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Task Order 17: Spent Nuclear Fuel Transportation Cask Design Study

Executive Summary

Per the requirements of the Task Order 17: Spent Nuclear Fuel Transportation Cask Design
Study, statement of work (SOW), EnergySolutions and its team partners: NAC International,
Talisman International, Booz Allen Hamilton and Exelon Nuclear Partners, hereafter referred to
as “the Team”, is providing a final report for U.S. Department of Energy (DOE) review, which
documents the cask concepts developed under this study and the results of supporting analysis
work.

The base cask concept is a 125-ton (maximum), single lid cask designed to accommodate an
overall fuel assembly heat generation level of up to 24 kW. Pressurized Water Reactor (PWR)
and Boiling Water Reactor (BWR) designs have two fuel basket capacities each, which are

32 bare PWR assemblies (32-PWR) or 28 PWR assemblies in Damaged Fuel Cans (DFCs)
(28-PWR), and 68 bare BWR assemblies (68-BWR) or 61 BWR (61-BWR) assemblies in DFCs,
respectively. All of the DFC designs have slightly lower capacity, since the DFCs are larger than
bare fuel assemblies and require lower-capacity baskets that have larger cell openings. The
PWR and BWR bare fuel designs are also able to accommodate combinations of 8 PWR
assemblies in DFCs and 24 bare PWR assemblies, and 8 BWR assemblies in DFCs and 60 bare
BWR assemblies, respectively. For high burn-up, shorter cooled spent nuclear fuel (SNF), the
numbers of fuel assemblies is more restricted. Assuming that there is no other fuel in the basket,
up to twelve (12) 62.5 GWd/MT PWR assemblies with out-of-reactor cooling time of 5 years can
be transported in either the 32-PWR or 28-PWR designs. The 68-BWR, depending on assembly
uranium loading and enrichment, can transport up to thirty-two (32) 62.5 GWd/MT BWR
assemblies with out-of-reactor cooling times of 5 years. The 61-BWR, again depending on
assembly uranium loading and enrichment, can transport up to twenty-nine (29) 62.5 GWd/MT
BWR assemblies with out-of-reactor cooling times of 5 years.

SYSTEMS ENGINEERING APPROACH

The team has followed the multi-phase systems engineering approach shown in Figure ES-1.

Phase 1 [ Define functional criteria and 1

workshop preparation J l
~
P Workshop # 1 to develop short-list of options,
ideas and recommendations for bare fuel and | Phase 2
Final Report 100% DFC transportation casks
Phase 7
N > ! g
DOE Review Development of the shortlisted cask and DFC
options Phase 3
\ . 7
¥
Draft Final 4 Workshop #2 (including Initial Progress N
Report Review with DOE) to review results from
L y Phases 1thru 3 and confirm the viable Phase 4A
4 N N options. Develop in detail the selected
Complete design concepts, scoping options, including scoping calculations and
< calculations, cost estimates and \ concept of operations y

Phase 4B L concept of operations

e
Complete trade-off study between the
bare fuel cask concept and the 100%

Preliminary
Report
Phase 5 DFC cask concept
.
Consider special features, which would DOE Review
allow for optimization
Phase 6

Figure ES-1. Task Order 17 Systems Engineering Approach.
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Task Order 17: Spent Nuclear Fuel Transportation Cask Design Study
The above approach is described in Section 3.0 and the results achieved are summarized below.

In arriving at the design concepts presented in this report, the Team and the DOE agreed on the
following key design inputs and guidance:

e Crane Capacity — It was agreed that a conceptual design for a 125 ton cask will be produced
and the impacts associated with a 100 ton cask identified. The basis for this decision was
that >75% of the operating plants will be able to handle a 125 ton cask using their spent fuel
pool cranes.

e Spent Nuclear Fuel (SNF) Length — It was agreed that for the purposes of the Task Order
17 study, the cask concepts shall be able to accommodate SNF assemblies with an assumed
post-irradiation fuel assembly length of up to 180 inches without non-fuel components
(NFCs). In addition, it was proposed that the cask concepts be capable of accommodating
shorter length fuel assemblies containing NFCs which do not require special handling,
provided the total post irradiation length (assembly with NFC) does not exceed 180 inches.
The South Texas Project fuel assemblies and the AP1000 fuel assemblies for VVogtle 3 and 4
and VC Summer 2 and 3 are excluded from this study on the basis that their fuel length is
greater than 180".

e Criticality Analysis Assumptions and Approaches — DOE provided guidance for
addressing bare fuel, DFCs, and hybrid (undamaged high burnup fuel not in DFCs (bare)
mixed with truly damaged fuel in DFCs), which is provided in Table 3-1 and Table 3-2.

Utilizing the above design inputs and guidance, the results of two facilitated workshops
(September 23-25, 2014, and October 28-29, 2014) involving representatives from each of the
team partners, and the results from design and engineering analyses, including thermal,
structural, criticality and shielding, designs have been developed for a set of cask concepts,
described in detail in Section 4.0, capable of accommodating each of the types of payloads
below:

32 PWR bare fuel assemblies

28 PWR DFC assemblies

68 BWR bare fuel assemblies

61 BWR DFC assemblies

DFC cells mixed in with PWR or BWR bare fuel assemblies

The cask concepts designed to accommodate these payloads are all designed with a 182" cavity
length (excluding a 2" spacer plate) to take the fuel length defined above (i.e. up to 180" post-
irradiation length) and are generally referred to as “long™’. An item of interest that arose from
the Initial Progress review meeting, which took place on October 28, 2014, and was effectively
an integral part of the second workshop, was for the Team to consider the benefits of a cask
shorter than the “long” cask, which is referred to as a “short” cask. In response, the team
identified an option for a shorter cask, which would have a cavity length of 174 " versus the

! Regarding cask length, the terms long and regular are used interchangeably throughout the document.
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182 inch cavity length for the long casks. It is important to note that the “long” cask is the main
subject of this report and the details for the “short” cask are provided for information only.

Assembly hardware with significant activation must not be present in the top two inches of the
cask cavity, as that region lies above the top of the radial lead shield (and unacceptable gamma
streaming over the top of the lead shield would result). The tops of inserted control rod
assemblies (CRAS) (which are not exposed to significant neutron fluence during reactor
operation) and DFC top hardware may extend into the top two inches of the cask cavity. Thus,
with the exception of assemblies containing CRAs, assemblies loaded into the “long” and “short”
casks must not exceed 180 inches and 172 inches in length, respectively, after accounting for
assembly thermal and irradiation growth. A margin of approximately 1.5 inches is enough to
conservatively account for the effects of assembly thermal and irradiation growth, so the casks
can accommodate nominal, pre-irradiation assembly lengths (including any inserted control
components) of 178.5 and 170.5 inches, for the “long” and “short” casks, respectively.

A full discussion on what types of fuel can be accepted by the “long” and the “short” cask is
provided in Section 4.2 and a summary is provided in Table ES-1.

Table ES-1. Fuel Inventory Accommodated by Long and Short Casks

Transportation Cask Type

Parameter Long Short

Cask Internal Cavity Length 182" 174"

Maximum pre-irradiation fuel

assembly length (including any 178.5"W 170.5"®@

inserted control components)

Fuel types that could be loaded. e AIlUSPWR fuel with | ® All US PWR fuel, with the exception of
(Note. Fuel length design input the exception of CE CE 16x16 fuel; with or without inserted
excludes South Texas Project and 16x16 fuel with control components.

AP1000 ) control Componentsl(‘” ° Most BWR fuels can’t be loaded.

e All US BWR fuel.

Notes:

1. The 178.5” dimension is governed by the Combustion Engineering (CE) 16x16 System 80 fuel assembly without
control components, which has a nominal length of 178.3 inches.

2. The 170.5” dimension is governed by the B&W 15x15 assembly with an inserted control rod assembly.

3. B&W 15x15 assemblies with inserted CRAs are longer than 170.5 inches but are shorter than 172.5 inches. Thus, they
will fit into the “short” cask cavity, but the head of the CRA will extend into the top two inches of the cavity. This is
acceptable since CRA heads do not have significant activation. The only potential issue is that a B&W 15x15
assembly with a CRA insert will be too long to place inside a DFC. Thus, if a B&W 15x15 fuel assembly is damaged,
any CRA inserts must be removed before placing the assembly in a DFC. (If using the “long” cask, a B&W 15x15
assembly with a CRA insert may be placed into a DFC). B&W 15%15 assemblies with any other type of control insert
are less than 170 inches long, and can therefore be loaded into the “short” cask (even if they are placed within a DFC).

4. A full payload of PWR assemblies with an overall weight in excess of 1500 Ibs per assembly (e.g., B & W assemblies
or W 15x15 and W 17x17 assemblies with inserted control components) will require a plant spent fuel pool crane
capacity of more than 125 tons.

DESIGN CONCEPTS

The cask concept features a common transportation cask body and impact limiters, which, via
four different types of internal baskets located within a cavity (70” diameter, 182" long) in the
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cask, directly accepts intact fuel assemblies (32 PWR or 68 BWR) or damaged fuel assemblies
inside DFCs (28 PWR or 61 BWR). The cask is a single lid design. The dimensions of the
internal cask cavity are selected to accommodate the entire United States PWR and BWR
assembly inventory (with the exception of South Texas and AP1000 PWR assemblies), and to
maximize cask payload capacity while ensuring acceptable cask exterior dose rates without
requiring unacceptably long assembly cooling times. The cask system is designed to
accommodate any PWR or BWR fuel assembly payload that has an overall heat generation level
of 24 KW or less. The overall envelope of the package (including the 128 inch diameter of the
impact limiters) meets standard Association of American Railroads requirements.

An overview of the transportation cask with impact limiters fitted is shown in Figure ES-2.

Figure ES-2. Overview of the Transportation Cask (Impact Limiters Fitted).

The materials, geometry, and construction of the transportation cask are typical of that
implemented in the spent fuel transportation industry today. With the exception of the neutron
shield design, the transportation cask design resembles that of the NAC MAGNATRAN
Package. The inner shell of the cask body is SA-240 Type 304 stainless steel. The bottom plate
can be made of SA-240 Type 304 or SA-336 Type F304 stainless steel and the upper and lower
forgings manufactured from SA-336 Type 304 stainless steel. The lid is made from SA-564
Type 630 (17-4PH) stainless steel, while the cask body’s outer shell is manufactured from
SA-240 Type XM-19 stainless steel. Lead and NS-4-FR (epoxy resin that contains boron) are
used to provide gamma and neutron shielding, respectively. To aid heat dissipation, copper heat
fins are attached to the outer shell surface and pass through the neutron shield material
terminating at the neutron shield shell.
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The transportation cask has a target “under-the-hook™ weight of 125 Tons (250,000 Ibs) when
loaded with the internals and fuel. In an effort to maximize the shielding for the transportation
cask, it has been determined that the loading operation will include the removal of internal water
prior to lifting the cask from the pool. This is an accepted operation at several sites and imposes
no additional occupational dose to implement. As such, the maximum cask body weight is
restricted to 177,000 Ibs based on a content (basket/fuel) weight restriction of 73,000 Ibs. The
current cask body, lid, spacer and lifting beam weight, for those materials described above, is
just at the 177,000 Ib limit. Further optimization with shielding and contents, as well as finer
modeling in solids, can provide additional margin. Figure ES-3 provides a cross section view of
the transportation cask.

Impact Limiter (2)

Minimum 2" Spacer

$70.00 #128.00

- Shipping Skid
\‘-'\\\‘/_(Peraonnd Barrier not shown)

Figure ES-3. Cross-Section View of the Transportation Cask

Four internal basket structures have been designed and evaluated for this report. For each fuel
type (PWR and BWR), two basket designs are developed, one that accommodates intact bare
fuel assemblies (32-PWR, 68-PWR), and one that accommaodates fuel assemblies that have been
placed into DFCs (28-PWR, 61-BWR) and which may be considered damaged.

Since the damaged fuel cans are larger than bare assemblies, they require lower-capacity baskets
that have larger cell openings. The bare fuel baskets actually can accommodate a small number
of DFCs (containing damaged fuel assemblies) in the somewhat larger cell openings that exist
around the basket perimeter. The 32-PWR could accommodate eight DFCs in the “corner” cells
on the basket periphery and the 68-BWR could accommodate eight DFCs around the basket
edge. The damaged fuel baskets can accommodate a DFC in every cell opening. The primary
reason for evaluating baskets that can accommodate DFCs in all cell openings is to support DOE
evaluations on the system impacts of pre-packaging fuel into DFCs prior to transport.
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All four baskets fit inside a 70-inch diameter cask cavity. Perspective views for each of the four
basket types are shown in Figure ES-4.
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Figure ES-4. Perspective Views (from left to right) for 32-PWR, 28-PWR, 68-BWR and 61-
BWR Fuel Assembly Baskets

Lifting and handling of the transportation cask is accomplished with an industry standard type
lift yoke. The lift yoke consists of a beam weldment which would be designed to be compatible
with multiple crane hooks through the use of sleeves and bushings. The lift arms are closed
palm, keyhole type, and interface with the transportation cask removable trunnions to lift and
rotate the transportation cask package both in and out of the pool as well as placement and
transition onto and off of a transportation skid.

The design concepts for the transportation cask and the cask internal baskets are described in
detail in Section 4.0, and Appendices D and E provide drawings for the transportation cask and
the cask internal baskets, respectively.

A description of the design concept for the DFC is provided in Section 4.1.3.

A summary of the key data for the four variants of the transportation cask are shown in
Table ES-2.
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Table ES-2. Summary of Key Data for the Task Order 17
Transportation Cask Design Concepts

DATA TYPE Notes Cask Capacity - Fuel Assemblies
32-PWR  [28-PWR (DFC)| 68-BWR | 61-BWR (DFC)
Name Task Order 17, Spent Nuclear Fuel Transportation Cask
Fabricator N/A
Design/operation life Assumed 40 year operating life for cost estimating
Mode Transport Only
Total Assembly Capacity 32 | 28 | 68 | 61
Proposed Certificate of Compliance Limits

Total Thermal Limit (kW) 24 24 24 24
Thermal Limit per cell (kW) 2 2 0.85 0.85
Drying procedures (vacuum, FHD, other) Vacuum
Criticality Methodology (Burnup credit/ Boron credit etc) BUC BUC Fresh Fuel Fresh Fuel
Criticality Loading Curve (Burnup credit) MAGNATRAN | MAGNATRAN N/A N/A
Boron loading Requirement in ppm (if applicable) None None None None
Max enrichment (Criticality) Varies with BU for PWR 5.00% 5.00% 5.00% 5.00%
Min enrichment (Shielding) Varies with BU varies varies varies varies
Min Cooling Time (Shielding/Thermal) Varies with BU 5yr 5yr 5yr 5yr
Max Burnup (Shielding/Thermal), (GWd/MTU) 62.5 62.5 62.5 62.5
Min Burnup (Criticality) Varies with enrichment varies varies 0 0
High burnup fuel storage/transportation method (if any - i.e., DFC, N/A) maybe DFC maybe DFC maybe DFC maybe DFC
Transportation shielding loading curve (if any) See Note 1, Below See notes See notes See notes See notes

CE 16 x 16 fuel cannot
Non-fuel hardware loading allowed (yes/no) be loaded with most yes yes yes yes

control inserts
Restricted Fuel Class/Type (if any) South Texas/AP1000

Physical characteristics of DFC
Outer length (cm) 457.84 internal cavity 459.74 459.74 459.74 459.74
Outer width (cm) 22.78 22.78 15.16 15.16
Wall Thickness (cm) 0.15t00.31 [ 0.15t00.31 | 0.15t00.31 | 0.15t00.31
Physical Properties

Length w/o impact limiters (cm) Long cask values 513.08 513.08 513.08 513.08
Length w/ impact limiters (cm) Long cask values 662.94 662.94 662.94 662.94
Diameter w/o impact limiters (cm) Long cask values 252.86 252.86 252.86 252.86
Diameter w/ impact limiters (cm) Long cask values 325.12 325.12 325.12 325.12
Cavity length (cm) Long cask values 462.28 462.28 462.28 462.28
Cavity diameter (cm) Long cask values 177.8 177.8 177.8 177.8
Top lid thickness including neutron shield (cm) See Note 2 25.4 25.4 25.4 25.4
Top neutron shield thickness (cm) None None None None
Bottom thickness including neutron shield (cm) See Note 2 25.4 25.4 25.4 25.4
Bottom neutron shield thickness(cm) None None None None
Wall thickness including neutron shield (cm) 37.45 37.45 37.45 37.45
Neutron shield side thickness (cm) 17.78 17.78 17.78 17.78
Neutron shield type Epoxy resin NS-F-FR NS-F-FR NS-F-FR NS-F-FR
Basket cell dimensions (cm) - Minimum Long cask values 22.54 23.37 14.86 15.75
Empty Weight w/o impact limiters (Ibs) (cask body + lid + basket) Long cask values 186,755 193,555 187,055 186,855
Empty Weight w/ impact limiters (lbs) Long cask values 205,755 212,555 206,055 205,855
Loaded Weight w/o impact limiters (Ibs)  (not including yoke) Long cask values 235,835 239,335 235,743 235,121
Loaded Weight w/ impact limiters (lbs) Long cask values 254,835 258,335 254,743 254,121

Carbon steel. BWR is
Basket material stainless steel guide SA-537 SA-537 SA-537 SA-537

tubes, w/ carbon steel

spacer plates

Neutron poison material Borated Aluminum
Flux Trap (yes/no) No No No No
Overweight Truck (yes/no) No No No No

Note 1: Fuel heat generation may not exceed 1.8 kW/MTU in the PWR basket periphery cells, or 2.0 kW/MTU in the BWR basket periphery cells
Note 2: The top lid and bottom plate are both 10" thick, but each have a 2" recess in the middle. The impact limiter design is such that it fills the recess in the
lid bottom plate and provides an additional 1" of shielding. Thus, when the impact limiter is installed, the total end steel shielding is 11".
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Table ES-2. Summary of Key Data for the Task Order 17
Transportation Cask Design Concepts (continued)

DATA TYPE Notes Cask Capacity - Fuel Assemblies
32-PWR  [28-PWR (DFC)| 68-BWR |61-BWR (DFC)
Unit Processing Times and Corresponding Dose Time (hr) Dose (mrem)

Cask Loading for Transportation

Refer to Table 5-2

Refer to Table 5-2

Cask Receipt and Processing

Refer to table 5-3

Refer to Table 5-3

Unit Costs (per cask) (in 2015 $)

Unit Cost (S) Contingency @ 20% Equipment or 30% other () | Total Cost ($)

Cask Purchase

Cask Purchase (initial)

(Long 182" Cask, PWR, 32 Intact (upt to 8 DFCs)) - (Unit = one cask 7,211,736 1,442,347 8,654,083

system)

Cask Purchase (Full-up Production)

(Long 182" Cask, PWR, 32 Intact (upt to 8 DFCs)) - (Unit = one cask 5,769,389 1,153,878 6,923,267

system)
Ancillary Equipment - Loading 655,703 131,141 786,843
Loading operation

Mobilization (per campaign) 297,098 86,129 386,227

Loading (per cask) 86,156 34,463 120,619

De-Mobilization 258,590 77,577 336,167
Ancillary Equipment - Unloading 562,194 112,439 674,633
Unloading operation

Mobilization (per campaign) 228,777 68,633 297,411

Unloading (per cask) 66,344 19,903 86,247

De-Mobilization 199,125 59,737 258,862
Inspection (per campaign) 24,000 7,200 31,200
Maintenance (per campaign) 65,000 19,500 84,500
Refurbishment 14,000 4,200 18,200

DESIGN AND ANALYSIS APPROACH

Structural (Section 4.3.1), Thermal (Section 4.3.2), Shielding (Section 4.3.3), and Criticality
(Section 4.3.4) analyses have been completed for the transportation cask design concepts.

e Structural analyses have been performed for the cask body and the fuel baskets to
demonstrate that the basket assemblies are capable of satisfying the applicable structural
design criteria when subjected to the most severe transportation design loading.

e The thermal analyses performed for the cask concluded that the cask performs as
expected with the general heat flux limitations available at this time. During final design
and analysis, which may be performed to support a licensing application, it is expected
that the basket designs will be shown to provide better axial distribution than that used in
the models (i.e., tube and disk) allowing slightly better thermal performance by
developing a more uniform or stretching of the thermal gradients for greater distribution.

e The results of the thermal analyses show that the assembly peak cladding temperatures
remain below the 400°C limit for all four basket designs. The basket structural steel
remains under the ASME code limit of 700°F for all basket designs. The peak borated
aluminum temperatures are under 650°F for all four basket designs. These temperatures
are not considered a concern, as no structural credit is taken for the borated aluminum
material. The analyses also show that for all four basket designs, the cladding and basket
material temperature limits are not exceeded even if the maximum allowable overall heat
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generation level of 24 kW is concentrated within 12 PWR assemblies that have the
maximum allowable individual assembly heat generation level of 2.0 kW, or 28 BWR
assemblies that have the maximum allowable individual assembly heat generation level
of 0.85 kW, where those assemblies are concentrated in the basket center cells (i.e., are
placed in the worst possible basket locations).

e The results of the shielding analyses performed on the design concepts have concluded
that for any uniform SNF assembly payload that has an overall heat generation level
under 24 kW, the dose rates will meet the 10 CFR 71 requirements with respect to
shielding. It was noted during the analyses that the potential exists for gamma streaming
through some shielding penetrations. This is discussed in Section 4.3.3.6 and several
minor changes to the cask design are identified to address these potential issues, which
would be made during the formal cask design and licensing process.

e The conclusions from the PWR and BWR criticality analyses are documented in Sections
4.3.4.1 and 4.3.4.2, respectively and, as expected, are dependent on the state of the fuel
that is assumed for the analysis, (i.e. intact, partially reconfigured, fully reconfigured or a
combination such as a bare fuel cask that contains both DFCs and bare fuel). For the
32-PWR, 28-PWR, 68-BWR, and 61-BWR baskets, several different configurations have
been modeled, which reflect various licensing contingencies. The evaluations of these
alternative cases allow the impacts on system performance to be understood for various
licensing contingencies (concerning how high burnup and/or damaged fuel are treated,
for example).

CONCEPT OF OPERATIONS

Section 5.1 provides a detailed outline of the operating procedures and tests, based on industry
standard practices, which are performed to ensure proper function of the transportation cask
during transport operations. The procedures are written for direct loading or unloading in a spent
fuel pool and represent the minimum generic requirements for loading, unloading, preparation
for transport, and for inspection and testing of the transportation cask. Each cask user will need
to develop, prepare, and approve site-specific procedures to assure that cask handling and
shipping activities are performed in accordance with the package’s Certificate of Compliance and
any applicable Nuclear Regulatory Commission and Department of Transportation regulations
governing the packaging and transport of radioactive materials.

Section 5.2 provides a time and motion assessment that is based on Exelon’s bare fuel cask
experience, and it is recommended that, at the appropriate time, a program be established to
adopt an operational approach to load / unload bare fuel utilizing a template similar to the steps
currently in use at sites such as Peach Bottom Atomic Power Station which currently loads bare
fuel transportation casks, e.g. TN-68. The time and motion information presented in Table 5-2
and Table 5-3 reflect the loading/unloading approach used by Exelon, noting that the
loading/unloading steps shown are global in nature and may not reflect actual UNF handling and
storage operations at individual reactor sites. The information also includes the minimum
number of people that have to be trained and qualified for loading and unloading operations at
the site. These numbers are taken from the typical crew sizes used at plant sites for loading and
unloading. It is understood that unloading operations at an Interim Storage Facility may require
much larger crews since the site potentially will receive fuel from multiple sites each week.
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From preparation of the empty transportation cask to placement of the loaded cask at the rail car
loading area, the estimated duration is 78 hours. From preparation of the received loaded
transportation cask to the empty cask placed on the fuel building floor, the estimated duration is
50 hours.

Section 5.3 provides the anticipated worker dose estimates, which are based on worker dose
experience using existing cask systems. Process worker loading doses seen with existing
systems have been adjusted based on any significant differences in cask exterior dose rates,
between the design concepts and the existing systems.

Section 5.4 discusses operational efficiencies and comparisons with current practice and
experience. The designs developed by the Team for the bare fuel and DFC transportation casks
offer equivalent technologies to those currently used by the nuclear power plants. Based on the
dry storage cask experiences of Exelon, the following items have been identified as opportunities
to achieve optimum operational efficiencies:

e Optimization of vacuum drying

Vacuum drying is often time-consuming, labor intensive and difficult to consistently predict
for duration to complete. It is possible to utilize automation to more consistently perform
and complete this operation, while reducing overall dose to operators.

Changes in canister processing at Catawba Station from the NAC-UMS® to the
MAGNASTOR® system warranted new technologies to maximize efficiency and minimize
personnel exposure. EMS Solutions, Inc. supplied the EL000LT Vacuum Drying Skid
(VDS), which performs all ancillary activities from weld hydrostatic testing to helium
backfill from a single location.

e Resource Utilization

Resource utilization to allow continuous 24/7 work to complete the greatest number of
loadings/unloadings in the shortest time is an area that merits further review. An
examination of the resource utilization plans for sites which have completed large-scale
loadings could provide valuable information. Zion Station, for example, has loaded
1800 PWR assemblies to MAGNASTOR Overpacks in eleven (11) months using 4 plus
crews working 24/7 including holidays.

Section 6 provides comprehensive details of the cask maintenance requirements. It also includes
in Section 6.3, lessons learned and experience from the United Kingdom (UK) Sellafield Site’s
maintenance of a fleet of bare fuel casks.

USABILITY

The proposed baskets can accommodate the entire US spent PWR and BWR fuel inventory, with
the exception of South Texas fuel and CE 16x16 fuel with control components (whose length
exceeds that of the cask cavity). Some future assembly types, including AP1000 fuel, will also
be too long for the proposed cask and basket design. For these types of fuel, details are provided
in Section 13 regarding designing a longer version of the proposed cask and basket designs,
which could be used with a 150 ton plant crane.

Page 12 of 292



Task Order 17: Spent Nuclear Fuel Transportation Cask Design Study

The proposed cask systems can accommodate any fuel assembly payload that has an overall heat
generation level of 24 kW or less, with allowable fuel burnup levels up to 62.5 GWd/MTU.

With respect to criticality, the system will be able to accommodate the entire US spent fuel
inventory, the only qualification being that a slight reduction in payload capacity may be
required for a very small fraction of shipments.

The cask systems will be able to accommodate all partial fuel assemblies (i.e., intact assemblies
with one or more fuel rods missing), although such assemblies may have to be placed into basket
periphery cells. It is expected that the proposed cask system will be able to accommodate
mixed-oxide (MOX) fuel assemblies and stainless steel clad fuel assemblies, though some
additional analyses may be necessary depending on their characteristics.

The primary proposed cask and basket designs, described in Section 4.1, will require a plant
spent fuel pool crane capacity of 125 tons. Most US nuclear plant sites have a crane capacity of
125 tons or more. Some sites, however, have crane capacities between 100 and 125 tons. A
smaller cask system that could be used with a 100 ton plant crane is discussed in Section 12.

Two cask cavity length options have been designed. The longer cavity length cask can
accommodate all US PWR and BWR assembly types, with or without inserted control
components, with the exceptions discussed in the first paragraph above. However, if a full
payload of PWR assemblies that have a total weight (including any inserted control components)
in excess of 1,500 pounds each is loaded into the long-cavity cask, the required plant spent fuel
pool crane capacity will exceed 125 tons. B&W 15x15 and B&W 17x17 assemblies, as well as
W 15x15 and W 17x17 assemblies with control components, weigh more than 1,500 Ibs each. A
crane capacity of 125 tons is sufficient to accommodate full payloads of all US BWR assembly
types, with or without flow channels, in the long-cavity cask. The short-cavity length cask can
accommodate full payloads of PWR assemblies with weights up to 1,725 Ibs each (which is
bounding for all US PWR assembly types), without requiring a pool crane capacity in excess of
125 tons. However, the shorter-cavity cask cannot accommodate longer PWR assembly types
such as CE 16x16. CE 16x16 assemblies weigh less than 1,500 lbs each, and can therefore be
accommodated by the long-cavity cask.

Evaluations of potential loading scenarios are presented in Section 8.1. The first evaluation
verifies that the proposed cask systems will be able to take fuel from operating plants as
necessary to assure full core offload capability (without the plant having to resort to additional
on-site dry storage). The second evaluation determines the number of years after plant shutdown
that would be required to fully unload a shutdown plant’s spent fuel pool, using the proposed
cask systems.

REGULATORY COMPLIANCE

Section 9.0 provides a detailed assessment of the “licensability” of the transportation cask design
concepts presented in this report, i.e. their ability to be approved and certified by the NRC. The
conclusion of this assessment is that NRC approval of the SNF transportation cask design would
be anticipated.
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The applicant for the SNF transportation cask designs developed by the Team under Task
Order 17 should anticipate a detailed NRC review involving multiple technical disciplines
requiring approximately two-years of staff review time. However, the NRC review should be
facilitated in that:

e the design does not present any new or novel design features,

e the design does not introduce any new technical issues,

e the design is very similar to cask designs previously approved by the NRC and to cask
designs currently under NRC review,

e the design considerations do not push the margins of previously reviewed/certified
designs such as cask heat load and capacity, and

o the regulatory framework is in place to review the design.

The transportation cask design includes newly designed impact limiters that will require testing
and/or modeling analysis to demonstrate the acceptability of the design. The topic of transport
of high burn-up fuel is presently under much study and analysis by both the NRC and the
industry. Further development of NRC’s review guidance for transport of high burn-up fuel is
anticipated over the next few years. At the time of license application, the applicant will need to
confirm that the application is consistent with the then current NRC guidance on transport of
high burn-up fuel. The applicant should anticipate that accident testing and analysis and the
technical basis and assumptions for transport of high burn-up fuel will receive close NRC
scrutiny.

COST ESTIMATE
Section 10.0 provides cost estimates, which, in accordance with the statement of work, address:

1. Up-front Costs associated with the design, analysis, testing, and licensing of the cask (see
Table 10-1);

2. Cask System Acquisition Costs, including the cost to fabricate the entire transportation
cask system, and unit costs as a function of the number of casks produced (see
Table 10-2);

3. Cask Handling Equipment Costs at the shipping and receiving sites (see Table 10-5);

4. Cask Loading and Unloading Costs at the shipping and receiving sites (see Tables 10-6,
10-7, and 10-8); and

5. Cask Inspection, Maintenance and Refurbishment Costs (see Table 10-9).

TRADE-OFF STUDY BETWEEN THE DESIGN CONCEPTS FOR THE BARE FUEL
AND DAMAGED FUEL CAN TRANSPORTATION CASKS

The Task Order 17 SOW required that a study be performed to cover the trade space between the
design concepts for the PWR and BWR bare SNF transportation cask and the PWR and BWR
damaged fuel can transportation cask, in order to assess how important attributes, such as
capacity and cost, are expected to vary as the number of assemblies in DFCs which the cask must
be able to accommodate is varied.. The results of this study are that, for capacity, the PWR
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(32-PWR) and BWR (68-BWR) bare SNF design concepts are also able to accommodate
combinations of 8 PWR assemblies in DFCs and 24 bare PWR assemblies, and 8 BWR
assemblies in DFCs and 60 bare BWR assemblies, respectively. This is accomplished via certain
cells on the periphery of the fuel baskets, which are large enough to accommodate the DFCs.
The 32-PWR fuel basket could accommodate eight DFCs in the “corner” cells on the basket
periphery and the 68-BWR fuel basket could accommodate eight DFCs around the basket edge.

Regarding cost, Table 10-2 itemizes the estimated acquisition costs for the PWR and BWR bare
SNF and SNF in damaged fuel cans design concepts.

100 TON CASK

Preliminary evaluations show that a cask similar to that described in Section 4.1.1, with the cask
diameter reduced from 70 inches to 59-60 inches, would be capable of accommodating 24 PWR
fuel assemblies, with a basket design similar to the 32P basket described in Section 4.1.2.1. The
available cask cavity length would be 180 inches (as is the case for the longer primary cask
design). As with the primary cask designs, the water inside the cask interior will have to be
pumped out before lifting the cask, to keep the hook weight under 100 tons. Also, as with the
primary (32-PWR) design, a shorter version of the cask could be designed, if necessary, to keep
the hook weight under 100 tons with water. Restrictions on the PWR assemblies that could be
loaded into the 100 ton cask would be similar to those shown in the Table 4-4 loading
specification. The number of non-periphery cells in the 24P basket may be as low as four. The
allowable overall cask heat load for the 100 ton cask will be approximately 18-20 kW. If all
high burnup assemblies are required to be placed into DFCs, then the capacity of the 100 ton
cask would fall from 24 to 21 PWR assemblies, due to the larger basket cells required to
accommodate DFCs. A payload of 21 assemblies inside DFCs will weigh less than a payload of
24 intact assemblies.

For BWR fuel, the payload capacity of the intact assembly basket would have to be reduced from
68 assemblies to 48 assemblies in order to fit within a 59-60 inch diameter cask cavity. The
weight of a 48-assembly guide tube and spacer plate basket (similar to the design of the baskets
described in Section 4.1.2) and a 48 BWR assembly payload, should be similar to or lower than
that of the 24 PWR assembly basket and payload discussed above. If all high burnup assemblies
are required to be placed into DFCs, then the capacity of the 100 ton cask would fall from 48 to
44 BWR assemblies, due to the larger basket cells required to accommodate DFCs.

CONCLUSION

This Task Order 17 report documents the SNF transportation cask concepts that have been
developed, analyzed and evaluated by the EnergySolutions Team.

Key outputs from this study are:

1. Cask concepts have been developed and evaluated for fuel basket capacities of 32-PWR
bare fuel assemblies, 28-PWR DFC assemblies, 68 BWR bare fuel assemblies and
61 BWR DFC assemblies. The bare fuel baskets actually can accommodate a small
number of DFCs (containing damaged fuel assemblies) in the somewhat larger cell
openings around the basket perimeter. The 32-PWR could accommodate eight DFCs in
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the “corner” cells on the basket periphery and the 68-BWR could accommodate eight
DFCs around the basket edge. The damaged fuel can baskets can, of course,
accommodate a DFC in every cell opening.

. The primary concept evaluated has a cask internal cavity length of 182" and a diameter of
70 and is termed the “long” or “regular” cask. With regards to fuel assembly length, it
can take all US BWR fuel and all US PWR fuel with the exception of CE 16x16 fuel
with control components noting that full payloads of PWR fuel with assembly weights in
excess of 1500 Ibs (See Section 8 (Usability)) will require either a pool crane capacity in
excess of 125 tons or the “short”. It will also not accommodate South Texas Project or
AP1000 fuels. The cask concepts are designed to accommodate any PWR or BWR fuel
assembly payload that has an overall heat generation level of 24 kW or less. The overall
envelope of the package (including the 128 inch diameter of the impact limiters) meets
standard Association of American Railroads requirements. The transportation cask has a
target “‘under-the-hook™ weight of 125 Tons (250,000 Ibs) when loaded with the internals
and fuel. In an effort to maximize the shielding for the transportation cask but keep
within the 125 ton limit, it has been determined that the loading operation will include the
removal of internal water prior to lifting the cask from the pool. With respect to
criticality, the system will be able to accommodate the entire US spent fuel inventory, the
only qualification being that a slight reduction in payload capacity may be required for a
very small fraction of shipments.

. Details of a “short” cask have also been provided, which has the same cask internal

cavity, but a reduced length of 174”. It could take all US PWR fuel, with the exception
of CE 16x16 fuel; with or without inserted control components. However, most BWR
fuels could not be loaded, because of their length. The short cask can accommodate full
payloads of PWR assemblies with weights up to 1,725 Ibs (which is bounding for all
US PWR fuel, including inserted control components) without requiring a pool crane
capacity in excess of 125 tons. The longer-cavity cask requires a pool crane capacity in
excess of 125 tons in order to accommodate full payloads of PWR fuel with assembly
weights in excess of 1,500 Ibs.

Details of a 100 ton cask option have also been provided, which again would require the
water inside the cask interior to be pumped out before lifting the cask from the spent fuel
pool to keep the hook weight under 100 tons. It would be capable of accommodating
24-PWR bare fuel assemblies or 48-BWR bare fuel assemblies.

. The structural, thermal, shielding and criticality analyses have been completed for the
transportation cask design concepts and acceptable results have been obtained. The
criticality analyses are dependent on the assumed state of the fuel. For the 32-PWR,
28-PWR, 68-BWR, and 61-BWR baskets, several different configurations have been
modeled, which reflect various licensing contingencies. The evaluations of these
alternative cases allow the impacts on system performance to be understood for various
licensing contingencies (concerning how high burnup and/or damaged fuel are treated,
for example).

Regarding modifying the cask design to take a higher than 24 kW thermal load, as
documented in Section 4.3.2, increasing the cask’s allowable payload heat generation
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level from 24 kW to 28 kW does not result in neutron shield material temperatures
significantly over the 300°F temperature limit. Thus, minor design changes such as
increasing the quantity or thickness of the copper fins in the neutron shield region, are
likely to be sufficient to allow a cask heat load of 28 kW. An alternate neutron shield
material with a somewhat higher allowable service temperature would also allow that.

7. Operation of the cask design concepts is in line with bare fuel casks in use today and
operating procedures and tests are based on industry standard practices.

8. A time and motion assessment was performed based on Exelon’s bare fuel cask
experience and the estimated loading time was 78 hours (from preparation of the empty
transportation cask to placement of the loaded cask at the rail car loading area) and the
unloading time was 50 hours (preparation of received loaded transportation cask to the
empty cask placed on the fuel building floor). Automated vacuum drying and resource
utilization to allow continuous 24/7 work are two items that could improve these times.

9. The conclusion of an assessment of the “licensability” of the transportation cask design
concepts is that NRC approval of the SNF transportation cask design would be
anticipated. The applicant should anticipate a detailed NRC review involving multiple
technical disciplines requiring approximately two-years of staff review time. However,
there are many cask design features and similarities to previously approved designs that
should facilitate the NRC review. Testing and/or modeling analysis would be necessary
to demonstrate the acceptability of the SNF transportation package including the newly
designed impact limiters. Further development of NRC’s review guidance for transport
of high burn-up fuel is anticipated over the next few years. At the time of license
application, the applicant will need to confirm that the application is consistent with the
then current NRC guidance on transport of high burn-up fuel. The applicant should
anticipate that the accident testing and analysis and the technical basis and assumptions
for high burn-up fuel will receive close NRC scrutiny.

For reference, a cross-reference between the contents of this report and the Task Order 17 SOW
is provided in Appendix C.
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1 INTRODUCTION

On August 11, 2014, under the U.S. Department of Energy (DOE) Advisory and Assistance
Services (A&AS), an integrated team headed by EnergySolutions was one of two teams that
were awarded Task Order 17: Assist the DOE Office of Nuclear Energy in implementing a study
to develop design concepts and associated information on the characteristics of the following two
types of Spent Nuclear Fuel (SNF) rail transportation casks:

1. Arreusable rail cask optimized for transport of intact individual bare (not canistered) SNF
assemblies. This cask system would be single-purpose in nature, i.e. optimized for
transport, and would not be intended for use in providing an extended storage capability.

2. Areusable rail cask optimized for transport that is able to accommodate assemblies in
Damaged Fuel Cans (DFCs) in all positions.

A study of the trade space between the above two design concepts was also requested, i.e. what
are the impacts (cost, time, infrastructure, etc.) if some locations for DFCs were included in a
bare fuel cask?

The background to Task Order 17 is that, in support of operations at one or more Interim Storage
Facilities, it is envisioned that a capability to ship SNF directly from the spent fuel pools of
nuclear power plants to an Interim Storage Facility (ISF) would be desirable. The work
performed under Task Order 17 is a component of laying the groundwork for future options and
the study results are intended to provide important information to system analysts and planners
on the attributes of the above cask design concepts including their capacity limitations and
estimated costs.

The EnergySolutions team assembled for this task consists of the following members:

e EnergySolutions - Full nuclear fuel cycle company with interests in Federal and
commercial nuclear waste treatment, clean-up and disposition, nuclear reactor and legacy
facility decommissioning, SNF treatment, storage and disposition, and SNF recycling.

e NAC International - Specialties include nuclear materials transport, and spent fuel storage
and transport technologies. NAC has provided transportable SNF storage canisters and
casks for a significant proportion of the commercial nuclear reactor utilities in the U.S.

e Exelon Nuclear Partners - A business unit of Exelon Generation. Operates 22 nuclear
units and two retired units, with 11 Independent Spent Fuel Storage Installations (ISFSIs)
at both boiling water reactor (BWR) and pressurized water reactor (PWR) sites.
Maintains over 10,000 Metric Tons Uranium (MTU) of used nuclear fuel (UNF) in pool
storage and has moved over 3,500 MTU of SNF into approximately 320 dry cask
systems.

e Talisman International - A consulting company specializing in nuclear regulatory issues,
covering safety and security of nuclear facilities, regulation and classification of nuclear
facilities and the wastes they produce. Talisman has a number of former senior
U.S. Nuclear Regulatory Commission (NRC) managers on its staff.
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Booz Allen Hamilton - A technology and strategy consulting company with extensive
experience in performing economic analysis and risk management assessments, and
developing strategic plans and business models for nuclear industry vendors and utilities.

2 PURPOSE AND SCOPE

The purpose of this report is to document the transportation cask design concepts, which have
been developed, analyzed, and evaluated by EnergySolutions and its team partners: NAC
International, Talisman International, Booz Allen Hamilton and Exelon Nuclear Partners,
hereafter referred to as “the Team”.

The Task Order 17 Statement of Work (SOW) provided by the DOE identified the following
requirements:

Using experience designing, licensing, and supplying SNF cask systems to commercial utilities
in the U.S. and any information supplied by DOE, the Contractor(s) shall:

1)

2)

3)

4)

Develop a reusable SNF rail-type transportation cask system design concept optimized
for transport of intact bare (not canistered) SNF. The cask system is not required to
support long-term SNF storage, but must be capable of satisfying the requirements listed
under item 7 below. Variations of the cask to accommodate Pressurized Water Reactor
(PWR) assemblies and to accommodate Boiling Water Reactor (BWR) assemblies shall
be provided.

Develop a reusable SNF rail-type transportation cask system design concept optimized
for transport assuming all SNF assemblies are in DFCs. This cask system includes the
DFCs. The cask system is not required to support long-term SNF storage, but must be
capable of satisfying the requirements listed under item 7 below. Variations of the cask
to accommodate PWR assemblies and to accommodate BWR assemblies shall be
provided.

For each design concept described in items 1 and 2 above, develop estimates of the
up-front costs associated with design, analysis, testing, and licensing the cask and of the
cost to fabricate the entire transportation cask system, including cask internals and
impact limiters. An estimated unit cost for a cask should be provided as a function of the
number of casks produced. The estimated cost for cask handling equipment at the
shipping and receiving site is also to be provided.

For each design concept described in items 1 and 2 above, develop a concept of
operations, including assessments of the time and motion required for loading the fuel at
the reactor pools and unloading from the transportation casks. Also, provide the
anticipated worker dose for performing these operations. For the cask design concept
described in item 2 above, these operational steps shall include loading assemblies into
DFCs for transport and unloading the DFCs at the receiving facility. The system design
concept and associated concept of operations shall seek to achieve operational
efficiencies and worker exposures that are comparable with, if not better than, current

Page 32 of 292



5)

6)

7)

Task Order 17: Spent Nuclear Fuel Transportation Cask Design Study

practice of loading DFCs and SNF into non-canistered transportation systems. A
comparison of the estimated time requirements and worker exposures to those currently
incurred in loading bare fuel casks and also in loading dual-purpose (storage and
transport) SNF canisters shall be provided for comparison purposes.

Identify equipment maintenance requirements including testing, maintenance, and
performance requirements for structures, systems, and components (SSCs) important to
safety.

Provide additional key information associated with each of the SNF transportation cask
system design concepts, including information on dimensions, component masses, total
mass for both fully loaded and unloaded conditions, maximum thermal loading, and
estimated dose rates during normal conditions of transport (NCT). Also provide
supporting analyses indicating that the transportation cask system, including the cask,
impact limiters, and DFCs (when applicable), would be licensable and usable for
transportation under 10 CFR Part 71.

Cask System Requirements: In addition to providing reasonable assurance that the cask
concepts would be capable of meeting 10 CFR Part 71 requirements, the casks system
must be able to meet the following requirements:

a. The system design concept, including impact limiters, will have a maximum width
of 128 inches. The reason for this limit is that DOE intends to transport this cask
on railcars that conform to Association of American Railroads (AAR) Standard S-
2043, which allows a maximum railcar width of 128 inches. See paragraph
4.7.9.1 of Standard S-2043. The cask design concept, including impact limiters,
shall not be wider than this maximum railcar width.

b. The system must allow for the transportation of high-burnup fuel
(>45GWd/MTU) with a target of transporting fuel with an average assembly
burnup of up to 62.5GWd/MT with up to 5.0 wt% enrichment and out-of-reactor
cooling time of 5 years.

c. Reasonable assurance that the design concepts can accommodate essentially the
entire existing and future inventory of commercial light-water reactor SNF must
be provided, without undue penalty (e.g., reduced cask capacity resulting in
sub-optimization for the majority of anticipated shipments). Specific fuel designs
or attributes (e.g., fuel length, assembly decay heat limits, or burnup limits) not
allowed by the cask design concepts must be identified.

d. In addition to the NRC'’s regulations, design activities shall also consider
applicable regulatory guides and recent licensing experience and actions related
to transportation cask design, fabrication, and operations. Any applicable
U.S. Department of Transportation (DOT) requirements and constraints of AAR
S-2043 that may have an impact on cask design shall also be considered.
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e. The cask system for DFCs in all positions will place constraints on capacity due
to the size of the DFCs. The design concepts should satisfy all appropriate
regulatory and operational limits, while maximizing capacity.

f. The transportation casks shall be capable of being closed and reopened multiple
times, so the cask can be reused for many shipments. The method for closing and
reopening shall be described. Factors limiting the possible number of times that
the cask can be reused shall be identified, along with possible means for
extending life and reusability of the casks.

g. The loaded and closed DFCs shall also be capable of being reopened, to allow
assembly repackaging, and the method for reopening shall be described.

h. Consistent with current industry designs, the DFCs shall be vented at the top and
bottom.

8) To cover the trade space between the two design concepts described in items 1 and 2
above, a study to assess how important cask attributes, such as capacity and cost, are
expected to vary as the number of assemblies in DFCs which the cask must be able to
accommodate is varied. For the cask described in Item 1, the study results would provide
information on what the estimated impacts would be if some locations for DFCs were
included in the cask along with locations for intact bare fuel assemblies.

9) Consideration of any special features which could be introduced into the cask design
concepts which would allow for optimization, such as increased capacity, reduced cost,
and/or reduced maintenance shall be explored by the Contractor, the results of which are
to be made available in the final report.

To meet the requirements of Task Order 17, the Team has followed a seven-phase approach, in
order to develop design concepts and associated information on the characteristics of the
requested types of SNF rail transportation casks. The seven phases are:

e Phase 1 - Review existing information, define functional requirements and establish a
technical framework that forms the basis for transportation cask and system concept
development, including a cask that is optimized for the specified intact bare SNF and a
cask that is optimized for SNF contained in DFCs. This phase has been completed.

e Phase 2 - Brainstorm and down-select, via a facilitated workshop involving
representatives from the Team, to a shortlist of options, ideas and recommendations for
the transportation casks to address with additional scrutiny in Phases 3 and 4. This phase
has been completed.

e Phase 3 - Development of the shortlisted cask options identified in Phase 2 in order to
determine which ones are viable for detailed consideration during Phase 4. This phase
concluded with the Initial Progress Review meeting with the DOE on October 28, 2014,

e Phase 4A - Initially, via a second facilitated workshop, review the results from Phases 1
through 3, together with DOE feedback from the Initial Progress Review, and confirm the
viable options, which will be subjected to more detailed evaluation. Subsequently, the
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down-selected design concepts are being developed in more detail, including engineering
drawings, scoping calculations, initial costs estimates and an initial concept of operations.
This phase concluded with the submission of a Preliminary Report to the DOE and a
briefing on this report at the Second Progress Review meeting, which took place on
January 7, 2015.

Phases 4B, 5 and 6. These phases were essentially completed in parallel and comprised
of:

o Phase 4B — Building on DOE feedback on the Preliminary Report, completing
design concepts, scoping calculations, cost estimates and concept of operations,
establishing key cask data and identifying equipment maintenance requirements.

o Phase 5 — Completion of a trade-off study between the bare fuel cask concept and
the 100% DFC cask concept, in order to assess how factors including capacity and
cost vary as the number of SNF assemblies in DFCs which the cask must
accommodate is varied from zero to 100%. The objective being to allow
conclusions to be made on what the impacts would be if some locations for DFCs
were included in the cask that otherwise contains bare SNF. It should be noted
that although shown as occurring later in the phased approach, the trade-off study
did commence in Phase 3.

o Phase 6 — Considering special features, which would allow for optimization,
e.g., increased capacity, reduced costs, reduced equipment maintenance
requirements, etc. It should be noted that although shown as occurring later in the
phased approach, the identification and evaluation of special features has occurred
from Phase 1 onwards.

Phases 4B, 5 and 6 concluded with the submission of the Draft Final Report to the DOE and
a briefing on the Draft Final Report at the Final Progress Review meeting.

Phase 7 — This was the final phase of work by the Team on Task Order 17 and involved
addressing the DOE’s comments on the Draft Final Report and submitting a Final Report
for the SNF Transportation Cask Design Study to the DOE.

This Final Report documents the output from the above approach and is structured as follows:

Section 3, Systems Engineering Approach, outlines the process that has been followed to
complete the SNF transportation cask design study.

Section 4, Transportation Package Description for Bare Fuel and Damaged Fuel,
describes the cask design concepts, the parameters and loading specifications for the SNF
that can be transported by these concepts, plus the approaches used for, and the results
obtained from, the structural, thermal, shielding and criticality scoping calculations.

Section 5, Concept of Operations, describes the operating procedures, results from time
and motion assessments, anticipated worker doses and a discussion on operational
efficiencies and comparisons with current practice and experience.
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e Section 6, Equipment Maintenance Requirements, addresses maintenance of the casks
and associated auxiliary equipment.

e Section 7, Ability to Fabricate, provides an assessment of the ability to fabricate the cask
designs within current facilities and capabilities.

e Section 8, Usability, discusses the SOW requirement that the cask systems must
ultimately be usable by all or most nuclear utilities, addresses their usability for future
pool inventories and how the casks systems could be loaded to accommodate fuel with
different heat loadings.

e Section 9, Regulatory Compliance, discusses the applicable requirements, DOE guidance
on cask design specifications and assumptions, cask design considerations, Nuclear
Regulatory Commission (NRC) considerations and an overall assessment of the ability to
license the cask systems.

e Section 10, Cost Estimate, covers design, analysis, testing, and fabrication costs for the
entire cask system, including cask internals, impact limiters, and cask handling
equipment at the shipping and receiving site.

e Section 11, Trade-off Study between the Design Concepts for the Bare Fuel and
Damaged Fuel Can Transportation Casks, addresses what the impacts will be, e.g., cost
and capacity, if some locations for DFCs were included in the bare fuel cask systems.

e Section 12, 100 Ton Cask, describes this optional cask system for nuclear power plants
with fuel building crane capacities that are less than 125 Tons.

e Section 13, Special Features that could improve the Base Designs, discusses trade-offs
and break points in the cask system designs and unproven items that could provide
benefits; subject to additional research and development.

e Section 14, Conclusion, provides the key results from the study.

For reference, a cross-reference between the contents of this report and the requirements of the
SOW is provided in Appendix C.

3 SYSTEMS ENGINEERING APPROACH

As indicated in the Technical Proposal submitted to DOE on July 14, 2014, the intent was to
follow a seven-phase approach, in order to perform the scope of work for the SNF transportation
cask design study. Figure 3-1 shows a logic diagram of the systems engineering approach used
by the team.
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Figure 3-1. Logic Diagram Showing Systems Engineering Approach.

3.1 PHASE 1

Subsequent to the award of Task Order 17 on August 11, 2014, the Team prepared for
Workshop # 1 (see Section 3.2) by gathering, researching, and developing information pertinent
to the SOW. The purpose of this exercise was to share the information amongst the Team, via
presentations and technical discussions, during the workshop. The topics covered and key points
from the presentations are described in Appendix A. Objective statements for both the workshop
and the study were also drafted for review and acceptance at the workshop.

Phase 1 also saw work begin, via internal technical interface meetings, on identifying cask
concepts for consideration at the workshop; including the target number of PWR and BWR fuel
assemblies in either bare or DFC configurations, maximum fuel length, target total cask heat
load, and target weights for the cask body (includes cask body, inner lid, and the lifting yoke),
and the cask internals (includes the basket, fuel and water [assuming the water isn’t removed
from the cask prior to it being removed from the pool]). The team also focused on existing bare
fuel casks manufactured by NAC International; with a view to adopting and adapting elements of
their designs for the purposes of the study.

In conjunction with the internal technical interface meetings, two bi-weekly status calls took
place between the Team and DOE; from which a couple of key items resulted:
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Crane Capacity — It was agreed that a conceptual design for a 125 ton cask will be
produced and the impacts associated with a 100 ton cask identified. The basis for this
decision was that >75% of the operating plants will be able to handle a 125 ton cask
using their spent fuel pool cranes.

Fuel Length — A maximum fuel length of 180” was chosen as a starting point, which
captures the Palo Verde fuel, but not the South Texas Project fuel assemblies or the
AP1000 fuel assemblies for Vogtle 3&4 and VC Summer 2&3.

3.2 PHASE 2

Phase 2 commenced upon completion of Phase 1. A facilitated workshop was held from
September 23-25, 2014, which was attended by representatives from each company within the
Team. A description of the Phase 2 workshop results is provided in Appendix A and the key
outputs from the workshop are described below.

1. Atechnical framework was developed, which is provided in Appendix A and captures

functional criteria, constraints and assumptions, including the guidance provided by the
DOE during Phase 1 on crane capacity and fuel length.

It was decided to continue the development and evaluation of the following cask
concepts, with a cask cavity length of 180 inches (Note. Subsequently increased to
182 inches) and an inside diameter of 70 inches:

a. 32 PWR bare assemblies

b. 28 PWR DFC assemblies

c. 68 BWR bare assemblies

d. 61 or57 BWR DFC assemblies

e. DFC cells mixed in with the bare PWR and BWR cask concepts

Due to the Phase 1 work on initial cask concepts identifying challenges with the fully
loaded cask weights being close to the 125 ton limit, options for weight reduction were
evaluated (look at different materials, pump water out of the casks before it is lifted from
the pool), in conjunction with performing initial shielding, criticality, thermal and
structural scoping calculations

A target total heat load of 24kW was identified and it was agreed that options to increase
the heat load would be evaluated, noting that the neutron shielding material limits the
total heat load that can be transported. A cask heat load of 24 kW is a value that has
typically been achieved by successfully licensed transport casks in the past, with the
allowable temperature for the neutron shielding material that is generally used being the
governing factor that limits the cask heat load.

Two requests were also made by the team to the DOE subsequent to the workshop and the
requests and DOE responses are described below.
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Request # 1:

The EnergySolutions team will show that we can take 62.5 GWd/MT @ 5yr cooled fuel and
design a transportation cask on the basis that not every cell is filled with this high burnup fuel,
i.e. different loading scenarios and using the SNF burnup and enrichment distribution data that
is available today. Regarding whether our concepts for PWR and BWR SNF have the
ideal/optimum capacity for the future, it would be very beneficial to our team if we can, via
DOE, utilize the National Laboratories expertise in the Transportation Storage Logistics (TSL)
model and the Total System Model (TSM). Ideally, we would like the following future inventory
projection:

e On a per site basis, provide the Burnup and Enrichment per fuel assembly stored in the
pool, the anticipated plant operating status (operating or shutdown (with operational
pool)) and the assumed rail cask pick-up frequency using, as a starting point, 2025 as the
date when the Large Interim Storage Facility will be available to receive bare fuel casks.

DOE Response:

It was agreed that an average of 750 watts per assembly as proposed by EnergySolutions is an
acceptable assumption to proceed with for this particular study, given a focus on maximizing the
number of assemblies which can be accommodated while satisfying other constraints. A higher
value would be even more desirable, if achievable without penalty in terms of cask payload
capacity. The basis for DOE’s agreement was that 750 watts per assembly, as an average for
PWR fuel, was reasonably close to some estimates from one particular case that the DOE looked
at for a PWR spent fuel pool at end of reactor life 5 years after final shut down, which had a
median of about 758 watts/assembly and a higher mean value at 791watts/assembly. This
included low burnup fuel and one-cycle and two-cycle fuel discharged with the final core. It also
assumed that while the reactor was operating the oldest fuel was discharged to dry storage first
as needed.

Request # 2:

Regarding cost, the Statement of Work calls for detail regarding the up-front and manufacturing
cask costs, the estimated costs for cask handling equipment at the shipping and receiving site,
and for cost analyses regarding the trade space between the bare fuel and DFC design concepts.
DOE has provided a template that includes unit costs for (among others) loading and unloading
operations. To fulfill the latter request, our strategy would be to provide the essential steps in
each process and develop the loading and unloading costs parametrically (e.g., total costs for
comparable operations scaled appropriately (e.g. Exelon costs to load a TN-68 at Peach
Bottom)). Would this approach be acceptable for DOE?

DOE Response:

The approach seems reasonable.
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3.3 PHASE3

During Phase 3, the Team focused on the work plan that was developed during Workshop # 1;
with the end objective for this phase being the Initial Progress Review with DOE. Bi-weekly
status calls with the DOE continued during this phase; from which a key requirement resulted:

e Fuel Length — Based on correspondence and discussions between the Team and the
DOE, DOE proposed that for the purposes of the Task Order 17 study, the cask concepts
shall be able to accommodate fuel assemblies with an assumed post-irradiation fuel
assembly length of up to 180 inches without non-fuel components (NFCs). In addition, it
was proposed that the cask concepts be capable of accommodating shorter length fuel
assemblies containing NFCs which do not require special handling, provided the total
post irradiation length (assembly with NFC) does not exceed 180 inches.

3.4 PHASE 4A

Phase 4A commenced with the second workshop, which ran from October 28-29, 2014, and was
held in the EnergySolutions Offices, Columbia, MD. The workshop integrated the Initial
Progress Review Meeting with the DOE, which took place on the first day of the workshop. The
notes from the second workshop are provided in Appendix B. For the Initial Progress Review
Meeting, meeting notes were issued to the DOE and due to the in-progress work presented
during this meeting being subsequently advanced and presented in the main body of this report,
these notes are not reproduced in Appendix B.

A key item arising from the Initial Progress Review meeting was the criticality analysis
assumptions to be used for the 28 PWR DFC and the 61 BWR DFC baskets for the
reconfiguration of damaged fuel, which was also applicable to the mixing of DFC cells within
the PWR and BWR bare fuel baskets, i.e. a hybrid cask. Subsequent to the review meeting and
following discussions during bi-weekly status calls and correspondence between the Team and
DOE, DOE provided the guidance in Table 3-1 and Table 3-2 . A full discussion on the
criticality analysis methodology and results is provided in Section 4.3.4.

Table 3-1. Criticality Analysis Assumptions and Approaches for addressing Bare Fuel and
DFC Cask Concepts — Guidance Provided by DOE

As-loaded Hypothetical Accident Conditions (HAC)
High Burnup Analysis
Fuel Case Assumption | Approach Assumption Design/Analysis Approach®
Fuel May Reconfigure————= Moderator Exclusion
No DFCs Fuel Intact ﬁ]rt]:gze Fuel R or | or
uel Remains Intact ——___ Analyze Intact
Moderator Exclusion
or
100% of Fuel Analyze .
in DECs Fuel Intact Intact Fuel May Reconfigure Analyze for

Optimized Fuel Pin (with cladz Spacing
Within Basket Cells®
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Table 3-2. Criticality Analysis Assumptions and Approaches for Addressing Hybrid Cask
Concepts — Guidance Provided by DOE.

) ) As-loaded Hypothetical Accident Conditions (HAC)
High Burnup Assumption - A e
Fuel Case Option Set i nalysis i nalysis Approach It Not
g Approach SRR Pursuing Moderator Exclusion®
Truly Damaged
Fuel in DFCs in
certain basket Analyze Fuel May
cells Damaged Rubble Reconfigure Analyze Rubble
(e.g. around the
eripher
Some, but not periphery)
all, fuel in DFCs Fuel Remains|____~ Analyze Intact
Undamaged High Intact
Burnup Fuel not or
in DFCs (Bare) in | Fuel Intact ﬁ?:gze | or
remaining basket Fuel May ———> Analyze for
cells Reconfigure | optimized Fuel Pin (with clad)
Spacing Within Basket Cells
Notes:

1. For design/analysis approach taken, discuss potential licensing risks and possible ways to mitigate. More conservative
assumptions may be made, but the Contractor is to avoid expending significant resources analyzing a wide variety of

possible reconfiguration states.

2. Options for 100% DFC case are to design the cask to take credit for moderator exclusion or to perform criticality
analyses for reconfigured fuel in DFCs under HAC assuming water moderation occurs. If pursuing the latter approach,
a single reconfiguration analysis (with burnup credit-based isotopics) may be performed assuming optimized spacing of
fuel pins with cladding for the reconfigured state in all basket locations/DFCs. The Contractor may choose, but is not
required, to perform this analysis with the assumption that a few peripheral locations represent DFCs containing truly
damaged fuel. A discussion of licensing assurance (or conversely risk) based on the cask design approach and the
analysis results should be included in the Task Order 17 final report.

Another item of interest arising from the Initial Progress Review Meeting was for the Team to
consider the benefits of a cask shorter than the “regular” 182 inch cavity length cask. The
discussion during the second day of the workshop resulted in the identification of an option for a
171 inch cavity “short” cask, which could accommodate 80% of the PWR inventory; specifically
all assemblies other than the CE 16 x16. It was also noted that the assembly types that could be
loaded into the short cask (e.g., Babcock & Wilcox (B&W) 15%15) are the heaviest and so the
weights for the regular cask (182 inch cavity length) and the short cask (171 inch cavity length)
should be roughly the same. During subsequent discussion with the DOE during bi-weekly
status calls, other options were explored, including a 174 inch length cask, which could envelope
the length of B&W 15%15 and Westinghouse 17x17 fuel (with NFC). DOE advised that
extensive analyses of the 100 ton cask and the short cask options were not required, but the DOE
needed to understand the benefits associated with these options and what the penalties will be
compared with the 182 inch cavity length 125 ton bare fuel and DFC casks. To address these
requirements, the 100 ton cask is discussed in Section 12 and the options for shorter cask lengths
are discussed in Section 4.1.1.

Work performed during Phase 4A included ongoing development of the design concepts, the
structural, thermal, shielding and criticality analyses, and preparation of the concept of
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operations and initial cost estimates. Phase 4A concluded with the preparation and submission to
DOE of a Preliminary Report (dated 12/15/14).

3.5 PHASES 4B,5 AND 6

The work during this period of time covered addressing DOE comments on the Preliminary
Report, completing the structural, thermal, shielding and criticality analyses, completing the cost
estimates and capturing thoughts on special features which could improve the base designs. One
item was considering the impacts of increasing the thermal limit from 24 kW to 28 kW and
another was modifying the design to accommodate South Texas and AP1000 fuel assemblies.
Evaluations of potential loading scenarios were also completed and the results documented
(Section 8.1). The first evaluation verified that the proposed cask systems will be able to take
fuel from operating plants as necessary to assure full core offload capability (without the plant
having to resort to additional on-site dry storage). The second evaluation determined how many
years after plant shutdown would be required to fully unload a shutdown plant’s spent fuel pool,
using the proposed cask systems. Phases 4B, 5 and 6 concluded with the preparation and
submission to DOE of a Draft Final Report.

3.6 PHASE 7

During Phase 7, the Team addressed the DOE’s comments on the Draft Final Report and issued
to the DOE this Final Report and the Task Order 17 Closeout Report.

4 TRANSPORTATION PACKAGE DESCRIPTION FOR BARE FUEL
AND DAMAGED FUEL

4.1 DESCRIPTION OF DESIGN CONCEPT

The proposed cask concept features a transportation cask that directly accepts intact fuel
assemblies or damaged assemblies inside DFCs. General arrangement drawings for the
transportation cask are provided in Appendix D.

The dimensions of the internal cask cavity are selected to accommodate the entire US PWR and
BWR used nuclear fuel assembly inventory (with the exception of South Texas and AP1000
PWR assemblies), and to maximize cask payload capacity while ensuring acceptable cask
exterior dose rates without requiring unacceptably long assembly cooling times prior to cask
loading. The cask system is designed to accommodate any PWR or BWR fuel assembly payload
that has an overall heat generation level of 24 kW or less. The overall envelope of the package
(including the 128 inch diameter of the impact limiters) meets standard Association of American
Railroads requirements. Details of the cask design are presented in Section 4.1.1.

The casks contain different internal baskets that accommodate PWR and BWR fuel assemblies.
For both PWR and BWR assemblies, two basket designs are evaluated, including a higher-
capacity basket that can accommodate bare intact fuel in most loading cells, and DFCs
containing damage fuel in some basket periphery cells, and a lower-capacity basket that can
accommodate DFCs containing damaged fuel in all basket loading cells. The lower capacity
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baskets are evaluated to address the contingency where most of the fuel inventory is required to
be placed in DFCs (due to having a burnup level over 45 GWd/MTU). Thus, a total of four cask
interior basket designs, and associated assembly payloads, are evaluated. Details of the four cask
interior basket designs are presented in Section 4.1.2 and the general arrangement drawings for
the baskets are provided in Appendix E.

A summary of cask component weights is presented in Table 4-1. Weights are presented for
each of the proposed design configurations, which include the four basket designs described
above and in Section 4.1.2, and a long and short cask configuration (discussed in Section 4.1.1).
The cask system is designed to be accommodated by a spent fuel pool lifting crane with a
capacity of 125 tons. The majority (>75%) of US nuclear plant sites have a pool crane capacity
of at least 125 tons. Alternative, lower-capacity cask system designs that can be accommodated
by a pool crane capacity of 100 tons are discussed in Section 12.

4.1.1 Transportation Cask

The transportation cask (see Figure 4-1 and Figure 4-3) is designed to carry up to 32 PWR fuel
assemblies, or 68 BWR fuel assemblies as determined by the insert (basket) designed and
implemented. The materials, geometry and construction of the transportation cask are typical of
that implemented in the spent fuel transportation industry today. With the exception of the
neutron shield design, the transportation cask design resembles that of the NAC MAGNATRAN
Package. The inner shell of the cask body is SA-240 Type 304 stainless steel. The bottom plate
can be made of SA-240 Type 304 or SA-336 Type F304 stainless steel and the upper and lower
forgings manufactured from SA-336 Type 304 stainless steel. The lid is made from SA-564
Type 630 (17-4PH) stainless steel, while the cask body’s outer shell is manufactured from
SA-240 Type XM-19 stainless steel. Lead and NS-4-FR are used to provide gamma and neutron
shielding, respectively. To aid heat dissipation, copper heat fins are attached to the outer shell
surface and pass through the neutron shield material terminating at the neutron shield shell.

Table 4-1. Cask Component Estimated Weights

Weight (Ibs.)

Component 32-PWR 32-PWR 28-PWR 28-PWR 68-BWR 61-BWR

Long® Short® Long® Short® Long® Long®
Cask Body 159,400 153,200 159,400 153,200 159,400 159,400
Cask Lid 10,655 10,655 10,655 10,655 10,655 10,655
Impact Limiters 19,000 19,000 19,000 19,000 19,000 19,000
Yoke 5,500 5,500 5,500 5,500 5,500 5,500
Basket 16,700 16,000 23,500 22,500 17,000 16,800
Assembly Payload1 48,000 55,200 42,000 48,300 48,008 43,066
Damaged Fuel Cans® | 1,080 1,040 3,780 3,640 680 5,200
Crane Hook Weight® | 241,335 241,595 244,835 243,795 241,243 240,621
Transport Weight4 254,835 255,095 258,335 257,295 254,743 254,121

Notes:

1. Calculated based on upper bound PWR and BWR assembly weights of 1,725 Ibs and 706 Ibs, respectively,
except for the long versions of the 32-PWR and 28-PWR casks, as discussed below. The PWR and BWR
assembly weights include the presence of maximum-weight inserted control components and flow channels,
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respectively. For the 32-PWR and 28-PWR long configurations, the assembly payload weighs are based on a
maximum weight of 1,500 pounds per assembly, which bounds the heaviest PWR fuel types (i.e., CE System 80
without control components) that are too long to fit within the short PWR casks. However, heavier PWR fuel
assemblies may be permitted in the long PWR cask configurations if the site’s pool crane can accommodate
more than 125 tons.

2. The DFC weight estimates are based on DFCs being present in the 8 basket periphery cells of the 32P basket
(only) and in the 8 basket periphery cells of the 68B basket (only), with no DFCs present in the other basket
cells. For the 28P and 61B baskets, DFCs are assumed to be present in all basket cells.

3. Includes the weight of the cask body, cask lid, yoke, basket, DFCs and assembly payload. Does not include
impact limiter weight.

4. Includes the weight of the cask body, cask lid, basket, DFCs, assembly payload, and impact limiters. Does not
include yoke weight.

5. The long cask (also referred to as “regular”) has an internal cavity length of 182" and a maximum pre-
irradiation fuel assembly length (including any inserted control components) of 178.5".

6. The short cask has an internal cavity length of 174" and a maximum pre-irradiation fuel assembly length
(including any inserted control components) of 170.5".

The 182 inch cavity regular transportation cask body is 202.0 inches in overall length and has an
outer diameter of 85.0 inch at the upper and lower forgings with a net O.D. of 99.50 inches at the
neutron shield shell. The cask cavity has a diameter of 70.0 inches and a gross cavity length of
182.0 inch with closure lid installed. The incorporation of a 2.0 inch spacer, attached to the lid,
reduces the net cavity to 180.0 inches. The closure lid’s main body is 10.0 inches thick and its
bolt flange is 3.25 inches thick. The bottom of the cask is also 10.0 inches thick. Both the
closure lid and the cask bottom utilize recessed areas where the impact limiter installation results
in an effective 10.0 inches of axial shielding. The closure lid (see Figure 4-2) is attached to the
cask body using forty-two, 1.5 inch diameter, high-strength nickel alloy bolts. The inner and
outer shells of the cask are 1.75 inches and 2.63 inches thick, respectively. The lead gamma
shielding is located between the inner and outer shells of the cask and has a length of

180.0 inches and a thickness of 3.63 inches.

The neutron shielding, NS-4-FR, is captured between the outer diameter of the cask and the
neutron shield shell at an effective thickness of 7.0 inches. The neutron shield shell is

0.25 inches thick. Both the gamma shield and the neutron shield are cast in place during the
construction of the cask body. Twenty four copper fins, 0.25 inches thick, are welded to the
outer surface of the cask body and to the neutron shield shell to provide conductive heat
dispersion from the cask body through the neutron shield.

The regular transportation cask has a target “under-the-hook™ weight of 125 Tons (250,000 Ibs)
when loaded with the internals and fuel. In an effort to maximize the shielding for the
transportation cask, it has been determined that the loading operation will include the removal of
internal water prior to lifting the cask from the pool. This is an accepted operation that has been
used at several sites. Measures can be taken to reduce any additional exposure that may occur as
a result of the absence of the water. As such, the maximum cask body weight is restricted to
177,000 Ibs based on a content (basket/fuel) weight restriction of 73,000 Ibs. The current cask
body, lid, spacer and lifting beam weight, for those materials described above, is just at the
177,000 Ib limit. Further optimization with shielding and contents, as well as finer modeling in
solids, can provide additional margin to any degree dictated.
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Figure 4-2. Section View Showing Attachment of the Closure Lid to the Cask Body

Incorporated into the cask body upper forging, there are two, diametrically opposed, lifting
trunnion attachment points. The transportation cask utilizes removable lift trunnions such that,
when removed, the upper forging is flush diametrically for interface with the upper impact
limiter. This approach eliminates complexity with the design of the upper limiter as well as
eliminates protrusions that would have to be addressed at impact. The cask body also has two
rotation pockets incorporated into the lower neutron shield area of the cask body and are located
“off-center” of the cask body axial center of gravity for assisting in the placement and rotation of
the cask to a horizontal position. When the cask is rotated to the horizontal position for
transport, the cask body rests on a saddle which contacts the upper forging just above the neutron
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shield and remains engaged with the lower trunnion pockets. This design resists the implied
loads for transport both axially and tangentially. Vertical restraint of the package is achieved
with the rear trunnion pockets and a horseshoe type retainer, which is placed over the
transportation package upper forging and is bolted to the cask saddle.

The transportation cask impact limiters are constructed of 0.19” stainless shells, 0.19" gussets
and a 3" thick mounting plate. Combination of foam and wood are utilized for crush materials.
Construction of the limiter will utilize gussets and wood segmentation to ensure wood crush
properties are consistent radially. The foam may be cast-in-place or custom manufactured to size
for installation during the limiter construction progresses. The limiters are restricted by AAR
requirements to have a maximum diameter of 128.0 inches and are approximately 48.0" thick.
As noted above, the impact limiter mounting plates are 3" thick which provides additional axial
shielding for the package in transport configuration. Each limiter is attached to the cask body
forgings using twelve 1.0 inch socket head cap screws.

Lifting and handling of the transportation cask is accomplished with an industry standard type
lift yoke. The lift yoke consists of a beam weldment which would be designed to be compatible
with multiple crane hook design through the use of sleeves and bushings. The lift arms are
closed palm, keyhole type and interface with the transportation cask removable trunnions to lift
and rotate the transportation cask package both in and out of the pool as well as placement and
transition onto and off of a transportation skid.

Figure 4-3. General View of Transportation Cask Mounted on Railcar Skid
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The transportation cask is to be analyzed in accordance with 10 CFR 71 and ASME

Section I11-NB. The following sections address some initial structural analyses of the cask in the
areas of lid closure, cask body structural integrity for side drops and impact limiter evaluation.
Within the limits of this report, there are evaluations for both normal and accident conditions of
transport. Further analysis demonstrating the structural adequacy of the transportation cask
would need to be performed to fully meet regulatory requirements.

4.1.2 Cask Internal Baskets

Four internal basket structures are evaluated in this report. Different basket configurations are
necessary to accommodate PWR and BWR fuel. For each fuel type (PWR and BWR), two
basket designs are developed, one that accommodates intact fuel assemblies, and one that
accommodates truly damaged fuel assemblies or high burn-up (HBU) assemblies that have been
placed into DFCs.

Since the damaged fuel cans are larger than bare (intact) assemblies, they require lower-capacity
baskets that have larger cell openings. The intact fuel baskets actually can accommodate a small
number of DFCs in the somewhat larger cell openings that are present around the basket
perimeter. The damaged fuel baskets can accommodate a DFC in every cell opening. The
primary reason for evaluating baskets that can accommodate DFCs in all cell openings is to
support DOE evaluations on the system impacts of pre-packaging fuel into DFCs prior to
transport.

All four baskets fit inside a 70-inch diameter cask cavity. The four developed basket designs are
described in the subsections below.

4.1.2.1 32-Assembly Intact PWR Fuel Basket (32P)

The 32P basket consists of a continuous fuel support structure that extends the full length of the
cask cavity. The structure is essentially uniform in the axial direction. The basket structure is
illustrated in Figure 4-4, which shows perspective and top end views of the basket. Key
dimensions of the basket structure are listed in Table 4-2.

Each quadrant of the 32P basket contains a welded structure of 0.25-inch thick carbon steel
plates which form eight square cell openings to accommodate PWR fuel assemblies. The widths
of the openings vary from 9.0 inches to 9.2 inches. This creates 9.2” x 9.2” cell openings for
eight basket periphery locations that can accommodate DFCs.

Borated aluminum angles that are 0.125 inches thick are inserted into each of the basket cell
openings (as illustrated in Figure 4-4), except the eight perimeter cells that are designed to
accommodate damaged fuel cans. These borated aluminum angles provide criticality control,
and also enhance the basket’s thermal performance. Each borated aluminum angle is inserted
directly into the basket cell opening and attached to the top and bottom of the basket assembly
using rivets. Slotted holes are provided in the borated aluminum angles at one end to allow free
axial differential thermal expansion between the borated aluminum angles and the egg-crate
walls.
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The 32P basket features a 0.5 inch thick borated aluminum central cross structure that lies
between the steel structures that make up the four quadrants of the basket. The cross has a
criticality and heat transfer function. At the four sides of the basket edge, a thick steel plate
which extends from the basket structure side to the cask cavity edge is welded to the two
adjacent steel quadrant structures (see Figure 4-4). This bonds the four quadrant structures
together and contains the borated aluminum center cross.

As shown in Figure 4-4, 1-inch thick steel gusset plates are welded around the periphery of the
P32 basket that transfer load from the outer edges of the basket structure to the cask cavity wall.
These structures do not extend the full length of the basket structure, but are axially periodic with
9-inch center-to-center spacing over most of the basket assembly length, and slightly smaller
spacing at the top and bottom ends of the basket assembly. These gusset plates support the edge
walls of the basket structure, thus minimizing stresses and deformations of those structures
during cask drop events.

The smallest cells in the basket (i.e., the 9.0” x 9.0” openings in the steel structure that occur
nearest the basket center) have an 8.875 inch square opening to accommodate the PWR fuel
(after the 0.125 inch thick borated aluminum sheets are inserted into the cells). The 9.2 inch
square openings in the structure, in the eight “corner” cells on the basket periphery, do not
contain borated aluminum sheets. These cells can accommodate a DFC with an outer width of
8.97 inches, while allowing 0.23 inches of clearance, to accommodate fabrication tolerances,
potential bends or twists in the DFC walls, and to allow ease of insertion. Given the DFC wall
thickness of 0.0595 inches (16 gauge), an 8.97-inch DFC outer width corresponds to a DFC
interior width of 8.85 inches to accommodate PWR fuel assemblies.

4.1.2.2 28-Assembly Damaged PWR Fuel Basket (28P)

As discussed above in Section 4.1.2, a lower-capacity PWR basket, with larger cell openings, is
designed to allow damaged PWR fuel in DFCs to be placed into every basket cell opening. This
requires a larger cell size, which results in a reduced basket capacity of 28 PWR assemblies

(vs. 32 for the intact PWR assembly basket).

As with the 32P basket, the 28P basket employs a continuous fuel support structure that extends
the full length of the cask cavity, and is essentially uniform in the axial direction. The basket
structure is illustrated in Figure 4-5, which shows perspective and top end views of the basket.
Key dimensions of the basket structure are listed in Table 4-2.

The center 16 cells of the 28P basket consist of four welded steel 2x2 sub-structures that consist
of an outer box and interior cross, that are all made from 0.25 inch thick carbon steel plates. The
four steel sub-structures are separated by a 0.5 inch thick borated aluminum central cross. On
the four sides of the central (16 cell) structure, the four steel sub-structures are welded to
together, thus forming a single steel structure that contains the central borated aluminum cross.

A 0.125 inch thick borated aluminum angle is inserted into each of the center 16 cell openings,
with the poison sheets positioned toward the center of each 2x2 subassembly, providing a total of
0.25-inch thick poison material between the adjacent fuel assemblies within the 2x2
subassembly. These borated aluminum sheets, as well as the thick borated aluminum central
cross, have both criticality and thermal design functions.
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The steel box structure containing the 16 center cell is surrounded by four 0.5 inch thick carbon
steel “bridge” plates, which transfer load from the central box to the basket periphery cells
(which are offset from the center cells). A 0.5 inch thick sheet of borated aluminum lies between
each bridge plate and the central box structure (which has criticality and thermal design
functions).

Between the bridge plates and the cask cavity edge lie steel structures that form the outer 12 cell
openings of the basket (with three cells in each quadrant). These structures are welded structures
consisting of 0.5 inch thick carbon steel plates that are also welded to the bridge plates. Two
borated aluminum sheets (0.125 inches thick) are fastened to two of the sides of the center cell
opening of each of the four basket edge structures.

The four basket edge steel structures, which form the outer 12 basket cells, and contain the
central box structure, are fastened using large bolts that fasten the ends of the bridge plates
together (as illustrated in Figure 4-5. Also, stiffening plates are placed in the corners of the
basket periphery (adjacent to the bolts). These plates are axially periodic, having 9-inch
center-to-center spacing over most of the basket assembly length, and slightly smaller spacing at
the top and bottom ends of the basket assembly.

4.1.2.3 68-Assembly Intact BWR Fuel Basket (68B)

The intact BWR assembly basket employs a “tube and disk™ basket structure. Unlike the PWR
basket structures, this basket structure is not axially uniform. Perspective and top end views of
the basket are shown in Figure 4-6. Key dimensions of the 68B basket are listed in Table 4-2.

A series of steel disks (or “spacer plates”) extend over the axial span of the cask cavity, at a
uniform axial spacing of 9 inches, and slightly smaller spacing at the top and bottom ends of the
basket assembly. The axial spacing is maintained by the four steel support rod assemblies
illustrated in Figure 4-6. The interior spacer disks are constructed from 1-inch thick SA-537
Class 2 carbon steel plate, whereas the top and bottom spacer plates are constructed from 2-inch
thick SA-240, Type XM-19 stainless steel. Sixty eight square holes are cut into the spacer
plates. Thin-walled stainless steel guide tubes are inserted through the square holes of the
interior spacer plates, and captured axially by the top and bottom spacer plates. As a result, the
interior spacer plates provide lateral support to the guide tubes and fuel assemblies, whereas the
top and bottom spacer plates provide axial support of the guide tubes only. The BWR
assemblies will be inserted into the guide tubes. The spacer plates transfer the loads from the
assemblies and guide tubes to the cask cavity wall, under a horizontal cask drop.

The interior width of the guide tubes is 5.85 inches, which allows the loading of the largest
(5.52 inch) cross-section BWR assemblies, with ample room to spare to accommodate bowed or
twisted assemblies. The guide tube walls are 0.0595 inches thick (16 gauge), which results in a
guide tube outer width of 5.97 inches. The square holes cut into the spacer plates are somewhat
wider (6.15 inches), to allow the guide tubes to be fed through the (axial) series of spacer plate
holes. Finally, the spaces between the square holes (cut into the spacer plates) are 0.6 inches in
width. Thus, 0.6 inch wide steel “ligaments” exist between adjacent guide tubes, which provide
the support for those guide tubes. The resulting pitch between guide tubes is 6.75 inches.
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The steel ligaments in the spacer plates ensure a minimum separation of 0.6 inches between
guide tubes. Thus, between the spacer plates, a 0.6 inch (minimum) space exists between the
guide tubes. This space is occupied by 0.375 inch thick borated aluminum plates, which provide
criticality control and heat transfer out of the basket. A series of borated aluminum plates are
used to create an “egg-crate” structure that fits between the guide tubes (over the axial spans
between the spacer plates). Grooves are machined into the borated aluminum plates, at
approximately 6.75-inch intervals, which extend over half the height of the plates. The grooves
allow the plates to be slid together into an egg-create (i.e., tic-tac-toe board like) structure. This
structure fits into the spaces between the guide tubes, as illustrated in Figure 4-6. The borated
aluminum egg-crate has only criticality and thermal design functions, and provides no structural
support.

Larger spacer plate cutout holes and guide tubes are provided for 8 cells around the basket edge,
as shown in Figure 4-6. These larger cells can accommodate DFCs containing damaged BWR
fuel. The DFCs have the same 5.85 inch inner width, 0.0595 inch (16 gauge) wall thickness, and
5.97 inch outer width as the standard basket guide tubes (that are used for the 60 inner cell
locations). The guide tube inner width, for the 8 larger basket edge cells, is 6.2 inches, which
provides a 0.23-inch diametral clearance for the inserted DFC. The larger guide tubes used in
the 8 peripheral cells that accommodate DFCs also have a 0.0595-inch (16 gauge) wall thickness,
which results in an outer width of 6.32 inches. The square spacer plate cutout hole width is

6.45 inches for the 8 basket edge locations that accommodate DFCs, which provides a 0.13-inch
diametrical clearance for the guide tube.

4.1.2.4 61-Assembly Damaged BWR Fuel Basket (61B)

As discussed above in Section 4.1.2, a lower-capacity BWR basket, with larger cell openings, is
designed to allow damaged BWR fuel in DFCs to be placed into every basket cell opening. This
requires a larger cell size, which results in a reduced basket capacity of 61 BWR assemblies

(vs. 68 for the intact BWR assembly basket). Perspective and top end views of the 61 assembly
damaged BWR fuel basket are provided in Figure 4-7. Key dimensions of the 61B basket are
listed in Table 4-2.

The 61B basket is very similar to the 68B basket described in Section 4.1.2.3, the primary
difference being that a smaller number of wider (square) holes are cut into the spacer plates. The
guide tubes are also wider, allowing them to accommodate DFCs containing damaged BWR fuel
assemblies. The 61B spacer plate design has uniform 6.45-inch square cells, but variable
ligament thicknesses. The spacer plate ligament thicknesses, working from the spacer plate
centerline to the plate perimeter, are 0.65-inch, 0.60-inch, 0.55-inch, and 0.90-inch. The
egg-crate structure of borated aluminum plates, that occupies the spaces between the guide tubes,
is also very similar to the structure used in the 68B basket, with the same plate thickness of
0.375 inches.

The DFCs have an inner width of 5.85 inches and a wall thickness of 0.0595 inches (16 gauge).
The guide tubes have an inner width of 6.2 inches and a wall thickness of 0.0595 inches
(16 gauge).
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4.1.3 Damaged Fuel Cans

DFCs are designed to accommodate damaged fuel assemblies? in all of the bare fuel
transportation packages. Each DFC assembly is fabricated entirely from austenitic stainless steel
and consists of 16-gauge (0.0595-inch thick) sheet metal formed into a square tube with a %2-inch
thick fixed bottom end plate and a removable lid assembly. The top section of the DFC tube is
made from thicker 8 gauge (0.165-inch thick) sheet material for greater strength and rigidity
needed for the lid connection and lifting. Two opposing corners of the DFC lid assembly are
fitted with steel bars (i.e.”bosses”) that are machined to form locking mechanisms for the grapple
that are used for lid insertion and removal operations. The corner location of these bars avoids
interference with the top end fittings and inserts for spent fuel assemblies. Both the bottom plate
and lid assembly include screened holes that are designed to permit gas and fluids (water) to
enter and exit the DFC internal volumes and prevent any loose fissile material from escaping the
DFC. The DFC assemblies for PWR and BWR fuel are similar in design, and vary primarily in
the tube size (5.85-inch square inside dimension for BWR fuel versus 8.85-inch square inside
dimension for PWR fuel.) Figure 4-8 shows the top end view of a typical PWR DFC in several
operation configurations, as discussed later in this section. Key dimensions of the DFCs are
listed in Table 4-2.

The primary function of the DFC assembly during transportation is criticality control; the DFC
confines any loose fuel pellets or fuel fragments to the volume within the DFC, thus limiting the
extent of potential fuel reconfiguration for Hypothetical Accident Condition (HAC) tests. For
NCT loading, it is assumed, consistent with the current NRC position, that the geometric form of
damaged fuel inside DFCs is not substantially altered, as required by 10 CFR 71.55(d)(2). Under
HAC, the DFC confines any loose fuel pellets or fuel fragments within its internal cavity. To
satisfy the requirements of 10 CFR 71.55(d), the criticality analysis of the DFC for HAC must
demonstrate that the fuel pellets and/or fragments remain subcritical in the most reactive credible
configuration within the confines of the DFC cavity. Following transportation the function of
the DFC assembly is to provide a means to retrieve and handle fuel assemblies after
transportation, although fuel retrievability is not a requirement of the 10 CFR 71 regulations.

The DFC cans are pre-staged inside the specified cells of the basket prior to the fuel loading
operations and a DFC lid assemblies is inserted into the top end of each DFC can (see Figure
4-8(A)) following fuel loading and prior to insertion of the transportation cask’s lid assembly.
During transportation, the proximity of the DFC top end to the cask lid prevents the DFC lids
from coming off the DFC body. To lift the DFC with its spent fuel assembly contents, a custom
grapple assembly with two rotating dogs is lowered onto the DFC and inserted through the two
corner holes in the lid (see Figure 4-8(B)) and, once engaged, the two dogs are rotated to engage
the cutouts in the DFC can wall (see Figure 4-8(C)). Once the dogs are engaged with the DFC
wall and locked into position, the grapple is used to lift the loaded DFC can out of the
transportation cask. To remove the DFC lid assembly, the two dogs are rotated the opposite

2 Damaged fuel is defined by the NRC’s Division of Spent Fuel Storage and Transportation, ISG-1, Revision 2 as
“any fuel rod or fuel assembly that cannot fulfill its fuel-specific or system related functions.” Intact fuel and
undamaged SNF (i.e., fuel that may be breached or have assembly defects, but can meet all fuel-specific and system
related functions) is not required to be placed inside a damaged fuel can.
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direction to engage pockets that are machined into the steel bars of the DFC lid assembly. Once
the dogs are engaged with the DFC lid and locked into position, the grapple is used to lift the
DFC lid off the DFC body (see Figure 4-8(D)).

Table 4-2. Key Basket and DFC Dimensions

Basket Type

Component Dimension (in.) 39p 8P 688 61B
Minimum Cell Opening Width* 8.875 9.2 5.85 6.20
PWR Basket Main Structural Steel Plate Width 0.25 Varies N/A N/A
BWR Basket Guide Tube Inner Width N/A N/A 5.85 6.20
BWR Basket Guide Tube Wall Thickness N/A N/A 0.06%* 0.06%
BWR Basket Guide Tube Outer Width N/A N/A 5.97% 6.32
(Br:]/:/nR ;Jailfjléettu sengz(r: iI:II;)te Ligament Thickness N/A N/A 05 05
Spacer Plate / Edge Steel Axial Thickness® 1.00 1.00 1.00 1.00
Spacer Plate / Edge Steel Axial Spacing* 9.00 9.00 9.00 9.00
Borated Aluminum Plate Thickness V