
TEM-10300-1 
03/01/2012 
Rev. 03 

TECHNICAL EVALUATION Page 1 of 21 

Title: 
Update on the Strategy for Disposition of Salt By-Product Generated During the 
Treatment of Irradiated Sodium Bonded Fuel 

TEV No.: 2201 Rev. No.: 0 Project No.: 31059 Date: 09/29/14 
 
 
 

1. Quality Level (QL) No. X Professional Engineer’s Stamp 
 

N/A 

 

2. QL Determination No. X 

3. Engineering Job (EJ) No. X 

4. SSC ID X 

5. Building  X 

6. Site Area  X 

7. Introduction: 

Disposal of electrorefiner (ER) salt used in the treatment of irradiated, sodium-bonded metallic 
fuel is one of the challenges associated with the treatment and management of sodium bonded 
spent nuclear fuel. Baseline planning for this eventual disposition has focused on immobilization 
of the salt in a durable ceramic waste form (CWF) for placement in a geological repository such 
as Yucca Mountain. Recently, with Yucca Mountain repository licensing activities suspended, 
alternatives to ER salt disposal are being considered. These included less expensive treatment 
options to stabilize the salt for safe storage and eventual disposal in an appropriate repository 
This report evaluates the various options and provides recommendations for used ER salt 
disposal. 

8. If revision, please state the reason and list sections and/or pages being affected: 

N/A 

9. Conclusions/Recommendations: 

The curtailment of licensing operations at Yucca Mountain and the uncertainty associated with 
future repository media has provided an opportunity to explore alternatives to the baseline 
disposition plans for ER salt at the conclusion of irradiated sodium-bonded metallic fuel (SBMF) 
treatment activities. 

Evaluation of alternatives to CWF production for the stabilization and disposal of ER salt are 
presented here. These options include alternative waste forms to the CWF, stabilization of ER 
salt for long-term storage, and the potential direct disposal of used salt in a salt based repository 
similar to the Waste Isolation Pilot Plant (WIPP) in New Mexico. From this evaluation it is clear 
that: 

1. Disposal of used ER salt in the CWF is the most technologically mature option 

2. Alternative waste forms would require a significant research and engineering effort greater 
than that of CWF implementation 

3. At the current time, salt stabilization in a mineral zeolite material does not have any significant 
advantage for long-term storage compared to canisterized storage of solidified salt 

4. Analysis of direct disposal of used ER salt at at salt based repository similar to WIPP may 
provide safe disposal and major cost and resource savings compared to the CWF option. 
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Two final recommendations are presented in this evaluation. The first recommendation is to 
continue studies as to the feasibility of direct salt disposal in a generic salt repository. It appears 
from preliminary studies that direct disposal of used ER salt waste packages in a generic salt 
repository would provide a safe disposal option with negligible impact on the repository. 
Furthermore, these studies support the possibility that used ER salt may be acceptable for 
disposal at WIPP. In this scenario, solidified salt placed in a waste package meeting the WIPP 
waste acceptance criteria (WAC) would be transferred to WIPP for disposal. This would likely be 
the least expensive option for used ER salt disposal.  

The second recommendation is to continue process qualification of the CWF as the final step 
before full-scale waste forms could be fabricated; and to investigate alternative locations for CWF 
fabrication to minimize the impact on over-utilized facilities. The reason to continue CWF 
development activities is that, as previously mentioned, the CWF is the most mature process 
available to treat used ER salt containing radionuclides and residual actinides. If no other 
treatment option is found, CWF fabrication may be the only option available for treating used ER 
salt. 
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1. INTRODUCTION 

As part of the planning for the treatment and management of used sodium bonded metallic fuel, 
significant research has been undertaken to develop durable waste forms for the salt and metal by-
products generated as part of the treatment process (ref. 1). One of the key premises of this planning 
has been that the subsequent waste forms would be dispositioned as High Level Waste forms in the 
Yucca Mountain Repository in Nevada (ref 2). The Administration’s decision to suspend pursuing 
licensing of the planed repository has provided DOE and its related contractors an opportunity to 
reconsider the baseline approach developed for the eventual disposal of the by-products. This paper 
will focus on disposition of the electrorefiner (ER) salt that will eventually be removed from the MK-IV 
and MK-V ER’s. The baseline approach for disposition of this material had been through the 
development of a Ceramic Waste Form (CWF). The CWF is created by mixing used salt with zeolite 
and a glass binder and heating at 925°C in a furnace to form the waste form. Both the CWF and the 
metal waste form (MWF), were developed at Argonne National Laboratory (refs. 3, 4) during the 1990s 
for treatment of spent electrorefiner salt and demonstrated in the Hot Fuels Examination Facility (HFEF) 
at Argonne-West from 1999 to 2003 (ref. 4) (Argonne-West is now the Materials and Fuels Complex, 
part of the INL). The used fuel treatment process with subsequent waste forms is shown in Figure 1. 

 
Figure 1. Baseline Electrometallurgical Treatment Process for used, sodium-bonded metallic fuel. 

Both CWF and MWF process qualification were performed using surrogate materials outside of HFEF 
prior to final equipment insertion into HFEF. The MWF process qualification preceded the CWF 
qualification and the MWF furnace has been operation in HFEF since 2012 with two full-scale MWF 
ingots produced from treated cladding hulls to date. While the surrogate CWF process qualification has 
been initiated outside of HFEF, a number of concerns have arisen regarding the final installation of 
CWF equipment into HFEF. These concerns included: lack of available hot cell space in HFEF with 
current and future DOE projects; the estimated time-frame and cost of processing used ER salt at the 
end of the used fuel treatment program projected to occur not before 2023; and finally, the cessation of 
licensing activities at Yucca Mountain for permanent disposal of HLW that has led to significant 
uncertainty in disposal of nuclear fuel and related waste. 
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Because of these uncertainties, the program has elected to reevaluate potential disposal pathways for 
used ER salt. The objects of this TEV are to investigate potential alternatives to CWF fabrication and to 
recommend viable solutions for disposal of ER salt. 

1.1 Acronyms 

CWF Ceramic Waste Form 

DOE Department of Energy 

EBR-II Experimental Breeder Reactor II 
ER Electrorefiner 

FGE Fissile Gram Equivalent 

HFEF Hot Fuel Examination Facility 

INL Idaho National Laboratory 
INTEC Idaho Nuclear Technology and Engineering Center 

KAERI Korean Atomic Energy Research Institute 

MFC Materials and Fuels Complex 
MT Metric Ton 
MWF Metal Waste Form 

PEC Plutonium Equivalent Curie 
PSC Process Storage Cans or Primary Salt Container 

RH-TRU Remote Handled Transuranic Elements 
ROD Record of Decision 

SAP Silica-Alumina-Phosphate 
SBMF Sodium Bonded Metallic Fuel 
SNL Sandia National Laboratory 

TEV Technical Evaluation 
TRU Transuranic Elements 

WAC Waste Acceptance Criteria 
WIPP Waste Isolation Pilot Plant 
WP Waste Package 
Wt% Weight Percent 
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2. CURRENT STATUS OF MK-IV AND MK-V ELECTROREFINERS 

The DOE is considering treating the remaining driver, sodium-bonded metallic fuel (SBMF) inventory 
currently stored at the INL via electrochemical processing using the MK-IV electrorefiner (ref. 5), which 
is expected to be completed in 2023. Under this scenario the MK-V electrorefiner will serve as a backup 
to the MK-IV ER, or perform other fuel treatment. A number of other used fuels, such as blanket SBMF, 
scrap materials (ref. 6), or as yet undefined advanced electrorefining operations could extend the 
operation of the ERs. Regardless of the final treatment decisions, it is conceivable that both ERs will 
remain operational for ten or more years. 

At some time in the future, used salt will have to be removed from the ERs, either due to completion of 
electrochemical operations and initiation of decommissioning, or for limited salt removal to maintain ER 
operation parameters. Limited salt removal may be required to control salt levels within the ER, or 
various bleed and feed operations may be required to control TRU content in the ERs for criticality 
concerns, or to reduce other impurity concentrations in the salt to maintain proper ER operating 
temperatures. Measurement indicates that maximum cation impurities in the ER should not exceed ~25 
wt% (ref. 7). It should be noted that estimates of cation impurity in the MK-IV ER at the completion of 
the driver fuel treatment will not exceed the 25 wt% limit. Cation sodium, fission product, and TRU 
impurity levels in the MK-IV ER are currently (August 2014 salt analysis) at roughly 7 wt%. Thermal 
output analysis of ER salt containing maximum predicted fission-product loadings does not indicate 
excessive heat output, either for ER operations, or for waste packages (refs. 8, 9). These thermal 
output analyses are important to assure that removed ER salt placed in storage containers will remain 
solidified under ambient conditions. A number of ER eutectic salt properties are listed in Table 1. 

Based on the data collected through active salt sampling and its integration into predictive models 
tailored to provide estimation on salt longevity, it appears the approximately 3.2 MTHM driver fuel 
inventory will be treated in the original 400 kg eutectic salt that was placed in the ER in the mid-1990s 
with cation impurity levels and decay heat loadings estimated to be well below normal ER operation 
limits. This is a significant statement to the robustness of the electrochemical treatment method of 
SBMF. 

Table 1. Physical properties of ER Eutectic LiCl-KCl Salt. 

 
Molten LiCl-KCl 

at 500°C 
Solid LiCl-KCl 

at 25°C 
Wt % LiCl 44.0 
Wt% KCl 58.0 
Molecular wt (g/mole) 55.9 
Melting Point (°C) 360 
Density (g/cm3) 1.6 2.0 
Viscosity (cP) 2.44 na 
Surface Tension (N/m) 0.14 na 
Heat Capacity (J/g-K) 1.2  
Thermal Conductivity (W.m-C)   
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The Mk-IV and MK-V electrorefiners are maintained at 500°C to keep the salt in a molten state during 
normal and standby operations. The eutectic LiCl-KCl salt is extremely hygroscopic; and, even though 
moisture levels in the inert argon atmosphere of the FCF hot cell are maintained in the very low part-
per-million range, a high-purity argon gas flow through the head-space of each ER vessel prevents the 
interaction of trace quantities of moisture with salt. This care in preventing the introduction of moisture 
into the ER is required because moisture in ER salt is detrimental to routine electrochemical operations. 
Both ER vessels are sealed, except when components are transferred into and out of the vessels, but 
the ER vessel seals are not gas tight and this slight leakage of pure cover gas helps to keep moisture 
from entering the electrorefiners. 

Salt could be allowed to cool in the ERs until solidified, but would have to be re-melted to resume 
operations or be removed from the ER vessel. The high-purity argon cover gas would also have to be 
maintained to prevent introduction of moisture, because the solidified eutectic salt forms a hydrated, 
gelatinous-like surface layer when exposed to moisture. Because the ER vessels are not tightly sealed 
and due to potential difficulty in re-melting salt inside ER vessels, it is not recommended to allow salt in 
either ER to solidify. 

2.1 Salt Removal from the MK-IV and MK-V Electrorefiners 

Two methods exist to remove salt from the ERs. The first is the Salt Withdrawal Assembly, which is a 
simple “ladle” method where a steel tray with depressions is lowered into the molten salt bath of the 
ER, filled and removed. This method removes approximately 9 kg of molten salt at a time and releases 
the salt as cubes upon cooling. To completely drain an ER of salt, a vacuum siphon device has been 
developed that transfers large quantities of molten salt from the ER into steel canisters (ref. 10) as 
shown in Figure 2. It is assumed that if salt were to be removed from either ER, the salt withdrawal 
device (Figure 2) would be used to fill salt storage containers and the salt allowed to solidify. These 
tight sealing containers are intended to be stored in-cell, under an argon atmosphere on an interim 
basis. The seal salt containers are designed to prevent the interaction of moisture with the salt. 

 
Figure 2. ER/Salt withdrawal interface showing the ER vessel on right (gray) and the salt storage 
container on left (black). 
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3. ER SALT DISPOSAL OPTIONS 

3.1 Waste Forms 

3.1.1 Ceramic Waste Form 

The CWF process, described earlier, is the current baseline plan for disposition of salt that has been 
removed from the electrorefiners and has been determined to no longer have research value to the 
program. Production of the ceramic waste form begins with the removal and subsequent solidification of 
the salt followed by a crushing and grinding step to reduce the particle size. Upon reaching the desired 
size, the salt is mixed with ground zeolite 4A and heated at 500°C to occlude the salt into the zeolite 
matrix. A glass binder, at 25 wt%, is then mixed with the salt occluded zeolite and heated to 925°C 
where the zeolite converts to sodalite and the waste form volume consolidates. This process is shown 
in Figure 3. The final waste form is a glass-bonded sodalite composite ceramic (referred to as the 
CWF). As part of the development process the ceramic waste form was demonstrated to perform as 
good as vitrified high–level radioactive waste borosilicate glass, which was recognized as the best-
demonstrated available technology (BDAT), in criteria established in the Waste Acceptance System 
Requirements Document (WASRD) during the planning stages for the Yucca Mountain Repository. 

Process qualification for CWF production was previously initiated using non-radioactive, surrogate 
materials and placed on hold beginning in 2012. Completion of the CWF qualification process (ref. 11) 
will involve production of a number of full-scale CWF bodies to confirm process control and product 
consistency (refs. 12, 13). This process must be completed before the remaining process equipment, 
namely the CWF furnace, can be placed in the hot cell and actual waste forms containing used ER salt 
fabricated. Historical program planning had assumed that the equipment required to produce the CWF 
would eventually be installed in the main hot cell of HFEF, however growth in other INL missions has 
required a significant portion of the HFEF cell and appears to be in conflict with this earlier 
programmatic assumption. 

A number of cost estimate studies of ER used salt treatment with CWF fabrication and processing 
durations have been performed. These studies evaluate various treatment options, such as both driver 
fuel and blanket material treatment, deviations from the baseline CWF process, various parameters 
resulting in ER salt removal requirements, removal of bond-Na prior to electrorefining, etc… One study 
(ref. 8) estimated that a total of approximately 1.8 metric tons (MT) of used salt from both 
electrorefiners would result in roughly 18 to 22 MT of CWF produced. The cost of operations was 
estimated at approximately $300 to $350 million dollars (ref. 14), and included the cost of CWF 
qualification, equipment installation into HFEF, CWF fabrication, CWF storage and final disposal at a 
geological repository. Estimates for CWF fabrication from treatment of all ER used salt range from 3 to 
5 years once equipment is operational in the hot cell and waste form fabrication operations commence 
(ref. 15). It is from these estimates of significant salt treatment cost, and major impacts to the HFEF 
facility to treat the salt that alternatives to CWF fabrication for the disposal of used ER salt are being 
investigated. 
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Figure 3. CWF fabrication process. 

3.1.2 ER Salt Immobilization in Other Waste Forms 

ER salt presents a difficult challenge in waste form fabrication because of the high chlorine content of 
the salt. Chemically, chlorine is not compatible with more traditional fission-product immobilization 
matrices, namely vitrified glass. Chlorine in high quantities is also absent from most chemically durable 
mineral phases. Two exceptions to this are zeolites and sodalite, both of which are the bases of the 
CWF structure. 

3.1.3 SAP Waste Form 

The Korean Atomic Energy Research Institute (KAERI) has developed a very different approach to 
used ER salt treatment. This involves a de-chlorination process prior to fission-product (and residual 
actinide elements) immobilization in a very durable silica-alumina-phosphate (SAP) matrix (ref. 16). 
While the SAP process provides a significant waste form volume reduction and a durable waste form, 
the de-chlorination of such large quantities of chlorine is non-trivial and would result in the evolution of 
approximately 394,000 L of Cl2 (ambient conditions) if the MK-IV and MK-V salt inventories were 
treated. With the exception of capturing such a large volume of Cl2 (and volatile fission-products) the 
SAP fabrication process is straight forward and involves mixing ground salt with the SAP reagent and 
heating to 650°C in the presence of oxygen. Following the de-chlorination and SAP fabrication step, a 
glass binder is added (75 wt% SAP:25 wt% glass binder) and heated to 1100°C to form dense, 
chemically durable bodies. To treat 1.8 MT of used ER salt, the final mass of SAP waste form would be 
roughly 6 MT, a 3-fold reduction in waste mass and a 3.5-fold reduction of volume better than the CWF. 
While these simplified waste form production operations and reduced waste volumes give the SAP 
waste form desirable attributes, the off-gas processing is well beyond the current operating bounds of 
the HFEF safety envelop. 
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3.1.4 Te-Glass Waste Form 

A vitrified glass waste form does exist that can incorporate 10 to 15 wt% chlorine salt waste and remain 
in the vitrified or amorphous (single phase) state. This material is a tellurite glass, and has recently 
been applied to immobilization of ER salt at the Pacific Northwest National Laboratory (PNNL) (ref. 17). 
These glasses have high solubility of different halides that are incorporated into the glass structure. The 
TeO2 glasses have low melting temperatures (~700°C), moderate glass transition temperatures, high 
densities, and a flexible glass network that allows for a range of compositional variations. Furthermore, 
these glass have been shown to have good chemical durability and do not leach hazardous 
constituents as determined by the Toxicity Characteristic Leach Procedure. Of the various Te-glasses 
tested, the TeO2-PbO system has shown most promising for immobilization of ER salt. The TeO2-PbO 
glass system allows for high chloride waste loading up to 13 wt% XCl, high waste storage density, and 
high chemical durability as determined by the Product Consistency Test with release rates below 
standard borosilicate glass waste forms. Figure 4 shows the Te-glass made with increasing ER salt 
simulant loadings. Glass loadings above 13.5 wt% loading show phase separation and a decrease in 
chemical durability. Fabrication of the glass waste form is straight forward and involves mixing the glass 
frit and ground salt together, which is then melted in a platinum crucible between 680°C and 730°C. 
The glass compositions were then quenched by pouring the glass onto a steel plate for cooling. Fumes 
were observed from the surface of the melt, but composition of the volatiles has not been determined. 
Currently a number of test Te-glass specimens are undergoing corrosion testing to determine material 
release. One concern of the Te-glass waste forms is the high cost of the Te-glass frit with TeO2 being 
more expensive than borosilicate-type glasses. However, commercial Te-glass frit suppliers have been 
identified, with frit cost significantly less than reagent grade Te-glass used in the original tests. Test of 
the Te-glass waste forms are currently being tested using the commercial grade material to confirm the 
performance of the waste glass. 

 
Figure 4. Te-glass with increasing ER salt simulant 

Both the SAP and Te-glass waste forms show significant promise as a substituted to the CWF in the 
immobilization of used ER salt; however, both the SAP and glass materials are much less mature in 
waste form characterization than the CWF. Furthermore, the processing of these materials would be of 
stark difference compared to CWF fabrication. This would require thorough evaluation of facility safety 
documentation and significant development and engineering to implement either one of these options 
to substitute the CWF process and defeating the purpose of this technical evaluation in simplifying the 
processing of used ER salt. Due to the immature level of development of these alternative waste forms, 
the SAP and Te-glass waste form alternatives cannot, at this time, be considered as an alternative to 
the CWF for the immobilization of used ER salt. 
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3.2 Intermediate ER Salt Stabilization 

An option has been proposed and initial experimentation performed to stabilize salt in a zeolite matrix 
without further waste form fabrication. The rationale being that zeolite-stabilized salt could be stored for 
longer periods of time without concern of salt hydration if exposed to moisture at some point during 
storage. Significant knowledge exists as to the occlusion of salt into zeolite-4A, the precursor step to 
CWF production. Recently, salt occlusion into a H-Y zeolite material has been investigated as an 
alternative to zeolite-4A (ref. 18). The H-Y zeolite is a Faujasite type zeolite with hydrogen ion acting as 
the substituting cation in the zeolite matrix as opposed to Na+ in zeolite-4A (ref. 19). Metal chloride 
occlusion in the H-Y zeolite results in the metal cation substituting with one or more H+ (depending on 
the valance of the metal cation). This occlusion step is performed at elevated temperature, so a 
secondary reaction occurs between the substituted H+ and a Cl- from the original M+(x)Cl(x) salt molecule 
and hydrogen chloride is evolved. This is essentially a de-chlorination process; however, unlike the 
SAP waste form production described previously, an overall reduction in waste volume is not obtained 
because of the excess addition of zeolite. The expectation is that the salt occluded Y-zeolite will be less 
susceptible to adverse effects of the hygroscopic nature of the original salt. Mass loss experiments of 
the salt occlusion and subsequent, higher temperature, HCl evolution is shown in the differential 
scanning calorimetry plot shown in Figure 4. 

Methods to stabilize ER salt in either zeolite 4A or H-Y zeolite do not appear to provide a significant 
advantage for long-term storage over the storage of solidified, monolithic salt. Stabilization in both 
zeolite materials would result in salt occluded zeolite of finally dispersed powder (45 to 150 µm). Both 
salt occluded zeolites would, at least partially, release salt if in contact with water, or in the case of H-Y 
zeolite would release HCl at elevated temperatures. Furthermore, the overall volume of salt waste 
would be substantially increased if occluded with zeolite. It appears to be a zero sum gain to have salt 
occluded zeolite in powder form, and stored in a greater number of canisters versus the storage of 
monolithic, solidified used ER salt stored in a fewer number of canisters. 
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Figure 4. Differential scanning calorimetry plot showing mass loss from salt occluded H-Y zeolite. Two 
salt materials are plotted (red and blue traces) showing the initial mass change due to loss of moisture 
form the zeolite structure followed by a steep mass loss at approximately 425°C due to HCl evolution. 
The black trace shows the temperature increase during the analysis (ref. 20). 

3.3 Direct Disposal of ER Salt 

The final option to be discussed is direct disposal of ER salt in a salt based repository similar to the 
Waste Isolation Pilot Plant (WIPP). In this scenario, used ER salt is packaged in steel canisters and 
then placed in a waste package for transport to the site for burial in the salt repository. Support for this 
approach includes the ongoing effort investigating the applicability of direct disposal of used ER salt in 
a generic salt formation repository by Sandia National Laboratory (SNL). Preliminary repository 
performance assessment results from the SNL study indicate negligible alteration of repository 
performance by entrainment of used ER salt into the repository (ref. 8). In conjunction with the 
development of the concept of ER salt disposal in a generic salt based repository, investigations could 
also be performed to explore the feasibility of ER salt meeting waste acceptance requirements for 
disposal in WIPP as remote handled- transuranic element (RH-TRU) waste. 
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3.3.1 Performance Assessment Study for the Direct Disposal of Used ER Salt in a Generic Salt 
Repository 

Experts at INL and SNL have initiated studies involving a generic salt repository PA, repository 
criticality analysis, and transportation issues associated with direct disposal of used ER salt (ref. 8). 
These studies, begun in 2013 and continuing in 2014, show promising results for direct disposal of ER 
salt in a generic, bedded salt repository. In the initial PA analysis, each modeled WP consisted of 120 
kg of used ER salt containing a radionuclide inventory shown in Table A2 (Appendix A). To dispose of 
the total ER salt inventory would require 15 WPs, and this was the quantity of used ER salt used in the 
initial PA analysis. In the PA modelling analysis, WPs are placed in repository alcoves and the alcoves 
backfilled with mined salt as shown in Figure 7. With time, the lithostatic pressure from salt rock creep 
encapsulates the WPs. Heat generated from the WPs only perturbates the surrounding repository 
environment with an increase of ~20°C after initial placement. 

 
Figure 7. Schematic showing alcove emplacement of ER salt WP and alcove and WP spacing 
implemented in the PA analysis (ref. 8). 

ER salt, as one would expect, Is very stable in the salt repository environment, and ER salt WP 
degradation and radionuclide release had negligible effect to biosphere dose rates. Interestingly, the 
initial PA assessment indicated that waste form durability is not important to repository performance. 
The main drivers for repository performance are: 1) very stable geology, 2) anoxic geochemically 
reducing condition, 3) very limited brine movement, 4) “self-healing” of salt rock by creep deformation, 
and 5) sorption of mobilized radionuclides on geologic materials. The initial PA analysis demonstrated 
that high-level nuclear waste can be disposed of in a generic-type salt repository with no initial waste 
treatment. This, of course has significant implications to disposal of used MK-IV and MK-V ER salt. The 
possibility of direct salt disposal is highly attractive and would result in major waste volume reduction 
and significant cost savings over the CWF option. The SNL used ER salt direct disposal studies are 
continuing and are currently analyzing repository criticality, and transportation concerns and will be 
reported on at the end of the FY14. 
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3.3.2 Requirements for Direct Disposal of Used MK-IV and MK-V Salt at WIPP 

The following requirements must be met for consideration of direct disposal of used MK-IV and MK-V 
ER salt in the WIPP repository: 

• Used MK-IV and MK-V ER salt defined as defense related TRU waste 

• Used MK-IV and MK-V ER salt meet the WIPP waste acceptance criteria (WAC), or petition for 
WAC revision 

• Used MK-IV and MK-V ER salt waste package meet RH - Transuranic Waste Authorized 
Methods for Payload Control (RH-TRAMPAC) specifications 

• Used MK-IV and MK-V ER salt accepted as a WIPP approved RH-TRU waste form. 

The WIPP WAC RH-TRU disposal criterion for a waste form in a single waste package is shown in 
Table 2. Table 2 list the total quantity of 239Pu fuel gram equivalent (FGE), the plutonium equivalent in 
curies or grams (PEC and PEG, respectively), the PEC/PEG for all other waste radionuclides, and the 
decay heat of the waste in the waste package. 

Table 2. WIPP RH-TRU disposal criteria 
Criteria WIPP WAC 

239Pu FGE/235U FGE 315 g 239P FGE  

PEC/PEG for Solidified Waste 1800 Ci 

PEC/PEG of All other Wastes 240 Ci 

Decay Heat ≤50 W 
 
3.3.3 Used ER Salt Packaging for Direct Disposal 

A proposed salt waste package was used to by SNL to model the repository performance assessment 
(PA) with the direct disposal of ER salt in a generic salt repository. This waste packaging scheme could 
be applied to disposal of MK-IV and MK-V ER salt in WIPP if the WAC and transportation criteria were 
met. However, in the generic repository analysis, the proposed salt quantity in each salt container 
would have 239Pu FGE quantities that would exceed the WIPP WAC for RH-TRU waste packages 
(ref. 21). Therefore, the salt contained in each waste package destined for WIPP would have to be 
scaled down to meet the WIPP WAC. For a salt container filled with used MK-V ER salt at the projected 
completion of fuel treatment operations, initial analysis indicates that the container could not exceed 
8 Kg of MK-V salt to meet the WAC. However, if MK-IV and MK-V salt were mixed during removal from 
the ERs, the quantity of mixed salt in each waste package could be greater due to the down blending of 
fissile content of MK-V salt. 
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Thermal analysis of radionuclide decay heat for ER salt and CWFs at the projected radionuclide 
content at the end of fuel treatment operations (Table A1) indicates heat generation below the 50 
W/waste package WAC requirement (refs. 8, 22). Repository PA analysis indicated that the embedded 
salt WPs emit approximately 5e-3 W/g, or approximately 40 watts for each of the small WPs. The 
current salt inventory of the MK-IV and MK-V ERs, and the estimated radionuclide inventory of the ERs 
at the end of SBMF treatment operations is shown in Tables 2 and 3 of Appendix A, respectively. The 
radionuclide inventory shown in Table A1 was used for the SNL PA (including thermal analyses) of 
direct disposal of used ER salt in a generic salt repository. 

The following description provides greater detail on the waste packages proposed for direct disposal of 
used ER salt in a generic salt repository. A single waste package is comprised of three main 
components: two primary salt containers (PSC) that are placed inside one inner container that is, in 
turn, placed inside an outer container. The total quantity of salt contained inside a single waste package 
would be approximately 86 kg. 

Primary Salt Container 

Each primary salt container has a salt capacity of 43 kg and is shown in Figure 5. The PSC has a wall 
thickness of 0.25 in. and is constructed of 316SS. 

Inner Container 

Once the salt is transferred into the primary salt container, two PSCs are stacked into an inner 
container as shown in Figure 6. The inner container is comprised of carbon steel with dimensions of 
10.000 in. inner diameter, 0.075 in. thick wall, 0.250 in. thick base, and 0.375 in. thick lid. It is 64.000 in. 
tall without its lid. 

Outer Container 

One inner container is then placed inside an outer container (also referred to a HFEF-5 can). The outer 
container is comprised of 304SS with dimensions of 12.750 in. outer diameter, 0.078 in. thick wall, 
0.250 in. thick base, and 0.250 in. thick lid.15 The 73.5 in. tall outer container has an approximate 
325 pound, carbon-steel covered, lead shield plug 0.500 in. under its lid. The outer container may 
include a shielding pipe around the inner container. This shield is a 60.000 in. long steel tube with a 
10.500 in inner diameter and 12.000 in. outer diameter. 

WIPP Transportation Container 

Transport of the waste package to WIPP would require a DOT approved transfer container such as a 
RH-72B cask or similar system, but greater evaluation of the waste package itself would be required 
before a final transfer system could be determined. 
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Figure 5. Primary Salt Container (PSC). 

 
Figure 6. Cross-sectional view of two primary salt containers stacked inside one inner container. 
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Once a determination that used MK-IV and MK-V ER salt could meet the WIPP WAC and 
transportation requirements, the following documentation would need to be generated for addition of 
used MK-IV and MK-V ER salt as a WIPP accepted waste stream. This documentation includes: 

• Acceptable Knowledge Summary Report 

• Radiological Characterization Technical Report 

• RH-TRU Waste Certification Plan. 

• Defense Determination. 

The Acceptable Knowledge report verifies that waste was generated by atomic energy defense 
activities, and includes information on the physical form, composition, radiological characteristics, and 
process that generated the waste. Both the MK-IV and MK-V ER salt are thoroughly characterized as 
part of the fuel treatment process and this information would be used to establish the Radiological 
Characterization report in addition to the modelling and analysis results obtained from the direct 
disposal of used ER salt in a generic salt repository study. The Certification Plan includes descriptions 
of the waste stream characterization methods and the acceptable knowledge qualification methods. 
The Plan also contains a summary of program documents prepared during characterization and 
qualification. Furthermore, INL routinely packages and ships RH-TRU materials for transport to WIPP 
compliant with Department of Transportation RH-TRU shipping regulations. 

4. CONCLUSIONS 

It is probable that either all or some smaller quantity of used MK-IV and MK-V ER salt will be removed 
within the next 10 years and placed in interim storage. Accordingly, final disposition planning of the 
used salt needs to evolve. The current baseline approach for treatment of used ER salt by fabrication 
into a CWF, and subsequent long-term storage or geologic disposal, is defined as the preferred option 
in the DOE ROD regarding EBR-II fuel treatment. Additionally, CWF fabrication is the most 
technologically mature method for salt disposition, however there have been major changes in 
repository planning (i.e. the cancellation of the Yucca Mountain permit application) as well facility 
availability at INL that pose significant challenges to execution of the baseline strategy for ceramic 
waste form development. As a result, opportunities exist for consideration of other options. This 
Technical Evaluation identified a number other potential salt treatment options including: 

• Alternative waste forms 

• Alternative salt immobilization 

• Direct disposal. 
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Other potential processes that can immobilize used ER salt in durable waste forms include Te-glass 
and the South Korean SAP waste form and have been describe in this report. However; these 
technologies are new and the waste form durability, corrosion modelling and radionuclide release 
mechanisms are still being elucidated. To implement either of these waste form process alternatives 
would require significant engineering and research development, well beyond the effort and resources 
required for the CWF fabrication option – therefore, the alternative waste form options cannot be 
recommended for potential ER salt treatment at this time. Likewise, alternative salt immobilization 
methods to stabilize the hygroscopic salt for long-term storage have been discussed. While these 
methods may stabilize used salt during storage, it is not clear that the resulting powdered material 
containing the salt would necessarily be any more stable or safe for long-term storage than solidified 
salt stored in a tight sealing canister. Continued research is being conducted on the feasibility of salt 
immobilization in the faujasite type H-Y zeolite, but at this time, alternative salt immobilization does not 
appear to provide any clear advantages over monolithic salt solidification for storage. In regard to direct 
disposal of used ER salt, significant effort in the performance assessment analysis of a generic, 
bedded-salt repository has shown this option to be a potentially viable option for salt disposal. 

5. RECOMMENDATIONS 

• Analysis of direct disposal of used MK-IV and MK-V ER salt in a salt repository, such as WIPP, 
appears very beneficial in regard to safe disposal and resource/cost minimization when the time 
comes for disposal of the ER salt. 

Due to the promising initial analysis results of direct disposal of ER salt, it is recommended to finish salt 
repository performance assessment studies and to fully investigate repository transportation 
requirements of packaged ER salt. If analysis shows that ER salt can meet the transportation 
requirement for WIPP, it is recommended that repository waste acceptance studies be initiated. This full 
effort will require 3 to 5 years and cost approximately 3 million dollars. 

• CWF fabrication remains the most technologically mature option for used ER salt 
immobilization/stabilization, both for long-term storage and ultimate geological disposal. 

It is recommended that continuation of CWF process qualification for the treatment of ER salt be 
considered, and that alternative processing facilities other than HFEF be investigated. Cost estimates 
for the completion of CWF process qualification vary but and range from 1 to 3 million dollars. 
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Appendix A 
 

ER Radionuclide Inventory 

Table A1. Current salt inventory of the MK-IV and MK-V electrorefiners (ref. 8). 

Salt 

Mark-IV ER Mark-V ER 

Mole fraction Mass fraction Mole fraction Mass fraction 

LiCl 0.497 0.318 0.551 0.388 

KCl 0.344 0.388 0.372 0.461 

NaCl 0.111 0.0982 0.0596 0.0579 

RbCl 9.05E-04 1.67E-03 2.92E-05 5.90E-05 

SrCl2 2.06E-03 4.98E-03 7.35E-05 1.95E-04 

YCl3 1.19E-03 3.50E-03 5.00E-05 1.62E-04 

CsCl 4.80E-03 1.24E-02 2.44E-04 6.91E-04 

BaCl2 1.95E-03 7.20E-03 1.30E-04 5.25E-04 

LaCl3 2.30E-03 8.52E-03 8.77E-05 3.57E-04 

CeCl3 4.34E-03 1.62E-02 1.58E-04 6.47E-04 

PrCl3 2.14E-03 8.02E-03 7.15E-05 2.94E-04 

NdCl3 7.19E-03 2.73E-02 2.57E-04 1.07E-03 

PmCl3 1.50E-04 5.72E-04 5.22E-06 2.19E-05 

SmCl3 1.35E-03 5.20E-03 6.76E-05 2.87E-04 

EuCl3 6.17E-05 2.42E-04 3.46E-06 1.49E-05 

GdCl3 4.09E-05 1.62E-04 3.81E-06 1.66E-05 

NpCl3 2.72E-04 1.41E-03 1.28E-05 7.28E-05 

UCl3 0.0132 0.0685 0.0055 0.0316 

PuCl3 0.0057 0.0298 0.0100 0.0575 

AmCl3 1.97E-06 1.04E-05 2.25E-06 1.30E-05 
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Table A2. Radionuclide salt inventory used for Performance Assessment Evaluation (ref. 8). 

 Mark-IV ER Salt Mark-V ER Salt 

Isotope 
Half Life 

(yr) 
Fractional 

Mass 
Isotope mass 

per WP (g/WP) 
Fractional 

Mass 
Isotope mass 

per WP (g/WP) 
227Ac 2.18E+01 9.452E-13 1.1342E-07 1.534E-10 1.8410E-05 
241Am 4.32E+02 7.138E-06 8.5652E-01 8.983E-06 1.0780E+00 
243Am 7.37E+03 3.956E-09 4.7477E-04 4.000E-09 4.7999E-04 
14C 5.71E+03 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
36Cl 3.01E+05 8.486E-09 1.0183E-03 1.560E-14 1.8720E-09 
245Cm 8.50E+03 2.331E-12 2.7971E-07 3.107E-10 3.7290E-05 
135Cs 2.30E+06 3.448E-03 4.1372E+02 2.055E-04 2.4658E+01 
137Cs 3.01E+01 2.847E-03 3.4159E+02 1.478E-04 1.7731E+01 
129I 1.70E+07 6.968E-04 8.3621E+01 3.023E-05 3.6275E+00 
7Li N/A 5.187E-02 6.2239E+03 6.349E-02 7.6183E+03 
93Nb 1.36E+01 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
237Np 2.14E+06 9.717E-04 1.1661E+02 5.021E-05 6.0248E+00 
231Pa 3.25E+04 7.259E-09 8.7112E-04 3.306E-10 3.9668E-05 
210Pb 2.26E+01 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
107Pd 6.50E+06 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
238Pu 8.77E+01 5.739E-05 6.8872E+00 1.116E-05 1.3389E+00 
239Pu 2.41E+04 1.993E-02 2.3915E+03 3.900E-02 4.6803E+03 
240Pu 6.54E+03 5.490E-04 6.5876E+01 7.508E-04 9.0096E+01 
241Pu 1.44E+01 5.506E-06 6.6073E-01 9.372E-06 1.1246E+00 
242Pu 3.76E+05 2.390E-07 2.8681E-02 1.093E-07 1.3118E-02 
226Ra 1.60E+03 3.967E-12 4.7609E-07 2.695E-10 3.2335E-05 
228Ra 6.70E+00 1.907E-18 2.2886E-13 1.821E-10 2.1853E-05 
126Sb 3.61E-05 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
79Se 6.50E+04 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
126Sn 1.00E+05 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
90Sr 2.91E+01 1.613E-03 1.9354E+02 6.373E-05 7.6478E+00 
99Tc 2.13E+05 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 
229Th 7.90E+03 1.965E-11 2.3583E-06 2.370E-10 2.8438E-05 
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 Mark-IV ER Salt Mark-V ER Salt 

Isotope 
Half Life 

(yr) 
Fractional 

Mass 
Isotope mass 

per WP (g/WP) 
Fractional 

Mass 
Isotope mass 

per WP (g/WP) 
230Th 7.54E+03 1.380E-07 1.6560E-02 1.012E-09 1.2143E-04 

232Th 1.41E+10 8.727E-09 1.0472E-03 3.431E-10 4.1173E-05 
232U 6.89E+01 6.324E-10 7.5882E-05 1.591E-12 1.9093E-07 
233U 1.59E+05 6.550E-09 7.8598E-04 1.358E-10 1.6294E-05 
234U 2.45E+05 5.601E-06 6.7216E-01 1.133E-07 1.3602E-02 
235U 7.04E+08 9.262E-03 1.1114E+03 5.343E-05 6.4117E+00 
236U 2.34E+07 9.491E-04 1.1389E+02 1.704E-06 2.0444E-01 
238U 4.46E+09 3.686E-02 4.4229E+03 2.179E-02 2.6151E+03 
93Zr 1.53E+06 0.000E+00 0.0000E+00 0.000E+00 0.0000E+00 

NOTE: The fractional mass of the isotopes listed in the column does not add up to one because it 
lists only those included in the source-term model.  
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