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ABSTRACT

Current practice for commercial spent nuclear fuel management in the United States of
America (US) includes storage of spent fuel in both pools and dry storage cask systems at
nuclear power plants. Most storage pools are filled to their operational capacity, and
management of the approximately 2,200 metric tons of spent fuel newly discharged each year
requires transferring older and cooler fuel from pools into dry storage. In the absence of a
repository that can accept spent fuel for permanent disposal, projections indicate that the US
will have approximately 134,000 metric tons of spent fuel in dry storage by mid-century when
the last plants in the current reactor fleet are decommissioned. Current designs for storage
systems rely on large dual-purpose (storage and transportation) canisters that are not
optimized for disposal.  Various options exist in the US for improving integration of
management practices across the entire back end of the nuclear fuel cycle.

INTRODUCTION

Spent nuclear fuel and high-level radioactive wastes have been generated in the
United States of America (US) since the early 1940s. By the time the first commercial
power plant came into service in the US in 1957, there was a growing recognition that
deep geologic disposal was the best available option for permanently isolating highly
radioactive wastes [1]. Every nation that has pursued nuclear power has subsequently
come to the same conclusion: deep geologic disposal is the preferred option for isolating
spent nuclear fuel and high-level radioactive waste [2-4]. Six decades after the
beginning of commercial nuclear power, however, no nation has an operating deep
geologic disposal facility for commercial nuclear waste.

For most of the early history of commercial nuclear power in the US, including
the period of rapid expansion in the late 1960s and 1970s, electric utility companies
operated reactors with an expectation that spent nuclear fuel would be reprocessed to
recover fissionable material for use in new reactor fuel. A modest amount (640 metric
tons) of spent nuclear fuel was reprocessed between 1966 and 1972 at the privately-
operated Western New York Nuclear Service Center near West Valley, New York, but
the reprocessing facility was closed in 1972 [5], and no commercial reprocessing of spent
nuclear fuel has occurred in the US since then. The federal government suspended
efforts to develop additional reprocessing facilities in 1976 [6], and despite the removal
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of those restrictions in 1981 [7], no new reprocessing facilities have been constructed in
the US.

Recognizing the need for a clear national policy regarding wastes from both
commercial and defense-related nuclear enterprises, Congress passed the Nuclear Waste
Policy Act (NWPA) in 1982 [8]. The NWPA established a federal responsibility for
permanent disposal of all spent nuclear fuel and high-level radioactive waste, and
required the Department of Energy (DOE) to evaluate multiple repository sites and to
license and construct a disposal facility that would begin operations in 1998. This
repository would be limited to a disposal inventory of 70,000 metric tons of heavy metal
(MTHM), either in the form of spent fuel or an equivalent quantity of high-level
radioactive waste, and, as prescribed in the 1982 Act, a second repository would be
licensed and constructed three years after the first to accommodate additional wastes.
Private utilities would pay a fee of $0.001/kWh into the Nuclear Waste Fund to pay for
the federal repository, and would retain responsibility for storing and managing spent
nuclear fuel until the DOE took title to the material for transport to the repository.

In 1987, Congress amended the NWPA to identify Yucca Mountain, Nevada, as
the only site for further evaluation as a repository, to defer action on a second repository,
and to preclude site-specific activities associated with any location other than Yucca
Mountain without specific Congressional authorization. The provisions of the NWPA, as
amended, remain in effect today, but little of what the law envisioned has come to pass.
By the early 1990s it was apparent that the Yucca Mountain repository would not open as
required in 1998, and utilities began planning to store more spent nuclear fuel on-site.
Reactor pools were reconfigured to accommodate more fuel assemblies, and as pools
approached capacity limits, utilities moved forward with implementing on-site dry cask
storage systems. DOE submitted a license application for Yucca Mountain to the
Nuclear Regulatory Commission (NRC) in 2008 [9], twenty-one years after the date
envisioned in the 1982 law, but the DOE withdrew support for the project in 2010 and
Congress suspended funding for the licensing process.

As of 2017, the Yucca Mountain repository licensing process remains
suspended, the US government is considering no other sites for disposal, and spent
nuclear fuel continues to accumulate in dry storage at commercial reactor sites. The
DOE has not taken title to any commercial spent nuclear fuel, and most nuclear utilities
have successfully brought suit against the US government for its failure to honor
contractual requirements to begin disposal operations in 1998. The future of commercial
spent nuclear fuel management in the US remains uncertain, with few options available
other than continued on-site storage at power plants until such time as the NWPA is
amended. The trend of the last decade for older and less profitable nuclear power plants
to close seems likely to continue, leaving increasing quantities of spent nuclear fuel
stored at sites where the fuel pool and handling facilities have been decommissioned.
Consolidated interim storage facilities have been proposed that could accommodate some
spent fuel from both decommissioned and operating sites, but these sites remain to be
licensed and their viability is uncertain without modifications to the portions of the
NWPA that link federal interim storage to repository licensing and operation. If
Congress chooses to permanently abandon the Yucca Mountain site and pursue as-yet-
unidentified alternatives, the DOE’s projections indicate that a repository will not be
available before mid-century [10]. If Congress chooses to restart the licensing process
for Yucca Mountain, extrapolation from DOE’s 2009 projection of a 2020 date for first
disposal operations [11] indicates that disposal operations are unlikely to begin any
sooner than roughly ten years after hearings resume, assuming a favorable licensing
decision from the NRC and full Congressional funding.
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CURRENT STATUS OF COMMERCIAL SPENT NUCLEAR FUEL
MANAGEMENT IN THE US

As of December 2016, approximately 77,000 MTHM of commercial spent
nuclear fuel were stored at 75 sites in 33 states (Figure 1). Approximately 50,000 tons
are stored in pools, either at reactor sites or, in one instance, in an off-site pool at the GE
Morris facility in Illinois. The remaining 27,000 tons are stored in a variety of dry cask
storage systems, at active or decommissioned reactor sites (Figure 2).
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Figure 1: Location of spent nuclear fuel in the USA. Data from [12]

Figure 2: Spent nuclear fuel at reactor sites in pool storage left) [13] and dry storage (right) [14, right photograph by
C.R. Bryan, Sandia National Laboratories].

Multiple dry storage systems are in use in the US today, including vertical
cask/canister systems on concrete pads such as those illustrated in Figure 2, vertical
cask/canister systems emplaced below grade, and horizontal systems with canisters
emplaced in modular concrete storage units [15]. Most systems place fuel assemblies in
stainless steel dual-purpose canisters (DPCs) that are certified by the NRC for both
storage and transportation. Canisters are loaded in fuel pools, removed from the pools in
shielded transfer casks to allow closure with welded lids, dewatering, and filling with
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helium gas before final sealing. They are then placed in concrete or concrete and steel
overpacks for shielding and physical protection during storage. Transportation of DPCs
requires removal of the sealed canister from the storage overpack and emplacement in a
reusable transportation cask.

Individual specifications vary, but typical DPCs are approximately 2 meters in
diameter and 5 meters in length, and the largest currently in use in the US accommodates
up to 37 pressurized water reactor (PWR) fuel assemblies or 89 boiling-water reactor
(BWR) assemblies. A loaded canister may weigh more than 50 metric tons, and
transportation shielding may increase the weight to 150 metric tons. There are
approximately 2,200 cask/canister storage systems deployed in the US today, with
approximately 160 new canisters loaded each year.

FUTURE PROJECTIONS OF SPENT NUCLEAR FUEL AND HIGH-LEVEL
RADIOACTIVE WASTE IN THE US

Figure 3 shows the estimated and projected inventory of US commercial spent
nuclear fuel from 1995 through 2060. Projections are based on assumptions that 1) the
nine existing nuclear power plants that have announced shutdown dates continue
operating until those dates; all others receive license renewals and are decommissioned
after 60 years of operation, 2) no new reactors are built, 3) no spent nuclear fuel is
reprocessed, and 4) there are no options for permanent disposal and all spent nuclear fuel
remains in temporary storage. Each of these assumptions is open to criticism, and details
of the projection should be interpreted with caution. The overall trends shown in Figure 3
are important, however.

e Approximately 2,200 MTHM of commercial spent nuclear fuel are

generated each year in the US.

e Most reactor pools in the US have been filled to capacity since
approximately 2012, and pool storage of newly discharged spent nuclear
fuel at most locations now requires transferring older and cooler fuel to dry
storage.

e  More spent nuclear fuel will be in dry storage than in pools by some time
between 2025 and 2030.

e Pool storage capacity will decrease after approximately 2035 as older
reactors are shut down and decommissioned, and by mid-century nearly all
commercial spent nuclear fuel will be in dry storage.

e The total mass of spent nuclear fuel generated by the existing US reactor
fleet by mid-century will be on the order of 134,000 MTHM, which is
nearly twice the limit established by the NWPA for the proposed Yucca
Mountain repository.

The assumption that none of the US inventory of commercial spent nuclear fuel
will be reprocessed between now and 2060 warrants further discussion. US law and
national policy do not preclude reprocessing, and it is possible that future nuclear power
generation activities in the US will implement a closed fuel cycle that would change
projections shown in Figure 3. However, no capacity for commercial reprocessing exists
today in the US, and there is no plausible near-term path for constructing such capacity.
The slope of the total inventory curve in Figure 3 is unlikely to change due to
reprocessing within the next ten to twenty years. Even if reprocessing capabilities were
available, there is no realistic scenario under which large amounts of existing spent
nuclear fuel might be reprocessed, because the new discharges of 2,200 MTHM per year
would be more than sufficient to provide initial feedstock for a new generation of
reactors operating within a closed fuel cycle [16]. Reversing the trends shown in Figure
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3 and decreasing the total US inventory of commercial spent nuclear fuel in storage will
require permanent disposal in a geologic repository.
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Figure 3: Projected inventory of US commercial spent nuclear fuel in storage (data from [17]). Projections assume 1)
the nine existing nuclear power plants that have announced shutdown dates continue operating until those dates; all
others receive license renewals and are decommissioned after 60 years of operation, 2) no new reactors are built, 3) no
spent nuclear fuel is reprocessed, and 4) there are no options for permanent disposal and all spent nuclear fuel remains in

temporary storage.

OBSERVATIONS ON CURRENT US PRACTICE FOR THE MANAGEMENT
OF COMMERCIAL SPENT NUCLEAR FUEL

Three observations about current US practice for the management of
commercial spent nuclear fuel provide a foundation for storage, transportation, and
disposal planning. First, current practice is safe and secure. Second, current practice is
optimized for reactor operations. Third, current practice is not optimized for
transportation or disposal of spent nuclear fuel. Each of these observations is discussed
in more detail in the following sections.

Current practice is safe and secure

As determined by the NRC, current storage practices for commercial spent
nuclear fuel are safe and secure, and associated risks to the public are extremely small
[18,19]. As long as storage facilities are properly maintained, institutional controls
remain in place, and regulatory oversight and enforcement remains effective, public
safety standards can and will be met.

There is no question, however, that extending storage operations decades longer
than originally intended raises questions about fuel and canister performance and
subsequent transportability over longer time periods. In addition, most available data on
fuel performance in storage are from older relatively low-burnup fuel. Current trends in
industry are to irradiate fuel longer in reactors, achieving higher levels of burnup that
may result in different behaviour of fuels during storage, transportation, and disposal.
Industry, NRC, and the DOE are conducting ongoing research and development activities
to confirm storage-system performance and to identify monitoring and aging-
management practices needed to ensure safety of future operations [20] and to assess
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changing needs for site-specific physical security as fuel ages and reactors are
decommissioned. Ongoing research focuses on evaluating 1) the integrity of cladding,
including high-burnup fuel, during extended storage, 2) the integrity of storage canisters
during extended storage, including the potential for chloride-induced stress corrosion
cracking in coastal environments, and 3) the transportability of spent nuclear fuel,
including high-burnup fuel, following extended storage [21-23].

Current practice is optimized for reactor operations

Utilities that operate nuclear power plants in the US must meet all operational
safety and security requirements while fulfilling obligations to public utility
commissions, ratepayers, and shareholders to provide electric power at competitive costs.
Activities associated with the on-site storage of spent nuclear fuel must therefore ensure
full safety for site workers and the general public while causing the least disruption to the
cost-effective operations of the reactor. In practice, these constraints favor loading large
DPCs that require the fewest on-site handling operations. Canister sizes have increased
in the past decade, with size ultimately limited by practical considerations associated
with on-site handling and transportation.

Current practice is not optimized for transportation and disposal

The current practice in the US of loading large DPCs is appropriate given the
financial, legal, and regulatory constraints imposed on the utilities that generate and
manage spent nuclear fuel. However, the practice may not be an optimal solution for the
full back end of the nuclear fuel cycle, including interim storage at operating reactor
sites, subsequent transportation to either consolidated interim storage sites or
repositories, and eventual permanent disposal. In part, this potential for a suboptimal
spent nuclear fuel management system has its roots in the NWPA, which transfers
ownership of, and management responsibility for, spent nuclear fuel from the utilities to
the federal government when disposal operations begin. Long delays in the availability
of a repository have also contributed to the lack of integration. When the NWPA was
written, no spent nuclear fuel was in dry storage, and planning for transportation and
disposal assumed handling operations would begin with bare fuel assemblies. As shown
in Figure 3, when DOE submitted the Yucca Mountain License Application in 2008, the
total amount of spent nuclear fuel in dry storage was still small, and the proposed
concept of loading fuel assemblies into disposal-ready transportation, aging, and disposal
(TAD) canisters at the reactor sites made sense. In the absence of a federal commitment
to Yucca Mountain or any other disposal concept, utilities will continue to load DPCs
and the disconnect between the system envisioned in the NWPA and operational reality
will continue to grow.

Implications of current practice for transportation.

DPCs are large, and are both hot and heavy when fully loaded. Technical
challenges associated with moving massive casks are relatively straightforward and can
be addressed using available technology, but the magnitude of the enterprise should not
be underestimated. Even if consolidated interim storage or disposal sites were available
and ready to receive spent nuclear fuel, some (but relatively few) dry storage containers
in use today are not certified for transport, and transportation routes from some storage
sites are uncertain [15, 24]. Rail cars remain to be designed and built [25], some
transportation casks remain to be certified by the NRC, and in some cases DPCs may
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need to remain on-site for further decay cooling before they reach thermal and dose
limits established for transportation [15].

As an example of the thermal implications of DPC loadings with respect to
transportation, Figure 4 shows the range of required aging times established by the NRC
in its certificates of compliance for various transport cask configurations. Aging times
are specified as a function of fuel burnup, and the upper limits assume maximum loading
density in the canisters. Aging times vary with the specific details of the cask/canister
system (some are more efficient at heat transfer than others) and the assumptions made
regarding loading schemes. The figure can reasonably be interpreted as showing that
some cask/canister systems can be transported as soon as 6 or 7 years after fuel is
removed from the reactor regardless of the fuel’s burnup, but other systems may require
decades of aging before they can be moved. Note, however, that these are upper bounds
specified in the NRC’s certificates of compliance for maximally-loaded canisters. In
practice, site operators tend to load canisters with lower heat loads, and few if any
existing canisters will approach the upper limits.
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Figure 4. Minimum cooling times for multiple cask/canister systems, as reported in NRC certificates of compliance for
specific designs as of 2013. Variation in times is due to the diversity of cask/canister system designs, and is dominated

by DPC size and heat transfer capabilities. Modified from [26].
Implications of current practice for disposal

DPCs are substantially larger and more massive than waste packages
considered in any current disposal concept design other than the proposed Yucca
Mountain repository, and they are incompatible with disposal concepts being considered
in nations other than the US. For example, Swedish, Finnish, and French concepts [27-
29] call for disposal of spent fuel in waste packages containing four PWR fuel
assemblies (or equivalent amounts of other fuel types), rather than the 32 or more PWR
assemblies typical of US DPCs. Necessary modifications to existing repository design
concepts other than Yucca Mountain to accommodate the size and mass of DPCs could
be extensive, including changes in hoist or ramp design, emplacement drift dimensions,
and emplacement transporter technology, but they appear to be achievable using current
engineering technology [30]. Modifications to disposal concepts similar to Yucca
Mountain could be more straightforward, given the larger size of TAD canister specified
for the repository (21 PWR assemblies per waste package) and the use of rails and an
inclined ramp for waste emplacement.
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The greater thermal power of large waste packages may pose a more significant
challenge to most existing disposal concept designs because the difficulty of transferring
decay heat away from packages after emplacement may cause temperatures to rise above
intended limits [30,31]. Figure 5 shows representative estimates of aging times required
before repository closure for a hypothetical waste package containing 32 PWR
assemblies to meet temperature constraints for representative repository designs in
sedimentary or hard rocks (e.g., clay/shale or granite) with a clay buffer, hard rocks
without a clay buffer, and salt. Decay curves indicate the thermal power of waste
packages containing low, medium, and high burnup fuels. Horizontal lines indicate
modeled thermal power limits associated with peak waste package temperatures for each
repository design concept, and the intersections of the thermal decay curves with the
horizontal power limits indicates the aging time required before emplacement for each
disposal concept. Waste package surface temperature limits of 100°C, 150°C, and 200°C
are hypothesized for disposal concepts that call for clay buffers and backfill. A limit of
200°C is used for salt and hard rock concepts without backfill, each shown for two
different repository layout options. The lower limit of 100°C for disposal concepts with
backfill is consistent with limits assumed for existing disposal concepts in France,
Sweden, and Finland, and represents a conservative approach to ensuring that properties
of the bentonite clay buffer surrounding the waste package in these concepts are not
degraded. The higher limit for salt reflects the absence of a bentonite buffer and is safely
below the temperature at which crystalline salt decrepitates. The higher limit for hard
rock concepts without backfill (of which Yucca Mountain is the only well-documented
example) is consistent with design concepts that allow peak temperatures in the wall rock
to go above boiling.

Figure 5 should be interpreted with caution because temperature estimates are
strongly dependent on the repository layout (i.e., spacing between waste packages within
an emplacement drift and spacing between drifts), fuel burnup and waste package
loading, and assumptions about the rate and duration of repository ventilation after
emplacement and before drifts are sealed. With these caveats noted, however, qualitative
observations from Figure 5 are straightforward.

e Higher burnup fuels will require longer cooling times than low burnup fuel

(either above ground or with ventilation in the repository) before the
repository can be sealed.

e Disposal concepts that require backfill are likely to require unrealistically
long aging times for disposal of waste packages containing 32 PWR
assemblies, regardless of burnup, primarily because heat retention due to
the relatively low thermal conductivity of the backfill.

e Disposal of older low burnup fuel in large waste packages may be feasible
with little or no additional aging in either salt (primarily because of its
relatively high thermal conductivity) or hard rock designs that do not call
for backfill.

e Large waste packages containing high burnup fuel are likely to require
many decades of aging before disposal in any concept.

e  Aging times can be significantly reduced by increasing spacing between
waste packages in the repository.

Disposal of some already-loaded DPCs without repackaging the spent nuclear
fuel may also pose complications for licensing analyses of postclosure criticality control
because neutron absorber materials used in existing designs are aluminum-based and will
degrade with long-term exposure to groundwater. In all cases, the potential for criticality
is negligible as long waste packages remain intact and water does not reach the fuel
assemblies. If packages fail following disposal and fill with water, the potential for
criticality rises and can become a concern once neutron absorber plates degrade. Options
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for assuring postclosure criticality control without opening existing DPCs include robust
overpacks that limit the potential for waste package failure, analysis of uncredited
reactivity margin associated with the specific loading details of each DPC, and partial
reliance on neutron sorption by chloride in saline groundwaters. For those already-
loaded DPCs for which postclosure criticality remains a concern, opening canisters to
insert neutron-absorbing filler materials may be an option [30].
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Figure 5. Cooling time needed before repository closure to meet waste package surface temperature constraints for a
hypothetical waste package containing 32 PWR assemblies, shown for low, medium and high burnup fuel in various

repository design concepts. (Reproduced from [30], Figure 2-29).

OPTIONS FOR AN INTEGRATED SYSTEM

An optimal solution for integrated management of spent nuclear fuel would
maximize the operational efficiency of nuclear power plants, minimize handling of spent
fuel and associated occupational radiation doses at all steps in the process, provide for
efficient transportation of spent fuel as it moves from reactors to repositories, and
support a broad range of permanent geologic disposal options. Costs should be evaluated
at the full system level, and should be minimized while meeting all other constraints.
Safety and security should not be viewed as adjustable metrics in the debate: they are
boundary conditions that must be met regardless of cost. All solutions for spent nuclear
fuel management and disposal, including the suboptimal system in place today, must be
safe and secure.

One straightforward approach the DOE has investigated would be to introduce
a standardized transportation, aging, and disposal (STAD) canister that could be loaded
directly from reactor pools and either stored on site or shipped to a consolidated interim
storage site while awaiting permanent disposal [32-37]. This approach would do nothing
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to resolve issues associated with existing DPCs, but could provide more efficient
management of future spent nuclear fuel discharges and fuel that remains in pool storage.
Challenges facing implementation of a STAD concept include 1) the lack of a repository
design that would help define the characteristics of the STAD, 2) the lack of financial
incentives for utilities to use a STAD, and 3) the passage of time. There is no realistic
prospect for implementing STADs in the US before roughly 2030 at the earliest, by
which time more than 50,000 MTHM of spent fuel will be in dry storage (Figure 3).

Approaches for managing spent fuel that is already in dry storage and that will
be loaded into DPCs in the future focus on two alternatives: options for shipping DPCs
to consolidated interim storage facilities where fuel can be repackaged later into
repository-specific disposal packages [38,39], and options for direct geologic disposal of
sealed DPCs without repackaging [30].

CONCLUSIONS

There is widespread agreement that there are potentially significant benefits
from integrating spent nuclear fuel management practices across all phases of the back
end of the nuclear fuel cycle [4,40,41]. Efforts to achieve that integration in the US have
been unsuccessful to date. Specifically, current practice in the US for dry storage of
spent fuel in DPCs at existing reactor sites represents an unstated commitment to the
future implementation of some combination of three options:

e  Repackaging spent nuclear fuel in the future before disposal

e  Constructing one or more repositories that can accommodate DPCs

e Storing spent fuel at surface facilities indefinitely, repackaging as
needed.

Each of these options is technically feasible, but none is what was originally
planned, and each comes with significant drawbacks. Repackaging spent nuclear fuel
that has already been loaded into DPCs will be expensive and will unavoidably result in
additional occupational radiation dose to workers that would be avoided if the canisters
could be sent directly to disposal. Constructing one or more repositories that can
accommodate DPCs is technically feasible, but it will surely complicate the task of siting
and licensing a disposal facility, and could add additional delay to a process that is
already decades behind schedule. Storing spent fuel at surface facilities indefinitely can
be done safely given a commitment to indefinite security and maintenance with
repackaging as needed [18], but it commits future generations to the financial costs of
spent fuel management and fails to achieve the long-recognized goal of permanent
geologic disposal.

The US is unlikely to achieve a single unified and optimal solution to the
problems of spent nuclear fuel management. Rather, the future is likely to include some
combination of the various options discussed in this paper. Eventually, the US will
identify a repository location and design, and it will be possible to load spent nuclear fuel
remaining in pools at that time directly into standardized canisters suitable for disposal.
Some of the spent nuclear fuel already loaded into DPCs will probably need to be
repackaged for disposal, and some DPCs may be found to be suitable for disposal
without repackaging.

Given this complexity, a pragmatic approach might begin by looking for
incremental actions that could be taken in the near future to provide the greatest
flexibility in the coming decades. Efforts could focus on identifying barriers to
implementing integrated spent nuclear fuel management practices that can be addressed
within existing policy constraints. Even small actions now have can have large impacts
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over the decades during which the current reactor fleet will continue to operate, and
potential benefits to the US could be significant.
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