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does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
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those of the U.S. Government or any agency thereof.
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EXECUTIVE SUMMARY

This report fulfills the M1 milestone M11UF041401, “Storage R&D Opportunities Report”
under Work Package Number FTPN11UF0414.

The U.S. Department of Energy Office of Nuclear Energy (DOE-NE), Office of Fuel Cycle
Technology, has established the Used Fuel Disposition Campaign (UFDC) to conduct the
research and development activities related to storage, transportation, and disposal of used
nuclear fuel and high-level radioactive waste. The mission of the UFDC is to identify
alternatives and conduct scientific research and technology development to enable storage,
transportation and disposal of used nuclear fuel (UNF) and wastes generated by existing and
future nuclear fuel cycles. The Storage and Transportation staff within the UFDC are
responsible for addressing issues regarding the extended or long-term storage of UNF and its
subsequent transportation. The near-term objectives of the Storage and Transportation task are
to use a science-based approach to develop the technical bases to support the continued safe and
secure storage of UNF for extended periods, subsequent retrieval, and transportation.

While both wet and dry storage have been shown to be safe options for storing UNF, the focus of
the program is on dry storage at reactor or centralized locations. Although the initial emphasis of
the program is on commercial light-water reactor uranium-oxide fuel, DOE-owned research and
defense used nuclear fuels as well as alternative and advanced fuel concepts being investigated
by the DOE will be addressed later in this program. Because limited information is available on
the properties of high burnup fuel (exceeding 45 gigawatt-days per metric tonne of uranium
[GWd/MTU]), and because much of the fuel currently discharged from today’s reactors exceeds
this burnup threshold, a particular emphasis of this program is on high burnup fuels.

Until a disposition pathway, e.g., recycling or geologic disposal, is chosen and implemented, the
storage periods for UNF will likely be longer than were originally intended. The ability of the
important-to-safety structures, systems, and components (SSCs) to continue to meet safety
functions over extended times must be determined and demonstrated. In addition, the ability of
these SSCs to meet applicable safety functions when the used nuclear fuel is transported must be
ensured. To facilitate all options for disposition and to maintain retrievability and normal back-
end operations, it is considered an important objective of this program to evaluate the likelihood
that the used nuclear fuel remains undamaged after extended storage. This does not preclude
consideration of other options, such as canning of all UNF, from a total systems perspective to
determine overall benefit to nuclear waste management.

This report documents the initial gap analysis performed to identify data and modeling needs to
develop the desired technical bases to enable the extended storage of UNF. For most SSCs
important to safety, additional data are required, often because there are limited data on the new
materials used in more modern fuels or dry storage cask systems or because the effects of high
burnup and extended storage are not fully known. Based upon the importance of the SSC to
licensing a dry storage system or an independent spent fuel storage installation (ISFSI), the
potential effects of extended storage or high burnup on the degradation mechanism, and a
combination of the data needs, regulatory considerations, likelihood of occurrence, the
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consequence of degradation, the means to remediate the degradation, and the impact of
degradation on cost, operations, and future waste management strategies, a research and
development (R&D) priority (Low, Medium, or High) is assigned. The R&D priority cannot be
higher than the ranking assigned for importance to licensing; obviously, a structure, system, or
component ranked of Low importance to licensing does not require a Medium or High priority
for R&D. However, a structure, system, or component can be of High importance to licensing,
but the R&D needs can be lower depending on the prioritization criteria.

The degradation mechanisms identified in this report are limited to those during normal dry
storage operations and potential off-normal conditions. Impacts of degradation mechanisms on
demonstrating compliance with design basis accidents including those initiated by natural
phenomena are not discussed in this report. This report is meant to be a living document that
will be updated as additional technical data become available and as policy decisions are
implemented. Future revisions will include formulating the technical bases for consideration of
accidents and natural phenomena during extended dry storage. In addition, future revisions will
compare the gap analysis generated as part of the UFDC with similar analyses developed by the
U.S. Nuclear Waste Technical Review Board, the U.S. Nuclear Regulatory Commission, Electric
Power Research Institute, and international organizations. A similar gap analysis effort is under
way as part of the UFDC to examine the needs to meet transportation requirements. Once the
transportation work is completed, the results will be consolidated in a consistent manner in a
revision to this report to form a single set of gaps and congruous direction for addressing these
gaps to meet applicable storage and transportation requirements.

There are several cross-cutting needs for dry storage. These cross-cutting needs are key to
detecting, understanding, and evaluating the extent of many of the degradation mechanisms, as
well as both determining and validating alternate means of demonstrating compliance with
specific regulatory requirements. Table S-1 provides a summary of cross-cutting needs and the
proposed work to address those needs.
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Table S-1. Summary of Cross-Cutting Needs

Cross-Cutting Importance Approach to
Need Description of R&D Closing Gap
Monitoring Continued efficacy or acceptable performance of High Develop systems

dry storage systems for relatively short-term
storage can be demonstrated through accelerated
tests to validate models and analyses. However,
for extended storage, projection of continued
efficacy or acceptable performance may not be
possible without collecting data to validate the
models developed using data from short-term
tests. To collect the necessary data as part of the
R&D program and engineering-scale
demonstration, more effective monitoring
systems must be developed to detect failures (or
precursors to those failures) and to evaluate
materials property changes that can be correlated

to their structural performance. Medium
Tem_perature Most degradation mechanisms are temperature- High
Profiles dependent with rates generally increasing with

temperature. Current safety analyses are
appropriately based on bounding temperature
profiles, but recent data has shown that high
burn up cladding can become brittle at lower
temperatures due to phenomena such as radial
hydride precipitation. Similarly, recent models
on delayed hydride cracking suggest that this
mechanism may become more prolific at lower
temperatures. For these reasons, the program
recognizes the need to develop realistic
temperature profiles for all dry storage
components as a function of extended storage.

for early detection
of confinement
boundary
degradation,
monitoring cask
environmental
changes, and data
transmission
without
compromising cask
or canister
boundary.

Develop systems
for early detection
of corrosion of
metal
reinforcement.

Calculate
temperature profiles
of SSCs as a
function of time for
representative dry
cask storage
systems.
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Table S-1. (contd)

Cross-Cutting Importance Approach to
Need Description of R&D Closing Gap
Drying Issues  Many degradation mechanisms are dependent on High Perform tests and
or accelerated by the presence of water. Even if develop models to
proper drying procedures are followed, some better quantify the
water could remain, given the tortuous path amount of residual
water may follow, in addition to the contribution water remaining
from physisorbed and chemisorbed water that after a normal
may not be removed under the drying drying cycle.
conditions.
Subcriticality/  criticality safety cross-cuts all areas of waste High Acquire the data
Burnup Credit management, including storage, transportation, needed, including
recycling/reprocessing, and disposal. The data radiochemical
needs are applicable to each area. Although assays and critical
extensive investigations have been performed experiments,
domestically and internationally in an effort to validate the models,
evaluate and license the technical bases related and develop the
to burnup credit, additional data, validation, and technical bases for
modeling efforts are needed to justify full full burnup credit.
(actinide and fission product) burnup credit.
Examine Fuel  Itis recommended that the CASTOR V/21 cask,  High Open and examine
in the ldaho internals, and the underlying concrete pad at INL the contents of the
National be re-examined. Likewise, it is recommended CASTOR V/21 and
Laboratory that the REA-2023 cask, which is known to have REA casks.
(INL) Casks breached confinement, also be examined. The
main drivers for opening and examining these
casks and fuels are to obtain additional data to
support the extended storage of low burnup fuel
(with an additional 11-14 years of storage), and
to determine the effect of confinement breach on
internal structures, systems, and components.
Fuel Transfer  As the program prepares to test and evaluate High Investigate the

Options

new dry storage cask systems and high burnup
fuel to meet the primary objectives of the
Storage and Transportation effort, it is important
to ensure that the data obtained are directly
applicable to the industry. The proposed effort
will help determine the pros and cons of the
different retrieval options (wet and/or dry) and
enable the UFDC to make informed decisions on
the preferred methods for transfer of fuel.

effects of drying
and wetting cycles
on fuel, cladding,
and canister/cask
internals and define
acceptable transfer
alternatives.
Investigate
utilization of dry
transfer systems.
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Table S-2 provides a summary of the SSCs important to safety, the degradation mechanisms to
which either a Medium or a High priority for additional R&D were assigned, and the proposed
approach for closing these gaps. Proposed approaches for closing some of the gaps for
degradation mechanisms assigned a Low priority are discussed in this report but are not included
in the summary tables. The gaps assigned a Low priority will be addressed in future years as
resources allow, or if their priority changes as more information becomes available. A future
report will document the details of the proposed testing and modeling to close the identified
gaps. In addition to proposed specific testing and modeling plans, the report will also include the
necessary quality assurance requirements and implementation plans.

A brief discussion on how each of the Medium or High priority gaps may be addressed is
provided in this report. The discussion is meant to be a high-level approach of whether
experimental work, analyses, modeling and simulation, detailed aging management plans, or a
combination of these approaches is needed. Detailed discussions of specific means for
addressing the data gaps and their prioritization of importance to the UFDC will be provided in a
fiscal year 2012 document. It is envisioned that the gaps will be closed by obtaining data
through separate effects tests, modeling and simulation, small scale tests, and in-service
inspections. The predictive models developed through this effort will be validated through a
long-term engineering-scale demonstration of high burnup fuel in full-scale casks/canisters. The
proposed tasks are essential to ensuring timely, cost-effective, and defensible approaches to
consolidating used nuclear fuel that is currently stored at “ISFSI Only” sites and to facilitating
licensing and license extensions of high burnup fuel and associated dry cask storage systems.

Table S-2. Summary of High- and Medium-Priority Degradation Mechanisms That Could Impact
the Performance of Structures, Systems, and Components (SSCs) During Extended Storage

Degradation Importance
SSC Mechanism of R&D Approach to Closing Gaps
Annealing of Medium Long-term, low temperature annealing will be analyzed
radiation damage through advanced modeling and simulation with some
experimental work to support the model.
H, effects: High A comprehensive experimental and modeling program
embrittlement and to examine the factors that influence hydride
reorientation reorientation will be performed, with a focus on new

cladding materials and high burnup fuels. Additional
experimentation and modeling to provide the link

Cladding between unlrraqllated_ a_nq irradiated cladding
performance will be initiated.

H, effects: delayed High Experimental work combined with modeling will be
hydride cracking initiated.
Oxidation Medium Experimental work to determine the mechanism for the

rapid cladding oxidation observed will be initiated.

Creep Medium Long-term, low-temperature, low-strain creep will be
analyzed through advanced modeling and simulation
with some experimental work to support the model.
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Table S-2. (contd)

Degradation Importance
SSC Mechanism of R&D Approach to Closing Gaps
Euel Corrosion (stress Medium Because the fuel assembly hardware components of
Assembly  corrosion cracking) concern are the same or similar to those that also serve
Hardware asa cladd_lr_lg, the results of cladding tests and analyses
will be utilized.
Thermal aging Medium Development of an accurate source term and radiation
effects and thermal profiles is needed. Experimental work and
: modeling together in collaboration with universities
Neutron Creep Medium under the Nuclear Energy University Program (NEUP)
Poisons Embrittlementand  Medium will be initiated.

cracking

Corrosion Medium

(blistering)

Atmospheric High

corrosion

Container  (including marine
(Welded  environment)
Canister)

Agueous corrosion  High Analyses of the conditions that will exist on the cask
and canister surfaces will be performed. Collaboration
with the Electric Power Research Institute (EPRI) -led
Extended Storage Collaboration Program (ESCP) and
International Subcommittee, especially the Japanese

] ] Central Research Institute of Electric Power Industry

Thermomechanical ~ Medium (CRIEPI) and the German Federal Institute for

fatigue of seals and Materials Research and Testing (BAM), will be

bolts initiated.

Container  Atmospheric High
(Bolted corrosion
Casks) (including marine

environment)

Aqueous corrosion  High

Freeze—thaw Medium Development of detailed aging management programs

Overpack  Corrosion of el will be performed. Inspection tasks to provide the

embedded steel

means for early detection will be initiated.
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The UFDC is actively pursuing collaborations to help address the data gaps in a timely and cost-
effective manner. These collaborations include the various university groups working on these
issues as part of the DOE Nuclear Energy University Program. The UFDC is also an active
participant in the EPRI-led Extended Storage Collaboration Program, which was formed in
November 2009 and consists of industry, regulators, and national laboratories bringing together a
wide range of perspectives and technical expertise to address objectives similar to those of the
Storage and Transportation task. The Extended Storage Collaboration Program also includes an
international subcommittee chaired by the Storage and Transportation manager. The goals of
this subcommittee are to identify the gap analyses in each of the participating countries
(currently the United States, United Kingdom, Spain, Germany, Hungary, Japan, and South
Korea), identify commonalities, and collaborate to address these data gaps.
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USED FUEL DISPOSITION CAMPAIGN
Gap Analysis to Support Extended Storage
of Used Nuclear Fuel

1. INTRODUCTION

The U.S. Department of Energy Office of Nuclear Energy (DOE-NE), Office of Fuel Cycle
Technology has established the Used Fuel Disposition Campaign (UFDC) to conduct the
research and development (R&D) activities related to storage, transportation, and disposal of
used nuclear fuel (UNF) and high-level radioactive waste (HLW). The mission of the UFDC is

To identify alternatives and conduct scientific research and technology
development to enable storage, transportation and disposal of used nuclear fuel
and wastes generated by existing and future nuclear fuel cycles.

The recent decision by DOE to no longer fund the development of a geologic repository at Yucca
Mountain, Nevada, for the disposal of spent nuclear fuel (SNF)? necessitates storage of UNF
until a disposition pathway is available. At the direction of the President, the Secretary of
Energy established the Blue Ribbon Commission (BRC) on America’s Nuclear Future to conduct
a comprehensive review of policies for managing the back end of the nuclear fuel cycle,
including all alternatives for the storage, processing, and disposal of civilian and defense UNF,
HLW, and materials derived from nuclear activities. The BRC is to provide advice, evaluate
alternatives, and make recommendations to the Secretary by January 2012.

Within the UFDC, the Storage and Transportation task has been created to address issues of
extended or long-term storage and transportation. The near-term objectives of the Storage and
Transportation task are to use a science-based approach to

e Develop the technical bases to support the continued safe and secure storage of UNF for
extended periods.

¢ Develop the technical bases for retrieval of UNF after extended storage.

o Develop the technical bases for transport of high burnup fuel; as well as low and high burnup
fuel after dry storage.

Together, these objectives will help formulate the technical bases to support licensing for
extended storage of UNF that will accommodate all disposition options. It is not sufficient for
UNF to simply maintain its integrity during the storage period, it must maintain it in such a way
that it can withstand the physical forces of handling and transportation associated with restaging

# Nuclear fuel discharged from a transmutation system (i.e., reactor or accelerator-driven system) is termed as “used nuclear fuel”
until it is determined that the fuel has no subsequent value and will be disposed of in a geologic repository. At this point, the fuel
is termed as “spent nuclear fuel.” As storage and transportation are currently required no matter the ultimate disposition pathway
chosen, the terminology “used nuclear fuel” or UNF is used throughout this document, except SNF is used when it is part of
historical terminology (e.g., spent fuel pool).
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the fuel and moving it to a treatment/recycling facility or geologic repository. While both wet
and dry storage have been shown to be safe options for storing UNF, the program will focus on
dry storage at reactor or centralized locations with storage times exceeding the currently longest
licensed dry storage period. Although the initial emphasis of the program will be on commercial
light-water reactor (LWR) uranium-oxide fuel, DOE-owned research and defense used nuclear
fuels, as well as alternative and advanced fuel concepts being investigated by DOE, will be
addressed later in this program. Because limited information is available on the properties of
high burnup fuel (exceeding 45 gigawatt-days per metric tonne of uranium [GWd/MTU]), and
because much of the fuel currently discharged from today’s reactors exceeds this burnup
threshold, a particular emphasis of this program will be focused on high burnup fuels.

1.1 Background

When fuel is no longer capable of efficiently sustaining a chain reaction, it is removed from the
reactor and is termed UNF or SNF. Because of the high heat load and radioactivity, UNF is
initially stored in water-filled pools to provide both cooling and shielding. Reactors were not
designed or built to store all of the UNF produced over their lifetime of operation. This is
especially true for reactors applying for license extensions of up to 20 years, bringing their total
operating lifetime to 60 years. Most reactors initially addressed this storage shortfall by
reracking their pools to increase the in-pool storage capability by decreasing the spacing between
assemblies. Typically this also requires the use of additional fixed neutron poisons and burnup
credit to provide the required reactivity margin to demonstrate subcriticality. As the pools reach
capacity, it is necessary to remove assemblies to ensure that the pool retains sufficient space to
support refueling operations. Without an operating repository, centralized storage facility, or
reprocessing facility, the only option is to build additional onsite storage, either wet or dry.
Because dry storage systems are designed to allow passive cooling, their overall cost and
maintenance are expected to be less than the cost and maintenance for an additional pool. The
commercial nuclear industry has been actively pursuing dry storage to meet its fuel storage
needs.

1.1.1  Dry Storage History and Regulation

In November 1980, the U.S. Nuclear Regulatory Commission (NRC) issued U.S. Code of
Federal Regulations Title 10, Part 72 (10 CFR 72), Licensing Requirements for the Independent
Storage of Spent Fuel and High-Level Radioactive Waste. Under this regulation, an applicant
could apply for a site-specific license to place fuel in wet or dry storage in an independent spent
fuel storage installation (ISFSI). In 1982, the Nuclear Waste Policy Act (NWPA) was passed by
Congress and enacted January 7, 1983. Under Section 218 of the NWPA, the Secretary of
Energy was directed to “...establish a demonstration program, in cooperation with the private
sector, for the dry storage of spent nuclear fuel at civilian nuclear power reactor sites...” (NWPA
8218(a)) This collaboration was to include “...the establishment of a research and development
program for the dry storage of not more than 300 metric tons of spent nuclear fuel at facilities
owned by the Federal Government... The purpose of such program shall be to collect necessary
data to assist the utilities in the licensing process” (NWPA §218(c)(2)).
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DOE, together with the Electric Power Research Institute (EPRI), entered into an agreement with
Virginia Power (now Dominion Generation) to demonstrate a number of dry storage casks (see
Section 2.1.4 for details) at the Idaho National Engineering Laboratory (INEL, now ldaho
National Laboratory, INL). The main purpose of this demonstration was to gain experience in
loading the various casks and to obtain temperature data to validate thermal models and dose
measurements to ensure the shielding functioned as modeled. This research is documented in a
series of reports by EPRI and Pacific Northwest Laboratory (PNL, now Pacific Northwest
National Laboratory, PNNL), and the NRC.

Upon receiving a site-specific license in July 1986, Virginia Power then loaded three different
casks at its Surry plant to store at its ISFSI. DOE continued in cooperative agreements with two
other utilities to demonstrate additional dry storage technologies. These demonstrations
facilitated other licenses, such as at the H.B. Robinson station in August 1986 for the Nutech
horizontal modular storage (NUHOMS) concrete storage system. In 1990, 10 CFR 72 was
revised to allow for dry storage under the general license that an operating reactor holds under
10 CFR 50.

The initial licenses granted under 10 CFR 72.42(a) were limited to up to 20 years, and renewals
could also be for up to 20 years. Thus, the license at Surry was set to expire in 2006. As part of
the license renewal process, the NRC sought data to support the technical basis for extended
storage. This included assurance that there was no significant degradation of the fuel or dry cask
storage system (DCSS) that would prevent the various systems, structures, and components
(SSCs) from continuing to meet the required safety functions (see Section 2.4 for additional
details). The CASTOR V/21 cask that was part of the initial demonstration at INL had been
loaded with fuel from the Surry plant and thus was an applicable analogue for the CASTOR
V/21 cask at Surry. A jointly funded project between NRC, EPRI, and DOE was initiated in
1999 to open the cask at INL (then the Idaho National Engineering and Environmental
Laboratory, INEEL). The project was to obtain data on material performance of the DCSS and
SNF.

As documented in the final project technical report (EPRI 2002a), the conclusions were that
there was no evidence of significant degradation of the important to safety (ITS) SSCs, no
evidence of fuel rod failure, maximum fuel cladding creep of no more than 0.1%, no evidence
for hydride reorientation, and little if any cladding annealing had occurred during the 14 years in
dry storage. In fact, it is often stated that the cask interior and fuel appeared the same as when
they were loaded. Based on these results, the NRC not only granted the extension for the Surry
ISFSI for the additional 20 years as in the regulation but also granted a 40-year extension
(NRC 2005a) under the exemption process. Subsequently, two other sites, H.B. Robinson
(NRC 2005b) and Oconee (NRC 2009a) have been granted 40-year license extensions for their
ISFSls.

Several aspects of the CASTOR V/21 demonstration at INL could limit its applicability to the
full range of UNF requiring storage. First, the cask was loaded dry and never had any water in it.
Thus, there was no possibility for any of the degradation mechanisms that require water to have
occurred. This lack of water is not prototypic of casks that are loaded at a reactor site in the pool
and then vacuum dried. Second, while the fuel and DCSS did experience large temperature
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swings during the thermal testing, it was not necessarily prototypic of the temperatures that occur
during vacuum drying. Third, there was very limited pre-characterization of the fuel; thus the
conclusions for cladding creep and other mechanisms had to be drawn by comparing this fuel to
a similar fuel, thereby introducing some uncertainty. Finally, and most important, the assembly-
average burnup of the Surry fuel was 35.7 GWd/MTU (EPRI 2002a). Given this is the only data
point that the NRC has for behavior of fuel after years in dry storage, this is one reason why the
NRC differentiates between low (<45 GWd/MTU) and high burnup (>45 GWd/MTU) fuels.

Finally, effective May 17, 2011, 10 CFR 72.42(a) was officially changed to allow an initial
license period of up to 40 years and license extensions of up to 40 years. This is combined with
the NRC Waste Confidence Rule (10 CFR 51.23) that states that the Commission has confidence
that fuel can be stored safely (wet or dry) for at least 60 years beyond the licensed life of the
reactor without significant environmental effects. For a reactor that had an initial operating
license of 40 years and was granted a 20-year extension, this means the NRC has confidence that
fuel can be stored for a total of up to 120 years. In addition, for its Generic Environmental
Impact Statement to support the Waste Confidence Rule, the NRC is analyzing behavior up to
300 years. However, this rulemaking does not grant approval for longer licenses than currently
allowed by 10 CFR 72.42(a). Additional direction to the NRC staff is found in SECY-11-0029
(NRC 2011a).

1.1.2 Current Status

Currently, there are 104 licensed commercial power reactors (69 pressurized water reactors
[PWRs] and 35 boiling water reactors [BWRs]) located on 65 sites throughout 31 states. The
location of these operating reactors and their relative age are shown in Figure 1-1.

Each operating reactor has a spent fuel pool to store fuel and provide the necessary cooling and
shielding from the radiation it emits. Typically, each reactor will remove between one-fourth
and one-third of the total fuel in the core every 12, 18, or 24 months. The UNF is placed in the
pool where it will reside for at least 3 years, depending on the design and license of the DCSS or
transportation cask, but typically for at least 10 years. On average, a 1-GWe reactor generates
about 20 MTU of UNF each year.

As of December 2010, it is estimated that the commercial nuclear industry has generated
approximately 65,200 MTU of UNF contained in approximately 226,000 assemblies (128,600
from BWRs and 97,400 from PWRs) (Carter et al. 2011). Figure 1-2 shows the historical and
projected discharges of UNF as well as the amount in dry storage. The projections assume that
no new nuclear power plants are licensed, that all currently licensed reactors operate for a total of
60 years based on a 20-year license renewal, and that UNF is loaded into dry storage only as is
necessary to free up space in fuel pools (as is current practice). These projections predict that by
2020, total UNF discharges will be approximately 86,000 MTU [87,800 MTU based on Nuclear
Energy Institute (NEI) estimates]. By 2060, when all currently licensed reactors will have
reached the end of their operational life, assuming a 60-year maximum, there will be
approximately 134,000 MTU (139,800 MTU based on NEI estimates) of UNF in storage
(EPRI 2010a).
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Years of Commercial Number of
Operation Reactors
A 09 0
A 10-19 3
A 20-29 48
A 3039 46
A 40 plus 7

Note: Ages have been rounded up to the end of the year.

Figure 1-1. Locations of Operating Commercial Nuclear Power Reactors
(NRC 2010c, p. 51)
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Figure 1-2. Historical and Projected Discharges of Used Nuclear Fuel, 19862020
(EPR12010a, p. 1-3, Figure 1-2; reprinted with permission)

When spent fuel pools get close to capacity, the industry has been turning to dry storage as an
alternative. Since the first dry storage facility was licensed by the NRC in 1986, a total of 63 (as
of November 2010, including 48 general licenses granted under 10 CFR 72) licenses for ISFSIs
have been granted for commercial power plants and three additional licenses granted at DOE
facilities (two at INL and one at Fort St. VVrain). One of the commercial licenses is for the
private fuel storage centralized ISFSI in Utah that has not begun construction because of ongoing
litigation. A detailed listing of the ISFSIs, the year licensed, and the storage technology used is
provided in Appendix A. Figure 1-3 shows the location of the ISFSIs spread across 33 states.
The NEI predicts that by 2020, an additional 34 reactors will require dry storage capability
(NEI 2011). It is estimated that by 2026, all but 3 of the currently operating commercial nuclear
power plants will require dry storage for their UNF.
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Figure 1-3. Locations of Independent Spent Fuel Storage Installations
(Source: http://www.nrc.gov/waste/spent-fuel-storage/locations.pdf)

1.1.3 ISFSI Only Storage Sites

When a utility shuts down or decommissions a commercial nuclear power plant, it is still
responsible for the storage of the UNF. Because there is no central storage location or repository
available, this fuel remains onsite, even after all of the infrastructure associated with the reactor
and its operation is removed. Utilities are required to maintain active security and monitoring at
these sites, creating a large expense with no income. Most utilities have removal of the UNF
from these sites with no operating reactor as one of their top priorities. An additional issue can
arise when not only is the reactor shut down but the spent fuel pool is decommissioned, thus
limiting the ability to mitigate potential problems with the DCSS. The NRC refers to sites where
the 10 CFR 50 license for the reactor has been terminated, which can occur only when all
facilities including the spent fuel pool have been decommissioned, but fuel still remains in
storage as “ISFSI Only.”

There are 15 commercial light water power reactors that have been permanently shut down
(NEI 2011), not including the Shoreham reactor that only completed low-power testing and has
been fully decommissioned, with the fuel shipped to another utility. Three other non-light water
commercial reactors also have been permanently shut down. Another 10 reactors, either
commercially owned but not considered power reactors or DOE-owned power reactors, also
have been permanently shut down. Of the commercial LWR sites that have been shut down,
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6 (Big Rock Point, Connecticut Yankee (Haddam Neck), Maine Yankee, Rancho Seco, Trojan,
and Yankee Rowe) are currently classified as “ISFSI Only” (NRC 2011b). Humboldt Bay is
effectively in that category as well because the pool has been decommissioned, but the license
for the reactor is expected to be terminated in 2015. LaCrosse is expected to transfer all of its
fuel to dry storage in 2011 and then decommission its spent fuel pool. The two units at Zion are
expected to do the same within the next 3 years.

From the information included in Figure 1-1, it is clear that if the current fleet of operating
reactors has their licenses extended by 20 years to allow for 60-year total lifetime operation, then
an additional seven reactors will move toward “ISFSI Only” by 2030. Shortly after 2040, half of
the current fleet will become “ISFSI Only” sites as the reactors and supporting infrastructure are
decommissioned. All but 3 of the current 104 reactors will have their extended licenses expire
within the next 40 years. Thus, one of the main drivers for this program is to determine if all
UNF stored at these sites for extended periods can be transported for ultimate disposition,
preferably without the need to repackage at the ISFSI.

1.1.4  High Burnup Issue

As the burnup of fuel increases, a number of changes occur that may affect the performance of
the fuel, cladding, and assembly hardware in storage and transportation. These changes include
increased cladding corrosion layer thickness, increased cladding hydrogen content, increased
cladding creep strains, increased fission gas release, and the formation of the high burnup
structure (HBS) at the surface of the fuel pellets. Sections 5.1 and 5.2 discuss in more detail
these changes and their possible impact on the condition of the fuel during storage and
transportation. The current maximum rod-averaged burnup is limited by NRC to 62 GWd/MTU
because of these changes and the lack of data at higher burnups, especially under design basis
accident conditions. Newer cladding materials such as ZIRLO™ and M5® were developed to
help reduce these high burnup effects. However, because these materials are relatively new,
there is very limited publicly available data to determine how these materials may perform under
storage and transportation conditions.

The Dry Cask Storage Characterization Project (DCSCP) (EPRI 2002a) demonstrated the
performance of the DCSS and low-burnup UNF after 14 years in storage. As discussed in
Section 1.1.1, the positive results of this demonstration allowed NRC to extend the license
periods for low burnup fuel, which is defined as < 45 GWd/MTU. While NRC does allow high
burnup fuel in properly designed and licensed storage casks, there is no similar data to verify
performance during dry storage. Because these original licenses were granted based on the
ability of the entire system, including the fuel, to meet all safety functions, it is possible that data
for high burnup UNF will be needed to facilitate license extensions. Similarly, high burnup fuel
is allowed by NRC regulations to be transported only on a case-by-case basis until additional
data on its performance are obtained.

Figure 1-4 shows the discharge burnup trend for both PWRs and BWRs. The average discharge
burnup for PWRs is currently approximately 48 GWd/MTU, and for BWRs it is approximately
43 GWd/MTU (EPRI 2010a). By 2020 it is projected that the maximum discharge burnups will
be 58 GWd/MTU and 48 GWd/MTU for PWRs and BWRs, respectively. One of the main
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focuses of this program will be to obtain the data on high burnup fuel and the newer cladding
materials and how the storage and transportation systems perform to address the growing
inventory of high burnup fuel.
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Figure 1-4. Historical and Projected Average PWR and BWR Discharge Burnups
(EPR12010a, p. 2-3, Figure 2-1; reprinted with permission)

As noted in Section 1.1.3, the Maine Yankee PWR has been completely decommissioned and is
defined as “ISFSI Only,” meaning there is no spent fuel pool or supporting reactor infrastructure
on site. This is important, as Maine Yankee was only shut down on December 6, 1996, and thus
produced some high burnup fuel. Maine Yankee has 1434 assemblies in 60 NAC International,
Inc. (NAC) Universal MPC System (UMS) casks (see Section 2.2.3). The NAC UMS was
issued its Certificate of Compliance (CoC) on November 20, 2000, which means that it expires
on November 20, 2020 (EPRI 2010b). Maine Yankee will be the first utility to apply for a dry
storage license extension that will include high burnup fuel.

1.1.5 Dry Storage and Transportation Systems Issues
Dry storage systems include the necessary SSCs to facilitate loading, maintain an inert

environment, ensure eventual retrieval, and, for dual-purpose systems, enable transportation of
used nuclear fuel. Dry storage systems include the following SSCs:
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e a concrete or metal overpack that provides protection for a welded or bolted confinement
barrier from environmental conditions and natural phenomena — The overpack also provides
radiation shielding.

e a welded or bolted confinement barrier that prevents release of radioactive material and
maintains an inert atmosphere

o fuel baskets, including fixed neutron poisons, that hold the fuel assemblies in a set geometry
to facilitate loading and retrieval of used nuclear fuel, transfer heat, and maintain
subcriticality.

Dry storage systems were originally licensed for a 20-year period. Although three ISFSIs and
associated dry storage systems were granted license extensions for an additional 40 years, other
ISFSIs and storage systems may not receive similar extensions. Many site-specific factors
including environmental conditions (e.g., marine environments) and natural phenomena (e.g.,
seismicity) could impact the performance of the dry storage systems such that extensions may be
more limited. With extended dry storage beyond 60 years, demonstrating continued efficacy of
the various SSCs of dry storage systems becomes challenging.

Most of the storage systems were designed to serve a dual purpose of storage and transportation.
However, transportation of these systems after a period of storage is required to be licensed
separately to demonstrate compliance with applicable transportation safety requirements. To
meet transportation confinement and subcriticality requirements, the used nuclear fuel, fuel
baskets, neutron poisons, and the confinement barrier for transportable storage casks must
remain intact during normal conditions of transport and hypothetical accident conditions.
Although alternate transportation approaches and safety bases may be pursued to demonstrate
subcriticality, such as moderator exclusion, there are regulatory and technical hurdles that must
be overcome before they can be adopted.

The evaluation documented in this report focuses on both determining the conditions that lead to
failure of dry storage SSCs as well as the material and structural properties of these SSCs as a
function of storage conditions. This includes analysis of their response to mechanical loads
associated with storage design basis accidents and transportation hypothetical accident
conditions. Sections 5.1 through 5.9 discuss in more detail the impact of extended storage on the
various SSCs of dry storage systems and their ability to meet applicable storage and
transportation requirements.

1.2 Scope

The Storage and Transportation task within the UFDC is tasked with developing the technical
bases to support extended storage and transportation of UNF, as well as HLW and other wastes
that may be generated through advanced fuel cycles. There is a pressing need to obtain data
within the next decade to support relicensing efforts, especially for high burnup LWR fuels and
newer cladding types and how they impact the entire DCSS. Thus, the initial focus of the
program is on commercial UNF. Similarly, until a disposition pathway, e.g., recycling or
geologic disposal, is chosen and implemented for UNF, the storage periods will likely be longer
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than were originally intended. The ability of the ITS SSCs to continue to meet safety functions
over extended times must be determined. In addition, it needs to be determined if these SSCs
can also meet safety functions when the UNF is transported to its final location. To facilitate all
options for disposition and to maintain retrievability and normal back-end operations, it is
considered an important objective of this program to demonstrate that the UNF remains intact
after extended storage. Other options, such as canning of all UNF, which involves sealing one or
more assemblies in a metal “box” or “can,” are available and must be analyzed from a total
systems perspective to determine overall benefit to the program.

This report documents the initial gap analysis performed to identify data and modeling needs to
develop the desired technical bases. The methodology followed is described in Section 3.
Results of the literature review for each ITS SSC and the potential degradation mechanisms are
presented in Sections 4 and 5. In almost all cases, additional data are required, often because
there is limited data on the new materials used in more modern fuels or DCSS or because the
effects of high burnup and extended storage are not fully known. Based on the criteria outlined
in Section 3.3.1, the importance of obtaining this data is ranked as High, Medium, or Low. The
UFDC will use a science-based approach combining theory, experimental work, and advanced
modeling and simulation to close the data gaps and develop the technical bases for extended
storage and transportation of UNF. Only brief descriptions of how to fill the data gaps are
provided in this report. A future report will document the details of proposed testing and
modeling and assess their priorities based on a set of criteria aimed at closing the identified gaps.
The future report will document how the collected data can be integrated in a system
performance model to evaluate and demonstrate continued safety of extended storage of used
nuclear fuel. In addition to specific testing and modeling plans and associated priorities, the
report will also include the necessary quality assurance requirements and implementation plans.

In fiscal year 2012, testing and modeling of the gaps identified as High priority will begin,
including continuing the cladding ring compression tests at ANL and initiating testing to
establish the link between unirradiated and irradiated cladding.

The degradation mechanisms identified in this report are limited to those during normal
operations and potential off-normal conditions. Impacts of degradation mechanisms on
demonstrating compliance with design basis accidents including those initiated by natural
phenomena are not discussed in this report. This report is meant to be a living document that
will be updated as additional technical data become available and as policy decisions are
implemented. Future revisions will include formulating the technical bases for consideration of
accidents and natural phenomena during long-term storage. In addition, future revisions will
compare the gap analysis generated as part of the UFDC program with similar ones developed by
the U.S. Nuclear Waste Technical Review Board (NWTRB), the NRC, EPRI, and international
organizations. A similar gap analysis effort is under way as part of the UFDC to examine the
needs to meet transportation requirements. Once the transportation gaps have been analyzed, the
results will be consolidated in a consistent manner in a revision to this report to form a single set
of gaps and congruous direction for addressing these gaps to meet applicable storage and
transportation requirements.
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2. DRY STORAGE

The need for dry storage of UNF has grown rapidly since the NRC first developed the regulatory
framework for storage of UNF outside of the reactor fuel pools. This section will first review the
various dry storage demonstration projects used to obtain the data to support the initial licensing
and license extensions of low burnup fuel dry storage. Next, a brief description of various dry
cask storage technologies will be presented. Finally, a summary of the regulations and guidance
governing dry storage is given.

2.1 Dry Cask Storage Demonstration Projects
2.1.1 Nevada Test Site

The purpose of the Spent Fuel Handling and Packaging Program Demonstration at the Nevada
Test Site (NTS, now Nevada National Security Site) was to develop the capability to encapsulate
typical commercial spent fuel assemblies in a canister and establish, by testing, the suitability of
one or more surface or near-surface concepts for interim dry storage of spent fuel assemblies.

Early thermal testing of spent or used fuel in dry cask storage to develop thermal models
occurred at the Engine Maintenance, Assembly, and Disassembly facility (E-MAD) at NTS in
1978 with a spent fuel sealed storage cask test (Westinghouse 1980). A PWR spent fuel
assembly was sealed in a stainless steel canister in the E-MAD hot cell, which was then placed in
a carbon steel liner and then in a reinforced concrete shielded cask as shown in Figure 2-1. The
sealed storage cask was then placed on a concrete pad adjacent to the E-MAD. The PWR
assembly selected was characteristic of 25-GWd/MTU fuel assemblies approximately 3 years out
of the reactor with a 1.25-kW thermal power.

Thermocouple instrumentation was placed on the outside of the canister, the outside of the steel
liner, and embedded within the concrete of the sealed storage cask. The instrumentation
locations, excluding those embedded in the concrete, are shown in Figure 2-2.

A thermal model of the sealed storage cask was developed, and good agreement was obtained
between the analyses and the test data for transient and steady-state conditions (Westinghouse
1980). Because the material properties that affect material degradation and material lifetimes
can be dependent upon temperature, thermal modeling continues to be essential for extended dry
storage. This early demonstration was instrumental in regulatory and industry acceptance of dry
storage.

2.1.2  Surry Power Station

With the passage of the NWPA in 1982, DOE was directed to enter into demonstration programs
of spent fuel storage systems at commercial nuclear reactor sites (NWPA 8218 (a)). Virginia
Power entered into a cooperative agreement with DOE and EPRI in March 1984. As part of that
agreement, Virginia Power agreed to select and purchase casks to be tested at the federal site
(INEL at the time), select and ship spent fuel assemblies to the federal site, and design, license,
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and operate a dry cask ISFSI at the Surry Power Station. Virginia Power submitted a site-
specific license application to the NRC in October 1982. The original 20-year license was
granted by the NRC in July 1986, making Virginia Power the first utility to obtain approval from
the NRC for aboveground storage of UNF in dry casks.

Virginia Power initially purchased nine CASTOR V/21 casks from General Nuclear Systems,
Inc., one of which was sent to INEL in December 1984 for use under the cooperative agreement.
The first cask was loaded at Surry in October 1986 with 21 PWR assemblies. The main purpose
of this initial demonstration was to obtain experience and develop comprehensive procedures for
this operation. A number of issues were identified (EPRI 1989) and corrected prior to loading
the next two casks in May and June 1987. As part of the cooperative agreement, more than one
cask type was to be demonstrated at the Surry ISFSI. Under site-specific licenses, the MC-10,
NAC-128, CASTOR X/33, and TN-32 casks were successfully loaded and are currently stored at
the Surry ISFSI (NUREG-1350; NRC 2010c, Volume 22, Appendix I) (see Appendix B).

2.1.3 H.B. Robinson Nuclear Plant

In March 1984, DOE entered into a cooperative agreement with Carolina Power and Light Co.
(now Progress Energy). This agreement was to demonstrate the NUHOMS horizontal concrete
module design at an ISFSI. The test originally consisted of three concrete modules that each
could house 7 PWR fuel assemblies for a total of 21 assemblies. Five additional modules were
added to bring the total to 56 assemblies. Figure 2-3 shows a cutaway diagram of the original
NUHOMS module at H.B. Robinson. Additional details of NUHOMS systems are found in
Section 2.2.1.

Initial tests were performed in 1988-1989 using electrical heaters and an instrumented dry
shielded canister (DSC) and horizontal storage module (HSM). The first tests were conducted
with the heaters in the DSC placed in the transfer cask to evaluate thermal performance during
loading, vacuum drying, and backfilling with helium. The next set of tests had the DSC in the
HSM. The tests simulated both normal and blocked air flow. Seventy-six thermocouples were
used in the electric heater and in the later fuel tests, as shown in Figure 2-4, with thermocouples
measuring ambient, outlet air, canister, heat shield, and concrete temperatures. Two canisters
were instrumented with thermocouples, both on the outer shell of the canister, end caps, and the
center guide tubes of five of the stored fuel assemblies. The thermocouple leads were routed out
of the canister through a fitting to maintain canister integrity.

After the tests with the electric heaters were complete, the HSMs were loaded with UNF and the
peak basket, heat shield, concrete, and ambient temperatures were measured. The data from both
the electric heater tests and the UNF tests were used to validate the COBRA-SFS (Michener
etal. 1995) and HYDRA thermal hydraulics computer codes at PNL (McKinnon and Deloach
1993). Shielding modeling also was performed (EPRI 1990).
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Figure 2-3. Cutaway Diagram of the H.B. Robinson NUHOMS
(McKinnon and Deloach 1993, Figure 5.6)

2.1.4 Idaho National Engineering Laboratory

Two main demonstration tests have been performed at INEL (now INL). The first was a result
of the cooperative agreements with Virginia Power, discussed in Section 2.1.2, and one with
Wisconsin Electric Power Company, DOE, EPRI, and Sierra Nuclear Corporation. This second
agreement was to demonstrate the performance of the VSC-17 cask. The main purpose of these
initial tests was to obtain data to validate thermal and shielding models as well as to document
operational performance. Under the various agreements, CASTOR V/21, Westinghouse MC-10,
NAC-128, REA-2023, and TN-24P casks were loaded with fuel. The REA-2023 cask was
loaded with BWR UNF; the other casks were loaded with PWR UNF. The VSC-17 and in one
test using the TN-24P, the casks were loaded with consolidated” fuel. Results of the thermal
testing (in vacuum, He, and N3) and in horizontal and vertical orientations, together with dose
measurements and various lessons learned, are summarized by McKinnon and Deloach (1993).
Overall performance was excellent. It was noted that no failed fuel rods had been loaded in any
of the casks. However, two leaking rods were detected during the performance (thermal) testing

b |n this case, consolidation consisted of removing the fuel rods from the structures (i.e., spacer grids and other assembly
hardware) used to maintain the normal square matrix of an assembly and repackaging the rods in a tightly packed square bundle
with the same “footprint” as a normal assembly. This procedure approximately doubles the number of fuel rods that can be
stored in a cask, assuming all other relevant thermal and structural design parameters can be met.
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with unconsolidated fuel, one in the REA-2023 cask and one in the TN-24P cask. About
10 additional rods began to leak after the fuel was consolidated and then subjected to additional
thermal tests.
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(EPR1 1990, Figures 3-9, C-2, and C-3; reprinted with permission)

The casks remained at INEL after the thermal tests were complete. Near the time of expiration
of the 20-year license for the CASTOR V/21 cask at the Surry Power Station, the DCSCP was
formed between DOE, EPRI, and NRC. The purpose of the DCSCP was to assess cask internal
and external surfaces, the contents, and concrete pad conditions after a period of dry storage
(EPRI 2002a) to develop the technical basis for license renewal. The CASTOR V/21 cask,
which contained Surry PWR UNF with a maximum average assembly burnup of
35.7 GWdA/MTU, was opened after almost 15 years of dry storage on a pad at Test Area North
(TAN) (EPRI 2002a). The CASTOR V/21 cask was not loaded using consolidated fuel, only
intact fuel rods. After examination of the internals and externals of the cask, 12 rods were
removed from one assembly and sent for profilometry scans. Four of the rods were then
punctured to measure the fission gas release. Three of those rods were then sectioned and sent to
Argonne National Laboratory (ANL) for detailed examination including metallographic
examination and creep testing. The cask was resealed, and all of the casks containing UNF have
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since been moved to the Idaho Nuclear Technology and Engineering Center (INTEC; Figure 2-5)
(INL 2005). The confinement barrier of the REA-2023 cask was breached in August 2005,
probably when a quick-disconnect valve and pressure transducer were installed as part of the
ongoing gas sampling campaigns. The confinement barriers of all other casks have remained
intact.

Figure 2-5. Dry Storage Casks at the Idaho National Laboratory INTEC Site
Left to right: NAC-128, CASTOR V/21, REA 2023, MC-10, VSC-17, TN 24P
(Photo courtesy of Idaho National Laboratory)

There had not been detailed fuel inspection prior to the start of the thermal testing, nor prior to
the approximately 15 years of dry storage, so there is no baseline for comparison to determine
changes over time. However, it was known that all fuel rods had been checked for leaks using
ultrasonic examination prior to shipment to INEL, and all rods were intact at that time
(EPR12002a). Baseline measurements prior to the start of a dry storage period would have
provided a baseline for changes due to storage. Instead, the fuel dimensions were compared
against fuel from the Turkey Point Reactor that has similar characteristics. Some of the
conclusions of the DCSCP are summarized as follows:

e creep — very little thermal creep during 15 years. Due to continual decrease in temperature
from decay heat reduction along with concurrent pressure and stress reduction, creep would
not be expected to increase significantly during additional storage time.

o fission gas — no additional fission gas released during storage within measurement
uncertainty

e hydride reorientation — no reorientation evidence during storage; hydrogen migration may
have occurred; more data needed.

¢ cladding annealing — little, if any, occurred during testing and 15 years of storage.
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In addition, other than one bolt on the cask bottom cover plate that exhibited corrosion, all other
external and internal structures, including the metal O-ring seals, presented no evidence of
degradation. These results are the ones most often cited by utilities when licensing or relicensing
systems for low burnup fuel storage. However, the CASTOR V/21 cask was loaded dry in the
TAN facility, and thus neither the fuel nor the canister went through a prototypic drying cycle.
There would have been no potential for residual water remaining in the cask because no water
ever was used, so there was no potential for any of the degradation mechanisms that require
water to occur. It is this type of data that is needed to facilitate licensing and relicensing DCSS
for high burnup UNF.

2.1.5 Private Fuel Storage

While not a dry cask demonstration project, the Private Fuel Storage facility was an attempt to
store UNF in a centralized storage facility and can provide valuable insights and lessons learned
to the UFDC. Private Fuel Storage LLC (PFS), a consortium of eight nuclear utilities, was
founded in 1995 for the purpose of constructing and managing a dry surface storage facility for
UNF. The eight utilities own 20 nuclear reactors. The facility was to serve as a surface storage
site for UNF from any domestic utility that wished to store fuel there and could meet the PFS
specifications and protocol. The facility was to be located on the Skull Valley Goshute Indian
Reservation in Utah. About 40 potential host communities volunteered sites. The Skull Valley
site was approved by the tribal community, and the Bureau of Indian Affairs signed the PFS
lease agreement (NAS 2005).

The PFS facility was granted a site-specific license by the NRC on February 21, 2006. The
license permits up to 4000 casks. However, the combined opposition of the State of Utah,
members of the Utah Congressional delegation, a variety of activist groups, and a decision by the
U.S. Department of Interior resulted in preventing a right-of-way for transportation of the UNF
to the PFS site, so the site has not been constructed (Huntsman 2006; Matheson 2009). The fate
of the proposed PFS facility illustrates the challenges of siting a centralized or regional storage
facility even when the site is volunteered by the prospective host community.

2.2 Dry Storage Casks

The main objectives of the storage systems are to provide a confinement barrier that prevents
release of radioactive material and maintains the UNF in an inert environment. The system must
also provide radiation shielding, and maintain subcriticality. There are many different dry cask
storage systems, but most fall into two main categories based on how they are loaded. The first
is the bare fuel, or direct-load cask, where the UNF assemblies are loaded directly into a basket
that is integrated into the cask. The second is the canister-based system, in which UNF
assemblies are loaded into a basket inside a relatively thin-walled cylinder (canister) that is
contained within a transfer cask before it is transferred into a storage overpack. A second
characterizing feature is whether the closure system (for confinement barrier) is bolted or
welded. Direct-load casks are generally bolted. For canister-based systems, the canister is
welded but is placed in a concrete or a bolted overpack. Cask systems can also be categorized as
to whether their main shielding is metal or concrete. Bare fuel casks tend to be all metal casks,
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other than some low-Z material for neutron shielding, that are stored vertically. Canister-based
systems can have the canister go into either a metal or a concrete overpack. In the case of
NUHOMS, the canisters are stored horizontally in a concrete storage module.

Another means of characterizing dry cask storage systems is whether they are licensed for
storage only or for storage and transportation. Casks licensed for both are generally referred to
as dual-purpose casks, and canisters intended for both storage and transportation are referred to
as dual purpose canisters (DPCs). Some vendors refer to their DPCs as multi-purpose canisters
(MPCs). Under the Yucca Mountain Project (YMP), a true MPC was designed to store,
transport, and dispose of the fuel. Canister-based systems that are considered dual-purpose
usually have different overpacks for loading, storage, and transportation. Throughout this
document, DPC and MPC may refer to both casks and canisters.

Modern cask systems are designed to hold about 10 to 15 MTU of UNF, equivalent to about
32 PWR assemblies or 68 BWR assemblies. As a means of cost savings, the trend has been to
increase the size of casks to hold more fuel. Because a typical assembly is about
12-15 feet long (without considering control components), the dry casks are about 15-19 feet
high and 8 feet in diameter. When fully loaded and dried, casks generally weigh between 100 to
120 tons.

Bare fuel casks are placed into the spent fuel pool for loading. Once loaded, the bare fuel cask is
sealed and lifted out of the pool. Water is removed through a drain tube, the outer surfaces are
decontaminated, and the cask is then transferred to the drying location. For the canister-based
systems, the empty canister is loaded into the transfer cask and the two are lowered into the spent
fuel pool for loading. Once loaded, the canister and cask are removed from the pool and the
water is drained enough to weld the top onto the canister. Like the bare fuel casks, the system is
then drained, decontaminated and dried. Most systems use vacuum drying (e.g., ASTM C1553-
08) in which the decay heat of the fuel is used to help drive off water. Other systems, such as
some of the Holtec International systems, use a flow of dry helium to remove residual water.
The vacuum drying process often produces the highest cladding temperatures experienced during
the dry storage process, and NRC guidance limits the peak clad temperature to 400°C under
normal conditions (NUREG-1536, Rev. 1, Section 8.4.17 [NRC 2010b]) to meet the regulations
in 10 CFR 72.122.

When vacuum drying is complete, the cask is then transported to the storage location. In the
case of a canister system, the canister is transferred from the transfer cask into the storage
overpack. The majority of dry storage modules are above-ground; however, some are designed
for underground storage. An example of this is the Humboldt Bay site, where a normally pad-
sited, above ground HI-STAR overpack is placed below grade in a carbon steel liner as shown in
Figure 2-6, primarily because of the demanding seismic requirements at the site where cask tip-
over could be a potential issue. This is a possible alternative for casks with low heat loading.

Table 2-1 shows the number of casks in each category in use as of April 2010 and then updated
as of May 2011 (StoreFUEL 2010, 2011). These numbers include only commercial UNF and
therefore omit data from the cited references that include casks loaded with greater than Class C
(GTCC) waste. Table 2-1 shows that in the past 13 months, an additional 154 dry cask systems
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were loaded. The trend is also toward increasing use of dual-purpose systems. Based on the
2011 data that include casks with GTCC waste, 170, or 12%, of the casks have bolted metal
containers (bare fuel or direct-load casks), whereas 1233, or 88%, have the fuel in a welded
canister. The NUHOMS canister in a horizontal concrete storage module is the most widely
utilized design, with 38% of the total.

Figure 2-6. Humboldt Bay Underground HI-STAR Independent Spent Fuel Storage Installation
(Photo courtesy of Holtec International; reprinted with permission)

Table 2-1. Used Nuclear Fuel Dry Storage Designs

Vendor Cask April 2010 May 2011
Welded Metal Canister in Overpack (88%)
Vertical, Reinforced Concrete Overpack

BNG Fuel Solutions VSC, W150 65 65
NAC UMS, MPC 224 243
NAC MAGNASTOR 0 0
Holtec TranStor™ 34 34

Vertical, Bolted Metal Overpack
Holtec HI-STAR 100 12 12
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Table 2-1. (contd)

Vendor Cask April 2010 May 2011
Vertical, Metal/Concrete Overpack
Holtec HI-STORM 280 343
Horizontal, Concrete Module
TN NUHOMS 461 527
Bolted Metal Container, Vertical (12%)
NAC 128 2 2
TN TN-32, TN-40, TN-68 133 141
CASTOR V/21, X33 26 26
Westinghouse MC-10 1 1

Source: StoreFUEL (2010, 2011).
* The TranStor overpack is a British Nuclear Fuel Limited design, but the canister is a Holtec MPC.

Table 2-2 shows the different cask types by vendor, the date on which the CoC was issued, and
the NRC docket number. The rest of this section provides a brief description of some of the
most common cask types in use, as background for the data gap discussion in Sections 5.7 and
5.8. More detailed descriptions of various dry cask systems can be found in the Industry Spent
Fuel Storage Handbook (EPRI 2010b) or from the specific dockets on the NRC website.

Table 2-2. Used Nuclear Fuel Dry Storage Designs Approved for General Use by NRC

Certificate of

Compliance
Vendor Storage Design Model Issue Date Docket

General Nuclear Systems, Inc. CASTOR V/21 08/17/1990 72-1000
NAC International, Inc. NAC S/T 08/17/1990 72-1002
NAC International, Inc. NAC-C28 SIT 08/17/1990 72-1003
Transnuclear, Inc. TN-24 11/04/1993 72-1005
BNG Fuel Solutions Corp. VSC-24 05/07/1993 72-1007
Transnuclear, Inc. NUHOMS-24P 01/23/1995 72-1004

NUHOMS-52B

NUHOMS-61BT

NUHOMS-32PT

NUHOMS-24PHB

NUHOMS-24PTH
Holtec International HI-STAR 100 10/04/1999 72-1008
Holtec International HI-STORM 100 06/01/2000 72-1014

Transnuclear, Inc. TN-32 04/19/2000 72-1021
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Table 2-2. (contd)
Certificate of
Compliance
Vendor Storage Design Model Issue Date Docket
NAC International, Inc. NAC-UMS 11/20/2000 72-1015
NAC International, Inc. NAC-MPC 04/10/2000 72-1025
BNG Fuel Solutions Corp. FuelSolutions 02/15/2001 72-1026
Transnuclear, Inc. TN-68 05/28/2000 72-1027
Transnuclear, Inc. Advanced NUHOMS-24PT1 02/05/2003 72-1029
Transnuclear, Inc. NUHOMS-HD 01/10/2007 72-1030
NAC International, Inc. MAGNASTOR 02/04/2009 72-1031

Source: NRC 2011d, http://www.nrc.gov/waste/spent-fuel-storage/designs.html (March 04, 2011)

2.2.1 Transnuclear, Inc.

Transnuclear, Inc. (TN) supplies two main products, each with multiple variants as seen in
Table 2-2. The first is the family of all-metal casks in the TN-X series, where X represents the

cask capacity. The TN-68, a dual-purpose cask, holds 68 BWR assemblies that have cooled for

at least 7 years; the cask can accommodate a maximum burnup of 60 GWd/MTU. The main
body is carbon steel. A pressure monitoring system continuously monitors the pressure between

the two seals to notify personnel if there is a leak (either into or out of the cask). Figure 2-7

shows a schematic of the TN-68 cask and location photograph of an actual cask.
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Figure 2-7. Transnuclear TN-68 Storage/Transport Cask. Schematic (left) and photo (right)
(Photos courtesy of Transnuclear, Inc.; reprinted with permission)

The NUHOMS system by TN is the most widely used DCSS in the United States. It consists of
a welded stainless steel DSC with an internal fuel basket and a concrete HSM that provides
radiation shielding and protects the canister from the environment. A transfer cask is used to
move the canister between the fuel handling facility and the HSM. A hydraulic ram is used to
push the canister into the HSM (Figure 2.8). There are multiple NUHOMS dry canister designs,
which can hold up to 24 or 32 PWR assemblies or up to 61 BWR assemblies. Some designs can
accommodate a maximum burnup of 62 GWd/MTU with between 3 and 10 years of cooling time
in the pool prior to being loaded in the canister. Figure 2-9 shows NUHOMS DSCs emplaced in

HSMs.
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Figure 2-8. NUHOMS Dry Storage Cask Being Loaded into the Horizontal Storage Module
(Photo courtesy of Transnuclear, Inc.; reproduced with permission)

2.2.2 Holtec International

The Holtec International Storage, Transport, and Repository (HI-STAR) 100 uses a welded
stainless steel canister referred to as an MPC, designed to hold either 24 PWR assemblies
(maximum  burnup 42.1 GWd/MTU) or 68 BWR assemblies (maximum burnup
37.6 GWd/MTU) with a minimum of 5 years cooling. The overpack is a heavy-wall steel vessel
to provide gamma shielding. Neutron shielding is provided with a layer of neutron-absorbing
material, the neutron shield, around the outer surface of the overpack. A schematic of the HI-
STAR 100 overpack with MPC is shown in Figure 2-10.

As with the HI-STAR 100, the HI-STORM 100 uses a similar MPC that can hold either 24 or
32 PWR assemblies (maximum burnup 68.2 GWd/MTU) or 68 BWR assemblies (maximum
burnup 65 GWd/MTU) with a minimum of 3 years cooling. The HI-STORM canister utilizes a
concrete overpack, as pictured in Figure 2-11.
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Figure 2-9. NUHOMS Dry Storage Casks Emplaced in Concrete Horizontal Storage Modules at
the Idaho National Laboratory Independent Spent Fuel Storage Installation
(Photo courtesy of Idaho National Laboratory)
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Figure 2-10. HI-STAR 100 Schematic of Overpack with MPC Partially Inserted (left) and Casks
in Storage (right)
(Images courtesy of Holtec International; reprinted with permission)
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Figure 2-11. HI-STORM Cask
(Image courtesy of Holtec International; reprinted with permission)

2.2.3 NAC International, Inc.

NAC has developed three MPC-based systems that have been licensed by the NRC—the NAC
MPC system, the NAC UMS, and the new Modular, Advanced Generation, Nuclear All-purpose
Storage (MAGNASTOR) system. The NAC UMS system has a welded canister designed to
accommodate either 24 PWR assemblies (maximum burnup 60 GWd/MTU) or 56 BWR
assemblies (maximum burnup 45 GWdA/MTU) and five-year cooling times. The overpack
consists of a steel-lined concrete cylinder that provides neutron and gamma shielding. A transfer
cask is used to move the loaded canister from the fuel handling facility to the storage overpack or
to a transportation overpack. Figure 2-12 shows the UMS basket and loaded UMS systems on a
pad.

The MAGNASTOR system is also a DPC-based system designed to accommodate 37 PWR or
87 BWR assemblies, both with maximum burnups of 60 GWd/MTU and 4 years cooling. The
stainless steel canister is welded and transported to the storage overpack with a transfer cask.
The overpack, as shown in Figure 2-13, is 26.5-inch-thick rebar-reinforced concrete with a
carbon steel liner. One difference with the MAGNASTOR system is that the basket material is a
low-alloy steel (instead of stainless) with an electroless nickel plating to resist pitting and
scratching during loading operations in a pool with high boron concentrations. NAC has applied
for a transportation license for its MAGNASTOR canister using the MAGTRAN transportation
overpack.
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Figure 2-12. NAC UMS Basket (left) and Loaded UMS Systems (right)
(Photos courtesy of NAC International, Inc.; reprinted with permission)

2.3 Regulation and Guidance of UNF Storage

The regulatory requirements for site-specific and general licenses for storage of used nuclear fuel
are discussed in this section. Also provided is a listing of review plans as well as NRC staff and
industry guidance relevant to extended storage of used nuclear fuel. This NRC document
collection was used extensively as a guide in identification of issues, prioritization of issues, and
final selection of data gaps that are important to licensing.

2.3.1 Regulation

The NRC currently licenses storage of UNF in dry storage systems and in pools (other than
onsite reactor spent nuclear fuel pools) under the regulation of 10 CFR 72. Under Part 72,
applicants can pursue a site-specific license or a general license. The regulations for a site-
specific license govern both at-reactor ISFSIs and away-from-reactor storage facilities. In 1990,
the NRC added provisions for a general license under 10 CFR 72, Subpart K, which authorized
Part 50 licensees to store used nuclear fuel at their reactor sites in NRC-certified storage casks
without filing licensing documents, as would be needed for a site-specific application. As
required in 10 CFR 72.212, to use casks under a general license, the applicant must demonstrate
that the conditions in the casks’ CoCs are met and that the site design, site-specific
environmental conditions, and design basis accidents including natural phenomena are bounded
by the terms of the general license. In cases where the design conditions fall outside the design
envelope of the cask CoC, such as high seismic areas, a site-specific license is needed.
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Figure 2-13. NAC MAGNASTOR Basket Inserted in Canister (upper left); MAGNASTOR
Vertical Concrete Casks (VCCs) (upper right); Schematic of the MAGNASTOR VCC (bottom).
(Images courtesy of NAC International, Inc.; reprinted with permission)

There are interfaces between 10 CFR 72 and other rules, such as 10 CFR 50, which governs
some of the operations associated with loading of storage casks, and 10 CFR 71, which governs
transportation operations. Some of the interfaces depend on the type of license (general versus
site-specific) and the type of safety analysis. For example, the criticality safety analyses for dry
storage casks while being loaded in a 10 CFR 50 spent fuel pool are governed by 10 CFR 72.
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The initial licenses granted under 10 CFR 72.42 (a) were limited to 20 years. However, effective
May 17, 2011, 10 CFR 72.42(a) was officially changed to allow an initial license period of up to
40 years and license extensions of up to 40 years.

The NRC recently issued an updated Waste Confidence Rule (10 CFR Part 51.23(a)), which
states “Commission finds reasonable assurance that...spent fuel...can be stored safely...for at
least 60 years beyond the licensed life for operation (which may include the term of a revised or
renewed license) of that reactor in a combination of storage in its spent fuel storage basin and
either onsite or offsite independent spent fuel storage installations.” With a 60-year reactor life,
the Waste Confidence Rule states the Commission’s confidence that fuel can be stored for up to
120 years.

2.3.2 Review Plans

The NRC conducts its review of UNF storage applications under two review plans:
NUREG-1536 (NRC 2010b) for dry storage systems and NUREG-1567 (NRC 2000) for storage
facilities. NUREG-1927 (NRC 2011c) is a review plan for renewal of ISFSI licenses and dry
cask storage systems CoCs.

2.3.3 Interim Staff Guidance

NRC guidance regarding UNF storage and transportation is provided in a series of Spent Fuel
Storage and Transportation (SFST) Interim Staff Guidance (ISG) documents. The following is a
listing of select ISGs with brief descriptions relevant to extended dry storage:

e SFST-ISG-1, Rev. 2, “Damaged Fuel” provides guidance on used nuclear fuel classification
as intact, undamaged, or damaged prior to placement in dry storage.

e SFST-1SG-2, Rev. 1, “Fuel Retrievability” provides clarification on the meaning of fuel
retrieval with normal means.

e SFST-ISG-3, Rev. 0, “Post Accident Recovery and Compliance with 10 CFR 72.122”
provides clarification that retrieval with normal means does not apply to design basis
accidents.

e SFST-ISG-5, Rev. 1, “Confinement Evaluation” provides guidance on confinement and
monitoring requirements for welded and bolted systems.

e SFST-ISG-8, Rev. 2, “Burnup Credit in the Criticality Safety Analyses of PWR Spent Fuel in
Transport and Storage Casks” provides guidance on validation of burnup credit for criticality
safety analyses for storage and transportation applications, including type of data needed to
validate computer models as well as burnup measurement requirements.

e SFST-ISG-9, Rev. 1, “Storage of Components Associated With Fuel Assemblies” provides
guidance on the types of components that can be stored with fuel assemblies, such as control
rods or burnable poison rods, as well as the associated required analyses.
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SFST-ISG-10, Rev. 1, “Alternatives to the ASME Code” provides guidance on the American
Society of Mechanical Engineers (ASME) Code Section Il to the design and fabrication of
dry cask storage systems. It also provides guidance on the required documentation for
application of alternatives to the ASME code for ITS SSCs.

SFST-1SG-11, Rev. 3, “Cladding Considerations for the Transportation and Storage of Spent
Fuel” provides guidance on the required analysis and operational limits for fuel with burnup
exceeding 45 GWd/MTU. It also defines the fuel cladding temperature limits for cask
loading, vacuum drying, transportation, and storage operations.

SFST-1SG-12, Rev. 1, “Buckling of Irradiated Fuel Under Bottom End Drop Conditions”
provides guidance on the analysis methodology as well as material and structural parameters
for fuel assemblies in a cask drop scenario.

SFST-1SG-13, Rev. 0, “Real Individual” clarifies the reference in 10 CFR 72.104 to a real
individual and describes how to perform dose evaluations beyond the controlled area.

SFST-1SG-14, Rev. 0, “Supplemental Shielding” provides guidance on the use of
supplemental shielding that maybe used at ISFSI sites to meet the dose limits for normal
conditions of operation in 10 CFR 72.104(a).

SFST-ISG-15, Rev. 0, “Materials Evaluation” provides guidance for the review of dry
storage systems materials.

SFST-1SG-16, Rev. 0, “Emergency Planning” provides guidance for reviewing emergency
plans for ISFSIs.

SFST-1SG-18, Rev. 1. “The Design and Testing of Lid Welds on Austenitic Stainless Steel
Canisters as the Confinement Boundary for Spent Fuel Storage” provides guidance for the
design and testing of the closure welds of welded stainless steel canisters.

SFST-ISG-19, Rev. 0, “Moderator Exclusion Under Hypothetical Accident Conditions and
Demonstrating Subcriticality of Spent Fuel Under the Requirements of 10 CFR 71.55(e)”
provides guidance for demonstrating subcriticality on the basis of moderator exclusion for
hypothetical accident conditions.

SFST-1SG-21, Draft, “Use of Computational Modeling Software” provides guidance on the
use and validation of computational modeling software in thermal and structural analyses.

SFST-ISG-22, Rev. 0, “Potential Rod Splitting Due to Exposure to an Oxidizing Atmosphere
During Short-Term Cask Loading Operations in LWR or Other Uranium Oxide Based Fuel”
provides guidance on the operating procedures, technical specification, and licensing
documentation to support the analysis for potential cladding splitting if exposed to an
oxidizing environment.

SFST-1SG-23, Rev. 0, “Application of ASTM Standard Practice C1671-07 When Performing
Technical Reviews of Spent Fuel Storage and Transportation Packaging Licensing Actions”
provides guidance on the use of American Society of Testing and Materials (ASTM)
Standard Designation C1671-07 (ASTM C1671-07 2007a) in evaluating licensing actions
that rely upon borated neutron poison materials for maintaining subcriticality in storage and
transportation packages.
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SFST-1SG-25, Draft, “Pressure Test and Helium Leakage Test of the Confinement Boundary
for Spent Fuel Storage Canister” provides guidance for confinement boundary helium leak
testing and ASME Code required pressure testing.

2.34 Additional Guidance Documents

The following is a list of select regulatory guides, NUREG/CRs, and industry standards that
provide analysis guidance on various topics that pertain to dry storage of used nuclear fuel:

Regulatory Guide 3.48, “Standard Format and Content for the Safety Analysis Report for an
Independent Spent Fuel Storage Installation or Monitored Retrievable Storage Installation
(Dry Storage)”

Regulatory Guide 3.50, “Standard Format and Content for a License Application to Store
Spent Fuel and High-Level Radioactive Waste”

Regulatory Guide 3.53, “Applicability of Existing Regulatory Guides to the Design and
Operation of an Independent Spent Fuel Storage Installation”

Regulatory Guide 3.54, “Spent Fuel Heat Generation in an Independent Spent Fuel Storage
Installation”

Regulatory Guide 3.60, “Design of an Independent Spent Fuel Storage Installation (Dry
Storage)”

Regulatory Guide 3.62, “Standard Format and Content for the Safety Analysis Report for
Onsite Storage of Spent Fuel Storage Casks”

Regulatory Guide 3.72, “Guidance for Implementation of 10 CFR 72.48, Changes, Tests, and
Experiments”

Regulatory Guide 3.73, “Site Evaluations and Design Earthquake Ground Motion for Dry
Cask Independent Spent Fuel Storage and Monitored Retrievable Storage Installations”

NUREG/CR-6361, Criticality Benchmark Guide for Light-Water-Reactor Fuel in
Transportation and Storage Packages, March 1997

NUREG/CR-6700, Nuclide Importance to Criticality Safety, Decay Heating, and Source
Terms Related to Transport and Interim Storage of High-Burnup LWR Fuel, January 2001

NUREG/CR-6701, Review of Technical Issues Related to Predicting Isotopic Compositions
and Source Terms for High-Burnup LWR Fuel, January 2001

NUREG/CR-6716, Recommendations on Fuel Parameters for Standard Technical
Specifications for Spent Fuel Storage Casks, March 2001

NUREG/CR-6759, Parametric Study of the Effect of Control Rods for PWR Burnup Credit,
February 2002

NUREG/CR-6760, Study of the Effect of Integral Burnable Absorbers for PWR Burnup
Credit, March 2002
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e NUREG/CR-6761, Parametric Study of the Effect of Burnable Poison Rods for PWR Burnup
Credit, March 2002

¢ NUREG/CR-6801, Recommendations for Addressing Axial Burnup in PWR Burnup Credit
Analyses, March 2003

e NUREG/CR-6802, Recommendations for Shielding Evaluations for Transport & Storage
Packages, May 2003

o NUREG/CR-6835, Effects of Fuel Failure on Criticality Safety and Radiation Dose for Spent
Fuel Casks, September 2003

e ANSI/ANS 57.9-1992-R2000, “Design Criteria for an Independent Spent Fuel Storage
Installation (Dry Storage Type).”

2.4 Application of Regulatory Requirements and Guidance

This section summarizes key general regulatory performance requirements as well as associated
guidance in review plans and ISGs for the safety functional areas of dry storage systems and
storage facilities.

2.4.1 Dry Storage Systems SSCs and Safety Functional Areas

10 CFR 72.24(d) requires that a license application safety analysis report (SAR) for an ISFSI
contain “...an analysis and evaluation of the design and performance of structures, systems, and
components important to safety, with the objective of assessing the impact on public health and
safety resulting from operation of the ISFSI.” The list of SSCs is unique to each dry cask storage
system; however, the SSCs are grouped into the following ten categories for purposes of this
report:

fuel

cladding

fuel assembly hardware

fuel baskets

neutron poisons

neutron shields

container/canister

overpack or storage module

© 00 N o g B~ DN PE

pad
10. monitoring systems.

These SSCs are categorized as ITS or non-1TS based on the safety functions they perform for the
ISFSI. The general safety functions of the ISFSI are listed in the definition of ITS SSCs in
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10 CFR 72: “(1) To maintain the conditions required to store spent fuel ... safely; (2) To prevent
damage to the spent fuel ... [and] waste container during handling and storage; or (3) To provide
reasonable assurance that spent fuel ... can be received, handled, packaged, stored, and retrieved
without undue risk to the health and safety of the public.” To meet these regulatory
requirements, Section 4.4.3.1 in NUREG-1567 states “The applicant must identify design criteria
and design bases for all SSCs determined to be important to safety. The basic design criteria for
SSCs which are important to safety shall: maintain subcriticality, maintain confinement, ensure
radiation rates and doses for workers and public do not exceed acceptable levels and remain as
low as is reasonably achievable (ALARA), maintain retrievability, and provide for heat removal
(as necessary to meet the above criteria).” Therefore, the key safety functional areas for dry
storage are

retrievability
thermal performance

confinement
radiation protection

A

subcriticality.

The following sections discuss in detail the regulatory requirements and associated guidance for
these five safety functional areas.

2.4.2  Retrievability (Including Thermal Performance)

10 CFR 72.122(h)(5) states “The high level radioactive waste and reactor related GTCC waste
must be packaged in a manner that allows handling and retrievability without the release of
radioactive materials to the environment or radiation exposures in excess of Part 20 limits...”
10 CFR 72.122(1) states “Storage systems must be designed to allow ready retrieval of spent fuel,
high-level radioactive waste, and reactor-related GTCC waste for further processing or disposal.”
SFST-1SG-2 (NRC 2010a) defines ready retrieval as “The staff considers a fuel assembly to be
“ready retrievable” if it remains structurally sound (i.e., no gross degradation) and could be
handled by normal means (i.e., does not pose operational safety problems during removal).”
SFST-1SG-2 further defines “normal means” as “the ability to move the fuel assembly and its
contents by the use of the crane and grapple used to move undamaged assemblies at the point of
cask loading. The addition of special tooling or modifications to the assembly to make the
assembly suitable for lifting with crane and grapple does not preclude the handling from being
considered “normal means.””

SFST-ISG-3 (NRC 1998a) clarifies that “10 CFR 72.122(l) applies to normal and off-normal
design conditions and not to accidents.”

To meet the retrievability requirements described above, a SAR must demonstrate that fuel can
be retrievable by preserving the loading analysis bases. Used nuclear fuel must be classified
prior to placement in a storage cask as damaged, undamaged, or intact. Damaged fuel would be
placed in a damaged fuel can. Fuel classified as intact or undamaged must remain undamaged to
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continue to meet the loading and retrieval analysis bases. The current basis relied upon to
demonstrate that fuel classification does not change during storage (20-60 years) is by
maintaining the fuel in an inert atmosphere and within the temperature limits recommended in
SFST-1SG-11 (NRC 2003a). The most important limits in SFST-ISG-11 are as follows:

1. For all fuel burnups (low and high), the maximum calculated fuel cladding temperature
should not exceed 400°C (752°F) for normal conditions of storage and short-term loading
operations (e.g., drying, backfilling with inert gas, and transfer of the cask to the storage

pad).

However, for low burnup fuel, a higher short-term temperature limit may be used, if the
applicant can show by calculation that the best estimate cladding hoop stress is equal to or
less than 90 MPa (13,053 psi) for the temperature limit proposed.

2. During loading operations, repeated thermal cycling (repeated heatup/cooldown cycles) may
occur but should be limited to less than 10 cycles, with cladding temperature variations that
are less than 65°C (117°F) each.

3. For off-normal and accident conditions, the maximum cladding temperature should not
exceed 570°C (1058°F).

SFST-1SG-1 (NRC 2007a) provides guidance on UNF classification. The performance-based
definition of damaged SNF provided in this 1ISG minimizes the quantity of damaged fuel
requiring alternative handling paths while still addressing applicable system-related regulations
concerning criticality control, thermal limitations, structural integrity, confinement, and
shielding. Definitions from SFST-ISG-1 that are relevant to fuel classification are

e intact SNF — Any fuel that can fulfill all fuel-specific and system-related functions and that is
not breached. Note that all intact SNF is undamaged, but not all undamaged fuel is intact,
because under most situations, breached spent fuel rods that are not grossly breached will be
considered undamaged.

e undamaged SNF — SNF that can meet all fuel-specific and system-related functions.
Undamaged fuel may be breached. Fuel assembly classified as undamaged SNF may have
“assembly defects.”

e grossly breached spent fuel rod — A breach in spent fuel cladding that is larger than a pinhole
leak or a hairline crack. An acceptable examination for a gross breach is a visual
examination that has the capability to determine the fuel pellet surface may be seen through
the breached portion of the cladding. Alternatively, review of reactor operating records may
provide evidence of the presence of heavy metal isotopes indicating that a fuel rod is grossly
breached. “Gross breaches should be considered to be any cladding breach greater than
1 millimeter.”

e damaged SNF — Any fuel rod or fuel assembly that cannot fulfill its fuel-specific or system-
related functions.
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2.4.3 Confinement

Maintaining confinement in dry storage systems for normal operations, off-normal conditions,
and design basis accidents is required in 10 CFR 72.236 (1), which states “The spent fuel storage
cask and its systems important to safety must be evaluated, by appropriate tests or by other
means acceptable to the NRC, to demonstrate that they will reasonably maintain confinement of
radioactive material under normal, off-normal, and credible accident conditions.”

Confinement describes the safety function in NUREG-1536 as “Prevent unacceptable release of
contained radioactive material.” The primary objectives of the confinement requirement are to
provide radiological protection and maintain cladding classification. Confinement systems are
defined in 10 CFR 72.3 as “those systems, including ventilation, that act as barriers between
areas containing radioactive substances and the environment.” The definition of confinement in
NUREG-1536 is “the ability to prevent the release of radioactive substances into the
environment.” From these definitions, it is clear that the container is a confinement barrier in an
ISFSI, but it is not as clear whether the NRC considers cladding to be a confinement barrier.
10 CFR 72.122(h) states “Confinement barriers and systems: (1) The spent fuel cladding must
be protected during storage against degradation that leads to gross ruptures or the fuel must be
otherwise confined such that degradation of the fuel during storage will not pose operational
safety problems with respect to its removal from storage. This may be accomplished by canning
of consolidated fuel rods or unconsolidated assemblies or other means as appropriate.” This
implies that the NRC considers the cladding to be a confinement barrier only so far as it prevents
release of solid radioactive material from gross ruptures; however, NUREG-1536 Section 8.6
defines gross breaches as any cladding breach greater than 1 millimeter so most solid material
will continue to be confined. The NRC does not require that cladding be intact or unbreached.
As discussed in Section 2.4.2, the interim staff guidance on damaged fuel (SFST-ISG-1)
provides clarification by classifying spent nuclear fuel as (1) damaged, (2) undamaged, or
(3) intact.

Because the NRC does not require that cladding be intact or unbreached, it is not a full
confinement barrier for all radionuclides in an ISFSI. Fission gases such as xenon may be
released from the fuel through cladding pin holes. Even intact cladding has radionuclides on the
outside of the fuel rods such as ®°Co that may be released if deposits are knocked off. For this
reason, this report does not treat the cladding as a confinement barrier during dry storage.
However, during retrieval operations, cladding is the primary, if not only, confinement barrier
(see Section 2.4.2). In addition, to meet the retrievability requirements described in
Section 2.4.2, a SAR must demonstrate that fuel can be retrievable by preserving the loading
analysis bases, meaning that if cladding is classified undamaged when loaded into a dry storage
cask, it must remain undamaged throughout the storage period.

Confirming that confinement is maintained through active monitoring is required per 10 CFR
72.122(h)(4), which states “Storage confinement systems must have the capability for continuous
monitoring in @ manner such that the licensee will be able to determine when corrective action
needs to be taken to maintain safe storage conditions. For dry spent fuel storage, periodic
monitoring is sufficient provided that periodic monitoring is consistent with the dry spent fuel
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storage cask design requirements. The monitoring period must be based upon the spent fuel
storage cask design requirements.”

Based on the gained confidence thus far, the NRC staff clarified that monitoring confinement is
required only for bolted but not for welded closures. SFST-ISG-5 (NRC 1998b) states that the
“NRC staff has found that casks closed entirely by welding do not require monitoring. However,
for casks with bolted closures, the staff has found that a seal monitoring system has been needed
in order to adequately demonstrate that seals can function and maintain a helium atmosphere for
the 20-year license period.” W.ith extended storage beyond 60 years, the monitoring needs
become more important.

244 Radiation Protection

This section discusses protection from direct exposure to radiation. Confinement and protection
from release of radionuclides are discussed in Section 2.4.3. For onsite occupational radiation
protection, 10 CFR 72.24 states “Each application for a license under this part must include a
Safety Analysis Report describing...(e) The means for controlling and limiting occupational
radiation exposures within the limits given in part 20 of this chapter, and for meeting the
objective of maintaining exposures as low as is reasonably achievable.”

10 CFR 20.1201 provides the annual occupational dose limits for adults as “The total effective
dose equivalent being equal to 5 rems (0.05 Sv)” or “The sum of the deep-dose equivalent and
the committed dose equivalent to any individual organ or tissue other than the lens of the eye
being equal to 50 rems (0.5 Sv).” Licensees demonstrate compliance with these limits with a
significant margin based on several layers of fixed and portable gamma and neutron shielding,
conservative or bounding estimates of source terms, maintaining distance from sources, and
limiting exposure times.

For offsite public radiation protection for normal and off-normal conditions, 10 CFR 72.104(a)
states “During normal operations and anticipated occurrences, the annual dose equivalent to any
real individual who is located beyond the controlled area must not exceed 0.25 mSv (25 mrem)
to the whole body, 0.75 mSv (75 mrem) to the thyroid and 0.25 mSv (25 mrem) to any other
critical organ.” For offsite public radiation protection under design basis accidents, 10 CFR
72.106(b) states that “Any individual located on or beyond the nearest boundary of the controlled
area may not receive from any design basis accident the more limiting of a total effective dose
equivalent of 0.05 Sv (5 rem), or the sum of the deep-dose equivalent and the committed dose
equivalent to any individual organ or tissue (other than the lens of the eye) of 0.5 Sv (50 rem).
The lens dose equivalent may not exceed 0.15 Sv (15 rem) and the shallow dose equivalent to
skin or any extremity may not exceed 0.5 Sv (50 rem). The minimum distance from the spent
fuel, high-level radioactive waste, or reactor-related GTCC waste handling and storage facilities
to the nearest boundary of the controlled area must be at least 100 meters.”

The licensing basis for current ISFSIs is that there are no normal operating conditions, off-
normal conditions, or design basis accidents that result in significant reduction in shielding
(mainly gamma) effectiveness to impact these limits. In addition, because of the distance
between the dry storage casks and the site boundary, direct exposure is an insignificant
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contributor to offsite public dose. This may need to be reevaluated as more casks are stored in
current locations.

2.4.5  Subcriticality

10 CFR 72.124 establishes the criteria for subcriticality of used nuclear fuel handling, packaging,
transfer, and storage systems. It requires that before a nuclear criticality accident is possible, at
least two unlikely, independent, and concurrent or sequential changes must occur in the
conditions essential to nuclear criticality safety, which is traditionally known as the double
contingency principle. The four operations/conditions with unique criticality safety bases for dry
storage are

¢ loading operations

e drying operations

e cask movement and storage conditions

e retrieval operations.

Because some casks are intended to be transported without fuel repackaging, subcriticality for

transportation is also discussed. The subcriticality bases for each operation/condition are
discussed in the following sections.

2.45.1 Loading Operations

Maintaining subcriticality during loading operations in a spent nuclear fuel pool is governed by
both 10 CFR 50.68 and 10 CFR 72.124. The criteria for maintaining subcriticality while the
assemblies are in the pool storage racks and in transit to a cask are governed by 10 CFR 50.68.
Subcriticality for these operations is generally based on one or a combination of the following:

e fixed neutron absorbers in fuel pool racks
e separation between fuel assemblies (e.g., flux trap gap)

e neutron poison or moderator displacers inserted in the guide tubes (e.g., used burnable poison
rods, used control rods, or dummy rods)

e Dburnup credit by taking credit for the reduction in fuel fissile material concentration and the
presence of actinide and fission product neutron absorbers

¢ soluble boron, which is available only in PWR spent fuel pools — Note that current practice
does not credit both assembly burnup and soluble boron.

Once a fuel assembly has been inserted inside a storage cask, while still in the fuel pool, the
criticality safety basis can be different. 10 CFR 50.68 was revised in 2006 to reflect this
distinction. For example, soluble boron could be credited for demonstrating subcriticality in the
loaded cask with a fresh fuel assumption for assemblies that may have credited burnup to
demonstrate subcriticality in the pool racks.
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2.45.2 Drying Operations

During drying operations, subcriticality is generally maintained by demonstrating that there is no
credible scenario that would result in availability of water that could enter the unsealed storage
cask. This analysis basis and credited design features are important in particular for those casks
loaded with assemblies that rely on soluble boron for demonstrating subcriticality during loading
operations.

2.4.5.3 Cask Movement Operations and Storage Conditions

Once a cask has been dried and inerted, the basis for subcriticality is moderator exclusion.
Safety Analysis Reports demonstrate that there is no credible scenario during normal operations,
off-normal conditions, and design basis accidents including natural phenomena, that results in
container (or confinement) breach.

2.4.5.4 Retrieval Operations

Subcriticality is ensured for future retrieval operations by demonstrating that the loading
subcriticality bases and design features are not significantly altered during storage. These bases
and design features include

e continued neutron absorber efficacy — 10 CFR 72.124 states “For dry spent fuel storage
systems, the continued efficacy may be confirmed by a demonstration or analysis before use,
showing that significant degradation of the neutron absorbing materials cannot occur over the
life of the facility.” This includes demonstrating that the neutron poison density and
distribution are not significantly reduced and that the neutron absorber material remains
intact without developing any cracks.

e no changes in fuel classification — If fuel is classified as undamaged for loading operations, it
must be demonstrated that the cladding does not become damaged during storage. Note that
developing holes and cracks, even if larger than pin holes and hairline cracks, may not
impact the subcriticality bases as long as it can be demonstrated that the fuel rods remain
intact. Alternatively, an analysis can be performed for the new fuel condition to demonstrate
that the new configuration is similar or lower in reactivity compared to the initial loading
configuration.

e maintenance of minimum required separation between fuel assemblies — Any reduction in
separation between fuel assemblies will increase neutronic coupling and decrease
effectiveness of neutron poisons.

Although current practice is to demonstrate that loading conditions are not sufficiently altered
during storage to change the subcriticality bases, a more risk-based evaluation and/or a retrieval
method that is different from the loading method could alleviate this requirement. For example,
if retrieval is performed in a dry environment or in a pool with a sufficiently high concentration
of soluble boron, demonstrating fixed neutron absorber efficacy, unaltered cladding condition,
and separation between fuel assemblies would not be necessary for demonstrating subcriticality.
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2.45.5 Transportation

10 CFR 71.55 requires that “...a package used for the shipment of fissile material must be so
designed and constructed and its contents so limited that it would be subcritical if water were to
leak into the containment system, or liquid contents were to leak out of the containment system
so that....maximum reactivity of the fissile material would be attained.” The conditions
contributing to maximum reactivity include “most reactive credible configuration consistent with
the chemical and physical form of the material,” “Moderation by water to the most reactive
credible extent,” and “Close full reflection of the containment system by water on all sides.”
10 CFR 71.55 does allow for demonstrating subcriticality on the basis of moderator exclusion by
demonstrating “...that no single packaging error would permit leakage, and if appropriate
measures are taken before each shipment to ensure that the containment system does not leak.”
SFST-1SG-19 (NRC 2003b) provides guidance for demonstrating subcriticality on the basis of
moderator exclusion for hypothetical accident conditions.

Without moderator exclusion, the transportation subcriticality requirements that a transportable
dry storage cask/canister must meet are those for retrieval as described in Section 2.4.5.4, along
with demonstrating that the structural integrity of the cladding, neutron poisons, and fuel baskets
(i.e., maintaining minimum required separation between fuel assemblies) must be maintained
under normal conditions of transport and hypothetical accident conditions. In addition, for those
casks containing fuel assemblies that relied upon soluble boron credit for loading operations,
sufficient burnup must be credited to offset the level of soluble boron credit. The guidance for
burnup credit is provided in SFST-ISG-8 (NRC 2002).
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3. METHODOLOGY

This section discusses the dry storage analysis conditions including those for normal operations
and off-normal conditions, along with the performance criteria for design basis accidents. This
section also discusses the stressors during dry storage and the methodology for identifying dry
storage SSCs degradation mechanisms as influenced by extended storage as well as the basis for
prioritizing additional data needs to evaluate those degradation mechanisms.

3.1 Analysis Conditions

In the license or CoC application, it must be demonstrated that the safety functions are
maintained for all normal, off-normal, and design basis accident conditions during which both
internal and external stressors (thermal, radiation, chemical and mechanical) may act on the dry
storage system. The license applications for ISFSIs, which must provide technical evidence to
the NRC that the safety functions will be maintained, include both time-specific and site-specific
design basis accidents in addition to normal and off-normal conditions. The regulatory safety
requirements may differ for the various analysis conditions as described in Section 2.4.

Normal conditions are defined in NUREG-1536 (NRC 2010b) and NUREG-1567 (NRC 2000) as
“Conditions that are intended operations, planned events, and environmental conditions, that are
known or reasonably expected to occur with high frequency during storage operations. The
maximum level of an event or condition is [sic] that expected to routinely occur. The cask
system is expected to remain fully functional and to experience no temporary or permanent
degradation from normal operations, events and conditions.”

Off-normal conditions are defined in NUREG-1536 and NUREG-1567 as “The maximum level
of an event or condition that although not occurring regularly can be expected to occur with
moderate frequency and for which there is a corresponding maximum specified resistance, limit
of response, or requirement for a given level of continuing capability... An independent spent
fuel storage installation structure, system, or component is expected to experience off-normal
events and conditions without permanent deformation or degradation of capability to perform its
full function (although operations may be suspended or curtailed during off-normal conditions)
over the full license period.” Off-normal conditions include

e variations of temperatures beyond normal

e failure of 10% of the fuel rods combined with off-normal temperatures

o failure of one of the confinement boundaries

e partial blockage of air vents

e human error

e out-of-tolerance equipment performance

e equipment failure
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e instrumentation failure

e faulty calibration.

Accident level is defined in NUREG-1536 and NUREG-1567 as “A term used to include both
design basis accidents and design basis natural phenomenon events and conditions.”
NUREG-1567 also defines Non-Mechanistic Events as “An event, such as cask tip-over, that
should be analyzed for acceptable system capability, although a cause for such an event is not
identified in the analyses of off-normal and accident-level events and conditions.” In the
discussion of the performance requirements of ITS SSCs, Section 3.5 of NUREG-1536 states
“This position does not necessarily require that all confinement systems and other structures
important to safety survive all design-basis accidents and extreme natural phenomena without
any permanent deformation or other damage.” It also states that “Structures important to safety
are not required to survive accidents to the extent that they remain suited for use for the life of
the cask system without inspection, repair, or replacement.”

Section 12.4.5 of NUREG-1536 and SFST-ISG-3 clarify that “ready retrieval” applies to normal
and off-normal design conditions and not to accidents. NUREG-1536 states “Post-accident
recovery of damaged fuel may require such systems as overpacks or dry-transfer systems.”
Nonetheless, Chapter 11 of Storage Systems SARs and Chapter 8 of ISFSI SARs demonstrate
that credible design basis accidents do not result in damage to the cladding on the basis that the
cladding will not experience structural loads that would compromise its integrity.

In addition, Section 3.5 of NUREG-1536 states that ITS SSCs should have “...sufficient
structural capability...to withstand the worst-case loads under accident-level events...to
successfully preclude...significant impairment of retrievability or recovery, as applicable, of
stored nuclear materials (the NRC has accepted some degradation of retrievability under accident
conditions and severe natural phenomena events that are treated as design bases events).”
Accident and natural phenomena events include

e cask drop

e cask tip-over

o fire

e fuel rod rupture

e assembly misload

o leakage of the confinement boundary

e explosive overpressure

e air flow blockage

e nearby industrial, transportation, and military facilities (e.g., aircraft crash)

e flood

e tornados and tornado missiles
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e earthquake

e Dbuilding and structural failure
e burial under debris

e lightning

e seiche

e tsunami

e hurricane

e volcanism.
Design basis accidents can be grouped into three categories:

e mechanistic accidents including handling accidents (e.g., drops), operational errors (e.g.,
assembly misload), nearby industrial, transportation, and military facilities (e.g., aircraft
crash), and fires

e natural phenomena (e.g., earthquake, tornado)
e non-mechanistic accidents (e.g., rod ruptures).

The likelihood of mechanistic design basis accidents is not expected to change with extended
storage. In fact, with improved reliability of handling systems and restrictions on nearby
facilities, the likelihood of these accidents would likely be lower. Natural phenomena design
basis accidents are, however, more time sensitive. For example, a 50-year seismic event is less
severe than a 200-year seismic event. Therefore, the safety analysis for extended storage could
be impacted in two ways:

e The design may no longer satisfy the accident safety requirements. For example, a 200-year
earthquake could result in a cask tip-over.

e |ITS SSCs (e.g., container) survivability may be impacted due to degradation.

The mechanisms that could degrade the ITS SSCs are identified in Section 5. Therefore, the
questions that must be answered regarding design basis accidents are as follows:

e With extended storage, what accidents increase in severity, and what are the R&D needs to
address their impact on extending ISFSI licenses?

¢ In conjunction with degradation of ITS SSCs, what accidents could result in unacceptable
performance, and what are the R&D needs to evaluate or mitigate the accident risks?

The evaluation of design basis accidents would not identify new degradation mechanisms, but it
would aid in establishing success/failure criteria for the identified mechanisms. Time-sensitive
design basis accidents are location-specific and could not be evaluated generically. Therefore,
the focus in this report is on normal operations and off-normal conditions.
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3.2 Stressors
3.21 Thermal Stressors

For many degradation processes, there is a threshold temperature below which limited
degradation occurs. For these processes, it is the time above the threshold temperature that is
important.  The temperatures within an ISFSI are limited by the regulatory guidance
(NRC 2003a), which includes

1. limiting the cladding temperature to 400°C for normal conditions of storage and short-term
loading operations

2. limiting thermal cycling to less than 10 cycles of less than 65°C variation
3. limiting the cladding temperature to 570°C during off-normal and accident conditions.

Thus, ISFSIs are designed for a maximum temperature for the cladding of 400°C or below. The
temperature will decrease with time as the short-lived radionuclides decay away, although the
temperature decrease lags behind the decay heat generation because of the insulating properties
of the overpack. The rate at which the temperature decreases depends primarily on the half-lives
of the radionuclides stored within the container and the initial quantity of radionuclides, which is
a function of burnup and cooling time. Thus, degradation processes that have thresholds below
400°C may be influenced by higher burnup and longer storage times. Some degradation
processes occur only at high temperatures and thus are influenced only by the temperature limit
and not the storage time or fuel burnup. However, one concern is that data from short-term high-
temperature tests may not correctly predict behavior for very long-term low-temperature
conditions, especially if different mechanisms apply to the different temperature regimes.

3.2.2 Radiation Stressors

Radiation stressors can affect SSCs of dry storage systems in two ways: changing of material
properties and depletion of neutron poison materials. Neutron radiation at significant levels
could change the molecular structure of various materials, including metals, ceramics, and
polymers, inducing hardening, reduction in ductility, and embrittlement. In addition, radiation
could cause radiolysis and associated off-gassing. Neutron radiation could also deplete the
neutron poison isotopes needed for criticality safety and shielding. The neutron fluence in a dry
storage canister is many orders of magnitude lower than in a reactor and is dominated by
spontaneous fissions of relatively short-lived actinides. Because the neutron source term inside
storage casks decreases significantly with time, neutron radiation will unlikely cause any of these
material changes, at least not significantly. Gamma radiation has insignificant effects on
material properties of metal but may affect concrete, by breaking the hydrogen bonds of water,
polymers and sensor materials. The effects of alpha radiation are local to the fuel, and can only
impact the fuel and potentially slightly increase helium pressure inside fuel rods. While
radiation stressors during extended storage may not be significant, the effects of radiation
stressors during irradiation in the reactor (e.g., high burnup fuel) may have a significant impact
on cladding and fuel assembly materials behavior and performance during extended storage and
subsequent transportation.
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3.2.3 Chemical Stressors

Most chemical degradation processes proceed at higher rates at higher temperatures. One
exception to this rule is when the process requires liquid water to occur. In this case, raising the
temperature above the boiling point may reduce the rate, not enhance it. One chemical stressor
in an ISFSI is water that has not been sufficiently removed from the container during the loading
and drying process. The occurrence of potentially significant amounts of water within the
container is considered an off-normal condition.

Another chemical stressor is oxygen. Oxygen is excluded from within the container to prevent
oxidation reactions with the fuel, cladding, and basket. Therefore, oxidation processes within the
container occur only under off-normal or accident conditions.

Another chemical stressor is hydrogen, which occurs at higher concentrations within cladding of
high burnup fuel. Thus, the processes that hydrogen induces, such as embrittlement of cladding,
are more pronounced in higher-burnup fuel. Additional chemical stressors during normal
extended storage will be minimal inside the DCSS container, but the effects, especially of
hydrogen, of chemical stressors produced during irradiation in the reactor may have a significant
impact on material performance.

The storage environment may add external chemical stressors, such as airborne organic and
inorganic materials (e.g., particulates, salts, pollutants) and possible organic contamination from
access by fauna (e.g., insects, birds, rodents).

3.24 Mechanical Stressors

Mechanical stressors include loads that could impact SSCs of dry storage systems either
continually or for short durations. Continuous loads include pressure, such as gas pressure inside
fuel rods, and component weight, such as assembly load on fuel baskets. Short-term loads
include impacts that are the result of off-normal or accident conditions. Additionally, the effects
of mechanical loads during reactor operations such as pressure and hydrodynamic loads must be
taken into account in evaluating the performance of some of the SSCs (i.e., cladding and fuel
assembly hardware) during extended storage. Mechanical stressors could change the structural
properties of SSCs of dry storage systems such that their performance during normal operations
or their response to design basis accidents during storage and potential subsequent transportation
may not be acceptable.

3.3 Data Gap Analysis Approach

A systematic approach is used to identify gaps in the technical bases for extended storage of used
nuclear fuel in ISFSIs. As discussed in Section 2.4.1, dry storage systems are divided into
10 SSCs (fuel, cladding, fuel assembly hardware, fuel baskets, neutron poisons, neutron shields,
container/canister, overpack or storage module, pad, and monitoring systems). The following
methodology is then applied:
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1. For each SSC, determine which safety functional areas are directly impacted or supported.

2. For those functional areas for which the SSC failure does not result in a direct impact,
determine whether the SSC’s failure or changes in its chemical or physical properties could
cause changes in other SSCs, which in turn could impact any of the safety functional areas.

3. For the directly or indirectly impacted safety functional areas, define how the SSC and
potential degradation of the SSC affect the safety functions. For example, cladding
degradation for retrievability is defined as gross breach, whereas cladding degradation for
Thermal Performance is defined as reduction in heat transfer characteristics. Based on the
analysis of how the SSC affects the safety functions, assign an importance (Low, Medium,
High) of the SSC to licensing.

4. For each degradation definition, determine the specific degradation modes. For example,
cladding can have pinholes and hairline cracks or can be grossly breached (as defined in
SFST-ISG-1 [NRC 2007a]).

5. For each of the four stressors that contribute to the specific degradation mode identified in
step 4, list the specific degradation mechanisms.

6. For each degradation mechanism-SSC combination (issue), summarize what is known, what
needs to be done, and the importance (Low, Medium, High) of new research for extended dry
storage based on the criteria discussed in Section 3.3.1. The importance of new research and
development cannot be higher than the importance of the SSC to licensing determined in
step 3.

3.3.1 Basis for Research and Development Priorities

Several factors influence the basis for prioritizing research and development to address the data
gaps in evaluating the impact of a specific degradation mechanism on the performance of an SSC
during extended storage. Priorities of the data needs are established based on four primary
criteria:

1. whether existing data are sufficient to evaluate the degradation mechanism and its impact on
an ITS SSC

2. the likelihood of occurrence of the degradation mechanism during extended storage
ease of remediation of the degraded SSC such that it continues to provide it safety function

4. the significance of the potential consequences that may result from the degradation
mechanism.

These four criteria draw their relative importance in order to meet the following objectives:

Current Regulatory Compliance: Demonstrate compliance with the current regulation to
extend storage beyond the current licensed duration for both low and high burnup fuel. Although
this report focuses only on storage, it is informed by the need to demonstrate compliance with
current regulation to allow for transporting high burnup fuel as well as both low and high burnup
fuel after a period of dry storage.
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Future Regulatory Driver: Although the current regulation for storage and transportation is
mostly prescriptive and deterministic, the current regulatory trend has been to move toward a
risk-informed and potentially risk-based regulation. Improved understanding and ability to
model and evaluate performance of ITS SSCs as a function of a variety of stressors are necessary
steps to allow for a risk-informed or a risk-based evaluation. Collecting the necessary data
would provide the basis and strengthen confidence in migrating to such regulation.

Design and Operational Efficiency: Although degradation of an SSC may not result in failure
to meet a regulatory requirement, it could complicate future UNF handling (e.g., transportation,
repackaging) requiring special designs or onerous operations resulting in undue cost and
radiological risks. For example, assembly hardware degradation may not violate a regulatory
requirement, but it could necessitate the design of a new adapter to remove the assemblies, which
increases cost, complicates operations, and may increase occupational dose.

Future Waste Management Needs: Although some design features could be implemented to
render continued efficacy and performance of an SSC unnecessary to meet the current regulatory
requirements and may not have any design and operational costs, it is prudent to consider any
limitation that the degradation of such an SSC could impose on a future waste management
strategy.

Therefore, the following questions are answered for every degradation mechanism to assign a
priority for additional research and development:

1. Are there sufficient data to evaluate the degradation mechanism and SSC performance?
2. What is the likelihood of occurrence of the degradation mechanism during extended storage?

3. What are the current regulatory considerations that cannot be addressed based on existing
data and can be addressed with additional data?

4. What are the consequences of the degradation mechanism?
Can the SSC be remediated or managed in an aging management program (AMP)?

6. Would any costly design and operational difficulties be endured due to the degradation
mechanism?

7. Would the degradation mechanism limit or complicate future waste management strategies?

Based on how the above questions are addressed, a priority of High, Medium, or Low is assigned
for the importance of acquiring additional data through analysis or testing to evaluate the specific
degradation mechanism and its impact on the SSC and associated storage safety functional areas.
These priorities can change as additional data are acquired.
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4. CROSS-CUTTING NEEDS

Several data needs are cross-cutting and could affect multiple ITS SSCs. These cross-cutting
needs are important to understanding and evaluating the extent of some of the degradation
mechanisms discussed in Section 5 or providing an alternate means of demonstrating compliance
with specific regulatory requirements. As such, each of these six areas has been given a High
priority for R&D. The need for advanced monitoring and instrumentation capabilities for
utilization in the R&D program and in the long-term engineering-scale demonstration is
considered a High priority in total, but individual needs identified in Section 4.6 may be of Low,
Medium, or High priority.

4.1 Temperature Profiles

Most degradation mechanisms are temperature dependent and, as a general rule, occur faster at
higher temperatures. Initial temperatures in the DCSS are a direct function of the decay heat
load in the cask or canister when it is first placed in dry storage. From the standpoint of thermal
analysis, fuel burnup is significant mainly because it affects the initial heat load of the fuel when
it is first placed in the fuel pool and, consequently, the length of time the assembly must remain
in the pool before it is cool enough to be a candidate for dry storage. The minimum cooling time
is thus a function of burnup and the DCSS design as specified in its CoC. Figure 4-1 is a plot of
the representative minimum cooling times in the fuel pool for a PWR assembly as a function of
burnup. Burnup also affects the temperature as a function of time in dry storage.
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Figure 4-1. Representative Minimum Cooling Times for PWR UNF as a Function of Burnup
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After discharge from the reactor, the temperature of the fuel and cladding decays exponentially,
with a relatively rapid rate of decrease shortly after discharge that slows as time progresses.
Thus, it is often assumed and stated that the period of concern for materials degradation is the
first 20 years when the decay heat and temperatures are the highest (EPRI 1998). Similarly, the
regulations and guidance (SFST-ISG-11 (NRC 2003a)) with respect to temperature (see
Section 2.4.2) specify that the maximum calculated fuel cladding temperature should not exceed
400°C for normal conditions of storage and short-term loading operations. Under all conditions,
the maximum cladding temperature should not exceed 570°C. Because the regulations deal with
maximum temperatures, utilities routinely use very conservative assumptions when calculating
temperature profiles. These conservatisms are used to ensure that peak cladding temperatures,
especially of high burnup fuel during drying/transfer operations, are within regulations.

Recent data from ANL has shown (see Section 5.2.3.5), however, that high burnup cladding can
become brittle at lower temperatures. Similarly, recent models developed to describe delayed
hydride cracking (see Section 5.2.3.6) suggest this mechanism may become more prolific at
lower temperatures. For extended storage, it is possible that when the DCSS internals are cool,
seasonal temperature changes could result in relaxing of seals and bolts of the confinement
systems. Finally, while it may be conservative to calculate corrosion or degradation rates based
on conservatively high temperatures, this may significantly shorten calculated material lifetimes
and result in unnecessary repackaging.

The UFDC recognizes the need to develop realistic or even lower-bound temperature profiles as
part of the fiscal year 2012 modeling and analysis task. This will be accomplished using codes
such as COBRA-SFS (Michener et al. 1995) for vertical casks and STAR-CD (2004) for
horizontal casks. COBRA-SFS was validated for low burnup fuels against the data obtained
from the thermal testing at the INEL (see Section 2.1.4). However, instead of simply assuming
conservative values for properties such as clad emissivity or the contact area between fuel
assemblies and the canister (that affect heat transfer via conduction), more realistic values or
ranges of values will be developed and used in the analysis. Both axial and radial temperature
profiles within the DCSS will be calculated and used to calculate potential degradation rates of
the various materials. A sensitivity analysis will be performed to determine how important
various parameters are on the actual temperatures and the distributions. For example, the clad
emissivity values can be varied in the code inputs and the impact on temperature determined. If
the effect is shown to be small enough, then the need to more accurately determine actual values
of clad emissivity would be greatly diminished (see Section 5.2.3.4).

4.2 Drying Issues

Many degradation mechanisms are dependent on or accelerated by the presence of water.
Because the DCSS is loaded with fuel while in the pool, both for shielding and temperature
control, it is important to remove as much water as possible during the drying process.
NUREG-1536 (NRC 2010b) Section 9.4.1 states “The operating procedure descriptions should
facilitate reducing the amount of water vapor and oxidizing material within the confinement
casks to an acceptable level to protect the SNF cladding against degradation that might otherwise
lead to gross ruptures.” In addition to interaction with the cladding, water, water vapor, or its
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decomposition products produced by radiolysis can interact with the fuel, assembly hardware,
baskets, neutron poisons, and canister materials.

There are no specific regulations for the process of fuel drying, and each cask vendor develops
procedures specific to its cask/canister design. However, NUREG-1536 Section 9.5.1 states that
an accepted method is to drain the cask of as much water as practicable and then to evacuate to
less than or equal to 4.0x10“% MPa. Acceptable water removal is verified if pressure is
maintained in the cask/canister at this level after isolating the vacuum line and checking for a
pressure rebound. The vendor procedures are also required to address the potential for blockage
or icing of the system, which is usually accomplished by performing a staged or slow vacuum
drawdown. SFST-ISG-11 also limits the peak cladding temperature during the drying process to
help reduce the potential for radial hydride formation causing embrittlement and loss of ductility
(see Section 5.2.3.5).

This type of procedure can remove most of the water from the cask, but it is not physically
possible to remove all water in this way. There will always be some amount of free water
remaining in the cask. The minimum amount of free water remaining can be estimated by
assuming full equilibrium and consulting water vapor pressure tables for the minimum pressure
achieved during drying. However, there could be significantly more water remaining because
the equilibrium assumption ignores potential mechanical holdup due to the tortuous path water
may follow, as well as the contribution from physisorbed and chemisorbed water that may not be
removed under these conditions (ASTM C1553-08). Potential sources of the physisorbed and
chemisorbed water include layers of clad oxide or of crud or as monolayers on the cask internals
(e.g., baskets, canister wall). In addition, as shown in Section 5.2.3.8, even under vacuum and
applied heat, waterlogged rods can continue to outgas water, even through relatively large
breaches, for about 1000 hours at 325°C.

In the commercial field, once a DCSS is loaded and sealed, it is not opened again unless a
problem (e.g., leak) is identified; in such circumstances, it is opened only after immersion in a
pool. Thus, confirmation of how much water remained in the DCSS after the normal drying
process has not been performed. The amount is expected to be very small, as verified by
measurements obtained as part of the initial temperature validation tests performed at the INEL
(see Section 2.1.4), in which gas sampling was performed on the different casks. For the REA-
2023 cask (also known as MSF 1V) that had been loaded in water and went through a vacuum
drying process, the concentration of water vapor in the gas sample was no higher than that in the
other casks that had been loaded in air (Knoll and Gilbert 1987), such as the CASTOR V/21.

While there is no direct evidence that the amount of water that remains in a cask after a normal
drying process is of concern, because of the lack of data to validate just how much water remains
and the importance of water in some degradation processes, this program deems it of high
importance to perform a series of tests and modeling efforts to better quantify the amount of
residual water. If the efficacy of the drying process can be verified, a number of degradation
processes for fuel, cladding, assembly hardware, and canister/cask internals can be ruled out.
This was shown by the examination of the CASTOR V/21 cask after approximately 15 years of
storage, where the internals and fuel assemblies appeared the same as they did when the cask
was loaded dry (see Section 2.1.4), so that these mechanisms were not possible.
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4.3 Subcriticality
4.3.1 Introduction

10 CFR 72.124 establishes the criteria for subcriticality of used nuclear fuel handling, packaging,
transfer, and storage systems on the basis of the double contingency principle. The
operations/conditions with unique criticality safety bases for dry storage are wet loading and
retrieval operations, dry movement and storage conditions, and because some casks are intended
to be transported without fuel repackaging, transportation requirements.

For wet loading and retrieval operations, storage casks demonstrate subcriticality on the basis of
the presence of neutron poisons, separation between fuel assemblies, fuel condition, and, for
high-density storage casks, soluble boron. Figure 4-2 provides an illustration of the subcriticality
bases for wet loading and retrieval operations.

Soluble Fuel
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Abearbars Configuration ONERRE
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Bask.et Absorbers Spacing
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Figure 4-2. Illustration of Subcriticality Bases for Wet Loading and Retrieval Operations

For dry movement and storage conditions, storage casks demonstrate subcriticality on the basis
of moderator exclusion. For transportable casks, subcriticality can be demonstrated on the basis
of neutron poisons, separation between fuel assemblies, fuel condition, and, for high-density
storage casks, burnup credit. Alternatively, an exemption can be pursued that would allow for
demonstrating subcriticality for transportation on the basis of moderation exclusion. The extent
of burnup credit and configurations for which moderator exclusion can be granted, as discussed
in the following subsections, can reduce reliance on neutron poisons, fuel basket separation, and
fuel conditions. Figure 4-3 provides an illustration of the subcriticality bases for transportation.
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Figure 4-3. Illustration of Subcriticality Bases for Transportation

4.3.2 Burnup Credit

Unirradiated reactor fuel has a well-specified nuclide composition of uranium (**U, U, °u,
and 2*®U) and oxygen that provides a straightforward and bounding approach to the criticality
safety analysis of storage and transport casks. As the fuel is irradiated in the reactor, the nuclide
composition changes by depletion of ?*°U, generation of fission products, breeding of higher
actinides, and radioactive decay. This composition change causes the reactivity of the fuel to
decrease. Allowance in the criticality safety analysis for the decrease in fuel reactivity resulting
from irradiation is termed burnup credit. The level of burnup credit depends on the isotopes
modeled in the criticality analysis. Actinide-Only burnup credit generally refers to calculations
employing only actinides with the highest reactivity worth including uranium (**U, %°u, U,
and 2**U), plutonium (**Pu, #°Pu, **°pu, ***Pu, and ***Pu), and americium (***Am) isotopes.
“Full” Burnup Credit refers to a combination of the uranium and plutonium isotopes evaluated in
Actinide-Only burnup credit, plus a number of fission products and minor actinides. Thus far,
the number of isotopes included in any burnup credit application for storage, transportation, and
disposal has been a subset of 16 fission product isotopes (*>Mo, **Tc, 1*'Ru, 1Rh, ®Ag, **Cs,
Nd, °Nd, *'Sm, *°Sm, °sm, sm, ®2sm, Eu, P3Eu, 155Gd) and 14 actinide isotopes
(233U 234U 235U 236U 238U 237Np, 238Pu 239Pu 240PU 241Pu 242Pu 241Am 242mAm 243Am) The
fission product isotopes with the highest reactivity worth after extended storage are **°Sm, 1®Rh,
143Nd, 151Sm, 1556d, and 33Cs.

Extensive investigations have been performed domestically and internationally in an effort to
evaluate and license the technical bases related to burnup credit, which include
e predictions of isotopic concentrations as a function of in-reactor irradiation parameters

e evaluation of fission products and actinides cross sections for use in the depletion analysis
and criticality modeling

e assignment of burnup values for discharged used nuclear fuel based on reactor records and/or
measurements as required by SFST-ISG-8 (NRC 2000).
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A technical work plan (Wagner 2007) was developed for the YMP describing a data collection
plan to develop and/or obtain the technical data needed to justify full (actinide and fission
product) burnup credit. Criticality safety cross-cuts all areas of the UFDC, including storage,
transportation, recycling/reprocessing, and disposal, and the data needs are applicable to each
area. The main activities in the technical work plan relate to establishing the specifics of the data
needs, how data are to be used, and implementing programs to procure and/or develop the
needed data. Based on recent developments in modeling and simulation capabilities, and
interactions with the NRC during the YMP licensing process, the technical work plan should be
updated to coordinate and integrate the data collection activities.

433 Moderator Exclusion

Most storage canisters and some storage casks are designed to serve a dual purpose of storage
and transportation. However, transportation of these systems after a period of storage must be
licensed at the time of transportation to demonstrate compliance with applicable transportation
safety requirements. It is reasonable to assume that the overall safety objectives of radiological
and criticality safety will remain primary transportation requirements, regardless of potential
regulatory evolution. Extended storage would not present significant challenges to meeting
transportation radiological safety requirements as long as the transportation casks are designed
with sufficient shielding and adequate confinement. However, extended storage could present
significant challenges to meeting transportation subcriticality requirements as a result of
potential degradation of fuel cladding, fuel baskets, and neutron poisons. If the geometry of the
fuel or the baskets, including neutron poisons, cannot be demonstrated for normal conditions of
transport and hypothetical accident conditions, moderator exclusion provides an option to
demonstrate subcriticality. Commercial used nuclear fuel, whose enrichment is limited to 5 wt%
25, cannot be critical in the absence of moderation (ANSI/ANS-8.1-1998, Table 3).

10 CFR 71.55 (c) states “The Commission may approve exceptions to the requirements of
paragraph (b) of this section if the package incorporates special design features that ensure that
no single packaging error would permit leakage...” However, the NRC staff states in
SECY-07-185 (NRC 2007b) “The requirement that water be assumed within the containment
system is not explicitly tied to the ability of the package to limit water in-leakage under the
regulatory tests and conditions that simulate normal conditions of transport and accident
conditions. Instead, it is a general design requirement that is intended to ensure that no criticality
accident could occur in transportation...”

EPRI (2010c, Section A.1.5.2) states “It is important to note that the requirement for moderator
to be assumed to flood the containment system in the criticality analysis is neither a normal
condition of transport (871.55(d)) nor a hypothetical accident condition (871.55(e)) that the
package must be designed to withstand. It is a non-mechanistic assumption required by this
regulation independent of, and in addition to the normal and accident conditions.”

The NRC staff also states in SECY-07-185 (NRC 2007b) “The provisions of 10 CFR 71.55(c)
allow the Commission to approve an exception to the requirement that the package must be
subcritical with water in the containment system. The staff’s long-term practice has been to
consider this exception to be appropriate only for limited shipments and not for general approval
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of a design. Using the moderator-exclusion provision of 10 CFR 71.55(c) for the general
approval of a spent fuel cask design has not been considered appropriate in the past, because it
would lead to the routine use of an exception that has important safety implications.”

SECY-07-185 (NRC 2007b) also states “Staff has issued guidance [SFST-ISG-19 (NRC
2003b)], regarding criticality assessments for transportation package designs for commercial
spent fuel, that considers the ability of the cask to prevent water in-leakage under the regulatory
hypothetical-accident conditions (10 CFR 71.55(e))...The guidance was developed to address the
possibility of fuel reconfiguration to a more reactive geometry under accident conditions,
particularly in the case of high-burnup fuel that has unknown cladding strength and ductility.”

It is clear from the above quote that the guidance provided in SFST-ISG-19 is not a general basis
for demonstrating moderator exclusion but applies for only specific conditions to address a very
specific issue. The specific condition is hypothetical accident conditions, and the specific issue
is high burnup fuel. SFST-ISG-19 does not apply to the exemption described in 71.55(c).
Currently, there does not seem to be a general technical or a regulatory path to demonstrating
subcriticality during normal conditions of transport and hypothetical accident conditions after a
period of storage. This issue, which requires further technical research and development as well
as regulatory engagement, is relevant to all used nuclear fuel in dual-purpose dry storage
systems.

The basis for compliance with transportation subcriticality requirements could be a combination
of demonstrating moderator exclusion along with structural integrity of the fuel, baskets, and
neutron poisons, with a validated “full”” burnup credit methodology, as illustrated in Figure 4-4.
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Figure 4-4. lllustration of Transportation Subcriticality Bases after a Period of Dry Storage
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4.4 Examination of the Idaho National Laboratory Casks and Fuel

As discussed in Section 2.1.4, the CASTOR V/21 cask was opened and examined after
approximately 15 years of dry storage as part of the DCSCP (EPRI 2002a). The positive results
of those examinations have resulted in the NRC allowing low burnup fuel to be stored for at least
60 years (20-year original license and a 40-year extension) at three ISFSIs. The cask and fuel
have been stored at INL (see Figure 4-5) since it was sealed again March 23, 2000. It has thus
been an additional 11 years of storage, and it is recommended to re-examine the cask exterior
and interior, the fuel, and concrete pad. It is anticipated that the storage time will be closer to
14 years by the time the UFDC project is ready to open the cask.

Figure 4-5. CASTOR V/21 as It Is Transported at the Idaho National Laboratory
(Photo courtesy of Idaho National Laboratory)

Similarly, the REA-2023 cask (see Figure 4-6) stored at the INL is known to have had its
confinement barrier breached approximately six years ago. The cask has been leaking at a rate
of approximately 10 STP cm®/sec, probably due to leakage at the fittings for a quick disconnect
and pressure transducer installed in August 2005 (Christensen 2008). Because one of the basic
premises for dry storage is that degradation is minimal under an inert environment, but exposure
to ambient atmosphere can lead to a number of issues, it is of high interest to the program to
examine both the cask and fuel to determine the effects. Such data will be helpful in determining
how rapid the response to similar events needs to be to prevent deleterious effects.

The main drivers for opening and examining these casks and fuels are

e to obtain additional data to support the extended storage of low burnup fuel (with an
additional 11-14 years of storage)
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e to determine the effect of confinement breach on affected SSCs (cladding, fuel assembly
hardware, canister internals, and other components)

e to obtain operational and R&D experience to better plan for the future testing and evaluation
of additional DCSS and high burnup fuel

e to provide test beds for deploying instrumentation and monitoring systems.

Figure 4-6. REA-2023 Cask as It Is Transported at the Idaho National Laboratory
(Photo courtesy of Idaho National Laboratory)

4.5 Fuel Transfer Options

As the program prepares to conduct testing and evaluation of new DCSS and high burnup fuel to
meet the primary objectives of the UFDC Storage and Transportation task, it is important to
ensure that the data obtained are directly applicable to the industry and support the specific
licensing needs of extended storage and transportation. As an example, it is difficult to
extrapolate the lack of any observed corrosion of the cask internals or fuel in the DCSCP
(EPR12002a) to prototypic scenarios. Typical DCSS are loaded wet and go through a drying
process during which the fuel and cask heat up, but remaining water is likely flashed to steam
that can interact with materials. The CASTOR V/21 cask was loaded dry and thus never
experienced this phenomenon, nor was there any potential for residual water to facilitate
degradation mechanisms that require water.

The UFDC Storage and Transportation task is examining different options for how and where to
perform the testing and evaluation of the new DCSS and high burnup fuel. If the location is
chosen away from current sites where fuel is currently stored in pools, then the fuel will have to
be transported. An issue that arises for transportation is that under current regulations, the
loaded transportation casks have to go through drying processes similar to those outline in
Section 4.2. If the fuel is dried at temperature sufficiently high that hydride reorientation is
possible but then is loaded into a wet cask that subsequently undergoes a typical drying process




USED FUEL DISPOSITION CAMPAIGN
Gap Analysis to Support Extended Storage of Used Nuclear Fuel Rev. 0
58 January 31, 2012

as is desired, then the fuel will have been subjected to two drying cycles. This is the likely
scenario for high burnup fuel at short cooling times. Not only is this not prototypic, but it could
result in conclusions that cladding will fail when that may not be the case for typical fuels that
are dried only once.

Similarly, if dried fuel is then rewetted, there is the potential for rapid cooldown and thermal
shock if the process is not carefully controlled. It is also possible that the layers of crud on the
fuel may spall (EPRI 1998). While the possible contamination is an issue, more important is the
fact that the spallation of crud or oxide layers could affect local clad properties in the tests and
give non-prototypic results. Finally, if hot fuel is cooled rapidly (pool temperatures are typically
about 30°C), it is unknown if that will cause additional hydride precipitation, and again skew
results when those fuels are analyzed.

It is thus important to perform a detailed analysis to evaluate the data impacts associated with
two drying cycles, rewetting dried fuel, quenching of phases, crud or oxide spallation, and other
phenomena that may occur under the various transfer scenarios considered. This analysis will
then help determine the pros and cons of the different scenarios and allow the UFDC to make
informed decisions on the preferred methods for transfer of fuel. It should be stressed again that
these tests are key to the relicensing of high burnup fuel currently, or soon to be emplaced, in dry
storage. Fiscal year 2012 efforts to evaluate which degradation mechanisms are affected and to
evaluate alternatives to wet transportation are planned.

Once the testing and evaluation of the new DCSS with high burnup fuel are initiated, it is
preferred, for the reasons outlined above, to keep the fuel and DCSS dry. Keeping the system
dry requires a means to open the DCSS, remove fuel assemblies to allow examination of the fuel
and DCSS internals, remove selected fuel pins for detailed characterization, return the assemblies
and reseal the DCSS, and return the DCSS to the storage pad. For the DCSCP, this was done in
the TAN facility at INL. However, TAN has been decommissioned. To meet these objectives,
the UFDC Storage and Transportation task is re-examining the use of a Dry Transfer System as
was started under an Office of Civilian Radioactive Waste Management program (e.g.,
EPRI 1995, 1999). Similarly, deployable dry transfer systems capable of transferring canisters
from dry storage overpacks to transportation overpacks need to be examined, especially for the
“ISFSI Only” sites where no transfer infrastructure exists.

4.6 Monitoring

In the nuclear industry, monitoring generally refers to a continuous activity, whereas inspection
is a periodic activity that may or may not involve 100% of the SSCs to be inspected. It is
strongly desired to develop capabilities to allow monitoring and inspection using non-destructive
techniques and that do not call for penetrating confinement barriers. The overall need for
advanced monitoring and instrumentation capabilities for utilization in the R&D program and in
the long-term engineering-scale demonstration is considered a High priority, but individual needs
identified may be of Low, Medium, or High priority. In many cases, the need for monitoring
capability will depend on the outcome of closing data gaps identified in Section 5.
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46.1 Introduction

10 CFR 72.122 requires that “Storage confinement systems must have the capability for
continuous monitoring in a manner such that the licensee will be able to determine when
corrective action needs to be taken to maintain safe storage conditions.” 10 CFR 72.128 requires
“a capability to test and monitor components important to safety.” Section IV.4 of SFST-I1SG-5
(NRC 1998b) states “The [NRC] staff has accepted routine surveillance programs and active
instrumentation to meet the continuous monitoring requirements.” SFST-ISG-5 also states
“NRC staff has found that casks closed entirely by welding do not require monitoring. However,
for casks with bolted closures, the staff has found that a seal monitoring system has been needed
in order to adequately demonstrate that seals can function and maintain a helium atmosphere for
the 20-year license period, and “The staff has accepted monitoring systems as not important to
safety... Although [their] function is to monitor confinement seal integrity, failure of the
monitoring system alone does not result in a gross release of radioactive material.”

Continued efficacy or acceptable performance of various components within the DCSSs,
including fuel, cladding, baskets, and neutron poisons, is currently demonstrated through
analysis for relatively short-term (i.e., 60-year) storage license periods. For extended storage,
projection of continued efficacy or acceptable performance of these components may not be
possible without collecting data to validate the models developed using data from short-term
tests. To collect the potentially needed data, various monitoring systems need to be developed.
The purpose of the monitoring systems is not only to detect SSC failures or precursors to those
failures but also to evaluate materials property changes that can be correlated to their structural
performance.

Conditions or degradation mechanisms that could lead to changes in material properties are
summarized in Section 4.6.2 for concrete structures, metallic components, and other components
including fuel and elastomeric gaskets. The degradation mechanisms that result in specific
changes in material and environmental parameters are potential targets for sensing and
instrumentation needs. Several candidate sensing methods are discussed in Section 4.6.3. The
discussion in Section 4.6.3 includes a description of candidate methods and techniques for
sensing approaches for mechanical properties and environmental conditions as well as enabling
technologies facilitating power sources and signal transmission.  Finally, Section 4.6.4
summarizes the information and identifies potential R&D needs for long-term monitoring of dry
storage systems components.

4.6.2 Relevant Aging/Degradation Mechanisms

The symptoms associated with degradation mechanisms of concern to extended storage of used
nuclear fuel in dry storage systems are summarized in this section for all SSCs—concrete
structures, metallic components, and other components, including fuel and elastomeric gaskets.

46.2.1 Concrete Structures

Degradation mechanisms deemed relevant to concrete structures include corrosion of reinforcing
steel, chloride attack, alkali—silica reactions, sulfate attack, carbonation, freeze-thaw, dry-out,
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shrinkage, creep, thermal fatigue, aggregate growth, decomposition of water, and leaching of
calcium. In many cases, deterioration can be accelerated by the simultaneous occurrence of
multiple degradation mechanisms. For instance, the corrosion of reinforcing steel is readily
accelerated in the presence of aggressive chloride attack, carbonation, or cracks formed by other
damage mechanisms. Concrete condition may therefore be assessed indirectly by monitoring
environmental factors relevant to concrete deterioration or by direct measurement of physical
changes in the structure

In most cases, degradation of concrete results in both changes in strength and some visible
expression of damage on the surface. For instance, corrosion of embedded reinforcing steel can
lead to cracking and spalling. In addition, corrosion can result in the debonding of concrete from
the steel members, resulting in a reduction of strength (Shah and Hookham 1998). The corrosion
process is often accompanied by several environmental indicators including moisture level, pH,
and concentrations of several chemical species including chlorides, oxygen, and hydroxyl ions.
A combination of these indicators accompanies most other forms of concrete degradation.

4.6.2.2 Metallic Components

The container and internal components consist mostly of metallic components, with the
exception of the fuel and elastomeric seals. Metal components internal to the container include
the cladding, grid spacers and fuel baskets, and neutron poisons.

Corrosion is a concern for the weld regions and base metal of the container as well as the grid
spacer/fuel basket hardware and the neutron poisons. Corrosion can result in dimensional
changes (thinning) and produce visible signs of damage in the form of discoloration or staining
on the surface. In some cases, corrosion can also lead to the formation of cracks (stress-
corrosion cracking). The threat of corrosion in marine environments is heightened due to the
harsh environmental conditions.

Base metal and weld regions of the container and cladding are considered susceptible to
oxidation. Oxidation of metal components can be expressed as visible discoloration on the
surface of the oxidized component. The oxide layer has a definite thickness that can be
perceived as a dimensional change of the component with precise instrumentation. Isothermal
growth can lead to the buildup of significant stresses within the oxide layer. This stress is
relieved through detectable events such as cracking and spalling of the oxide layer (Walter et al.
1993).

Creep and thermal fatigue have been identified as degradation concerns for all internal
components except the fuel. Creep is expressed primarily through dimensional changes to the
components, while both creep and thermal fatigue can result in changes to the bulk properties of
the material (mechanical/electrical). Severe fatigue may also lead to cracking.

Additional aging concerns specific to the cladding include hydrogen effects, annealing, thermal
fatigue, and thermal/radiation embrittlement. These mechanisms may result in changes to the
bulk electrical and mechanical properties of the material. In some circumstances, hydride
formation/reorientation and hydrogen embrittlement may lead to cracking.




USED FUEL DISPOSITION CAMPAIGN
Gap Analysis to Support Extended Storage of Used Nuclear Fuel Rev. 0
January 31, 2012 61

4.6.2.3 Fuel and Elastomeric Gaskets

Swelling, pellet cracking and fragmentation, and oxidation are the primary degradation concerns
of the fuel. These mechanisms could exhibit changes to component dimensions and bulk
material properties. In the case of fragmentation, the creation and release of radioactive particles
and gases is also of concern. The release of gases from damaged fuel pellets could alter the
pressure and gas composition internal to the fuel pin. Oxidation could lead to swelling of the
fuel pellet, perceived as a dimensional change.

A breach in confinement could result from the relaxation or corrosion of the closure bolts or
failure of the metallic gaskets. Relaxation of closure bolts would result from a change in the
length of the bolts or gross deformation including cracking. The condition of the seal integrity
would be evident due to the presence or lack of gas leaks around the seal perimeter. Indications
of seal integrity prior to gas leaking could be expressed through the amount of force coupling the
lid and canister components to the seals. Elastomeric seals could potentially experience
embrittlement due to exposure to thermal or radiation stresses. Embrittlement of elastomeric
materials could be expressed through changes to mechanical properties including increased
hardness and a reduction in tensile strength. It may also result in discoloration (Toman and
Gazdzinski 1996).

4.6.2.4 Environmental Symptoms

The monitoring of several environmental quantities can also be used to indicate degradation or
failure of components in dry storage systems. As indicated earlier, the monitoring of pH or
moisture levels can potentially be used as a proxy for detecting corrosion or other degradation
mechanisms in both concrete and metallic components.  Environmental monitoring is
particularly well-suited for detecting degradation in cask internals. Detection of ®*Kr in the
storage cask internal atmosphere is a clear indicator of cladding breach in the stored fuel. If
measuring the composition on a periodic basis, the precise moment of failure will not be known,
but the period in which the release occurred can be identified. Indication of failure, but not
extent of damage, may be determined from the fuel burnup and time out of reactor and the
concentration of ®Kr seen in the cask atmosphere.

Other key environmental quantities include relative humidity, temperature, oxygen levels, and
pressure. Relative humidity inside the cask is a stressor with a significant impact on the potential
for corrosion. The corrosion process itself leads to the generation of hydrogen gas, which can be
detected in the cask headspace. Temperature monitoring can serve as an important indicator of
cask internal degradation. Abnormalities in the conduction/convection of heat within the cask
internal environment may result from degradation of the cask internals, including loss of inert
atmosphere or oxidation of metal components. Such abnormalities can be expressed by
anomalous temperature readings. Pressure monitoring provides a global indication of boundary
integrity. Loss of cover gas or inert atmosphere due to seal degradation can result in a
measurable change in pressure. Finally, previous studies on small casks (Winston 2007) in dry
storage since 1990 (Einziger et al. 2003) indicate that the presence of oxygen inside the
confinement barrier (in what should be an inert, dry internal environment) will lead to issues
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with oxidation of cladding and swelling of the fuel, potentially leading to failure of the cladding
and/or fuel.

4.6.3 Sensing Systems

Several technologies exist for detecting degradation in the materials of concern for the extended
storage of used nuclear fuel in dry storage systems. The technical maturity of potential
techniques can vary considerably, from commercial off-the-shelf technologies that require only
minor or no adaptations before use in dry storage systems monitoring applications to
technologies that will require considerable laboratory development before their field deployment
is feasible. In the following paragraphs, discussions of the potential monitoring technologies are
provided.

4.6.3.1 Assessing Mechanical Integrity

A range of technologies are available for assessing mechanical integrity of concrete, containers
and internals. Changes in the linear and nonlinear elastic properties of concrete due to
degradation such as debonding, corrosion of rebar, cracking and spalling form the basis of
several acoustic measurement techniques, including impact echo, ultrasonic pulse velocity and
attenuation, guided wave and nonlinear elastic wave spectroscopy (NEWS). Degradation
resulting in a change in concrete strength or uniformity may be monitored using impact echo
techniques (using a simple tool such as the Schmidt hammer) and measurements of ultrasonic
pulse velocity and attenuation. The ultrasonic measurements (both linear and nonlinear) are also
sensitive to concrete expansion and cracking caused by alkali-silica reactions (Shah and
Hookham 1998). However, these measurements can be impacted by the presence of reinforcing
steel and the type and amount of aggregate contained in the concrete mixture (Malhotra and
Carino 2004).

The acoustic/ultrasonic techniques described above are active techniques, requiring the
application of an external excitation. Passive acoustic methods such as acoustic emission testing
(AET) and acoustic daylight imaging (ADI) are also sensitive to degradation. AET is sensitive
to only the dynamic nature of flaw formation and growth. ADI, or ambient noise correlation, is
used for continuous monitoring of a structure through the measurement of ambient vibrational
noise in a system (Claerbout 2000; Snieder and Wapenaar 2010). However, the use of AET and
ADI for monitoring concrete degradation is in its infancy.

Several approaches sensitive to the electrical properties of concrete have possible utility for
degradation detection. Electrical potential drop techniques and their variants have been used
successfully for detecting localized cracking as well as corrosion, debonding, and voids. The
half-cell potential method is a passive variant of the potential drop methods, where
measurements are made of the electric potential on the surface of the concrete relative to the
potential of the reinforcing steel. Strong electrical potential gradients indicate sites where
localized anodes have formed and thus provide some indication of the susceptibility of the
reinforcing steel to corrosion (Malhotra and Carino 2004). The linear polarization resistance of
concrete is inversely related to the corrosion current density and can provide an estimate of the
instantaneous rate of corrosion (Malhotra and Carino 2004). Most of these measurements are at
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low frequencies (from zero to several hundreds of kilohertz). Electromagnetic measurements at
higher frequencies (radio frequency/microwave frequencies) can be used to determine the
presence of interfaces (such as rebar). The measurement is impacted by changes in the
electromagnetic properties and therefore can be used to also determine changes in dielectric
properties due to degradation. Thus, radio frequency/microwave measurements have been used
to determine moisture content/presence in concrete, rebar corrosion, and chloride
migration/concentration in concrete (Case et al. 2004; Nadakuduti et al. 2006).

In metals, degradation (such as cracking, corrosion, or hydride formation) also results in changes
in the elastic, electric, and magnetic properties. Linear and nonlinear acoustic techniques have
been used successfully for crack and corrosion detection in a variety of metals. Conventional
linear acoustic measurements are commonly used in periodic in-service volumetric inspection of
metallic nuclear power plant components (ASME 2001).

Advanced acoustic measurement techniques such as guided wave testing (GUT), resonance
ultrasound inspection (RI), and NEWS are being investigated for inspection and monitoring of
metals as well. For instance, guided waves have been used to inspect baffle-former bolts in
PWR pressure vessel assemblies (IAEA 2007). GUT is being actively studied as a tool to detect
discontinuities and wall thinning of fuel rod cladding (Kwun et al. 2009) and to inspect buried
and underground piping systems at nuclear power plants (EPRI 2008). GUT concepts have also
been devised for monitoring steam generator (Rose et al. 1994) and heat exchanger tubes
(Vinogradov and Kidd 2006). RI has been applied to determine either the elastic properties of
the material (assuming known geometry) or dimensional changes (assuming known elastic
constants), such as pipe thickness. Nonlinear nondestructive evaluation methods such as NEWS
provide order(s) of magnitude increased sensitivity to the detection (Nagy 1998), localization,
and imaging (Kazakov et al. 2002; Ulrich et al. 2008) of mechanical defects such as cracks, and
have been used to monitor progressive damage in metals and concrete.

Passive acoustic techniques are also applicable to monitoring damage in metals. The efficacy of
AET monitoring with waveguides was demonstrated through field tests conducted on full-scale
reactor vessels at the Tennessee Valley Authority (TVA) Watts Bar Unit 1 reactor (Hutton et al
1984) and the Exelon Limerick Unit 1 reactor (Hutton et al. 1993). Laboratory investigations
have shown that AET is sensitive to damage associated with fatigue (Harris and Dunegan 1974;
Moorthy 1994), corrosion and stress-corrosion cracking (Lenain and Proust 2005; Shaikh 2007),
and creep (Clark 1982). In addition, AET can detect the cracking and spalling of oxide scales
(Walter et al. 1993) and can be used for leak monitoring applications (Kupperman et al. 2004).

Measurement methods sensitive to electrical and magnetic methods are particularly applicable to
detecting degradation in metals. Eddy current testing (ET) is a relatively mature technique that is
used for detecting cracking in conducting materials. ET is limited to the inspection of materials
with “sufficient” electrical conductivity (mostly metals, although materials such as carbon fiber
composites have also been inspected using ET). Its depth of penetration (or skin depth) exhibits
an inverse relationship with respect to frequency, electrical conductivity, and magnetic
permeability. ET can therefore perform volumetric inspections of relatively thin metallic
components, such as the walls of steam generator tubing for which mature ET technology exists
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(IAEA 1997; EPRI 1998). ET is also used to inspect the integrity of fuel cladding and measure
oxide thickness (McKinnon and Cunningham 2003; VVan Nieuwenhove and Solstad 2010).

Multiple approaches (referred to as potential drop methods) exist that use direct injection of
current into the specimen under test while the potential difference between pairs of electrodes is
monitored. These techniques are sensitive to changes in electrical conductivity. Current leads
are attached to a specimen such that the flow of electrical current is impeded by a growing crack.
The voltage across the crack is monitored and is empirically correlated to crack length. This
method has been applied to assess the response of materials to PWR and BWR environments
using common test specimen geometries (Toloczko and Bruemmer 2009). Efforts to develop an
on-line direct current potential drop monitoring system to assess fuel cladding integrity are under
way at the Halden Reactor Project. In this system, current is injected through plugs on both ends
of the fuel rod. It is estimated that this system can measure oxide thickness with an accuracy of
2 um (Bennett and Karlsen 2010). Several corrosion monitoring techniques are based on
measurements in resistance changes as a result of metal loss due to corrosion. The electrical
resistance probe simply consists of a thin metallic strip or wire, the resistance of which is
monitored as material corrodes away. This technique does not directly sample the component of
interest but can potentially provide a continuous in situ indication of the probability of corrosion.
Several electrochemical techniques are also being explored for on-line monitoring of fuel
cladding corrosion, but these require the presence of a conducting electrolyte (Bosch and
Bogaerts 2010).

A range of magnetic measurements are also available for inspecting ferromagnetic materials.
Magnetic flux leakage methods rely on measurements of leakage flux due to the presence of
flaws in materials that are magnetized (usually temporarily). These techniques are generally
mature and used commonly for periodic inspection.

Conventional acoustic and electromagnetic techniques are relatively mature from the perspective
of detecting degradation. However, they have been used predominantly for periodic inspections.
Further, these methods (especially low-frequency electromagnetic techniques such as eddy
currents and potential drop methods) are generally spatially localized. Considerable effort in
sensor and instrumentation design for operation in adverse environments and automated data
processing is needed to move these technologies into the online monitoring realm. It is also
likely that, unless a priori knowledge can be utilized to position such sensors at key locations of
high stress, the necessary number of sensors to monitor a complete structure will be large.

Advanced active acoustic techniques (such as guided waves, RI, and NEWS) and
electromagnetic methods (such as Barkhausen noise measurement, and RF/microwave/terahertz
measurement methods) have the potential for online monitoring of structural comp