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Disclaimer 

This report does not take into account contractual limitations or obligations under the Standard Contract for 
Disposal of Spent Nuclear Fuel and/or High-Level Radioactive Waste (Standard Contract) (10 CFR Part 
961). For example, under the provisions of the Standard Contract, spent nuclear fuel in multi-assembly 
canisters is not an acceptable waste form, absent a mutually agreed to contract amendment.  

To the extent discussions or recommendations in this report conflict with the provisions of the Standard 
Contract, the Standard Contract governs the obligations of the parties, and this report in no manner 
supersedes, overrides, or amends the Standard Contract. 

This report reflects technical work which could support future decision making by DOE. No inferences 
should be drawn from this report regarding future actions by DOE, which are limited both by the terms of 
the Standard Contract and Congressional appropriations for the Department to fulfill its obligations under 
the Nuclear Waste Policy Act including licensing and construction of a spent nuclear fuel repository. 
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Abstract 

By 2030 about half of all spent nuclear fuel (SNF) arising from the current fleet of commercial power plants 
will be in dual-purpose canisters (DPCs), which are designed for storage and transportation but not for 
disposal. As an alternative to complete repackaging of the fuel for disposal, considerable cost savings and 
lower worker dose could be realized by directly disposing of this SNF in DPCs. The principal technical 
consideration is criticality control in a geologic repository, because the DPCs are large and depend on 
neutron absorbing basket components for criticality control. Neutron absorbing materials are generally 
aluminum-based, and under disposal conditions can degrade after a few hundred years contact with ground 
water. 

Simple modifications to the SNF assemblies or the DPC baskets could help to achieve direct disposal, and 
this is one of the approaches being studied to address the possibility of disposal criticality (SNL 2020a). 
Five fuel/basket modification concepts have been proposed (SNL 2020b) and a virtual workshop was 
conducted to solicit review and feedback on these concepts. The proposed solutions are: 1) zone loading of 
DPCs to limit reactivity, 2) replacing absorber plates with advanced neutron absorbing (ANA) material, 
3) adding disposal control rods to pressurized water reactor (PWR) assemblies, 4) rechanneling boiling 
water reactor (BWR) assemblies with ANA material, and 5) basket insert plates (chevron inserts) made 
from ANA material.  

The presentations from the workshop are provided in this report, and the workshop discussions are 
summarized. This information includes prioritization of the proposed fuel/basket modification solutions, 
and prioritization of the associated model development, validation testing, and quality assurance activities. 
Information documented in this report will help to steer research and development efforts at Sandia National 
Laboratories, Oak Ridge National Laboratory, and Idaho National Laboratory that support the U.S. 
Department of Energy, Office of Nuclear Energy, Spent Fuel and Waste Science and Technology program. 
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Workshop to Plan R&D Support of Fuel/Basket Modification for Direct Disposal of Future DPCs 

1. Introduction 

1.1 Purpose and Scope 

A virtual workshop and discussions among consultants and investigators were conducted in October and 
November of 2020, to follow up on previous studies that proposed options for direct disposal of commercial 
spent nuclear fuel (SNF) in dual-purpose canisters (DPCs) to be loaded in the future (SNL 2020a,b). This 
report describes the workshop and the conclusions reached by investigators from Sandia National 
Laboratories (SNL) and Oak Ridge National Laboratory (ORNL) regarding the priority of these options, 
and the testing, modeling, and other activities needed to support them. 

Motivation for direct disposal of DPCs is found in projections of SNF arising from nuclear power plants, 
and for loading of this SNF into DPCs (Figure 1). By 2030, approximately half of all the SNF that is 
projected to ever arise from the current fleet of power reactors will be in dry storage, mostly in DPCs. This 
means that a strategy for fuel and/or DPC basket modification to achieve direct disposability could affect 
half the SNF inventory (i.e., the SNF not yet loaded into DPCs) if implemented by that time. Note that other 
strategies (injectable fillers; disposal criticality analysis) are being investigated for direct disposal of all 
DPCs including those already loaded as well as those to be loaded in the future (SNL 2020a,c). 

 

 
Figure 1. Projected inventory of commercial SNF, and the portion loaded into DPCs, for the current reactor 
fleet including SNF from decommissioned units (from Gunter 2020). 

 

The goal of the workshop and review activity was to convene experts who could provide industry 
experience to guide the U.S. Department of Energy (DOE) research and development (R&D) program for 
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DPC fuel/basket modification. Waste management R&D at national labs such as SNL, ORNL, and Idaho 
National Laboratory (INL) is intended to generate technical innovation, and to identify and mitigate 
technical challenges, while not competing directly with the private sector. The technical information 
developed by these studies can inform future decision making by the Department of Energy, Office of 
Nuclear Energy. 

The value of R&D was questioned in the workshop, since a decision to proceed with any of the fuel/basket 
modification solutions would be made by DPC vendors in response to their utility customers. However, 
because the feasibility of modifications depends on when they are implemented, time is of the essence. To 
implement changes in DPC loading by as soon as 2030, long-lead activities such as corrosion testing and 
advanced model development will need to be undertaken. This principle is taken into account in formulating 
the recommendations as discussed in Section 7. 

1.2 Workshop Organization 

Workshop participants included technical staff from SNL, ORNL and INL,  plus a few consultants, current 
and former employees of utility companies, and a current employee of the Electric Power Research Institute 
(EPRI) (Appendix A). The consultants included SNF management specialists and geologic disposal 
licensing experts. A virtual workshop was conducted in four sessions (October 27, 29 and November 5, 
13). An agenda was prepared in advance (Appendix B), scheduling two sessions of presentations and two 
sessions of interactive discussion with the expert panel. The presentations are provided as Appendix C. 

1.3 Background 

The DOE Office of Nuclear Energy (DOE-NE) Spent Fuel and Waste Science & Technology (SFWST) 
R&D campaign has investigated the technical feasibility of direct disposal of commercial SNF in DPCs 
since 2013. The study has addressed four technical elements: safety of workers and the public, engineering 
feasibility, thermal management, and postclosure criticality control (Hardin et al. 2015). The general finding 
is that direct disposal of loaded DPCs without modifications, is technically feasible at least for some DPCs, 
in a range of potential repository host media. Preventing postclosure criticality in DPCs that breach and 
flood with ground water is considered the major technical challenge. Neutron absorbing materials used in 
DPCs are based on aluminum, which readily corrodes on exposure to ground water causing dispersal of the 
B4C absorber and loss of configuration. 

By modifying current DPC loading practices with either additional neutron absorber materials or strategic 
loading of DPC’s to limit overall reactivity, it is possible to significantly decrease the likelihood of 
criticality for a range of different disposal host media.  

Zone loading of DPCs is an attractive solution that would not involve hardware modification to fuel or DPC 
baskets. Zone loading R&D is described and prioritized in this report, addressing concerns with the 
reactivity of fuel assemblies and with the regulatory acceptability of DPC loading criteria based on 
reactivity (which may conflict with other criteria such as those based on peak cladding temperature and 
worker dose). Also, to be most effective a zone loading approach would have to be simple enough to 
eliminate the need for reactivity analysis for each DPC loaded.  

Adding additional neutron absorber hardware to DPCs when they are loaded, could increase the overall 
weight of loaded DPCs, which could exceed technical specifications for some systems, and could exceed 
hook load limits for overhead cranes used at spent fuel pools (SNL 2020b). Hardware solutions that have 
been identified as promising include disposal control rods (DCRs) in pressurized water reactor (PWR) guide 
tubes, rechanneling of boiling water reactor (BWR) assemblies using advanced neutron absorbing (ANA) 
material, and extra absorber plates (e.g., chevron inserts) made of ANA material. Analyses are underway 
to evaluate how many assemblies would need to be modified, at which locations in DPC baskets. 

This report addresses technical, operational, and regulatory challenges associated with each proposed 
solution and identifies how R&D could lead to successful implementation. 
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Discussion of Postclosure Internal Criticality 

Reactivity of commercial SNF in a flooded DPC declines by roughly 10% in the first few hundred years 
after discharge, due to radioactive decay and isotopic ingrowth (Wagner and Parks 2003). It then climbs to 
another maximum at approximately 25,000 yr, after which it steadily declines due to decay of 239Pu. Without 
flooding, all DPCs remain subcritical. 

To simulate reactivity of a DPC that is exposed to ground water, with degradation of neutron absorbing 
components, two stylized configurations have been used: 1) the loss-of-absorber case (absorber plates 
replaced by water); and 2) the basket degradation case (basket removed entirely and fuel assemblies moved 
together as close as possible, with grid spacers remaining intact). These are stylized, and the intermediate 
configurations possible during degradation from the intact state are part of the scope of R&D discussed in 
this report. 

Extensive corrosive degradation of aluminum or stainless steel in DPCs would produce voluminous 
corrosion products, such as oxides or oxyhydroxides of Al and Fe. These products displace water, but they 
are hydrous so that moderation is retained. The configuration of corrosion products and the effect on DPC 
reactivity have not been previously analyzed but are also part of the scope of R&D discussed in this report. 

Analysis has determined that flooding by chloride brine, such as could occur in a geologic repository in 
salt, suppresses reactivity because natural 35Cl absorbs thermal neutrons (Clarity et al. 2019). The effect 
depends on fuel enrichment and burnup, and dissolved chlorine concentration. With typical fuel enrichment 
(up to approximately 4.5%) and burnup of at least 20 GW-d/MTU (relatively low for the current inventory), 
subcriticality is maintained for chloride concentration of approximately 2 molal or greater. This relationship 
is expected to hold for future SNF discharges, except possibly for isolated circumstances such as final core 
loads from decommissioned reactors, which may have low burnup. Fluids in prospective repository host 
rocks are generally much less concentrated (e.g., seawater at 0.5 molal), except for salt formations. 

1.4 Objectives for Fuel/Basket Modification R&D 

The overall objective is to support development and licensing of solutions to facilitate direct disposal of 
future DPCs. It is not a financial or legal review, although cost could be important to the engineering 
feasibility of solutions discussed. This review will help steer and prioritize the R&D program in the 
fuel/basket modification area by using existing expertise, recognizing that implementation will ultimately 
fall to an implementing organization. 

1.5 General Discussion of Fuel/Basket Modification 

The following topics are generally applicable to R&D that addresses any of the solutions discussed in this 
report. 

Quality Assurance 

Technical work at the national labs and their contractors is done under a quality assurance (QA) program 
compliant with DOE Order 414.1. If the work (data, software, models) could reasonably be used as 
significant support for technical conclusions in licensing, then it should be done under an appropriate QA 
program. R&D is conducted by the labs under the DOE Spent Fuel and Waste Science & Technology 
program, using the Nuclear Fuel Cycle and Supply Chain (NFCSC) QA program (SNL 2018). This program 
is graded and allows for a QA Level 1 (QAL-1) designation with requirements and controls consistent with 
nuclear quality assurance as implemented by industry (ASME 2019). These controls may take extra effort, 
but the investment is necessary and any additional costs can be examined once the controls are established. 

QA activities will support all technical products to the level designated, but particular challenges for QAL-1 
where it is implemented, will be software qualification, data qualification, and model validation: 

• Software qualification will be needed for codes that perform reactivity calculations, and fuel/basket 
degradation modeling. These codes have already been developed, with histories of many versions. 
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In accordance with the standards used by the respective code developers, they have documentation, 
configuration management, test suites, expansive user groups, and other requirements for NQA-1 
qualification. Many of the codes that make up the software packages can be considered 
commercial-off-the-shelf software. 

• Data consist of nuclear properties and transport data used for reactivity and depletion modeling, 
DPC mechanical/structural properties and configurations for degradation modeling, and corrosion 
data for neutron absorber materials. Qualified data may come from many sources not limited to 
analysis and testing activities of the R&D program. However, data developed by the R&D program 
should be developed under an appropriate QA program so that needed quality can be determined 
(NRC 1988). 

• Models for reactivity and depletion, and for fuel/basket degradation, will be needed to develop the 
approaches to postclosure criticality control identified here. Approaches involving specific 
hardware will use fuel/basket degradation modeling studies to determine configurations for 
reactivity analysis. All approaches considered will rely on reactivity modeling, including zone 
loading and those involving specific hardware. Absorber corrosion data will likely be formulated 
as a predictive model, which at this point in planning seems likely to be a data-driven spreadsheet 
product. Model validation can be accomplished in various ways (SKI/CNWRA 1999) but it will 
need to be done before any applicant can commit to the technical approaches developed. 

As noted by the expert panel, the DOE-NE SFWST program has not done any NQA-1 compliant work 
since the Yucca Mountain Project was suspended in 2010. Most of the reactivity and depletion modeling 
code developed at ORNL, and the supporting data, does not currently comply with any version of NQA-1.  

Operational Efficiency 

To help ensure that fuel/basket modification will be acceptable to utility companies and their operators, 
operational efficiency must be addressed. Solutions that significantly slow SNF management operations 
may not be acceptable, or may be acceptable only in the final unloading of fuel pools after 
decommissioning. Besides efficiency of fuel/basket modification under normal conditions, vulnerability to 
failure or delay from off-normal conditions is important. One contributing cause for off-normal conditions, 
that is considered in this report, could be distortion of fuel assembly components that occurs in-reactor. 

Analysis Required for Implementation 

All of the solutions proposed would depend on reactivity analysis but it is hoped that zone loading and other 
solutions could be demonstrated effective for all possible fuel loading arrangements. Zone loading or any 
other solution might be accomplished with detailed analysis of each DPC before loading with identified 
fuel assemblies. However, the time and effort for such analysis could prove to be impractical, so a more 
generic approach (e.g., burnup vs. enrichment loading curves for zone loading, and similar fuel reactivity 
limits for other solutions) could be more acceptable.  
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2. Zone Loading 

2.1 Presentation and Description of Option 

The presentation on reactivity analysis by Kaushik Banerjee of ORNL, which included zone loading 
analysis, is included in Appendix C. 

This solution represents the prospect that loading maps could be developed for DPCs to reduce the reactivity 
of the DPCs for flooded and degraded conditions, to subcritical levels. Zone loading for disposal criticality 
control is a compelling idea because it would not require new hardware, or DPC basket redesign, or major 
procedural changes. Technical feasibility depends closely on whether enough low-reactivity assemblies are 
available in each fuel pool to occupy the inner positions in DPC baskets. Zone loading to decrease reactivity 
is further complicated by potential conflict with loading specifications already in the certificates of 
compliance (CoCs) for DPC systems. Loading specifications have been established for most DPCs to limit 
peak cladding temperature during dewatering operations (hotter assemblies in outer positions), and worker 
dose (e.g., limits on heat generation/gamma flux from assemblies in outer positions, and loading of 
activated-metal control hardware in inner positions). 

Zone loading for disposal was analyzed originally by EPRI (2008), with results that suggested that reduction 
in reactivity would be minimal. While zone loading of future DPCs is still being investigated by the disposal 
R&D program, a previous misload analysis showed that a useful range of keff could be achieved by 
rearranging assemblies within as-loaded DPCs (Clarity et al. 2019). This implies that an even greater and 
more useful range of keff could be achieved by selecting assemblies from the entire fuel pool, as each DPC 
is loaded.  

2.2 Workshop Discussion 

Feasibility of Zone Loading 

Reactivity of spent fuel assemblies in commercial light-water reactors is determined by burnup and the 
initial state of 235U enrichment. Higher burnup assemblies (for a given initial enrichment) have lower 
reactivity. Higher burnup depletes 235U, but produces small amounts of fissile Pu isotopes, and produces 
certain fission products that lower reactivity by absorbing neutrons. The net result is that fuel assembly 
reactivity decreases during reactor operation, motivating eventual replacement. For a given enrichment a 
range of burnup is possible depending on how the  fuel is loaded in the reactor and how the reactor is 
operated. 

The availability of low-reactivity assemblies could limit the effectiveness of zone loading. Since the 
introduction of DPCs about 25 yr ago, tolerance for hotter fuel assemblies in DPCs has improved due to 
basket design. Analyses should be conducted to determine if there are enough low reactivity assemblies to 
sufficiently reduce keff for degraded DPC configurations. Many sites have already performed DPC loading 
campaigns and the early loadings used much of the older, less reactive fuel. 

The objective should be to develop a loading map approach for reactivity that does not also violate loading 
specifications in DPC CoCs. As of now it is not known if this is technically feasible but it would greatly 
accelerate zone loading as a solution for disposal criticality control. If practical, reactivity loading criteria 
should also be generic so that individual canister reactivity analysis is not required.  

As observed in the briefing (Appendix C) approximately 60% of existing DPCs are subcritical without 
modification, in degraded disposal conditions. If future loaded DPCs follow this trend, then zone loading 
would be applied for the remaining 40%. Scarcity of low-reactivity assemblies would be evident if zone 
loading changes the remaining fuel inventory in such a way that more DPCs eventually require zone 
loading. 

Zone loading would be focused on PWR fuel, since PWR DPCs tend to have a greater degraded reactivity 
than BWR DPCs, as observed in the sample of as-loaded reactivity analyses presented.  
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A zone loading approach would supplement the current method (implemented in software) that is used to 
devise loading maps. Neutron transport simulation for every DPC would likely not be required if the 
approach could be implemented using separate loading curves (burnup vs. enrichment) for different zones 
within the DPC. The strategy for loading based on thermal criteria uses a ranking approach, and a similar 
approach might be used for reactivity. Fuel pools may have different regions segregated by enrichment and 
burnup categories, so that assemblies for zones within a DPC could simply be chosen from different regions 
of a pool. 

The utility loading algorithm (DPC loading maps) could be adapted to include reactivity, allowing loading 
of low-reactivity assemblies in internal locations. If none of the thermal or dose based limits were violated, 
zone loading for reactivity also might be done without further licensing. Alternatively, this may not be 
realistic if reactivity limits cannot be achieved without violating thermal and dose loading criteria. R&D 
activities should address differences between loading to meet thermal, worker dose, and reactivity criteria. 
It was noted that the NRC is invested in the CoC specifications that limit peak cladding temperature, and 
how they have been implemented in DPC loading maps and implemented in vendor software.  

Some relaxation of NRC requirements on cladding temperature, particularly for assemblies located in 
internal basket positions, could be needed for zone loading. Note that recent work by the Storage & 
Transportation R&D program (high-burnup storage demonstration) showed that thermal models are over-
estimating heat output and temperatures. Even with larger thermal margins the NRC staff might be 
unwilling to relax the margins represented in current loading requirements. Discussions have been held 
with NRC staff about raising Interim Staff Guidance (ISG) 11, Rev. 3 cladding temperature limits, and 
more information on this may be available in 2021.  

Depletion analysis used in the as-loaded reactivity analysis is conservative (i.e., relating enrichment and 
burnup, to final nuclide inventory). The degree of conservatism could translate to Δkeff ~ 0.05. To extract 
this additional reactivity margin, reactor simulations would need to be run to validate the amount of 
depletion and nuclides remaining in the fuel. 

Note that if a reactor shuts down part-way through a fueling cycle, and it is the final shutdown, then the last 
assemblies taken out of the core will be more reactive than previous core discharges. 

Focusing a zone loading approach on disposition of the fuel pool inventory after plants are decommissioned, 
including the final core, could be a good place to start. This is because a known inventory can be more 
readily optimized, especially when it includes a partly burned final core. A regulatory review would 
evaluate whether constraints such as CoCs for dry storage and transportation systems would limit how zone 
loading is implemented during decommissioning. 

Burnup Credit Analysis 

The PWR burnup credit approach is qualified for use in regulatory analysis as described in ISG-8, but for 
BWR burnup credit much work remains. It is fundamentally simpler to perform burnup analysis for PWR 
fuel than for BWR fuel due to moderator voiding as the coolant water traverses axially along the fuel and 
boils. This complicates the simulation of load-following and other transients.  

At present, burnup credit is analyzed in a more rigorous manner for storage and transport than for disposal. 
If reactor operation follows higher enrichment and burnup trends, future PWR and BWR discharges may 
have fuel characteristics that exceed the applicable ranges of nuclear data currently used in burnup analysis. 

Misload Analysis 

The misload analysis discussed in the modeling presentation involved hypothetical shuffling of assemblies 
only within as-loaded DPCs, wherein many DPCs were found to have excessive reactivity 
(0.98 < keff < 1.01) but shuffling could swing Δkeff by +/- 0.05. This is a lower bound on the impact that 
might be obtained for future DPCs by selecting low-reactivity assemblies from the fuel pool. Accordingly, 
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it is reasonable to conjecture that zone loading could lower reactivity for a substantial portion of future 
DPCs.  

Misload analyses are required for licensing, but the assumed probabilities are typically conservative. 
Remote cameras and other means are used to verify correct assembly picking and insertion, but human error 
is considered to be important by the regulator. At shutdown sites certain types of human error could decrease 
in frequency, as there are progressively fewer fuel assemblies for management. 

2.3 Testing and Validation Needs 

Zone Loading Feasibility Analysis 

The best starting point for analysis would be one or more power plant sites undergoing decommissioning, 
because the fuel inventory is static. If the entire site inventory cannot be loaded in low-reactivity 
configurations, then zone loading may be technically infeasible. Analysis for other sites including active 
plants can then proceed with an informed perspective. 

Depletion and Burnup Credit Analysis  

Evaluate how depletion is calculated for disposal reactivity analyses, and reduce conservatism where 
possible (lowering keff). Develop and document a qualified approach to BWR fuel burnup credit analysis. 
Each of these analytical steps could have a significant effect on reactivity analysis for degraded DPCs. 

Data and Software Qualification 

Future licensing of zone loading would require model validation and data qualification. As identified in 
Section 7, these activities involve more intensive effort and should be deferred pending resolution of 
scoping studies of zone loading. 
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3. Replace Absorber Plates 

Current DPCs with stainless steel basket structures have absorber plates of aluminum-based metal-matrix 
composite (MMC). MMC replaced Boral® sandwich material approximately 5 yr ago, so there is also a 
population of DPCs with Boral® plates. The absorber in each case is granular B4C ceramic, which is thought 
to be dislodged when corrosion occurs. These absorber plate basket designs can be readily modified by 
replacing the plates with corrosion resistant ANA material, if the required absorption can be achieved and 
the plate thickness is similar (2 to 3 mm). 

An increasing sector of the current DPC market consists of MMC baskets that serve all three functions 
using one material: structural, neutron absorption, and heat dissipation. These baskets have no absorber 
plates (other than MMC basket plates) and cannot be readily modified by replacing plates with corrosion 
resistant material. 

Borated aluminum and borated stainless steel (BSS) were used for absorber plates in earlier basket designs, 
most of them associated with bolted casks. Absorber plates of power-metallurgy grade borated stainless 
were selected for the Yucca Mountain (YM) triple-use disposable canister specification (DOE 2008a). A 
plate thickness of 11 mm was selected for corrosion allowance, in dilute corrosion environments thought 
to prevail after the repository thermal period. These thick plates would not be readily installed in any current 
DPC design, without system redesign. One possible remedy would be to use enriched 10B, and therefore 
less boron, which improves corrosion resistance and could allow thinner plates.  

The ANA material proposed for replacing DPC absorber plates is Alloy 22 (Ni-Cr-Mo based) doped with 
2% w/w Gd metal, which has a strong thermal neutron absorption cross section. As discussed in the 
workshop, there are differences in neutron absorption by Gd vs. B. Since Gd is a stronger thermal absorber, 
any loss of moderator density or incorporation of particulates (e.g., Fe corrosion products) could reduce the 
absorption efficiency compared to B. This has been investigated previously with reactivity modeling and 
will be included in future studies by ORNL of ANA control hardware concepts. 

INL is currently testing samples of BSS and ANA material previously acquired by the YM project. More 
samples will be needed to develop data suitably comprehensive for licensing of fuel/basket modification 
solutions. Hundreds of kilograms of additional material will be needed for corrosion testing and prototype 
fabrication. 

Other options include advanced corrosion resistant coatings which have yet to be investigated. The 
following discussion of neutron absorber corrosion testing, and novel absorber materials, is also applicable 
to the discussions of PWR disposal control rods (Section 4), BWR fuel rechanneling (Section 5), and basket 
insert plates (Section 6). 

3.1 Presentation and Description of Option 

The presentation on corrosion testing, from Josh Jarrell and Tedd Lister of INL is included in Appendix C. 

General corrosion occurs in a relatively uniform manner, while localized corrosion is a non-uniform attack. 
Localized corrosion comes in a broad variety of forms (e.g., pitting, crevice corrosion, stress corrosion 
cracking) depending on the material and environment. Electrochemical testing is an accepted method for 
characterizing corrosion rates for highly corrosion resistance materials (for which exposure testing would 
take an inordinately long time). It can characterize conditions that allow general and localized corrosion.  

INL has recently started testing neutron absorber materials using electrochemical testing. ANA material 
has unique corrosion properties due to a secondary Ni-gadolinide phase (Ni5Gd) which forms isolated 
inclusions that are corroded more readily than the Ni-Cr-Mo matrix (i.e., Alloy 22). Corrosion testing in 
the past has suggested rapid localized corrosion, but this is thought to have been caused by the gadolinide 
inclusions. Extended testing to exhaust the inclusions and leave only Alloy 22 matrix exposed to solution, 
were not performed previously and are a focus of the current testing program. Artificial seawater was 
selected as representing the most concentrated waters in clay/shale or crystalline geologic settings that 
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might be considered for a repository. Two other conditions are also being used to connect with literature 
studies and previous testing for the YM project: 0.028 M NaCl and 0.1 M HCl. Initial testing is being 
performed at 30°C to represent conditions when a waste package breaches after a few thousand years in the 
repository. Plans call for future testing at 60°C which could reveal further differences between the types of 
materials tested. As discussed below, the initial program includes testing of BSS and several ANA 
compositions, with 316 stainless steel as a witness material. There are some remaining questions about 
localized corrosion of BSS, particularly in more concentrated solutions at elevated temperature. 

For successful application in DPC absorber plates, and in other solutions described by this report, the 
general corrosion rate, or effective rate of surface retreat, must be less than 100 nm/yr for a range of disposal 
environments. This rate is small enough that exposure testing (maintaining samples in solution without 
applying electric current or potentials) would take years for each batch of samples, and introduce other error 
sources such as stability of the corrosion environment, production of colloids, etc. 

INL has been procuring and sourcing sample materials including powders for thermal spray coatings, and 
coupons prepared by additive manufacture. 

Preliminary Results From INL Testing 

General corrosion rates for all materials tested rank from 0.1 M HCl >> 0.028 M NaCl > artificial seawater. 
No great difference in corrosion rates between BSS and ANA material (although Ni-Cr-Mo-Gd was the 
only material among those tested that clearly exhibited stability in all three test environments). Rates less 
than 100 nm/yr are common in the results obtained. General corrosion in seawater does not appear to be of 
primary concern. As anticipated, corrosion resistance of 316L stainless steel in seawater is better than that 
of 304L. 

Future Testing 

After complete analysis of recent tests, selections will be made for testing at higher temperature. Testing of 
new materials including alloys and spray coatings, will begin. For coatings, test fixtures are available that 
expose only the coating to corrosion and not the substrate (typically stainless steel). 

Corrosion Modeling 

The presentation on corrosion process and material degradation rates, from Pat Brady of SNL, is included 
in Appendix C. 

Modeling of degradation rates was based on general corrosion rates measured and/or compiled by the YM 
project. The purpose of modeling was to simulate degradation of materials at temperature, in a DPC 
undergoing pseudo-steady criticality that generates significant thermal power. Modeling cases included an 
oxidizing, unsaturated case (alluvium) with a time-average temperature of 50℃, and a reducing, saturated 
case (shale) with a time-average temperature of 250℃. Note that only unheated or ambient temperature 
results (30℃) would be applicable to a DPC that floods after a few thousand years, with criticality prevented 
by fuel/basket modifications. 

DPCs were idealized by assuming 316L stainless steel as the material of basket and canister construction, 
and Zr-alloys for fuel assembly components (except for nozzles). For irradiated Zr-alloys the corrosion rate 
was doubled. The results indicate that at 250℃, most DPC components could completely corrode in a few 
hundreds to a few thousand years. However at ambient temperature (e.g., 30℃) the rates would be 10 to 
100 times slower. For example, 316L stainless steel basket components would be degraded in 7,111 yr at 
50℃, 2,813 yr at 100℃, and 505 yr at 250℃. 

These results are based on reaction-path kinetics and don’t include mass transfer limitations. Over time, as 
corrosion products accumulate it is likely that the corrosion rates will slow significantly. 

Steel corrosion is important because it produces hydrogen, which tends to lower the redox potential and 
slow or stop oxidative corrosion reactions. With sufficient hydrogen accumulation from stainless steel 
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corrosion, dissolution of UO2 and leaching of certain fission products from the fuel (with neutron absorption 
properties) slows by several orders of magnitude. From the modeling, hydrogen is likely to accumulate in 
breached DPCs in a clay/shale repository, but not in unsaturated alluvium. Oxidative products are generated 
by alpha radiolysis of the fuel, and can be catalytically recombined with hydrogen at metallic grains that 
form within the UO2 fuel matrix. 

3.2 Workshop Discussion 

From YM project licensing experience, the NRC accepted electrochemical testing. The current testing 
approach at INL is based on the work done at INL for the YM project, for a range of corrosion environments. 
Extensive long-term exposure testing was also done by Lawrence Livermore National Laboratory, but 
stability of test conditions and reproducibility of test results were problematic. Whatever testing is 
performed on ANA materials, consideration should be given to how data are selected for licensing. This 
was critical for YM corrosion testing, causing NRC to initiate an investigation into corrosion data selection. 

The question of how electrochemical tests could be scaled to represent longer term corrosion℃ was 
discussed. Mechanistic models of corrosion (chemical species, chemical heterogeneity, redox, mass 
transport) are few and were not relied on for YM licensing (although modeling advances can be anticipated). 
As a practical matter any material that exhibits localized corrosion in electrochemical tests, in relevant 
corrosion environments, should be avoided.  

A testing program for ANA materials could take 5 to 10 yr, which might not provide effective support to a 
fuel/basket modification option that needs to be licensed and implemented by 2030. Accordingly, the 
corrosion testing program needs to focus effort on promising materials and needs to be expedited. It would 
be a challenge to scale up the program, requiring more facilities, technicians, etc. One possible remedy 
would be an industrial partner or collaborating with EPRI. Attracting an industrial partner would involve 
narrowing the range of materials considered, which could be beneficial. Currently, there is no actual market 
for corrosion resistant ANA materials and industrial partners are likely to be cautious. 

A collaboration with EPRI could be effective to address funding support and to get more investigators 
involved. The Extended Storage Collaboration Program (ESCP) group could be a good starting point. In 
the past, EPRI studied Boral® under the leadership of H. Akkurt/EPRI. A multi-year study of ANA materials 
would be similar. Ultimately the vendor and utility industries need to be engaged, and an EPRI collaboration 
could serve that purpose. Cost sharing might be possible, perhaps as in-kind contributions. Cooperation 
with Haynes International and other vendors of special alloys and metals, is definitely needed and can be 
achieved. 

A suggestion was made to relax the seawater composition for testing, to a 50% dilution of standard artificial 
seawater. This would be more benign, and probably representative for many potential clay/shale repository 
settings (there was no similar discussion of crystalline settings). However, seawater represents prevalent 
oceanic and terrestrial ground water compositions and has been used as a benchmark for corrosion 
performance for many materials, for many years. For clay/shale media that were deposited in seawater, or 
crystalline rock media that underlie salt water, seawater is a natural choice for testing conditions. 

Applicability of Absorber Plate Replacement 

For a salt repository degradation of fuel components, canisters, baskets, and ANA materials would be 
accelerated. However, reactivity analysis has shown that flooding by chloride brine would make all DPCs 
subcritical even with neutron absorbers removed. Accordingly, no more work is needed on postclosure 
criticality of commercial SNF in a salt repository. 

For unsaturated settings similar to Yucca Mountain, the YM project Safety Analysis Report (DOE 2008b) 
and the associated review by NRC staff (NRC 2014) should suffice to determine absorber materials and 
corrosion environments. It is mainly for potential clay/shale and crystalline repository settings that 
corrosion resistant ANA materials are needed. 
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Al-based MMC baskets are approaching half of all current DPC deliveries, although they are still a small 
fraction of the total DPC fleet. Not all of these will be Holtec DPCs made with Metamic® or Metamic-HT®; 
other vendors are bringing MMC baskets to market because of their advantages in fabrication and heat 
rejection. In these MMC baskets there are no absorber plates that could be replaced, but corrosion resistant 
ANA material could be added using other hardware solutions (Sections 4, 5 and 6). 

Long-term goals of the electrochemical testing program should include evaluating the relationship between 
localized corrosion and general corrosion (i.e., can testing readily discriminate conditions for onset of 
general corrosion from localized corrosion). 

The time frame for fuel and basket degradation is thousands of years, and highly temperature dependent. It 
also depends on the chemical boundary conditions, and access of reactants (e.g., ground water and air) to 
active corrosion fronts. Degradation rates have been worked out based on kinetic measurements, analogous 
systems, etc., and found to be hundreds to a few thousand years at 250℃, and an order of magnitude longer 
at 100℃, for DPC-based waste packages undergoing sustained heat-generating criticality event(s). At lower 
temperatures (e.g., roughly 30℃ for waste packages breached at 5,000 to 30,000 yr, without criticality) 
corrosion would be much slower. Hence, it is possible or even likely that slow corrosion of stainless steel 
basket plates, and the canister itself, would allow these to perform their structural functions well beyond 
the 25,000-yr peak of postclosure reactivity. 

The contents of DPCs will eventually weather to corrosion products consisting mostly of secondary Fe-
oxides or -oxyhydroxides. Due to volume changes the waste package void space will eventually fill with 
these products. Moderator density and mechanical degradation will be affected. 

Poison plates are a costly, if not the costliest part of DPC/basket systems. Cost could be a barrier to replacing 
MMC with ANA material if it is relatively expensive. A general R&D approach leading to lower ANA 
material cost at the production scale is therefore warranted. Also note that MMC replaced Boral because of 
dewatering concerns, so the ANA material would need to perform as well as MMC in dewatering. 

Less heat rejection by ANA plates could be a technical hurdle for replacing MMC, since heat rejection by 
absorber plates is credited in thermal analysis of DPCs. Heat rejection is determined by modeling, so the 
effect from ANA material could be studied numerically. 

The cover sheet construction for attaching MMC absorber plates to stainless steel baskets, is applicable to 
ANA plates. Absorber plates are held by thin sheets of stainless steel, and welded around the edges. The 
welds are discontinuous to allow water egress, described as “stitch welds.” 

Residual stresses caused by welding will not be an issue for fuel/basket modification because welding will 
not be used, except in one or two situations that can be mitigated by thermal annealing. Alternatively, a 
solid-phase welding technique could be used, such as friction-stir welding, that produces less heat and 
affects a smaller volume of material (less residual stress). 

A glass-like structural amorphous metal (SAM) material can be sprayed on, either as absorber material or 
to protect other absorber material from corrosion. This was reported by LLNL a few years ago, and is 
described in the current corrosion testing plan (Blink 2019). The Lincoln Electric company has a material 
patent, and sells spray powders with the previously reported SAM composition. 

Validation of corrosion models can follow the approaches used for the YM SAR. Generally these will be 
simple, discrete statistical models based on test data. 

3.3 Testing and Validation Needs 

Corrosion Testing 

The first priority for this option is corrosion testing of ANA materials to verify general corrosion at 100 
nm/yr or less, for a range of corrosion environments including artificial seawater, intended to represent 
ground waters at potential clay/shale or crystalline rock repository sites. In addition, testing should evaluate 
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whether localized corrosion could occur (materials that resist localized corrosion are preferred for long-
term repository service). Replacement absorber plates would be used with stainless steel DPC baskets, so 
testing should also consider performance of ANA materials in close contact with stainless steel. 

Thermal Performance 

Heat rejection of DPC baskets with aluminum-MMC plates replaced by ANA plates, should be investigated 
to assess the reduction of heat rejection capacity for dry storage. The metric for heat rejection is the 
maximum thermal power, and its distribution throughout the basket (i.e., fuel loading), to achieve maximum 
cladding temperature of 400℃ or other limit consistent with ISG-11 (NRC 2003). This can be done with 
sufficient accuracy for scoping purposes by simulation rather than physical testing. A configuration based 
on an actual DPC basket design is preferred for modeling since thermal modeling has already been done 
for licensing of the DPC for storage and transportation. A comparison of model results with the licensing 
basis will improve confidence in the model results with ANA. 

Prototype Fabrication  

Prototype absorber plate fabrication can be done to verify that no difficulties arise with rolling and cutting. 
Such difficulties are not expected since the material closely resembles Alloy 22. However, the distribution 
of the gadolinide phase after rolling to required thickness, including areal absorber density both before and 
after pickling to dissolve the gadolinide inclusions exposed to solution, should be verified. 

Fuel/Basket Degradation Modeling 

The fuel/basket degradation model (discussed in Section 4) could be important to show how the corrosion 
resistant ANA plates shift as the basket structure degrades. Such shifting seems unlikely because: 
1) stainless steel baskets may continue to provide structural support beyond 25,000 yr if general corrosion 
is slow; and 2) plates will be sandwiched between fuel assemblies and corrosion products where they are 
unlikely to shift away from their positions between assemblies. 
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4. PWR Disposal Control Rods 

4.1 Presentation and Description of Option 

PWR disposal control rods (DCRs) would be designed to fit in the guide tubes of different types of fuel 
assemblies. In selected high-reactivity PWR fuel assemblies, DCRs would be inserted into most or all of 
the 24 guide tubes, making disposal control rod assemblies (DCRAs).  

DCRs would likely be full-length rods to avoid uncertainty as to their positions. They would fit easily into 
guide tubes including those tubes with reduced diameter dashpot features at the lower ends. Guide tubes 
are generally made from corrosion resistant Zr-alloy, which resists corrosion similar to irradiated fuel rods. 
This means that DCR position and mechanical integrity could be controlled by the guide tubes, and that 
neutron absorption performance might not rely to a great extent on corrosion resistance of the DCRs.  

The DCRs could readily be designed with some corrosion resistance, for example they could be designed 
around Zircaloy tubing, welded at the ends, and filled with low-solubility absorber such as low-porosity 
pellets of B4C. Other possible designs include solid rods of corrosion resistant borated stainless steel or 
ANA material (Ni-Cr-Mo-Gd). 

The reactivity control function would be immediate for intact DPCs starting when they are loaded, and it 
would persist in the repository as the DPCs are breached and flooded, and the basket and fuel assembly 
components begin to degrade. As fuel rods shift and settle, the DCRs would move with them, maintaining 
the neutron absorption function. Preliminary results from the fuel/basket degradation model (Itasca/SNL 
2020) show that DCRs will move with the fuel as the structure collapses. Further development and 
validation of the fuel/basket degradation model is needed to support hardware options including absorber 
plates, PWR DCRs, BWR fuel rechanneling, and insert plates. Hence, fuel/basket model development and 
validation is addressed in Sections 3, 4, 5 and 6. 

Preliminary Reactivity Analysis 

The presentation on reactivity modeling by Kaushik Banerjee of ORNL is included in Appendix C. 

Reactivity analyses are used to understand the importance of differences in DPC design and degradation, 
and fuel assembly characteristics (enrichment, burnup). For PWR DCRs the preliminary results presented 
in the workshop show adequate reduction in keff for as-loaded DPCs if the central nine assemblies in an 
MPC-37 basket contain pure B4C in each guide tube. This result is similar to the DCR case analyzed by 
EPRI (2008).  

Possible refinements include evaluating exclusion of DCRs in some guide tubes that are already occupied 
by reactor control hardware such as burnable poison rod assemblies (BPRAs), wet-annular burnable 
absorbers (WABAs), or reactor rod cluster control assembly rods (RCCA rods). Reactor control hardware 
could conceivably be stuck due to distortion of guide tubes. If reactivity reduction can be achieved without 
a DCR in every guide tube, then there is more flexibility on where in the basket assemblies with stuck 
hardware could be loaded. Other refinements include different absorber materials and configurations for 
DCRs. 

Moderator displacement credit for discarded reactor control hardware could also be taken. This could be 
more effective than reported previously (EPRI 2008) because for a given DPC, technical specifications 
often require loading irradiated hardware in central positions where reactivity tends to be elevated (so 
moderator displacement would be applied where it is needed most to reduce reactivity).  

Fuel/Basket Degradation Modeling 

The presentation on fuel/basket degradation modeling by Branko Damjanac and Varun of Itasca, is included 
in Appendix C. 

The fuel/basket model represents each fuel rod by a prismatic arrangement of elements. Spacer grids are 
generalized without representing each metal piece; grids are deformable and allow axial rod slip. Modeling 
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of spacer grids is a challenge as discussed below. The basket is an egg-crate structure with the properties 
of aluminum to represent MMC. Stainless steel channels support the basket inside the DPC shell. 

To reduce calculation effort degradation is studied using a slice of the fuel/basket array, called a 2.5D 
model. Models of a full 32-PWR basket and fuel assemblies have also been produced. With the 2.5D models 
it is possible to show how fuel assemblies adjust to complete loss of basket strength and become supported 
by the spacer grids. Some voiding occurs between assemblies, especially with degradation of the channel 
supports that hold the basket. 

The order of failure of the different components controls the kinematics of fuel/basket collapse. Basket 
plates may fail rapidly (as with MMC) or much more slowly (stainless steel). Spacer grid failure increases 
fuel rod bending and may cause fuel rod breakage. Eventually with failure of basket plates and spacer grids, 
the fuel collapses. Corrosion and mechanical lifetimes for components are uncertain so that modeling cases 
will be limited to general cases representing trends. 

One key timing question is whether the basket structure lasts well beyond 25,000 yr, which simplifies the 
simulation and increases confidence in predicted configurations. With 14 basket plates in a 32-PWR egg-
crate type DPC basket, each nearly 5 m long, some heterogeneity of corrosive degradation is expected. 
Thus, if basket collapse occurs in the period of regulatory concern (>25,000 yr) it will not occur uniformly. 
Long-term corrosion resistance of the basket simplifies the interpretation of basket collapse. 

Important conclusions from the presentation include: 1) need to validate the mechanical responses of basket 
structures and spacer grids as they degrade from corrosion; and 2) need to know whether stainless steel 
basket components and spacer grids (Zr-alloy) will maintain their structural functions beyond 25,000 yr.  

4.2 Workshop Discussion 

Disposal Control Rod Implementation 

Disposal control rods would be installed into fuel assemblies in the pool, or in the DPC during the loading 
process. A small fraction of fuel assemblies would be loaded with DCRs (as few as nine in a 32-PWR DPC) 
so that there could be flexibility as to which were selected to occupy the central positions (based on 
preliminary analysis).  

By comparison, rod clusters (RCCAs) can be reused for 12 to 15 yr in-reactor, and can readily be moved 
between assemblies. Only the oldest RCCAs find their way into DPCs. Many spent assemblies have open 
guide tubes so that shuffling of control hardware to make room for DCRs should not be problematic. That 
said, RCCAs require fixturing to move between assemblies, and can become stuck. One reason this can 
happen is due to “growth” of guide tubes due to irradiation. RCCA tips were known to stick lower in the 
guide tubes (which are tapered to provide cushioning of rapid insertions). However, this problem has been 
resolved by redesign of the control rods. 

As for thimble plugs (which block open guide tubes to prevent coolant bypass during reactor operation), 
different sizes are used in different types of fuel. Whereas Westinghouse uses thimble plugs, Dominion 
reactors have not used them for 20 yr. Once removed, thimble plugs could be simply dropped into a 
collection vessel at the bottom of the pool, or they might be reinstalled after insertion of DCRs to prevent 
movement. 

One problem with moving RCCAs out of the internal positions to make room for DCRAs is that many DPC 
loading maps limit RCCAs to internal positions for shielding of emissions from irradiated metal. Moving 
RCCAs to outer positions would require re-licensing of the loading maps (see comments about NRC staff 
licensing priorities). 

For damaged fuel, preliminary reactivity analyses have shown that using the outer corner positions is 
effective, while DCRAs are placed only in internal positions. It would be advantageous to know the degree 
of fuel damage in “damaged fuel” cans, i.e., whether damage is limited to pinhole leaks or more gross 
failures. Whereas the GC-859 criteria require only a single check in a box for damaged fuel, another bit of 
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information on the degree of damage to the assembly would be helpful. If the damaged assembly is still 
basically intact, then burnup credit could be taken in DPC reactivity analyses (damaged fuel is currently 
assumed to be fresh fuel). So far in the utility industry only shutdown sites have loaded damaged fuel cans 
in DPCs. 

Gd absorbs thermal neutrons more strongly than B, thus any influence that hardens the spectrum such as 
moderator depletion by formation of corrosion products, could reduce absorption by Gd more than occurs 
with 10B absorber. The effectiveness of Gd or B, or mixtures, for hardware solutions (Sections 4, 5, and 6) 
will be tested by reactivity modeling. 

Fuel/Basket Degradation Model for PWR Disposal Control Rods 

The fuel/basket degradation model could be used for licensing, in the context of repository regulations such 
as 10 CFR Part 63, if model and parameter uncertainties are properly handled. For PWR DCRs the model 
would be applied in analysis of features, events, and processes to show that the likelihood of an internal 
criticality event is less than 10-4 per 10,000-yr repository. 

Postclosure internal criticality is a process likely to require analysis for longer than 10,000 yr in a repository 
performance assessment, meaning that the analysis used to include/exclude criticality in the licensing case 
would need to extend beyond the peak reactivity at about 25,000 yr. If stainless steel baskets do not fail 
from general corrosion in the >25,000-yr timeframe, then fuel configuration will be similar to the initial 
configuration. This could also be true if DPC baskets and canister shells were changed to more corrosion 
resistant materials such as duplex stainless steels, or even type 316 stainless which corrodes more slowly 
than type 304 in environments resembling seawater. 

It was pointed out that spacer grids tend to shift in the reactor and possibly during handling, so that grids 
for different assemblies might not line up as shown in the models. 

Laboratory testing could help in validating the degradation models used to represent degraded 
configurations of DPCs with DCRAs. Separate effects testing could focus on distortion of guide tubes, and 
the potential for DCRs refusal at insertion. Validation testing is needed for undamaged spacer grids, then 
grids that are degraded in some manner representing corrosion damage. 

Heat transfer calculations could be useful to confirm effects from DCRAs on conduction and convection at 
maximum thermal conditions after loading. 

Testing in Support of Fuel/Basket Degradation Modeling 

For modeling of fuel/basket degradation, the testing program should at some point include Zircaloy. Testing 
concepts should address the fabrication steps used for cladding tubing and spacer grids (e.g., cold work, 
annealing, exposure to reactor conditions, etc.). Zircaloy corrodes very slowly at ambient temperature so 
testing would focus on validation of a mechanical model, that could then be used to predict the cumulative 
effects from slow spacer degradation. 

According to the investigators, spacer grids are key to degradation modeling in addition to basket plates. 
Test data if available would be used to develop a load-deformation-failure function for the model. A detailed 
model of spacer grid components would be developed and used to design a spacer grid deformation test. 
Further validation could be achieved by modifying the grid structure, for example by breaking connections, 
or by heating the grid to change the metal properties, or by degrading the grid by exposure to radiation 
and/or autoclave conditions. 

It was noted that spacer grids do break in-reactor occasionally, where the edge of the grid impacts core 
baffles. Loss of the springs or tabs that retain fuel rods also occurs (broken tabs are collected in the coolant 
strainers). To complicate matters there are different grid designs, and materials vary (Zircaloy-4, Inconel, 
M5, Zirlo). The SNF inventory should be surveyed to select spacer grids for testing that represent the largest 
population of fuel assemblies. 
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For disposal conditions it is likely that the rod springs and dimples, in which stresses are greatest, could be 
the first spacer grid features to degrade. This would loosen the fuel rods, a result that is not currently 
described in the degradation model. The remaining features of grids are under less stress (e.g., thicker outer 
walls) so corrosion could be slower. 

Spacer grids leftover from other tests are available for testing. Also, fuel vendors make “grid strips” or 
partial grid assemblies that could be obtained for testing at lower cost than full grids. 

4.3 Testing and Validation Needs 

PWR Disposal Control Rod Design and Prototyping 

Develop requirements for PWR DCRs, and perform a design selection study to choose materials and a 
configuration. Support the requirements development and design selection study with reactivity analyses 
that address the range of fuel characteristics to be accommodated, the number and loading positions of 
DCRs that are needed, and whether Gd or 10B (or a mixture) is the preferred absorber. The design study 
should consider different types of PWR DPCs so that the solution is universal and does not require neutronic 
calculations for each DPC. To the extent that data for as-loaded DPCs and fuel pool inventory are available, 
determine the extent to which RCCAs and other reactor control hardware need to be shuffled to make room 
for DCRAs.  

This activity is the highest priority for the PWR DCR solution because it is technically feasible and seems 
closest to implementation because: 

• DCRs can be produced at low cost relative to other hardware solutions (SNL 2020b). 

• Suitable absorbers such as solid B4C are readily available (testing of ANA material is not needed). 

• By analogy to reactor control rods, DCRs will control reactivity for any combination of fuel 
assemblies, so that analysis of each loaded DPC would not be required. 

• Guide tubes are robust and corrosion resistant. 

• Licensing could be straightforward if implementation does not require revising other DPC 
requirements such as loading map criteria. 

Also, among as-loaded DPCs that have been analyzed for reactivity in degraded states, PWR DPCs are 
generally more reactive than BWR DPCs, so that a readily implemented PWR-specific solution has high 
potential utility for disposal criticality control. 

Two additional technical issues that should be addressed are: 1) the neutronic configurations that occur with 
fuel/basket degradation in different types of DPCs; and 2) verification of available PWR assemblies with 
open guide tubes (otherwise a separate waste stream will result consisting of disused reactor control 
hardware). 

Fuel/Basket Degradation Model Validation Testing 

The fuel/basket degradation model can be improved by developing and validating detailed mechanical 
response models for degraded spacer grids and degraded stainless steel basket plate connections. A detailed 
load-deformation-failure model for spacer grid components will be developed and used to design a spacer 
grid deformation test. Further validation will be approached by modifying the grid structure as discussed in 
Section 4.2. 

Basket plate corrosion, and degradation of plate connections, can be studied using a scale model with a 
material such as aluminum that corrodes rapidly at autoclave conditions. In addition, testing of stress-
corrosion cracking (SCC) including heat-affected zones around welds between basket components, which 
are unmitigated during fabrication, is needed if these processes will impact basket degradation. 
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Fuel/Basket Model Development 

The fuel/basket degradation model will be extended to represent different types of PWR basket 
construction, including stainless steel egg-crate designs, and stainless steel tube-and-plate designs. A 
modeling project using validated model components, in conjunction with the modeling project described in 
Section 5.3, will then provide degraded configurations for reactivity analysis (Stage II as described by 
Itasca/SNL 2020). 

Another purpose for generating a set of degraded configurations for analysis, is to evaluate the stylized 
configurations that have been used to represent degradation (Section 1.3). The evaluation should focus on 
similar configurations simulated mechanistically, and on the potential reactivity of intermediate states of 
degradation (before the stylized end configuration is reached). 

5. BWR Fuel Rechanneling 

5.1 Presentation and Description of Option 

Each BWR fuel assembly is enclosed in a thin metal shroud or channel, to guide coolant flow upward and 
prevent coolant bypass between adjacent assemblies. The channel fits around the assembly and is fixed by 
a single bolted clip at the top of the assembly. Channels are typically made from Zr-alloy for neutron 
transparency, and the rechanneling solution would replace certain channels with ANA material. The 
rechanneling operation could be performed in a dedicated station in the fuel pool. Disused Zr-alloy channels 
would be collected and compacted as a separate waste stream (low-level or greater-than-Class C waste).  

The number of rechanneled assemblies would be less than half of the total loaded in a DPC, if placed in 
central locations in a checkerboard pattern. The net change of weight for rechanneling would be relatively 
small, and comparable to PWR DCRs on a per-DPC basis, depending on the channel thickness (density of 
Zircaloy is 6,560 kg/m3 compared to 8,690 kg/m3 for Alloy 22)(SNL 2020b). 

5.2 Workshop Discussion 

Warping of fuel channels can occur during reactor operation due to “growth” from irradiation, which then 
can impede BWR control blade movement. In this case, during outages the plant operators will rechannel 
those affected assemblies that are needed for another fueling cycle. For disposal, rechanneling offers the 
benefits of compatibility with existing DPC basket designs, and being a routine enough operation that is 
already employed at reactor sites. 

Only alternating BWR assemblies would need rechanneling, in a checkerboard array that would position 
absorber material between every two adjacent assemblies. As discussed in Section 2, as-loaded BWR DPCs 
are typically subcritical for the degradation cases used in the analysis, which would further limit the extent 
of rechanneling needed (but also require reactivity analysis of each DPC prior to loading). 

Work on channel distortion (Garzarolli et al. 2011) showed that channels tend to bow toward the blades 
due to neutron “shadowing.” Bowing by as much as 6 mm can be tolerated without significantly impeding 
blade movement in-reactor. Distorted BWR channels may get stuck and not come off during rechanneling. 
Apparently, channels do not often become stuck within the limits of distortion used to protect blade 
movement, because this has not been reported. Operational knowledge is needed to evaluate how often 
channels have been stuck in the past, and how likely it is in the future. Since fewer than 50% of BWR 
assemblies in a DPC would require re-channeling for disposal criticality control, there would be 
opportunities to swap out stuck assemblies.  

The Atrium series of BWR assemblies have a “water cross” that is welded to the channel and would impede 
channel removal. Rechanneling such assemblies would require significantly more complete disassembly, 
including removal of the fuel sub-assemblies. It was noted that few, if any Atrium-type assemblies have 
been sold by Westinghouse in the U.S. 



 

18 

Ultimately, BWR fuel designs at different sites will require different rechanneling designs for disposal 
criticality control. 

Channels fabricated from ANA material would require some welding to form the walls of the box. 
Preliminary work on welding of Ni-Cr-Mo-Gd alloys was done 10 to 20 yr ago and could be restarted. 
Results from a Ni-Cr-Mo-Gd welding study showed depletion of Gd in welds, but channels don’t require 
uniform absorber distribution at the corners where welding would be used. It would be easiest to show that 
welding can be effective structurally if there is not requirement for Gd in the welds (allowing use of 
Alloy 22 welding wire, or “buttering” with pure Ni, etc.). 

Neutronic models used for predicting BWR rechanneling performance require validation, and the ensuing 
discussion focused on the need for better modeling of BWR burnup credit. The UNF-ST&DRDS software 
and neutron transport/depletion software used at ORNL for DPCs, meets ORNL requirements and could 
likely meet NQA-1 standards as well because of its genesis and documentation. However, it was pointed 
that the workhorse SCALE software is not NQA-1 qualified, nor is all of the supporting nuclear data, or the 
GC-859 data used to represent DPCs. ORNL is reported to be working on qualification of nuclear and other 
data needed for depletion and reactivity calculations. Note that 10CFR961 does not stipulate that fuel data 
are qualified.  

As pointed out in Section 4, any influence that hardens the spectrum such as moderator depletion by 
formation of corrosion products, could reduce absorption by Gd (155Gd and 157Gd) more than with 10B. The 
effectiveness of Gd or B, or mixtures, in hardware solutions (Sections 4, 5 and 6) will be tested by reactivity 
modeling. 

5.3 Testing and Validation Needs 

Corrosion Testing 

Unlike PWR DCRs, rechanneling requires development of a new, corrosion resistant ANA material. Such 
a material may presently exist, such as some form of borated stainless steel, but corrosion resistance for a 
range of disposal environments has not been established. Therefore, the first priority for this potential 
solution is the corrosion testing program described in Section 3. 

Fuel/Basket Model Development 

The next priority is advancement of fuel/basket degradation modeling to confirm that corrosion resistant 
BWR channels move with the fuel after degradation of spacer grids and/or basket plates. The model for 
BWR fuel/basket components will require the same validation testing approach described in Section 4. The 
model will be extended to represent different types of BWR basket construction, including stainless steel 
egg-crate designs, and stainless steel tube-and-plate designs. A modeling project using validated model 
components, in conjunction with the modeling project described in Section 4.3, should then provide 
degraded configurations for reactivity analysis (Stage II as described by Itasca/SNL 2020). 

Rechanneling Design and Prototyping 

Analysis of dimensions and tolerances for fuel assemblies and DPC baskets is needed to validate the 
channel thickness available for replacement channels (and the minimum areal density and maximum 
general corrosion rate). 
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6. Basket Insert Plates 

6.1 Presentation and Description of Option 

The basket insert option (chevron inserts) is described in Appendix C and SNL (2020b). 

Chevron inserts were developed to supplement neutron absorption in spent fuel pool racks with degrading 
Boroflex® absorber material. The inserts are typically made from aluminum-MMC or borated aluminum 
alloy and may be anodized for corrosion protection. Aluminum is not suitable for disposal criticality control 
applications because it readily corrodes on contact with ground water, so inserts made from ANA material 
are considered here. Each chevron insert would cover two sides of the fuel rack cell or fuel assembly, with 
the folded shape helping to center and anchor it.  

Insert plates could take other configurations such as single flat plates or square tubes, but these have not 
been used in spent fuel racks. The chevron configuration allows greater thickness for corrosion allowance 
than square tubes, by using the available clearance on only one side. Single flat plates might be inserted 
after loading each fuel assembly but could readily hang up on spacer grids or other features of the fuel. 

Chevron inserts for fuel pool racks are made of aluminum and are not suitable for disposal applications. 
For DPCs they would be made from ANA material that is shown to have sufficiently slow general corrosion, 
ductility and other properties favorable to fabrication, and sufficient areal absorber density. Insert plates 
would be designed to maintain the minimum areal absorber density beyond 25,000 yr exposure to ground 
water. The available thickness is up to about 3 to 4 mm, so the corrosion rate must be <<100 nm/yr. 
Preliminary corrosion testing indicates that the Ni-Cr-Mo-Gd ANA composition could provide this 
performance at least in more benign environments. 

Rough calculations show that chevron inserts could add as much as 3,000 lb to the weight of a loaded DPC 
in its transfer cask, for hoisting from the fuel pool (SNL 2020b). One option is to pump water out of the 
DPC during the lift (with shield lid in place), which could lower the overall weight by approximately 
10,000 lb. 

Chevron inserts could be used in any DPC, either PWR or BWR, with enough clearance between fuel 
assemblies and basket cells. For example, an insert that is 3 mm thick might be used if there is 6 mm or 
more clearance between fuel assemblies and basket cells in the x- and y-directions, if there are no other 
circumstances such as distortion that would make fuel insertion difficult.  

In this study, chevron inserts are envisioned as a way to provide disposal criticality control where other 
solutions are not workable for any reason, and particularly for retrofitting baskets made from aluminum-
MMC material. 

6.2 Workshop Discussion 

Operational Challenges with Chevron Inserts for Spent Fuel Pool Racks 

Inserts have been used to retrofit fuel racks to make up for loss of absorber due to degrading Boroflex® or 
Boral® (which can blister). Two main designs are used: 1) the NETCO Snap-In deforms as it is placed in 
the rack before the fuel assembly, locking in place; and 2) Holtec has another design that is placed in the 
rack after the fuel is inserted and hangs on the top of the assembly (SNL 2020b). Inserts continue to be used 
in fuel racks today for mitigation of absorber degradation. Chevron inserts are available in different 
thicknesses needed to accommodate local conditions, particularly variations in rack designs and the 
available clearance, which can be reduced by absorber degradation. According to one panelist, there were 
some operational challenges with the Snap-In inserts that would occasionally not snap in place correctly 
causing clearance issues. 

The R&D program will pursue ANA material and its corrosion resistance and other properties, to determine 
what thickness would be required, for feasibility evaluation. BSS would probably need to be enriched in 
10B if natural B does not provide sufficient poison loading at the allowable insert thickness. 
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It was noted that the additional surface area of the inserts could increase dewatering time which could be 
problematic for hotter waste packages. 

Hook Load Considerations 

The weight of inserts was discussed as a possible barrier to implementation in fuel pool facilities that are 
operating at or near hook load limits for fuel pool cranes. The oldest plants have the least hook load margin, 
and such measures as removable shielding and water jackets (filled only after hoisting from the pool) have 
been used. Pumping water out of the DPC (i.e., 5 to 6 cubic meters) while it is still in the pool, could reduce 
hook load by 10,000 lb. but has not been done or is developmental. It is necessary to know exactly how 
many inserts would be needed to determine if the additional weight would be of concern. 

6.3 Testing and Validation Needs 

Corrosion Testing 

BSS and ANA materials should be tested to provide assurance that they can provide reactivity control 
beyond 25,000 yr exposure to the disposal environment.   

Reactivity Analysis  

Reactivity analysis is needed to determine the minimum absorber areal density, and how many inserts 
would be needed in a DPC (without analyzing each DPC before loading). 

Review of Dimensional Clearance Data and Hook Load Limits 

Once the composition, required thickness, number, and placement of inserts is better known, an 
investigation is needed of available clearance between fuel assemblies and DPC baskets, and the hook load 
limits that could be problematic at certain plants. 

Prototype Fabrication 

If sufficient clearance is available, then the next step is to design and fabricate a chevron insert prototype, 
as a demonstration of workability. If welding is used, then a neutron absorbtion scan would be done to 
verify the absorber distribution within and near welds. 

Fuel/basket Degradation Model Analysis 

The fuel/basket degradation model will be modified to include chevron inserts. Corrosion resistant inserts 
could help maintain geometric configuration as the basket degrades, or the basket and spacer grids 
degrade. They also increase weight which could adversely affect assemblies at the bottom of the waste 
package.   
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7. Recommendations 

This section is based on direct input from the workshop, and interpretation of those discussions by the 
authors. 

7.1 Prioritization of Solutions 

1. Zone Loading – Highest priority because it requires no foreseeable modification to any DPC, while 
relying on the same methods for reactivity analysis and fuel/basket degradation that would be 
needed for implementation of every other option. Zone loading could require re-analysis and 
licensing of changes to DPC loading criteria that limit peak cladding temperature and worker dose. 

2. Replace Absorber Plates – Higher priority because it is a simple modification to DPC baskets 
made from stainless steel, which at present are the majority of DPCs. It would be implemented 
during DPC fabrication and would not change fuel pool operations. Replacing absorber plates 
would require ANA material, accordingly, corrosion testing is identified as a high priority activity 
in Section 7.2. ANA material is needed for three of the four hardware options proposed in this 
report.  

3. PWR Disposal Control Rods – Higher priority because it could be implemented for nearly any 
PWR DPC, and as-loaded PWR DPCs have been shown to have higher degraded reactivity than 
BWR DPCs. Could be implemented with any type of DPC including those with aluminum-MMC 
baskets, and requires fuel pool operations. Fitment issues would be limited to sliding DCRs into 
guide tubes, and displacing reactor control hardware into other locations. Requires reconciliation 
with existing technical specifications on DPC loading maps (cladding temperature and worker 
dose), and locations for irradiated control hardware. 

4. BWR Rechanneling – This is the only hardware modification possible for BWR fuel assemblies 
if they are reactive enough to require mitigation, and basket modifications (absorber plates, insert 
plates) are not available. Requires ANA material, fuel pool operations, and may be subject to 
dimensional clearance and assembly distortion issues. 

5. Basket Insert Plates – Chevron inserts are the most promising variant, and have been implemented 
extensively for mitigation of fuel pool racks. Would require modification to fuel pool operations, 
especially if assemblies do not fit into modified DPC basket cells. Requires ANA material and will 
be subject to dimensional clearance and assembly distortion issues. Could be most useful for 
retrofitting of aluminum-MMC baskets. 

7.2 Prioritization of R&D Activities 

Activities can support more than one fuel/basket modification option, and are prioritized separately below. 
Suggestions on QA are included in the list. All activities will be subject to QA grading, and in addition, the 
indicated suggestions should be considered. For example, a notation of QAL-1 indicates that some aspect 
of the work scope is likely to be used for licensing. The default is no notation of this type, and indicates 
graded QA will be used. 

7.2.1 Corrosion Testing 

Needed for three out of the four proposed hardware solutions. 

• ANA material selection and corrosion testing (QAL-1). 

• Material selection for prototype disposal criticality control solutions. 

• Verification of selected ANA material properties including heat transfer properties, thermal 
expansion, and yield strength. 
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• Scoping model of DPC basket heat rejection after replacing aluminum-MMC absorber plates with 
ANA material (stainless steel baskets). 

• Fabrication process demonstration (rolling, bending, welding, annealing) and verification of areal 
absorber density and corrosion performance of worked samples. Testing concepts are further 
explored in Section 3.3, and in ORNL (2020). 

7.2.2 Reactivity Analysis for Scoping Evaluation of Fuel/Basket Modification Options  

Reactivity analysis supports all of the solutions proposed in this report. It is an ongoing, iterative effort with 
immediate activities (zone loading, preliminary degraded configurations), and longer-term activities to 
evaluate degraded configurations (Section 7.2.5). Eventual qualification of data and software is addressed 
in Section 7.2.7. 

7.2.3 Testing to Support Fuel/Basket Degradation Modeling (with modeling support) 

Predictive degradation modeling is needed to some extent for each of the proposed solutions, and validation 
is a major challenge that needs to be addressed before extensive predictive modeling. 

• Develop a load-deformation-failure model for spacer grids and basket structures. 

• Using the model, design a validation test series. Additional testing concepts are explored by ORNL 
(2020). 

• Procure representative BWR and/or PWR spacer grids, and verify test predictions. 

• Design and construct scaled basket structures, and verify test predictions (QAL-1). 

• Perform tests on intact and progressively degraded test structures (QAL-1). 

• Compare to model predictions for model validation. 

7.2.4 PWR Disposal Control Rod Design and Prototyping 

PWR DCRs are promising for the reasons given in Section 7.1. 

• Perform keff analysis with idealized DCRs to estimate the required number, location, and neutronic 
properties. 

• Review PWR assembly types, and develop disposal control rod requirements. 

• Design and fabricate prototype disposal control rods. 

• Test DCR properties and insertion characteristics (e.g., in deformed guide tubes). Concepts for 
“separate effects” tests as explored by ORNL (2020) could be useful here. 

• Demonstrate DCR insertion in mock-up PWR fuel assemblies underwater, to demonstrate fixturing 
and estimate time and other resources needed for implementation. 

7.2.5 Fuel/Basket Model Development and Prediction Project 

Eventually, degradations model predictions will be needed for selected fuel/basket modification solutions, 
even if only to support the two stylized degradation cases (Section 1.3). 

• Incorporate validation test results. 

• Extend model to stainless steel egg-crate baskets, and tube-and-plate baskets. 

• Extend model to BWR DPCs. 

• Generate degraded configurations for reactivity analysis. 

• Reactivity analysis of degraded configurations (see QA discussion in Section 7.2.7). 
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7.2.6 BWR Fuel Re-channeling and Insert Plate Prototyping 

The following activities are deferred pending testing and selection of suitable ANA materials (QA 
requirements are to-be-determined). 

• Perform keff analysis with idealized hardware to estimate the required number, location, and 
neutronic properties. 

• Develop requirements, based on review of BWR and PWR assembly types, DPC basket 
dimensions, and ANA material characteristics (required thickness). 

• Design and fabricate prototype hardware. Select whether plates are inserted in DPC baskets before 
or after immersion, or attached to fuel assemblies before insertion. 

• Test fit of hardware solutions (channel-to-assembly; modified assembly-to-basket cells). 

• Demonstrate rechanneling and plate insertion underwater, to demonstrate fixturing and estimate 
time and other resources needed for implementation. 

7.2.7 Reactivity Model Quality Assurance 

The following activities are deferred pending resolution of which disposal criticality control solutions will 
be selected for further development. Until the need is clear, deferral is warranted, and scope should be 
limited to planning of the QA effort, because: 1) reactivity modeling system components were developed 
under ORNL requirements; 2) some components may already be qualified; 3) some qualification efforts are 
currently underway for other users; 4) the zone loading solution, which relies entirely on reactivity 
modeling, is developmental and still undergoing feasibility analysis; and 5) disposal criticality control 
solutions will be selected (or not selected) in the future, and the cost for qualification and validation of 
reactivity modeling system components should be commensurate with the intended use. QA requirements 
are to-be-determined. 

• Qualification of propagation and depletion codes. 

• Qualification of nuclear data used by the codes. 

• Validation of burnup credit models. 

• Qualification, if determined to be necessary, of as-loaded DPC configurations and fuel 
characteristics (e.g., GC-859). 

• Review and qualification, if necessary, of configurations for reactivity analysis of selected 
fuel/basket modification(s). 

• Run models for fuel/basket applications. 
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Appendix B – Workshop Agenda 

When: 
(all times 1 pm Eastern, virtual meetings to last 3 hours) 
Oct 27 & 29 Information briefings (SNL, ORNL presentations) 
Nov 5  Discussion with experts (Q&A) 
Nov 13  Expert recommendations, other business 
 
Virtual format to be set up by ORNL (Kevin Connolly, ORNL; contact info below) 
 
(Encourage Q&A during presentations) 
 
Day 1: Introduction and briefings 
 
1300 Introduction and discussion of modification options (Hardin, SNL) 

- Objectives of this activity (R&D steering, support development and licensing of 
solutions for future DPCs and generic repository applications) 

- Not a financial or legal review, although cost could be important to engineering 
feasibility of solutions discussed 

- Participants 
- Review of F&B modification options report 

1345 Q&A 
1400 Reactivity analysis of as-loaded DPCs (Banerjee, ORNL) 

- Methods (neutronics, stylized degradation cases) 
- Scope (analyses applicable to generic repositories, including salt repositories) 
- Disposal of as-loaded DPCs without modification (results, trends, misload analyses) 
- Recent analysis of DPC control rods, etc. F&B modification options 
- Plans for future analyses 

1445 Q&A 
1500 Modeling of fuel/basket degradation (Damjanac/Varun, Itasca) 

- Objectives for modeling (kinematics, trends, seismic response, method development) 
- Basket degradation model description 
- Tracking the relocation of control features during F&B degradation 
- Overview of results 
- Information needs and recommended future analyses 

1545 Q&A 
1600 Adjourn 
 
Day 2: Continuation of briefings 
 
1300 Neutron absorber material testing (Jarrell/Lister, INL) 

- History and material descriptions (borated stainless and Ni-Cr-Mo-Gd) 
- Absorber corrosion lifetime requirements 
- Corrosion environments (fresh, seawater, dilute HCl; not brine or unsat.) 
- Questions to be addressed in addition to general corrosion rates (phase behaviors, 

applicability of AMs or SAMs, etc.) 
- Preliminary and historical results 
- Ongoing test program 
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1345 Q&A 
1400 Modeling corrosion lifetime of DPC materials (Brady, SNL) 

- Geochemical modeling approach 
- Assumptions and boundary conditions (thermochemical data, redox, mixing, 

open/closed, temp. dependence, kinetics) 
- Similar models and regulatory reviews  
- Results for thermal and post-thermal repository conditions, without criticality 

1445 Q&A 
1500 SNL/ORNL testing capabilities (Durbin/Howard) 

- Recent testing of fuel/basket components 
- Capabilities 
- SNL, ORNL and other labs 

1545 Q&A 
 
Days 3 and 4: Discussion of approaches, strengths/vulnerabilities, and testing ideas. 
 
Questions to be asked of experts. The following may not be answerable from the information provided, 
but expert opinions would be useful, and any discussion of other questions that should be raised. 
 
I. General questions 

a) Could the degradation modeling approach be developed sufficiently for licensing? What are the 
perceived strengths and weaknesses? 

b) Could a licensing case for reliance on ANA materials be supported adequately by the testing 
program described? 

c) What types of additional testing is needed to establish corrosion rates for fuel/basket materials, 
and to validate models of fuel/basket degradation mechanics? 

d) What are the most promising approaches for achieving generic disposability of PWR and BWR 
fuel in future DPCs? 

II. PWR disposal control rods 
a) What operational problems could arise during installation of PWR control rods (DCRAs)? 
b) Would it be practical to shuffle control hardware around to make room for disposal control 

rods, particularly in reactive assemblies where they may be needed? 
c) Could thermal or especially radiation constraints on DPC loading maps be relaxed in lieu of 

reactivity constraints, in a strategy for placement of DCRAs? 
d) Could corrosive degradation and mechanics models be relied on for licensing, i.e., to extend 

reactivity predictions after mechanical degradation of basket plates or spacer grids? 
e) Is there flexibility in PWR SNF assembly configurations and inventory to allow a generic 

modeling approach, or would can-by-can reactivity analysis be needed? 
f) How could damaged fuel be accommodated in a DCRA concept? 
g) Are the implementation costs, including labor estimates from the options report realistic? 
h) What further model development and additional testing activities could provide support to the 

PWR DCRA solution? 
III. BWR fuel rechanneling 

a) What operational problems could arise during BWR fuel rechanneling? 
b) Could the old channels be disposed of as LLW? 
c) Could thermal or especially radiation constraints on DPC loading maps be relaxed in lieu of 

reactivity constraints, in a strategy for placement of DCRAs? 
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d) Could corrosive degradation and mechanics models be relied on for licensing, i.e., to extend 
reactivity predictions after mechanical degradation of basket plates or spacer grids? 

e) Is it likely that a generic approach could be developed that does not require can-by-can 
reactivity analysis, or new criteria for loading maps?  

f) How could damaged fuel be accommodated in a DCRA concept? 
g) Are the implementation costs, including labor estimates from the options report realistic? 
h) What further model development and additional testing activities could provide support to the 

BWR rechanneling solution? 
IV. Chevron inserts 

a) Would an insert strategy be effective as an addition to DPCs with aluminum-based baskets? 
b) What technical problems could arise in testing, licensing, and implementation? 
c) Would basket redesign be required or is there  
d) Assuming there are fuel pool facilities operating at their hook load limits when hoisting loaded 

DPCs, are there practical solutions that could accommodate the additional weight of inserts? 
e) Are the implementation costs, including labor estimates from the options report realistic? 
f) What further model development and additional testing activities could provide support to the 

chevron insert solution for PWR and BWR DPCs? 
V. Zone loading 

a) Could there be sufficient low-reactivity fuel assemblies available in pools (e.g., during 2030-
2060) to load a significant number of DPCs for disposal criticality control? 

b) Can additional can-by-can reactivity analysis be accommodated in SNF operations, or should 
other, more generic solutions be sought? 

c) Could thermal or especially radiation constraints on loading maps be relaxed in lieu of 
reactivity constraints for zone loading? 

VI. Replacement absorber plates 
a) What technical problems could arise in the testing, licensing, and implementation of 

replacement absorber plates (for Boral and B-Al absorber plate DPC designs)? 
 
Other Q&A 
Wrap-up/final recommendations 
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Appendix C – Workshop Presentations 

Listed in order of their presentation (see agenda, Appendix B). Movie links are not provided, only static 
first-page images are shown. 
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