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Abstract

Methodologies for the evaluation of nuclear waste management strategies and
applications to advanced fuel cycles

by

Miloš Ivo Atz

Doctor of Philosophy in Engineering – Nuclear Engineering

University of California, Berkeley

Associate Professor Massimiliano Fratoni, Chair

One of the unresolved hurdles facing present and future nuclear energy systems is
waste management. Recent efforts to identify promising fuel cycles have attempted
to value waste management through metrics reflecting intrinsic characteristics of the
wastes rather than the environmental impacts, risks, and challenges involved in their
disposal. This dissertation applies three waste management models to a broad set
of fuel cycle options to explore the relationship between fuel cycle characteristics
and waste disposal. First, long-lived fission product inventory is used as a proxy
for repository performance, avoiding the computational expense and complexity of
a full performance assessment. Second, the attractiveness for diversion and recovery
of fissile materials from waste streams for potential proliferation is evaluated using a
figure of merit, which values the quality of the material and its retrievability. Finally,
repository area and surface storage requirements are determined based on thermal
constraints for waste disposal in three geologic environments.

These models are used to analyze fuel cycle options taken from the Fuel Cycle
Evaluation and Screening (FCES) study. A Python package has been developed to
characterize waste streams using FCES data including mass balances, discharged
fuel composition(s), and details about fuel cycle technologies such as reactor type
and reprocessing method. The package extends the FCES mass flow calculations to
include waste package loading for spent fuels and waste loading fraction for high-level
wastes. Benchmarking against FCES metric results demonstrates good agreement.

The long-lived fission product inventory is shown to be sensitive to reactor thermal
efficiency — because reactors that are less efficient are required to produce more fis-
sions — and to the extent of recycling, because the recycled fissile material generally
has greater long-lived fission product yield than enriched uranium. Specific fission
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product isotopes demonstrate sensitivity to fuel isotope, neutron spectrum, and res-
idence time. Fissile material in all waste streams is shown to become attractive for
recovery from waste as the self-protecting dose rate decays, but the time before that
occurs is longer for high-level wastes that concentrate highly radioactive nuclides.
Because high-level wastes are more dilute in fissile material, more waste packages
need to be intercepted to obtain usable quantities of fissile material. The area and
storage time requirements are shown to be highly sensitive to thermal properties
and constraints of repository design. Fuel cycles recycling long-term heat-generating
transuranic isotopes in fast reactors perform well, whereas those that utilize limited-
recycling of actinides perform poorly. Parametric analysis of waste package and
waste form loading with respect to these metrics demonstrates opportunities for the
integration of fuel cycle operations and waste management.
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Chapter 1

Introduction

Commercial nuclear power produces carbon-free, baseload electricity, an important
resource for a world increasingly concerned about the negative e�ects of greenhouse
gases on the climate. Nuclear power is also energy-dense, enabling signi�cant en-
ergy generation from relatively small amounts of natural resources and with small
areal footprint1. Because of this, it can be a sustainable way to generate electricity
while preserving the inhabited and wild environments. However, nuclear power faces
many hurdles to increased deployment, one of which is nuclear waste management.
Commercial nuclear power operation produces used nuclear fuel and high-level waste
that remain radioactive for millennia. Current consensus is that �nal disposal of the
wastes will take place in a deep geologic repository. The repository system is designed
to inhibit the release of radiation to the biosphere. Although some countries have
been successful in licensing and beginning construction of geologic repositories for
commercial nuclear waste, many others have made little progress or have experienced
signi�cant setbacks. That no repository in the world is yet in operation illustrates the
di�culty associated with repository siting, development, licensing, and operation.

The current lack of a �nal disposal solution for nuclear waste in most countries
has been a signi�cant driver for research and development (R&D) focused on nuclear
energy systems that improve waste management and reduce long-term risks of dis-
posal. From this view, di�erent or advanced fuel cycles may potentially reduce risks
by reducing the waste mass through improved fuel utilization. Doing so will also
alter the composition and characteristics of the waste. In the United States, nuclear
power is generated in light water reactors (LWRs) and current policy mandates that

1Burning 1 kg of coal releases about 23 MJ of thermal energy [1]. By contrast, the enrichment
of 1 kg of natural uranium (0.71 wt% U-235) produces 0.096 kg of reactor-grade uranium with 5
wt% U-235; total consumption of that U-235 (200 MeV per �ssion) yields 397,500 MJ of thermal
energy.
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the used fuel be directly disposed in a geologic repository. A di�erent fuel cycle may
incorporate new reactors with very di�erent characteristics than LWRs, as well as
recycling schemes to reuse various �ssile and �ssionable isotopes or destroy undesir-
able nuclides in the waste. The processes implemented in these fuel cycles will alter
the conditions of the waste in ways that a�ect its management and disposal.

Due to the vast range of possible combinations of nuclear technologies to achieve
di�erent fuel cycles, comparative analysis must be performed before development
to improve allocation of R&D resources toward promising options. Waste manage-
ment should be an aspect of that study to understand the environmental impact of
wastes from di�erent fuel cycles. Given that waste management has so far been a
signi�cant challenge for nuclear energy development, a fuel cycle system that o�ers
improvements in waste management may be considered signi�cantly more attractive.

Many comparative fuel cycle studies, such as the U.S. Department of Energy Fuel
Cycle Evaluation and Screening and Advanced Fuel Cycle Initiative Options studies,
consider waste characteristics as metrics for evaluating and ranking di�erent fuel cy-
cles. In these analyses, simple metrics like total mass, radioactivity, and radiotoxicity
are employed. However, radioactivity and radiotoxicity are not measures of waste
management strategies, risks, or impacts [2, 3, 4]. Instead, these metrics indicate
the risks of exposure to or ingestion of the material itself and are intrinsic character-
istics of the waste streams. They neglect the technologies and barriers involved in
waste management operations and the isolation and entombment provided by deep
geological disposal. Analysis of these systems can require complex, computation-
ally expensive models. For example, the risks posed from permanent disposal of the
waste in a deep geologic repository are usually evaluated probabilistically through
repository performance assessment (PA) or similar comprehensive study to reect
the overall functionality of the disposal system and the behavior of radionuclides in
the greater geologic environment. The results from PA are weighed against indepen-
dently generated guidelines to make judgments about repository compliance. Given
the complexity of the analysis, PA is not appropriate for the comparison of hypo-
thetical fuel cycles for which many details about the reactor(s), recycling schemes,
and waste forms are assumed or unknown.

This distinction divides the majority of past studies on the impact of fuel cycle
on waste management and repository performance. Studies aiming to compare many
fuel cycles often utilize waste radioactivity and radiotoxicity as performance metrics,
avoiding the complexities of considering management operations and repository con-
ditions. By contrast, the studies focused on more speci�cally on waste management
or repository performance account for these complexities, but often examine only one
or a few fuel cycles, including the current once-through LWR system. This divide
has created a knowledge gap that has been �lled by extending reactor and subsurface
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transport theories to explain unstudied cases.
This chapter summarizes past research at the intersection between nuclear fuel

cycles and environmental impacts of waste management and disposal. Then, that
historical perspective is put into context alongside the present outlook for advanced
reactor and fuel cycle development. Finally, the scope of this dissertation is intro-
duced.

1.1 Literature review: nuclear fuel cycles and
waste management

1.1.1 Historical perspective

In the early years of nuclear power development, technologists were optimistic about
the future of nuclear energy and the implementation of waste management solutions
[5]. Because implementation of advanced fuel cycles seemed inevitable, a signi�cant
amount of the past research into their environmental impacts has assumed that one
of the primary goals would be to improve waste management. The strategy of utiliz-
ing an advanced fuel cycle with the express purpose of improving waste management
is referred to as partitioning and transmutation (P&T). Partitioning is the physical
or chemical treatment of nuclear wastes to separate reusable nuclides, like �ssile and
�ssionable actinides, and elements containing isotopes unfavorable for disposal, such
as long-lived and mobile �ssion products. One method to handle these nuclides after
they are separated is transmutation. Transmutation is the process by which parti-
tioned nuclides are converted to short-lived or stable isotopes by nuclear reaction,
typically induced by neutron bombardment in nuclear reactors. Historically, inves-
tigations into the relationship between nuclear technologies, nuclear waste manage-
ment, and environmental outcomes have focused on P&T. This subsection examines
past work into P&T and contextualizes it with the current status of nuclear waste
management and present perspective of advanced fuel cycles.

The main incentive of P&T is the potential to reduce long-term risk from nuclear
waste disposal by decreasing the amount of long-lived radionuclides in the waste. A
signi�cant portion of the long-lived radioactivity in the waste comes from actinides
that can be �ssioned in nuclear reactors. To illustrate this point, Figure 1.1 shows the
radioactivity of di�erent species that comprise LWR spent fuel as a function of time.
After a few hundred years, the radioactivity is dominated by long-lived transuranic
isotopes and their decay products. Removal of these isotopes can potentially decrease
the amount of waste requiring disposal and decrease the isolation time required. In
addition, if �ssile nuclides are removed from the waste, the attractiveness of the
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Figure 1.1: Radioactivity (Ci/kg heavy metal) of actinide and �ssion product species
in uranium dioxide PWR used fuel over time. The fuel initial enrichment is 4.21 wt%
U-235 and �nal burnup is 50 GWd/t, achieved over 4.1 e�ective full-power-years.

repository for proliferation and the risk of waste re-criticality can be reduced or
eliminated [6]. Further, many argue that the separation of various nuclides from
the waste can decrease the heat generation rate, potentially altering favorable the
criteria by which a repository must be designed [7].

For decision-makers, the risks and costs of P&T against which the bene�ts must
be compared are (1) the increased health risk posed by P&T in the near future due
to the increase in fuel cycle activities, and (2) the increase in fuel cycle costs required
to implement P&T [8]. P&T is constrained by requirements on implementation and
performance. To implement P&T, reprocessing of nuclear waste is a prerequisite.
The total radiological hazard arising from nuclear energy production within the P&T
fuel cycle must be reduced, including the short-term hazard from P&T fuel cycle
operations. Additionally, the hazards and risk from secondary wastes from P&T
processes must be taken into account. If possible, the P&T system should be net
energy positive, and the system should be economical.

As nuclear power technology was emerging in the 1940s and 1950s, experts rec-
ognized the need to deal with nuclear waste but felt optimistic about the implemen-
tation of disposal solutions [5]. It was commonly assumed that nuclear fuel rods
from commercial power reactors would be reprocessed to recover and reuse pluto-
nium and �ssile uranium, as was done at the nuclear weapons site in Hanford. In the
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1960s, studies of various selected aspects of P&T were made but none was directly
concerned with the feasibility and overall incentives for implementation of the tech-
nology. All studies concerned with the long-term bene�ts were unrealistic in that
they relied on the toxicity index of the waste, which assumes direct ingestion of the
material without any change in composition [8].

In 1975, a PNL study investigated the long-term bene�ts of P&T while consider-
ing the leaching and transport of the waste from a repository to the biosphere. The
analysis was performed under conservative assumptions that served to maximize the
calculated radiation doses so as to overestimate the incentives for P&T while neglect-
ing the risk posed by partitioned nuclides and fuel cycle activities. It was found that
even under those conditions, the incentives for P&T were very small when compared
with normal background radiation [9].

In 1976, the U.S. national labs and a�liates began a three-year investigation com-
missioned by the U.S. Energy Research and Development Administration (ERDA,
now the Department of Energy) and headed by Oak Ridge National Laboratory
(ORNL) to build a meaningful and defensible evaluation of the P&T concept [10].
It was found that the technology required was deemed mostly feasible; all had been
veri�ed at the laboratory level and much at the hot, production-scale. The costs and
short-term risks, however, were shown to be high. The long-term bene�ts were small
even under conservative assumptions, amounting to only about 0.001% of the e�ects
of natural background radiation. The study concluded that no incentives exist for
actinide P&T, but P&T of technetium and iodine, two long-lived and hydrologically
mobile �ssion products, may be worthwhile under (1) very conservative long-term
risk analysis assumptions, and (2) if feasible and e�ective P&T methods can be
developed for those nuclides [8].

Though numerous studies were subsequently undertaken in Europe, they were
generally similar to the ORNL study, and all found no incentives for P&T [8]. A
1982 International Atomic Energy Agency report [11] summarized that conclusion:
\Since the long-term hazards are already low, there is little incentive to reduce them
further by P-T. Indeed the incremental costs of introducing P-T appear to be unduly
high in relation to the prospective bene�ts."

In the 1980s and 1990s, the U.S. Department of Energy (DOE) sponsored the
Actinide-burning Liquid Metal Reactor (ALMR) program, an R&D project toward
a promising advanced fuel cycle. The concept proposed reprocessing thermal LWR
used fuel for use in the fast ALMR. The fuel cycle would recover and recycle all
actinides (including neptunium, americium, and curium). Studies into this speci�c
fuel cycle found little incentive for the program from a waste management perspective
[2, 12]. Additionally, it was shown that implementation of the concept would result in
a substantial buildup of actinides and reduction factors of 1000 could only be achieved
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after 10,000 years of sustained ALMR operation [13]. Ultimately, the ALMR program
was discontinued.

During this time, the focus for waste management began to shift toward direct
disposal of LWR spent fuel as inventories swelled and advanced fuel cycles remained
distant. A site in Nevada, Yucca Mountain, had been chosen as the sole site for
research and development of a national geologic repository, and much of the work
on repository performance assessment focused exclusively on the site. Signi�cant
advances were made in the understanding of subsurface radionuclide transport be-
havior and models for the performance of geologic repositories for direct disposal
of LWR spent fuel. Nevertheless, the studies into the impact of waste transmuta-
tion continued and incorporated the knowledge gained from repository development.
Numerous academic works were published on the e�ects of fuel cycle on generic repos-
itory performance [6, 14, 15, 16]. The goal of this research was to better characterize
the impact of P&T on repository performance by improving the repository models.
They found that repository performance could be improved in the very long term
by reducing the inventory of long-lived actinides in the waste, but stopped short of
concluding that this indicated positive waste management incentives for P&T.

1.1.2 Current context

Although the Yucca Mountain Repository (YMR) project has been stalled since 2011
and its future remains uncertain, the U.S. nuclear waste management policy remains
focused on direct disposal of spent nuclear fuel. Today, it appears increasingly un-
likely that any nuclear technology will alter the direct disposal pathway for most of
the existing stock of LWR spent nuclear fuel due to the vast inventory and time and
expense required to process it. About 2000 tons of spent fuel are produced in the
U.S. each year, adding to an inventory of over 70,000 metric tons of heavy metal
(tHM) [17]. In France, a country that has pursued reprocessing of spent fuel, the
rate at which spent fuel is reprocessed is about 1000 tons per year [18]. Developing
the capability to process fuel at a rate that outpaces the annual discharge of new fuel
and can reasonably handle the existing inventory seems out of reach. Instead, it is
more likely that any advanced fuel cycle implemented in the U.S. will be in addition
to the development of a repository for the direct disposal of existing spent nuclear
fuel.

This perspective coincides with the conclusion that the improvement in manage-
ment and disposal risks from P&T on existing wastes do not warrant their adoption.
Further, nuclear energy no longer seems to be an inevitable development. For the
next generation of nuclear reactors, nuclear waste is a burden to be mitigated and
dealt with as economically as possible, rather than a central theme to the technology.
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Other incentives, such as safety, proliferation resistance, and resource sustainability
have emerged as the primary technological drivers. But because waste will always
require management, a fuel cycle that o�ers bene�ts should be viewed as more at-
tractive.

This has been the perspective taken in more recent fuel cycle analyses. In the
early 2000s, the U.S. DOE began the Advanced Fuel Cycle Initiative, which included
research programs addressing many technical challenges associated with the imple-
mentation of advanced fuel cycles. One of those areas was an Options Study [19],
which examined the issues facing nuclear power and made recommendations for fu-
ture nuclear strategies. Fuel cycles were broadly categorized in groups based on the
extent of recycling:

� Once-through: nuclear fuel is passed through a reactor once and then directly
disposed of in a geologic repository.

� Limited-recycle: used nuclear fuel is reprocessed a �nite number of times but
at some point is directly disposed as spent fuel.

� Continuous-recycle: nuclear fuel is continuously reprocessed and recycled, and
only high-level wastes from reprocessing operations are sent to the repository.

The Options Study identi�ed �ve performance measures for nuclear waste man-
agement: repository peak dose rate, radiotoxicity of the wastes, mass and volume of
the high- and low-level wastes, interim storage requirements, and decay heat load. Of
these, they expected that only the continuous-recycle options could o�er signi�cant
bene�ts over the current once-through fuel cycle. As a continuation of that work, in
2011 the U.S. DOE commissioned the Fuel Cycle Evaluation and Screening (FCES)
study to generate and compare data for a wide variety of potential fuel cycles [20].
The goal of the FCES study was to help direct R&D toward promising fuel cycle
options and technologies. Six evaluation criteria categorize the relative bene�t of
each fuel cycle over the current once-through LWR system. One of these criteria
was waste management, which was assessed based on spent fuel and high-level waste
mass, radioactivity at �xed times, and estimates for the accumulation of low-level
radioactive byproducts (such as unused depleted or recovered uranium and low-level
waste generated in fuel cycle facilities).

The DOE FCES study leaves an opportunity for further analysis on the implica-
tions of the fuel cycle on waste management and disposal. Mass, volume, radioactiv-
ity, and radiotoxicity of the waste alone are not measures of disposal risk. Although
the FCES covers the measures identi�ed in the Options Study as being most likely
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a�ected by di�erent fuel cycles, it produced data that enables calculations regarding
other waste management considerations.

1.2 Scope of the dissertation

The goal of the study presented in this dissertation is to develop and apply models for
evaluating di�erent impacts of waste management and disposal to a comprehensive
set of fuel cycles. These models are applied to the fuel cycles in the FCES to compare
and contrast di�erent aspects of their waste management. This study adds new
perspective to the conclusions derived from the FCES by integrating key aspects of
fuel cycle and waste disposal performance.

This study is also unique with respect to the extent of the analysis. Never before
has such wide-ranging and standardized fuel cycle data been made readily available
for this type of study. Whereas most previous studies in this area compared a single
or a few advanced fuel cycles to the current once-through cycle, the FCES provides
data for 40 fuel cycles. Additionally the uncertain political situation surrounding
YMR warrants more general disposal studies encompassing a variety of possible site
geologies. Together, these aspects of the project allow for broad comparison of fuel
cycles in tandem with varied repository settings and concepts.

This chapter explored the past work into the relationship between nuclear energy
technologies and the environmental impact of waste management. This sets the stage
for the technical description of the models used to explore the impact of fuel cycle
on waste management, which are introduced in Chapter 2. Chapter 3 describes the
determination of nuclear waste characteristics from di�erent fuel cycles and the data
and assumptions that underlie those calculations. Results generated from applying
the models introduced in Chapter 2 to the fuel cycles introduced in Chapter 3 are
presented in Chapter 4. Finally, conclusions and discussions are made in Chapter 5.
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Chapter 2

Methodology

Additional analysis is required to better understand the relationships between fuel
cycles and the management of their wastes. Properties intrinsic to nuclear wastes,
such as mass and radioactivity, do not provide comprehensive perspectives on waste
management. Using waste properties as inputs to waste management models can
enable further insights into waste management strategy, risk, geological repository
design, and environmental impact that can improve the basis for fuel cycle compar-
ison. Unlike detailed performance assessments, these models should be relatively
inexpensive to run, allowing for broad parametric and sensitivity studies. These can
indicate promising fuel cycle options and identify important parameters that require
more study to reduce uncertainty.

In this chapter I introduce and discuss management models that can be used to
compare di�erent fuel cycles. In the �rst section, I describe the characterization of
the materials in fuel cycle waste streams, which can yield data for input in subsequent
models or which can be useful on its own given su�cient context. The second section
describes a model for evaluating the areal footprint of generic, close-contact geologic
repositories based on thermal constraints. I discuss the adoption of the thermal
constraints, the heat transfer model used to evaluate them, and conceptual repository
designs and material properties used in the analysis. In the third section, I present
a neutronics model that can be used to screen the possibility of criticality in the far
�eld of geologic repositories. If under conservative conditions the minimum critical
mass of �ssile material in wastes from a given fuel cycle is greater than the repository
inventory, criticality need not be considered as a potential hazard for that fuel cycle.
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2.1 Characterization of fuel cycle waste streams

Waste management analyses requires detailed data characterizing the waste. The
properties of the waste are the link between the fuel cycle that generates it and the
strategies and risks involved in managing it. In this section, I describe di�erent values
of interest that characterize waste streams. The data generated by characterizing
fuel cycles | mass, volume, heat, radioactivity, radiotoxicity | may not be su�cient
on its own, but it can be used as input to subsequent waste management models.
The �rst subsection covers relevant intrinsic properties of the waste streams that are
important inputs for waste management models.

To be useful on its own, intrinsic or bulk material property data requires context.
In the second and third subsections, I discuss that context for two applications of
material data. First, waste stream composition can be used to assess long-lived �s-
sion product (LLFP) inventory, which I apply as a proxy for repository performance.
Second, intrinsic material properties can be used to calculate a �gure of merit for
material attractiveness that describes the desirability of material for weapons prolif-
eration.

2.1.1 Determination of waste characteristics

The characteristics of nuclear waste are governed by the fuel cycle that generates
it. The primary waste characteristic is the waste composition. Secondary charac-
teristics arise from composition, including decay heat, radioactivity, radiotoxicity,
and �ssile enrichment. Together, these characteristics are required inputs for waste
management models. As an example, in repository performance assessments, time-
dependent radionuclide inventories are required to determine the source term and
release rates. For another, to calculate radiation dose rates emitted from waste
packages, the source spectra and strength, which in turn depend on the radionuclide
inventory, must be known.

For this work, the most important characteristics of the waste streams produced
by nuclear fuel cycles are the mass, composition, and decay heat of each stream,
which are required for the models described later in this chapter. Changes in nuclear
material composition | and therefore its characteristics | after material is removed
from a nuclear reactor are dominated by radioactive decay, which can be described
with a set of coupled equations called the Bateman equations, shown in Equation
2.1.
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dX i (t)
dt

=
NX

j =1
j 6= i

�
l ji � j X j (t)

�
� � i X i (t): (2.1)

In Equation 2.1, X i is the amount of nuclide i . The �rst term describes the
generation of nuclidei from all other nuclidesj , of which there areN total. l ji is the
branching ratio, or the fraction of decays of nuclidej that result in the formation of
nuclide i and � j is the decay constant for nuclidej . The second term describes the
decay of nuclidei .

Solving Equation 2.1 yields the time-dependent nuclide composition of material
undergoing radioactivity decay, such as nuclear waste. The composition can be
transformed into other values, such as decay heat or neutron and gamma emission
spectra using conversion factors associated with each nuclide in the material. Because
N is large for nuclear waste (usually greater than 1000), Equation 2.1 is solved
using software. In this work, the decay calculations are performed using ORIGEN-S
and unit conversions are performed using OPUS, both of which are modules in the
SCALE-6.2 software suite [21].

Solution of Equation 2.1 yields important values for this work, including the
inventory of problematic radionuclides and the �ssile enrichment of the actinides that
remain in the waste, the analysis of which are described more in Subsections 2.1.2 and
2.1.3. Additionally, the solution provides data required for determining the waste
package inventory generated by the fuel cycle and the total decay heat generated
by each package, values required for the repository footprint analysis presented in
Section 2.2.

2.1.2 Long-lived �ssion product inventory

Radiological impact, measured by dose to the biosphere, is used in the U.S. and else-
where as the standard risk-metric against which repository acceptability is judged.
Estimation of nuclear waste disposal risks is generally done for one of two purposes:
(1) licensing of a geologic repository, for which the site and proposed waste inventory
are known, and (2) evaluating the favorability of fuel cycle options. The former is
expensive, complex, and requires signi�cant data about the site, making it unreason-
able for comparison of hypothetical fuel cycle options. Simple metrics are preferable
for this purpose, but in practice, risk is often reduced to easily obtained waste char-
acteristics such as mass or radiotoxicity, which do not reect many important aspects
of geologic disposal [3, 4].
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In reality, the repository relies on multiple barriers to delay and dilute the ra-
dionuclides that contribute to dose. By delaying release with engineered barriers,
the repository allows many shorter-lived radionuclides to decay. Processes that take
place in the natural barrier can physically hinder radionuclide transport or can sep-
arate radionuclides based on chemical behavior in the geologic environment. The
result of these considerations is that the radionuclides that are most important to
repository performance are not necessarily those that contribute to overall waste
mass or radiotoxicity.

Previous work [4] studied these simple metrics for risk and proposed a new met-
ric: long-lived �ssion product inventories. In a review of performance assessments
performed for repositories located below the water table in di�erent geologic envi-
ronments, the authors found that �ve of the seven main contributors to dose out
to one million years were long-lived �ssion products: Se-79, Tc-99, Sn-126, I-129,
and Cs-135. Their half-lives and maximum permissible concentrations (MPC) for
ingestion in water [22] are tabulated in Table 2.1.

Table 2.1: Long-lived �ssion product characteristics

Isotope t1=2 (y) MPC ( � Ci/mL)

Se-79 1.13e+06 8e� 06
Tc-99 2.11e+05 6e� 05
Sn-126 2.30e+05 4e� 06
I-129 1.57e+07 2e� 07
Cs-135 2.30e+06 1e� 05

The generation of LLFP in nuclear reactors is governed by �ssion yield, which
in turn depends on the isotope undergoing �ssion and the energy at which �ssion
takes place. LLFP and their precursors are also consumed in reactors by reactions
with neutrons. In theory, then, it should be possible to use these relationships
to trace LLFP generation to fuel cycle options. Although additional complexities
exist, qualitative fuel cycle characteristics such as neutron spectrum (e.g. fast versus
thermal) and primary fuel isotopes can be categorized.

The LLFP inventory in nuclear wastes is based wholly on the waste composition.
Because they are long-lived, time-dependent analysis is not required. Further context
can be gained if the waste form is speci�ed and its loading fraction is known. These
details are elaborated upon in Chapter 3.
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2.1.3 Material attractiveness �gure of merit

Much of the focus on advanced fuel cycles centers on proliferation and theft resis-
tance. Fuel cycles that separate �ssile materials for recycle in reactors pose nuclear
security risks by both state and non-state actors. However, using the attractive-
ness of materials within the fuel cycle as a basis for fuel cycle comparison has been
deemed insigni�cant because attractive materials in most fuel cycle options can be
be replaced with unattractive materials by adjusting fuel cycle operating parameters
such as the reactor refueling time and the discharge burnup [23].

Although less desirable than relatively pure �ssile product separated and recy-
cled within a fuel cycle, waste streams containing �ssile materials require physical
security and International Atomic Energy Agency (IAEA) safeguards throughout
operational handling and past the point of geologic repository closure. As they are
moved and stored between points of origin and a repository, wastes may become
more vulnerable for diversion. For wastes emplaced in a repository, the IAEA has
noted that safeguards for geologic repositories may be required for thousands of years
[24]. Over time, radioactivity and heat-generation levels drop su�ciently to allow
for direct-contact handling of spent fuels [25] and it has been shown the plutonium
from aged spent fuel in a repository can be used to make a nuclear weapon [26].
Inde�nite surveillance and maintenance is neither sustainable nor does it agree with
the fundamental ethic of the geologic repository, which is to avoid imposing burdens
on future generations. Therefore, evaluating the attractiveness of waste materials as
potential sources of �ssile material for proliferation is an important perspective for
comparison.

2.1.3.1 Material attractiveness

The attractiveness of waste streams relates directly to fundamental fuel cycle choices
such as species recovered in reprocessing. The source of �ssile materials in nuclear
waste streams depends on the type of waste. Used nuclear fuels have residual �ssile
material left over from irradiation. The quality of this material is generally low, given
that one factor governing the removal of fuel from a reactor is a drop in reactivity as
�ssile isotopes are consumed by �ssion. By contrast, high-level wastes usually contain
some amount of unrecovered material due to imperfect separations. Fissile materials
may also be left wholly unrecovered by separations processes, such as TRU in a
process that recovers only uranium and plutonium for recycling. Complete analysis
of fuel cycle waste streams should include analysis of discharged used fuels even for
fuel cycles that utilize reprocessing because if nuclear power is ever discontinued, the
fuels in the reactors and those awaiting reprocessing may require direct disposal.



CHAPTER 2. METHODOLOGY 14

The characterization of material attractiveness depends on the threat and di-
version scenario. The capabilities of the actor | the person or entity seeking to
divert or steal nuclear material | a�ect the conservatism with which the material
attractiveness must be evaluated. Actors with signi�cant capabilities (such as state
actors) may possess reprocessing technologies and shielded facilities, enabling them
to more easily transform dilute, self-protecting waste materials into more attractive
products. As an example, although the initial material target may be used fuel from
light water reactors, actors with signi�cant capabilities may be able to recover pure
plutonium. In this case, the attractiveness must be evaluated for the pure plutonium.
By contrast, actors with relatively few capabilities are more limited in the ways that
they can transform materials after diversion. Non-state actors such as terrorists may
not have shielded facilities or the ability to reprocess used fuels. Therefore, the at-
tractiveness should be evaluated for the material that is stolen (for example, the used
fuel itself).

Attractiveness of nuclear materials can be evaluated in numerous ways depending
on the application. For example, in evaluating recycled plutonium streams, metrics
such as �ssile Pu fraction and Pu-238/Pu ratio can be illustrative of the value of
the material for creating weapons and the ease with which the material can be han-
dled, respectively. Similarly, some potential indicators of attractiveness for material
streams containing actinide mixtures include overall �ssile fraction, speci�c decay
heat, and speci�c spontaneous neutron emission rate.

Recent work introduced methods for evaluating a �gure of merit (FOM) for the
attractiveness of nuclear materials [27] that consolidates three important material
characteristics: (1) the critical mass, (2) the heat content, and (3) the dose rate.
Materials with low critical masses can more easily be fabricated into weapons, making
them more attractive. The heat content and dose rate serve to protect the material,
so lower values for these quantities improve the material recovery and handling,
increasing attractiveness. In the past, the FOM was applied to materials within the
fuel cycle rather than the wastes produced by it. The following subsections review
the scenario development and methodology for the calculation of the FOM with the
intent of applying it to fuel cycle waste streams.

2.1.3.2 Scenario development

As described in the previous subsection, it is important to know from whose per-
spective is the material attractive and what that actor's capabilities are to handle
and process it. Due to the wide range of possibilities and outcomes for the diversion
of waste materials, speci�c scenarios can be developed to cover di�erent degrees of
conservatism.



CHAPTER 2. METHODOLOGY 15

For most waste materials, the bulk material itself is not attractive. The �ssile
material is too dilute to achieve a critical mass. For spent light-water reactor spent
fuel, initially enriched to 4.73% and burned to 60 GWd/t, a critical mass is not
possible. Additionally the material will likely have a large dose rate and decay heat
content due to the high concentrations of �ssion products (FPs). These factors make
the waste material unattractive on its own.

However, wastes are also more vulnerable for diversion. During transportation
they will be beyond the boundaries of controlled facilities, and after emplacement in
a repository, they will not be directly monitored. Over time, monitoring capabilities
and institutional memory of the repository may be lost. Meanwhile, as controls
over the waste fade, the waste self-protection will decrease as well, as the dose rate
and decay heat content fall exponentially. This creates opportunities for state or
non-state actors to divert or retrieve wastes and apply rudimentary separations to
concentrate �ssile material.

In this analysis, it is assumed that material in waste packages is diverted or stolen.
This may occur by theft during transit or repository operation, or by the location and
interception of buried packages in the repository after closure. After diversion, the
materials are chemically treated to recovery one of two possible products, Pu or TRU.
Recovery of Pu alone yields in material that is likely more attractive, but for many
waste streams it may be present only in relatively dilute quantities (for example, in
HLW if Pu is recovered and recycled in the fuel cycle). By contrast, TRU may be
present in greater quantities and may require simpler separation chemistry but is
likely less attractive due to potentially larger dose rates and decay heat and lower
reactivity.

2.1.3.3 Figures of merit for material attractiveness

Two variations for the �gure of merit are shown in Equations 2.2 and 2.3. In both
equations,M is the bare sphere critical mass (kg),h is the heat content (W/kg),
and D is the dose rate (rad/hr) from a bare sphere of the material. The equations
di�er in the way in which the values are calculated.

FOM1 := 1 � log10
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+
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�
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� 1= log10 (2)
!

: (2.2)

FOM2 := 1 � log10
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: (2.3)

If material is recovered after it is reprocessed, or by a proliferator with signi�cant
capabilities, the negative e�ects of the dose and heat will be incurred when handling
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the product (e.g. pure Pu) during the fabrication of a weapon. In that case,M , h,
and D are calculated for the product material. The equation for FOM1 describes
this scenario. In particular, the dose rate is evaluated for a sphere with mass equal
to 20% ofM . The maximum amount of material is limited by criticality constraints
to be M , which is used as the penalty for the dose rate in Equation 2.2.

If material is recovered before reprocessing by an actor without access to shielded
facilities, the dose rate will be incurred during material recovery. Equation 2.3 de-
scribes this scenario. The dose penalty is based on the mass of material in the
diverted unit (fuel rod, assembly, or waste package),N , and the dose rateD is eval-
uated for a sphere of the diverted material with mass equal toN . Depending on the
scenario and the capabilities of the actor,M and h can be evaluated for the bulk or
separated material.

When the value of the FOM is greater, the material is considered to be more
attractive. DecreasingM , h, and D act to increase the FOM, making material more
attractive. If the value of the �gure of merit is less than 0.0, the material in question
is considered unattractive for weapons. If the value is between 0.0 and 1.0, the
material is considered unattractive but theoretically usable for weapons. If the value
is between 1.0 and 2.0, the material is attractive, and if the value is greater than 2.0,
the material is considered highly attractive for weapons.

For the scenario described above, the critical mass and the heat content are
evaluated for the recovered product. The dose rate is evaluated for the diverted
material with mass equal to the package loading, with the expectation that the most
signi�cant dose will be received during recovery. This roughly corresponds to a
situation in which enough time has passed such that (1) the material in the packages
can be handled directly without incurring a lethal dose and (2) reprocessing can be
performed without a shielded facility. The evaluation of the FOM is performed for
the material at time points between the discharge and 1 million years to assess the
evolution of attractiveness over the lifetime of a repository.

The following subsections describe the calculation of the component values of the
FOM, M , h, and D for materials of arbitrary composition. The results generated
from the methodologies presented here have been checked against those presented in
[27], where values are tabulated for di�erent individual actinide isotopes.

2.1.3.4 Critical mass

To calculate the bare sphere critical mass, MCNP6 [28, 29] is run iteratively to
determine the critical radius. Cross sections at 293.6 K are used for all isotopes in
the stream that have nuclear data in MCNP. For each nuclide, libraries are searched
starting with the most recent data, the ENDF/B-VIII library (.80c). After that,
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the ENDF/B-VII (.70c), ENDF/B-VI.6 (.66c), Recommended Monte Carlo Cross
Section (RMCCS; .55c), ENDL92 (.42c), and LA150N (.24c) are searched. If data
for an isotope cannot be found, that isotope is excluded from the calculation.

Figure 2.1: Algorithm to calculate the bare sphere critical mass of �ssile material
streams.

The calculation requires the composition and density of the stream. The algo-
rithm for the calculation is presented in Figure 2.1. First, a rapid, low-�delity kcode
calculation (250 particles per cycle, 50 cycles, skip 20 before generating data) is per-
formed to determine whether the material can achieve a critical mass. If it cannot
be critical, then its attractiveness is in�nitely negative. If a critical mass can be
achieved, then further iterations are performed in order to determine the critical
radius, from which the critical mass can be calculated.

Rather than guessing randomly, the radius is estimated using di�usion theory.
The intention is not to bypass iterations in MCNP but to use physics to steer the
iterations closer to the anticipated solution. From one-group di�usion theory, the



CHAPTER 2. METHODOLOGY 18

e�ective multiplication factor is the product of the in�nite multiplication factor and
the non-leakage probability.

ke� = k1 PNL : (2.4)

For homogeneous, critical bare sphere, the non-leakage probabilityPNL from
Equation 2.4 can be represented in terms of the di�usion areaL2 and the geometrical
buckling for a sphereB 2

g, a function of the sphere radius.

PNL =
1

B 2
gL2 + 1

: (2.5)

B 2
g =

�
�

R + �

� 2

: (2.6)

In Equation 2.6, � is the extrapolation distance. Settingke� = 1 and rearranging
yields an expression for the critical radius.

Rc = �

s
L2

k1 � 1
� �: (2.7)

The value of k1 is known from the initial MCNP calculation that screened for
criticality. Therefore, the main unknown in Equation 2.7 isL2. For the 0th iteration,
L2 can be approximated based on one-group cross-sections using Equations 2.8.

L2
f =

D
� a

=
1

3� tr � a
: (2.8)

In Equation 2.8, D is the di�usion coe�cient. For fast neutrons, D is the inverse
of three times the macroscopic transport cross section, which is shown in Equation
2.9 as a function of the total cross section, �t , the scattering cross section �s, and
the scattering angle,� , which can be approximated as 2=3A.

� tr = � t � � � s = � t �
2

3A
� s: (2.9)

The critical radius can be then be approximated for a multi-component mate-
rial stream by accounting for the major actinide species. Microscopic cross sections
and neutrons per �ssion for di�erent actinide isotopes at 1 MeV are shown in Table
2.2. Microscopic absorption cross sections can be approximated as the sum of the
�ssion and capture cross sections. Given the density of the material, the macro-
scopic quantities for the stream can be calculated based on this data and the stream
composition.
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Table 2.2: Nuclear data at 1 MeV for major actinide isotopes

Isotope � t (b) � s (b) � c (b) � f (b)

Th-232 6.927 4.382 0.136 0.00142
U-333 6.791 3.784 0.077 1.85980
U-234 6.905 4.156 0.122 1.09046
U-235 6.906 3.874 0.107 1.20407
U-236 6.945 4.213 0.175 0.35799
U-238 7.091 4.259 0.128 0.01460
Np-237 6.789 3.582 0.173 1.45682
Pu-238 7.061 3.779 0.212 1.99919
Pu-239 6.973 3.650 0.042 1.7354
Pu-240 7.070 3.841 0.086 1.51822
Pu-241 7.013 3.495 0.111 1.55729
Pu-242 7.331 3.945 0.116 1.48999
Pu-244 7.439 4.183 0.074 1.36999
Am-241 7.036 4.109 0.310 1.26150
Am-243 7.164 3.896 0.215 0.98000
Cm-244 7.369 3.750 0.163 2.21099
Cm-245 7.389 3.808 0.072 1.65781

The 0th iteration produces a pair of values (R0; k0). To determine the radius for
the next iteration, these values are input into Equation 2.4 to �nd the value ofL2.
With this value for L2, ke� can be set to unity and the equation solved for the critical
radius. This procedure is continued using the best previous result (R; k) with small
perturbations. The iterations continue until either (1) a value ofke� is obtained
within some tolerance, by default set at 0.01; or (2) a maximum number of iterations
is reached (by default set at 10). The (ke� , R) parameter space is interpolated to
�nd R whenke� = 1. The critical mass can then be calculated based on the material
density.

2.1.3.5 Decay heat

If a critical mass of the material in question is achievable, then the other parameters
in the FOM must be calculated. The decay heat load,h (W/kg) is calculated based
on the stream composition using ORIGEN-S and OPUS, modules included in the
SCALE-6.2 software suite [21]. ORIGEN-S runs depletion and decay calculations and
OPUS organizes ORIGEN-S outputs and converts between units. For this problem,
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a zero-time decay calculation is performed in ORIGEN-S, after which the results are
plotted in OPUS.

2.1.3.6 Dose rate

The dose rate from photons and neutrons at one meter away from a sphere of material
is calculated using ORIGEN-S and MCNP6. First, the neutron and photon source
spectra (particles per second) are calculated by a zero-time decay calculation in
ORIGEN-S using the endf7dec library and tabulated as a function of energy by
OPUS. For the neutron calculation, neutrons from (� ,n) reactions and spontaneous
�ssion are included. For the photon calculation, the bremsstrahlung medium is set
to \none". Because photons are expected to be the dominant contributor to dose,
a very �ne bin structure is requested, as this improves the result and does not add
computational expense. For both particles, the overall source strength is calculated
as the sum of the spectra. Then, the neutron and photon spectra are used as the
source energy distributions in separate MCNP calculations employing a surface ux
tally 1-meter from the surface of the sphere.

A tally multiplier is used to convert from neutron and photon ux (n/cm 2/s,
p/cm 2/s) to dose (rad/hr) based on ICRP-21 conversion factors [30], shown in Table
2.4. The neutron dose conversions account for energy-dependent quality factors,
whereas the photon dose conversions assume the quality factor for all photons is 1.0.
Because MCNP tallies results normalized to a single particle, the tally multiplier
result is multiplied by the source strength. The neutron and photon doses are added
to yield the �nal dose rate.

Whereas the critical mass and heat content are evaluated for the target metal,
the dose rate is evaluated for the waste material itself. This requires accounting for
not only the other nuclides in the waste but also the matrix in which the waste is
embedded. The waste form matrix a�ects the material density and dilutes the con-
centration of waste nuclides. Although it may provide some shielding from radiation,
the primary form of radiation that contributes to the dose will be gamma rays, which
are unlikely to be signi�cantly attenuated by the material.

Spent fuels and high-level wastes are treated in di�erent ways. It is assumed
that the spent fuel can be either metallic or oxide, depending on the reactor that
produced it. If the spent fuel is an oxide, oxygen is added to composition based on
the stoichiometric ratios of the heavy metal oxides. Then, the spent fuel density is
calculated by taking a mass-average of the major heavy metal oxides. If the spent
fuel is metallic, the density is calculated by taking the mass-average of the heavy
metals. The densities of actinide metals and oxides are shown in Table 2.3.
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Table 2.3: Heavy metal oxides and densities

Element Density (g/cc) Oxide form Oxide density (g/cc)

Th 11.72 ThO2 10.00
U 18.95 UO2 10.97
Np 20.25 NpO2 11.10
Pu 19.94 PuO2 11.50
Am 13.69 AmO2 11.65

Table 2.4: ICRP-21 dose conversion factors for neutrons and photons (from [30])

Neutron Photon

Energy Dose conversion Energy Dose conversion
(MeV) (rad/hr)/(n/cm 2/s) (Mev) (rad/hr)/(p/cm 2/s)

2.50e� 08 1.67224e� 06 1.00e� 02 2.77778e� 06
1.00e� 07 2.08333e� 06 1.50e� 02 1.11111e� 06
1.00e� 06 2.27273e� 06 2.00e� 02 5.88235e� 07
1.00e� 05 2.17391e� 06 3.00e� 02 2.56410e� 07
1.00e� 04 2.08333e� 06 4.00e� 02 1.56250e� 07
1.00e� 03 1.85185e� 06 5.00e� 02 1.20482e� 07
1.00e� 02 1.78571e� 06 6.00e� 02 1.11111e� 07
1.00e� 01 2.81532e� 06 8.00e� 02 1.20482e� 07
5.00e� 01 6.49351e� 06 1.00e� 01 1.47059e� 07
1.00e+00 1.10988e� 05 1.50e� 01 2.38095e� 07
2.00e+00 1.53610e� 05 2.00e� 01 3.44828e� 07
5.00e+00 1.88537e� 05 3.00e� 01 5.55556e� 07
1.00e+01 2.16263e� 05 4.00e� 01 7.69231e� 07
2.00e+01 2.56410e� 05 5.00e� 01 9.09091e� 07
5.00e+01 3.27869e� 05 6.00e� 01 1.13636e� 06
1.00e+02 4.05844e� 05 8.00e� 01 1.47059e� 06
2.00e+02 5.15996e� 05 1.00e+00 1.78571e� 06
5.00e+02 8.68056e� 05 1.50e+00 2.43902e� 06
1.00e+03 1.62338e� 04 2.00e+00 3.03030e� 06
2.00e+03 2.40385e� 04 3.00e+00 4.00000e� 06
3.00e+03 2.85714e� 04 4.00e+00 4.76190e� 06

5.00e+00 5.55556e� 06
6.00e+00 6.25000e� 06



CHAPTER 2. METHODOLOGY 22

Table 2.4: ICRP-21 dose conversion factors for neutrons and photons

Neutron Photon

Energy Dose conversion Energy Dose conversion
(MeV) (rad/hr)/(n/cm 2/s) (Mev) (rad/hr)/(p/cm 2/s)

8.00e+00 7.69231e� 06
1.00e+01 9.09091e� 06
2.00e+01 1.56250e� 05
3.00e+01 2.27273e� 05
4.00e+01 2.94118e� 05
5.00e+01 3.57143e� 05
6.00e+01 4.34783e� 05
8.00e+01 5.88235e� 05
1.00e+02 7.14286e� 05
2.00e+02 1.08696e� 04
5.00e+02 1.72414e� 04
1.00e+03 2.04082e� 04
2.00e+03 2.32558e� 04
5.20e+03 2.70270e� 04
1.00e+04 2.94118e� 04
2.00e+04 3.12500e� 04

For high-level wastes, the waste form matrix material and waste form density
are given based on the material. Only waste forms that contain �ssile materials
are considered, which for the fuel cycles described in Chapter 3 Section 3.1 are:
borosilicate glass made after aqueous reprocessing and after oxidation of the crucible
skull formed during melt-re�ning, with composition from [31]; glass-bonded sodalite
ceramic (Na8Al 6Si6O24Cl2) made after electrochemical reprocessing [32]; and uo-
rapatite ceramic (Ca5P3O12F) made after reprocessing molten salt reactor fuel [33].
These matrix materials are mixed with the nuclides in the high-level waste according
to a speci�ed mass loading fraction to produce the �nal waste form composition. As
a simpli�cation, the waste form density is assumed to be the bulk density of the bar-
ren matrix material. Additional details about these waste forms and the fuel cycles
that produce them can be found in Chapter 3.
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2.2 Repository footprint

The primary factor governing the utilization of space in a geological repository for
the disposal of nuclear waste is decay heat generation. Compliance with thermal
limits throughout the repository can minimize negative e�ects of heat on engineered
and natural barriers and prevent the occurrence of thermally driven processes that
a�ect repository performance. Thermal limits are determined based on aspects of the
repository geology and design, such as the properties of the host rock and engineered
barrier system (EBS) materials and the identi�ed features, events, and processes
(FEPs) of the repository system that could be negatively a�ected by heat.

The adoption of an advanced nuclear fuel cycle may result in changes to the
amount and decay heat characteristics of the waste requiring disposal in a reposi-
tory. An advanced fuel cycle may employ one or more strategies to improve natural
resource utilization, such as increasing burnup in reactors or recycling and transmut-
ing actinides. Both of these options could result in fewer waste packages requiring
disposal. However, such a fuel cycle may produce multiple waste streams in which
short-lived �ssion products are concentrated. As a result, these wastes have a higher
heat load in the near term.

Previous work demonstrated an opportunity to reduce the areal footprint of repos-
itories in multiple geological environments relative to by transitioning from the once-
through light water reactor (LWR) fuel cycle to one in which transuranic (TRU) el-
ements are partitioned from the waste and transmuted. A National Academy report
quantifying the bene�ts of waste partitioning and transmutation estimated that re-
moval and destruction of TRU isotopes could allow for increased repository loading
of 4-5 times that of simply directly disposing of light water reactor (LWR) used fuel
[34].

Later work quanti�ed the e�ect of di�erent fuel cycles on the size of repositories in
various geologies. Reviews in 2006 and 2011 by the OECD Nuclear Energy Agency
[35, 36] included independent and varied analyses of the relationship of fuel cycle
and repository utilization in granite (Spain), clay (Belgium) [37, 38], crystalline hard
rock (Japan) [39], salt (Germany) [40], volcanic tu� (USA) [41, 42, 43]. Among the
studies, the reviews concluded that reduction of disposal drift length by factor of 3-6
(depending on the considered cooling time) can be foreseen by TRU transmutation
in comparison with direct disposal. Further partitioning of Cs and Sr (with storage
for 100-300 years) or long intermediate storage of vitri�ed high-level waste (VHLW)
without separation could yield further gains.

In contrast with most previous work, this work focuses on the evaluation of repos-
itory footprint for wastes produced in fuel cycles rather than wastes created by par-
titioning and transmutation. This perspective acknowledges that waste management
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is a burden on nuclear power generation and the development of new nuclear fuel
cycles may not necessarily be accompanied with the means or desire to improve the
condition of the waste beyond what is inherently produced in the fuel cycle. Rather
than evaluating partitioning and transmutation as a waste management strategy to
improve repository footprint, this work enables the evaluation of waste management
strategies available to any fuel cycle in order to comply with repository thermal
limits: (1) reduce the amount of waste loaded in a waste package; (2) increase the
spacing in between waste packages; (3) increase the surface storage time. The rel-
ative advantage of implementing one of these strategies over another can depend
on the characteristics of the waste and repository because trade-o�s exist among
these options. Comparative analysis of required repository footprint among fuel cy-
cles and repository designs and geologies and makes possible the evaluation of waste
management strategies from the perspective of repository footprint.

2.2.1 Repository thermal limits

The size, design, and layout of a repository for nuclear waste will be limited in
part by thermal constraints. Of the many thermal constraints that can be imposed
on a repository system, those applying to the near-�eld (such as peak temperature
limits for engineered barrier materials) are of greater consequence than those ap-
plying to the far-�eld (such as limits for the extent of thermally-driven processes)
for two reasons: (1) because the near-�eld temperatures are higher, and (2) far-�eld
temperatures can be e�ectively limited by limiting near-�eld temperatures.

Two types of temperature limits can be applied: (1) peak temperatures, or (2)
time-temperature exposure. Peak temperatures are useful to prevent phenomena
that exhibit threshold-like behavior, whereas time-temperature exposure can be ap-
plied to engineered materials whose performance will degrade over time. Some ex-
amples of thermal constraints for the near-�eld and engineered barrier system are
shown in Table 2.5 for repositories in di�erent geologic settings [7].

Not all constraints are limiting. For example, a constraint may be applied to
limit the waste package surface temperature, but engineered materials are likely
more resilient to high temperatures than natural materials such as clay bu�er and
host rock, which may be in direct contact with the package. In this analysis, the
limiting temperature constraint is taken as the peak waste package surface temper-
ature because it is the highest temperature to which sensitive engineered barriers or
natural materials are exposed.



CHAPTER 2. METHODOLOGY 25

Table 2.5: Thermal limits for the repository near-�eld

Material Constraint Explanation

Clay bu�ers 100� C
Limit thermally-driven alteration
(e.g. illitization, cementation)

Crystalline rock 200� C
Limit thermally-induced micro-cracking,
especially in less-ductile rocks

Salt (host rock) 200� C
Control uncertainty in performance models
induced by thermal perturbation

Clay (host rock) 100� C
Avoid mineralogical changes (cementation)
and thermally-driven processes

UNF Cladding 350� C
Limit degradation of cladding integrity
due to thermal creep-rupture [44]

Borosilicate glass 500� C
Limit the centerline temperature to
avoid devitri�cation or crystallization

2.2.2 Model development

In a repository with direct-contact emplacement, there is no gap between the waste
packages, the EBS, and the host rock. Then, in low permeability media, heat trans-
fer will occur by conduction. The temperature constraint is evaluated for a waste
package at the center of a square, symmetrical waste package array, where the con-
tribution of heat from adjacent packages is greatest. The temperature constraints in
repositories using vertical borehole, horizontal drift, or alcove emplacement can be
calculated using the same heat transfer model because it is independent of emplace-
ment orientation.

This section describes two models used in series to evaluate the thermal constraint
for an array of heat-generating waste forms. First, the contribution of heat from
adjacent waste packages represented by time-varying heat sources is calculated. This
yields the temperature history at the interface of the host rock and EBS for the
package at the center of the array. This temperature history is then used as the
outer boundary condition for the second step, a steady-state conduction calculations
across the EBS layers. These steps are described in detail in the following subsections.
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2.2.2.1 Calculating the heat contribution from nearby sources

Previous work [7, 44, 45, 46, 47, 48, 49] applied the superposition of analytic solutions
for heat conduction with time-varying heat sources in in�nite, homogeneous media
to evaluate the temperature at the center of an array of heat sources. Such analytic
solutions are collected in the renowned text by Carslaw and Jaeger [50]. The model
described here is most closely related to that presented in [7]. The assumptions
associated with this model are outlined below.

The conduction of heat from each source to the center of the array occurs through
the host rock, which is assumed to be in�nite. Waste packages (heat sources) are
modeled as �nite lines or points, depending on their proximity to the center of the
array. The thermal properties of the EBS and waste packages are neglected such that
the source is modeled as being surrounded by continuous rock. This homogeneity
permits the superposition of analytic solutions for point and �nite line sources. The
decay heat for all sources of a given type is assumed to be the same (as if all packages
were emplaced at exactly the same time). Although careful repository operation such
as staggered loading can result in further reduction of the footprint [34], this was not
considered in this work.

The thermal properties (thermal conductivity k, thermal di�usivity � ) of the
host rock are assumed to be time- and temperature-invariant, isotropic, and uniform
in space. Although in most materials increasing temperature results in decreasing
thermal conductivity, this complexity is avoided by evaluating rock properties at
the value of the waste package surface temperature constraint. This is conservative,
because this temperature is the maximum allowable temperature that may be experi-
enced by the host rock. This, in turn, results in the host rock presenting the greatest
allowable thermal resistance, resulting in higher waste package temperatures.

The ambient temperature is assumed to be 27.5� C in all cases. For a repository
located 500 m below the surface, this corresponds to an average ground surface
temperature of 15� C and a natural geothermal gradient of 25� C/km.

The package at the center of anN � N array of waste packages is modeled as
a �nite line source with length Lwp, as shown in Equation 2.10 asQL (W/m). The
remainingN � 1 packages in the central drift and theN packages in each of theN � 1
adjacent drifts are represented as point sourcesQP (W), given by Equation 2.11. For
both types of heat sources, the heat generation rate depends on the number of waste
forms per package,nwf .

QL (t) :=
Qwf (t)nwf

L
: (2.10)
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QP(t) := Qwf (t)nwf : (2.11)

The array dimensionN is taken as odd so the number of adjacent packages on
either side of the central package is equal. An example of the layout of heat sources
is shown in Figure 2.2. The size of the array is determined by the center-to-center
package spacing within drifts,sp, and the center-to-center spacing between drifts,sd.

Figure 2.2: Layout (N = 7) of repository canister array heat sources used for foot-
print calculation. This layout suggests horizontal borehole emplacement, but this
methodology can be used to represent vertical and alcove emplacement as well [7].
The values ofsd and sp are used to de�ne the area of the array.

For a given disposal concept, the change in temperature at some distancer and
time t due to the heat from a �nite line source of lengthLwp is given in Equation
2.12.

� T (r; t ) =
Z t

0

QL (� )
8�k (t � � )

� exp

 
� r 2

4� (t � � )

!

� erf

 
L

4
p

� (t � � )

!

d�: (2.12)

Similarly, the temperature increase at some distancer and time t due to the heat
from a point source is given in Equation 2.13.

� Tpt (r; t ) =
Z t

0

QP(� )
8k� 1=2� 3=2(t � � )3=2

� exp

 
� r 2

4� (t � � )

!

d�: (2.13)
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For all times, the contributions from all heat sources are superposed at a point
near the central package, which occupies the center of the array. That point is located
just above the array plane at a distance equal to the external radius of the last EBS
layer; therefore, this evaluation point marks the interface between the EBS and host
rock at the central package in the array.

2.2.2.2 Calculation of temperature history in the EBS

The temperature history at the interface of the host rock and EBS is used as the
boundary condition for a steady-state conduction calculation across the layers of
the EBS. The EBS layers are represented as cylindrical shells, exempli�ed in Figure
2.3. This calculation yields the temperature history at the inner-most shell, which
in a close-contact repository is the interface with the waste package surface. The
magnitude of the temperature di�erence across each shell is a�ected by its thermal
resistance to conduction, which in turn is dependent on its thickness and thermal
conductivity. Zero contact resistance is assumed between the layers of the EBS, and
the EBS thermal properties are assumed to be constant.

Figure 2.3: Illustration and terminology for a generic engineered barrier system.

That the conduction is steady-state indicates that the heat transferred from EBS
to the host rock at all times is equal to the heat generation in the waste. This
assumption is due to the fact that EBS components have a low thermal mass relative
to that of the host rock, so the heat transfer in the EBS should occur quickly relative
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to the heat transfer through the host rock. (The only exception is immediately after
disposal when temperatures in the EBS change rapidly.) This assumption is explored
in Appendix A.

Under steady-state conditions, the temperature change across the EBS shell can
be calculated using Equation 2.14, a function of the inner and outer shell radii and
the thermal conductivity k of the shell. In Equation 2.14,R(ro; r i ; k) is the thermal
resistance of the shell. The temperature at the rock-EBS interface given as the outer
boundary condition and taken as the initial value forTo.

Ti (ro; r i ; k) = To +
qL R(ro; r i ; k)

2�r o
: (2.14)

The calculation is carried out recursively across the EBS layers until reaching the
waste package surface, wherer i = rpkg. The peak temperature of the package surface
is evaluated relative to the thermal limit, which along with the design of the EBS,
is dependent on the disposal concept. Reference designs are introduced in a later
section.

2.2.2.3 Calculation of repository footprint

The thermal model described in the previous subsections is utilized to to evaluate the
temperature constraint for an array of heat-generating packages. The determination
of array area requires iterative evaluation of the temperature constraint with variables
in space and number.

� Space between drifts (sd): The spacing between drifts a�ects the contribution
of heat from adjacent drifts to the peak temperature at the calculation point.

� Space between packages (sp): The spacing between packages a�ects the contri-
bution of heat from adjacent packages to the peak temperature at the calcula-
tion point.

� Size of array (N ): The number of adjacent drifts and packages in the unit cell
must be large enough that the contribution of heat to the evaluation of the
temperature constraint from sources outside that unit cell is negligible.

The values for drift radius rd and the package lengthLwp are determined based
on repository design and package loading. Given these values, the repository area
is de�ned by the drift ( sd) and package spacing (sp), as shown in Figure 2.2. The
minimum value for sd is 2rd, as if two drifts were located immediately next to each
other. The minimum value ofsp is Lwp, as if two packages were placed end-to-end.
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The area of theN � N array is calculated as the product of the array length and
width, shown in Equations 2.15 and 2.16, respectively.

L(sp) := ( np � 1)sp + 2
�

1
2

Lwp

�
: (2.15)

W(sd) := ( nd � 1)sd + 2rd: (2.16)

The minimization of package array area is carried out by the `scipy.optimize.minimize`
function [51] in Python, which minimizes a scalar function of one or more variables.
For this application, the `COBYLA` (Constrained Optimization BY Linear Approx-
imation) algorithm is utilized [52]. The objective function is the array area, and the
constraints on the minimization are the peak temperature constraint (expensive) and
the minimum spacing requirements. The tolerance on constraint violation is 1%.

The N � N array represents a subset of a larger, repository-sized array. In
reality, additional packages would exist beyond theN � N array. This becomes
signi�cant when the spacing between the packages becomes small and the array
boundary is closer to the center. To account for the existence of packages outside
the N � N array considered, the calculation for footprint is repeated with increasing
N until the sensitivity of the peak temperature to the inclusion of heat from packages
immediately outside the array (in theN + 1) row and column of the array) is less
than 5.0%. The algorithm used to control this calculation is shown in Figure 2.4.

In practice, the calculation of the required package spacing yields a value for
the area required per package (A=N 2), which is then multiplied by the number of
packages requiring disposal to determine the repository footprint for a given waste
type. For fuel cycles that produce multiple wastes, these areas are summed to �nd
the total repository area.

2.2.3 Generic repositories and thermal properties

This section describes the generic repository designs and required parameters for
calculation. This study uses generic close-contact repository designs reported in [7],
which were based on comprehensive literature review. Two designs, corresponding
to disposal of used nuclear fuel (UNF) or high-level waste (HLW) are proposed for
repositories in three geologies|granite, clay, and salt. The EBS design for each
generic repository is described by Table 2.6 and illustrated by Figure 2.5. Thermal
properties of the rock and EBS materials are evaluated at the value of the peak
temperature constraint. Each EBS layer is described by its thickness in order to
allow for the emplacement of variably sized waste packages with di�erent waste
loading.
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Figure 2.4: Algorithm employed to determine the required repository footprint for
di�erent combinations of waste type and disposal concept.

The generic clay design is a horizontal emplacement repository, conforming in
practice to the organization of packages in parallel drifts. In the UNF design, ben-
tonite is used as a bu�er material. The envelope holds together a prefabricated
assembly including the package and solid packed bu�er which is slid into the drift
tunnel. The HLW design omits the bentonite bu�er. In both designs, the packages
are separated by spacers, and a liner ensures the stability of the horizontal borehole
into clay. The waste package surface temperature constraint is 100� C to prevent
illitization and cementation of the bentonite and/or the host rock clay.

The generic granite design is a vertical emplacement repository that utilizes ben-
tonite as bu�er for both UNF and HLW. In this design, the drifts are analogous
to the access tunnels used for waste emplacement, and packages are inserted into
boreholes in the oor. After emplacement, the access tunnels would be back�lled.
The waste package surface temperature constraint is 100� C to prevent illitization
and cementation of the bentonite.
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Table 2.6: Generic repository dimensions and thermal properties

Rock (Constraint)
Waste EBS Layer Material

Thickness Thermal cond.
Thermal properties ro (m) k (W/m-K)

Clay
k = 1:75 W/m-K
� = 6:45e� 7 m2/s

UNF
Bu�er Bentonite (dry) 0.800 0.60
Envelope Carbon steel 0.006 53.0
Liner Steel 0.025 46.0

HLW Liner Steel 0.100 46.0

Granite
k = 2:50 W/m-K
� = 1:13e� 6 m2/s

UNF Bu�er Bentonite (dry) 0.350 0.60

HLW Bu�er Bentonite (dry) 0.345 0.60

Salt
k = 3:25 W/m-K
� = 1:60e� 6 m2/s

UNF Back�ll 75 % intact salt 3.590 2.44

HLW Back�ll 75 % intact salt 3.695 2.44

Figure 2.5: EBS concepts for SNF and HLW disposal for close-contact generic repos-
itories in clay, salt, and granite.
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In the generic salt design, UNF or HLW packages are emplaced into alcoves ex-
cavated into the sides of an access tunnel and back�lled with crushed salt. Although
borehole emplacement is possible in salt, experience at the Waste Isolation Pilot
Plant (WIPP) indicates that alcove emplacement is preferable [53].

The heat transfer properties of crushed salt are much more resistive than those for
intact salt. During the period of peak waste package temperature, the crushed salt
will reconsolidate under high temperature into intact salt, resulting in an increase in
its thermal conductivity. Because the timing of this evolution is uncertain, only heat
transfer through intact salt is accounted for in the calculation. This is assumed to
be conservative because it should result in higher waste package temperatures due
to the loss of a pathway for heat dissipation. To increase the contact area between
the package and the intact salt, the design considers that the wall and oor in the
back of the alcoves will be milled away to form a cylindrical resting place for the
waste package. It is assumed that 75% of the package surface area is in contact with
the intact salt. In previous works, this was considered to be an intermediate case
between considering heat conduction through fully intact or fully crushed salt [7].
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Chapter 3

Nuclear Waste Analysis in Python

The models introduced in the previous chapter require various data about the nu-
clear wastes produced by di�erent fuel cycles as input. To generate that data and
interface with those models, an object-oriented Python package callednwpy(short
for Nuclear Waste Analysis in Python, pronounced \nu-pie") is being developed.
The package connects the calculation of waste properties with waste management
models, enabling straightforward comparison among fuel cycles. A user can engage
with the package with some simple scripting or interactively, for example in a Python
terminal or Jupyter notebook. In this chapter, Section 3.1 describes the package, its
structure, data requirements, and assumptions. A primary objective of the package
is to enable comparison of the forty analysis example fuel cycles developed in the
Department of Energy (DOE) Fuel Cycle Evaluation and Screening (FCES) study.
Section 3.2 describes the analysis examples, their de�ning characteristics, and the
technologies used to obtain metric data. Section 3.3 presents benchmarking results
that demonstrate package execution against metric results published in the FCES
study.

3.1 Methodology of waste stream
characterization

The nwpypackage performs mass ow calculations to produce values for the mass
and composition of di�erent waste streams. Becausenwpy distinguishes between
multiple waste streams from each fuel cycle and determines the loading of wastes
into forms suitable for �nal disposal, the results can be used as input for subsequent
waste management calculations, some of which require data on a per-canister basis.
The models described in the previous chapter are included innwpyas subpackages.
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3.1.1 Code structure

The organization of nwpyis loosely based on that of a nuclear fuel cycle owsheet,
which can be organized as a collection of linear stages. Figure 3.1 shows a generalized
example of a fuel cycle stage in which the arrows represent the transfer of material
between operations. A stage consists of a nuclear reactor and the infrastructure that
supports it and is the fundamental unit of a fuel cycle. Fuel cycles may have one
or more stages that may be interconnected in di�erent ways. The stage shown in
Figure 3.1 shows steps for enrichment and separations, but not all stages require
these operations. Within a fuel cycle, each stage produces unique, independent
waste streams based on the fuel type, the reactor, and the separations required,
among other variables.

Figure 3.1: A generalized fuel cycle Stage. Di�erent fuel cycles may be made up of
one or more stages and may or may not require enrichment or separations steps.

In keeping with this structure, the main code object innwpy for handling the
processes that produce and act on material streams is theStage object. In nwpy,
Stages can be collected withinFuelCycle objects or instantiated and studied on
their own. To avoid complexity and focus on the back-end of the fuel cycle,Stages in
nwpyaccount for only the operations occurring after fuel is discharged from a reactor,
assuming that the detailed reactor physics and fuel cycle ow sheet equilibrium mass
balances are carried out elsewhere. Proper determination of used fuel compositions
and equilibrium mass balances is a signi�cant task that generally requires coupled
neutronic-depletion calculations.nwpyavoids this complexity by requiring the user
to provide these data or select from pre-loaded options, which will be discussed later.

The structure of the Stage and the objects that comprise it is shown in Figure
3.2. The arrangement of operations is similar to that of a stage in a fuel cycle ow
sheet. Each operation acts on a materialStream object, which contains descriptive
data such as mass and composition, as well as keywords that identify the form of the
stream. These material streams can be passed directly as inputs to the other waste
management subpackages innwpy.

Upon instantiation, the Stage reads essential data about the processes that com-
prise the stage and characteristics about the used fuels. As previously mentioned,
nwpywas built to work with the data produced in the DOE FCES study. The fol-
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Figure 3.2: Fuel cycle stage operations abstracted innwpy. Each box represents a
Python module containing classes that control the indicated operation. The arrows
show the ow of Streams within the Stage. Although these operations are built into
methods in the Stage to run in series with a single command, the user can access
them directly to examineStreams at various points throughout the fuel cycle.

lowing subsection describes the FCES and the data required and its manipulation
into nwpy. Then in the following subsections, the treatment of material streams in
each of theStage submodules is described.

3.1.2 Underlying data and assumptions

The data underlying nwpyis obtained from the analysis examples generated in the
production of the FCES study, which are described in Section 3.2. The data produced
for each analysis example has been adapted and built intonwpy, allowing the user
to instantiate FuelCycles and Stages by calling evaluation group identi�ers and
stage numbers. This subsection describes the data required from the FCES and its
manipulation into nwpy.

Becausenwpyhandles fuel cycle processes after discharge from the reactor, two
critical inputs are the mass and composition of used fuel. The mass is obtained
from the mass balance tables published in Appendix B of the FCES �nal report
[54]. The compositions are retrieved as PDFs from the Nuclear Fuel Cycle Options
Catalog, hosted on Sandia Connect [55] and converted to CSVs. Each �le contains
the charge and discharge compositions for each stage in the fuel cycle. The simplest
cases are those for which the data speci�es compositions for one charged stream
and one discharged stream for each stage. More complex examples required more
detailed data. For the stages in which more than one discharge stream composition
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is speci�ed, multiple mass values are also given corresponding to each discharged
stream.

� For some stages in which reactors utilize breeding blankets, the charge and
discharge compositions of driver and blanket fuels are speci�ed separately.

� Stages utilizing breed-and-burn operation of sodium fast reactors (SFRs) have
compositions speci�ed for initial charge and the discharge of each batch of fuel
as it moves through the core

� Composition data �les for molten salt reactors (MSRs) include data for charged
and discharged fuel as well as well as the streams produced by online salt
cleanup and/or online fuel reprocessing

Based on this data,nwpy creates one or moreStreams of material discharged
from the reactor. As the Stream is passed through theStage, it is manipulated
according to prescribed operations. After discharge from the reactor, used fuel must
typically be cooled for some time. The FCES also speci�ed the cooling time required
for used fuel after discharge and before separations, assumed to be 5 years for all
fuel cycles.

For the analysis examples employing limited- or continuous-recycling schemes, the
type of separations and the recovered species were speci�ed. For most separations,
the separation e�ciency (or recovery fraction) was assumed to be 99%, sending 1% of
the otherwise recovered product from the feed to the waste stream. The separations
processes applied in the FCES were broken into four general groups:

� Aqueous processes, which include plutonium-uranium redox extraction (PUREX),
thorium extraction (THOREX), uranium extraction (UREX+; the plus refers
to possible subsequent separations of TRU isotopes), co-extraction (of uranium
and plutonium mixture; COEX), and new-uranium extraction (NUEX).

� Electrochemical processes (pyroprocessing)

� Melt-re�ning

� Online MSR separations

For all of these except MSR separations, literature review informed the separation
e�ciencies of any unspeci�ed elements and the partitioning of waste species among
typical waste forms produced by the process. The information for the MSR separa-
tions was obtained from the composition data. Additional details on separations are
given in later in the chapter.
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Modules to determine fuel cycle waste characteristics
Subpackages for waste management calculations

Figure 3.3: Directory structure of thenwpypackage.

The organization of this data innwpyis indicated in Figure 3.3, which shows the
directory tree of thenwpypackage. Thenwpy/data directory contains subdirectories
for di�erent types of data that characterize aspects of each fuel cycle.

In fc/ , data �les named according to the evaluation group they represent contain
data that characterize the fuel cycle. The primary data in each data �le are:

1. the mass of UNF discharged from the irradiation system

2. the cooling time required for UNF after discharge

3. the method used to reprocess UNF, if applicable

4. the species recovered from the UNF, if applicable.

The iso/ directory contains the reactor charge and discharge isotopic composi-
tions, each saved in a CSV �le named after the evaluation group to which it refers.
In the sep/ directory, data �les for each separation process speci�ed above contain
the elemental partitioning fractions among characteristic waste forms for species in
the waste stream after the product species have been recovered. Theload/ directory
contains data describing the loading of waste streams into characteristic waste forms,
described in a later section.

3.1.3 Decay calculations

To generate time-dependent data forStreams, nwpyinterfaces with the ORIGEN-S
and OPUS modules from the SCALE code suite [21]. Theorigen module in nwpy
writes ORIGEN-S input using the SCALE Standard Object Notation (SON) format
(in contrast to the legacy, card-based FIDO input interface). Inputs are generated
based on theStream mass, composition, and inputs that characterize the decay
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calculation (end-time, step count, and interpolation method) and utilize the SCALE
endf7dec decay library. Called from within Python, ORIGEN-S performes the decay
calculations, after which the OPUS module produces the requested time-dependent
results, which may include composition, decay heat, radioactivity, and radiotoxicity.
These are assigned toStreams that are returned as output.

This capability has two important uses. First, after discharge from a reactor,
used fuel must be cooled before further operations such as reprocessing or package
loading. As shown in Figure 3.2, theReactor object is the source of material streams
in the Stage. To account for UNF cooling time, the Streams are passed to the
origen module, which calculates composition and decay heat. These characteristics
are signi�cant because they a�ect the separation and partitioning of elements in
reprocessing and the loading of waste streams into waste forms. The required cooling
time is speci�ed in the Stage data. For the cooling case, the number of time steps
and interpolation method are speci�ed internally.

Second, once separations and waste loading have been applied toStreams, the
origen module can be used to generate time-dependent data. In contrast to the
cooling case, the user speci�es the end time and the number of steps for the decay
calculations. The ORIGEN-S calculation produces OPUS plot �les for composition,
decay heat, radioactivity, and radiotoxicity, which are appended to the returned
Stream. These data can be used to benchmark the calculations against the FCES
metric data, to compare di�erent Streams with the built-in plotting methods, or as
input for further waste management calculations that require time-dependent data,
such as those that are or will be contained in the othernwpysubpackages.

3.1.4 Separations

If the Stage requires separations to recover nuclear material for recycling, those
separations are applied with theSeparation object, which partitions the elements
in the input Stream into multiple waste streams. The type of separation required is
governed by theStage data and controls the characteristics of the resulting waste
streams. The separation e�ciency of recovered elements can be speci�ed by the
user but is set by default at 99%. The partitioning of unrecovered elements among
waste stream is governed by a data �le in thedata/sep/ directory identi�ed by the
separations process.

Four di�erent groups of separations processes have been built intonwpy, for which
general descriptions of outlet streams are given in Table 3.1. Of these, the �rst three
(aqueous methods, electrochemical methods, melt-re�ning) are separations applied
to solid fuels. Although these methods may be able to accept di�erent kinds of used
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fuels as feed, in the FCES study, aqueuous processing methods are applied to oxide
fuels and electrochemical separations and melt-re�ning are applied to metal fuels.

Table 3.1: Separations processes and characteristic high-level waste streams

Process HLW streams Main species Ref.

Aqueous

Gas H, He, C, halogens, noble gases

[56, 57]Iodine I (scrubbed from gas stream)

Glass
Unrecovered actinides, decay products
Remaining FP

Electrochemical

Gas H, noble gases

[58, 59]
Metal Most transition metal FP

Ceramic

Alkali metal, alkaline earth elements
Halogens
Rare earth elements
Unrecovered actinides, decay products

Melt-re�ning

Gas
H, He, halogens, noble gases

[60]

Other volatile FP (Cd, alkali metals)

Skull

Unrecovered actinides, decay products
95% Sr, Y, Te, Ba, lanthanides
1% most transition metal FP
(e.g. Ga-Se, Zr-Ag, In, Sn, Sb)

Ceramic

Unrecovered actinides, decay products

[61, 62]
Online MSR 60% Y, La, Ce, Pr, Nd, Pm, Sm, Gd
separations 6% Eu

0.1% Rb, Sr

3.1.4.1 Aqueous separations

Aqueous separations include processes such as PUREX, COEX, NUEX, UREX (and
the associated processes referred to as UREX+), and THOREX. Typically, these
processes are applied to solid, oxide fuels and produce o�-gas and liquid ra�nate
waste streams. In general, these processes are highly dynamic in that they can be
coupled in sequence with additional separations to partition various species in the
used fuel, allowing for recovery of virtually any combination of actinides.
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In nwpy, the waste streams from these processes are assumed to be the same.
Gaseous �ssion products and C-14 are captured during chopping and dissolution by
the o�-gas system. It is assumed that iodine is scrubbed from the o�-gas stream for
improved stability in long-term disposal. Throughout the separations steps, various
products may be recovered, leaving behind a barren liquid ra�nate that includes
all remaining �ssion products as well as any unrecovered actinides remaining due to
separations losses. This stream contains that vast majority of the activity and is
ultimately converted to glass for long-term disposal.

3.1.4.2 Electrochemical separations

Electrochemical separations, such as pyroprocessing, involve an electrore�ning oper-
ation that separates actinides and �ssion products. The process has been demon-
strated during the U.S. fast reactor program and is being applied at the Fuel Condi-
tioning Facility in INL for treatment of the EBR-II used fuel. In the electrore�ner, an
electrical current is passed through a chloride salt bath in which uranium and other
species are already present. Used fuel is chopped and lowered into the salt bath in
a metal basket, which acts as the anode. Elements are partitioned between salt and
metal phases in the electrore�ner based on their stability in a chloride salt. Multiple
types of cathodes can be used to recover di�erent elements that are electrotrans-
ported through the salt. A solid steel cathode collects pure uranium, while uranium,
transuranics, and rare-earth elements may be recovered in a liquid cadmium cathode
[63].

The elements in the used fuel can be partitioned into four groups. The �rst
group is gaseous �ssion products, such as the noble gases and carbon-14. These
are collected during chopping and electrore�ning in the o� gas system and stored in
canisters. Of the remaining three groups that do not form gases, two are relatively
easy to classify into one of two waste streams based on the free energy of formation
of their chlorides.

Rather than reacting with the salt, noble-metal �ssion products exist as metals
in the electrore�ner. They may remain in the anode basket with cladding hulls or in
the salt as metal particulates, which can be �ltered. The free energies of formation
for chlorides, � G0

f (500 � C) (kcal/mol) of these elements are shown on the right pair
of columns of Table 3.2 [59, 64, 65]. Reactive �ssion products, such as alkali-metal,
alkaline-earth, some rare-earth, and halide �ssion products are anodically dissolved
and form stable chloride compounds in the salt. These elements are shown in the
left pair of columns in Table 3.2.

The third group includes any remaining rare-earth (typically lanthanide) �ssion
products, Zr, and all actinides. These elements exist in equilibrium between the metal
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Table 3.2: Free energies of formation (kcal/mol) of relevant chlorides

Element � G0
f Element � G0

f Element � G0
f

MnCl2 -90.6 CmCl3 -64.0 TlCl -37.4
BaCl2 -87.9 PuCl3 -62.4 InCl -34.9
CsCl -87.8 AmCl3 -62.1 CdCl2 -32.3
RbCl -87.0 NpCl3 -58.1 FeCl2 -29.9
KCl -86.7 PbCl2 -58.1 CuCl -27.9
SrCl2 -84.7 UCl3 -55.2 NbCl5 -26.7
LiCl -82.5 CoCl2 -49.3 CuCl2 -25.7
NaCl -81.2 ZrCl4 -46.6 MoCl4 -16.8
CaCl2 -80.7 NiCl2 -45.1 TcCl4 -11.0
ZnCl2 -74.7 RhCl3 -10.0
CrCl2 -71.2 PdCl2 -9.0
LaCl2 -70.2 RuCl4 -6.0
PrCl2 -69.0
CeCl2 -68.6
NdCl2 -67.9
YCl3 -65.1

and salt phases in the electrore�ner. These elements are shown in the middle two
columns of Table 3.2. In reality, due to the similarity in behavior of some actinides
and rare-earth �ssion products, electrore�ning may not result in total �ssion product
decontamination of the actinide product. This may be viewed as an improvement
in proliferation resistance. Innwpy, the separation is considered in a more simplistic
way in conjunction with the FCES study assumption about separation e�ciencies.
To that end, it is assumed that no rare-earth �ssion products are recovered.

With all �ssion products and unrecovered actinides destined for disposal, the
partitioning of these elements between the waste forms characteristic of the electro-
chemical separations process must be determined. The primary waste forms are: (1)
a metal waste form that contains the metals that do not form chlorides in the salt,
and (2) a ceramic waste form that contains the waste elements that form chlorides
in the salt, which are recovered and concentrated during a salt-cleanup step. Where
waste species end up in the electrore�ner determines the waste form into which they
are partitioned.

Of the three groups presented in Table 3.2, the partitioning of elements in the
middle columns is the most complex. This is addressed with simplifying assumptions.
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For this analysis, it is assumed that all actinides not recovered as product remain in
the salt phase [66]. Additionally, the remaining rare-earth elements are assumed to
remain in the salt as well.

The selective recovery of actinides by electrochemical separations (for example,
the separation Pu from Am in fuel cycles in which transuranic elements are treated
as wastes) may require extra steps or special operation of the electrore�ner. The
speci�c determination of electrore�ner operation is well outside the scope of this
work. However, it is expected that electrore�ner operation can be tailored to result
in recovered product with any composition. The composition of the product mixture
extracted at the cathodes depends on the amounts of U, Pu, rare-earth metals,
and cadmium in the electrore�ner anode, salt, and cathode. Because there exists a
salt composition that can result in recovered product of any composition, and the
composition of the salt is controlled by the addition or removal of species during
electrore�ner operation [67], the product mixture can be controlled by the operator.

Table 3.3: Partitioning of elements in electrore�ner wastes innwpy

Salt (ceramic waste form) Metal (metal waste form)

Alkali metals Noble metal FP
(Li, Na, K, Rb, Cs, Fr) (Y, Nb, Mo, Tc, Ru, Rh,

Pd, Ag, Cd, Sn, Te, Zr, etc.)

Alkaline metal FP, decay products Cladding materials
(Be, Mg, Ca, Sr, Ba, Ra) (Fe, Cr, Ni, Zr)

Lanthanides with stable chlorides
(La, Ce, Pr, Nd, Sm, Eu)

FP with soluble anions
(Br, I, Se, Te, As, Sb)

It should be noted that a similar technology, requiring an additional head-end
processing step, can be applied with equal success to fuel types other than metallic
fuel, such as LWR oxide fuel (PYROX). However, this process produces somewhat
di�erent waste streams due to the volatilization of some semi-volatile �ssion products
during the required head-end process. Because the FCES study generally applied
electrochemical separations to metal fuels, this separation is not considered innwpy.
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3.1.4.3 Melt-re�ning

Melt-re�ning was initially proposed as the method for reconditioning the fuel for
EBR-II and the Integral Fast Reactor. In the melt-re�ning process, metal fuel is
melted in a crucible within a vacuum chamber, prompting the removal of gaseous,
volatile, and reactive �ssion products from the melt and providing straightforward
addition of makeup materials. The process is physical, not chemical, and this sim-
plicity enables use for fuels with short cooling times. However, a side e�ect of this
simplicity is that �ssion product decontamination of the process product is relatively
low.

In melt-re�ning, gaseous and volatile �ssion products are released as gases. There
are four main groups of volatile �ssion products: alkali metals (Rb, Cs), halogens
(I, Br), noble gases (Kr, Xe), and cadmium. Of these, Rb and Cs make up the vast
majority of the activity. The temperature of the melt is between 1300-1400� C. For
reference, the non-reactive elements with boiling points at or below that range are
listed in Table 3.4; all values except for At and Fr come from [68].

Table 3.4: Boiling point ranges of non-reactive gaseous and volatile elements

Element Boiling point (� C)

H, N, F, O, Cl
< 0.0

Noble gases

Br, I, P, At, Hg, S 0 - 500

As, Cs, Fr, Se, Rb,
500 - 1000

K, Cd, Na, Zn, Po

Li 1000 - 1400

Meanwhile, reactive species, such as alkaline-earth and rare-earth �ssion prod-
ucts as well as some actinides, react with the zirconia crucible via oxidation. Some
uranium in the fuel is also oxidized. These species, along with about 5-10% of the
fuel, remain as a solid layer (or \skull") adhered to the crucible after the molten fuel
is poured out. Noble �ssion products and actinides will remain in the melt, which
is recast into fuel. Although the new fuel still includes some noble �ssion products,
many �ssion product poisons are removed. Additionally, because the new fuel is
recast and recladded, melt-re�ning negates accumulated burnup damage.



CHAPTER 3. NUCLEAR WASTE ANALYSIS IN PYTHON 45

After the skull is removed from the crucible, it can be further processed to re-
cover uranium and purify it from the �ssion products in the skull. This additional
processing is required if melt-re�ning is to be used in a continuous recycle process in
order to maximize recovery of U and Pu, thereby minimizing makeup requirements,
and to achieve an equilibrium concentration for noble �ssion products, which would
otherwise build up to levels that could a�ect reactivity [60].

The assumptions employed for melt-re�ning recoveries vary between the two anal-
ysis examples in the FCES study that utilized the process. In one case, it was as-
sumed that 50% of all �ssion products, regardless of expected behavior, would remain
in the fuel. However, as previously discussed, �ssion products behave di�erently in
the melt depending on their properties, as described above. Table 3.5 summarizes
the treatment of species in melt-re�ning from the other analysis example (EG09)
[55]. This recovery behavior was adopted largely as-is for use innwpy, as shown in
Table 3.1 and is supported by descriptions in [60]. The main di�erence is thatnwpy
assumes that that actinides not targeted for recovery are sent to the waste.

Table 3.5: Recovery fractions of species in melt-re�ning process

Species Recovery fraction

Th, Am < 5%
All other actinides 99%
Br, Kr, Rb, Cd, I, Xe, Cs < 0:1%
Sr, Y, Te, Ba and lanthanides < 5%
All other FP 99%

3.1.4.4 MSR separations

The online separation was created to address MSR fuel cycles. In online fuel salt
reprocessing, some fuel salt is diverted away from the main loop to undergo �ssion
product removal after a brief holdup to allow for decay of the shortest-lived �ssion
products. The online separation is considered separately from the online salt cleanup
in which noble gas and metal �ssion products are removed from the fuel salt within
the primary loop.

One promising separation method is the uoride volatility process to remove
uranium as uoride gas, which is puri�ed with sorption and desorption steps [62].
Keeping with the assumptions set forth in the FCES study, the online separation
assumes a default 99% target actinide recovery. After the products are removed, the
barren salt is recovered by vacuum distillation, leaving rare-earth �ssion products
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in the still bottoms. Good separation between salt components LiF and BeF and
rare-earth uorides is expected based on their volatilities [61].

The two FCES analysis examples with MSRs utilized di�erent fractions for rare-
earth separation. One case assumed that 6% of most rare-earths (La, Ce, Pr, Nd,
Pm, Sm, Gd) and Y and 0.6 % of Eu would be separated from the circulating salt.
The other assumed that ten times more material (60% of most rare-earths and Y
and 6% of Eu) would be separated. Both cases are accessible to the user innwpy.

3.1.5 Waste form preparation and package loading

After spent fuels are discharged and separations are applied, if applicable, waste
streams are loaded into waste forms and/or waste canisters for disposal in the
Loading object, which returns a special type ofStream called aWasteForm. In ad-
dition to those that de�ne a Stream, the WasteFormhas two mandatory attributes:
the dimensions of the waste package and the number of waste packages of its kind
produced in the stage. Other attributes are returned on a per-package basis.

The numerical determination of waste form preparation for high-level wastes and
package loading for spent nuclear fuels is based on literature review and assumptions.
The following subsections describe the waste form and package loading for di�erent
types of spent nuclear fuels and high level wastes.

3.1.5.1 Spent fuel and high-level waste packages

This section describes the waste packages into which spent fuels and high-level wastes
are emplaced for disposal. A waste package consists of an inner canister that is loaded
with waste and an overpack that provides corrosion resistance. For spent fuels, the
canisters generally contain metal inserts that hold the fuel assemblies. High-level
wastes are generally poured into directly into canisters as liquids.

In reality, waste packages materials and designs are selected in concert with a
repository site and as a part of an overall repository performance assessment. The
material and required thickness of the overpack depend in part on the geochemical
environment in which it will reside. For this work, generic waste canister and over-
pack designs and dimensions are assumed for disposal of spent fuels and high-level
wastes. No materials are speci�ed, and dimensions, including thicknesses, could be
modi�ed if relevant to future studies.

The spent fuel package sizes depend on the type of fuel and the number of fuel
assemblies they hold and will be described in a later section along with descriptions of
the spent fuels from di�erent reactors. All SNF packages have an overpack thickness
of 5 cm and most have an inner canister thickness of 7.5 cm.
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Most high-level wastes described in the preceding discussions utilize a standard
HLW package design. In reality, di�erent wastes may be emplaced in di�erent pack-
ages depending on waste loading and waste form properties, but for this analysis, the
waste package design is largely standardized to facilitate comparison. The standard
package has external (overpack) length of 4.7 m and diameter 0.82 m, based on a
design proposed in [49]. With an overpack thickness of 5 cm and canister thickness of
7.5 cm, this yields about 1.52 m3 of internal volume to be �lled with waste. The mass
limit for this canister is 2900 kg. In a following section describing the waste loading
for di�erent HLW streams, cases for which the standard package is not applied will
be clari�ed and stream-speci�c designs will be introduced.

For all HLW streams, �xing the package design also �xes the amount of waste
material that can be loaded into the package. This is in contrast to the SNF pack-
ages, for which discrete package designs are speci�ed for varying waste loading. To
vary HLW loading, nwpyprovides keyword arguments through which the user can
arbitrarily specify the waste fraction loaded into the waste form. In this way, al-
though the available volume is �xed, the amount of waste occupying that volume
can be manipulated.

3.1.5.2 Spent nuclear fuels

For spent nuclear fuels (SNF), the mass of initial heavy metal in each assembly
is assumed. Because the waste stream mass is known, this yields the number of
assemblies requiring disposal. The number of assemblies loaded into each package
can be chosen by the user based on options available in the data �le. Varying the
number of assemblies per package a�ects the package dimensions.

Pressurized-water reactor (PWR)

PWR spent fuels are assumed to have 460.0 kg of heavy metal per assembly [69,
70]. Package designs are shown in Figure 3.4 based on designs speci�ed in [49]. The
4-assembly package can be utilized with spacers in un�lled sections to achieve 2- and
3-assembly loading.

Heavy-water reactor (HWR)

For HWR spent fuels, the assembly loading refers to the number of 108-bundle
baskets stacked on top of one another within the package. Each bundle has 37 ele-
ments, in total containing 18.8 kg uranium [71]. The reference data is for 324-bundle



CHAPTER 3. NUCLEAR WASTE ANALYSIS IN PYTHON 48

Figure 3.4: PWR spent fuel package dimensions and layouts; each light blue square
represents the position of a fuel assembly in the package.

package (three 108-bundle baskets) [72], based on which additional hypothetical di-
mensions are proposed assuming more or fewer baskets are stacked in the package.
Each basket contains two layers of 54 bundles. The bundles are 495 mm in length
and the basket is 1035.4 mm in length [73]. In the 3-basket package, there is 760.8
mm of extra non-fuel material added to the package length; assuming all thicknesses
stay the same, this value is added to the height of the stacked baskets to determine
the height for the hypothetical packages shown in Figure 3.5.

High-temperature gas reactor (HTGR)

For the other spent fuel cases, additional inputs and assumptions may be re-
quired. The fuel for the HTGR is assumed to be in the form of prismatic graphite
blocks in which vertical channels are loaded with fuel compacts made up of spherical
tristructural isotropic (TRISO) particles. The prismatic block geometry and is based
on the fuel utilized at Fort St. Vrain [74]. Each block has 7.2 kg of heavy metal [75].
In nwpy, the default is that full blocks are emplaced into waste packages, but the
user may indicate whether the fuel is consolidated before loading into packages by
removing the compacts from the graphite blocks. This would increase waste package
heavy metal loading as compared to the direct disposal of the entire graphite block.
That value is determined by approximating the volume and density of the compacts
to determine the mass of fuel that can be emplaced in a canister of speci�ed volume.
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Figure 3.5: HWR spent fuel package dimensions and layouts; each dark gray square
represents a basket of 108 HWR fuel bundles.

The HTGR default packages are shown in Figure 3.6, which comes from [74].

Fast reactors

Because there are few fast reactors in operation and most fuel cycle concepts in-
volving them promote extensive breeding and recycling, the literature regarding the
direct disposal of spent fuels from fast reactors is sparse. For this reason, the waste
package dimensions for spent fuels from fast reactors are proposed based on approx-
imate assembly dimensions. Two fast reactor assemblies are considered: accelerator-
driven systems (ADS) and sodium fast reactors (SFR). Both use hexagonal assem-
blies and have similar dimensions, so one package design is assumed for both types
of spent fuels.

ADS assemblies have similar dimensions and heavy metal loading to the assem-
blies used in the Accelerator Transmutation of Nuclear Waste (ATW) concept [76,
77]. SFR assemblies have dimensions similar to those used for the ABR-1000 ref-
erence design fuel assemblies [78] with heavy metal loading taken from [7]. The
dimensions of the assemblies are shown in Table 3.6, with packages shown in Figure
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Figure 3.6: HTGR spent fuel package dimensions and layouts (from [74]).

3.7.

Table 3.6: Fast reactor representative assembly dimensions

Reactor ADS SFR

Heavy metal loading (kg) 11.6 97.7
Long diagonal (cm) 18.6 18.1
Short diagonal (cm) 15.6 15.7
Length (cm) | 477.5

Molten salt reactor

Molten salt reactors utilize liquid fuel that circulates into and out of the reactor
core. Fission products that are not stable in the salt, such as gases and noble metals,
are removed within the primary loop. Although many molten salt reactors will utilize
fuel processing to recover fuel species and remove �ssion products from the salt, some
proposed designs involve the direct discharge and disposal of fuel salt.
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Figure 3.7: Fast reactor spent fuel package dimensions and layouts; each hexagon is
a position in which to place a fast reactor assembly.

There are no proposed technologies for the direct disposal of molten salt. For
most spent fuels, any chemical processing is a burden on waste management and
generally defeats the purpose of planning for direct disposal. However, molten salt
reactor discharged fuel is liquid. Even the cooled, solidi�ed salt is unlikely to be an
attractive candidate waste form. For this reason, it is assumed that the discharged
salt is distilled to remove the carrier salt and concentrate the �ssion products and
actinides, which are then loaded into a waste form (e.g. uorapatite) with a loading
fraction of 10%. This is similar to the way the MSR reprocessing wastes are treated,
which is described in the next subsubsection. The waste package is the standard
HLW waste package introduced in the previous subsubsection.

Fusion-�ssion hybrids

A fusion-�ssion hybrid (FFH) is a subcritical reactor in which the neutrons that
go on to generate power in a �ssion blanket are generated by D-T fusion. Two types
of FFH reactors are considered. One is a molten-salt reactor (MSR) blanket in which
U-233 is bred from thorium and burned. The spent fuel, discharged molten salt, is
treated like directly discharged MSR salt.

The second FFH �ssion blanket utilizes TRISO particles embedded within graphite
pebbles, analogous to the Laser Inertial Fusion Energy concept developed at Lawrence
Livermore National Laboratory. After discharged, the pebbles are directly disposed



CHAPTER 3. NUCLEAR WASTE ANALYSIS IN PYTHON 52

in packages with the same canister and overpack dimensions as the 1-, 4-, 12-, and
21-assembly PWR packages, as shown in Figure 3.4, without the assembly-dividing
inserts. The characteristics of the pebbles are shown in Table 3.7 [79].

Table 3.7: FFH fuel pebble package loading

Parameter Value

Pebble diameter 2.0 cm
TRISO particle diameter 0.105 cm
Fuel kernel diameter 0.060 cm
Fuel kernel density 10.0 g/cc
Volume fraction of TRISO

0.15
particles in pebbles
Heavy metal (HM) per pebble 1.17 g
Void fraction of pebbles in package 0.40

Using the volume of the fuel pebbles, the inner volume of the PWR packages,
and a void fraction of 0.4 [80], the fuel pebble loading into each type of package can
be calculated. The number of pebbles loaded into the smallest package is 2.58e5;
into the largest package, 1.16e6 pebbles.

3.1.5.3 High-level wastes

For HLW streams produced by reprocessing, waste form loading is equivalent to
a dilution due to the addition of matrix material to stabilize the waste for long-
term disposal. A value for waste form loading fraction can be speci�ed by the
user using a keyword argument. Although the separations processes above generally
produce more than one waste stream, loading is implemented only for waste streams
containing the bulk of the decay heat and radioactivity. The method and constraints
used to determine waste loading depends on the form of the waste streams. Support
for others may be developed in the future.

Borosilicate glass (aqueous separations)

After product elements are removed from the waste stream by aqueous sepa-
rations, the ra�nate is loaded into a borosilicate glass waste form by mixing in a
melter with glass frit. The elements in the waste stream are accounted for as oxides.
The loading is determined by applying a linear programming model [81] with the
following constraints [7]:
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1. total glass mass limit< 2900:0 kg

2. maximum waste loading fraction< 0:45 (previous works [81] used 0.30 as the
maximum)

3. heat limit < 14 kW

4. MoO3 loading fraction < 0:025

5. Noble metal (Ag, Pd, Rh, Ru) fraction< 0:03

Notably, this methodology does not include calculation of the density of the
glass waste form and the compliance with a volume constraint. This would require
specifying the composition of the borosilicate glass.

Metal and ceramic waste forms (electrochemical separations)

The two waste forms produced by the electrochemical separations { one metal,
one ceramic | are prepared di�erently. The metal waste form, which contains
cladding hulls and noble metal �ssion products, is fabricated using the same linear
programming model as applied to the glass HLW with di�erent constraints.

1. Total waste mass< 3600:0 kg [7]

2. Target waste form composition is SS-15Zr [82, 83]

The Zr is both a �ssion product as well as a component of the fresh fuel, assuming
fresh SFR metal fuel contains 10 wt% Zr [7]. The stainless steel comes primarily from
the cladding hulls (55 kg clad/assembly [7]). Assembly hardware not sent through
the electrore�ner is assumed to make up any di�erence between the cladding and
the requirement. It is assumed that there is su�cient assembly hardware available
to meet this demand, and any leftover can be treated as ILW or LLW.

The ceramic waste form is made when the electrore�ner salt is drawn down for
cleanup. The loaded salt is be immobilized in zeolite (typically dehydrated zeolite-
4A), which is then blended with glass frit at high-temperatures to make glass-bonded
sodalite, the �nal waste form [57]. Waste form loading is based on assumptions for key
component fractions. The maximum allowable �ssion product concentration in the
salt is expected to be between 5-20 wt% and salt content in the sodalite waste form
will be around 7.5 wt%, assuming no salt recovery [84]. In the electrometallurgical
processing of the EBR-II fuels, the weight fraction of salt in the zeolite is about 10
wt% and the fraction of glass in the glass-zeolite mixture is 25 wt% [32]. Given these
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example parameters, the loading of the ceramic waste form is performed assuming
the following values:

1. If no salt recovery, weight fraction of �ssion products in the salt at drawdown:
10 wt%

2. If salt is recovered, weight fraction of �ssion products in the remainder: 95
wt%

3. Weight fraction of salt in salt-loaded zeolite: 10 wt%

4. Weight fraction of zeolite in glass-bonded sodalite: 75 wt%

Gas and crucible skull (melt-re�ning)

After melt-re�ning, the volatile and semi-volatile FP have been released from
the molten fuel as gases. The noble gases are held in tanks to allow for decay and,
ultimately, controlled release to the environment. The remaining radionuclides will
be stripped from the gaseous e�uent. Of these, the alkali elements (Rb, Cs) have
by far the largest activity and decay heat. The primary o�-gas system HLW is the
molecular sieve used to capture these elements. The molecular sieve can accomodate
approximately 3.14 g Cs / in3 [85]. Assuming the sieves themselves are an acceptable
waste form for disposal, they can be crushed to reduce their volume and emplaced
into canisters for disposal.

As described above, the skull adhered to the crucible after the molten fuel is
poured out contains uranium, reactive �ssion products, and unmelted fuel. The skull
is removed from the crucible by oxidation, at which point additional separations and
puri�cation steps can be applied. In keeping with the relatively simple recovery
behaviors described in the previous subsection for melt-re�ning, it is assumed that
all species not recovered or volatilized are contained in the waste stream stemming
from skull treatment. This waste stream can be made into a borosilicate glass waste
form similar to that produced from aqueous reprocessing. Glass loading is carried
out using the same linear programming model previously introduced for the aqueous
HLW.

Molten-salt reactor metal and ceramic wastes

In contrast to the treatment of other waste streams described in this chapter,
there is little to no experience with fabricating waste forms for the waste streams
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produced in the molten salt reactor. What exists is drawn from operational expe-
rience with the Molten Salt Reactor Experiment (MSRE) at Oak Ridge National
Laboratory (ORNL), which ran from 1965-1969. Although the MSRE has been out
of service for almost 50 years, decommissioning is ongoing and the �ssion products
still reside in the cold fuel salt awaiting processing and disposal. Just as the work
to stabilize the EBR-II used fuels led to great advances and experience in electro-
chemical separations technology, the decommissioning and stabilization of the salt
may yield the same for MSRs. Although this section postulates waste stream treat-
ment for MSRs, it does so in a very general way in an attempt to remain relevant
to whatever method is accepted. The values used here for �ssion product loading
are assumptions that should be explored via parametric study to understand their
impact on waste management.

The accumulation of waste over the lifetime of the MSR occurs in a fundamen-
tally di�erent way than for other reactors and the separations processes associated
with them. In general, other reactors continuously produce spent fuels that can
be treated and disposed of in a steady state way. In contrast, many MSR designs
(including MSRE) proposed that waste products from online processing of the fuel
salt be accumulated in tanks over the lifetime of the plant (around 30 years). Then,
waste treatment would occur as a part of decommissioning. If this design is to be
adopted, a comprehensive analysis of MSR waste treatment should account for this
holdup. However, it should also be possible that the waste produced by the MSR is
continuously processed and loaded into waste forms for disposal. In this work, MSR
wastes are treated in this way, which agrees with the treatment of wastes from other
fuel cycles.

There are two primary waste streams from MSRs that require treatment. The
online fuel salt cleanup removes noble gases and metal �ssion products from the fuel
salt within the primary loop. In the FCES, this is treated as a component of the
reactor, not a separations process, which is why it is not mentioned in the previous
subsection. However, these waste still require stabilization for disposal. The gases
are held in a tank to allow for decay (primarily of radioactive isotopes of Xenon),
while the noble metal �ssion products are loaded into a metal waste form with 10%
�ssion product loading.

Reprocessing of the fuel salt produces a stream of �ssion product halides and un-
recovered actinides, which can be loaded into a uorapatite material [86]. The base
case loading is assumed to be 10%. The user can specify with keyword arguments
whether fuel salt is recovered (for example, via distillation), which dramatically in-
creases �ssion product loading in the waste form (the default setting is for the salt
to be recovered).



CHAPTER 3. NUCLEAR WASTE ANALYSIS IN PYTHON 56

3.2 Fuel cycle cases

The methods presented in Chapter 2 are applied to a broad set of fuel cycles, com-
prised of the technologies and characteristics described in the preceding section. This
section details these fuel cycles, which originate from the Fuel Cycle Evaluation and
Screening study. The FCES study aimed to assess the potentially in�nite space of
fuel cycle technologies by di�erentiating them based on fundamental characteristics.
The study de�ned a set of 4398 potentially viable fuel cycle option groups based on
permutations of fuel cycle functional characteristics. These characteristics included:

� Feed element: Th, U

� Enrichment requirement

� Irradiation system: critical or subcritical

� Neutron spectrum: thermal or fast

� Extent of recycle: None, limited, or continuous

� Recycled species: Th, U, Pu, TRU, etc.

Each fuel cycle option group represents all possible speci�c fuel cycle options
described by these fundamental characteristics. These groups were combined into
forty evaluation groups based on expected performance with respect to the criteria
against which they were to be judged. For each evaluation group, an analysis example
was selected for in-depth analysis and metric evaluation by specifying the irradiation
environment and fuel type. More details about the grouping and analysis example
selection process are available in [20] and its appendices.

The nwpypackage interfaces with data derived for these analysis examples, which
are described in detail in [54]. Because the assumptions described in Section 3.1 are
technology-speci�c, the results generated usingnwpyfor a speci�c analysis example
may not well-describe the entire evaluation group it represents. However, these
analysis examples provide a broad set of potential fuel that can be compared and
contrasted based on their fundamental characteristics and speci�c technologies. In
the FCES study, the evaluation groups are referred to by the notation \EGxx", where
\xx" is a number between 01 and 40. In keeping with this notation, bothnwpyand
this thesis refer to evaluation groups in the same way.

Table 3.8 shows the fundamental characteristics for each evaluation group and the
speci�c technologies used in the given analysis example. Although most characteris-
tics are mentioned explicitly, for brevity some are left implied by the speci�ed tech-
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nologies. All reactors are critical except the �ssion-fusion hybrids and accelerator-
driven systems. Evaluation groups EG01-EG08 are once-through (OT) fuel cycles;
EG09-EG18 are limited-recycle (LR); and EG19-EG40 are continuous-recycle (CR).
The waste forms produced by each fuel cycle are speci�ed to the reactor or separation
process.

Beneath each entry is a identi�cation code that identi�es the evaluation group
by the recycle scheme and details about the fuel cycle. For the once-through fuel
cycles, the code includes feed element and the reactor type (e.g. the once-through
use of uranium in PWRs would appear as \1.OT|PWR|U"). For each stage of the
limited- and continuous-recycle fuel cycles, the code includes the reactor type and
recovered elements from reprocessing (e.g. the continuous recycle of uranium (U)
and plutonium (Pu) in PWRs and SFRs would appear as \31.CR|PWR/SFR|
U/Pu"). These codes will be used to di�erentiate the fuel cycles in later �gures
because they are more immediately informative than the simple evaluation group
identi�ers. These codes are shown in Table 3.9, to which readers can refer to connect
codes with evaluation groups and the characteristics described in Table 3.8.
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

EG01 1 U Y PWR Thermal 50.0 None None

EG02 1 U Y HTGR Thermal 120 None None

EG03 1 U Y HWR Thermal 7.50 None None

EG04 1 U N SFR Fast 277 None None

EG05 1 Th, U Y HTGR Thermal 100 None None

EG06 1 Th N FFH Fast 118 None None

EG07 1 U N ADS Fast 55.0 None None

EG08 1 Th N FFH Fast 729 None None

EG09 1 U N SFR Fast 492 Melt-re�ning U, TRU

EG10 1 Th N MSR Thermal 101.9
MSR separations Th, U
Salt cleanup None
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

Th N 377
EG11 1

U Y
SFR Fast

130
Melt-re�ning U, Th

EG12
1 U N HWR Thermal 7.50 Aqueous U, Pu
2 RU, Pu N PWR Thermal 50.0 None None

1 U Y PWR Thermal 50.0 Aqueous U, Pu
EG13

2 RU, Pu N PWR Thermal 50.0 None None

EG14
1 U N SFR Fast 100.0 E-chem U, Pu
2 RU, Pu N PWR Thermal 50.0 None None

1 U Y PWR Thermal 50.0 Aqueous U, Pu
EG15

2 RU, Pu N SFR Fast 127 None None

EG16
1 U Y PWR Thermal 50.0 Aqueous Pu
2 Pu N ADS Fast 390 None None

1 U Y PWR Thermal 50.0 Aqueous Pu
EG17

2 Th, Pu N PWR Thermal 50.0 None None
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

EG18
1 Th, U Y PWR Thermal 60.0 Aqueous Th, U
2 RTh, RU N PWR Thermal 58.0 None None

EG19 1 U, Pu N HWR Thermal 8.00 Aqueous U, Pu

EG20 1 U, TRU N HWR Thermal 7.60 Aqueous U, TRU

EG21 1 U, Pu Y PWR Thermal 45.0 Aqueous U, Pu

EG22 1 U, TRU Y PWR Thermal 45.0 Aqueous U, TRU

RU, Pu N 81.5
EG23 1

U N
SFR Fast

23.5
E-chem U, Pu

EG24 1 U, TRU N SFR Fast 73.0 E-chem U, TRU

Th, RU3 N 26.0 Th, U
EG25 1

U Y
PWR Thermal

49.0
Aqueous

U, TRU

EG26 1 Th N MSR Thermal 884.9
MSR separations Th, U, TRU
Salt cleanup None
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

Th N 1.4 Th, U
U, RU, RU3 Y 36.8 UEG27 1
U, RU Y

SFR Fast
37.8

E-chem
U

Th, U3 N 63.0 Th, U
EG28 1

Th N
SFR Fast

4.0
E-chem

Th, U

RU, Pu N 96.8
1

U N
SFR Fast

20.7
E-chem U, Pu

EG29
2 RU, Pu N PWR Thermal 50.0 Aqueous U, Pu

RU, TRU N 107
1

U N
SFR Fast

23.0
E-chem U, TRU

EG30
2 RU, TRU N PWR Thermal 50.0 Aqueous U, TRU

1 U Y PWR Thermal 51.0 Aqueous U, Pu
EG31

2 RU, Pu N SFR Fast 169 Aqueous U, Pu

1 U Y PWR Thermal 50.0 Aqueous U, TRU
EG32

2 RU, TRU N SFR Fast 132 E-chem U, TRU
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

RU, Pu N 77.3
1

U N
ADS Fast

11.3
E-chem U, Pu

EG33
2 RU, Pu N PWR Thermal 50.0 Aqueous U, Pu

RU, TRU N 77.6
1

U N
ADS Fast

11.3
E-chem U, TRU

EG34
2 RU, TRU N PWR Thermal 50.0 Aqueous U, TRU

1 U Y PWR Thermal 50.0 Aqueous Pu
EG35

2 Pu N ADS Fast 303 E-chem Pu

1 U, Pu, Y PWR Thermal 45.0 Aqueous U, Pu, MA
EG36

2 MA N ADS Fast 172 E-chem MA

1 U Y PWR Thermal 50.0 U, TRU
RU, TRU N 103 U, TRU

2
Th N

SFR Fast
14.0 Th, U3

EG37

3 U, RU, RU3 N PWR Thermal 55.0

Aqueous

RU, U3, TRU

Th, RU3 N 49.0
1

Th N
SFR Fast

1.30
E-chem Th, U3

EG38
2 RTh, RU3 N PWR Thermal 50.0 Aqueous Th, U3
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Table 3.8: FCES evaluation group characteristics and analysis example technologies

Eval.
Stage

Feed
Enrich. Reactor Spectrum

Burnup
Separation

Recycled
group element (GWd/t) element

U Y U, TRU
1

Th N
PWR Thermal 61.7 Aqueous

Th, U3, TRU
2 Th, U3 N PWR Thermal 56.0 Aqueous Th, U3, TRU

EG39

3 TRU N ADS Fast 194.9 E-chem TRU

1 Th N ADS Fast 138
EG40

2 Th, U3 N PWR Thermal 62.5
Aqueous Th, U3
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Table 3.9: Evaluation group fuel cycle identi�cation codes

Recycle Evaluation Identi�cation
Strategy Group code

No
recycle

EG01 1.OT|PWR|U
EG02 2.OT|HTGR|U
EG03 3.OT|HWR|U
EG04 4.OT|SFR|U
EG05 5.OT|HTGR|U/Th
EG06 6.OT|FFH|Th
EG07 7.OT|ADS|U
EG08 8.OT|FFH|Th

Limited
recycle

EG09 9.LR|SFR|U/TRU
EG10 10.LR|MSR|Th/U3
EG11 11.LR|SFR|U/Th/U3
EG12 12.LR|HWR/PWR|U/Pu
EG13 13.LR|PWR/PWR|U/Pu
EG14 14.LR|SFR/PWR|U/Pu
EG15 15.LR|PWR/SFR|U/Pu
EG16 16.LR|PWR/ADS|U/Pu
EG17 17.LR|PWR/PWR|U/Th/Pu
EG18 18.LR|PWR/PWR|U/Th/U3

Continuous
recycle

EG19 19.CR|HWR|U/Pu
EG20 20.CR|HWR|U/TRU
EG21 21.CR|PWR|U/Pu
EG22 22.CR|PWR|U/TRU
EG23 23.CR|SFR|U/Pu
EG24 24.CR|SFR|U/TRU
EG25 25.CR|PWR|U/TRU/Th/U3
EG26 26.CR|MSR|Th/U3/TRU
EG27 27.CR|SFR|U/Th/U3
EG28 28.CR|SFR|Th/U3
EG29 29.CR|SFR/PWR|U/Pu
EG30 30.CR|SFR/PWR|U/TRU
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Table 3.9: Evaluation group fuel cycle identi�cation codes

Recycle Evaluation Identi�cation
Strategy Group code

Continuous
recycle

EG31 31.CR|PWR/SFR|U/Pu
EG32 32.CR|PWR/SFR|U/TRU
EG33 33.CR|ADS/PWR|U/Pu
EG34 34.CR|ADS/PWR|U/TRU
EG35 35.CR|PWR/ADS|U/Pu
EG36 36.CR|PWR/ADS|U/Pu/MA
EG37 37.CR|PWR/SFR/PWR|U/TRU/Th/U3
EG38 38.CR|SFR/PWR|Th/U3
EG39 39.CR|PWR/PWR/ADS|U/TRU/Th/U3
EG40 40.CR|ADS/PWR|Th/U3

3.3 Benchmarking

The Fuel Cycle Evaluation and Screening study assessed the forty evaluation groups
against nine criteria used to compare their performance. Six of these criteria repre-
sent opportunities for bene�t, and three represent potential challenges. Each crite-
rion is made up of one or more metrics against which analysis example data could be
binned to evaluate fuel cycle performance. The waste management criterion contains
�ve metrics, all normalized to energy production:

1. Mass of SNF and HLW disposed (t/GWe-y)

2. Activity of SNF+HLW at 100 years after disposal (Ci/GWe-y)

3. Activity of SNF+HLW at 100,000 years after disposal (Ci/GWe-y)

4. Mass of depleted uranium (DU), recovered uranium (RU), and recovered tho-
rium (RTh) disposed (t/GWe-y)

5. Volume of low-level waste (LLW) per energy generated (m3/GWe-y)

Of these metrics, the �rst three can be evaluated usingnwpy. The mass of spent
nuclear fuel and high-level waste reects the fuel cycle mass balance at steady state.
The natural resource requirement and the extent of recycling are signi�cant factors
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a�ecting the mass of waste produced. The major contributors to activity at 100 years
are �ssion products and actinides with shorter half-lives. The activity at 100,000
years reects the long-term radioactivity of the actinides in the waste. Together,
these two metrics describe the composition of the waste stream.

To generate these values innwpy, only the cooling and separations steps must be
applied to the material streams generated based on mass ow and discharge com-
position data. The benchmarking results reect the conservation of material mass
throughout the nwpypackage up through separations, including in interactions with
ORIGEN. For fuel cycles that utilize separations, the characteristics for each waste
stream produced are summed to yield the total value for all HLW. The benchmarking
should also indicate the quality of the assumptions regarding separation e�ciencies.
The waste form loading step, while important for enabling di�erent types of waste
management calculations, is not required to evaluate these metrics, which only re-
ect characteristics of the bulk waste stream. Comparison of the results fromnwpy
with those published in the FCES [23] is a con�rmation that the data produced by
the package is in line with previous work. Table 1 contains the ratio of each metric
as evaluated bynwpyto the metric reported in the FCES study. The agreement is
generally good. Values for which the ratio exceeds 5% error are shown in red.

Table 3.10: nwpy benchmarking; values in table are the ratio between the result
generated usingnwpyand the result reported in the FCES study

SNF+HLW SNF+HLW Activity
Fuel cycle ID code Mass 100 y 100,000 y

1.OT|PWR|U 0.9998 0.9955 0.9978
2.OT|HTGR|U 1.0037 0.9986 1.0053
3.OT|HWR|U 1.0000 0.9944 1.0019
4.OT|SFR|U 0.9989 0.9972 0.9875
5.OT|HTGR|U/Th 1.0031 0.9955 1.0014
6.OT|FFH|Th 1.0026 0.9991 1.0034
7.OT|ADS|U 1.0013 0.9990 1.0000
8.OT|FFH|Th 0.9969 0.9937 0.9831
9.LR|SFR|U/TRU 0.9976 1.0020 0.9770
10.LR|MSR|Th/U3 11.831 1.0644 12.091
11.LR|SFR|U/Th/U3 1.0203 1.2977 0.9834
12.LR|HWR/PWR|U/Pu 1.0004 0.9936 1.0001
13.LR|PWR/PWR|U/Pu 1.0033 0.9962 1.0005



CHAPTER 3. NUCLEAR WASTE ANALYSIS IN PYTHON 67

Table 3.10: Benchmarking of waste management metrics innwpy against FCES
results

SNF+HLW SNF+HLW Activity
Fuel cycle ID code Mass 100 y 100,000 y

14.LR|SFR/PWR|U/Pu 0.9991 0.9998 0.9885
15.LR|PWR/SFR|U/Pu 0.9983 0.9926 0.9908
16.LR|PWR/ADS|U/Pu 1.0143 0.9976 0.9932
17.LR|PWR/PWR|U/Th/Pu 0.9992 0.9937 0.9960
18.LR|PWR/PWR|U/Th/U3 1.0016 0.9962 0.9987
19.CR|HWR|U/Pu 0.9880 0.9991 0.9902
20.CR|HWR|U/TRU 0.9887 1.0000 0.9890
21.CR|PWR|U/Pu 0.9904 1.0013 0.9889
22.CR|PWR|U/TRU 0.9717 1.0002 0.9856
23.CR|SFR|U/Pu 0.9977 0.9955 0.9323
24.CR|SFR|U/TRU 0.9835 0.9931 0.9748
25.CR|PWR|U/TRU/Th/U3 0.9866 0.9880 0.9564
26.CR|MSR|Th/U3/TRU 98.179 1.1709 109.74
27.CR|SFR|U/Th/U3 0.9993 0.9946 0.9953
28.CR|SFR|Th/U3 1.0021 0.9935 0.9925
29.CR|SFR/PWR|U/Pu 0.9995 1.0006 0.9868
30.CR|SFR/PWR|U/TRU 1.0105 0.9998 0.9715
31.CR|PWR/SFR|U/Pu 1.0025 0.9955 0.9848
32.CR|PWR/SFR|U/TRU 0.9996 0.9989 0.9810
33.CR|ADS/PWR|U/Pu 0.9946 0.9943 0.9742
34.CR|ADS/PWR|U/TRU 0.9955 0.9946 0.9670
35.CR|PWR/ADS|U/Pu 1.0020 1.0045 0.9471
36.CR|PWR/ADS|U/Pu/MA 0.9749 0.9939 0.9793
37.CR|PWR/SFR/PWR|U/TRU/Th/U3 1.0192 0.9964 0.9779
38.CR|SFR/PWR|Th/U3 1.0249 0.9964 0.9972
39.CR|PWR/PWR/ADS|U/TRU/Th/U3 0.9826 1.0063 0.9966
40.CR|ADS/PWR|Th/U3 0.9970 0.9893 0.9402

For the most part, the agreement is good. The di�erences in metric values can
be explained by considering the slight di�erences in methodology betweennwpyand
the FCES analysis examples. The two evaluation groups that fail across all metrics
are those for which the analysis examples utilize molten salt reactors. The treatment
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Table 3.11: Benchmarking results for MSR fuel cycles with modi�ed recovery frac-
tions

Fuel cycle Recovery fraction
SNF+HLW SNF+HLW Activity

Mass 100 y 100,000 y

10.LR|MSR|
Th/U3

U3: 0.9999654

1.0515 1.0161 1.0040
Th: 0.99999882
TRU: 1.0
REE: 0.4 (Eu: 0.94)

26.CR|MSR|
Th/U3/TRU

U3: 0.999943458

1.0156 1.0414 1.0320
Th: 0.999999
Pu: 0.98969
REE: 0.94 (Eu: 0.994)

of molten salt reactors in the FCES is unique relative to the other analysis examples
in two regards. First, the values in the mass balance tables are very high, reecting
the fact that the entire fuel salt inventory circulates through the online reprocessing
system 121.67 times per year (once every three days) [54]. The high values for mass
ows increase the magnitude of any disagreement between thenwpyand FCES re-
sults. The second di�erence is that the recovery for product actinides assumed for
MSRs in the FCES is di�erent than that of other fuel cycles. To remedy this, the re-
covery of actinides can be explicitly de�ned to override the default value of 99%. For
both MSR fuel cycles, the recoveries can be inferred based on the analysis example
mass balance table [54]. The �nal di�erence is with respect to the separation e�-
ciency of rare-earth elements (REE); in Sub-subsection 3.1.4.4, the di�erent options
for rare-earth element recovery in MSR separations were described. For fuel cycle
26.CR|MSR|Th/U3/TRU, the option for lower rare-earth recovery is required (in
other words, more rare-earth elements remain in the fuel salt). Applying these mod-
i�cations manually, the results are improved to those shown below in Table 3.11. In
the waste management analyses presented in Chapter 4, MSR separations will be
treated in the same way as the other separations technologies, with separation e�-
ciency of 99% for all recovered species and the lower recovery fractions for rare-earth
elements. Case studies utilizing the details in Table 3.11 will be presented where
possible.

The di�erences in metric results can be explained in a similar way for other the
other fuel cycles. Excluding the MSR fuel cycles, no other fuel cycle has a di�erence
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in metric evaluation greater than 6%, and no fuel cycles have di�erence in the metric
for mass of SNF and HLW. In addition to the MSR fuel cycles, only one other fuel
cycle, 11.LR|SFR|U/Th/U3, has errors in the activity of SNF+HLW at 100 years,
pointing to di�erences in �ssion product inventory. This fuel cycle example utilizes a
breed-and-burn (B&B) sodium fast reactor consuming U-233 bred from thorium and
in which the fuel is reconditioned using melt-re�ning. The FCES analysis example
assumed that in melt-re�ning, 50% of all �ssion products would be recovered in
the new fuel. However, as discussed above, the behavior of �ssion products in the
melt-re�ning process depends on their reactivity and volatility. Accounting for these
behaviors results in more �ssion products being sent to the waste stream, increasing
the near-term activity of the waste stream.

Three fuel cycles have benchmarking di�erences betweennwpyand the FCES re-
sults for activity at 100,000 years: (1) 23.CR|SFR|U/Pu, a single-stage fuel cycle
in which U and Pu are continuously recycled in SFRs; (2) 35.CR|PWR/ADS|
U/Pu, a two-stage fuel cycle in which Pu from used LWR fuel in the �rst stage
is used as makeup for an accelerator-driven system (ADS) in the second stage; (3)
40.CR|ADS/PWR|Th/U3, U-233 is bred from ADS in the �rst stage is used to
fuel PWRs in the second stage.

For 23.CR|SFR|U/Pu, the breeding ratio of Pu from U is slightly greater than
break-even. The FCES study assumes that this extra Pu is treated as HLW. The
nwpymetric evaluation can capture this by adjusting the separation e�ciency of Pu
to send more to the waste. When the separation e�ciency equals 0.984, the mass of
Pu sent to the HLW stream is equal to 0.9 tons of Pu (per 100 GWe-y), identical to
the value reported in the mass ow table [54]. The result of adjusting the separation
e�ciency in this way is shown in Table 3.12.

The other two fuel cycles, 35.CR|PWR/ADS|U/Pu and 40.CR|ADS/PWR|
Th/U3, do not have any stated di�erences that should cause the evaluations of the
metric to di�er between nwpyand the FCES results. One commonality is that both
utilize ADS. Other continuous-recycle fuel cycles utilizing ADS, such as 33.CR|
ADS/PWR|U/Pu, 34.CR|ADS/PWR|U/TRU, and 36.CR|PWR/ADS|U/Pu/MA
(but excluding 39.CR|PWR/PWR/ADS|U/TRU/Th/U3) also have somewhat
lower values for the long-term activity metric, as shown in Table 3.10. One pos-
sible explanation for this pattern is material losses for fuel fabrication, which are
not accounted for innwpy. Reducing the recovery of the primary fuel elements, as
shown in Table 3.12, shows that agreement with the FCES study can be improved in
this way. However, the values for recovery fractions shown are guesses. More careful
study of these fuel cycles and the underlying data could improve agreement.

With the exception of the MSR fuel cycles, the benchmarking results between
nwpy and the FCES study increase con�dence thatnwpy is treating materials in
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Table 3.12: Benchmarking results for fuel cycles with custom recovery fractions

Fuel cycle
Recovery SNF+HLW SNF+HLW Activity
fraction Mass 100 y 100,000 y

23.CR|SFR|U/Pu Pu: 0.984 1.0068 0.9982 0.9761

35.CR|PWR/ADS|U/Pu Pu: 0.980 1.0064 1.0080 0.9712

40.CR|ADS/PWR|Th/U3
Th: 0.989

1.0080 0.9894 0.9736
U: 0.989

the fuel cycles in an appropriate way. With the ability to generate waste stream
compositions for the di�erent FCES fuel cycles, the metrics introduced in Chapter 2
can be applied to study the fuel cycles as well as the e�ects of separation e�ciency
and waste loading fraction.
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Chapter 4

Results

This chapter presents the results generated by applying the models presented in
Chapter 2 to the waste streams from the Fuel Cycle Evaluation and Screening study,
characterized by the methodologies presented in Chapter 3.

Section 4.1 discusses the characteristics of the nuclear waste that are important for
subsequent analysis, including the total decay heat and the waste package inventory.
Section 4.2 shows the results for the inventory of long-lived �ssion products in the
waste streams. Section 4.3 presents the �gure of merit calculations characterizing
material attractiveness. Section 4.4 shows the results for the area required for heat-
generating waste disposal in three generic, close-contact geologic repositories.

Throughout these sections, discussions and observations are made connecting the
results to the characteristics of the fuel cycles that generate the waste. In many
of the �gures and discussions, the reference result will be that for the once-through
PWR fuel cycle (EG01: 1.OT|PWR|U. In the FCES, this fuel cycle is used as the
base case against which the performance of other fuel cycles is judged.

4.1 Waste characterization

Solution of Equation 2.1 to obtain time-dependent waste characteristics is required
for waste management analysis. These characteristics themselves can be assessed
with context or can be used as input into waste management models. Later sections
in this chapter discuss some of these characteristics, including the inventory of long-
lived �ssion products and the �ssile enrichment of actinides in the waste. This section
presents the waste package inventory and waste decay heat load from each fuel cycle
as examples of important information required for input into waste management
models, such as the repository footprint model for which results are presented in 4.4.
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4.1.1 Waste package inventory

The waste package inventory is determined for each waste stream produced by the
fuel cycle cases introduced in Chapter 3. Figure 4.1 shows total number of packages
produced by each fuel cycle as a function of those loading values. For SNF, the
color of the bar indicates the size of the package. Warmer colors indicate larger
packages with higher waste loading, resulting in fewer packages. No legend is given
because each reactor type produces spent fuel for which packages o�er di�erent waste
loading options; these are introduced in Chapter 3. The HLW waste forms are loaded
according to the waste form type associated with the prescribed separation process.
This too is described in Chapter 3. This yields only a single option for HLW waste
loading.

With low waste package loading, the once-through fuel cycles produce greater
package inventories than the fuel cycles that utilize recycling. However, if large
packages are allowable, the di�erences are small. The limited-recycle fuel cycles pro-
duce only modest amount of SNF, which is due to the mass balances associated with
these fuel cycles [54]. The continuous recycle fuel cycles all produce approximately
the same number of packages per unit energy. In Figure 4.1, there are only a few
outliers. These are: 7.OT|ADS|U, a once-through ADS system with poor thermal
e�ciency that utilizes relatively small fast reactor assemblies; and molten-salt reac-
tor fuel cycles 10.LR|MSR|Th/U3 and 26.CR|MSR|Th/U3/TRU, for which
the separation e�ciency utilized in this work was di�erent from that assumed in the
FCES study, as discussed in Chapter 3 Section 3.3. Further detail on the e�ects of
this are given in the discussions in Section 4.4.

With further research and development, improvements and limitations may be
realized for the production of di�erent HLW streams. In Figure 4.2, the HLW loading
is parameterized based on a range of potential HLW loading fractions to highlight
the impact on waste package inventory. The waste loading fraction varies from 1%
to 50% | in reality, 50% may be too high for some waste forms due to limitations
that govern waste chemical and thermal durability. Notably, some heat-dilute waste
streams, such as the metal waste forms produced from electrochemical separations,
may have values for waste loading fraction that are greater than 50%.

The MSR fuel cycles 10.LR|MSR|Th/U3 and 26.CR|MSR|Th/U3/TRU are
again outliers in Figure 4.2 due to the e�ect of separation e�ciency on waste requiring
disposal. For the remaining fuel cycles that produce HLW, package inventories as low
as 1 package per GWe-y may be possible with high waste loading fractions. These
parametric values for SNF and HLW package inventory are utilized in the thermal
model for repository footprint.

Another required input for that model is the decay heat produced by each pack-
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Figure 4.1: SNF + HLW waste package inventory per unit energy generated in each
fuel cycle; SNF package loading is paramaterized by bar color.
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Figure 4.2: HLW waste package inventory generated for production of 1 GWe-y by
each fuel cycle; hypothetical waste loading fraction is paramaterized by bar color.
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Figure 4.3: Decay heat (W/kg) produced by waste streams from 1.OT|PWR|U,
13.LR|PWR/PWR|U/Pu, and 23.CR|SFR|U/Pu. This value

age. As SNF package loading or HLW waste fraction increase, the number of packages
is decreased but the per-package decay heat load increases. This trade-o� is explored
in along with the results for Section 4.4. Figure 4.3 shows the decay heat content
for the bulk (before waste package and waste form loading) materials streams for
1.OT|PWR|U, 13.LR|PWR/PWR|U/Pu, and 23.CR|SFR|U/Pu. These
fuel cycles were selected as examples because are used to illustrate other metrics in
later sections. In particular, the decay heat from these fuel cycles is required for
calculation of repository footprint and required surface storage time in Section 4.4.

Because the waste from 1.OT|PWR|U contains both �ssion products and ac-
tinides, the heat content is substantial at early times and decays away slowly due
to sustained contributions from longer-lived radionuclides. However, both waste
streams from 13.LR|PWR/PWR|U/Pu have initially greater decay heat content.
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For the glass HLW, this is because short-lived �ssion products and longer-lived TRU
isotopes are concentrated relative to the used fuel from which it originated. For the
MOX SNF, heat-producing TRU isotopes | notably Pu-238 and Am-241 | are
accumulated in large quantities due to the use of Pu-bearing fuel in a thermal spec-
trum. The result is that the MOX SNF from 13.LR|PWR/PWR|U/Pu remains
signi�cantly hotter than the SNF from 1.OT|PWR|U.

The waste streams from the electrochemical processing of used blanket and driver
fuels from 23.CR|SFR|U/Pu show di�erent decay heat behavior. The decay heat
from the metal wastes, which contain the noble metal �ssion products, decreases very
quickly, becoming insigni�cant within a few years after it is produced. The ceramic
wastes, which contain the bulk of the �ssion products and all of the waste actinides,
produce greater levels of decay heat for a longer period of time. In 23.CR|SFR|
U/Pu, only Pu is recycled, so the heat from the ceramic wastes decays slowly due
to the presence of TRU isotopes. The ceramic waste from the driver fuel is hotter
than that from the blanket fuel because the driver fuel experiences greater uence,
resulting in accumulation of TRU isotopes.

4.2 Long-lived �ssion product inventory

The long-lived �ssion products (LLFP) that are generally mobile in groundwater and
can contribute substantially to repository performance dose metrics are Cs-135, I-
129, Sn-126, Tc-99, and Se-79. The total inventory of LLFPs, summed across waste
streams and fuel cycle stages, is plotted in Figure 4.4 for each of the fuel cycles
introduced in Chapter 3. Each bar is broken down into the contribution of each
LLFP. The dotted line corresponds to the total LLFP inventory for the spent fuel
from the once-through PWR fuel cycle.

Two observations can be made about the relationship between fuel cycles and
LLFP inventory from Figure 4.4. The �rst is with respect to thermal e�ciency, the
underlying cause of the most signi�cant standout cases. Thermal e�ciency is related
to overall �ssion product inventory because when the thermal energy generated from
�ssion is used more e�ectively, fewer �ssions are required to achieve a �xed energy
goal. The fuel cycles that utilize high-temperature gas reactors (� = 0:50) or molten-
salt reactors (� = 0:44) will produce fewer �ssion products overall, resulting in a
smaller LLFP inventory. By contrast, fuel cycles with lower e�ciency, like the once-
through ADS fuel cycle (7.OT|ADS|U), produce more �ssion products generally
| in that case, almost 100 kg/GWe-y. For this fuel cycle in particular, the plant
power requirements are a signi�cant drain on its energy production.

Outside of these extreme cases, it is di�cult to attribute many of the di�erences
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Figure 4.4: LLFP inventory generated in each fuel cycle, broken down into contri-
butions from each LLFP isotope.
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to e�ciency. In particular, there is little to no correlation between the e�ciency
of sodium fast reactors (� = 0:40) and pressurized water reactors (� = 0:33). In
order to have low LLFP inventory, it is helpful to have a very e�cient plant. That
e�ciency does not fully explain total LLFP inventory indicates that other e�ects are
signi�cant.

The second observation that can be made from Figure 4.4 is the continuous
recycle fuel cycles produce greater total LLFP inventories than the limited-recycle
and once-through fuel cycles. The average LLFP inventory for the continuous-recycle
fuel cycles is 45.5 kg/GWe-y, whereas that for the limited-recycles fuel cycles is 50.4
kg/GWe-y and that for the once-through fuel cycles is 57.1 kg/GWe-y. The reason
for this is because these fuel cycles obtain more �ssions from fuel isotopes that
produce more LLFP. Tables 4.1 and 4.2 show the cumulative LLFP yields (JENDL
FP Fission Yields, 2011) for di�erent actinide isotopes at thermal and fast energies,
respectively [87]. More isotopes are included in Table 4.2 because their capture-to-
�ssion ratios are signi�cantly lower for fast neutrons. The total LLFP yield, obtained
by summing the preceding columns, is shown in the right-most column. The values
for often-recycled fuel isotopes are generally greater than those for U-235, the fuel
isotope utilized when uranium enrichment is required. Major examples include U-233
at thermal energies, or Pu-239 and Pu-241 at both thermal and fast energies.

Table 4.1: Thermal long-lived �ssion product yields (%; E = 0.0253 eV)

LLFP Cs-135 I-129 Sn-126 Tc-99 Se-79 Total

U-233 6.256 1.573 0.224 4.911 0.143 14.818
U-235 6.552 0.540 0.056 6.142 0.045 13.335
Pu-239 7.617 1.321 0.198 6.219 0.044 15.399
Pu-241 7.165 0.804 0.082 5.983 0.015 14.049

Speci�c fuel cycles in Figure 4.4 can be compared in order to assess the e�ects of
di�erent fuel cycle characteristics on LLFP inventory. The e�ect of reactor spectrum
can be observed by comparing fuel cycles with di�erent reactors that utilize the
same fuel elements, as shown in Table 4.3. In these examples, the fuel cycles that
utilize fast reactors produce more LLFPs than those that utilize thermal reactors.
The reason for this is due to the fact that LLFPs and their precursors have greater
thermal cross sections, leading to greater rates of transmutation in thermal reactors
than in fast reactors.

This e�ect, as well as the impact of other fuel cycle characteristics, can be demon-
strated further by looking at the inventories of individual LLFPs. For most fuel
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Table 4.2: Fast long-lived �ssion product yields (%; E = 500 keV)

LLFP Cs-135 I-129 Sn-126 Tc-99 Se-79 Total

U-233 6.420 1.697 0.278 4.700 0.097 13.193
U-235 6.575 0.840 0.097 5.953 0.091 13.556
U-238 6.909 1.013 0.054 6.223 0.033 14.232
Np-237 7.264 1.617 0.164 6.138 0.057 15.240
Pu-238 6.741 1.083 0.228 6.119 0.067 14.238
Pu-239 7.551 1.406 0.263 5.990 0.061 15.272
Pu-240 7.434 1.120 0.270 5.942 0.042 14.808
Pu-241 7.055 1.142 0.222 5.548 0.036 14.003
Pu-242 6.975 1.225 0.168 5.463 0.034 13.864
Am-241 6.515 0.920 0.250 5.410 0.034 13.130
Am-243 6.778 0.893 0.228 5.417 0.019 13.336
Cm-243 6.484 1.159 0.280 4.910 0.034 12.866
Cm-244 5.684 1.006 0.279 5.115 0.025 12.108

Table 4.3: E�ect of reactor spectrum on total LLFP inventory

Fuel cycle Total LLFP inventory (kg/GWe-y)

1.OT|PWR|U 46.1
4.OT|SFR|U 65.5

19.CR|HWR|U/Pu 40.4
21.CR|PWR|U/Pu 50.1
23.CR|SFR|U/Pu 68.3

20.CR|HWR|U/TRU 40.8
22.CR|PWR|U/TRU 54.8
24.CR|SFR|U/TRU 71.6
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cycles, the two major LLFPs are Cs-135 and Tc-99, whereas Se-79 and Sn-126 con-
tribute much less to the overall inventory. This is because the cumulative �ssion
product yields for Cs-135 and Tc-99 from �ssion of most actinides at fast and ther-
mal energies are greater than those for the other LLFPs. In this analysis, the three
primary LLFP | Cs-135, Tc-99, and I-129 | will be studied in detail.

Cs-135 is a major contributor to LLFP inventory. In reactors, some Cs-135
is formed directly from �ssion, but most is generated from the decay of precursor
Xe-135. Xe-135 has a large independent �ssion product yield and its equilibrium
concentration depends on reactor power: if the power is greater, the ux is greater,
which means the concentration of Xe is greater as well. However, Xe-135 also has
a large thermal absorption cross section (around 100,000 b). This means that while
Xe-135 is being constantly produced in the reactor, it is also being consumed by
reactions with neutrons. The cross section is only large at thermal energies and is
much smaller at fast energies (around 0.1 b at 100 keV). Capture is the dominant
absorption reactor for Xe-135 and Cs-135; the capture cross sections of Xe-135 and
Cs-135 are shown in Figure 4.5.

Figure 4.5: Xe-135 and Cs-135 capture cross sections (barns) as a function of energy
from the ENDF/B-VIII.0 library.

Because less Xe-135 experiences neutron capture in fast reactors, more is allowed
to decay to Cs-135. Figure 4.6 shows the Cs-135 inventory for all fuel cycles per
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unit thermal energy, which is obtained by multiplying the value per unit electrical
energy by the reactor thermal e�ciency factor. The bars are sorted according to
Cs-135 inventory and the color corresponds to the amount of Cs-135 generated in
stages that use fast and thermal reactors. This e�ect dominates other factors such as
the actinide isotope undergoing �ssion and fuel residence time. Because Cs-135 has
a large cumulative �ssion yields for most �ssioning actinides, reactors that produce
more Cs-135 tend to have greater LLFP inventories as well as evidenced by Figure
4.4.

By contrast, Tc-99 exhibits more complex behavior. Although there is a di�erence
between the fast and thermal capture cross sections of Tc-99 and its precursors,
it is not nearly as signi�cant as that for Xe-135. The capture cross section for
Tc-99 and its precursors is plotted in Figure 4.7. Only two precursors are shown,
because although the others (Nb-99, Zr-99, Y-99, Sr-99) have larger independent
�ssion product yields, their half-lives are all less than 3 minutes. That the capture
cross sections for Tc-99 and its precursors are slightly greater at thermal energies
indicates more transmutation of Tc-99 should take place in thermal reactors.

However, other factors contribute to Tc-99 inventory. First fuels that spend more
time in the reactor experience a higher uence, giving Tc-99 and its precursors more
opportunities to be transmuted by neutrons. Additionally, the Tc-99 yield from
�ssion of U-233 is only 80% that of U-235, and the di�erence in yield from �ssion
between U-233 and Pu is even greater. For this reason, reactors that rely on U-233
for �ssion power should produce less Tc-99.

Figure 4.8 plots the Tc-99 inventory ranked among the fuel cycles per unit thermal
energy. Overall, the di�erence in Tc-99 inventory between the fuel cycles is very low
and only the �rst few fuel cycles show signi�cant variation in Tc-99 inventory. This
is because Tc-99 inventory is correlated very strongly with overall �ssion product
inventory, which is connected to thermal e�ciency. Because the results in this �gure
are normalized to thermal energy, that e�ect has been removed.

The three �gures show the amount of Tc-99 generated in fuel cycles with the
aforementioned characteristics. None of the criteria produce particularly good dis-
tinctions because the di�erences in Tc-99 inventory between the fuel cycles are rela-
tively small and each is only shows only one of multiple factors a�ecting the result.
The left �gure shows the amount of Tc-99 generated from fuels containing U-233 (or
thorium, from which U-233 is bred). Although many of the fuel cycles that produce
smaller amounts of Tc-99 utilize Th/U-233, there are fuel cycles that produce little
Tc-99 that do not utilize Th/U-233 fuels, and there are fuel cycles that do utilize
Th/U-233 fuels that produce larger amounts of Tc-99.

The color of the bars in the middle �gure correspond to the amount of Tc-99
generated in reactors with thermal or fast spectra. There is a higher concentration
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Figure 4.6: Sorted Cs-135 inventory (kg/GWth) for all fuel cycles. The color of the
bars indicates the fraction of power generated in fast and thermal reactors.
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Figure 4.7: Tc-99 and precursor capture cross sections (barns) as a function of
energy. The library is ENDF/B-VIII.0 for Tc-99 and Mo-99 and TENDL-2017 for
Tc-99m.

of thermal reactors in the fuel cycles that produce lower inventories of Tc-99, but
the distinction is not as clear as it was for Cs-135.

Finally, the Tc-99 generated in fuel cycles with residence times longer than 7 years
(e�ective full power years) is shown in the third �gure. The cuto� value of 7 years
was chosen so that the breed and burn fuel cycle 11.LR|SFR|U/Th/U3 could be
included among those with longer residence times, because 7.1 years is the shortest
residence time among any of the fuel batches in that fuel cycle. Fuel cycles with
longer residence times generally produce less Tc-99. This is exempli�ed by comparing
breed-and-burn fuel cycles with similar fuel cycles that utilize continuous recycling.
Fuels in breed-and-burn fuel cycles like 9.LR|SFR|U/TRU and 11.LR|SFR|
U/Th/U3 have longer residence times and higher burnup than others, like those
in 23.CR|SFR|U/Pu or 27.CR|SFR|U/Th/U3. Reactors with extremely short
residence times, like HWRs, produce the most Tc-99. Although some elements in the
continuous-recycle MSR (26.CR|MSR|Th/U3/TRU) may have in�nite residence
times, Tc-99 is actively removed during salt treatment with a cycle time (the time
required to remove 100% of an element) of less than 1 year [88]. Taken together,
the three �gures demonstrate that fuel cycles that utilize thorium and U-233 and/or
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thermal spectra and/or longer residence times will produce smaller amounts of Tc-99.

Figure 4.8: Tc-99 inventory (kg/GWth-y), sorted by inventory and marked to denote
Tc-99 generated by reactors fueled with Th/U3, thermal reactors, and reactors with
longer fuel residence times.

Generation of I-129 in nuclear reactors follows similar patterns as Tc-99. Like
Tc-99, the thermal capture cross sections for I-129 and its precursors are greater
than those at fast energies, indicating more transmutation in thermal reactors. The
capture cross sections for I-129 and its precursors are plotted in Figure 4.9. Ad-
ditionally, the �ssion product yield of I-129 is signi�cantly lower for U-235 �ssion
than for U-233 or Pu �ssion. Therefore, reactors that utilize enriched uranium fuels
should be expected to produce less I-129.

Figure 4.10 shows the mass of I-129 per unit thermal power generated and sorted
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Figure 4.9: I-129 and precursor capture cross sections (barns) as a function of energy.
The library is ENDF/B-VIII.0 for I-129 and TENDL-2017 for Te-129 and Sb-129.

for each fuel cycle. In the �rst �gure, the amount of I-129 generated from thermal
and fast reactors is shown by bar color. In the second �gure, bar colors denote the
amount of I-129 produced from reactors using either low-enriched uranium (LEU) or
LEU along with another fuel material in the assembly or batch, Th/U-233 fuels, and
\other", which generally comprises Pu/TRU fuels. Fuel cycles that utilize thermal
reactors and enriched uranium are shown to produce less I-129, while those that
utilize fast spectra and Pu or U-233 fuels produce greater amounts of I-129. The
distinction drawn by these two characteristics is much clearer than that for Tc-99
due in part to the larger variability in I-129 inventory among the di�erent fuel cycles.

4.3 Material attractiveness

The attractiveness of �ssile materials in nuclear waste streams is evaluated for each
of the 40 fuel cycles cases. For each actinide-bearing waste stream in each fuel cycle,
the bare sphere critical mass (kg) and decay heat content (W/kg) for the �ssile
material and the bare sphere dose rate (rad/hr) at 1 m for the material in the waste
package are calculated using the methods described in Chapter 2 Section 2.1.3. This
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Figure 4.10: I-129 inventory (kg/GWth-y), sorted by inventory and marked to de-
note I-129 produced in thermal/fast reactors and by LEU, LEU-combination, Th/U-
233, or other (mostly Pu/TRU) fuels.
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Figure 4.11: Pu and TRU package inventory and �ssile fraction in 4-assembly spent
fuel packages generated from 1.OT|PWR|U.

section describes the evolution of these values over time for two example fuel cycles
waste streams and compares fuel cycles based on aggregate metrics using the material
attractiveness �gure of merit. The complete set of �gures showing the time-evolution
for all fuel cycles can be found in Appendix B.

Figure 4.11 characterizes the �ssile materials that might be considered attractive
in LWR spent fuel over time after discharge (from 1.OT|PWR|U). The inventory
of Pu and TRU in each package (4 assemblies per package) is signi�cant and the
material is su�ciently �ssile to warrant attention. Over time, the inventory and �ssile
fraction varies as radioactive decay adds to and removes di�erent isotopes. The �ssile
fraction of both Pu and TRU peaks around 20,000 years after Pu-240 (t1=2 = 6; 560
y) decays away, leaving �ssile Pu-239 as a higher fraction of the mixture.

Figure 4.12 plots the FOM and its constituent values over time after discharge.
The FOM is shown in the top left �gure; in the top right, the dose rate; in the bottom
left, the critical mass; in the bottom right, the decay heat. Initially, the FOM is well
below zero, indicating that the �ssile material in the spent fuel is wholly unattractive.
However, the FOM increases quickly, and after about 100 years, the FOM for both Pu
and TRU exceeds one, indicating that both species are attractive. Over this period,
the critical mass and the decay heat content of the Pu and TRU experience relatively
little change while the dose rate of the bulk waste material falls about two orders of
magnitude. This decrease is due to the decay of shorter-lived �ssion products, which
removes the spent fuel self-protection that would previously discourage retrieval.

Once the dose rate falls to the point that the Pu and TRU become attractive,
their attractiveness dose not decrease below the attractiveness threshold before the
end of the 1,000,000 year period simulated. As Pu-239 decays (t1=2 = 24; 000 y), the
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Figure 4.12: Figure of merit evaluation for Pu and TRU in 4-assembly spent fuel
packages generated from 1.OT|PWR|U.

remaining Pu isotope becomes Pu-244 (t1=2 = 8:08e7 y). This corresponds to a slight
decrease in the FOM as the critical mass increases due to the loss of �ssile material.
However, the material is still considered attractive and could be theoretically used
to fabricate nuclear weapons.

In this model, the FOM is not independent of waste package loading, because the
mass of material in the waste package a�ects the dose rate. From the perspective
of long-term material attractiveness and proliferation resistance, modifying package
loading is a trade-o�. On one hand, increasing package loading can increase the
dose rate, potentially increasing the time before the material becomes attractive.
On the other hand, increasing package loading also concentrates the attractive �ssile
material, allowing someone to recover more material from fewer packages. Of these,
only the former can be assessed using the FOM. The FOM for Pu and TRU and the
spent fuel package dose rate is plotted in Figure 4.13 against time after discharge.
Waste package loading is di�erentiated by line and marker color, and the trend in
dose rate and FOM is similar for all values of package loading. Lower package loading
means that the material becomes attractive earlier, but after enough time has passed,
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the �gure of merit is no longer signi�cantly controlled by the dose. For this reason,
the lines for all values of package loading eventually converge.

However, the trade-o� can be illustrated by considering the time at which Pu
becomes attractive and the amount of Pu loaded into packages. The critical mass of
the Pu at 5 years after discharge is about 14 kg, and remains study until the decay
of Pu-239. With that in mind, Table 4.4 shows the package inventory of Pu and the
time before the material becomes attractive. A package that contains only 1 fuel
assembly only supplies about 40% of the Pu required for a critical mass, its dose
rate fails to be self-protecting at about 50 years after discharge. By contrast, the
largest package, containing 21 fuel assemblies, does not become attractive until 155
years after discharge. However, a single package of this size contains enough Pu for
8 critical masses.

Table 4.4: E�ect of package loading on Pu inventory and FOM

Package loading Package Pu/pkg at t=5y t (FOM> 1)
(assemblies) count (kg) (y)

1 4765 5.38 52.45
2 2383 10.8 76.43
3 1589 16.1 91.16
4 1192 21.5 101.0
12 398 64.5 137.6
21 227 113 155.1

Additional insights can be made by contrasting this result with that for an ad-
vanced fuel cycle. Figure 4.14 shows the Pu and TRU inventory and �ssile fraction
for 23.CR|SFR|U/Pu, a fuel cycle in which U and Pu are continuously recycled
in SFRs and considered to be highly promising in the FCES study. The fuels are
divided into blanket and driver fuels, denoted by marker type. Although this fuel
cycle produces two waste forms, only one of them, the ceramic from electrochemical
reprocessing, contains actinides. Unlike 1.OT|PWR|U, where the Pu and TRU
inventories were similar because most of the TRU was Pu, this fuel cycle recycles Pu,
decreasing the amount of Pu relative to TRU. However, the Pu and has a greater
�ssile fraction than that produced in the spent fuel from 1.OT|PWR|U.

Figure 4.15 shows the FOM and the values that comprise it against time after
discharge. The behaviors of all values are similar to those in the case of 1.OT|
PWR|U. The FOM, initially insigni�cantly low, increases rapidly as the dose rate
decreases, eventually indicating high material attractiveness. The critical mass of the
Pu and TRU is about constant until the decay of Pu-239, at which point it increases.
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Figure 4.13: Figure of merit and dose rate evaluation for Pu and TRU in spent fuel
packages with di�erent loading generated from 1.OT|PWR|U.
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Figure 4.14: Pu and TRU package inventory and �ssile fraction in ceramic HLW
generated from electrochemical reprocessing in 23.CR|SFR|U/Pu.

One important di�erence between Figures 4.12 and 4.15 is the time at which the
materials become attractive. For 1.OT|PWR|U, that time is about 101 years. For
23.CR|SFR|U/Pu, that time is 198 years for the HLW from the blanket fuels, and
220 years for the HLW from the driver fuels. The reason for the time delay before
the material becomes attractive is because �ssion products are concentrated in the
HLW, increasing the density of radioactivity and increasing the dose rate.

Another di�erence between the cases for 1.OT|PWR|U and 23.CR|SFR|
U/Pu is the number of packages required to obtain a critical mass of Pu or TRU.
Those values are reported for 1.OT|PWR|U in Table 4.4. For 23.CR|SFR|
U/Pu, the Pu or TRU from three packages of HLW from driver or blanket waste is
required to obtain a critical mass. Because Pu is removed from the waste stream by
reprocessing, it is diluted in the HLW and therefore more packages must be recovered
to acquire usable amounts of attractive material.

The package inventory of potentially attractive materials in HLW depends on
both the separation e�ciency of the reprocessing method and the waste loading
fraction during waste form preparation. Whereas loading fraction is similar to spent
fuel waste package loading in that it is a wholly waste management issue, improving
separation e�ciency is bene�cial to many aspects of the fuel cycle because desirable
resources can utilized to generate more energy. An additional bene�t of increasing
separation e�ciency is that those the package inventory of those potentially attractive
materials decreases. In the above example for 23.CR|SFR|U/Pu, the separation
e�ciency for the electrochemical process that produced the ceramic HLW is 99%.
If that value were increased to 99.9%, the number of packages required to obtain
a critical mass of Pu would increase to 23. Although not a fundamental barrier
to future recovery of attractive materials from nuclear waste, diluting attractive
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Figure 4.15: Figure of merit evaluation for Pu and TRU in ceramic HLW generated
from electrochemical reprocessing in 23.CR|SFR|U/Pu.

material in the waste increases the time required to obtain weapons-usable amounts
of �ssile materials.

The time-to-attractiveness and the packages required for a critical mass metrics
can be generalized to all fuel cycle cases. Figure 4.16 shows the minimum time-to-
attractiveness for each fuel cycle case. The minimum is taken over all actinide-bearing
waste forms and all potentially attractive materials in the waste. Each bar is labeled
to indicate the waste form that becomes at the earliest time, and the color of the
bar denotes the attractive material | U, Pu, or TRU.

The time-to-attractiveness varies from as little as zero years to over 200 years
after waste fabrication and/or package loading (which is assumed to occur 5 years
after discharge from the reactor). At the low-end are waste forms or waste packages
with relatively low waste loading. For example, the package loading of the spent
fast reactor assemblies produced by 7.OT|ADS|U is rather low (7 assemblies per
package). The ceramic waste forms from the two MSR fuel cycles contain only
rare-earth �ssion products, and the melt-re�ning skull from 11.LR|SFR|U/Th/U3
contains relatively few �ssion products because it is produced after processing the
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Figure 4.16: Minimum time (y) after used fuel discharge before material in waste
becomes attractive. Bar color indicates the attractive material and each bar is
labeled with the waste form that contains it.
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breeding blanket. For these waste packages, the dose rate is low enough that the
waste loses self-protection very early, potentially before it can be stored, transported,
and emplaced in a geologic repository.

On the high-end, most of the waste forms are high-level wastes due to the concen-
tration of short-lived radioactive �ssion products in reprocessing. For cases in which
HLW is generated from processing driver and blanket fuels separately, the HLW from
the blanket fuels has a lower time-to-attractiveness because the �ssile enrichment of
the material in the blanket fuel is much greater than that of the driver fuel. The only
spent fuel case with a long time-to-attractiveness is the case of 8.OT|FFH|Th,
for which the spent fuel is in the form of TRISO particle fuel embedded in graphite
pebbles; the waste packages for these pebbles are very large, and the treatment of
materials in the dose calculation may not be appropriate for the unique structure of
the fuel pebble.

The minimum number of packages required to recover a critical mass of attractive
material is shown in Figure 4.17. These values, along with those for the time before
recovered material becomes attractive, are summarized in Appendix B. The number
of packages required is evaluated at the time at which the material becomes attractive
(shown in Figure 4.16). The bars are labeled according to the fuel cycle waste form
that yields the fewest required packages, and colored according to the type of material
considered attractive. The values in the plot range from 1 to 16 packages. This is
dependent on the size of the package and the concentration and �ssile enrichment of
attractive material in the package.

Most of the waste forms for which only a single package is required to recover
enough material for a critical mass are spent fuels from once-through or limited-
recycle fuel cycles. These packages generally contain large amounts of potentially
attractive material because it is not recovered in reprocessing. Conversely, the waste
forms that require recovery of a greater number of packages are mostly high-level
wastes. The exceptions are the two once-through HTGR fuel cycles 2.OT|HTGR|
U and 5.OT|HTGR|U/Th, which produce waste packages with relatively low
waste loading because the spent fuel is assumed to be disposed within the prismatic
graphite fuel blocks in which it is loaded.

The e�ect of reprocessing can be assessed by comparing related fuel cycles, such
at 1.OT|PWR|U, 21.CR|PWR|U/Pu, and 22.CR|PWR|U/TRU. Only a
single waste package of PWR spent fuel (4 assemblies per package) is required to
obtain a critical mass of Pu. Because Pu is recovered in 21.CR|PWR|U/Pu,
TRU is more readily available, and �ve packages are required to obtain a critical
mass. If both Pu and TRU are recovered, six packages are required to obtain a
critical mass of Pu. The di�erence between 21.CR|PWR|U/Pu and 22.CR|
PWR|U/TRU is small because Pu is more attractive than TRU, and therefore the
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Figure 4.17: Minimum number of waste packages that must be obtained in order
to acquire a critical mass of attractive material. Bar color indicates the attractive
material and each bar is labeled with the waste form that contains it.
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Table 4.5: E�ect of MSR separation e�ciency on material attractiveness metrics

Fuel cycle Recovery fraction t (FOM> 1) (y) N CM
pkgs

10.LR|MSR|Th/U3

Actinides: 0.99
5.0 4.0

REE: 0.4 (Eu: 0.94)

U3: 0.9999654

105.0 4.0
Th: 0.99999882
TRU: 1.0
REE: 0.4 (Eu: 0.94)

26.CR|MSR|Th/U3/TRU

Actinides: 0.99
6.5 4.0

REE: 0.4 (Eu: 0.94)

U3: 0.999943458

233.3 3.0
Th: 0.999999
Pu: 0.98969
REE: 0.94 (Eu: 0.994)

returns of recovering both Pu and TRU from the waste diminishes.
The MSR fuel cycles (10.LR|MSR|Th/U3 and 26.CR|MSR|Th/U3/TRU)

perform poorly for the time-to-attractiveness metric due to the low separation ef-
�ciency relative to what was utilized in the FCES (and described in Chapter 3 in
Table 3.11). The primary diluent material not recovered from the waste is thorium.
To demonstrate the di�erence in waste material attractiveness for MSR fuel cycles
with di�erent separation e�ciency, the time-to-attractiveness and number of pack-
ages required to recover a critical mass of material are shown in Table 4.5. When
more thorium is recovered by separations processes, the dose rate of the waste in-
creases because the highly radioactive �ssion products are more concentrated. This
increases the time before the �ssile material in the waste | U (mostly U-233) for
both cases | becomes attractive. However, although some U is removed from the
waste with increased separation e�ciency, the vast majority of recovered material is
Th, resulting in a signi�cant change in the number of waste packages produced but
relatively little change in the amount of U in each package. Therefore in these cases,
even with improved separation e�ciency, there is no improvement in the number of
packages required to obtain a critical mass of �ssile material.

One �nal comprehensive metric for comparing all fuel cycle cases is the maximum
value of the �gure of merit, taken across all waste forms, attractive materials, and
times. Because the behavior of the �gure of merit is similar for all fuel cycles, it is a
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bounding value for the attractiveness of materials in a fuel cycle. These are plotted
in Figure 4.18 for all forty fuel cycles. The values range from 4.33 to 5.10, and for all
fuel cycles, the �ssile material that yields that greatest FOM value is Pu. In all cases,
the maximum FOM occurs after 10,000 years, after Pu-240 has decayed away but
before Pu-239 can decay, meaning that the Pu has a high �ssile enrichment. Because
all fuel cycles produce wastes that yield such large maximum values for FOM, this
metric is not e�ective for di�erentiating among the fuel cycles. Rather, it highlights
that care should be taken when considering the proliferation resistance of fuel cycle
waste disposal. Future work might enable technologies that can further reduce the
long-term attractiveness of wastes disposed in geologic repository.

4.4 Repository footprint

This section presents the results for the geologic repository footprint required for
disposal all waste streams from each of the 40 fuel cycles cases in three generic
repository environments. The repository footprint is explored with respect to two
important factors a�ecting waste decay heat: surface storage time and waste package
loading (for SNF) or waste form loading (for HLW).

Figure 4.19 shows the repository area required for the disposal of LWR spent
fuel from 1.OT|PWR|U in repositories in granite, clay, and salt host rocks as a
function of surface storage time. Waste package loading is distinguished by line and
marker color and marker shape. The legend indicates the various waste package and
waste form parameters, as well as the number of waste package that are produced
per unit electricity. Only a few examples of this type of �gure are shown in this
chapter; the �gures showing all waste streams produced by each fuel cycle can be
found in Appendix C.

Packages that emit more heat require greater spacing, so the required area de-
creases with increased surface storage time. In Figure 4.19, two limits are apparent
with respect to surface storage time. First, at shorter surface storage time, many
package loading options cannot be emplaced without breaching the temperature con-
straint. In these cases, storage is mandatory to allow cooling before emplacement. In
cases where certain package loading options are not plotted at all (for example, 12-
assembly packages in clay), disposal is not possible in the time period shown without
breaching the temperature constraint.

Second, at su�ciently long surface storage times, the area required for disposal
of a particular package may reach the minimum value de�ned by the drift radius and
package length, as described in the previous section. From this point onward, surface
storage time has no e�ect on the area because the package heat content is low enough
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Figure 4.18: Maximum value of the material attractiveness �gure of merit (FOM),
taken over waste form, recovered attractive material, and time after fuel discharge.
Each bar is labeled with the waste form that contains it; for all fuel cycles, the
maximum value of the FOM is for recovered Pu at some time beyond 10,000 years
after discharge.
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