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SUMMARY

Many of the advanced reactors currently being designed will use high-assay
low-enriched uranium (HALEU) as the reactor fuel. HALEU is fuel that is
enriched to 5-20% uranium-235. With the change to higher enriched material,
the industry will have new challenges regarding the development and regulatory
approval of enrichment and fuel fabrication facilities and suitable transportation
packages to support the economic use of HALEU materials. One area of concern
relates to ensuring sub-criticality of the material during transportation as
identified by the Nuclear Energy Institute (NEI). To evaluate the relevant work,
expertise, and industry perspectives on HALEU, a workshop was organized to
share relevant experience and insights into HALEU transportation, handling, and
management.

At the workshop, held August 30 and 31, 2018, NEI and industry provided
the following recommendations to the Department of Energy (DOE) and the
national lab complex.

e DOE and the lab complex should communicate and educate the
Nuclear Regulatory Commission (NRC) on criticality issues related
to HALEU.

e Idaho National Laboratory (INL) should support work needed to
certify package design(s) for the transportation of HALEU.

o An amendment of the Certificate of Compliance of an
existing package could be used for the shipment of
commercial quantities.

o DOE could provide funding to package designer(s) for
analysis and engineering work for a package to be submitted
to NRC for approval.

e INL should provide the expected amount of impurities (either a
specific number or a range) that will be present in recycled naval
fuel.

e In the longer term, DOE and the lab complex should increase the
availability of criticality benchmark data to further reduce
conservatism in package design.

In addition, a couple of key takeaways were identified, including the
following:

e  Although the labs can provide additional criticality experiments,
industry has enough data to license facilities, overpacks, and
cylinders. Validation from additional critical experiments to establish
less uncertainty in the benchmarks will be helpful.

e A collective effort from industry is needed to express consistency on
how much information exists or is needed related to criticality.

Based on interactions with industry, DOE, and national laboratories, large-
volume transportation of fresh HALEU appears to be feasible from a criticality
perspective. Specifically, an initial review of applicable criticality benchmark
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experiments identified numerous applicable experiments. However, a more
thorough review of a realistic transportation package design is suggested.
Therefore, the following next steps are proposed:

1.

Evaluate a large-volume package with uranium dioxide enriched to
20%. The GNF-A NPC package was specifically proposed as a
potentially viable option.

Based on the results of (1), determine if additional package designs
and fuel material should be evaluated.

Based on the results of (1), determine if additional criticality
experiments would be beneficial to improve the margins for
criticality due to uncertainties.

Determine DOE transportation needs (packages sizes, shielding
requirements, handling/operational requirements, and timing of
availability) related to HALEU.

Continue to interface with NEI and interested industry companies to
determine the appropriate time to engage the NRC.

v
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A Proposed Path Forward for Transportation of High-
Assay Low-Enriched Uranium

1. INTRODUCTION

Many of the advanced reactors currently being designed will use high-assay low-enriched uranium
(HALEU) as the reactor fuel [NEI 2018b]. HALEU is fuel that is enriched to 5-20% uranium-235. With
the change to higher enriched material, the industry will face new challenges regarding the development
and regulatory approval of enrichment and fuel fabrication facilities and suitable transportation packages
to support the economic use of HALEU materials. One area of concern relates to ensuring sub-criticality
of the material during transportation as identified by the Nuclear Energy Institute (NEI) [NEI 2018a].

To evaluate the relevant work, expertise, and industry perspectives on HALEU, a workshop was
organized to share relevant experience and insights into HALEU transportation, handling, and
management.

2. AUGUST 2018 WORKSHOP

The Idaho National Laboratory (INL)/NEI Invitation-Only Technical Workshop on Transportation of
High-Assay Low-Enriched Uranium was hosted at NEI in Washington, D.C. August 30 and 31, 2018. It
brought together a range of industry participants, national laboratories, and Department of Energy (DOE)
representatives. The primary objective of this workshop was to advise DOE on the gaps related to
transportation of HALEU and licensing support activities. The fundamental goal was to ensure that
transportation and handling of HALEU at associated fuel cycle facilities does not delay the deployment of
advanced reactors. A summary of the workshop is included in Appendix A. Of particular interest are the
recommendations from NEI and industry participants for DOE/INL:

e DOE and the lab complex should communicate and educate the NRC on criticality issues related to
HALEU.

e INL should support work needed to certify package design for the transportation of HALEU.

- An amendment of the COC of an existing package could be used for the shipment of commercial
quantities.

- DOE could provide funding to package designer(s) for analysis and engineering work for a
package to be submitted to NRC for approval.

e INL should provide the expected amount of impurities (either a specific number or a range) that will
be present in recycled naval fuel.

e In the longer term, DOE and the lab complex should increase the availability of criticality benchmark
data (i.e., by performing, sponsoring, or data mining additional criticality benchmarks) to further
reduce conservatism in package design.

3. PACKAGE DESIGNS

Current package designs are generally divided into two groups: (1) large packages designed for less
than 5% enriched material or (2) smaller packages designed for up to 100% enriched material. For
example, 2,277 kg of UFs currently can be transported in Type 30B packages at up to 5% enrichment (as
illustrated in Figure 1), while only 24.9 kg of UFs can be transported in Type 5A/B packages at up to
100% enrichment [ANSI 2012].



Figure 1. Example of Model 30B UF6 Cylinder [Appendix A].

Another example is the DOE-certified ES-3100 package, which has been design to hold 24 kg of UO,
as illustrated in Figure 2.

Figure 2. ES-3100 contents [Appendix A].

For fresh fuel packaging, GNF has a package, the GNF-A NPC, currently designed to move 5%
enriched UO,, UsOs, UOx, and other uranium materials as shown in Figure 3.



Figure 3. GNF-A NPC package [Appendix Al].

In addition, Daher-TLI is in the process of developing a package based on the 30B package. It could
accommodate 20% enriched UFs and is called the 30B-20. It is being developed with a goal to transport
up to 1,600 kg of UF¢ enriched to 20% as illustrated in Figure 4.

Figure 4. DAHER-TLI conceptual design of the 30B-20 cylinder for UFs [Appendix A].

4. APPLICABILITY OF CRITICAL EXPERIMENTS

To date, there have been over 5,000 approved International Criticality Safety Benchmark Evaluation
Project (ICSBEP) criticality benchmarks, though most uranium experiments are done with less than 5%
enriched or greater than 20% enriched material. This potential lack of experiments in the 5—20% enriched
range may increase the needed conservatism in package design. As such, Oak Ridge National Laboratory
(ORNL) performed a set of initial analyses to explore the number of applicable experiments and found
376 ICSBEP experiments using uranium with 5-25% enrichment.

The applicability of experiments is not solely dependent on enrichment, but must also take materials,
configuration, and design into account. To determine how similar the application and the critical



experiment models are, sensitivity/uncertainty tools in the TSUNAMI/SCALE software package were
used to compare each application/experiment pair. This approach produced a correlation coefficient (ck)
for each application pair, which ranged from 0 to 1. A high ck value (near 1) for an application pair
indicates that both models have similar sensitivities to the same nuclear data and, consequently, should
have similar biases. Conversely, a low ck value (near 0) indicates that the two systems differ significantly
and may have significantly different biases.

For the initial analysis, the ES-4100 package was evaluated with 20% enriched UF6. This package
allows 1 kg of U-235 in each of the four containment vessels and has a B4C poison element in the central
location as illustrated in Figure 5.

I‘ Photos Courtesy of Jeff Arbital, Y-12 National Security Comp
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Figure 5. ES-4100 package [Appendix A].

The initial results indicated a large number of applicable experiments as illustrated in Figure 6.
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Figure 6. Plot of ck when comparing criticality experiments with the ES-4100 package with 20% enriched
UFs [Appendix A].



Of the 1,584 evaluated experiments, 173 had ck above 0.9 and 698 had ck above 0.8. Therefore,
initial results imply that a significant number of experiments will be applicable to a transportation
package with HALEU. However, there are some questions that will need to be confirmed, including:

e Do larger-volume packages with more reactive configurations have similar numbers of applicable
benchmarks?

e Do other fuel forms (e.g., UO,, UsOg, TRISO-based fuels, and metallic fuels) have similar numbers of
applicable benchmarks?

e For larger packages, what are the biases and uncertainties due to nuclear data?

5. RECOMMENDATIONS

Based on communication with industry, DOE, and national laboratories, large-volume transportation
of fresh HALEU appears to be feasible from a criticality perspective. Specifically, an initial review of
applicable criticality benchmark experiments identified numerous applicable experiments. In fact, the
handling requirements driven by the material characteristics may be a more pressing concern than the
transportation issues. However, for completeness, a more thorough review of a realistic transportation
package design is suggested. Therefore, the following next steps related to the transportation of HALEU
are proposed:

1. Evaluate a large-volume package with uranium dioxide enriched to 20%. The GNF-A NPC package
was specifically proposed as a potentially viable option.

2. Based on the results of (1), determine if additional package designs and fuel material should be
evaluated.

3. Based on the results of (1), determine if additional criticality experiments would be beneficial to
improve the margins for criticality due to uncertainties.

4. Determine DOE transportation needs (packages sizes, shielding requirements, handling/operational
requirements, and timing of availability) related to HALEU.

5. Continue to interface with NEI and interested industry companies to determine the appropriate time to
engage the NRC.

6. REFERENCES

ANSI 2012 ANSI N14.1: Packaging of Uranium Hexafluoride for Transport, American
National Standards Institute, 2012.

NEI 2018a Addressing the Challenges with Establishing the Infrastructure for the front-end
of the Fuel Cycle for Advanced Reactors, NEI White Paper, January 2018.
https://www.nei.org/CorporateSite/media/filefolder/resources/reports-and-
briefs/white-paper-advanced-fuel-cycle-infrastructure-201801.pdf

NEI 2018b NEI February 22, 2018 Statement on HALEU
https://www.nei.org/news/2018/revamp-of-fuel-industry-support-advanced-
reactors
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Meeting Summary

SUBJECT: INL-NEI Invitation-Only Technical Workshop on Transportation of High Assay Low-
Enriched Uranium

ORGANIZER: INL and NEI
AUTHOR: Gordon Petersen (INL)
DATE: August 30" and August 31%

PURPOSE: The primary objective of this workshop will be to advise DOE on the gaps related to
transportation of HALEU and licensing support activities. The goal is to ensure that transportation and
handling of HALEU at associated fuel cycle facilities does not delay the ability of advanced reactors to be
deployed.

OVERVIEW: The meeting started with lunch provided by NEI. Everett Redmond from NEI then began
the meeting by announcing safety procedures and letting all the attendees introduce themselves. He then
went over the mission statement of the NEI Fuels Task Force and the letter sent to Secretary Perry by NEI
specifiying the amount of HALEU needed over the next ten years. Josh Jarrell from INL took over and
introduced the goals of the meeting and reiterated some of the questions Everett proposed. Over the next
day, presentations were given by industry, national laboratories, and the NRC. Each presentation
concluded with time to ask questions and have discussions. The first day concluded with a discussion in
preparation for the NRC visit led by Nima Ashkeboussi. The second day was led off with a presentation
from the NRC followed by discussion. Next the labs and industry continued presenting topics related to
the capabilities and needs related to HALEU management. The second day concluded with a DOE
perspective given by John Herczeg, industry/NEI recommendations for DOE led by Nima, and a wrap up
of action items led by Josh. The following notes provide a short overview of the presentations given.

Industry provided information from an enrichment, licensing, and transportation perspective:
1. Capabilities exist for enrichment up to 20% (Melissa Mann/URENCO)
a. Imperative to develop fuel cycle with consortium (fabricators, convertors, enrichers,
reactor operators, transporters, etc.) approach for licensing framework
b. Questions remain concerning transforming Cat III facility into Cat II facility and
transportation off site
c. Suggests engaging NRC and ANSI/ASTM standards now
2. Experience in licensing facilities with enrichments greater than 5.0 wt.% U?*® and have
transportation packages that can be amended for HALEU (Lon Paulson/GNF)
a. GNFA Wilmington fuel fabrication facility
b. Model RAJ-II Type B fissile package will require SAR update to transport HALEU
c. Model NPC Type A fissile package will require SAR update to transport HALEU
d. Licensing a new package takes 42 weeks minimum for NRC review, but start to finish
takes ~5 years
3. Packages for shipping 20% enriched materials (Andy Langston/DAHER-TLI)
a. Majority of DOE 20% enriched fuel shipped in drum type packages (Versa-Pac)
b. Currently Versa-Pac is under NRC amendment application for 1S/2S cylinder
c. 30B cylinder design up to 20% UF¢ enrichment currently under development
i. 1600 kg
ii. 30B-20 can be operated and handled in same way as 30B cylinder



iii. Licensing overpack and cylinder with French, German, and NRC.
d. Package for 5B/A cylinders under development
i. VP-55XL is an enhanced version of the TLI’s NRC approved VP-55

4. Licensing transport overpacks and packages with NRC (Rick Migliore/TN Americas)

a. Little concern in ability to license/certify package

b. Industry is not in position to create criticalitybenchmarks

c. More concerned with licensing and packaging on the SNF side after the fuel is removed

from the reactor

The labs presented on the following capabilities:
1. Nuclear Data and Benchmarking Program (Brad Rearden/ORNL)
a. High uncertainties in cross sections with-in intermediate and high energy ranges
b. Cross cutting program can support the needs of advance reactors
i. Use correlation coefficients in trending analyses to determine cross section
sensitivities
ii. Perform gap analyses for non LWRs
c. Mine existing experiments to determine similarities
2. INL could bridge material gap for 10 years (Monica Regalbuto/INL)
a. Naval reactor fuel, EBR-II, and ZPPR plates can be available for downblending
b. Issues may exist with uncertainties and dose of U-234
3. Nuclear Criticality Safety Program (Doug Bowen/ORNL)
a. National Criticality Experiments Research Center (NCERC) best for 20% enrichment
experiments
b. Experiments are expensive and time consuming to setup and perform
i. Cost> $425k-$2.1M
ii. Time frame—>24-54 months
4. Validation discussion (John Scaglione/ORNL)
a. Some techniques do not need experiments but can instead use physics-based solution
b. Criticality validation process for ES-4100 package
i. Requires detailed knowledge of the application system
ii. Used similarity assessment to find how similar experiments were to target (Ck
value)
iii. Over 175 relevant experiments with Cy over 0.9 and just under 700 with Ck over
0.8, when considering HALEU UFg in the ES-4100 package. Therefore,
optimism that experiments exist to defend future package designs for HALEU
transport.
The NRC’s also gave a short presentation followed by a discussion (Drew Barto/NRC)
1. Stressed the lack of information from >5% x <19.75% enrichment
2. Explained difficulty in changing existing regulation, especially regarding moderator exclusion
for >5% enriched UFs.
3. Gave timeline for expected review
a. Complete entire process from day of acceptace of application to certifying in 7.4 months
for 80% of transportation reviews and 2 years for all transportation reviews

ACTION ITEMS/IMPORTANT TAKE-AWAYS
1. DOE is committed to transportation of material regardless of form, and NEI will be be the focal
point for prioritization of different strategies.
2. Although the labs can provide additional criticality experiments, industry has enough data to
license facilities, overpacks, and cylinders. Validation to find more critical experiments to
establish less uncertainty in the benchmarks will be helpful.



hd

A collective effort from industry is needed to express consistency on how much information
exists or is needed in regards to criticality.
NEI will change HALEU white paper concerning criticality.
NRC needs to validate methodology is applicable at >5% enriched.
NRC already has group that meets bi-weekly concerning HALEU.
a. It will be very difficult and time-consuming to change NRC regulations

INDUSTRIES REQUEST FOR NEI, DOE, LAB COMPLEXES

1.

2.

DOE and the lab complex should communicate and educate the NRC on criticality issues related
to HALEU.
INL should support work needed to certify package design for the transportation of HALEU.
a. Suggest amending the COC of an existing package used for the shipment of commercial
quantities.
b. Suggest DOE provide funding to package designer(s) for analysis and engineering work
for a package to be submitted to NRC for approval.
INL should provide specific, or a range, on the expected impurities that will be present in
recycled naval fuel.
In the longer term, DOE and the lab complex should increase the availabilitiy of criticality
benchmark data (i.e., by performing, sponsoring, or data mining additional criticality
benchmarks) to further reduce conservatism in package design.

ATTACHMENTS

Part I: Agenda
Part II: Attendee List
Part III: Presentations



Part | August 30, 2018

Agenda
INL-NEI Technical Workshop on Transportation of High Assay Low-Enriched Uranium
August 30-31, 2018

Nuclear Energy Institute,
1201 F Street NW, Suite 1100
Washington, DC 20004
Room Clean Air A-B

August 30

12:00 pm Lunch / Introductions / Goals of Meeting — Josh Jarrell, INL and
Everett Redmond, NEI

1:00 pm Validation and role of critical experiments and nuclear data — Brad Rearden,
ORNL

1:45 pm Potential for material recovery and form/dose/isotope concerns — Monica
Regalbuto, INL

2:15 pm Potential for enrichment up to 20% - Melissa Mann, URENCO

2:45 pm Break

3:00 pm Evaluation of HALEU fabrication issues — Lon Paulson, GEH/GNF

3:30 pm HALEU UF6 transportation issues — Andy Langston, DAHER-TLI

4:00 pm Cask supplier perspective — Rick Migliore, TN Americas

4:15 pm Criticality sensitivity analysis — Brad Rearden, ORNL

4:45 pm Discussion and preparation for NRC Visit — Nima Ashkeboussi, NEI

5:15 pm Adjourn



8:30 am
9:30 am

9:40 am

10:10 am

10:30 am

11:00 am
11:10 am
11:40 am

12:00 pm

August 30, 2018

August 31
NRC perspective — Drew Barto, NRC

Break

Criticality facilities and cost and process for new criticality experiments —
Doug Bowen (ORNL)

Validation discussion: How important are material forms to establishing
applicability of criticality experiments? Is there “common ground”? If not, what
forms should be the focus? —John Scaglione, ORNL

Example validation process: How important is the application model (e.g.,
transportation package design, fuel form, and materials) and how are the
criticality experiments used to establish appropriate bias and uncertainty? —John
Scaglione, ORNL

DOE perspective — John Herczeg, DOE

Industry/NEI Needs and Recommendations for DOE — Nima Ashkeboussi, NEI
Wrap up /Action Items — Josh Jarrell, INL

Adjourn



Part Il
HALEU Tech Workshop

Thursday Aug. 30 and 31, 2018
12:00PM- 5:00PM  8:00AM-1:00PM

Last Name First Name Company
Blanton Paul SRNL

Bowen Doug ORNL
Bowers Harlan X-Energy
Caponiti Alice DOE
Carmichael Ben Southern Nuclear
Cummings Kris Curtiss Wright
Duskas Andrea DOE
Gillespie Mary DOE
Gresham Jim Westinghouse
Griffith Andy DOE

Hackett Micah Kairos
Herczeg John DOE

Jarrell Josh INL

Kliewer Rod Framatome
Knauf Florie Centrus

Krich Rod X-Energy
Kucukboyaci Vefa Westinghouse
Lane Carol X-Energy
Langston Andy Daher-TLI
Lell Richard ANL
Lutchenkov Dmitiri MPR

Mann Melissa URENCO
Migliore Rick Orano
Moss-Herman Cheryl DOE

Pappano Pete X-Energy
Paulson Lon GNF

Petersen Gordon INL

Rearden Brad ORNL
Regalbuto Monica INL
Scaglione John ORNL
Schilthelm Steve BWXT

Scott C. Tyler Westinghouse
Stucker Dave Westinghouse
Tweardy Matt NNSA

Waud Brian NNSA
Welling Craig DOE
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