ensuring that all

the elements of the program are appropriately integrated. Different scenarios should be
considered that account for such realities as waste handling and transportation issues,
construction delays, operational upsets, failures to meet performance goals, and changes in
throughput. Future programs must take integration of the entire system (including reprocessing
and recycling, if undertaken) into account at the outset and must maintain that perspective
thereafter. Analyzing and evaluating a waste-management system as an integrated whole
enables one to examine system throughput, identify possible choke points, and recognize
where various design and operational elements are incompatible. Understanding this and
taking it into account are essential for harmonizing cask design, fleet acquisition, handling,
access and egress, line-haul operations, and other activities that must be carried out for the
system to perform in a safe, secure, and efficient manner. Treating a highly interdependent
system in a piecemeal and segmented fashion almost guarantees that all of its elements will

not fit together effectively.
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Because the transportation-aging-disposal (TAD) canister concept and the multipurpose-
canister concept proposed more than a decade before it offer safety and cost advantages,
future programs should consider them carefully. The waste package size that was proposed
for Yucca Mountain does not allow for direct disposal of loaded dual-purpose canisters
without repackaging the spent fuel. Accommodating dual-purpose canisters at Yucca
Mountain would have required a slight increase in the size of the Yucca Mountain waste
package, a concept that should be considered seriously for future geologic repositories.
The experience with TAD canisters and the fact that dual-purpose canisters currently
used by nuclear power plant operators are too large for the Yucca Mountain design in the
license application argue strongly for addressing the entire waste-management system as a
whole, from at-reactor to final disposal, at the earliest possible stage of any new program.
For example, for future repository programs, the implementer should ensure that there is
compatibility between waste package sizes and the sizes of canisters used in dry-storage
systems. DOE also needs to continue pursuing burnup credit vigorously, because it likely

will be needed for disposal of spent fuel in any future repository.

Because site selection, site characterization, and repository engineering are such different
projects, consideration should be given at the outset to the appropriate skills, organizational
form, and institutional form for each project. The Yucca Mountain program was a mix of
science and engineering, with the resulting conflicts of authority and management of the
two disciplines. In first-of-a-kind programs that involve new technologies, the transition
between science and engineering is sometimes difficult to resolve. Nevertheless, the lesson
learned is the importance of establishing the point at which the science part of the program
assumes a supporting role to the engineering. In particular, once the project becomes an
engineering project, the technical and scientific needs of the project should be driven by
what it takes to engineer the project to its performance goals. The failure to accomplish

the transition from science to engineering until late contributed to many engineering

deficiencies in the Yucca Mountain program.

An additional deficiency was the lack of continuity of management, personnel, and funding.
Contractors came and went, and managers cycled in and out, while the amount of money
available in the next fiscal year was always in doubt and seldom under the control of the
management of the program. The principles of good engineering are well known and
include the need for a dedicated organization while maintaining continuity of its personnel,

especially of its management and principal engineers and scientists.

Besides management issues, the Yucca Mountain program demonstrated the absence of a
strong engineering culture, particularly in the lack of prototyping of many first-of-a-kind
systems and equipment and the lack of a maintenance program for subsurface repository

operation. Examples of prototypes that would greatly facilitate the design include the waste
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package; the waste package platform; novel instrumentation; any novel equipment used to
emplace, move, or install other equipment items; and the underground assembly of the drip
shield. An example of a subsurface maintenance program is controlling preclosure drift

degradation to prevent its interference with the efficiency of preclosure operations.

The Yucca Mountain program produced the most comprehensive, internationally peer-reviewed
repository performance assessment covering a million-year timeframe. More generally,
probabilistic performance assessments can provide a balanced assessment of contributors to
risk and therefore should be used throughout the life of a program to guide the selection of a
research portfolio.

Although the performance assessment, known as the Total System Performance Assessment
(TSPA), had shortcomings, many of the models developed for it were unique, and the
performance assessment itself was a major contribution to assessing projects involving very
long time periods. Although TSPA contained the elements of a traditional probabilistic

risk assessment, it was much more tailored to demonstrating compliance with Nuclear
Regulatory Commission regulations as opposed to simply answering the explicit question,
“What is the risk?” The main contribution of TSPA was that it provided a benchmark

for future studies. The scoping of the assessment for nominal and disruptive events

and the treatment of uncertainty were outstanding contributions to the risk sciences.

TSPA demonstrated that probabilistic, dynamic modeling of large, complex natural and
engineered systems can be performed. A critical output of TSPA was an importance
ranking of the radionuclides contributing most to the long-term radiation doses at the
accessible boundary of the repository. Such output would be extremely valuable for future

consideration of chemical separation of radionuclides to simplify repository designs.

An issue with TSPA, however, was its technical complexity in terms of building confidence
in the results. Clearly, a version of TSPA that communicates better with both a technical
and a public audience would greatly enhance its interpretation and value. An example of a
feature of TSPA that could make it more transparent would be to avoid using probability-
weighted doses. Rather, the more traditional approach of calculating the risk of specific

doses would be more in keeping with practices in the risk sciences.

Another issue of great importance is how well TSPA represents reality. The inclusion

of an uncertainty analysis of parameters and assumptions is critical in this regard. This
was a major contribution of TSPA, but questions remained about the degree of reality in
the models. The developers of TSPA sought to answer this concern with a performance-
margin analysis to evaluate the importance of selected claimed conservatisms. Although
this was very helpful in improving the transparency of the analysis, there still were some
shortcomings. For example, the analysis would have been much more meaningful if it had

addressed the effect on repository performance of taking credit for spent-fuel cladding.
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Despite the limitations of TSPA, any future attempt to develop a repository at a location
other than Yucca Mountain should embrace the principles of systems analysis by including
risk assessments for both site selection and site characterization. Trade-off studies should be
performed to help determine the preferred geologic media or repository types for each waste
form. Additional trade-off studies should evaluate whether processing the waste form or
reengineering the engineered barrier system would be beneficial, depending on the geologic

media in which disposal is contemplated.

MOVING FORWARD
The knowledge base for geologic disposal of high-activity waste has greatly increased during

the last couple of decades. In particular, the experience gained in the Yucca Mountain
program on tuft as a repository medium in an oxidizing environment and the knowledge
gained in other programs in other geologic media and reducing environments have
established a very strong technical base for moving forward with geologic disposal in the
United States. A first step would be ensuring that the current technical experience base from

the Yucca Mountain program remains readily available and accessible.

Realizing the full benefit of the advanced state of knowledge also requires renewing
international cooperation by forging and maintaining strong bonds with the programs of
other countries for waste management and disposal, both directly and through the auspices
of the International Atomic Energy Agency and the Nuclear Energy Agency. Implementers
of new U.S. repository efforts should increase attention to the advanced repository
programs of Finland, France, Germany, Sweden, and Switzerland. New U.S. repository
efforts involving site selection should examine the site-selection experience of the advanced
programs as well as the activities of other nations currently selecting sites. The diversity

of geology being considered worldwide is especially significant to the decision-making

of the United States on future programs. The collective Yucca Mountain, Waste Isolation
Pilot Plant, and international experiences to date strongly suggest that repositories can be
developed in many geologic media. Deciding factors for site selection, therefore, may well be

nontechnical.

The Board believes that keeping a focus on a permanent solution is critical regardless of
what interim measures for managing high-activity waste are charted. Among the reasons
are (1) a permanent solution is needed under all foreseeable circumstances; (2) a permanent
solution is critical to building public confidence that there is a way of isolating nuclear
waste radioactivity from the biosphere to acceptable levels; (3) undue delay in a permanent
solution could make tenuous a concept of waste management dependent on institutional
stability; and (4) experience indicates that deploying a permanent solution to isolating high-
activity waste could take decades. These reasons are believed to be compelling for a focused

effort to implement a permanent solution for disposing of high-activity waste.
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1. INTRODUCTION

In February 2010, the Administration proposed to eliminate funding for the Yucca
Mountain program in fiscal year 2011. Explaining this decision, the Administration stated
that it “...has determined that developing a repository at Yucca Mountain is not a workable
option and that the Nation needs a better solution for nuclear waste disposal.” (OMB 2010:
62). Shortly thereafter, the U.S. Department of Energy (DOE) petitioned the U.S. Nuclear
Regulatory Commissions Atomic Safety and Licensing Board to withdraw DOE’s application
for a license to construct a deep geologic repository for spent nuclear fuel (SNF) and high-
level radioactive waste (HLW) at Yucca Mountain. By October 1, 2010, DOE had dismantled
its Office of Civilian Radioactive Waste Management (OCRWM) and had merged
OCRWM’s remaining functions under the Nuclear Waste Policy Act (NWPA) into other
parts of DOE. Most employees of OCRWM and its contractors have transferred to other
parts of DOE, retired, resigned, accepted employment elsewhere, or become unemployed. In

short, the program’s corporate memory is diminishing rapidly.

One or more geologic repositories eventually will be needed in the United States. The Board
believes that there are technical lessons to be learned from the experience gained during the
Yucca Mountain program and other repository programs. The lessons could be valuable if
the United States embarks on another effort to develop a deep geologic repository. Moreover,
many of the lessons are relevant if the Yucca Mountain program is restarted.! Therefore, the
Board decided to write this report, the purpose of which is to provide a technical-experience
and status report on a permanent solution for managing high-activity waste.? The report is

based principally on the experience gained from the Yucca Mountain program.

As of May 2011, the Yucca Mountain licensing process continues, although at a minimal
level. Many parties have been admitted to the licensing proceedings, including DOE, the
Nuclear Regulatory Commission, the State of Nevada, several Nevada counties, the Nuclear
Energy Institute, and others. The Board is not a party to the proceedings. An extraordinarily
high number of contentions, approximately 300, have been allowed into the proceedings

by the independent judges of the Nuclear Regulatory Commission’s Atomic Safety and

'DOE’s petition to withdraw its application has been challenged before the Atomic Safety and Licensing
Board and in the Court of Appeals for the District of Columbia Circuit. Congress has not determined what
funding, if any, the program would receive for fiscal year 2012.

2The term “high-activity waste” refers to SNF, HLW, or both.
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Licensing Board Panel. The large majority of the contentions are technical. Besides
applying to Yucca Mountain, the outcome of many of those contentions could have generic
implications. Thus the Board supported (NWTRB 2009a) DOE’s plans to continue with the
licensing process despite termination of the program (DOE 2009: 504). In 2010, however,
DOE decided to discontinue the license application and eliminate all funding for any aspect
of the Yucca Mountain program by October 1, 2010 (DOE 2010: 163).

The Board was created in the 1987 amendments to the NWPA (PL 100-203) to provide
ongoing independent expert advice to DOE and Congress on technical issues of nuclear
waste management and to build public confidence through peer review of DOE’s
technical activities in the nuclear waste area (Congress 1987a). The Board’s responsibilities
are to (1) evaluate the scientific and technical validity of activities undertaken by the
Secretary of Energy to implement the NWPA and (2) report the findings, conclusions,
and recommendations from its evaluations to Congress, the Secretary, and the public
semiannually. This report in many respects summarizes the Board’s work in fulfilling
those responsibilities over the course of the last 20 years.’ During that time, the Board
has examined the latest technologies applicable to deep geologic disposal, transportation,
packaging, and long-term storage of high-activity waste. It has conducted more than 130
public meetings, and it has supplemented its technical analyses with an extensive review
of international activities, fact-finding trips to DOE sites and National Laboratories, and

workshops on generic topics of nuclear waste management.

This report is organized into four chapters following this introduction. Chapter 2
characterizes the technical issues associated with managing high-activity waste. Chapter 3
discusses lessons learned from the Yucca Mountain program. Chapter 4 describes insights
from waste-management programs of other countries and the waste-management research
and coordinating activities of the International Atomic Energy Agency and the Nuclear
Energy Agency. Chapter 5 presents the Board’s overall conclusions on scientific and

technical issues for future geologic repository programs.

Appendices A-1, A-2, and A-3 give additional detailed information on the waste-package
environment, characterization of a potential repository site, and thermal management,
respectively. Appendix A-4 contains views and comments of participants in a public “lessons
learned” meeting that the Board held on October 26, 2010, in Dulles, Virginia.

The Board members are listed at the front of this report. Board member disciplines

include civil engineering, corrosion science, environmental engineering, geochemistry,

* All of the current Board members joined the Board in mid-2002 or later, which is after the Secretary of
Energy’s February 14, 2002, recommendation of approval of the Yucca Mountain site to the President.
According to Section 114 of the NWPA, that recommendation marked completion of site-characterization
activities. Thus, this report emphasizes the licensing and engineering phases of the Yucca Mountain
program.
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geology, hydrology, materials science and engineering, nuclear engineering, physics,

and risk assessment. The average professional service of each member is more than 40
years. Members were nominated by the National Academy of Sciences and appointed by
the President on the basis of eminence in their respective fields and established records
of distinguished service. Four members have served for more than eight years on the
Board; six members have served for more than six years; and one member has served for
more than four years. In addition, four Board members had extensive interactions with
repository programs before joining the Board. No current Board member served on the
Board during the site-characterization phase of the Yucca Mountain program, which
ended when the President recommended the site in early 2002 and Congress ratified that
decision later that year in a joint resolution (P.L. 107-200 July 23, 2002). Lessons learned
during the site-characterization phase are based on Board correspondence, reports, and

testimony from that period.
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2. THE PROBLEMS OF
MANAGING HIGH-
ACTIVITY WASTE

Perceptions of and opinions on the long-term management of high-activity waste vary
from it being the Achilles’ heel of nuclear power without a real solution to it being a trivial
technical problem made complicated by mismanagement, inconsistent policies, or political
decisions. As discussed in the next three chapters, experience gained over the last three
decades from the Yucca Mountain program and other programs indicates that it is neither

unsolvable nor trivial.

High-activity waste can take on many chemical and physical forms. The waste form of the
U.S. commercial nuclear power industry, by far the greatest current producer of high-activity
waste, is spent nuclear fuel (SNF). A small amount of commercial SNF was reprocessed, and
the resulting liquid waste was evaporated, mixed with glass-forming materials (borosilicate
glass), melted, poured into stainless-steel canisters, cooled to solid form, and sealed, a
process known as “vitrification.” The waste form of government-owned high-activity waste

is much more complicated, primarily because of the diversity of SNF resulting from the
nation’s nuclear reactor development, materials testing, nuclear research, naval propulsion,
and weapons-production programs. The management of DOE-owned waste is complicated
not only by the different waste forms but also because the waste at each DOE site varies as a

result of the specific processing and storage techniques in use.

2.1. ORIGIN AND DESCRIPTION OF HIGH-ACTIVITY WASTE

In terms of radioactivity, the largest amount of high-activity waste by far is the commercial
nuclear power plant SNF associated with the generation of electricity. SNF is being generated
in the United States at a rate of approximately 2,000 metric tons of heavy metal (MTHM)*
per year and now totals about 68,000 MTHM.>

A much smaller amount of high-activity waste is that from defense operations, much of
which is referred to as “legacy waste” The legacy waste is a product of the nuclear weapons
program primarily associated with the war years (1941-1945) and the Cold War years
(1947-1990). By far, the majority of this waste is in a liquid or sludge form as a result of

* A metric ton of heavy metal (MTHM) refers to metric tons of the elements uranium, plutonium, etc., ini-
tially in SNF before its irradiation. In this case, it essentially means metric tons of uranium where a metric
ton is a unit of mass equal to 1,000 kilograms (2,205 pounds).

*Based on Nuclear Regulatory Commission 2010: 78 adjusted to January 2011.
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the waste stream from reprocessing the fuel and is in large underground tanks at Hanford,

Washington, and the Savannah River Site (SRS) in South Carolina. A much smaller amount

is at Idaho National Laboratory. It was originally in liquid form, but it was treated by heat,

and virtually all of it now exists in a solid form, calcine. Cleanup of the Hanford and SRS

tanks is in progress, and the intent is that the liquid and sludge wastes eventually will be

partitioned into more manageable waste forms with the long-lived high-activity components

vitrified for disposal in a deep geologic repository.

The smallest amount of high-activity waste includes all other sources of high-activity waste,

such as what comes from research and development activities, research and test reactors,

advanced reactor development, and limited chemical processing operations.

Because of the much larger amount of SNF compared to other wastes, it is very likely

the waste form offering the greatest opportunity for major advancements in the overall

management of high-activity waste. Table 1 shows the approximate amounts of SNF in

the United States. Although recycling or partitioning and transmutation of this waste

Table 1
APPROXIMATE AMOUNTS OF U.S. SPENT NUCLEAR FUEL
(ESTIMATED THROUGH 2010)
FUEL TYPE QUANTITY LOCATION AND TYPE OF COMMENTS
(MTHM) STORAGE
Commercial 51,000 Nuclear Plant Site, Pool Stored at 72 plant sites in 33
states
Commercial 14,000 Nuclear Plant Site, Dry Stored at >50 plant sites
Commercial 700 GE Morris Operation, Pool May be shipped back to
generator
DOE Material 2,130 Hanford, Dry Spent fuel from weapons
Production production reactors
DOE Electric 283 Hanford, Dry Commercial spent fuel shipped
Power ; to DOE for examination and
Idaho National Laboratory, Dry development
Savannah River Site, Pool
DOE 42 |daho National Laboratory, Dry  Spent fuel from developmental
Experimental ) ) reactors
Power Savannah River Site, Pool
DOE Test, 26 Hanford, Dry Includes some spent fuel from
Research, and ; foreign reactors
Education Idaho National Laboratory, Dry
Savannah River Site, Pool
DOE Defense 25 |daho National Laboratory, Pool ~ Spent naval fuel
Power and Dry
TOTAL ~68,206 ~96% COMMERCIAL SPENT NUCLEAR FUEL
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eventually may be done on a large scale, economics, nonproliferation issues, and technical
issues do not indicate that deployment soon is likely. Meanwhile, taking a hard look at SNF
as the principal waste form in the near term is prudent. So, the questions are just what is
SNF in terms of a waste form, and what problems does it present for isolation? Much of
the information in this chapter is based on a paper prepared for the National Academy of
Engineering (Garrick 2003), including the precursor to Table 1.

Except for very small amounts of SNF from the Fort St. Vrain gas-cooled reactor and early
stainless-steel-clad assemblies from light-water reactors (LWRs), U.S. commercial SNF is all
bundles (assemblies) of zircaloy tubes filled with uranium dioxide (UO,) pellets enriched

in U before irradiation in the reactor, pressurized with helium, and closed with welded
zircaloy end plugs. For a pressurized-water reactor (PWR), the tubes have outside diameters
of approximately 0.4 inch and an overall length of approximately 12 feet. Some 200-plus
tubes make up an assembly, and nearly 200 assemblies constitute the reactor core in a large
PWR. The dimensions and fuel enrichments are different for boiling-water reactors (BWRs),
but the materials and neutronics are similar, resulting in essentially the same requirements
for SNF management. Figure 1 shows a typical 8.5 in. x 8.5 in. x 12 ft. PWR fuel assembly
without its end nozzles (DOE 2010).

SNF from LWRs contains #°U and ***U; intermediate-lived
fission products, such as *Sr and *’Cs; long-lived fission
products, such as *Tc and '*I; and relatively long-lived
transuranic isotopes (i.e., isotopes with atomic numbers higher
than that of uranium: 92), such as ?*°Pu and **Am. The extent
to which the fuel is irradiated (burned up) in the reactor
determines the amount of radioactive species created. The units
of burnup usually are taken to be the amount of thermal energy
produced per initial unit weight of the fuel (gigawatt days per
metric ton of heavy metal [GWd /MTHM)]). Two burnups

frequently are used in the calculations of waste inventories—

Figure 1: PWR Fuel Assembly

standard historical burnup and extended burnup. For PWRs, the two burnups are 33

and 60 GWd /MTHM, and for BWRs, the corresponding numbers are 27 and 50 (ORNL

1992). The average burnup of SNF discharged from U.S. commercial reactors in 2001 was
approximately 40 GWd /MTHM (DOE 2002). The trend in the nuclear power industry is
toward progressively higher burnups, with some assemblies now attaining burnups of 60

GWd /MTHM (Gauld et al. 2011).

There are four sources of radioactivity in SNF—actinides,’ fission products, spontaneous

fission, and materials made radioactive by neutron activation. In LWRs, the UO, pellets

¢ Actinides are elements having an atomic number from 89 to 103, inclusive, and are all radioactive.
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start out containing only **U and ***U. After a significant runtime at power, neutron-gamma
reactions and subsequent decays will produce 51 actinides. The fissioning of uranium results
in 200 to 300 fission products, which dominate the short-term decay heat of SNE’ The third
source of SNF radioactivity consists of selected actinides that fission spontaneously; that

is, they do not need an outside source of energy, such as an impacting neutron, to fission.
The fourth source of radioactivity is neutron activation products due to the absorption of

neutrons by cladding and other structures inside the reactor.

Thus, when nuclear fuel has completed its multiyear sojourn in a reactor, there are dozens
of actinides and hundreds of fission products, most of which are radioactive, that were not
part of the fuel originally. In addition, there are some activation products in the structural
material, cladding, and fuel matrix. Fortunately, most radionuclides become unimportant
for disposal because of their minor quantities, short half-lives, or minor biological
consequences. Basically, three categories of radioactive species dominate considerations
for geologic repository design. The first consists of intermediate-lived radionuclides,
especially *Sr and '*’Cs. Although they are not considered a postclosure repository health
risk because of their relatively short half-lives (28.8 years and 30.1 years, respectively),
they are the dominant contributors to the heat released by spent fuel during the first
hundred years after irradiation. They also are a major part of the radiation source to be
considered in handling, storage, and transportation operations before disposal. Decay-
heat load can be a major issue in repository design if there are limits on the size of the

repository.

The second category of important radioactive species for repository design comprises
certain long-lived fission products, such as "*C, *Cl, ”Se, *Tc, '*Sn, and '*’I. These
radionuclides have half-lives of thousands of years or more and are in some abundance in
the inventory. In general, they have significant solubility under many circumstances and
tend not to be greatly retarded by geochemical effects and thus able to migrate relatively

quickly on release to groundwater.

The third category is from the actinide group of radioactive species. Although these isotopes
are not very soluble and tend to be significantly retarded by geochemical effects during
migration (*’Np can be an exception), they have very long half-lives and, as a class, are

significantly more radiotoxic than fission and activation products.

”For a spent PWR fuel assembly with an initial enrichment of 3.72% U-235 and a burnup of 40 GWd/
MTHM, the heat load decreases from 10,600 watts per MTHM 1 year after discharge to 16 watts per
MTHM in 10,000 years. The values for a BWR spent fuel assembly (3.21% initial enrichment and 35 GWd/
MTHM) are 9,200 and 15, respectively. Source: Program RADDB (DOE 1987).
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2.2. PROPERTIES OF THE WASTE THAT
MAKE IT DIFFICULT TO MANAGE

The goal of all high-activity waste-management programs is to isolate the radionuclides
from biological systems, especially human beings. That sounds pretty straightforward,

but there are complications. Two complications are that the isolation of some waste forms
has to be for hundreds of thousands of years and that some radionuclides exist in several
phases (gas, liquid, or solid) and have various pathways (ingestion, inhalation, external
radiation) for spreading their radiotoxicity. The very long half-lives present major challenges
to demonstrating that the waste is not released in unacceptable quantities. Another
complication is that the waste may contain 200 to 300 different radioactive species, all of
which have different chemical properties, physical properties, or half-lives. In general,

the risk posed by a radioactive species depends on its half-life, geochemical mobility, and

radiotoxicity.

The good news is that some of these properties work in favor of isolation. Most
radionuclides become unimportant quickly because of minor quantities, short half-lives,
and minor biological consequences. Thus, although freshly discharged fuel from a nuclear
reactor may have some 300 radioactive species that were not in the fuel when it was loaded
into the reactor, by the time it is put in isolation, such as in a geologic repository, only a
small fraction of the radioactive species represents a challenge to complete containment and
isolation. Even that small fraction dwindles to no more than a couple of dozen long-lived
radionuclides in several thousand years. Because isolating those radionuclides from the

environment is the challenge, they are the focus of this discussion.

Geochemical mobility is a principal issue of geologic disposal. For example, if all of the
radionuclides were insoluble, there would be little problem, because the primary transporter
of radionuclides in a geologic repository is water. Insoluble species would not be transported
in flowing water through the geologic medium, and containment would be achieved,
barring something like transport in colloidal form (i.e., transport as a suspension of fine,
dispersed particles that do not settle out) or an igneous or other cataclysmic event. However,
no species is truly insoluble; virtually all species are soluble in any molecular form, and the
maximum aqueous concentration attainable for a given solid is called the “solubility limit.”
Solubility limits for some species can be high, such as for nitrates, and for the same species
be low when in an oxide or hydrated oxide form. Plutonium is an example. Some plutonium
compounds have relatively low solubility values—oxides and hydrated oxides are examples.
Assuming that the radionuclides in waste forms that have been disposed of in a geologic
repository are completely available, the rate of radionuclide mobilization at steady state is the

product of the groundwater-flow rate through the waste forms and solubility.
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Various processes affect the geochemical mobility of radionuclides. During groundwater
flow in a rock matrix or fractures, transport rates for reactive solutes often are slower than
the average groundwater-flow rate. This is because of several active phenomena, including
diffusion of solutes into stagnant pore spaces, sorption onto fixed mineral surfaces or
slow-moving colloids, and chemical processes, such as precipitation and replacement
reactions with existing rock minerals. On the other hand, other processes could enhance
radionuclide transport (e.g., low-solubility radionuclides, such as plutonium, that attach
to mobile colloids). Many of these phenomena are difficult to quantify and depend on the
variety of rock types through which groundwater flows and the chemical compositions of

the groundwater.

A few radionuclides—for example the fission products *Tc and '*I—have three properties
that makes their isolation difficult: very long half-lives, considerable inventory in the
waste, and high solubility limits under geologic conditions.® The result is that these two
radionuclides are for the most part able to migrate unimpeded in groundwater flow,

assuming that no significant retardation processes operate.

Actinides also present isolation difficulties. The important actinides from the standpoint

of nuclear waste management are uranium, plutonium, neptunium, and americium.

Actinides and their decay products account for much of the radiotoxicity of nuclear waste
after the first 500 years of disposal. See Figure 2 (ORNL
1995; used with permission). Although plutonium species
generally exhibit relatively low solubilities in groundwater
and neptunium is sparingly soluble, isotopes of plutonium
and neptunium nevertheless represent a major part of the risk
after several hundred years for oxidizing media. Actinides
are responsible for the longer-term heat generation in the
repository—particularly **Pu, *°Pu, **Pu, and *' Am. *'Np is

an important daughter product of ! Am.

Although Figure 2 is useful for understanding relative risks

of various radioisotopes in a generic sense, it is not repository
specific because it does not take solubility limits or retardation
(e.g., by adsorption) into account. The performance assessment
results of the Yucca Mountain repository program illustrate
how actinides and the fission products *Tc and '*’I can affect
long-term risk (DOE 2009). At 10,000 years, the principal

Figure 2. Toxicity from Ingest%‘on asa Function of Decay Time contributors to the risk are 9T, 14C, 2Py, and L. At 1,000,000
for a Number of Nuclides in Spent LWR Fuel®

8 The solubility of **Tc is low under strongly reducing conditions.

®Note that the curve marked **Ra and #°Th represents the sum of the ingestion toxicities of these two
radioisotopes.
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years, the risk is dominated by ***Ra, ***Pu, *’Np, and '*’I. Although these radionuclides were
calculated to be the principal contributors to the radiation dose, the implication is not that the
calculated radiation doses were high; they were not. In fact, the calculated dose levels were

extremely low and were well below the regulatory standard.

Finally, on a more general level of why managing high-activity waste is such a challenge,
especially in the United States, considering the waste inventory is important. An often
overlooked technical issue facing the United States but not most other countries is the so-
called legacy waste, which the United States has in much greater quantity and diversity than
do most other countries with nuclear programs. U.S. legacy wastes are in a wide variety of
forms and in some cases, such as much of the liquid wastes, are difficult to recover from

storage and convert to suitable solid forms for permanent disposal.

The characteristics and integrity of the waste form determine the burden on the balance of
the engineered barrier system and on the natural system to contain the waste or to hold it in
place until it essentially has decayed to acceptable radiation levels. With its wide variety of
waste forms, the United States needs to seek a single disposal system that can accommodate
them, process or package (both of which may be extensive and expensive) the wastes into
more or less standard forms for disposal, or develop separate repositories for classes of
waste forms, e.g., deep boreholes for vitrified waste and a deep geologic repository for spent
fuel. Waste-form characteristics and inventories should be reevaluated, and the issue of the
appropriate disposal method for each waste form should be addressed. The one-size-fits-

all approach used by the Yucca Mountain program may or may not be the best approach.
Termination of the Yucca Mountain program means that previous decisions on multiple
repositories, waste processing and packaging, and repositories dedicated to classes of wastes

will have to be made anew.

2.3. PERMANENT DISPOSAL OF HIGH-ACTIVITY WASTE

Only two alternatives exist for the permanent disposal of high-activity waste: isolation and
waste destruction. A third alternative, dilution, is not considered acceptable for high-activity
wastes. Destruction alone is not a total solution, because not all the radionuclides can be
destroyed. Preparation of the waste for destruction requires extensive processing to separate
(partition) selected radionuclides from spent fuel and fabricate them into new fuel or targets
for destruction. This then is followed with the actual destruction process (transmutation),
either in dual-purpose nuclear reactors (power producers and waste burners) or in special-
purpose accelerators. All of these operations, the separation plants, and the special-purpose
reactors and accelerators generate their own waste streams. Reprocessing spent fuel, a much
discussed form of partitioning, is being reexamined for recovering unused uranium and
plutonium for their energy value as well as for reducing the radiotoxicity and volume of

waste requiring isolation.
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As discussed later, partitioning, including recycling of SNE and transmutation are being
challenged on their technical and economic practicality. Although many technical and
economic obstacles to the large-scale use of partitioning and transmutation in high-activity
waste management remain, the option of isolating high-activity waste in deep geologic
repositories either in vitrified form or as SNF appears close to being achieved. In fact, deep
geologic disposal has gained international consensus as the preferred option for managing
high-activity waste. Interest in geologic disposal has existed for many decades. For example,
the National Academy of Sciences, in one of the first reports on radioactive waste, concluded
that geologic disposal of solidified high-activity wastes is feasible and recommended
investigating disposal in salt formations (NRC 1957). In addition to salt, other geologic
media, including clay, granite, basalt, and tuff, have been investigated as candidate
environments for isolating high-activity waste. In addition, engineered barriers have come
into focus as being an important part of the isolation strategy because they can provide long

delays before radionuclides enter the natural system.

2.4. ISOLATION

The goal of geologic disposal of high-activity radioactive waste is to protect public health
and safety and the environment by isolating the waste. A key issue in the performance of

a geologic repository is estimating the time and rates of release of the dose-contributing
radionuclides from the emplaced engineered barrier system (EBS) to the natural system

of the repository. This usually is referred to as the “source term.” In general, the longer the
waste remains in the EBS, the lower hazard any waste that eventually escapes will present. A
well-designed EBS should delay mobilization of the waste and release radionuclides over an

extended period.

Analyzing the performance of a geologic repository involves quantifying the source term
and assessing how well the natural system isolates the radionuclides delivered to it by the
source term. The extraordinarily long time scale, a million years for Yucca Mountain
and some other countries (NWTRB 2009b: 9), makes the problem daunting and
uniquely challenging.

As further described in chapter 4, experience to date clearly shows major differences in
the approach to engineered barriers because they are affected by differences in isolation
strategies. For example, France and Germany are investigating clay and salt sites,
respectively, and plan on using minimal barriers in addition to the natural system. On the

other hand, the proposed repositories of Sweden (granite), Finland (crystalline rock'),

1 Although both the proposed Finnish and Swedish repositories would be located approximately 400-600
m deep in the crystalline bedrock of the Baltic Shield, the geologic media of the two repositories are not
identical. The nature of the Swedish repository rock is granitic; the Finnish repository rock is a mixture of
granitoids, gneisses, and migmatites.
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and the United States (tuff) all depend on the geology providing appropriate environments
for their respective robust EBSs in addition to the protection provided by the natural
system. The United States, which once seemed well ahead of the repository programs of
other countries, is now behind at least Finland, France, and Sweden in terms of projected
repository opening dates. However, the United States has an abundance of various
geologic media and may well learn from the repository-development experiences of other
countries as well as its own experience with Yucca Mountain and the Waste Isolation Pilot
Plant (WIPP), a deep geologic repository for transuranic wastes located in salt beds in

southeastern New Mexico.

Transport by flow or diffusion in groundwater is the principal pathway by which
radionuclides are expected to move from the engineered barriers into the natural system.
Some radionuclides may become dissolved in the water or be transported as colloids or
attached to colloids. Dispersal and transport pathways other than groundwater also must be
considered to quantify the risk associated with a proposed high-activity waste repository.
The risks include diffusion of radionuclides as a gas, entrainment of radionuclides in a
volcanic eruption, and human intrusion. Yucca Mountain studies indicate that ambient

groundwater flow generally represents the most significant pathway for radionuclide release.

Assessing the performance of engineered barriers in a Yucca Mountain repository turned
out to be more of a challenge than expected. Much of the challenge was describing the
environment of the engineered barriers quantitatively, particularly during the thermal pulse,
defined as the period when the surface of the waste package is at or above the boiling point
of water. The duration of this period for any particular waste package in the repository
design proposed for Yucca Mountain by DOE varied from a few tens of years to as much

as a thousand years, depending on the location of the waste package in the repository; the
amount, burnup, and age of the waste in the waste package; and other variables. Describing
the environment quantitatively requires determining the range of values of the chemical
and physical attributes in the immediate surroundings of the engineered barriers, including
temperature, water composition, humidity, redox potential, pH, etc. The values are a

function of time and location.

There are many cost, performance, and uncertainty trade-offs in the design of engineered
barriers. For example, exotic materials such as nickel alloys show great promise in resisting
degradation but have an experience base of only several decades and are expensive. Iron
has an experience base of many centuries and is low in cost but degrades more rapidly. In
addition, there are the very practical problems of constructing underground in confined

spaces and emplacing waste remotely in a high-radiation and decay-heat environment.
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Heat generation as a result of radioactive decay can complicate fundamental understanding
of the performance of a geologic repository because the analytical models used to calculate
performance of natural and engineered barriers may not be as reliable for temperatures
above boiling as for lower temperatures. There are ways of dealing with the decay-heat

or thermal-load problem, however. One way would be to do more research on analytical
methods better suited to systems involving chemical, mechanical, thermal, and geochemical
coupled processes at above-boiling temperatures. Other approaches would be to use
engineering or operational adjustments, e.g., improve heat transfer in the repository or store
the waste until a time that the heat no longer is sufficient to cause water to boil. Of course,
the heat load often becomes a problem only because of spatial limits on the repository.

That is, the problem of excessive heat loads can be reduced simply by using more real

estate. Finally, the heat loads can in theory be reduced by separating the heat-generating

radionuclides from the waste and destroying them through successive neutron reactions.

Human intrusion, deliberate or as a result of drilling operations that inadvertently penetrate
the repository, needs to be part of the risk assessment of a proposed geologic repository.
Human intrusion is important because it represents a scenario for bypassing both the
engineered barriers and the natural system. To date, modeling human intrusion has been
considered more of a “stylized” stand-alone analysis rather than an attempt to quantify

the actual risk of such a scenario. The performance assessments done for Yucca Mountain
have not identified human intrusion as a significant contributor to the risk of a geologic
repository. The reason is that the consequences tend to be localized, with very little material

reaching the accessible environment. Nevertheless, it is an event that must be considered.

In summary, fundamental understanding of the performance of a proposed geologic
repository is a complex issue dependent on (1) the integrity of the engineered barriers,
including the waste form and its physical state; (2) dissolution and mobilization mechanisms
within the engineered barriers; (3) transport, retardation, and sequestering processes in the
natural system; and (4) biological uptake. A fundamental understanding of the waste form is
critical not only with respect to its physical and chemical state in a geologic environment but
also in knowing how to complement its behavior with protective barriers, including backfills

to create favorable geochemical conditions for maximizing containment of the waste.

2.5. PARTITIONING AND TRANSMUTATION

Partitioning is the process of separating long-lived and high-activity radionuclides from
the waste to become targets for nuclear reactions, and transmutation is the process of
bombarding the selected radionuclides with neutrons to create either stable nuclides or
radionuclides with much shorter half-lives. If the species are fissionable in the spectrum of

the neutron energies involved, then the reaction products may be fission products, most of
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which have shorter half-lives than the target species. The devices providing the neutrons

are nuclear reactors of various neutron-energy spectrums or specialized accelerators. Both
thermal and fast reactors (low-energy and high-energy neutron spectrums, respectively) can
be transmuters, although fast reactors offer more flexibility because of their ability to fission

the actinides directly.

Partitioning and transmutation are considered potential means of reducing the burden
on a geologic disposal repository by reducing the volume of the waste to be disposed of,
the heat-generating capacity of the waste, or the time needed until the radiotoxicity of the
waste has declined to a low-enough level. For example, because plutonium and minor"!
actinides are mainly responsible for the long-term radiotoxicity and heat generation in

a repository, removal of these nuclides from the waste (partitioning) and then fissioning
them (transmutation) could result in the remaining waste losing much of its otherwise
dominating long-term radiotoxicity and heat-generation capability. The fission products
*Tc and "*’I have very long half-lives. With the right neutron spectrum, *Tc can become
stable 'Ru. Similarly, I can be transmuted to stable **Xe. Because plutonium, uranium,
neptunium, americium, curium, their decay products, iodine, and technetium are the cause
of most of the mid-term and long-term risk of the proposed Yucca Mountain repository,

their elimination could make designing a repository much simpler.

So, why not go full speed ahead on an aggressive partitioning and transmutation program,
especially because such destruction methods can be applied to widely different fuel-cycle
strategies? The answer is that in time that may happen, but probably not unless and until
fast reactors become more economic and reliable, and even then, only if nuclear power
becomes a major source of energy over other alternatives under development. Although
partitioning and transmutation are theoretically possible, there are many practical problems,
the solutions to which are still very much a challenge. Also important is that no amount of
partitioning and transmutation eliminates the need for deep geologic disposal, because all

fuel cycles generate long-lived radioactive wastes that cannot be practically destroyed.

The reasons for not being able to deploy waste-destruction schemes in the near future are
many. One overarching issue is developing enough facilities to make a significant difference.
Quoting from a National Research Council study (NRC 1996), “...to have a significant
benefit for waste disposal, an entire S&T (separation and transmutation) system consisting
of many facilities would have to operate in a highly integrated manner from several decades
to hundreds of years. The deployment of an S&T system that is extensive enough to have a
significant effect on the disposition of the accumulated LWR spent fuel would require many
tens to hundreds of billions of dollars and take several decades to implement.” Even if the

facilities are available, many decades would be needed on the basis of current technology

'The minor actinides are neptunium, americium, curium, berkelium, and californium. The major
actinides are plutonium and uranium.
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to destroy even a fraction of the long-lived radionuclides already in the inventory. Most of
the long-lived radionuclides would have to be recycled several times through a reactor or an
accelerator to be destroyed to a significant degree. The facilities would produce nuclear waste

streams of their own, many of which have yet to be well characterized.

The foregoing does not mean that there should not be an ongoing research and development
program on partitioning and transmutation or that there are not opportunities for
selectively implementing partitioning and transmutation in phases. In fact, partitioning and
transmutation are ongoing at the international level: separating plutonium from commercial
fuel by reprocessing and recycling the plutonium as mixed oxide fuel (MOX). Reprocessing
commercial SNF is practiced in France, Russia, Japan, the United Kingdom, and in the

past in the United States. The United States stopped reprocessing commercial SNF in 1972,
when the Nuclear Fuel Services plant in West Valley, New York, shut down to perform plant

upgrades. For regulatory, economic, and other reasons, the plant did not resume operating.

Reprocessing is being evaluated for its costs and benefits. The main concerns include
economics and the effect of reprocessing on nuclear wastes. The price of the products of
reprocessing, uranium and plutonium, is determined by the price of natural uranium. The
current price of natural uranium is higher than the long-term average but considerably
lower than recent peaks. Uranium resources appear ample at least until the end of

the century (MIT 2010, NWTRB 2010). Compared with the once-through fuel cycle,
reprocessing reduces somewhat the amount, radiotoxicity, and heat load of the high-activity
waste requiring disposal. However, the isotopic quality of the uranium and plutonium
recovered decreases each time that spent fuel is recycled, which makes multiple recycling

increasingly impractical.
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3. CONTRIBUTIONS FROM
THE YUCCA MOUNTAIN
PROGRAM

The history of Yucca Mountain as a potential repository site spanned more than 30 years,
beginning officially in 1977, when Yucca Mountain was selected as one of several candidates
to be investigated for the nations first deep geologic repository for disposal of high-activity
waste (DOE 1986a). In 1987, Congress directed DOE to study only Yucca Mountain
(Congress 1987b). Site characterization occupied the 1977-2000 period for the most part,
while the last decade consisted mostly of license application activities and related project
engineering. Site characterization consisted mostly of scientific investigations of the geology
and of the materials that would constitute the engineered barrier system. There was some
engineering effort during site characterization, but it was of a very preliminary nature.
Scientific activities decreased during the 2000-2010 period. The emphasis for science was
consolidating information obtained and using it in computer models to demonstrate the
safety of a Yucca Mountain repository. Little new data were gathered during the last 10 years,
and much of the data came from ongoing existing experiments. Yucca Mountain graduated
from a concept to a project at approximately the turn of the century, albeit a very large, very
expensive, first-of-a-kind project.

The site-characterization phase of the Yucca Mountain program officially ended in 2002:
Secretary of Energy Spencer Abraham recommended the site to President George W. Bush
in February (Abraham 2002), and the President recommended the site to Congress, also in
February (Bush 2002). In July 2002, acting on the President’s reccommendation, Congress
gave DOE the authority to prepare and submit a license application for constructing a
repository at Yucca Mountain (Congress 2002). DOE submitted the license application in
June 2008, and the Nuclear Regulatory Commission accepted it for review three months
later (DOE 2008a; Nuclear Regulatory Commission 2008). DOE requested permission to
withdraw the application in March 2010, and the Nuclear Regulatory Commission staft
performing the review were directed in October 2010 to make the transition to an orderly
close-out (Irwin et al. 2010a; Jaczko 2010).

Although site characterization ended officially in 2002, DOE began steps to facilitate the
transition in program emphasis from site characterization to licensing and engineering
several years earlier. For example, in 1999, DOE decided to recompete its contract for a

management and operating contractor (Barrett 1999) with a new contract focusing on
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a licensing and design work scope (Itkin 2000). The new management and operating
contractor, a team led by Bechtel SAIC Company, LLC, replaced a contractor team led by
TRW Environmental Safety Systems, Inc., in late 2000.

In this chapter, the Board discusses contributions to future repository programs from both
the site-characterization phase and the license-application phase of the Yucca Mountain

program, including its related project engineering.

3.1. MATERIALS AND ENVIRONMENTS OF
THE ENGINEERED BARRIER SYSTEM

Robust Waste Package Design

DOE’s Office of Civilian Radioactive Waste Management was investigating three potential
repository sites in the mid-1980s: a bedded salt site in Deat Smith County, Texas; a basalt site
at Hanford, Washington; and a tuff site at Yucca Mountain in Nevada. Because the emphasis
was on obtaining geologic data for comparing the three sites, relatively little attention was

paid to the waste package that could be used at any of the candidate sites.

The original conceptual EBS design for the Yucca Mountain site called for only a thin-
walled stainless-steel waste package that would have a limited life. Conceptual designs of
waste packages for the other two sites were similarly short-lived. In fact, Nuclear Regulatory
Commission regulations in effect for repositories at the time'* appeared to limit the credit
that could be taken for the waste packages to no more than 1,000 years—the approximate

maximum duration of the thermal pulse.*?

In July 1990," the Nuclear Regulatory Commission clarified that the regulations did allow
robust waste packages, i.e., waste packages that could last longer than 1,000 years. In its
November 1990 report to Congress and the Secretary of Energy, the Board recommended
that DOE adopt a long-lived, robust EBS and that DOE conduct a workshop on the “..
practicality, advantages, and disadvantages of a robust, extended-life EBS” (NWTRB 1990).
Part of the Board’s reasoning underlying the recommendation was that the fabrication and
materials of construction of the waste package would be controllable and therefore the
behavior of the waste packages over time would be predictable. DOE held a workshop on
robust engineered barriers in Denver, Colorado, in June 1991, and adopted a robust waste

package design and discarded the thin-wall design by the end of the following year. The

12See 10 CFR 60(a)(1)(ii)(A).

BThe thermal pulse is the period when waste package surface temperatures are substantially above ambient
at repository depth. For Yucca Mountain, the thermal pulse begins when the repository is closed and lasts
until waste package surface temperatures drop below 100°C. The duration of the thermal pulse for a waste
package depends on the age of the high-activity waste in the package, the position of the package in the
repository, and many other variables. For Yucca Mountain, the thermal pulse for some of the packages in
the central area of the repository could last as long as 1,000 years.

“Nuclear Regulatory Commission Staff Position Paper 60-001; July 27 1990.
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Board believes that the reasoning for its advocacy of a robust waste package applies to many
if not all future repositories, and thus the Board recommends that future U.S. repository

programs consider robust waste packages, regardless of the site chosen.

The robust waste package design adopted by DOE in 1992 had two walls: a moderately thick
inner wall of corrosion-resistant alloy, e.g., 1 in. of Alloy 825; and a thick outer wall of either
a corrosion-allowance material, e.g., 3 in. of carbon steel, or another corrosion-resistant
material, e.g., 3 in. of a cupronickel alloy. The design adopted in 1992 went through changes
in materials of construction, wall thicknesses, and other variables before the final design
used in the license application was arrived at in early 1999. The final design has a 2-in. inner
wall of 316 stainless steel and a 1-in. outer wall of Alloy 22 (a corrosion-resistant nickel alloy;
see Figure 3). The waste package is cylindrical and has outer dimensions approximately 6

ft. in diameter and 15 ft.

in length. It can hold 21 Outer Shell Flat Lid
. (Alloy 22)
PWR assemblies or 44 Inner Shell Support Ring Inner Shell Lid\
. Alloy 22
BWR assemblies. A waste (Alloy 22) (316 NG)
Lower Trunnion Collar Sleeve
package of the size adopted (Alloy 22) \
. Outer Shell
by the Yucca Mountain (Alloy 22)
program, although large Basket Assembly \
enough fora transport- Inner Shell Lid (316 NG) \
1 -di Outer Shell
aging-disposal (TAD) Flat Closure Lid \ XN
canister, would not be able (Alloy 22) \ \ Trunnion Collar
to accommodate canisters \ ,
Inner Shell Upper Trunnion Collar Sleeve
currently used in dry- \ (316 NG) (Alloy 22)
storage Systems 15 Future \ Inner Shell Lid Lifting Feature (316 NG)
repository developers ShOLild Outer Shell Lid Lifting Feature(Alloy 22)
ensure that repository \ Outer Shell Lid Lifting Feature (Alloy 22)
designs, waste package sizes, Outer Shell Extended Closure Lid (Alloy 22) | 21-PWR Waste Package Assembly

and the sizes of canisters Configuration

used in dry-storage systems
are compatible, if feasible.

Fig. 3 Final Robust Waste Package Design (Russell 2000)

The Roles of the Engineered Barrier System and the Natural System

The defense-in-depth principle—using multiple independent, redundant barriers to
achieve a safety goal—is a hallmark of complex systems, whether they are software, space
exploration, security, nuclear power plants, or geologic repositories. The EBS proposed for
the Yucca Mountain repository has many barriers including, more-or-less from inside out,

the following:

PTAD canisters are discussed in section 3.5. The maximum weight of a waste package containing 21 PWR
assemblies in a TAD canister is approximately 74 metric tons.
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« the solid high-activity waste itself, which degrades and releases radionuclide slowly

when exposed to water
o the cladding surrounding SNF or the canister containing vitrified HLW
o the stainless-steel TAD canister for commercial SNF
o the stainless-steel inner vessel of the waste package
« the Alloy-22 outer vessel of the waste package

« corrosion products formed if water penetrates the waste package and which can adsorb

radionuclides and form a barrier to water flow

« aggregate and corrosion products in the EBS outside of the waste package, which also

absorb radionuclides
o the titanium drip shield.
The natural system also has many barriers, including the following:

« slow average flow rate in the unsaturated rock zone between the repository and the

water table
« radionuclide-adsorbing zeolites below the repository
« slow flow rate in the saturated zone

+ along distance (18 km) in the saturated zone from below the repository to the

accessible environment.

The importance of individual barriers varies. The difficulty of characterizing and modeling
individual barriers also varies. DOE did not take credit for some barriers because of their
relative unimportance or difficulty characterizing and modeling them: e.g., SNF cladding

and zeolites in the unsaturated zone beneath the repository.

Examination of the performance assessment and environmental assessment documents
submitted as part of the license application and of recent presentations by DOE and its
contractors at Board meetings shows the relative importance of various barriers (SNL 2008a;
NWTRB 2008). Although the unsaturated zone beneath the repository and the saturated
zone extending from below the repository to the accessible environment are formidable
barriers, the drip shield and the waste package are much more important. That is, they are

predicted to delay the release of radionuclides for much longer times.

Examinations of the documents and presentations also show the relationship between

the EBS and the natural system: Although the natural system contains several important
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barriers, its principal role at Yucca Mountain is to provide a stable, predictable, and
relatively benign “home” in which the EBS can delay any radionuclide release for many
tens of thousands of years and, when releases finally do occur, to ensure that they occur
very slowly.'® A lesson to be learned is that engineered barriers have the potential to be used
to overcome weaknesses in natural barriers. The respective roles of engineered barriers and
natural barriers at other sites or in other geologic media can be different, as discussed in

subsection 4.2 of chapter 4.

Predictability of the Rate of General Corrosion for
Long Periods in Known Environments

Stainless steel and nickel-based alloys depend on a thin passive layer of oxides and
oxyhydroxides for protection from corrosion. The layer blocks or severely retards

the ability of oxygen or water to penetrate to and react with the alloy. If liquid water

is present, general corrosion (also known as “uniform corrosion”) always occurs in
oxidizing environments, even if conditions are benign (e.g., room temperature, neutral
pH, low concentrations of dissolved salts in the water). The rate of general corrosion may
be extremely low in such conditions, however. Localized corrosion or stress corrosion
cracking, in contrast, usually requires more-aggressive environments and other features,
such as small occluded areas on the waste package surface, areas of high tensile stress, or
small areas where halides concentrate. If localized corrosion or stress corrosion cracking

occurs, it can proceed rapidly.

Assuming that the environments to which waste packages will be exposed over time are
known or bounded, the general-corrosion behavior of the packages over long periods

is predictable. Before the Yucca Mountain program, little thought had been given to

the question of whether waste packages constructed from metals or alloys protected by
passivity could be designed to last hundreds of thousands of years. The Yucca Mountain
program presented evidence that such waste packages could be designed, depending on

the repository environment and the avoidance of localized corrosion or stress corrosion
cracking. The evidence included multiyear corrosion data in environments relevant to Yucca
Mountain and models based on accepted physical principles (SNL 2007a). This experience
allows confidence that future repository programs may be able to take advantage of very-

long-lived waste packages.

Studies of waste package corrosion evolved in important ways as data were obtained,

understanding of the waste package environment increased, the role of the waste package

®Whether DOE successfully established that the EBS could achieve its role would have been decided by
the Nuclear Regulatory Commission during licensing. The outcome of the licensing process would have
determined whether the engineered system could compensate for site shortcomings—an important generic
technical lesson that was a principal reason that the Board supported continuing the licensing process
regardless of the nation’s direction on nuclear waste disposal (NWTRB 2009a).
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changed, and the standard changed from 10,000 years to 1,000,000 years. Initially, the
program staff appeared not to believe that liquid water (necessary for significant corrosion
to occur) could exist at temperatures well above 100°C. Liquid water at temperatures well
above 100°C will occur if certain combinations of common salts are in the dusts deposited
on waste packages by ventilation air during the period following emplacement but before

repository closure.

If the waste package is an important long-term barrier in future repository programs, corrosion
investigators and repository environment investigators should reexamine the Yucca Mountain
experience, should be flexible and adaptable as new data are obtained and as requirements for
waste package performance change, and should use care to ensure that sufficient understanding
exists of elevated temperatures where liquid water could be present in the form of concentrated

multicomponent brines.

To summarize, isolation of wastes by corrosion-resistant, nickel-rich (Alloy-22) containers
provides the principal radionuclide isolation in DOE’s quantitative performance models for
the proposed Yucca Mountain repository. Because waste package materials and fabrication
methods can be carefully controlled, analyzing the behavior of the waste package and
predicting its lifetime are tractable, provided that localized corrosion and stress corrosion
cracking can be prevented. If the waste package is also robust (thick-walled), the lifetime of
the waste package may be extended. Although still dwarfed by the “lifetime” of the natural
system, a waste package with a million-year-plus lifetime is very important because only

a very few radionuclides with extremely long half-lives (e.g., ***Pu, *'Np, '*’I, with half-

lives of 0.38 million years, 2.14 million years, and 15.7 million years, respectively) remain.
Moreover, because temperatures can be expected to be low, 25 to 30°C, when packages do
fail and because the natural environment will have returned to its ambient state before being
disturbed by repository construction and decay heat, analysis of the source term may be
simplified. Of course, no matter how carefully controlled the materials and fabrication of the
waste package, corrosion behavior cannot be predicted accurately and confidently unless the

environment is also known well, or at least bounded.

Corrosion Technical Management

Although the Yucca Mountain program never lacked highly capable corrosion scientists
and engineers, its technical management of corrosion was at times deficient. This was
particularly the case during the period beginning in the late 1990s and extending into
2006. This was a period that began with the waste package being one of several engineered
and natural barriers in a 10,000-year repository and ended with the waste package being
arguably the most important engineered barrier in a 1,000,000-year repository. There
were several possible reasons for the subpar corrosion management: (1) Diffusion of

authority and responsibility for corrosion among DOE, DOE’s support contractor, DOE’s
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management and operating (M&O) contractor, and the National Laboratories performing
corrosion-related work; (2) Lack of continuity, particularly due to retirements of key
personnel, changes in M&O contractors, changes in reporting relationships between the
M&O contractor and the National Laboratories, and the move to a lead laboratory; and (3)
Inconsistency in funding for corrosion activities, which made attracting and retaining senior

corrosion managers difficult.

The lack of continuous strong corrosion leadership hampered the program. For example,
in the late 1990s, it became evident that water could exist on waste package surfaces
because of the elevation of boiling point from concentrated salt solutions (brines) formed
by the deliquescence of salts carried into the repository in ventilation air during the
preclosure period, a period anticipated to last at least 50 years. New corrosion tests had
to be devised in the laboratory to address the higher-temperature conditions. Many

of the new tests were done in concentrated solutions of pure calcium chloride (SNL
2007a), a poor choice because pure calcium chloride solutions are unlikely to exist at
Yucca Mountain. More likely, because the salts entrained in the ventilation air would be a
mixture of salts, including calcium chloride, the brines resulting from their deliquescence
would be a mixture of several salts dissolved in water. The fact that so many of the tests
were performed in calcium chloride solutions rather than in more realistic mixed-salt

solutions is an indicator of weak corrosion management.

For future repository programs where corrosion is important, the Board recommends that

strong technical corrosion management be established at the inception of investigations and
maintained not only throughout the investigations but also throughout subsequent program
phases, including site-suitability determination, license-application preparation and review,

construction, operation, performance confirmation, and closure.

Flexibility of Test Plans Because of External Changes

DOE assigned responsibility for research on and modeling of corrosion of waste-package
materials for a Yucca Mountain repository to Lawrence Livermore National Laboratory
(LLNL) in the early 1980s. LLNL carried out literature studies on degradation modes of
potential waste package materials during the 1980s, conducted limited corrosion research,
and developed a long-range plan for corrosion research during this same period. A major
part of the plan was the construction and operation of a long-term corrosion test facility
(LTCTEF) in which samples of candidate materials would be exposed to simulated Yucca
Mountain environments in stirred baths for multiyear periods and their corrosion modes
and rates determined after the exposures. The LTCTF was designed, approved, and
constructed, and the first samples were placed in it in 1995. Eventually, more than 12,000
samples were placed in the LTCTE The LTCTF continued operating until 2005.
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Enactment of the Energy Policy Act of 1992 set in motion a complex and lengthy process
that ultimately resulted in revised regulations applying to a high-level-waste repository
located at Yucca Mountain. Taken together, two of the revisions increased the importance
of the waste package significantly. Those revisions were (1) the performance of the
repository as a total system was specified to be the principal measure of the merit of the
repository (Nuclear Regulatory Commission 2001) and (2) the period for determining
the performance of the repository was specified as a million years (EPA 2008). Before the
revisions, there had been individual requirements for subsystems of the repository, and
the period of performance had been limited to 10,000 years. Although the changes were
formally adopted well after commencement of LTCTF operations, they were very much

a matter of discussion in the mid- and late 1990s. In fact, a special panel of the National
Research Council recommended in a 1995 publication (NRC 1995) that the period of
performance for Yucca Mountain be until the time of peak risk'’—essentially repeating a
recommendation made for all repositories by another National Research Council panel in
a 1983 publication (NRC 1983).

Board members having special expertise and interest in corrosion have monitored DOE’s
technical activities in the corrosion area closely over the years, visiting LLNL and the LTCTF
several times, discussing corrosion matters with the Yucca Mountain program staff, and
receiving periodic updates on corrosion-related activities at public meetings of the full
Board or its panels. To the Board’s knowledge, the Yucca Mountain program’s corrosion
management did not conduct a review of the LTCTF to determine whether the data it had
produced and would produce would be adequate for the increased importance of the waste
package. However, Sandia National Laboratories (SNL) took over corrosion responsibilities
in late 2006 and began to scrutinize the LTCTF methodology and data. Several problems
were found, which SNL personnel documented in “Condition Reports” (SNL 2008b; SNL
2009). Although much of the data are still usable, some have had to be discarded, namely
general-corrosion data based on crevice samples exposed for 5 years in the LTCTF and all
samples exposed for 9.5 years in the LTCTE The data based on 5-year crevice samples were
rejected because of uncertainties about whether the samples had been cleaned completely
before being weighed in 2002-2003 to determine weight loss. The 9.5-year data were rejected
because of the presence of visible deposits of stirrer gear-reduction box grease on many

of the samples. As a result of rejection of two sets of data, the case for the longevity of the
waste packages with regard to general corrosion of Alloy 22 at below-boiling temperatures,

although still strong, is not as strong as it once appeared to be.

”Within the limits of geologic stability of Yucca Mountain, which the panel judged was “on the order of one
million years” (NRC 1995).
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The lesson learned in this case is that quality-control measures for long-term experiments need
to be improved and established at the beginning of any research program to be assured that they

pass the rigor of regulatory expectations.

Whether an examination of the LTCTF procedures when the changes to the regulations
were being discussed rather than after the regulations were formally adopted could have
resulted in changes to the LTCTF that would allow all of its data to be used is not known.
Nevertheless, the lesson for future repository programs is clear and applies to all technical
areas, not just corrosion: Test plans and equipment should be reexamined when changes

external to the program are being considered.

Dust in Repository Ventilation Air

The corrosion environment for waste packages is affected by dust brought in by ventilation
air during the preclosure period. The conceptual description of the waste package corrosion
environment due to the deposition of atmospheric dust on the metal during preclosure
ventilation evolved considerably over the life of the Yucca Mountain program. What has
changed is the description of the composition of the dust, what happens to the dust in a
chemical-reaction sense, and the effect of radiolysis. That the dust layer on waste package
surfaces is a dynamic reacting chemical system with a continual supply of reactants has
been known for about 10 years. The dust on waste package surfaces may evolve into a brine
by dissolving into water that drips onto the waste packages or via deliquescence by reacting
with moisture in the air. The brine could cause or exacerbate corrosion, particularly fast-
acting localized corrosion. For this reason, having a complete conceptual description of the

corrosion environment on waste package surfaces is vital.

At least five major factors affect the evolution of the conceptualization of the corrosion
environment on a waste package as affected by atmospheric dust, including the existence

of calcium chloride in and on atmospheric dust; the existence of organic matter in and on
atmospheric dust; the reaction of organic matter with nitrate in dust, depleting the nitrate
content; radiolysis effects, including gamma radiation of halide salts producing halogen
gases; and radiolysis of moist air producing oxides of nitrogen, specifically nitric acid.
Examination of the details of these major factors leads to the conclusion that understanding
of the corrosion environment as described at the time of the License Application Design
Selection Report (CRWMS M&O 1999b) was incomplete.

The conceptual description of the corrosion environment of a waste package determined

in part by atmospheric dust clearly has evolved in comparison to the description of 10

years ago. The experience gained in this evolution applies to a description of any corrosion
environment that results from exposure to the atmosphere, especially that expected for the
long-term dry storage of SNF on the Earth’s surface, where natural-convection cooling using

the atmosphere is expected to be implemented. Many, possibly all, future repositories may
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have extended preclosure periods. That is, the duration of the time between emplacement
of a waste package and closure of the repository may be measured in many decades, if not
centuries. In some repositories, dust could be deposited on waste package surfaces during
that period, and the composition of the deposited dust would be affected by the major
factors mentioned above.

The composition of dust or other deposits from the natural environment determines the
corrosion environment during the preclosure period and influences the corrosion environment
during the period that begins immediately after closure. Thus, studying the evolution of the
waste package surface environment is important for any future repository.

A more detailed analysis of the evolution of the environment on waste package surfaces due

to dust entrained in ventilation air is in Appendix A-1.

3.2. SOURCE-TERM QUANTIFICATION

For this discussion, the source term is defined as the radionuclides released to the natural
system from the EBS. Murphy, Garrick, and Kirstein (2009) characterized the principal
mechanisms of radionuclide isolation or release-rate reduction at the source for the
proposed Yucca Mountain repository to be (1) diversion of water flow around the drift; (2)
diversion of water flow by the drip shield (see Figure 4); (3) isolation of wastes by containers;
(4) stability of the waste form(s); and (5) sequestration of radionuclides in products of waste
package alteration. Although studies for the Yucca Mountain program (e.g., SNL 2007b)
made significant advances in quantifying each of these isolation mechanisms, room for
improvement in the realism of the quantifications exists, particularly for (4), as described

later in this section.

Research supporting the Yucca Mountain
program led to advances in quantitative
understanding of groundwater flow in
fractured hydrologically unsaturated
rock (e.g., Flint et al. 2001a, b). This
understanding was used to model flow
of water around and through waste-
emplacement drifts. Major advances also
were made in modeling transient heat and
two-phase (gas and liquid) fluid flow in
the geologic media around heat-producing
Drip Shield wastes in the proposed repository (e.g.,
Figure 4. Titanium Drip Shield Buscheck 2002, 2005). Repository design was
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modified to take advantage of thermo-hydrologic effects: for example, by adoption of line-
loading thermal management (CRWMS 1999b).

The drip shield concept is unique to Yucca Mountain. Drip shields composed of corrosion-
resistant titanium were incorporated in the EBS to protect waste packages from water flow
and to prevent or retard mobilization of any radionuclides escaping from prematurely failed
waste packages. Drip shields are predicted to make a significant contribution in quantitative

estimates of the Yucca Mountain repository’s performance (SNL 2008a)."®

Theoretical studies of the thermodynamic stability of crystalline UO,, experimental

studies of the alteration rate of SNF, and studies of the oxidative alteration of natural
uraninite deposits in environments analogous to Yucca Mountain provided converging
lines of evidence that SNF in the Yucca Mountain environment would alter by oxidation

in a time frame that is short in comparison to its radiological hazard (e.g., Murphy 2000).
Performance assessments used rates of waste-form alteration based on experimental data to
define release rates of high-solubility radionuclides from the EBS to the natural system (SNL
2008a). Despite the fact that zircaloy is highly corrosion resistant in the Yucca Mountain
environmental conditions likely at the time of contact of zircaloy cladding by water, no
credit was taken for zircaloy cladding in the total system performance assessment for license
application (TSPA-LA).

Reaction of EBS materials, e.g., waste packages and waste forms, with gas, water, and

rocks in the Yucca Mountain environment could produce relatively stable materials with
the capacity to sequester some radionuclides for indefinite periods. Solubility limits of
radionuclides were quantified for source-term evaluations for the proposed repository
(Bernot 2007). Sequestration in the waste package, but not in the EBS outside the

waste package, also was modeled (BSC 2005). Variability and uncertainty in near-field
environmental conditions and particularly in the compositions and properties of solid-phase
alteration products led to uncertainties spanning many orders of magnitude in radionuclide
concentrations in groundwater solutions (SNL 2008a). More accurate characterization

of coprecipitation of radionuclides in thermodynamically stable secondary solids could
have improved quantitative estimates of repository performance (e.g., Murphy and
Grambow 2008). The rate of diffusive transport of radionuclides through waste package
alteration materials provides transient retardation of radionuclide migration to the natural

environment in performance-assessment models (SNL 2008a).

A repository developer should achieve a balance of the factors contributing to the performance
of a permanent disposal system. For example, a key calculation of the performance of any

repository is the fractional release rate of radionuclides from the EBS to the natural system

187t should be noted that the importance of the drip shield to repository performance is based on the assess-
ment made in the total system performance assessment that was part of the license application.
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as a function of time—quantification of the source term. By “balance” is meant comparable
confidence in the representation of the various steps of the source-term calculation.

The drip shield and the waste package eventually will fail to the point where they allow
water to reach the high-activity waste. Because of many conservative assumptions,'® the
portrayal of degradation, mineralization, sorption, transport, dissolution, mobilization,

and sequestration of the waste form or its radionuclides as a function of the changing
environment and time in the models and analyses included in the license application and

its supporting materials was unrealistic. The outcome of the source-term model might have
been very different if its processes had been modeled differently. Certainly, the confidence in

the realism of the analysis would have been different.

The form and rate of radionuclides entering the natural system are critical to assessing
repository performance. In particular, the form determines their behavior in the natural
system. Transport, retardation, and sequestering need to be quantified to answer the risk
question. There is a need to consider the possibility of different chemical and mineral forms
of radionuclides released into the natural system and, in the spirit of risk assessment, to
determine the likelihood of receiving different radiation-dose levels on the basis of the

supporting evidence, while quantifying the uncertainties in the probabilities.

The source term should be quantified and realistically assessed. A realistic assessment is
important to a fundamental understanding of barrier performance and the radionuclide forms

entering the natural system.

In the proposed Yucca Mountain repository, the drip shields and the waste packages are
very important to the assessed performance of the repository. Because of their predicted
longevity, they delay the possibility of mobilization of the waste for many hundreds of
thousands of years until the burden of isolating the waste shifts to the waste form, the
interaction between radionuclides released from the waste form and corrosion products
or other materials in the EBS, and, eventually, the natural system. Thus, quantifying the
isolation capability of the EBS is important to obtaining greater quantification of the
source term. The Board believes that a much more realistic assessment of the EBS—

and therefore the source term—is possible than was provided for the proposed Yucca

Mountain repository.

Because the modeling and simplifying assumptions for radionuclide mobilization and
transport in the EBS were conservative, characterization of the source term was unrealistic.
Although a great deal of effort was expended by the Yucca Mountain program on modeling

the source term, the effect of anthropogenic materials (e.g., the metals of the waste package,

' Examples of conservatisms include no corrosion resistance of the stainless-steel waste package inner ves-
sel or the stainless-steel TAD canister; no corrosion resistance of the zircaloy cladding; no plugging of waste
package breaches by corrosion products; and no effect due to corrosion products in the invert.
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the pallet, and the invert™) on the waste-form environment was not taken fully into account
in TSPA-LA (BSC 2005: 6-41).

In reality, the presence of abundant reduced material and the ability of corrosion products to
limit the access of water and oxygen are likely to cause substantial lowering of the in-package
reduction-oxidation potential. For example, despite strong evidence that the presence of
large amounts of iron-based waste-package or invert materials significantly reduces the

rate of degradation of uranium dioxide or spent fuel by making the local environment

less oxidizing (Cui et al. 2009; Ferriss et al. 2009), the effect of these materials on the
environment was only partially taken into account (SNL 2007b; Ap. VI).

A critical factor in the assessment of the performance of a repository, and thus the achievement
of an optimal design, is quantifying the source term. The Yucca Mountain program placed

too little emphasis on research on mobilization of the waste within the EBS compared with
degradation of the waste package. A positive lesson to be learned for future repositories is the
potential importance of the source term and the need to understand it well. The source term

more than anything else determines the performance requirements of the natural system.

3.3. CHARACTERIZING AND MODELING THE NATURAL SYSTEM
The Value of Underground Research at Yucca Mountain

Determining the suitability of a site for an underground repository for radioactive waste
requires a good understanding of the site’s geology, potential future geologic processes at
the site, and how the site could react to excavation and the decay heat of emplaced waste.
Among other things, an ideal site would have rock that is spatially homogeneous* and
without flaws, such as faults, over a volume large enough to accommodate a repository.
However, because the underground rock is hidden from view, adequately characterizing site
geology is a challenge. Unforeseen geologic features and conditions can greatly affect the

cost, schedule, modeling, safety of workers, and performance of the repository.

In 1994, the Board held a meeting to review successes and failures of various attempts to site
and license large engineering projects, such as nuclear repositories, power plants, and dams
(NWTRB 1994). On the basis of the meeting and subsequent analysis, the Board offered
several insights and lessons learned that it believed would be applicable to Yucca Mountain
(NWTRB 1995): (1) Site assessment requires a strategy that is an iterative process that
continually looks at the relationships among data gathering, modeling, and performance

assessment; and (2) Expect surprises in any underground site investigation. Geologic

2The pallet (sometimes called the pedestal or the platform) is the cradle-like metal structure that supports
the waste package in the repository. The invert is the built-up steel and backfill structure that rests on the

floor of an emplacement drift and provides a flat surface for supporting rails and the pallet.

1 “Homogeneous rock” refers to a body of rock that is structurally, physically, and chemically uniform in its

spatial extent. Repository-size volumes of near-homogeneous rock are not uncommon in nature.
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surprises did appear over the years of investigation at Yucca Mountain. A few examples are
mentioned below. The surprises affected the evolving conceptual site model and repository
design. DOE and the Yucca Mountain program remained sufficiently flexible to incorporate
the surprises into project knowledge and modeling, but surprises sometimes led to project
delays. Inevitably, any investigation of future repositories will encounter its share of
surprises, and the understanding of the geology will evolve, particularly after underground
access is provided. An illustration of one of the surprises—how the understanding of the
geotechnical aspects of the rocks changed once investigators were able to get underground—

is in Appendix A-2.

Surprises that surface and underground research at Yucca Mountain revealed include that
some water infiltrating into the mountain moves through the unsaturated zone rapidly;
that water composition in the unsaturated zone is heterogeneous and significantly different
from the presumed water composition before extensive site characterization started; that
water infiltrates at a significantly higher rate than thought when site characterization
started; that extensive perched-water systems are present; and that there is channelized
flow in the saturated zone. Although hydrologists never thought that the Yucca Mountain
unsaturated zone was “dry;” print and electronic media offered references to “dry” that may
have numbered in the thousands. The idea of minimal infiltration in an arid environment
among many unsaturated-zone hydrologists of the 1980s (e.g., Winograd 1981) pertained
to the alluvium. Indeed, physical and chemical evidence from around Yucca Mountain
indicates that net infiltration through thick alluvium is very close to zero. The site chosen
for the Yucca Mountain repository, however, was fractured tuff with minimal soil cover,
much different from the loose, unconsolidated nature of alluvium. Thus, despite the low
precipitation at Yucca Mountain and the runoff and evapotranspiration of much of that

precipitation, some infiltration occurs.

The principle of expecting surprises need not preclude successful site characterization and
permanent high-activity waste disposal. For example, preconceived notions about the basic
technical questions of salt creep rate, rock permeability, and water abundance at the WIPP
site all were proven wrong once the underground exploration facility was constructed.
Another surprise was the presence of pockets of pressurized brine near the WIPP site.
Nevertheless, that site proves to be an acceptable one for the disposal of non-heat-generating
transuranic waste. Reasonable engineering accommodation to site-characterization reality

worked for WIPE, just as a robust container may well have worked for Yucca Mountain.

Hydrogeology of the Unsaturated Zone

The U.S. Geological Survey (USGS) suggested that disposal in the unsaturated zone would
offer advantages in deep geologic disposal of high-activity waste, the thought being that a

site with limited water flux downward would be a benefit to repository performance (e.g.,
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Winograd 1974; Roseboom 1983). The deep water table and thick unsaturated zone at Yucca
Mountain were thought to be indications of a very low infiltration rate and therefore a
negligible downward flux; advective transport by water was, and still is, considered the most

serious threat to mobilizing nuclear waste.

Studies at Yucca Mountain advanced scientific understanding of water flow in unsaturated
fractured rock in arid regions. In particular, mass-balance methodology has been used

to quantify infiltration and characterize the spatial distribution of net infiltration and
recharge (Hevesi et al. 2002). In an arid environment, infiltration is the small difference
between precipitation and water lost by runoff and evapotranspiration. The difference
between the “input” and “output” flow is a few percent or less and can be locally negative, so
quantification of the difference is difficult. Despite the advancements, room for additional
improvement remains. For example, direct measurement of evapotranspiration still needs

further development.

The independent development of analytical technology over the last two decades led

to the use of microstratigraphic characterization and dating of secondary mineral

deposits of calcite and opal in fractures and lithophysal cavities* at Yucca Mountain. The
microstratigraphic characterization was done at the tens of microns scale to develop a
chronology for millimeter-thick hydrogenic deposits formed over a period of longer than
10 million years (Paces 2004). The mechanism for the deposits is not fully understood,
however. Percolating water increases in temperature because of the geothermal gradient

at Yucca Mountain, leading to eventual precipitation of calcite because of its retrograde
solubility. Silica has prograde solubility, however. Murphy (2009) suggests that evaporation

due to the warming of descending gas could explain the apparent anomalies.

Modeling, using computers, was used extensively for project studies. Hydrologists developed
models accounting for runofl, evaporation, plant transpiration, the effect of capillary

forces, and other parameters. Various hypotheses were tested in the models, leading to
improved insights on flow in unsaturated rock. The collection of models used for hydrology
calculations underpinning performance assessments in the license application resulted

from a decades-long iterative process of obtaining field data, testing various hypotheses, and
refining the models. A significant modeling advance came in the coupling of multiphase
transport in complex geologic media: The coupling of heat and fluid mass transport with
provision for geochemical reactions in time and space allows modeling on time scales
appropriate for consideration of nuclear waste disposal and sets the stage for future advances

in modeling and understanding multiphase transport in geologic media.

22 Lithophysal cavities or lithophysae are hollow bubble-like structures of varying size found within some
tuff.
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Characterization of future repository sites that feature significant unsaturated zones will benefit
greatly by the understanding developed as a result of characterization of Yucca Mountain’s

unsaturated zone.

Hydrogeology of the Saturated Zone

Characterization of Yucca Mountain hydrology also led to advances in understanding the
saturated zone, including the effect of matrix diffusion on radionuclide transport. As in the
unsaturated zone, transport in the saturated zone is through both fractured and unfractured
porous media. Part of the saturated zone consists of tightly fractured or unfractured media,
where matrix diffusion is the dominant mode of transport. In general, sorption is more
important in matrix diffusion than in fracture flow because of the larger rock-surface area
relative to the volume of water. Thus, matrix diffusion into adjacent unfractured rock can slow
the rate of movement of radionuclides through the rock in comparison to the rate of water flow
through fractures. Besides sorption of radionuclides onto mineral surfaces, precipitation of

minerals as chemical conditions change along the flow path also can be important.

Understanding Thermal Management

In general, if the temperature of the waste package’s outer surface is in the range that water
exists as a liquid, the higher the temperature, the more rapid the degradation (corrosion)

of the waste package.” Similarly, the higher the temperature of the waste form when it is
contacted by liquid water, the more rapidly it will dissolve or radionuclides will leach from
it. Theoretically, then, one would want to keep repository temperatures as low as possible
for best performance. There are trade-offs, however. One strategy would be to keep the
repository hot enough to keep water in a vapor state while the degree of hazard of the waste
declines through radioactive decay. A disadvantage of this strategy, however, is that when
the temperature eventually drops to the point where liquid water is possible, the duration of
the period with high-temperature liquid water would be longer than if a low-temperature

strategy were used.

High-activity waste generates heat as it undergoes radioactive decay. The effect of the
decay heat on waste-form temperatures, waste-package temperatures, and repository-rock
temperatures close to and far from the emplaced waste is most pronounced during the

thermal pulse. How high temperatures rise during the thermal pulse and how long they

#The gas pressure in a Yucca Mountain repository would be essentially atmospheric (~710 mm Hg at the
altitude of the proposed repository). The lowest waste package outer surface temperature, which would

not be reached until many thousands of years of cooling, is ~25°C. The highest temperature at which bulk
liquid water could exist is approximately 150°C, although there is uncertainty about this figure. Atatmo-
spheric pressure and 150°C, water would need to be in the form of a concentrated, multicomponent brine
with significant divalent halide or nitrate content to be liquid. Minerals necessary to form such a brine may
not be present in the rock but may be carried into the repository as part of the dust in ventilation air. If
temperatures are so high that liquid water cannot exist, there will be no corrosion by liquid water and no
possibility of waste-form dissolution.
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stay elevated depend on a large number of variables, including the thermal conductivity

and degree of saturation of the rock, the design of the waste packages, the amount of waste
in each waste package, the location of the package in the repository, how closely waste
packages are placed to each other, the type and age of the waste at emplacement, the amount
of ventilation before repository closure, the permeability to convective gas flow of the rock
and drifts through the rock, and many other variables. Many of these variables are design
variables, that is, they are at least partially under the control of the designer or operator

of the repository. The spacing of waste packages is an example of a design variable. Other
variables are not design variables, i.e., they cannot be controlled by the repository designer

or operator. An example is the thermal conductivity of the rock.

The Yucca Mountain program engineers investigated many alternatives for controlling the
temperatures in the repository (e.g., CRWMS M&O 1999a). Independently, Nye County
contractors investigated both similar alternatives and different alternatives consisting

of novel ventilation schemes (Danko 1997; Danko et al. 2004). The work of the Yucca
Mountain engineers and the Nye County contractors established that there are many
different ways to meet thermal goals and constraints and to select from for developing a
preferred system. Future repository system designers can learn from the Yucca Mountain

experience.

On the basis of the analyses of its engineers, contractors, and others, DOE management
made the fundamental decision that the Yucca Mountain repository would be based on

a high-temperature design (Barrett 1999). Waste package surface temperatures would

rise rapidly to above-boiling levels within a few years after repository closure and would
remain above boiling for 50 to 1,000 years, depending on the position of the package in

the repository, the waste loading in the waste package, and other variables. The factors
underlying the decision, such as cost, licenseability, data availability, uncertainty, and others,
were discussed at a Board meeting on repository design in Beatty, Nevada (NWTRB 1999).
The decision on repository temperature is one that future repository developers face, and it
is a difficult one to make because it must balance the value of continued radioactive decay
and the time to peak temperature and subsequent water ingress in the repository horizon

upon cooldown.

Thermal Analysis

Data are needed to construct models of corrosion, solubility, and dissolution rates. If the
temperature range over which liquid water would be encountered is wide, more data are
needed to construct the models than for a narrower temperature range. Ideally, one would
have data that cover the full range of environmental conditions (temperature, pressure, water
composition) that waste packages and waste forms would encounter. If not, extrapolation is

necessary. Extrapolation from the 65 to 90°C range, where the bulk of the Yucca Mountain
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program’s corrosion data exist, down to 25°C presents little risk because phenomena and
mechanisms in this range are understood. Extrapolation up from the 65 to 90°C range,
however, presents greater risk because possible phenomena and mechanisms are less well
known, particularly for temperatures above 100°C and particularly when water containing
dissolved salts is at its boiling point. Data are easiest to gather at low temperatures, and
much data already are available in the technical literature for temperatures of 25 to 50°C. As
temperatures increase from this level, however, corrosion, solubility, or dissolution-rate data
become scarce. Data are particularly scarce at temperatures near or above the boiling point
of pure water. Water can be a liquid well above the boiling point of pure water if the water is

in the form of a concentrated brine (e.g., Hoffmann and Voigt 1996).

Thermal-analysis models and computation tools used at Yucca Mountain improved
considerably over the last 20 years. The tools became much more efficient, which allowed
more detail to be included in models, which in turn led to better understanding of how
temperature profiles could change over time. Accurate estimates of thermal conductivity
are crucial for temperature profiles in a repository. Improved understanding of the thermal
conductivity of wet and dry lithophysal tuff (both bulk rock and crushed tuff) resulted from
the improved computational tools, as did improved understanding of the transport of heat
and mass in the waste-package environment. One of the Board’s contributions to the rapid

and efficient computation of repository temperatures is described in detail in Appendix A-3.

Natural Analog Studies

Studies of natural analogs, particularly the Pefia Blanca uranium ore deposit in northern
Mexico, contributed to a better understanding of the long-term processes that are relevant
to Yucca Mountain and of the long-term stability of minerals in arid regions, particularly
the uranyl minerals. The studies contributed to a more fundamental understanding of
climatic, geologic, and hydrologic processes that could affect repository performance in
unsaturated zones; this applies to nuclear wastes as well as to other wastes (which are much
more voluminous, and many of which have “infinite” half-lives). A particularly valuable
result of natural analog studies for Yucca Mountain was demonstration of converging lines
of evidence with respect to the geochemical evolution of the repository when compared with
Yucca Mountain site characterization and associated experimental studies (e.g., Murphy
2000). Other examples of natural analogs include the underground cities of Cappodocia,
Turkey, and Egyptian tombs, which show that capillary barriers can persist over long time
periods. Although such examples are largely anecdotal, they lend credence to claims of a
capillary-barrier effect in the drifts at Yucca Mountain. Natural analogs proved invaluable
for the Yucca Mountain program and may well be so for future repository programs. Natural
analogs should be identified and studies on them initiated early in the site-characterization

programs of future geologic repositories.
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The USGS recently published an excellent compendium of natural analogs (Simmons and
Stuckless 2010). Although focused on analogs relevant to repositories in unsaturated rock,
the compendium should be useful for any future repository program. Natural analogs can be

tools for demonstrating why scientists believe their predictions.

Solubilities of Uranyl and Neptunyl Minerals

Experimental and theoretical work related to site characterization advanced understanding
of the thermodynamic properties of uranyl minerals and the trace solubility of neptunyl

in these phases (e.g., Murphy and Grambow 2008). As with many aspects of the Yucca
Mountain natural system, additional work would improve understanding. SNL (2007¢)
states that evidence for incorporating neptunium into uranyl structures has been
investigated only for some uranium(VI) corrosion products, the nature of the neptunium
association with uranyl solids has not been unambiguously determined, and the effect of
such association on dissolved concentrations of neptunium, particularly in the long term,
has not been addressed experimentally. SNL also proposes a large number of experiments to
obtain the following quantitative data about potentially relevant neptunium-bearing solids:
(1) solubilities and thermodynamic stabilities in water chemistries expected in a repository;
(2) equilibrium partitioning of neptunium between relevant solids and aqueous solutions as
a function of solution chemistry, and possibly as a function of solid chemistry as well; and
(3) precipitation and dissolution rates for all relevant neptunium-bearing solids. Because
uranium, neptunium, or uranium-neptunium secondary minerals may be major contributors
to long-term dose in future repositories, the continued study of their solubilities is warranted.

Seismic and Volcanic Considerations

The Yucca Mountain program contributed to how to use mapping and other studies for
locating faults and evidence of past volcanic activity in the vicinity of potential disposal
locations. The location, timing, and amount of movement on these faults and periods of
volcanism were characterized as part of the hazard analysis. A major contribution was
made to the process of expert elicitation as a method of developing a more fundamental
understanding of phenomena such as seismic and volcanic risks and as defensible input
to calculating the risk of seismic events of varying severities and volcanic eruptions in
confined and unconfined spaces. A diagnostic science was developed by using precarious
rocks (precariously balanced rocks likely to be toppled by strong-enough seismic activity)
as strong-motion seismoscopes at the Earth’s surface to constrain the probability of seismic
ground motions (Brune and Whitney 2000). Seismic and igneous understanding gained
while characterizing Yucca Mountain will benefit future repository programs located in

active seismic areas or in areas that have had geologically recent igneous activity.

The Yucca Mountain program significantly advanced the state of scientific knowledge in

several areas related to seismic and igneous hazards. In these areas, rigorous state-of-the-art
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expert elicitations and probabilistic seismic and volcanic hazard analyses led to significantly
more robust fundamental understanding of the phenomena and substantially improved
technical bases for risk calculations.* (According to the license application, some of the
greatest risks result from low-probability, high-consequence events in the igneous and
seismic scenarios.) Future repository risk also may be driven by extremely low likelihood and
potentially high-consequence events, which suggests that they be considered a primary technical

factor for repository siting determinations.

Performance Confirmation

In submitting its license application to the Nuclear Regulatory Commission in June 2008,
DOE was attesting to its belief that its natural-system characterization and modeling met
compliance requirements. Research on the natural system did not stop at that point, however,
for two reasons. First, Nuclear Regulatory Commission regulations require a continuing
research program (known as a “performance confirmation program”) as a condition for
granting the license to construct the repository. The purpose of the program, as its name
implies, would be to evaluate the adequacy of assumptions, data, and analyses underlying
the construction license. The program and subsequent programs specified under a license to
operate would continue until repository closure, which could be well over a 100 years after
emplacement of the first unit of waste in the repository. The second reason for continued
research on the natural system is to increase understanding of its behavior. Increased
understanding can lead to reduced uncertainty and greater confidence in the technical
community about repository behavior. Increased public confidence was a major reason for the
Science and Technology program that OCRWM initiated in 2002 (Chu 2002).

Designing and Excavating Site-Characterization Facilities

The 1993 DOE site-characterization annual plan included plans for extensive tunneling into
the planned geologic repository block to gain visual and testing access to the site’s geology
(NWTRB 1993: 2). Before the beginning of underground tunneling in 1994, surface-based
testing consisted of trenching, outcrop examination, and vertical boreholes that provided
almost 200 small-diameter (1- and 2-inch) cylindrical specimens to test geophysical access,
but most of the boreholes were located outside the repository-block boundary and had
orientation and other limitations. The importance of direct tunneling into the mountain
was emphasized by the Board (NWTRB 1992: 16-17) because the tunneling provided

2 For example, in 2008 DOE’s lead laboratory issued a probabilistic volcanic-hazard assessment update

that resulted from a rigorous four-year study (SNL 2008e). The study methodology (closely following U.S.
Nuclear Regulatory Commission guidance on using expert elicitation in probabilistic hazard assessment
[Kotra et al. 1996; Budnitz et al. 1997]) was based on a formalized expert elicitation and included a series of
independent expert briefings in which all available data and interpretations were presented and considered,
multiple field excursions were conducted, and aggregated and weighted conceptual and numerical models
were produced and analyzed. The study drew on state-of-the-art data and analytical techniques in both
geosciences and statistics. The 2008 study, which included consideration of repository disruption by dikes,
sills, and erupting columns and vents, estimated the probability of repository disruption as 3.1x10°® per year,
slightly higher than previous estimates.
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opportunities for exploring continuous sections of the repository block to identify geologic
features, obtaining representative-size specimens for laboratory testing, and conducting in

situ performance field-testing.

The Yucca Mountain program’s exploratory tunnel was delayed and incurred high costs
because of DOE decisions to contract for larger-than-normal custom excavating equipment
and not to consult and incorporate the experience of practicing specialists at early stages
(NWTRB 1993: 22-24). Part of the reason for the decisions may have been a perceived
pressure to build the repository. DOE opted for large tunnel diameters in 1990 (NWTRB
1992:16) and contracted for the construction of a 7.6 m- (25 ft.) diameter, special-design
tunnel boring machine (TBM) to excavate the tunnel, named the exploratory studies facility
(ESF). The Board was concerned that the tunnel diameter was overly large and that it would
lead to higher costs and delays. The Board had suggested that the “tunnel size” (diameter) be
no greater than functionally required for early access and exploration of the geologic block”
(NWTRB 1992: 17). The most frequent argument made by DOE and the M&O contractor
in support of large tunnels was that the large diameter was needed for possible ventilation

purposes as part of the future repository design (NWTRB 1998: 15).

DOE excavated the large-diameter 7.9 km (4.89 mile) ESF tunnel over about 31 months,
yielding a net production rate of about 12.3 m (40.4 ft.) per working day (NWTRB

1998: 15), which is slow compared with conventional tunneling (NWTRB 1993: 16) and
considerably lower than the planned excavation rate of 30 m (100 ft.) per working day.

The tunnel diameter was much larger than was needed for site characterization and led to
several problems and inefficiencies. Excavating smaller tunnels is preferable for future site
investigations for several reasons (NWTRB 1993: 16). Smaller-diameter tunnels are more
stable structurally, particularly when excavating in fault zones and rock of low quality. They
could allow eliminating some or all ground support. They also would be less expensive

to maintain. A smaller TBM is more efficient and more cost-effective because a smaller-
diameter TBM advances faster through rock. Construction risks, delays, and expense also
increase with increased tunnel size. More time is required to install additional rock support
where needed and more frequent TBM maintenance is needed because of larger, less
reliable components and more frequent cutter changes. In addition, because DOE planned
to incorporate the ESF into the repository, costly and time-consuming quality-assurance
procedures that would be unnecessary for a site-characterization construction project

were required. A possibly overriding, although nontechnical, reason for not using tunnel
diameters larger than necessary for site characterization might be to avoid any appearance of

prebuilding the repository.

Future repository developers should carefully consider (1) the size of tunnels needed for site
characterization; (2) the use of off-the-shelf excavating equipment when possible; and (3)

obtaining assistance from geoengineering experts early in the decision-making process.
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3.4. ENGINEERING AND PROTOTYPING
Engineering Program

DOE initially viewed the Yucca Mountain program primarily as a science program with a
straightforward objective: gather and analyze sufficient information to determine whether
Yucca Mountain is a suitable site for a deep geologic repository. Although there were

many positive early indicators that geologic disposal in a thick unsaturated zone in the

arid Southwest would be satisfactory (e.g., Winograd 1974; Roseboom 1983), there was
insufficient information to be certain. Information was gathered and analyzed, and, at some
point, DOE determined that the site was suitable.”

At that point, what had been a science program became an engineering program. That did
not mean that the need for science vanished or even decreased. In fact, science continued to
have an important role in providing information for design and for the TSPA-LA, a critical
element of the license application. Rather, it meant that the objective of the Yucca Mountain
program had changed. No longer was the objective to determine site suitability and thus
whether the Secretary of Energy should take the formal step required by Section 114 of

the NWPA of submitting a recommendation to the President that the President approve
Yucca Mountain as a site for repository development. Now the objective was to do what was
necessary to design, license, build, and operate a repository at Yucca Mountain within the

framework of the U.S. waste-management system.

In the context of a long-term repository, the term “engineering program” means a

large, complex project that involves siting, design, permitting, licensing, construction,
and operation; that lasts many years; and that requires a substantial amount of science
and technology, some of which may be new. An engineering program first needs to be
recognized as such, and then it needs to have a management and organizational structure
that can integrate all aspects of the project, including public information, scientific
studies, site characterization, engineering development and testing, design, procurement,
construction, operation, and closure with an overall view of the whole system. Continuity
of managerial and technical leadership, consistent funding, and the right incentive
structure for completing the work are essential pieces and parts of the successful structure.
Many scientific investigations may be needed to support the program, but management
cannot lose sight of the fact that the science is there to support the needs of the

engineering program.

The design of a deep geologic repository at Yucca Mountain was, by its very nature,
an engineering problem of the first order. It had a clear objective, involved numerous

constraints, presented unprecedented challenges, and required many choices to be made—

»Pinpointing exactly when DOE made that determination is difficult, but it came well before the formal
determination by the President and Congress in 2002.
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all hallmarks of a classic engineering design problem. However, this was a design problem
the likes of which humanity had never before attempted, because it involved a time scale that
required predictions of material and system behavior tens and hundreds of thousands of
years into the future. Some perspective on the uniqueness of this temporal projection comes
from the realization that the most ancient monuments of past engineering achievement,

such as Stonehenge and the Pyramids, are barely five thousand years old.

The approach to any engineering problem takes advantage of experience and scientific
knowledge. In the case of a repository in Yucca Mountain, at the outset there was little direct
repository-engineering experience, and the available scientific knowledge had significant
gaps. Natural analogs can provide some insight and guidance for making design decisions,
but such “found experiments” are rare and their lessons are limited by the very fact that they
are analogs rather than models. There was, of course, experience in relevant technologies,
such as mining operations, and knowledge of basic scientific principles, such as subsurface
hydrology, but this experience and knowledge had to be adapted to the new conditions,

constraints, and challenges of the unprecedented problem of a repository.

Engineers are used to working with a paucity of experience, and they have demonstrated
time and again that new challenges can be met. The Manhattan Project and the Apollo
Program are two outstanding examples of first-of-a-kind challenges to engineers. The two
programs were unique in the need for collaboration between engineers and scientists. The
Manhattan Project launched nuclear energy, and the Apollo Program was the outstanding
early accomplishment of human space flight. The naval nuclear propulsion program
provides a similar story of a successful engineering program. It seemed to the Board that
DOE was not exhibiting the same commitment to the engineering-development process in

the Yucca Mountain program.

Gaps in scientific knowledge often can be filled by the results of research programs, and this
was what the Yucca Mountain program seemed to focus upon. Even after site suitability had
been established, many open questions remained about such phenomena as the movement
of water in the unsaturated zone and the corrosion of metals in an oxidizing environment,
and the questions presented relatively well-defined engineering-scientific problems about
which researchers could hypothesize, devise experiments, collect data, and present results.
Because the areas of research were unexplored, the work produced new knowledge. The new
knowledge clearly benefited the models used in the probabilistic risk assessments that were a

principal part of the license application.

Science and the preparation of a license application, including probabilistic risk assessments,
tended to overshadow the design aspects of the Yucca Mountain program, which continued
to be a neglected area. When public presentations were made on the design of surface

facilities, for example, their content often lacked detail. It became increasingly obvious
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that the engineering aspects of the program were subordinate to the scientific and license
considerations. When questions were raised about prototyping and demonstration
programs, they were dismissed as less important because the equipment involved was
commonly used in mines and other analogous operations. This may well have been the
case for the invert, but the application of the equipment for emplacing drip-shield sections,
for example, was as unique as the drip shield itself and should have been the subject of

a well-considered prototyping program culminating in a full-scale demonstration that

the tasks could indeed be carried out successfully. In a recent presentation to the Board,

a seasoned mining engineer pointed out the uniqueness of the drip shield and the drip-
shield emplacement device, as well as the difficult conditions for drip-shield emplacement
(Kendorski 2005).

Although DOE began transitioning from a science program to an engineering program
in the late 1990s, engineering did not seem to arrive at its proper place in the Yucca
Mountain program until about mid-2006, when DOE management acknowledged that
engineering should be driving the program. That led to the completion and submittal of
the long-overdue license application to the Nuclear Regulatory Commission. However,
with the subsequent decision by the Administration to terminate the Yucca Mountain
program, deep geologic disposal activities have been relegated to a small, generic
science program in DOE’s Office of Nuclear Energy, pending recommendations from
the Blue Ribbon Commission on America’s Nuclear Future and subsequent action by

Administration and congressional policy-makers.

Among the principal lessons learned from the Yucca Mountain program should be that an
engineering program should from the outset be recognized as such and be managed and
operated accordingly. This means that it should be viewed not so much as a research and
development program but rather as a development and research program, with the engineering

goal of developing the final design for a repository being foremost.

The ultimate design and operation of the system always should motivate the objectives
of the appropriate scientific research and expect them to be in service to the engineering
objectives. The aerospace engineer Simon Ostrach has described such prioritizing as
Research for Development (R4D), with the design objective in the driver’s seat (Ostrach
2008). Admiral Rickover’s nuclear naval propulsion program was an excellent example of

the success of this philosophy.

Another lesson is that of the need for continuity of management, personnel, and funding.
Contractors came and went, and managers cycled in and out, while the amount of money

available in the next fiscal year was always in doubt and not under the control of the
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management of the program. Any engineering program would benefit greatly from having
a dedicated organization that would maintain continuity of its personnel, especially of its

management and principal engineers and scientists.

Prototyping

The French, whose success in the development and use of nuclear power is well known, have
done significant prototype testing of the engineered systems they plan to use in relation to
waste disposal. When the Board visited nuclear development sites in France in 2008, the
French commitment to prototype testing was clear. Not only would such testing serve to give
the public confidence in the approach being used but it also would provide a firm basis for

the French license application.

Similarly, Svensk Kéarnbranslehantering AB (SKB), the utility-owned company responsible
for the Swedish waste-management and repository programs, has had prototype programs
under way for many years for the waste package, for the equipment used to weld the lid

onto a loaded waste package, and for the equipment used to emplace the waste packages

in the repository, as well as other novel equipment items. As in the French program, these
prototype efforts build public confidence, help explain the program, and provide valuable
information for a license application. Tangible, working items at or near scale that can

be observed and discussed help build public confidence (Coleman 2010). Several Board
members visited the Swedish and Finnish repository programs in 2006. Sweden and Finland
cooperate closely in repository development because they plan to dispose of high-activity

waste in similar geologic media using the same repository design.

Prototyping and testing of engineered systems are necessary to enhance confidence in their
feasibility and to adjust designs. Any engineered barrier system is likely to have unique
design features that are important for performance and that therefore need to be confirmed.
For example, in the Yucca Mountain design, the drip shield, the waste package, and the
pallet were in this category. In addition, equipment designed to emplace the drip shield and
waste package and the equipment used to make and examine the final closure welds of the

waste package also need confirmation.

To its credit, DOE began work on planning its prototype program in the mid-1990s, which
put the program on a fast track when site suitability was determined. However, the only
aspects of a prototype program that were implemented were the waste package and the
equipment for welding the double lids onto a loaded waste package, and these aspects
were only partially implemented. For example, at one time, nine full-scale waste package
prototypes were part of the planned waste package prototype program. Yet, the waste

package prototype program built only one full-scale waste package and several full-scale
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waste package sections. The information gained was invaluable and affected the final waste
package design. Early prototyping also demonstrated the impracticality of shrinkfitting the
two cylinders of the waste package together, so an early design that called for shrinkfitting
was rejected. Prototyping also exposed some issues in heat-treating the waste packages and
in the design of the weld grooves. The system for welding and inspecting the final closure
lids onto the waste package was developed at full scale by Idaho National Laboratory
personnel and demonstrated at full scale in Idaho Falls, Idaho. It was a success, although

only one full lid weld was performed.

At least the waste package prototype program and the final closure weld system produced
some results. DOE had prototype programs on the books for the drip shield, the pallet, the
invert, and the drip-shield emplacement equipment, but these programs never began. This
is a particularly significant omission for the drip shield and the drip-shield emplacement
equipment because TSPA calculations indicate that drip shields are important for repository
performance, at least with respect to the models implemented and their assumptions.

If the prototype programs for the drip shield and its emplacement equipment had been

implemented, the information obtained may have been useful in the licensing process.

Another obvious candidate for prototyping was the TAD canister. DOE issued two contracts
for designing and building a TAD canister. The contracts both produced designs, but the

contracts were terminated without fabricating prototype TAD canisters.

Future repository programs should include the development of prototypes of novel equipment
items, such as the waste package, the platform that the waste package rests on, any novel
instrumentation, and any novel equipment used to emplace, move, or install other

equipment items.

Drift Degradation During the Preclosure Period

Drifts normally degrade over time because of rockfall, flaking, dust, seepage, seismic events,
and other natural phenomena. This degradation process likely would deposit debris on the
invert, the rails, and the emplaced waste packages. The debris could obstruct the movement
of waste packages into the drifts, a process DOE intended to accomplish remotely using
emplacement vehicles. Clearing obstructions would be challenging because it also would

be done remotely because of the high-radiation environment. DOE assumed that there
would be no drift degradation at Yucca Mountain during the 50- to 300-year preclosure
period. DOE also had confidence that the emplacement-drift ground support system would
function effectively. The technical basis for DOE’s confidence was not apparent. Further,
DOE had not developed contingency plans for cleaning and removing debris from the
invert and the rails before emplacement of the drip shields. Future programs should take

potential preclosure drift degradation into account, particularly if the preclosure period is long.
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Future repository programs should systematically evaluate the likelihood and consequences of
drift degradation during the preclosure period and, if necessary, design appropriate measures
for preventing such degradation or mitigating its effect. Future programs also should consider

developing plans for cleaning and removing debris.

3.5. INTEGRATED TOTAL WASTE-MANAGEMENT SYSTEM
Transportation-Aging-Disposal Canister

The NWPA requires DOE to provide transportation casks and other equipment needed

for transporting SNF from commercial nuclear power plant sites to a repository site.
Beginning in the mid-1980s, DOE undertook the Cask System Development Program
(CSDP) and contracted with cask manufacturers to design transportation casks of four
sizes for transporting SNF from utility sites. The casks in the CSDP were being developed to
transport bare fuel without any internal canister. Before work on the CSDP was completed,
however, it was largely superseded by the Multipurpose Canister (MPC) program. In the
MPC program, multiple SNF assemblies would be contained in sealed thin-wall metal
canisters that would be placed in a range of casks for storage and transportation. The MPC

program was terminated by congressional action in 1996.

DOE’s most recent canister-design program was identical in concept to the MPC program.
In the new program, multiple commercial SNF assemblies would be placed in TAD canisters
at utility sites, and the canisters would be placed in a storage cask, a transportation cask,

or a disposal cask (waste package), depending on the next function for the loaded canister.
Movement of the SNF from one function to the next would simply be by moving the

loaded canister from one cask to another. Work on the TAD canister program began in
2005 (DOE 2007) but was halted in 2009, following initial actions by DOE to terminate the
Yucca Mountain program. The TAD canister program and the previous MPC program were
significant steps forward in recognizing the benefit of preventing repetitive handing of bare
fuel. The programs also introduced the concept of standardizing container designs, with the
attendant economies in package fabrication, loading, and subsequent handling operations.
Unfortunately, because these concepts were not successfully introduced in the program
earlier, there already is a large and growing quantity of SNF in storage at utility sites in a

wide and widening range of container types.

Two additional aspects of not introducing the TAD canister earlier in the program could
have proved problematic. By the time the TAD canister concept was introduced, waste-
package designs had been fixed and much of the conceptual design of the surface facilities
at the Yucca Mountain site had been completed, which limited the maximum size of a TAD
canister. Many reactor sites could accommodate a larger canister, however, and, in fact, are
using MPC-like dual-purpose (storage and transportation) canisters that are larger than

the largest TAD canister permitted by the Yucca Mountain program. In addition, DOE
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specified the capacity of the TAD canisters and the maximum length of the spent fuel that
TAD canisters would be expected to accommodate. This resulted in a TAD canister design
that cannot accept some SNF, such as the SNF assemblies from South Texas Project reactors,
which are longer than the fuel used in other U.S. PWRs (~14 ft vs. ~12 ft). Future reactors
also could use this longer fuel. Future programs should consider the TAD canister concept
carefully because of its potential safety, handling, system-simplification, and cost advantages.
However, the programs should ensure that the sizes of the canisters are compatible with fuel

dimensions and the sizes of dual-purpose canisters.

Nuclear utilities are moving increasingly to dry-storage systems. For most dry-storage
systems, the SNF is sealed into large metal dual-purpose canisters, and the canisters are
placed in massive shielded casks or structures. As mentioned, many dual-purpose canisters
already are too large for the repository design in the license application submitted to the
Nuclear Regulatory Commission by DOE, and the trend is toward larger canisters. Other
canister issues also exist. For example, the nuclear criticality regulations for canisters
(either 10 CFR 63, which applies to Yucca Mountain, or 10 CFR 60, which applies to other
repositories) have not been tested through an entire licensing process. Thus, not known is
whether the dual-purpose canisters that already are loaded or will be loaded in the future
would meet the criticality requirements of the disposal regulations, especially for long-
aged and high-burnup SNE Certainly, however, the Nuclear Regulatory Commission
would have to allow burnup credit for both actinide depletion and fission products for
there to be any chance that dual-purpose canisters loaded with SNF could meet repository
regulatory requirements. DOE worked on the burnup credit issue for at least 15 years in
the Yucca Mountain program, although the degree of management priority accorded to
the issue varied widely. Because the burnup credit issue applies to any repository, DOE
should continue to vigorously pursue the burnup credit issue because it is important to storage,
transportation, and disposal of SNF.

The experience with TAD canisters and the fact that current dual-purpose canisters are too
large for the Yucca Mountain design in the license application argue strongly for addressing
the entire waste-management system from at-reactor to final disposal as a whole at the earliest

possible stage of any new program.

Future waste-management programs could benefit from any action that can be taken now, or
in the near term, to specify requirements for SNF package designs to utilities and cask vendors.
This would be in the overall interests of the program because it would prevent continuing the
loading of a wide range of container and cask types, which may result in a requirement for
repackaging before transportation of the containers and casks from the reactor sites or following
transportation to a repository. This is especially important for the utilities whose reactors will
reach their final shutdown date before the implementation of a disposal program for SNF

from commercial nuclear power plant sites.
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Transportation

As noted earlier, the TAD canister concept had the advantage of minimizing the handling of

SNE However, there are transportation issues involving TAD canisters.

Loading of TAD canisters at a commercial reactor site would require a handling system with
a minimum 100-ton lifting capacity. The current equipment configurations at many sites
would not meet this threshold (TriVis 2005). Each of those sites would require an upgrade
to its cranes’ lifting capacity, incurring significant expense and possibly creating operational
downtime. At some facilities, the extent of the required upgrading could be cost-prohibitive,
requiring other operations to be arranged, possibly including transportation of SNF from

the facility for loading into TAD canisters at another location.

At many sites, short-line (locally and regionally owned) railroads likely would have been
relied on for transporting TAD canisters and their overpacks to transfer points, where the
short-line railroads would connect with the mainline railroad network (DOE 2008a). Many
of these short-line railroads would require significant upgrades to meet DOE’s minimum
track-quality standards. If these short-line railroads could not be upgraded—perhaps
because of the expense involved—other, more logistically complicated, modes would have
had to be used.

Perhaps the major transportation issue, however, was the lack of connection of the Yucca
Mountain site to the national railroad infrastructure. Making the connection would

have required construction of a new 330-mile line from the Caliente, Nevada, mainline
railhead to Yucca Mountain at an estimated cost of approximately $3 billion (DOE 2008b).
Significant delays in constructing the new line would have reduced the efficiency of the
repository construction project, delayed the start of repository operations, and potentially
changed the characteristics of the waste stream arriving at the repository. If the new line
were never constructed, the feasibility of the entire Yucca Mountain program would have
been at risk. No contingency plan appeared to have been developed to address the possibility
that the new line might not be built (NWTRB 2004; NWTRB 2006).

In its surface-facility design and in its throughput analysis of the Yucca Mountain

receipt facility, DOE assumed that 90 percent of the commercial SNF would arrive at the
repository site packaged in TAD canisters, although this assumption was acknowledged

to be questionable. The 10 percent of the commercial SNF not packaged in TADs would
be received at the waste-handling facility (WHF) on the repository site, where the fuel
assemblies would be transferred to TAD canisters. However, the WHF was designed with
limited capacity, and if more than 10 percent of the commercial SNF did not arrive in TAD
canisters, backlogs would have been created, forcing additional amounts of commercial
SNF to be placed on storage pads. Alternatively, there would have been a need to construct
additional WHFs.
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This requirement for repackaging uncanistered SNF into TAD canisters at the repository site
may not, at first sight, appear to be an issue that has a particular bearing on the requirements
of the transportation system. Any difference between the quantities of SNF assumed to

be loaded in TAD canisters at the nuclear power plant sites and what might happen in
practice would change the numbers and types of casks needed for fuel storage, as well as

the requirement for cask-handling equipment, maintenance, and other issues, such as the
logistics of the transportation program. This underscores the requirement for recognizing
the interdependencies of the design of the fuel cycle and the program for transporting high-

activity waste.

The research and development plan developed by DOE’s Office of Nuclear Energy appears
to take the Yucca Mountain experience into account and to recognize the significance of the
transportation function as an important and integrated component of any system design
that emerges (Schwab 2010).

Integration of the Total Waste Management System

Despite the fact that the Yucca Mountain program is a total system consisting of waste
acceptance, transportation, handling and repackaging, emplacement, and eventual closure
and monitoring, there was little evidence of efforts to manage it as a total system until the
early 2000s. By then, a complicating factor had entered the equation: Utilities began to sue
DOE for nonperformance under the Standard Contract (10 CFR 961), and DOE would

not talk with utilities outside the courtroom, complicating understanding of characteristics
of the front end of the total system. Also complicating management of the program as

a total system was the organizational scheme chosen. Scientists and engineers stationed

in Las Vegas, at National Laboratories, or at the USGS offices in Denver were focused on
the repository. The responsibility for waste acceptance and national transportation was
located in Washington, D.C., and the majority of the people supporting those activities were
located there. Headquarters for OCRWM also was located in Washington, but the majority
of OCRWM employees were in Las Vegas. During the 1990s and before, scientists were
splintered into many independent groups by discipline and by their locations—many of
which were hundreds of miles from program offices in Las Vegas. Communication among
scientists, engineers working on the repository design, and analysts working on performance
assessments did not result in effective coordination. Despite the fact that waste management

and disposal is a total system, it was not being recognized and treated as one.

Regardless of the institutional form selected for future repository programs, they are likely
to face the same issues of communication and coordination among scientists, engineers,
and performance-assessment analysts. Handling and transportation of the waste need to
be resolved in a timely manner to ensure that schedules are met for testing, startup, and

successful operations. For the Yucca Mountain program, there was little evidence that such
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activities were effectively integrated into the overall program plan, particularly in relation to

the program schedule.

Ultimately, the success of the Yucca Mountain repository as a total system would

have depended on the smooth integration of its transportation, surface facility, and
emplacement operations. There were computer simulations of the integrated system,

but, except in a notional sense, they did not and could not incorporate the real-world
complications of system and machinery bottlenecks and breakdowns, not to mention
downright inoperability for reasons revealed only in a full-scale or near-full-scale pilot
plant. As a result, the design and functionality of the repository surface facilities were

not well integrated with the balance of the waste-management system. Information was
lacking on a comprehensive integrated throughput model for the surface facilities with
time steps compatible with the task durations. The assumptions that input for each facility
would be available when needed and that output would be removed when processing

is complete do not represent a realistic situation, nor was any justification for the
assumption of an availability®® of 75 percent provided. Too few operational details were
presented to the Board to obtain an understanding of the various operations and how they
interacted, especially during upset conditions. Future programs must take integration of

the entire system into account.

Managing High-Burnup Spent Fuel

Before 2000, most fuel discharged from nuclear power plants in the United States had
burnups below 45 GWd/MTU, which is considered the threshold for high burnup. SNF
burnups of 45-50 GWd/MTU are typical currently, and burnups of over 60 GWd/MTU are
expected to be routine in the future. Consequently, although there is considerable experience
with storage of low- to moderate-burnup SNE both in reactor pools and at dry-storage
facilities, there is little experience with storing high-burnup SNE the likely dominant SNF

form requiring future storage.

In parallel with the trend to higher burnups, the likely storage period for SNF before
processing or disposal has been increasing, with storage periods of 100 years or more

now foreseen. The termination of Yucca Mountain is one of the principal reasons for this
increase. Although the performance in the reactor of fuels designed for higher burnups is
established, the effect on fuel integrity of storage over such long periods and the subsequent
behavior of that fuel in handling or transportation is not known, particularly for high-
burnup SNE

%6 Availability is the time that a structure, system, or component is capable of performing its intended func-
tion as a fraction of the total time that the intended function may be demanded (NEI 2007).
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Under the current U.S. regulatory framework, a safety basis has been demonstrated by
licensees for dry storage of SNF for 60 years. A safety basis has not been developed, however,
beyond this period of time. Of particular concern are the potential effect of long-term aging
on SNF and the degradation of storage-system structures and components, both of which
have implications for cladding integrity, criticality safety, and offsite radiation dose in both
normal and off-normal conditions. Complicating matters is the fact that the dry-storage
systems have varying contents, designs, and applications, as well as being located at different
facilities with different environments. Consequently, there is not yet adequate experience

to give the necessary assurance that SNF and the storage canisters in which it is loaded will
be in a suitable condition for future transport operations after extended storage periods.
Moreover, the extent to which the fuel may need to be repackaged before transport also is

not known.

DOE, the Nuclear Regulatory Commission, and the nuclear industry have recognized

the need to approach high-burnup considerations as an integrated system involving
interdependencies among storage, transportation, disposal operations and, potentially,
reprocessing. The goal of this effort is to take these considerations into account as new fuel

designs and transport packages are developed.

There is another issue that has not yet become a focus of the nuclear industry, although there
is an increasing realization that it must be addressed. Although the performance of advanced
fuel designs in the reactor is well-established, the need to extend the periods during which
SNF will require storage means that it is important also to take this into account in the
design of new fuel types. A small penalty in fuel performance in the reactor resulting in a
major advantage during the storage, transport, and disposal of SNF could have significant
overall economic benefit for the nuclear power plant operator; these sorts of trade-offs
warrant detailed assessment. These developments, both individually and collectively,

offer opportunities for fully recognizing interdependencies in the transportation waste-

management system as part of the system design process.

3.6. PERFORMANCE ASSESSMENT AND INTEGRATION
Performance Assessment

Given the enormous problem complexity and inherent uncertainties, probabilistic modeling
and simulation is the only viable way to predict quantitatively the long-term performance

of a geologic repository such as Yucca Mountain. The well-established discipline of
probabilistic risk assessment (PRA) provides the necessary methodological framework,
modeling principles, and tools for this purpose. PRA is of particular value when the
likelihood of possible future states of the physical system and governing phenomena are
poorly known and are best described by discrete or continuous alternative scenarios. In that

case, PRA provides a probabilistic framework that couples the scenarios with deterministic
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representations of the underlying system and processes. The probabilistic model used by
the Yucca Mountain program is known as Total System Performance Assessment, or TSPA.
DOE developed numerous iterations of TSPA in the course of its investigations of Yucca
Mountain. The first iterations were rudimentary, although the most recent iteration, known
as TSPA-LA (license application), was the most sophisticated. TSPA-LA represented the
culmination of the most thorough study of the performance of a geologic repository for

high-activity waste ever performed by U.S. scientists and engineers.”

Although TSPA-LA deviated from some of the more-accepted PRA practices in modeling
risk scenarios and in final representation of risk metrics, as discussed la