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1. Introduction

In FY13, J.H. Lee from Sandia National Laboratory completed an initial performance assessment (PA) calculation to estimate the impact of placing INL’s electrorefiner salt directly into a salt repository for permanent disposal [ref.1].  This report is intended to serve as a supplement to J.H. Lee’s report to both document the information regarding the electrorefiner salt used for the PA source term and to provide recommendations to management of INL’s EBR-II Spent Fuel Treatment program on viability of direct disposal and need for additional studies.

2. Salt Inventory

INL currently operates two electrorefiners (ER) in their Fuel Conditioning Facility (FCF).  The Mark-IV ER has been used primarily to process driver fuel characterized by high U enrichment and high concentrations of fission products.  The Mark-V ER has been used primarily to process blanket fuel characterized by low enriched uranium, low concentrations of fission products, and high concentrations of Pu-239.  The Mark-V ER is currently in standby mode, and it is undecided as to whether additional fuel will be treated in it or not.  Therefore, the current inventory of salt and nuclides was assumed to be a reasonable approximation of the final source term for disposal.  The composition based on chloride salt mass fractions for both the Mark-IV and Mark-V ER are given in Table I.  For the case of the Mark-IV ER, it still is being used to process driver fuel.  And thus an estimate was needed to determine the eventual total mass of salt from the Mark-IV ER.  Based on a previous assessment of fuel processing options, it was estimated that the total Mark-IV ER salt will eventually be 1017 kg [ref. 2]. For the sake of the PA source term, it was assumed that the Mark-IV ER salt composition stays the same but the mass increases from the current level of 449 kg to 1017 kg.  In actuality, the concentration of fission products and transuranic elements should both increase as a result of continued fuel processing.  A more rigorous calculation may be warranted in follow-on work to improve the accuracy of the projected Mark-IV ER salt source term.  The current mass of Mark-V ER salt is about 699 kg.








TABLE I. Current Estimated Electrorefiner Salt Composition (mass fractions)
	Salt Compound
	Mark-IV ER
	Mark-V ER

	LiCl
	0.318
	0.388

	KCl
	0.388
	0.461

	NaCl
	0.0982
	0.0579

	RbCl
	1.67E-03
	5.90E-05

	SrCl2
	4.98E-03
	1.95E-04

	YCl3
	3.50E-03
	1.62E-04

	CsCl
	1.24E-02
	6.91E-04

	BaCl2
	7.20E-03
	5.25E-04

	LaCl3
	8.52E-03
	3.57E-04

	CeCl3
	1.62E-02
	6.47E-04

	PrCl3
	8.02E-03
	2.94E-04

	NdCl3
	2.73E-02
	1.07E-03

	PmCl3
	5.72E-04
	2.19E-05

	SmCl3
	5.20E-03
	2.87E-04

	EuCl3
	2.42E-04
	1.49E-05

	GdCl3
	1.62E-04
	1.66E-05

	NpCl3
	1.41E-03
	7.28E-05

	UCl3
	0.0685
	0.0316

	PuCl3
	0.0298
	0.0575

	AmCl3
	1.04E-05
	1.30E-05




The INL’s Mass Tracking System (MTG) was used to generate actual nuclide inventories.  The Mark-V ER salt inventory was not scaled.  But the Mark-IV ER salt inventory (total mass) was scaled by a factor of 2.263 from its existing level.

Fission product decay heat has been estimated for each type of salt and is given in Table II.

Table II. Estimated Fission Product Decay Heat for Mark-IV and Mark-V Salt in Watts per Kilogram.
	Salt Source
	No Decay
	30-day Decay
	10-year Decay

	Mark-IV ER
	2.571
	2.481
	1.003

	Mark-V ER
	3.699
	0.244
	0.185




3. Salt Waste Packaging

A nominal waste package configuration was assumed in which salt would be frozen into 40 kg ingots in thin-walled stainless steel canisters.  Three of those canisters would be placed in a stacked configuration in a larger disposal canister.  Six of these disposal canisters would be needed for the Mark-V ER salt and nine would be needed for the Mark-IV ER salt.  Given the heat generation terms in Table II, there is not expected to be a substantial increase in temperature in the salt waste packages.  The maximum heat generation for a single waste package is about 300 Watts, which should easily be dissipated to the surrounding environment.

4. Performance Assessment

A performance assessment (PA) was calculated by J.H. Lee of Sandia National Laboratory for disposal of INL’s projected electrorefiner salt waste in generic salt repository—the details of which are described elsewhere [ref. 1].  The Goldsim framework was used for the PA which calculated out to 1 million years after initial disposal of the waste.  The waste packages were assumed to be spaced by 18.3 meters.  Configuration of the PA model is shown in Figure 1.  Transport of radionuclides was assumed to be via diffusion and advection.  Primary pathways for radionuclide release and transport from the repository to the biosphere are the repository drift and shaft seals and the underlying interbed.


[image: ]
Figure 1. A Schematic Illustrating the Model Implementation Configuration of the PA Model for ER Salt Waste Direct Disposal.

Results of the PA calculations performed in FY13 are shown in Figures 2 and 3.  Figure 2 shows that mass flux out of the repository ranges from 1 gram/year for harmless lithium to 1x10-7 gram/year for Cl-36. The dose rate is actually dominated by Cl-36, and is thus inconsequentially low.  Given that the assumptions made for the PA are reasonable, these results would indicate that there are no repository performance issues for direct ER salt disposal.
[image: ]

Figure 2. Model Result of Mean Mass Flux of RNs from Repository.


[image: ]
Figure 3. Model Result of Mean Annual Dose at the Hypothetical Biosphere Located at the Repository Site Boundary.


5. Concerns

The potential for an accident in which the cask is flooded during transportation must be considered.  Because of the high concentration of Pu-239 and the hygroscopic characteristic of the LiCl-KCl salt, risk of criticality must be considered.  Containment should also be a concern after such an accident, since the salt is readily dissolved in water and would be easily dispersed in the environment.  It would be impossible to completely clean up an accident in which the cask broke open and some of the salt dissolved in a natural body of water.  Hypothetically, the criticality hazard would involve most of the salt staying in the transportation cask coupled with an ingress of water.  One seemingly viable approach to minimizing this risk is to use a criticality-safe geometry for the waste packages.  Absorbing the salt into a material such as zeolite prior to loading into disposal canisters would seem like a hybrid solution between a full ceramic waste form and direct salt disposal.  It should be recognized that zeolite pellets can very effectively immobilize the salt and prevent it from dissolving in water.  A lower cost approach may be to design overpack materials that virtually eliminate the potential for dispersion of the salt into the environment.

Solubility estimations in the repository (near and far field) vary substantially, and errors in these estimates could strongly influence the results of the PA.  It is recognized that it is nearly impossible to pinpoint the solubilities, but it could perhaps be useful to perform a sensitivity analysis in which the solubilities are varied over several orders of magnitude.  It would be particularly interesting to know if a certain threshold solubility for each key radionuclide could lead to significant dose rates outside of the repository boundaries.  As shown in the following figure, precipitation is a dominant process dictating radionuclide transportation.

[image: ]
Figure 4. Model Result of Mean Precipitate Mass of RNs Released from Salt Waste of Mark-IV ER Salt WP.

Another concern is the safeguarding of fissile nuclear material.  In the 699 kg of Mark-V ER salt there is included 27.8 kg of Pu (98% Pu-239).  During both transportation and disposal, that material must be safeguarded.  While the salt may be self-protecting, this is not sufficient to reduce safeguards requirements.  Based on current DOE safeguards standards, this material would have an attractiveness level of C while being Category I.  Mark-IV ER salt would have a higher dose rate but still fall into the classification of Attractiveness Level C/Category I.  Security protocol for handling the material thus must be assessed with cost estimates performed.

6. Recommendations

· A criticality analysis is recommended to identify low-risk packaging configurations and evaluate various accident scenarios during transportation.  The relatively high concentration of plutonium in the salt combined with the hygroscopic nature of the salt could present a significant criticality hazard.
· Due to the substantial inventory of cadmium metal in the Mark-IV ER, it is known that the Mark-IV ER salt will be contaminated with dissolved cadmium.  The estimated concentration of cadmium in the salt is about 0.005 wt%.  Since cadmium is a RCRA-listed metal, the impact of its presence on proposed disposal options should be assessed.  Purification methods should also be considered for minimizing the concentration of cadmium in the salt before it is removed from the ER and solidified.
· Given that the waste packages are expected to be intact for 90,000-120,000 years, it is highly unlikely that the subsequent transport out of the repository will be significant with regard to impact to humans.  When this analysis was presented at a recent conference (Global 2013, Salt Lake City, October 2013), one of the attendees noted that it is more commonly assumed that waste packages last only 1000 years in a geologic environment.  It is, thus, recommended that more study of waste package options and degradation mechanisms be studied.
· Waste package configuration and container designs were specified arbitrarily for this analysis.  Standardized canister options should be evaluated with respect to impact on the above transportation and container degradation issues.  Transportation rules should be carefully reviewed to assure that the assumed source material can be packaged and transported in such containers.
· Given that the raw salt (without waste form) is predicted to perform substantially better than required in the repository, there appears to be no justification to repeat this analysis for glass or ceramic waste forms.  Any follow-on work should be focused on packaging and transportation.
· A careful assessment of the safeguards requirements for transportation and disposal of the salt should be performed.  If the Category I levels of Pu are determined to be a problem, then INL should consider extraction methods such as electrowinning and lithium drawdown that can be performed on the salt prior to removal from the electrorefiners.  However, this would result in accumulation of metallic actinides (U/TRU) with no current disposition path.
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