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A.1 INTRODUCTI ON 

The term ñgroutò can have various interpretations ranging from an engineered material to produce 

specific properties for a solid waste form to a simple at-home use material that would likely not be 

suitable for radioactive waste immobilization.  Within the U.S. Department of Energy (DOE) complex, 

the term ñgroutingò is used to describe low or ambient temperature processes through which water or 

liquid waste is mixed with inorganic dry materials (pozzolanic, polymeric or supplementary) and cured to 

produce a solid waste form (grout).  The terms stabilization, solidification, and encapsulation have 

specific technical definitions and are sometimes used to describe similar ambient temperature waste 

treatment processes that produce waste forms designed to meet certain performance criteria 

(e.g., strength, contaminant retentions).  The term ñgroutò was first applied in the early 1960s to a mixture 

of aqueous radioactive waste-cement-clay-pozzolan for deep well hydrofracture injection and geologic 

isolation in the Conasauga Shale formation at the Oak Ridge Reservation (ORNL-4259, Engineering 

Development of Hydraulic Fracturing as a Method for Permanent Disposal of Radioactive Wastes, and 

Tamura 1967).  For consistency, the term ñgroutò will be used to describe the ambient and low 

temperature processes within this report.  In all cases, the final product is assumed to have properties 

designed to meet performance requirements for disposal. 

The primary components of grouts typically include cement, ground granulated blast furnace slag (BFS), 

coal combustion fly ash (FA), silica fume, metakaolin, natural volcanic ash or glass, barite, iron oxides, or 

other materials for shielding.  Additives (e.g., clays or other components such as getters) may be used for 

targeted retention of specific waste constituents.  Numerous types of cement are used for waste treatment 

depending on the stabilization and processing needs (e.g., portland cement [calcium silicate], slag cement, 

calcium aluminate cement, calcium sulfoaluminate cement, and various phosphate cements).  These 

cements react with water to form low solubility hydrated phases within the waste form matrix.  Other 

material types used to produce low temperature waste forms include calcium sulfate cement, geopolymers 

(aluminosilicate precursor that hardens/crosslinked by condensation reactions with alkalis, and water to 

form a solid), zeolites, clays, and organic polymer waste forms. 

Cementation (grouting) is the treatment of choice in the international community for low-level waste 

(LLW) treatment for final near-surface disposal; and as such, the processes have gained consideration as a 

supplemental low-activity waste (LAW) treatment and immobilization technology.  Grout waste forms 

have several advantageous properties that are covered in more detail in this appendix and the entirety of 

the report, including: 

Å Lower capital and operating costs compared to high temperature processes due to greater process 

simplicity, limited amount of secondary waste, much smaller facility footprint, and reduced need 

for engineered safety systems 

Å A significant history of managing Resource Conservation and Recovery Act (RCRA) and mixed 

waste streams with disposal at a variety of sites and under RCRA grouting (solidification or 

stabilization) is the Best Demonstrated Available Technology (BDAT) for inorganic wastes that 

require treatment prior to land disposal 

Å Wide availability and low cost of mostly dry ingredients with the potential for sustainable reuse 

of industrial process by-products otherwise stockpiled and directly disposed of 

Å The capability of a chosen matrix to be effective over a variety of waste feed chemistries or the 

capability to tailor formulations to specific feed compositions 

Å Minimal power requirements 

Å Possibility for modular local deployment. 
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Drawing on these advantages, grouts have been used throughout the DOE complex at the Hanford Site, 

Savannah River Site (SRS), West Valley Demonstration Project (WVDP), Oak Ridge Reservation, and 

Idaho National Laboratory (INL), along with extensive use in the commercial nuclear industry.  Specifics 

on these efforts are provided in Section A.3. 

This appendix reviews information on grout relevant to the alternatives discussed in Section 3.3.  Each 

subsection opens with a high-level summary of the detailed information provided.  An overview of the 

basis for grout waste forms is provided in Section A.2.  A review of research and development (R&D) 

efforts relevant to Hanford LAW since the analysis required by Section 3134 of the National Defense 

Authorization Act for FY 2017 (NDAA17), documented in SRNL-RP-2018-00687, Report of Analysis of 

Approaches to Supplemental Treatment of Low-Activity Waste at the Hanford Nuclear Reservation, and 

that address the ñnext stepsò in that report, is provided in Section A.3.  A technology overview and 

relevant considerations are included in Section A.4. 

A.2 GROUT BACKGROUND  

A.2.1 Grout Formation  

This subsection provides an overview of how grout waste forms are made, their resulting composition, 

and how key waste compounds behave within the resulting material.  This information provides a 

technical basis for the assessments of grout durability and waste form performance that are addressed 

throughout this document.  In summary, grout waste forms are made up of a range of different mineral 

phases (depending on the ingredients and waste feed) that control the properties of the waste form and 

how waste compounds are retained within the waste form (i.e., some contaminants will be found in the 

pore space of the waste form while others can be bound to or incorporated into the matrix). 

Grout waste forms are produced by ambient temperature processes that involve the hydration or 

polymerization of dry reagents to generate a network of matrix phases producing a solid mass.  For 

example, Saltstone and Cast Stone are two formulations made by mixing liquid waste with BFS, FA, and 

a smaller fraction of portland cement.  The Cast Stone formulation being 47 wt% BFS, 45 wt% FA, and 8 

wt% OPC while Saltstone was nominally 45 wt% BFS, 45 wt% FA, and 10 wt% OCP.  However, 

Saltstone has an operational range of 20 wt% - 60 wt% BFS (now slag cement), 20 wt% - 60 wt% FA 

(now thermally beneficiated Class F FA), and 0 wt% - 10 wt% OPC.  The resulting matrix phases in grout 

waste forms comprising portland cement, slag cement (ground granulated blast furnace slag), and 

supplemental cementitious materials include poorly crystalline low solubility hydrate phases (gels) and 

crystalline hydrated solids.  Portlandite (Ca(OH)2) and gypsum (CaSO4) are the most soluble phases 

generated in cement-only grout and would be more likely to dissolve and form new minerals over time.  

Whereas calcium-silicate-hydrates, like 11 Å tobermorite (Ca5Si6O16(OH)2Å4H2O), are generally the least 

soluble and likely to remain unaltered over time.  Of course, the evolution of these heterogenous grout 

structure will depend on the morphology and particle size of these phases as much as their composition.  

Formation of calcium-silicate-hydrates is promoted in grouts with the addition of BFS, FA, or silica fume 

to portland cement or when grouts are based primarily on BFS that are activated with caustic solutions 

(e.g., the Cast Stone dry blend made with alkaline LAW).  These matrix phases have a range of 

morphologies and particles sizes from submicrons to microns, producing a heterogeneous microstructure.  

The phase assemblages depend on the bulk oxide composition of the reactive cement compounds and 

waste feed (SRNL-STI-2014-00397, X-Ray Diffraction of Slag-Based Sodium Salt Waste Forms). 

The waste loading that can be achieved for grout waste forms includes the water in the liquid waste that 

becomes stabilized within the network of matrix phases.  By contrast, high temperature thermal processes 

(i.e., vitrification, steam reforming) drive off the water that must be treated as an airborne emission or a 

secondary liquid waste stream.   
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The primary mechanisms for contaminant stabilization in grout waste forms are that contaminants can: 

(1) occupy lattice positions in matrix phases (e.g., selenium substitution for sulphate in ettringite [Zhang 

and Reardon 2003]), (2) be physically sorbed or chemically bound on the surfaces of the matrix particles 

(e.g., arsenic sorption onto iron-oxide cement [Kundu and Gupta 2006]), and (3) precipitated as low 

solubility species (e.g., Cr(III) and Tc(IV) in reducing grout).  Many anions will remain in the pore 

solution in the waste form, and the release would be controlled by the physical transport pathways in the 

waste form (e.g., NO3
-, NO2

-, I-, Tc(VII)O4
-).  However, recent works have shown that some of these 

contaminants (Tc and I) can incorporate into the matrix phases, providing improved retention 

(Bourchy et al., 2022; Gillispie et al., 2020; Guo et al., 2020; Saslow et al., 2020; VSL-21R5000-1, 

Development of Improved Grout Waste Forms for Supplemental Low Activity Waste Immobilization).  

Other anions such as Cl-, have binding capacity in the matrix and while some oxyanions (SO4
2- and CO3

2-) 

are involved in generating hydrated phases combining with cations.  This is contrary to a glass waste form 

where contaminants either become part of, or are, encapsulated in the glass lattice structure. 

While many of the matrix phases in grout have low solubilities in water, the phases can evolve with time 

due to environmental interactions.  These environmental interactions occur due to the porous nature of the 

matrix structure.  With the heterogeneous morphology and micron to submicron particle size of the 

binding matrix phases, a relatively large network of reactive surface area is created and available for 

reaction with infiltrating environmental water, gas, dissolved ions, or species released from the waste 

form itself.  For example, SRS Saltstone has a transmissive porosity of between 40 and 60% 

(WSRC-STI-2007-00352, Saltstone Variability Study ï Measurement of Porosity) but other formulations 

can be designed to have far lower porosity.  It should be noted that a glass waste form would also have a 

degree of open space as it will be cracked in the canister, giving a ~ 10× increase in surface area 

(PNL-5947, A Method for Predicting Cracking in Waste Glass Canisters).  As the matrix phases interact 

with the environment (and species released from the waste form itself) through the pore space, some 

conversions to silica- or alumina-gels occur.  The timeframe over which this occurs depends on several 

factors such as the amount of water that contacts the waste form, exposure to open air, exposed surface 

area, advection, carbonation, and others.   

These interactions with the environment and matrix phase evolution can induce various processes that 

drive mechanisms (e.g., cracking), which can alter the waste forms.  As the waste forms alter, transport 

pathways for contaminants can be introduced leading to increased release, or processes can occur that 

slow the release of contaminants (e.g., pore clogging).  Summaries of these mechanisms and processes are 

provided in PNNL-32458, Evaluation of Degradation Mechanisms for Solid Secondary Waste Grout 

Waste Forms, which is specific to Hanford, and CNWRA-2009-001, Review of Literature and Assessment 

of Factors Relevant to Performance of Grouted Systems for Radioactive Waste Disposal, which is 

specific to large closure grout.  For near-surface disposal in an arid environment such as Hanford these 

processes occur over long timeframes from hundreds to tens of thousands of years. 

A.2.2 Common Candidate Dry Reagents 

Questions have been raised regarding what materials would be needed to support a grouting operation, 

their availability, how they would be managed, and how formulations can be tailored based on waste feed 

composition to ensure that waste acceptance criteria are met.  Since a baseline formulation is not defined 

for the supplemental LAW treatment grout alternatives (only waste form properties and performance 

criteria have been assumed), many theoretical formulations could be used.  Therefore, this subsection 

provides an overview of the most likely reagents and sources that can be used to produce grout waste 

forms.  In summary, this subsection provides brief technical background on how the different reagents 

can contribute to making grout waste forms and shows many options would be available. 
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Several dry reagents could be used in a grout waste form depending on the waste to be immobilized and 

the required processing characteristics.  The work to date using these reagents for Hanford LAW is 

summarized in Section A.3.3.  Ensuring the quality of the reagents cannot be a forgotten requirement; for 

example, field spoil piles of fly ash at Hanford do not have the traceability nor purity required for waste 

immobilization.  Brief descriptions of the most general cement reagents for immobilizing liquid waste are 

as follows. 

Portland cement:  Hydraulic cements are generally used for radioactive waste immobilization (Atkins 

and Glasser 1992).  The composition of the most common hydraulic cements used for radioactive waste 

immobilization are based on calcium silicate compounds, such as the portland cements and blended 

portland cements (mixtures of pozzolans, slags, and other reactive and inert ingredients), calcium 

aluminate cements, calcium sulfoaluminate cements, lime-pozzolan cements, and slag cements. 

Ordinary portland cement (OPC) is the most commonly used cement type for immobilizing liquid and wet 

solid radionuclide containing waste streams worldwide.  The five classes of portland cements 

(ASTM C150/C150M-21, Standard Specification for Portland Cement) are based on mineral composition: 

Å Type I ï General purpose cement 

Å Type II ï Provides moderate resistance to sulphate attack 

Å Type III ï Used when early high-strength is required 

Å Type IV ï Used when low heat of hydration needed (e.g., large structures) 

Å Type V ï Used when high sulphate resistance is needed. 

Portland cements (and slag cements) are typically blended with mineral additives such as pozzolans or 

inert fillers (1) to control heat release by exothermic hydration reactions, (2) to reduce porosity and 

hydraulic conductivity, and (3) to enhance the phase assemblage to chemically stabilize selected 

radionuclides and hazardous contaminants (Paris et al., 2016).  These blended formulations provide a 

wide range of properties and flexibility in designing waste forms.  In most formulations, cement-based 

waste forms have an initial porewater pH of Ó12. 

Calcium aluminate cements: Calcium aluminate cements and cement blends have been used in France 

for waste streams containing chemical species (e.g., boric acid) that retard the hardening process of 

portland cement.  Calcium aluminate matrices are less alkaline (pH 10.5 to 11) than portland cement 

matrices (pH >12) and are, therefore, used for encapsulating reactive metal wastes that corrode in alkaline 

environments and could lead to hydrogen generation (Chavda et al., 2014).  These cements are commonly 

fast setting with higher heat generation. 

Calcium sulfoaluminate cements:  Hydrated calcium sulfoaluminate matrices, with ettringite and 

calcium mono-sulfoaluminate hydrate as main hydration products, are prepared from calcium 

sulfoaluminate clinker containing 15 to 25 wt% calcium sulfates (Péra and Ambroise, 2004).  Both 

ettringite and monosulfoaluminate hydrate have crystalline structures that can incorporate or sequester a 

wide range of waste anions, such as chromate, sulfate, chloride, and carbonate and multivalent metal 

cations.  Potential radioactive waste treatment applications include conditioning of borate waste streams, 

quenched incinerator off-gas waste containing chlorides, and sulfate waste streams.  The pH of these 

systems is lower than that of hydrated portland cement and therefore is less corrosive to contaminated 

reactive metals such as aluminum. 

Alkali -activated cements (slag cements):  A variety of non-crystalline natural, manufactured, and 

industrial by-product materials rich in SiO2 and Al2O3 can be activated with alkalis to produce 

cementitious type matrices (Shi and Fernández-Jiménez, 2006).  Examples of by-products include ground 

granulated BFS and other slags, and coal FA.  Alkaline activators include sodium or potassium 

hydroxides, silicates or carbonates. 
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Slag cement requires activation by NaOH, Na2SO4, Na2CO3, or Na silicate/other chemicals and is used as 

a partial replacement for portland cement in numerous construction applications (Wang et al., 1995).  The 

slag cement is a byproduct in an iron-making blast furnace and is made by water quenching from a molten 

state (~1,550 °C).  The resulting slag is then size reduced to a powder to increase the reactive surface 

area.  Slag cement is 95 to 100% silicate glass, with minor components consisting of Al, Ca, Mg, Fe. 

Å Slag cement and blends:  Slag cements are the commonly used reagents used for immobilizing 

alkaline (Na) salt liquid waste streams, because slag hydration is activated by the waste liquid and 

the resulting phase assemblage typically results in a lower hydraulic conductivity (permeability) 

than that of portland cement.  Slag cement also results in a chemically-reducing environment, 

which is advantageous for chemically immobilizing selected radionuclides and hazardous 

constituents in alkaline media. 

Å Super sulfated slag cements:  These blended cements consist of mixtures of BFS and calcium 

sulfate with a small quantity of portland cement used as the ñactivatorò (Gruskovniak et al., 

2008).  This class of materials is also gaining interest for waste immobilization. 

Acid-base cements (phosphate cements):  Acid-base cements are formed by reacting an acid and a base, 

the resulting product is a salt (or hydrogel) that acts as the matrix (Prosser and Wilson, 1986).  

Non-hydraulic, acid-base cements can also be used for immobilization.  The most common acid-base 

cements used for radioactive waste conditioning are phosphate-based.  Ceramicrete®, a magnesium 

phosphate matrix, was developed by Argonne National Laboratory in the 1990s and has a struvite-K 

(MgKPO4·6H2O) matrix.  The reaction occurs at room temperature and is very exothermic, and waste 

forms typically require the addition of inert fillers.  The resulting hardened monoliths typically have a low 

internal pH (about 10.5).  Other non-hydraulic cements such as calcium sulfate cements and alkali-

activated cements could also be selected. 

Phosphate cements have potential to encapsulate reactive metal wastes without causing significant 

expansion and hydrogen generation as the result of corrosion.  In addition, these cements generate fewer 

basic leachates and therefore may be more compatible with certain waste types (e.g., silicate glass waste 

forms).  Individual ingredients or blends of ingredients for formulating magnesium phosphate cement 

reagents are commercially available from several sources.  In general, phosphate cements are fast setting, 

have high compressive strengths, good durability, and can be used for waste streams containing transition 

metals and actinides, as these are stabilized as very low solubility phosphate compounds in the generated 

phosphate matrix; however, the rapid setting can lead to challenges in processing. 

Geopolymers:  If a non-crystalline SiO2 and Al2O3-rich material (either natural, manufactured, or 

industrial by-product similar to alkali-activated cement) can be activated with alkalis containing minimal 

calcium, an amorphous zeolite-type phase will be the predominant matrix phase (Duxson et al., 2007).  

Such materials are often described as geopolymers and present a distinct class of materials.  Geopolymers 

used in nuclear waste are synthesized by combining a reactive aluminosilicate source, most commonly 

metakaolin (calcined kaolinite clay) or fly ash (product of coal-fired electrical power plants), with an 

aqueous sodium silicate solution (known as water glass) or potassium silicate solution, along with the 

waste to be conditioned (Kim et al., 2021; Ren et al., 2021; Liu et al., 2017). 

The reactive aluminosilicate reacts through a polycondensation process under the high-pH conditions, 

which results in setting and hardening.  The resulting matrix is rather versatile in terms of accommodating 

different waste components, which are either physically entrapped within the pore space (predominantly 

the case for anionic species) or sorbed onto the aluminosilicate surfaces.  SIAL® is a waste form with a 

geopolymer matrix developed in the Slovak Republic and is currently used to immobilize/solidify 

radioactive liquids, sludges, and sludge resin mixtures from a nuclear power plant (Hill et al., 2015). 
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A.3 GROUT DEVELOPMENT  SINCE 2019 AND UPDATE TO THE NDAA-3134 FEDERALLY 

FUNDED RESEARCH AND DEVELOPMENT CENTER  REPORT/NEXT STEPS 

The NDAA17 report highlighted several open areas of interest that should be noted in future analyses 

(Appendix C of SRNL-RP-2018-00687).  The areas of further interest are provided in this section along 

with any updated information related to the topic that has been gathered since 2019. 

A.3.1 Large Vault Concept 

Section C.2.1.2 of the NDAA17 report suggested the use of a large vault at Hanford for LAW, similar to 

the SRS Saltstone Disposal Units (SDU), but noted: ñThe potential improvements to the performance and 

economics would need to be evaluated quantitatively, which was beyond the scope of this assessment.  

A potential downside to SDUs is the inability to retrieve the waste form should an issue arise with the 

curing of a particular batch.ò 

The concept of the SDU-sized waste form at Hanford is evaluated in alternatives Grout 5A and 5B in 

Volume II, Appendix C, Section C.14 of this document.  The computational analyses of reoxidation, the 

approach to retrievability, and other processes within an SDU-sized monolith at Hanford (referred to in 

this report as a grout disposal unit [GDU]), along with supporting experimental information, are also 

covered in Appendix C, Section C.14.  In summary, the use of a large vault isolates more of the waste 

from environmental exposure due to the large volume to surface area ratio.  In addition, GDU geometry 

would provide longer transport pathways compared with containerized waste forms greatly slowing 

release from the GDU and slowing the ingress of reactive environmental species (e.g., oxygen, CO2).  The 

result would be that the GDU may maintain the initial conditions of a majority of the waste form for 

extended timeframes.  The primary uncertainty is the lack of an updated performance assessment (PA) for 

a GDU geometry at Hanford but could be based off of the SRS PA.  It is believed that the GDU system 

would perform much better versus the individual containerized disposal for the reasons cited. 

As discussed in the taxonomy evaluations, retrieval of a GDU is feasible but expensive.  Placement of 

grout waste form containers within a GDU eases some of the potential retrieval challenges. 

A.3.2 Adaptability to Waste Compositions 

Section C.4.1 of the NDAA17 report highlighted an unaddressed issue of: ñTesting over a comprehensive 

range in LAW chemistry consistent with ranges anticipated in the feed vector.  Westsik et al. (2013a) 

[PNNL-22747] did include a high sulfate LAW composition (which captures most of the feed vector 

range), but variations in other constituents should also be considered as should appropriate waste 

loadings.ò  The adaptability of grout waste forms to waste composition was assessed in the detailed 

analysis criteria taxonomy in Volume II, Appendix D, Section 3.1.3 of each alternative. 

In summary, an analysis of the composition of the supplemental LAW projected feed against LAW grout 

testing to date strongly suggests that a single grout formulation can be used to immobilize a variable 

waste feed.  In cases where the baseline formulation does not give desirable properties, there is experience 

in identifying successful substitute formulations to achieve the required performance.  High confidence 

exists in the ability to adapt to waste composition. 

Many elements can be involved in the hydration or polymeric reactions that produce the matrix of a grout 

waste form.  The wide range of hydrated phases that are produced in the grout as a result are thus 

receptive to wide variations in waste composition resulting in minimal impact on the properties of the 

grout.  As such, a single grout formulation can be used for a variable waste feed without the need for 

further formulation development.   
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To date, a wide range of LAW compositions have been tested using the Cast Stone formulation 

(PNNL-22747, Supplemental Immobilization of Hanford Low-Activity Waste: Cast Stone Screening Tests; 

Asmussen et al., 2018; VSL-21R5000-1).  In the screening study of Cast Stone for LAW (PNNL-22747), 

several variations of LAW simulant were prepared to test the maximum concentrations of aluminum, 

sulfate, and phosphate.  The results showed only minimal change in the performance of the solidified Cast 

Stone, and the results remained within the target properties.  While other formulations could be used to 

improve processing and final properties, the Cast Stone test case demonstrates the adaptability to waste 

composition. 

A comparison between the projected maximum concentrations of the main chemicals of interest in both 

the blended supplemental LAW treatment and direct-feed LAW (DFLAW) feed vectors against the tested 

LAW Cast Stone ranges is shown in Table A-1.  With the similarity between the Cast Stone (47 wt% 

BFS, 45 wt% FA, 8 wt% OPC) and Saltstone (nominally 45 wt% BFS, 45 wt% FA, 10 wt% OPC but has 

a variable operating composition range) formulations, the maximum allowable concentrations in the salt 

waste immobilized with saltstone at SRS to date are also listed. 

Table A-1. Comparison of Maximum Concentrations in the Projected Feed Compositions, Tested 

with Cast Stone, in Saltstone Salt Batches, and in Saltstone Waste Acceptance Criteria 

Waste 
Constituent 

Maximum Value (mol/L) 

Supplemental LAW DFLAW Tested 
Saltstone 

Salt Batches 
Saltstone Waste 

Acceptance Criteria 

Sodium 7.69 6.13 7.80 7.51 - 

Hydroxide - 2.00 2.43 2.75 11.47 

Nitrate 3.05 2.76 3.90 2.82 8.27 

Nitrite 1.19 0.99 1.51 0.98 5.63 

Phosphate 0.03 0.04 0.08 0.01 0.37 

Aluminum 0.98 0.16 0.87 0.39 5.23 

Carbonate 0.62 - 0.74 0.32 2.42 

Chromium 0.07 0.01 0.08 0.00 0.03 

Sulfate 0.18 0.08 0.23 0.13 0.72 

Fluoride 0.13 0.09 0.09 - 0.26 

Chloride 0.10 0.19 0.14 - 0.27 

Potassium 0.15 0.26 0.22 - 0.94 

DFLAW = direct-feed low-activity waste. LAW = low-activity waste. 

The only waste constituents where the tested concentration to date is lower than the projected 

supplemental LAW treatment feed vector concentration are aluminum and fluoride, although the 

differences are less than a factor of 2.  The Saltstone bounding waste acceptance criteria concentrations, 

developed based on historical testing efforts (X-SD-Z-00004, Waste Acceptance Criteria for Transfers to 

the Z-Area Saltstone Production Facility During Salt Disposition Integration (SDI)), were established to 

show upper bounding concentrations where Saltstone will still have properties to meet disposal waste 

acceptance criteria.  The Saltstone waste acceptance criteria concentrations are much larger than either the 

projected or tested supplemental LAW concentrations to date.  This comparison provides a basis for the 

statement that a grout waste form can adapt to a range of waste composition. 
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If the waste feed changes beyond any waste acceptance criteria for a grout treatment facility, an alteration 

to the formulation can be made.  An example of this scenario was in the qualification of grout waste 

forms for liquid secondary wastes generated at the Hanford Effluent Treatment Facility (ETF).  This 

waste stream was projected to have a high sulfate content that was orders of magnitude higher than the 

concentration in LAW.  When the Cast Stone formulation was used to immobilize this waste stream, 

solidification challenges were encountered due to the excessively high sulfate content.  However, work at 

the 222-S Laboratory recommended the use of a formulation containing hydrated lime, BFS, and OPC to 

react the excess sulfate (RPP-RPT-31077, Effluent Treatment Facility Waste Stream Monolith Testing 

Phase II ).  Testing of this formulation at Pacific Northwest National Laboratory (PNNL) and SRNL 

demonstrated acceptable performance, including enhanced technetium retention (PNNL-25129, Liquid 

Secondary Waste Grout Formulation and Waste Form Qualification; SRNL-STI-2015-00685, Liquid 

Secondary Waste: Waste Form Formulation and Qualification; Bourchy et al., 2022).  This effort to 

address the sulfate content was a successful demonstration of adapting a grout formulation to address 

changes in waste composition. 

A.3.3 Variation in Dry Mix Components and Substitutions 

Section C.4.1 of the NDAA17 report noted a gap of: ñTesting of dry mix constituents in a manner to 

elucidate causes in observed differences in effective diffusion coefficients.  This is particularly true for 

technetium, which showed a 100x variation in the screening tests.  Understanding the cause of this 

variability would allow optimization of mix designs for maximum retention.ò 

The NDAA17 report (SRNL-RP-2018-00687) also highlighted a gap in alternate formulations being 

tested for LAW, stating: ñTesting of a range of alternative substitutes for mix design components with 

uncertain future availability (should be performed).ò   

In summary, an analysis of available data did not identify definitive cause and effect relationships 

between dry-mix constituents and resultant contaminant effective diffusivities.  Note that a 100× variation 

in Dobs corresponds to a 10× variation in release rate (release rate is proportional to the square root of 

Dobs) and variations of 10 ï 100× or greater in release rates are not uncommon for glass waste forms.  

Recent work has been ongoing for LAW and other liquid wastes that has provided insight into alternative 

formulations and amendments/additives for enhanced retention of specific contaminants of concern.  As 

such, there is high confidence that an effective and durable grout waste form can be designed for Hanford 

LAW. 

An existing analysis of the variation in the properties of LAW Cast Stone is documented in PNNL-22747.  

Section 8 of PNNL-22747 covers a statistical analysis of the sample variables (simulant composition, dry 

material sources) against the measured properties of Cast Stone (leachability, plastic viscosity, heat 

generation).  The summary of the statistical analysis found no consistent correlations between the 

variations in the dry reagents and resulting performance properties of Cast Stone.  However, the analysis 

did allow a down-selection of regional BFS and FA sources. 

The PNNL report summarized the findings as follows: 

ñThe objective of the Cast Stone screening study was to identify which parameters (individually or 

in interactions) affect which Cast Stone properties.  Ideally, some parameters would be identified 

as not affecting any of the more important properties that were statistically analyzed, so that those 

parameters could be removed from consideration for future Cast Stone optimization studies.  

However, as noted in the preceding discussions of Table 8-29 and Table 8-30 [of PNNL-22747], 

every parameter has individual as well as interaction effects for at least one property.   
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This includes BFS, which was believed not to interact with other parameters during the test 

matrix development (see Appendix A [of PNNL-22747]).  Even though parameters like BFS and 

Fly Ash have statistically significant individual and interactive effects, the test results and 

statistical analyses of those results provide a basis for choosing a source of BFS and a source of 

Fly Ash to eliminate one or both of those parameters from a future formulation optimization 

study.  Further, the statistical analyses in this section provide a basis for choosing the simulants 

and ranges of the NaMol and MixRatio.ò 

Recent work has also begun to evaluate the performance of alternate formulations and geopolymers for 

the immobilization of LAW.  The work in VSL-21R5000-1 screened several formulations including an 

OPC/BFS/calcium aluminate cement, neutral salt activated slag, alkali silicate activated slag, and 

ultra-high performance concrete (both geopolymer and portland cement based).  The results (set time, 

compressive strength, and leaching) varied by formulation but many of the alternatives have improved 

properties compared with Cast Stone, including lowering leachability of iodine and technetium.  Further 

testing of these formulations is ongoing. 

The current baseline formulation for Cast Stone is defined in RPP-RPT-26742, Hanford Containerized 

Cast Stone Facility Task 1 ï Process Testing and Development Final Test Report.  The Cast Stone 

formulation (47 wt% BFS, 45 wt% FA, 8 wt% OPC) was down selected in testing of four formulations 

(Table A-2).  The formulations in the down-select were chosen based on previous work in the Hanford 

grout vault program and the Saltstone at SRS.  Dry reagent formulations (DRF)-1 and DRF-3 were 

removed due to leaching of chromium and selenium as no BFS was present, while DRF-4 had marginally 

better chromium and selenium, but not as good as DRF-2.  DRF-2 was then identified as the formulation 

to consider for a Cast Stone waste form. 

Table A-2. Formulation Considered in the Selection of a Baseline Formulation for Supplemental 

Treatment of Low-Activity Waste  

Component (wt%) DRF-1 DRF-2 Cast Stone DRF-3 DRF-4 

Portland cement, Type I/II 44.90 8.16 41.84 20 

Class F fly ash 42.86 44.90 39.78 66 

Blast furnace slag, Grade 120 0 46.94 0 0 

Attapulgite clay 5.10 0 11.22 14 

Indian red pottery clay 7.14 0 7.14 0 

Adapted from Table 6-1 of RPP-RPT-26742, 2005, Hanford Containerized Cast Stone Facility Task 1 ï Process Testing and 

Development Final Test Report, Rev. 0, CH2M HILL Hanford Group, Inc., Richland, Washington. 

DRF = dry reagent formulation. 

Cast Stone has been the most common formulation tested to date related to Hanford LAW, with slight 

modification to include getters.  More formulation development has been performed for secondary wastes 

that have evaluated hydrated-lime-based waste forms (PNNL-26443, Updated Liquid Secondary Waste 

Grout Formulation and Preliminary Waste Form Qualification, and PNNL-26570, Effluent Management 

Facility Evaporator Bottoms: Waste Streams Formulation and Waste Form Qualification Testing) and a 

series of geopolymers (PNNL-19122, and VSL-19R4630-1, Formulation Development and Testing of 

Ammonia Tolerant Grout Formulation Development and Testing of Ammonia Tolerant Grout).  Recent 

work at Vitreous State Laboratory (VSL) of The Catholic University of America has evaluated a series of 

alternate formulations for Hanford LAW (VSL-21R5000-1).  The formulations screened included an 

OPC-BFS-calcium aluminate cement-gypsum formulation, a neutral salt activated slag, an alkali silicate 

activated slag, a geopolymer ultrahigh performance concrete, and OPC ultrahigh performance concrete.   
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The results showed that five of the six formulations had improved rhenium observed diffusivity (Dobs) 

values (rhenium used as a surrogate for technetium) compared with the performance metric 

(PNNL-28992), three of the six formulations had improved iodine Dobs compared with the performance 

metric, five of the six formulations had better performance for nitrate than the performance metric.  The 

formulations also had sufficient properties for bleed water, set time, and compressive strength 

measurements.  The work highlighted the promise of alternative formulations to be designed for LAW to 

enhance processing and performance if required. 

At the SRS, work has been ongoing to develop cement-free Saltstone where the OPC content of Saltstone 

is removed.  Formulations of only BFS and FA have been successful in meeting RCRA requirements 

based on the results of the Toxicity Characteristic Leaching Procedure (SRNL-STI-2019-00702, Saltstone 

Third Quarter Calendar Year 2019 (3QY19) Toxicity Characteristic Leaching Procedure (TCLP) Results).  

In the development of opportunistic immobilization options for secondary wastes, specifically the 

evaporator bottoms from the Effluent Management Facility, alternate formulations comprised of 

commercial mixes or OPC+BFS were shown to be successful for immobilizing this waste stream 

(PNNL-26750, Effluent Management Facility Evaporator Bottoms: Waste Streams Formulation and 

Waste Form Qualification Testing).  The Effluent Management Facility evaporator bottom stream tested 

was similar to LAW due to the high pH and chemical makeup. 

In summary, many variations of grout formulations can be used in the grout alternatives to meet 

performance or processing requirements. 

A.3.4 Oxidation Rates 

Section C.4.1 of the NDAA17 report highlighted a gap of ñTesting to assess rates of oxygen ingress into 

Cast Stone monoliths and its impact on technetium release rates.ò   

In summary, the changing redox state within a grouted waste form for secondary waste was considered in 

sensitivity cases in the Integrated Disposal Facility (IDF) PA (RPP-RPT-59958, Performance Assessment 

for the Integrated Disposal Facility, Hanford Site, Washington) and as a dynamic process in the SRS 

Saltstone PA (SRR-CWDA-2019-00001, Performance Assessment for the Saltstone Disposal Facility at 

the Savannah River Site).  Other modeling efforts to represent oxygen ingress (or other key processes 

including carbonation) are ongoing, and experimentally a large-scale lysimeter study at Hanford will 

generate valuable data to better predict the rate of oxygen ingress in grout waste forms.  There remains 

uncertainty in the rate of reoxidation of grout waste forms within the IDF, but this can be handled through 

the use of sensitivity cases in PA modeling. 

The rate of reoxidation of a grout waste form is crucial to predicting the long-term behavior of grout 

waste forms containing redox sensitive elements (e.g., technetium, chromium).  Within the IDF PA 

(RPP-RPT-59958), the impact of oxidizing/reducing conditions was evaluated for the liquid secondary 

and solid secondary grout waste forms; however, a primary LAW grout waste form was not included in 

the IDF PA.  Reoxidation was one of the chemical degradation mechanisms considered in the IDF PA, 

which stated: 

ñThe cementitious waste forms are expected to evolve and degrade over time as a result of 

various physio-chemical processes.é Chemical degradation includes the effects of carbonation, 

sulfate attack and oxidation that may alter the mobility of CoPCs [constituent of potential 

concern] in the cementitious waste form and/or lead to physical degradation.  Aging of the waste 

form has been correlated with the amount of water that interacts with the waste form.   

The assessment of potential degradation mechanisms, described in SRNL-STI-2016-00175, 

Section 10, indicates that SSW [solid secondary waste] grout degradation from chemical attack 

can be expected to be minimal under IDF disposal conditions due to the limited amount of 

recharge pore volumes that are expected to be exchanged within the waste formé 
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The associated enhanced migration of oxygen into the waste form is taken into account by 

assuming oxidizing conditions for redox-sensitive CoPCs.  Oxidizing conditions are effectively 

modeled by specifying the sorption coefficients that are applicable under oxidizing conditions for 

the different CoPCs for the nominal case.  As a result, the potential effects of degradation of the 

waste form have been neglected in the process modeling.  However, sensitivity analyses described 

in Section 6 (of RPP-RPT-59958) evaluated the effect of aging by increasing the effective 

diffusion coefficient of the cementitious waste after 500 years, which is the same approach that 

was used for the analysis in the TC&WM [Tank Closure and Waste Management] EIS.ò 

The base case in the IDF PA assumed oxidizing conditions for the waste forms.  This was achieved 

through applying a low distribution coefficient (Kd) for the contaminants in the waste form based on 

values suggested in PNNL-25194, Secondary Waste Cementitious Wasteform Data Package for the 

Integrated Disposal Facility Performance Assessment.  Two primary sensitivity cases were performed in 

which the waste form remained reducing for the entire disposal life of the waste forms and a second case 

where the waste form Kd values gradually changed from reducing to oxidizing from outer to inner 

portions of the waste form.  The Kd stepped through a series of five oxidizing time steps (250, 500, 750, 

1000, and 1250 years) and five cells (from the outermost cell to the innermost cell).  The reducing case 

lowered technetium release by over three orders of magnitude but had a slight increase in iodine peak 

concentration.  The varying Kd case slightly delayed the time of peak technetium concentration and led to 

an earlier iodine peak. 

The SRS Saltstone PA also calculates reoxidation rates as a moving front through the SDU monoliths; 

however, a shrinking core model is used in the SRS PA (SRNL-STI-2009-00473, Geochemical Data 

Package for Performance Assessment Calculations Related to the Savannah River Site).  A shrinking core 

model is a less complex modeling approach than thermodynamic or reactive transport models.  The 

shrinking core model assumes O2 can enter the waste through water diffusing through the waste form and 

consuming the reduction capacity (slag) encountered in a fast reaction.  This approach has agreed well 

with spectroscopic evidence of reoxidation (Lukens et al., 2005).  Contradictory evidence also exists in 

samples that have been exposed to air, as air transport of O2 is ignored in the SRS shrinking core model as 

the SDUs are saturated.  Understanding and predicting the combined effect of air and liquid transport of 

O2 in cementitious waste forms is still an open area of development and would refine projections of the 

maintenance of reducing conditions within waste forms.  A waste form larger in size would have a slower 

rate of re-oxidation as the pathway for O2 to reach the entire waste form would be far longer.  Mitigation 

can be used by increasing the reduction capacity through increased slag content or additives (e.g., iron).  

Volume II, Appendix E, provides additional information. 

The assessment of reoxidation rates of grout to date have been supported experimentally in laboratory and 

sediment tests, although not Hanford-specific.  In 2018, a large-scale field lysimeter test was initiated at 

the Hanford Site (PNNL-27394, Field-Scale Lysimeter Studies of Low-Activity Waste Form Degradation) 

to evaluate the degradation of glass and grout waste forms in the most realistic disposal conditions to the 

IDF.  The lysimeter test includes grout waste forms prepared with simulated LAW and liquid secondary 

wastes.  The large forms emplaced in the IDF backfill sediment will be irrigated at different rates for 

several years.  The liquid and gas moving through the lysimeter cell and past the waste forms are being 

monitored continuously.  Upon excavation, the waste forms will be ideal test cases for the measurement 

of reoxidation rates within the Hanford subsurface. 

Additional work at Vanderbilt University has focused on the individual and simultaneous aging processes 

of drying, carbonation and oxidation, and the impacts of aging on leaching from Cast Stone (Zhang, 2021; 

Zhang et al., 2021; Zhang et al., 2022; Chen et al., 2021; Chen et al., 2022).  This research has developed 

a series of reactive transport models used to estimate the depths of carbonation and oxidation during pre-

closure and post-closure scenarios and then estimate the fractional cumulative release of 99Tc, 129I, and 

other constituents of potential concern over time intervals up to 10,000 years. 
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A representative mineral and parameter assemblage for Cast Stone was used to develop and verify a 

geochemical speciation model of grouted material under oxic and anoxic environments.  The mineral 

assemblage and geochemical speciation model supported in a reactive mass transport model, along with 

data from the IDF PA and hydraulic modeling of the IDF waste package, to provide an estimation of the 

releases of 99Tc, 129I, and other constituents of potential concern from the grout waste form during 

operational periods including pre-closure (i.e., IDF exposed to atmospheric conditions during filling), 

early post-closure (i.e., IDF exposed to subsurface environments with intact cap), and late post-closure 

(i.e., buried IDF exposed to increased infiltration because of the degradation of cap).  Model parameters 

were developed from experimental data on Cast Stone material created with non-radioactive constituents 

and verified using 99Tc leaching data from PNNL (PNNL-25129).  Results indicate good retention for 
99Tc in Cast Stone prior to environmental exposure; however, oxidation of Cast Stone increased the 99Tc 

release rate by over one order-of-magnitude.  Approximately 67% of oxidation and 41% of carbonation 

occur during the pre-closure period, indicating that impacts can be substantially decreased by appropriate 

controls during IDF operation.  While 99Tc retention is maximized under chemical reducing conditions, 

retention of 129I by precipitation with silver-based getters primarily occurs under oxidizing conditions.  

The presence of both 99Tc and 129I suggest the need for either an irreversible 129I getters during initial 

grout waste form curing (i.e., chemical stabilization under initially oxidizing conditions leading to 

development of reducing conditions during curing) or a spatial zonation of 99Tc and 129I retention 

mechanisms.  These results point to the benefits of larger waste form geometries that minimize surface 

area, slowing oxidation, and, in turn, further slowing the release of 99Tc and other redox-sensitive 

contaminants.  Volume II, Appendix E provides additional information. 

A.3.5 Iodine Getters 

Section C.4.1 of SRNL-RP-2018-00687 described a gap of ñTesting to assess the effectiveness of iodine 

getters in conjunction with Cast Stone formulations over a comprehensive range in LAW chemistry 

consistent with ranges anticipated in the feed vector.  Testing to identify other potential iodine getter 

formulations/materials (e.g., bismuth-based as Ag is a RCRA listed metal).ò 

In summary, data sets exist showing the efficacy of iodine getters in LAW Cast Stone.  The most 

important factor in success of an iodine getter is the ratio between the silver added and the amount of total 

halides present.  Alternatives to silver have been proposed and are currently under study.  The uncertainty 

around iodine is further discussed in Volume II, Appendix E, Section E.3.1.1. 

The concept of an iodine getter within grout is based on the fact that rate of iodide (I-) and iodate (IO3
-) 

release from grout waste forms are similar to that of other ñmobileò constituents, such as sodium and 

nitrate.  However, iodide and iodate have several ionic compound forms with low solubility (e.g., silver 

iodide, AgI, with a Ksp of 8 × 10-17) and some ion-exchange materials have been demonstrated for iodine 

sequestration (Cordova et al., 2020).  Testing of the incorporation of silver zeolites (AgZ) into grout have 

shown significant reduction in the amount of iodine released while yielding minimal impact on overall 

grout physical properties up to 30 vol% (Yamagata et al., 2022).  Several laboratory studies have been 

performed to investigate the ability of getters to retain iodide in grout waste forms, including work since 

the NDAA17 study (SRNL-RP-2018-00687).  These examples can be grouped into test cases where the 

getter was successful in lowering iodine release and cases where not enough getter was added. 

A.3.5.1 Successful Demonstration of Iodine Getters 

Several examples demonstrate an iodine getter, or iodine-loaded material, being incorporated into a grout 

waste form and leading to slowed iodine release.  From the examples below, a trend is apparent in which 

the ratio of Ag to iodine (or total halides) is crucial in ensuring optimum getter performance.  Original 

work at Hanford related to the immobilization of iodine-loaded sorbents in grout included a comparison 

between (1) iodine-loaded AgZ, (2) Ba(IO3) in cement (BaIO3 cement being the baseline at the time for 

the byproduct of the Mercurex process), and (3) AgI directly added to the grout. 
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Iodine was observed to be released an order of magnitude slower from the AgZ-grout compared with the 

barium-modified samples, while the directly added AgI had the lowest release (PNL-4045, Selection of a 

Form for Fixation of Iodine-129). 

The work performed in RPP-RPT-26742 carried out studies of two natural getters (bone char and ñwill 

formò a calcium phosphate product expected to have a hydroxyapatite like structure) and two silver-

containing compounds (silver zeolite and silver mordenite) added to Cast Stone and made using a highly 

alkaline secondary waste (pH = 13.5).  All four getters had no measurable iodine in the leachate in a 

19-day leach test (ANS 16.1) at the lowest iodine loading (~4 mg/L iodide) and varying the getter loading 

between 1 wt% and 5 wt%.  However, measurable iodine in the leachate was found when the iodine 

concentration was increased (~8 mg/L and 17 mg/L) with 5 wt% getter loading of the natural getters and 

silver mordenite.  The silver zeolite still had no measurable iodine release at the higher concentrations.  

The Ag:I molar ratio in the grouts ranged between ~60 to ~95.   

The work in SRNL-STI-2016-00619 documented the immobilization of a Tank 50 waste sample from 

SRS that was adjusted to be compositionally comparable to Hanford LAW.  A sample of real waste from 

Tank 50 was spiked with iodide (85 mg/L) and Cast Stone samples were prepared with and without AgZ 

(11 wt%).  This higher loading of AgZ led to a near three order-of-magnitude reduction in iodide 

diffusivity (using EPA Method 1315) compared with the getter free system.  The Ag:I molar ratio was 10, 

and the amount of Ag added by the getter was equal to the total halide molar content of the liquid waste 

(I, Cl, and F). 

PNNL-26443 discussed the use of iodine getters in the preparation of a liquid secondary waste (pH = 6) 

with a hydrated lime-based formulation (20 wt% hydrated lime, 35 wt% Class F FA, 45 wt% BFS).  In 

this work, the diffusivity of iodide was decreased by close to four orders-of-magnitude using EPA 

Method 1315.  The Ag:I molar ratio was ~425 and the Ag:halide molar ratio was ~100. 

Yamagata et al. (2022) placed iodide-loaded silver mordenite into a pair of formulations: one containing 

BFS and one without BFS.  In EPA Method 1315 leach testing, these formulations both measured 

diffusivities that were orders of magnitude lower than the non-zeolite containing control samples.  The 

molar ratio of Ag:I was ~2700.  Although the BFS-containing samples had measurable iodine in the 

leachate at longer leaching times (>40 days), the BFS-free samples did not have any measurable iodine in 

the leachates.  This response was likely due to some destabilization of the AgI from the BFS.  This work 

also provided evidence to support the mechanism of iodine retention, in which the AgZ was observed to 

form a layer of silver around the particle, which could serve as a barrier to iodine transport. 

A.3.5.2 Unsuccessful Iodine Getters Tests 

Two properties can influence AgI (or other iodide/iodate salts) stability within grout waste forms: the 

alkalinity of the environment and the interference of redox species (e.g., sulfide).  Asmussen et al. (2017) 

monitored the dissolution of AgI in solutions of varying pH and with the addition of sulfide sources (as an 

example redox species).  This study showed that AgI can be destabilized in alkaline or reducing systems.  

However, as reducing systems become oxidized with time, conditions become more favorable for efficacy 

of an iodine getter.  The following are examples of test cases where iodine getters were not successful, 

mainly due to insufficient Ag:I ratios. 

Asmussen et al. (2016) screened a series of materials, including AgZ, argentite (Ag2S), layered bismuth 

hydroxide, and a silver-impregnated carbon for removal of iodide from simulated LAW.  The two best 

performing materials from that study, AgZ and argentite, were used as getters in Cast Stone testing 

(PNNL-25577, Getter Incorporation into Cast Stone and Solid State Characterizations).  When the 

iodide-loaded getters were placed in the Cast Stone, there was no improvement in release in EPA Method 

1315 leach testing.  The Ag:I molar ratio used was between 85 and 600; however, the Ag:halide ratio 

ranged from 0.03 to 0.22, which indicates an insufficient amount of Ag was present in the samples. 
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The work in VSL-19R4630-1 tested three iodine getters (two proprietary getters and a AgZ) in a sulfate-

activated slag waste form used to immobilize a high ammonium, high sulfate waste stream.  The sulfate-

activated slag formulation was designed to lower ammonia generation during processing.  In this study 

the getter Ag:I molar ratio was <10 and no improvement was observed in EPA Method 1315 leach 

testing.  However, chloride was also present in the simulant, which means that the Ag:halide ratio was 

much lower than 10. 

AgZ was also tested as a getter in a phosphate bonded ceramic (Ceramicrete) and an alkali activated 

geopolymer (DuraLith), PNNL-20632, Waste Acceptance Testing of Secondary Waste Forms: Cast Stone, 

Ceramicrete and DuraLith.  In this study, AgZ was added at 1 wt% of the overall mix for both waste 

forms.  This loading equated to an Ag:I molar ratio of 830 for the Ceramicrete and 922 for the DuraLith.  

However, the simulant used had a high chloride content and the Ag:halide ratio was 0.2 for both 

formulations, meaning there was insufficient Ag to control iodine release.  As expected, there was little to 

no improvement in iodine release in leach testing with EPA Method 1315, ANS 16.1 and ASTM C1308. 

Work by VSL (VSL-21R5000-1) included an evaluation of calcined hydrotalcite and AgZ as iodine 

getters in a neutral salt-activated slag geopolymer waste form for LAW.  The inclusion of either calcined 

hydrotalcite or AgZ improved the iodine leachability by an order-of-magnitude when using a 1 M Na 

LAW simulant (using EPA Method 1315).  However, the calcined hydrotalcite did not improve iodine 

retention in a waste form using a 5.6 M Na LAW simulant.  The simulant used for the samples had an 

unrealistically high concentration of iodine of 1 g/kg (1250 mg/L).  In the case of the AgZ getter, the Ag:I 

molar ratio was ~10 and the Ag:halide molar ratio was ~5. 

In summary, recent work has highlighted the importance of the ratio of Ag:I and Ag:halide in ensuring 

improved iodine retention for on-site disposal scenarios (improved iodine retention is not required in off-site 

disposal options).  Alternates to silver have been postulated but not tested to date (e.g., bismuth).  The 

optimum ratio of silver (or other active species) to iodine (or total halides) is not yet defined to ensure 

strong iodine retention and to also minimize costs.   

In the current evaluation summarized in this report, a conservative assumption is made that an Ag-based 

iodine getter loading of 5 wt% is required in the grout waste forms, but it is projected that a lower amount 

(based on the Ag:halide ratio) will be equally successful and improve economics.  Efforts to optimize the 

required Ag:halide ratio and evaluate silver substitutes is currently ongoing in 2022. 

A.3.6 Land Disposal Restriction Organics 

The NDAA17 report (SRNL-RP-2018-00687) identified a technical gap related to the role of Land 

Disposal Restriction (LDR) organics in waste acceptance of grouted waste forms and potential impacts on 

treatment processes on the resulting waste stream: ñTesting to assess the potential impact of the process 

to address LDR organics on the performance of the grouted waste formò and ñThe process to destroy 

LDR organics impacts the performance of the grouted waste form, which may be a particular concern for 

technetium.  This risk is addressed above in the recommendations for additional testing in Section C.4.1 

[of SRNL-RP-2018-00687].  This risk applies to IDF only.ò 

In summary, extensive work has been ongoing to better understand the extent and magnitude of LDR 

organics within the Hanford tank wastes and ways to remediate organics present prior to immobilization 

(e.g., evaporation, oxidation).  The LDR organics, at the concentrations projected, are not anticipated to 

impact the properties of the grout; however, there is limited direct data on the influence of the major 

organics in Hanford waste on candidate grout waste forms.  Disposal performance of a grouted waste 

form related to LDR organics is based on total concentration in the waste form.  A summary of the recent 

works related to LDR organics at Hanford since the NDAA17 report is provided.  The main uncertainty 

around LDR organics remains in the quantification and potential need for treatment, but the knowledge 

base has grown since the NDAA17 report. 
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There have been several efforts since the NDAA17 report (SRNL-RP-2018-00687) related to the 

understanding and management of LDR organics in Hanford LAW.  The handling of LDR organics was 

recently discussed in SRNL-STI-2021-00453, Potential for Evaporation and In-situ Reaction of Organic 

Compounds in Hanford Supplemental LAW: ñRegulated organic species under the Environmental 

Protection Agencyôs Resource Conservation and Recovery Act (RCRA) LDR program in 40 Code of 

Federal Regulations (CFR) Part 268 are important to understand because of the dilution prohibition in 

40 CFR 268.3.  EPA established the dilution prohibition to prevent owner and operators of hazardous 

waste management units from intentionally diluting waste to avoid treatment.  EPA typically requires that 

regulated organic species are ñremovedò or ñdestroyedò to meet the LDR program requirements.  EPA 

also does not regard stabilization through using cementitious reagents to provide adequate treatment for 

organics but has provided some guidance that stabilization of low concentration organics may be 

acceptable.ò 

A.3.6.1 Assessment of the Extent and Magnitude of Land Disposal Restrictions Organics in Tank 

Waste 

Staff at the 222-S Laboratory generated an evaluation of the LDR organic content of wastes in the 

Hanford double-shell tanks (DST) (RPP-RPT-61301, Current Chemical Knowledge Concerning Organic 

Chemicals in Hanford Double Shell Tank Waste Supernatant [Rev. 1]).  The objective of this report was to 

provide a technical basis to aid in the characterization of organic compounds in the tank waste feed.  The 

goal of the evaluation was to reduce the number of analytical targets for constituents of concern when 

evaluating against LDR regulations.  The constituents of concern evaluated were the volatile organic 

compounds (VOC), semivolatile organic compounds (SVOC), and polychlorinated biphenyls (PCB) that 

are included in the list of 207 regulated LDR organic constituents developed from the DST Part A permit 

application (DOE, 2009) and associated Underlying Hazardous Constituents from 40 CFR 268.48, 

ñUniversal Treatment Standardsò (SRNL-STI-2020-00228, Evaluation of Technologies for Enhancing 

Grout for Immobilizing Hanford Supplemental Low-Activity Waste (SLAW)).  The current chemical 

knowledge used in the evaluation included input knowledge (e.g., RPP-21854, Occurrence and Chemistry 

of Organic Compounds in Hanford Site Waste Tanks), solubility, chemical reactions, headspace vapors 

(e.g., PNNL-13366, A Survey of Vapors in the Headspaces of Single-Shell Waste Tanks), mass balance, 

historical analyses from the Tank Waste Information System (TWINS), and Aroclors (PCB) solubilities.  

RPP-RPT-61301 concluded that current chemical knowledge indicates there were 31 regulated organic 

compounds used on the Hanford Site.  Chemical reactivity analysis suggested that one or more 

compounds could be formed within the waste.  From historical analyses, 22 constituents of the 126 

analyzed were detected with concentrations higher than their corresponding action level, specified in 

RPP-RPT-61301.  Only eight of these chemicals were detected more than 10 times in the waste.  This 

report makes a strong case for the concept that current chemical knowledge can effectively be employed 

to eliminate the consideration of many compounds of regulatory concern and minimize the requirements 

for analytical work to meet the regulatory requirements and data quality objectives. 

The use of process knowledge to screen the list of 207 LDR organic compounds associated with the 

Part A waste codes and underlying hazardous constituents for the DSTs and SSTs, to a list of compounds 

that can be considered as potentially present, was further developed in the analysis reported in 

RPP-RPT-63493, Tank Waste LDR Organics Data Summary for Sample-and-Send.  In this work, WRPS 

staff defined and applied seven decision rules to screen out compounds that have no historical or current 

support for being present in Hanford tank waste.  Compounds were identified as being potentially present 

in tank waste if the compound: 

1. Is a Hanford tank farms F001ïF005 constituent, or  

2. Is a RCRA Part A ñDò code: D018, D019, D022, D028, D029, D030, D033, D034, D035, D036, 
D038, D039, D040, D041, D043, or  
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3. Was used at Hanford, including identified components in commercial products (prior to May 8, 

1992), or  

4. Has been detected in the single-shell tanks (SST) or DST samples (past and future), or  

5. Was not included in past analytical methods but can be reasonable expected to be present, or 

6.  Is a decomposition reaction end product formed in the waste, or  

7. Is identified on an LDR notification form from past (and future) transfers into the DSTs, and:  

a. Was detected at or above the LDR wastewater standard, or  

b. Has no analytical data to indicate concentration, or 

c. Process knowledge cannot be developed to support the constituent is not in the waste when 

reported as ñ<MDLò (method detection limit), but the MDL is greater than the LDR 

wastewater standard.  

The application of the seven decision rules eliminates 75 compounds from the list of 207 

(RPP-RPT-63493).  The remaining 132 compounds are considered as potentially present and are the 

target for future tank waste characterization efforts. 

In the process of completing this screening effort, WRPS staff reviewed the available data in TWINS for 

the 207 LDR organic compounds to determine the extent to which these compounds are distributed in 

tank waste (RPP-RPT-64064, Distribution of LDR Organic Compounds in Hanford Tanks Waste and The 

Implications to LAW Treatment by Cementitious Solidification/Stabilization).  Particular emphasis was 

placed on: 

1. Quantifying the amount of LDR organic data available for individual tanks and waste phases 

2. Defining the magnitude and extent of the distribution of LDR organic compounds in Hanford 

tank waste 

3. Estimating the concentrations for LDR organics in retrieved LAW and a cementitious waste form 

made from the LAW 

4. Assessing if the estimated concentrations in the hypothetical cementitious waste form would 

exceed the non-wastewater standards for disposal in a near-surface mixed low-level waste 

landfill. 

Results from this data screening effort showed that within the historic data for the 177 DSTs and SSTs 

that originally stored Hanford reprocessing waste, approximately 27,091 individual entries1 for LDR 

organics are derived from approximately 1,511 laboratory samples generated in a little over 1,000 historic 

sampling events.  Only 1,199 of the 27,091 entries represent values above the corresponding detection 

limit.  For the current 156 unretrieved tanks, 93 have some LDR organics data in TWINS, but only 31 

have LDR organics data other than for PCBs.  Eleven of the 31 tanks with non-PCB results are SSTs and 

the remaining 20 are DSTs.  The five compounds with the highest detection frequencies are acetone 

(65%), acetonitrile (42%), n-butyl alcohol (39%), 2-butanone (38%), and bis(2-ethylhexyl)phthalate 

(34%).   

46 sample results from liquid samples and 19 from solid samples exceed the non-wastewater standard.  

Some exceedances represent multiple samples from the same sampling event and if only one exceedance 

is counted for a unique compound/tank number/sampling event, only 18 exceedances are from liquid 

samples and 15 from solid samples.  The exceedances are confined to the 11 compounds, with n-butyl 

alcohol, n-nitrosodimethylamine, and n-nitrosomorpholine being most prevalent in liquid samples and the 

composite PCB parameter (all Aroclors) being the most prevalent in solid samples. 

 
1 An entry considers both detected and non-detected values. 
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Assuming the historic liquid samples that exceeded a non-wastewater standard are directly retrieved, 

altered to produce a 5.5 M sodium solution (without altering the mass of the organics), and immobilized 

into a cementitious final waste form results in nine unique liquid sampling events from seven tanks 

(AN-107, AP-104, AP-107, AP-108, AW-102, AW-104, and AW-106) that are predicted to produce a 

solidified/stabilized final waste form that exceeds the non-wastewater standard for an LDR organic.  

Note that these tanks are DSTs that are most likely to be retrieved and processed during DFLAW 

operations through the Waste Treatment and Immobilization Plant (WTP).  N-butyl alcohol is the 

exceeding compound in eight of the nine cases and n-nitrosomorpholine in one case.  No case has more 

than one exceeding compound. 

For the solid samples that show a concentration above a non-wastewater standard, six of the 19 solid 

samples with in-tank concentrations above the non-wastewater standard are predicted to create a final 

waste form that also exceeds the non-wastewater standard.  Five of the six samples are associated with 

PCBs and one with toluene.  All of the calculated PCB concentrations in retrieved waste are well above 

the water solubility for PCBs, which suggests these compounds would not be present at these levels as a 

dissolved species.  Rather, PCBs would be associated with either an organic phase or absorbed to the 

retrieved solids.  In either case, the undissolved PCBs would be removed by the filter system associated 

with the tank-side cesium removal (TSCR) process.  If only dissolved PCBs are present in the liquid sent 

for solidification/stabilization in a cementitious matrix, the final concentration in the waste form would be 

below the PCB non-wastewater standard of 10 mg/L due to the solubility limits. 

A.3.6.2 Regulatory and Processing Considerations for Grouting Low-Activity Waste 

An expert team evaluation of technologies that could be implemented to target key species (technetium, 

iodine, NO3/NO2, LDR organics) in Hanford LAW was performed in 2020 (SRNL-STI-2020-00228).  

The report released by the expert team included a summary section on the classification of LDR organics 

and relevance to Hanford LAW that expanded on the information in the NDAA17 report 

(SRNL-RP-2018-00687). 

The expert panel presented two general approaches that could meet regulatory concentration limits for 

RCRA LDR organics.  The first approach, termed sample-and-send, would rely on direct sampling of the 

retrieved and treated waste, for LDR organics assuming LDR concentrations limits were met, sending the 

material to supplemental treatment (this sample and send approach is covered as alternative Grout 1D in 

this report for technetium and iodine).  The second approach identified was the use of a pretreatment 

process (e.g., evaporation, oxidation) before sending the LAW to supplemental treatment.  Note that later 

work has recognized that the idea of ñsample-and-sendò is applicable to a three-option treatment strategy 

where retrieved and staged waste is sampled and, depending on the LDR organic content, is: 

1. Sent directly for cementitious stabilization/solidification if the organic content is low enough to 

produce a final waste form that meets LDR requirements, or 

2. Sent for additional organic treatment and then for cementitious stabilization/solidification if the 

additional treatment will produce a final waste form that meets LDR requirements, or 

3. Sent for vitrification if organic content in a final grouted waste form will not meet LDR 

requirements. 

The use of evaporation to volatilize and separate organics from the LAW was identified as the most 

promising.  Other methods evaluated that were deemed less likely to be successful included the use of 

permanganate for chemical oxidation (could cause precipitation of solids), hypochlorite oxidation 

(interference with nitrate and production of chlorinated organics), ozone destruction (nitrate interference), 

electron beam destruction (impractical for deployment), and activated carbon sorption (competition).  Full 

descriptions and associated references for these processes are provided in SRNL-STI-2020-00228. 
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Following the expert team evaluation, Washington River Protection Solutions, LLC (WRPS) has further 

refined the sample-and-send regulatory strategy to account for the potential need to address the 

requirements of the dilution prohibition by first compiling volatility, radiolysis, and reactivity information 

to confirm that ñtreatmentò for many LDR organics has already taken place through either in-situ 

decomposition reactions during storage (destruction) and through historical evaporation campaigns 

(removal) (RPP-RPT-63493).  Using this supporting information, LDR organics shown to have been 

destroyed or removed from Hanford tank waste would not be a concern for the dilution prohibition.  

Those compounds for which there is no identified historical ñdestructionò and ñremovalò mechanism may 

need to be part of an LDR treatment variance.  Whether an LDR treatment variance is pursued by DOE 

for LDR organics is beyond the scope of this evaluation.  If DOE chooses to include a treatment step for 

LDR organics in an implemented sample-and-send strategy prior to grouting to demonstrate no 

ñimpermissible dilutionò occurs, then an LDR treatment variance may not be required. 

Decisions on compounds that have removal or destruction mechanisms are supported by work at SRNL 

that has (1) tested the impacts of evaporation (using a laboratory vacuum evaporator) on organics in 

LAW, and (2) compiled published reactivity, volatility, and solubility information.  In FY 2020, SRNL 

conducted evaporator testing using a LAW simulant spiked with target organic compounds (acetone, 

acetophenone, butanol, methanol, and pyridine) to identify a lower volatility limit, above which 

compounds would have been removed by evaporation.  The test used a laboratory vacuum distillation 

system operating under conditions similar to the Hanford 242-A Evaporator (60 ±5 torr absolute, which 

resulted in an initial boiling point of the liquid around 44°C).  This work demonstrated that >98% of the 

five organic chemicals investigated partitioned to the overhead stream, and no significant reactions were 

observed between the organic species and the LAW.  The experimental results were supported by 

thermodynamic equilibrium modeling using OLI Studio (OLI Systems, Inc.).  These results suggest that 

compounds that do not ionize below pH 13, and have a volatility (expressed as the Henryôs Law vapor-

liquid partition coefficient) greater than or equal to methanol, can be expected to have been removed by 

historical evaporation campaigns. 

In FY 2021, SRNL continued this effort by completing a thorough review of published chemical property 

data for 73 of the 132 possibly present LDR organic compounds to identify aqueous Henryôs Law 

coefficients and pKa values (SRNL-STI-2021-00453).  Since LAW has a pH at or above 13, the latter 

information is needed to identify species that ionize below pH 13 and so would not be as volatile as 

indicated by a typical published Henryôs Law coefficient.  This work also confirmed through OLI 

modeling that volatility increases with salt content, and so Henryôs Law coefficients measured in water 

are an under prediction of volatility in LAW.  Finally, the FY 2021 SRNL report included an initial 

assessment of in situ decomposition for the 73 compounds by reviewing and compiling published 

information on rates of alkaline hydrolysis. 

Follow-on work at SRNL in FY 2022 extended the FY 2021 data compilation effort to include solubility, 

reactivity, radiolysis, and pKa values for all 207 LDR organic compounds associated with Hanford tank 

waste.  In addition, since the FY 2020 evaporator experiments demonstrated removal of the five organic 

compounds tested, laboratory work in FY 2022 measured the impacts of both atmospheric and vacuum 

evaporation on less volatile compounds.  Results showed that compounds with Henryôs Law coefficient at 

least 186× below that of methanol (and that are not present as charged species) are removed from LAW 

by atmospheric evaporation.  Vacuum evaporation was only tested with compounds with Henryôs 

coefficients up to 9.6× below that of methanol, but since vacuum evaporation achieved greater removal 

fractions than atmospheric evaporation for all compounds tested under both conditions, this method is 

assumed to likely remove n-nitrosomorpholine (Henryôs coefficient 186Ĭ below methanol).  This 

assumption is planned to be tested in FY 2023 work. 
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Permanganate and peroxide oxidation tests were also conducted in FY 2022 to assess the potential to use 

chemical oxidation to remove more recalcitrant compounds.  Results at 60°C demonstrated that phenol, 

4-chloroaniline, ortho-cresol, 4,6-dinitrocresol, and n-nitrosomorpholine appear to be treatable in the 

LAW simulant even in the presence of high concentrations of nitrite and the organic acids acetate, 

formate, glycolate, and oxalate.  In contrast, n-nitrosodipropylamine, 2,4,6-trichlorophenol, and phthalate 

appear to be more refractory.  Oxidation testing at 25°C (6-hour exposure) with permanganate showed 

generally increased destruction of spiked organics including phthalate but apparent reduced effectiveness 

against n-nitrosomorpholine.  In contract, hydrogen peroxide showed little ability to oxidize organics in 

the LAW simulant.  Additional work is planned for FY 2023 to better define the compounds that can be 

oxidized by permanganate.  Testing efforts will focus on the LDR organic compounds most prevalent in 

tank waste samples at elevated concentrations, particularly those that cannot be removed by evaporation. 

The data provided by the FY 2020 through FY 2022 work at SRNL has been applied by WRPS to 

evaluate the potential for historic removal (by evaporation) and destruction (by in situ decomposition) of 

the 132 potentially present LDR organic compounds (RPT-RPT-63493).  This work demonstrated 109 of 

these compounds are predicted to be removed by evaporation and eight of the remaining 23 compounds 

are predicted to be susceptible to in-situ decomposition.  Five of the remaining 15 compounds have a 

water solubility below the assumed waste acceptance criteria2,3 for cementitious stabilization.  The 

remaining 10 compounds that are soluble above the assumed waste acceptance criteria are those that may 

require a treatment variance if the issue of the dilution prohibition cannot be resolved by other means 

such as (1) demonstrating that previous storage activities can be considered as ñaggregation of wastes 

preceding legitimate central treatmentò (55 FR 22664-22667, ñThe Dilution Prohibition as it Applies to 

Centralized Treatmentò) and (2) recognizing the volume increase that occurs during grouting as a 

necessary part of the process to treat a waste (54 FR 48494, ñDetermining When Dilution Is 

Permissibleò).  

The need for a treatment variance also must take into account (1) the concentration of the LDR organic in 

the tank waste and its associated process knowledge, and (2) whether there is a known pretreatment step 

that is capable treating or removing the LDR organic in Hanford tank waste.  If the LDR organic 

concentration exceeds LDR treatment standards or the waste acceptance criteria or if pretreatment is either 

inappropriate or not achievable (the two criteria for a treatment variance in 40 CFR 268.44(h)), the LDR 

treatment variance petition would include the LDR organics to avoid the addition of a pretreatment process. 

A.3.6.3 Analytical Considerations 

Analysis of the organics in Hanford waste analysis is needed to better quantify the organics present and 

support grout immobilization if implemented (e.g., prepare the shipment documentation before 

immobilization).  Organic analysis may also be needed for on-site transfer documentation (e.g., 222-S 

Laboratory 219-S Waste Handling Facility to SY Farm). 

Current 222-S Laboratory volatile organic analyte (VOA) and semivolatile organic analytes (SVOA) 

methods are capable of analyzing 91 of the 132 potentially present LDR compounds; however, many of 

the reporting limits are greater than the corresponding wastewater standard.4  The laboratory has recently 

evaluated the ability to add additional analytes to their current methods and have indicated that all but 

four of the 132 could potentially be included in the VOA and SVOA methods (RPP-RPT-63493).  

 
2 The assumed waste acceptance criteria are equal to the highest concentration of an LDR organic in LAW that produces a 

final grouted waste form that meets the corresponding non-wastewater standard. 
3 Wastewater standard concentrations are concentration-based in the liquid, while non-wastewater standard concentrations are 

on a mass basis and are typically larger.  Wastewaters are defined as waters that contain less than 1 wt% total organic carbon and 

less than 1 wt% total suspended solids.  Non-wastewaters are wastes that exceed the wastewater criteria.  Solidified/stabilized 

LAW is a non-wastewater. 
4 Establishing analytical methods capable of measuring at the wastewater standard is currently preferred to support 

manifesting the waste in case the material is shipped offsite for treatment. 
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The four compounds that are not applicable to these methods are the decomposition products phthalic 

acid and methanol and two compounds ñreasonably expected to be presentò (2,4,5-trichlorophenoxyacetic 

acid/2,4,5-T and 2,4-dimethylaniline).  Staff at the 222-S Laboratory are currently evaluating other 

methods to quantify these compounds. 

In addition to extending the ability of the analytical laboratory to measure all of the 132 potentially 

present compounds using current methods, recent work has been undertaken to develop alternate 

analytical techniques that can lower detection limits to the desired level.  Work at the Hanford 222-S 

Laboratory has evaluated the potential for using stir bar sorptive extraction and thin film solid phase 

microextraction methods in an attempt to lower the detection limits for organic compounds in Hanford 

tank waste to below wastewater standards (RPP-RPT-63952, Analysis of Organic Chemicals in Hanford 

Tank Waste Simulant by Stir Bar Sorptive Extraction).  In FY 2022, the efficiencies of the extraction of 

131 VOC and SVOCs from tank waste simulants were evaluated with the methods giving promising 

results in lowering detection limits.  Further development work of the techniques are ongoing. 

A.3.7 Integrated Disposal Facility  Environment Prediction 

The NDAA17 report (SRNL-RP-2018-00687) identified a need for ñUse of new effective diffusion 

coefficients to update predictions of performance in an IDF environment.ò  To date, a grouted LAW 

inventory has not been included in the IDF PA (RPP-RPT-59958), and the only grout waste forms 

included were the secondary waste (both liquid and solid).  The last assessment was the 2012 Tank 

Closure and Waste Management (TC&WM) EIS (DOE/EIS-0391, Final Tank Closure and Waste 

Management Environmental Impact Statement for the Hanford Site, Richland, Washington), which drew 

heavily from the 2003 risk assessment (RPP-17675, Risk Assessment Supporting the Decision on the 

Initial Selection of Supplemental ILAW Technologies). 

In summary, no efforts have directly carried out a PA for a primary LAW grouted waste form in the IDF.  

Recent modeling has identified performance targets within the IDF for a grouted waste form based on 

back calculations.  Summaries of the target performance of the major contaminants is provided.  The 

primary uncertainty is in the long-term maintenance of properties of the waste form but changing 

properties can be assessed in sensitivity cases in PA modeling. 

No efforts have directly taken LAW Cast 

Stone diffusivities and conducted an IDF PA-

style calculation; however, a similar study was 

performed.  PNNL-28992 used model 

simulations to determine a leachability 

threshold for an inventory of supplemental 

LAW in the IDF when only the supplemental 

LAW inventory was considered.   

In this study, four radionuclides and 

contaminants were considered: technetium, 

iodine, nitrate, and chromium.  The work 

focused on comparing historical Hanford grout 

leachability data (Figure A-1) against this 

threshold to identify where improvements may 

be required.  The performance metric defined 

in the report is intended to allow a rapid 

assessment to determine if new laboratory data 

would improve contaminant release from a 

grouted inventory in the IDF PA. 

 
Source: PNNL-28992, 2019, Performance Metric for Cementitious 

Waste Form Inventory Release in the Integrated Disposal Facility, 

Pacific Northwest National Laboratory, Richland, Washington. 

Figure A-1. Comparison of Historical Technetium 

Leach Test Data from Experimental Results (blue 

dots/red squares) and Those Used in Prior 

Performance/Risk Assessments (orange triangles).  

The green line is the performance metric. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | A-22 

The performance metric was defined as a retardation factor (R-value) that is used in reactive transport 

modeling to define the retention capacity of a waste form relative to a mobile (i.e., non-sorbing/non-

reacting) species.  The reported R-value represents a minimum needed to maintain contaminant 

concentrations below the groundwater compliance standard when the grout properties are held constant 

and only the supplemental LAW inventory is considered.  For comparison purposes, R can be converted 

to a corresponding laboratory-observed diffusivity value (Dobs) measured in leach testing or to an overall 

fractional release rate from the IDF in reactive transport modeling.   

The R performance metric was determined through an iterative set of simulations varying the grout waste 

form distribution coefficient (Kd) and monitoring the resulting transport to groundwater and all other 

properties.  Note that changes in the inventory of each contaminant, or property evolution of the waste 

forms were not considered in this effort. 

An overview of the evaluation for each of the four contaminants is provided below. 

Technetium 

The R value calculated for technetium correlated to a fractional release rate of 2.1 × 10-6 yr-1, which 

would be equivalent to a waste form that would measure a Dobs of approximately 2 × 10-11 cm2/s in 

laboratory leach testing.  Assessing historical laboratory data against this value, Figure A-1 shows that 

previous assumptions for IDF modeling, being conservative to account for unknown reoxidation rates and 

degradation, were above the metric but several laboratory tests have measured technetium observed 

diffusivities below the limit.  These improved cases include LAW Cast Stone, getter-containing systems, 

and hydrated-lime-based formulations for secondary waste (assuming that a majority of the waste form 

retains the conditions leading to the retention). 

Note that the ñhighò orange triangles around 2005 in Figure A-1 represent the recommended values used 

in the Hanford Tank Closure and Waste Management Environmental Impact Statement (TC&WM EIS, 

DOE/EIS-0391).  These observed diffusivities represent technetium release from an oxidized grout waste 

form.  Even with lower values measured at the time (1 × 10-10 to 2.1 × 10-14 cm2/s for iodine and from 

8 × 10-9 to 4.5 × 10-13 cm2/s for 99Tc (PNNL-13639, Diffusion and Leaching of Selected Radionuclides 

(Iodine-129, Technetium-99, and Uranium) through Category 3 Waste Encasement Cement, Concrete, 

and Soil Fill Material), a conservative assumption was made.  Observed diffusivities of 5 × 10-9 cm2/s for 
99Tc and 1 × 10-10 cm2/s for iodine were selected.   

DOE (2005) technical guidance document covers the decision to use an oxidized grout. 

ñThe analysis shall consider degradation of grout after a period of 500 years.  For purposes of 

analysis, values to be used for Tc-99 and iodine are listed below.  If appropriate, additional 

sensitivity analysis will be conducted.ò 
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Iodine  

The iodine R value corresponds to a fractional 

release rate of 5.4 × 10-5 yr-1, which is 

equivalent to an observed diffusivity of 

approximately 3 × 10-11 cm2/s in leach testing.  

Analysis of historical iodine Dobs showed that 

most iodine observed diffusivities range 

between 1 × 10-8
 cm2/s and 1 × 10-9

 cm2/s, 

Figure A-2.  Achievement of diffusivities that 

would meet the performance metrics would 

require either a minimum of ~10× 

improvement in retention or a similar 

reduction in inventory.   

The one exception to this finding was for 

formulations containing Ag-based getters with 

getter loadings >5 wt% in the waste form, 

described in Section A.3.5. 

Nitrate  

A fractional release rate of 1.1 × 10-5 yr-1, or a 

Dobs of 2 × 10-9 cm2/s, would be given for a 

waste form with the performance metric R 

value.  Of all nitrate leach data assessed, only a 

small number of tests (from immobilized 

liquid secondary waste) measured an observed 

nitrate diffusivity below the limit established 

by the performance metric (Figure A-3), 

although the cause of the lowered release 

values is not known.  However, a magnitude 

10× decrease from the average nitrate Dobs 

(which corresponds to a 3.2× reduction in 

release rate) would likely meet the metric.  

This is contrary to the perception of nitrate 

having a large impact on groundwater from a 

grouted supplemental LAW inventory in the 

IDF.  The simulations were also conservative 

with respect to subsurface behavior of nitrate 

but should be noted the simulations only 

consider the contribution from a supplemental 

LAW inventory (see Volume II, Appendix E, 

Section E.3.1.5). 

  

 
Source: PNNL-28992, 2019, Performance Metric for Cementitious 

Waste Form Inventory Release in the Integrated Disposal Facility, 

Pacific Northwest National Laboratory, Richland, Washington. 

Figure A-2. Comparison of Historical Iodine Leach 

Test Data from Experimental Results (blue dots/red 

squares) and Those Used in Prior Performance/Risk 

Assessments (orange triangles).  The green line is the 

performance metric. 

 
 

Source: PNNL-28992, 2019, Performance Metric for Cementitious 

Waste Form Inventory Release in the Integrated Disposal Facility, 

Pacific Northwest National Laboratory, Richland, Washington. 

Figure A-3. Comparison of Historical Nitrate Leach 

Test Data from Experimental Results (blue dots/red 

squares) and Those Used in Prior Performance/Risk 

Assessments (orange triangles).  The green line is the 

performance metric. 
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Chromium 

Very low chromium release rates, relative to 

other contaminants, have been observed to 

date in leach tests in BFS-containing systems.  

A reducing environment is highly favorable 

for chromium retention (Langton, 1988), and 

there is evidence in the literature of Cr(VI) 

anionic species incorporating into the minerals 

of hardening cement paste (Park et al., 2006).  

All but one of the reported observed 

diffusivities for chromium in Figure A-4 fall 

below the performance metric that corresponds 

to a fractional release rate of 3 × 10-6 yr-1 or 

Dobs of 4 × 10-11 cm2/s.  Maintenance of 

reduction capacity is likely crucial in 

chromium retention in the IDF and approaches 

to predict or improve this are available. 

A.4 RELEVANT INFORMATION  

A.4.1 Material Availability  

This subsection provides information 

regarding the availability of the primary dry 

reagents used in Hanford grout waste from 

research to date.  In summary, material limitations are unlikely but if they arise other dry reagents can be 

substituted without sacrifice of waste form characteristics (discussed in Section A.2.2). 

To sustain operations of a grout process, a large supply of dry reagents is required.  While the volume of 

dry ingredients required for a Hanford supplemental LAW treatment mission may seem large, compared 

to domestic use of these reagents (e.g., infrastructure) the volume is practical.  The availability of reagents 

was discussed in SRNL-RP-2018-00687, Section C.1.3, with a focus on blast furnace slag and fly ash.  

The NDAA17 report also summarized that neither BFS nor FA supplies would be a hurdle to a 

supplemental LAW grout mission.  The following summary is derived from data generated by WRPS 

(TOC-PRES-22-1449, ñFact Sheet ï Availability of Grout-Forming Materials for Hanford Waste 

Treatmentò). 

For BFS, the projected requirement for 

a supplemental LAW grout mission is 

~9,900 tons/year.  As of 2019, 

domestic production of BFS was 

8,800,000 tons/year (Table A-3).  

Projected uncertainties with BFS are 

closure/idling of blast furnaces, 

depletion of existing slag piles, 

regulation of coal-fired plants, 

increased consumption of BFS as a 

replacement for FA, and possible 

limitations on imports.   

 
Source: PNNL-28992, 2019, Performance Metric for Cementitious 

Waste Form Inventory Release in the Integrated Disposal Facility, 

Pacific Northwest National Laboratory, Richland, Washington. 

Figure A-4. Comparison of Historical Chromium 

Leach Test Data from Experimental Results (blue 

dots/red squares) and Those Used in Prior 

Performance/Risk Assessments (orange triangles).  

The green line is the performance metric. 

Table A-3. Domestic Slag Production and Usage Summary 

 2013 2014 2015 2016 2017 2018 

Total slag production 17.1 18.3 19.5 17.3 17.6 17.6 

Imports for 

consumption 

1.9 2.0 1.7 2.2 2.3 2.4 

Exports <0.055 <0.055 <0.055 <0.055 <0.055 <0.055 

Blast furnace slag 8.5 9.1 9.8 8.7 8.8 8.8 

U.S. Slag Commodity Summary (million short tons) 

Å BFS taken at 50% of total slag production + imports for consumption. 

Å One short ton = 2,000 lb 

Å One metric ton = 2,204.62 lb 
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With a change in BFS source, changes in the properties of BFS are expected to be minimal with changes 

in sources, as evidenced by the comparison in PNNL-22747.  However, the overall risk of BFS 

availability is low. 

Similar to BFS, a projected requirement for FA in a supplemental LAW grout mission is 

~9,900 tons/year, while FA production was at 38,200,000 tons/year.  Not all FA is suitable for use in 

grout waste forms or concrete, and Class F and Class C are the most commonly used types.  For FA, the 

primary uncertainties in the long-term are the declining production of FA with the closure of coal-fired 

plants and limitations on imports.  Locally to Hanford, the availability of FA is changing.  Most of the 

Cast Stone research to date has used FA from the Centralia, Washington, coal-fired power plant, which is 

slated for closure.  Recent work by VSL has studied replacement of this FA with a different source, with 

little change in waste form properties (VSL-21R5000-1). 

A.4.2 Scalability of Grout Waste Forms/Laboratory to Field Considerations 

There is extensive work today in the deployment of grout waste forms for the immobilization of liquid 

and solid wastes (see Volume II, Appendix L).  This subsection provides a summary of engineering/pilot 

demonstrations of grout waste forms at Hanford to date and, where applicable, how the scaled waste form 

compared to bench-scale samples.  There is high confidence in the ability to scale a grout formulation for 

Hanford LAW. 

Grout waste forms have shown consistency in scaling from the laboratory-/bench-scale to demonstration 

scale.  Scaling of these processes is mainly done to study properties related to facility processing or to 

study proposed alterations to an established flowsheet or system.  Relevant to Hanford, there have been 

several scaled demonstrations of grout waste forms that provide examples. 

The original Hanford flowsheet involved large grout disposal vault units to receive grouted DST waste.  

In development of these vaulted waste forms, four steps were taken: (1) laboratory formulation studies 

and modeling, (2) laboratory-scale variability studies, (3) pilot-scale verification tests, and (4) real waste 

testing at laboratory-scale (PNL-SA-21514, Pilot Scale Verification Test for Hanford Grout).  A pilot-

scale facility was constructed in the mid-1980s to support the Hanford Grout Treatment Facility 

(~4,000 gal capacity) (PNL-6148, Pilot-scale Grout Production Test with a Simulated Low-Level Waste).  

The pilot-scale study of a proposed formulation for waste from Tank AN-106, prior to the cease of 

operations of the grout vault, showed that a minor formulation modification was required to slow flow 

from the pipe discharge of the plant, but other properties were as anticipated (PNL-SA-21514).   

Following the pouring of the demonstration phosphate/sulfate waste vault, cores were extracted from the 

vault.  The performance of the cores for compressive strength and leachability exceeded projected limits 

and were comparable to prior development (Huang et al., 1994). 

In the screening test efforts of Cast Stone for supplemental LAW in 2014, a scaled demonstration of 

LAW Cast Stone was performed (SRNL-STI-2014-00428, Engineering Scale Demonstration of a 

Prospective Cast Stone Process).  In this demonstration, a 1,600-gallon tank was filled with Cast Stone 

from a LAW simulant using the Scaled Continuous Processing Facility at SRNL (SRNL-STI-2014-00406, 

Saltstone Studies Using the Scaled Continuous Processing Facility) that is used to support pilot scale 

studies of Saltstone.  No unexpected behavior was observed in the demonstration, and the properties of 

the large-scale sample were similar to those from small molded samples prepared at the time of pouring 

the large block (SRNL-STI-2015-00678, Analysis of Monolith Core from an Engineering Scale 

Demonstration of a Prospective Cast Stone Process).  The main difference was a change in chromium 

leach behavior, which was attributed to inadequate samples storage between test sets that allowed 

oxidation to occur. 
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During the down-selection of a baseline formulation for liquid secondary waste at Hanford, engineering-

scale demonstrations of two candidate formulations (Ceramicrete and DuraLith) were performed making 

samples between 55 and 90 gallons in size (PNNL-20751, Engineering-Scale Demonstration of DuraLith 

and Ceramicrete Waste Forms).  Both formulations were successfully prepared at scale with minor 

formulation changes to attain suitable workability.  The properties of the large samples were again 

comparable to laboratory-scale samples. 

In 2021, a scaled demonstration using an ammonia-tolerant grout, which is a sulphate-activated slag 

cement for liquid secondary wastes generated at the Hanford ETF (VSL-21R4950-1, Maturation of Grout 

Formulation and Immobilization Technology for Effluent Treatment Facility High-Ammonia Waste).  

Samples at 55- and 110-gal scale were prepared, and the results show good consistency from 

laboratory- to 110-gal-scale.  These observations were reported to ñincrease the confidence in the 

full-scale application of this process for stabilization of the ETF waste stream.ò 

Other cases of grout waste form production at full-scale are described in Volume II, Appendix L, 

including 17 Mgal of Saltstone produced.  The primary item of interest in scaled testing is demonstrating 

suitable processing parameters, while the physical properties are assumed to be fairly constant with the 

development scale.  No demonstration of getter use at scale has been performed to date.  However, with 

increased scale, the grout waste forms have a reduced surface area to total volume ratio, meaning that less 

of the waste form inventory is exposed to the environment, and performance can improve as a result. 
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B.1 INTRODUCTION  

The Hanford River Protection Project (RPP) is a combined effort across multiple contractors and facilities 

to treat and dispose of tank wastes generated during plutonium production at the Hanford Site.  The waste 

is currently stored in large underground storage tanks and must be removed from these tanks, processed 

(or pretreated) to divide the waste into low-level waste (LLW) (typically described as low-activity waste 

[LAW]) and high-level waste (HLW) fractions, and then treated/immobilized for disposal. 

The Hanford Waste Treatment and Immobilization Plant (WTP) is a complex of facilities (24590-WTP-

RPT-PT-02-005, Flowsheets Bases, Assumptions, and Requirements) designed to receive waste from the 

waste storage tanks, perform all pretreatment processes needed to prepare the waste for immobilization, 

and then immobilize the waste in borosilicate glass (ORP-11242, River Protection Project System Plan 

[System Plan]).  A simplified diagram showing the tank farms, WTP, and other required waste treatment 

facilities is shown in Figure B-1.  

The supplemental LAW treatment mission/scope is defined by the One System Integrated Flowsheet as 

the capacity needed to immobilize the excess treated LAW supernate once the full capacity of the WTP 

LAW Vitrification Facility is exceeded.  The excess supernate is generated because the amount of LAW 

supernate needed to transfer HLW to the WTP, combined with the supernate generated during HLW 

pretreatment (washing and leaching operations) along with the supernate needing treatment from the tank 

farms, is greater than the capacity of the current WTP LAW Vitrification Facility.  If WTP processing 

was adjusted to process all LAW without exceeding the LAW vitrification capacity, HLW processing 

rates would have to be reduced and the overall RPP mission length would be significantly extended. 

 
Stream Description 

45 Treated LAW feed to supplemental LAW treatment facility from pretreatment 

46 Treated LAW feed to supplemental LAW treatment from TSCR or similar 

47 Stack exhaust from supplemental LAW treatment facility 

48 Liquid secondary waste from LAW to Liquid Effluent Retention Facility (LERF)/Effluent Treatment 

Facility (ETF) 

49 Immobilized LAW to Integrated Disposal Facility (IDF) 

79 Solid secondary waste to a facility to treat waste to permit disposal 

Figure B-1. Simplified Flowsheet for Supplemental Low-Activity Waste Treatment 

in the Integrated Flowsheet 
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The supplemental LAW treatment facility is expected to receive feed from Tank AP-106, which could 

receive feed from two sources: a direct feed process similar to the tank-side cesium removal (TSCR) 

system, and the WTP Pretreatment (PT) facility.  The ñSLAW feed vectorò (i.e., the composition and 

amount of supplemental LAW feed as a function of time) is based on the TOPSim model run by 

Washington River Protection Solutions, LLC (WRPS) of the entire tank immobilization process for the 

System Plan (ORP-11242, Rev. 9).  The System Plan Scenario 1B (ORP-11242, Rev. 9) was used to 

specify the feed vector for this evaluation, as the most current available System Plan, to allow an 

assessment of the feasibility of each technology under consideration.  However, the WTP PT Facility may 

not be completed, so the feed vector was adjusted to include the strontium removal expected if all of the 

feed is processed through systems similar to TSCR. 

The technology for supplemental treatment of LAW has not been formally selected; however, vitrification 

is assumed to be the baseline in the Integrated Flowsheet, with grout considered as an option during the 

System Plan evaluations.  The supplemental LAW treatment facility is assumed to receive LAW from a 

TSCR or similar direct-feed option, treat the LAW as needed for disposal, package and ship the waste to a 

disposal facility, and internally handle any secondary wastes.  The flow diagram for supplemental LAW 

treatment is shown in Figure B-1. 

This feed vector represents a snap-shot in time, and the actual sequencing of waste is unlikely to be the 

same as assumed in the current System Plan (ORP-11242, Rev. 9).  In addition, this feed vector applies 

only to the alternatives with a single treatment facility for supplemental LAW treatment that begins 

operations at the date specified in the System Plan.  Use of a modular approach, early or delayed starts, or 

other changes from the various alternatives being evaluated will impact the feed vector to be treated in 

terms of both volume and composition.  Thus, the feed description is used to guide this evaluation in 

terms of expected operational ranges for volume and composition, and the evaluation using this feed 

vector is assumed to be representative enough to allow assessments of the efficacy of each treatment 

option. 

B.2 PROCESSES FOR LOW-ACTIVITY WASTE  IMMOBILIZATION AND 

SUPPLEMENTAL TREATMENT OF LOW-ACTIV ITY WASTE 

B.2.1 Hanford Tank Waste Background 

The Hanford Site generated millions of gallons of radioactive waste during production of nuclear 

materials.  A number of different chemical processes were used at Hanford to separate and purify 

plutonium, including the bismuth phosphate, reduction and oxidation (REDOX), and plutonium-uranium 

extraction (PUREX) processes.  In addition to the separation processes, cesium and strontium removal 

and other treatment processes were performed on the tank waste.  As a result of the varied processes 

performed, the wastes stored at Hanford vary significantly in chemical and radionuclide content, although 

some incidental blending of the various wastes has occurred during storage (LA-UR-96-3860, Hanford 

Tank Chemical and Radionuclide Inventories: HDW Model Rev. 4). 

The waste has been stored in 177 underground, carbon steel storage tanks.  Several of these tanks are 

known to have developed leaks and more are suspected to have leaks (PNNL-13605, A Short History of 

Hanford Tank Waste Generation, Storage, and Release); therefore, the pumpable liquid in many of the 

single-shell tanks (SST) was transferred to double-shell tanks (DST) to eliminate free liquid to the extent 

possible.  The issues with the known leaks and the age of the storage tanks have led to restrictions on the 

type of processing allowed in the tank farms (RPP-13033, Tank Farms Documented Safety Analysis). 

B.2.2 Baseline 

The Hanford WTP is designed to receive waste from the storage tanks, perform all pretreatment processes 

to prepare the waste for immobilization, and then immobilize the waste in borosilicate glass (ORP-11242).  
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The tank waste will be separated into supernate and slurry in the tank farms by allowing solids to settle, 

then decanting supernate.  Slurries will be transferred to WTP Pretreatment or a direct-feed option for 

HLW (e.g., direct-feed low-activity waste [DFLAW] process).  Supernate from the tank farms will be 

transferred to WTP Pretreatment or TSCR (or similar) in direct-feed options. 

HLW processing can generate large volumes of (1) dilute liquid effluents from washing and leaching 

operations during melter feed preparations, and (2) dilute melter condensate from the vitrification process.  

These effluents will undergo a similar separation process, as the waste solids will return to the HLW 

process while the liquid portion is mostly sent to the LAW facilities for treatment.  The volume of 

effluents sent for LAW processing can be greater than the treatment capacity of the WTP LAW 

Vitrification Facility, with the excess sent to the LAW supplemental treatment facility when combined 

with the treated feed from the tank farms treatment systems.  Approximately one-half of the treated 

supernate is estimated to be sent to the LAW supplemental treatment facility. 

B.2.3 Direct Feed Process 

The WTP LAW Vitrification Facility will start operations prior to the WTP PT Facility and HLW 

vitrification operations.  Feed to the LAW Vitrification Facility will require pretreatment for the removal 

of entrained solids and reduction of the cesium ion concentration.  The TSCR system has started 

operation to treat supernate from the AP Farm, with the treated LAW stored in Tank AP-106.  

Tank AP-106 had previously stored untreated supernate, but the tank was drained and rinsed as much as 

practical in preparation for use as a lag storage tank for treated LAW.  Melter condensate will be handled 

by the Effluent Management Facility during direct feeding of LAW from TSCR. 

B.2.3.1 Supplemental Low-Activity Waste Feed Vector 

The SLAW feed vector calculated for the System Plan Scenario 1B (ORP-11242, Rev. 9) is being used in 

the evaluation of the feasibility of proposed LAW primary supplemental treatment alternatives.  This feed 

vector represents any remaining LAW supernate generated by pretreatment and TSCR (or similar) 

processes after the existing WTP LAW Vitrification Facility reaches maximum capacity with no 

constraints on volumetric flow. 

This feed vector represents only one model run of the many alternatives being modeled for the streams 

assumed to be processed through the supplemental LAW treatment facility.  The compositional data from 

this model run is being used in this analysis, with an adjustment for the 90Sr to account for the expected 

processing of the streams through TSCR-type systems versus the WTP PT Facility. 

The assumptions made during flowsheet model runs (including tank farm retrieval sequencing, 

assumptions for HLW processing, among others) significantly impact the results.  In addition, the values 

in the feed vector represent deterministic monthly averages versus compositions of each feed campaign.  

A feed campaign is a large batch (1,000,000 gallons) of feed that will be processed batchwise through the 

LAW treatment processes.  Since each feed campaign is expected to last 3ï4 months, a monthly average 

feed vector provides sufficient detail to capture the variation in the feed. 

The actual waste processed through supplemental LAW treatment could be significantly different than the 

values shown if uncertainties are considered and as the retrieval sequence and HLW processing 

assumptions evolve. 

The varied methods used during nuclear material separations processing at the Hanford Site resulted in 

waste that varies significantly in composition.  Typically, these varying waste types are segregated across 

the tank farms (although some incidental blending has occurred and will occur during retrieval), which 

could result in large swings in feed composition to the supplemental LAW treatment facility, as shown in 

Figure B-2 through Figure B-4.  Thus, any supplemental LAW treatment process would have to 

accommodate the expected extremes in waste feed compositions (when also considering uncertainties), as 

sufficient lag storage is not expected to be provided to smooth these peaks.   
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System Plan, Scenario 1B, Sodium and Sulfate Concentration 

 

Figure B-2. Sulfur and Sodium Concentrations 

System Plan, Scenario 1B, Sodium Phosphate and Fluoride Concentration 

 

Figure B-3. Phosphate and Fluoride Concentration 
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System Plan, Scenario 1B, Radionuclide Molar Concentrations 

 

 

Figure B-4. Key Radionuclide Concentrations 

In addition, the initial direct-feed flowsheet for TSCR lacks the evaporator used in the PT Facility to bring 

the feed up to ~8 M sodium concentration.  Until an evaporator is installed after the TSCR processes, the 

treated supernate will be limited to approximately 5.6 M sodium. 

As a result of the unconstrained model and the desire to achieve full capacity through the HLW 

Vitrification Facility, supplemental LAW treatment would also need to accommodate extremes in feed 

volume, as shown in Figure B-5. 

System Plan, Scenario 1B, Monthly Volumes 

 

Figure B-5. Supplemental Low-Activity Waste Feed Volumes (kilogallons per month) 
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The use of the feed vector to determine the required size of the immobilization facility for cost estimation 

provides a consistent capacity target for each immobilization technology.  The cost estimate comparisons 

are expected to be scalable such that the differences noted in costs would be expected to be similar if a 

different capacity is chosen for supplemental LAW treatment.  1 Mgal of lag storage is available in 

Tank AP-106; however, that amount is not sufficient to significantly reduce the required rate from the 

maximum rates described below. 

Feed Vector Details 

Monthly Feed Rate 

The amount of feed to supplemental LAW treatment each month is highly variable, with an average 

monthly volume of 114,000 gallons.  The maximum volume in one month was more than double the 

average volume at 264,000 gallons, while the minimum was only 700 gallons.  Converted to gallons per 

minute, the feed rates were 0.02 to 6.1 gal/min, with an average of 2.6 gal/min.  As shown above in 

Figure B-5, the additional feed when direct feed processing (supplemental LAW is fed directly from the 

tank farms versus WTP) occurs results in the highest feed rates.  The feed vectors from System Plan 

Scenario 1A (ORP-11242, Rev. 9) and other alternative scenarios were also reviewed.  Based on the 

composite information from the deterministic runs reviewed, the maximum feed rate to supplemental 

LAW treatment was determined to be 360,000 gal/month to allow conservative sizing of the supplemental 

LAW treatment facility versus the 264,000 gal/month maximum in the baseline (System Plan Scenario 1B). 

The main driver for the differences in the monthly rates is the type of tank waste being retrieved and fed 

through the treatment systems.  Some tanks/farms are predominantly sludge solids with little saltcake 

such that the supernatant liquid volume when retrieving and processing that waste is relatively small 

compared to retrieving/processing from tanks/farms that have more saltcake than sludge.  With the 

retrieval processing rate dictated by the feed requirements for the HLW Vitrification Facility, the 

supplemental LAW feed volume is allowed to vary unconstrained in the System Plan. 

Chemical Composition 

The feed to the supplemental LAW facility in System Plan Scenario 1B (ORP-11242, Rev. 9) from the 

WTP PT Facility will be an approximate 8 M sodium solution with nitrate the dominant anion.  The feed 

sent to supplemental LAW treatment from direct-feed options will typically be more dilute, with a sodium 

concentration of approximately 5.6 M, although a waste feed evaporator is added later in the mission to 

concentrate the feed to the same sodium concentration as feed from WTP.  Anions in the feed vector 

include hydroxide, aluminate, nitrite, carbonate, phosphate, sulfate, fluorine, oxalate, chromate, and 

chlorine.  These species, along with potassium, organic carbon, and silicon, and comprise nearly 100% of 

the non-water species in the feed.  The combined feed composition is shown in Table B-1.  Minor species 

are listed in the table for species with non-zero values in the feed vector data. 

Table B-1. Feed Vector Chemical Composition 

Analyte Average Maximum Minimum Units 

Sodium 1.6E+02 1.8E+02 1.2E+02 g/L 

Nitrate 1.1E+02 2.0E+02 2.9E+01 g/L 

Free Hydroxide 4.9E+01 8.8E+01 7.6E+00 g/L 

Nitrite 2.8E+01 6.4E+01 6.3E+00 g/L 

Carbonate 1.7E+01 4.5E+01 3.2E+00 g/L 

Aluminum 1.1E+01 2.6E+01 1.3E+00 g/L 

TOC 5.3E+00 7.8E+01 4.9E-01 g/L 

Fluorine 3.6E+00 1.4E+01 1.0E-01 g/L 

Phosphate 3.3E+00 1.3E+01 2.4E-01 g/L 

Oxalate 3.1E+00 1.4E+01 3.4E-01 g/L 
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Table B-1. Feed Vector Chemical Composition 

Analyte Average Maximum Minimum Units 

Sulfur 2.8E+00 8.6E+00 8.1E-01 g/L 

Chlorine 1.7E+00 4.2E+00 4.6E-01 g/L 

Potassium 1.2E+00 6.5E+00 1.7E-01 g/L 

Silicon 6.6E-01 3.7E+00 4.7E-02 g/L 

Cerium 8.1E-02 2.5E-01 1.6E-05 g/L 

Calcium 7.6E-02 4.2E-01 1.2E-02 g/L 

Ammonia 6.3E-02 2.0E-01 0.0E+00 g/L 

Iron 6.1E-02 4.3E-01 1.9E-03 g/L 

Manganate 5.9E-02 2.0E+00 0.0E+00 g/L 

Peroxide 2.9E-02 9.1E-02 0.0E+00 g/L 

Bound Hydroxide 2.7E-02 9.0E-01 5.1E-05 g/L 

Nickel 2.3E-02 2.2E-01 1.8E-03 g/L 

Zirconium 1.8E-02 3.0E-01 5.5E-04 g/L 

Lead 1.2E-02 9.1E-02 3.7E-04 g/L 

Bismuth 9.9E-03 4.9E-02 6.7E-04 g/L 

Selenium 7.3E-03 2.5E-02 1.2E-04 g/L 

Manganese 3.5E-03 5.2E-02 1.2E-04 g/L 

Molybdenum 2.7E-03 2.1E-02 3.9E-07 g/L 

Mercury 2.6E-03 9.7E-03 1.6E-04 g/L 

Boron 2.3E-03 1.7E-02 1.4E-05 g/L 

Strontium 1.9E-03 2.2E-02 3.4E-04 g/L 

Cadmium 1.8E-03 2.9E-02 3.9E-05 g/L 

Thallium 1.4E-03 3.2E-02 1.3E-07 g/L 

Antimony 1.3E-03 7.7E-03 1.7E-05 g/L 

Tungsten 1.2E-03 2.9E-02 1.4E-07 g/L 

Arsenic 9.3E-04 8.4E-03 1.7E-07 g/L 

Neodymium 7.9E-04 7.8E-03 1.2E-07 g/L 

Zinc 6.2E-04 7.8E-03 1.2E-07 g/L 

Magnesium 5.2E-04 7.2E-03 1.2E-07 g/L 

Copper 4.6E-04 1.2E-02 5.5E-08 g/L 

Cobalt 2.9E-04 2.2E-03 8.6E-06 g/L 

Sliver 2.8E-04 3.4E-03 1.2E-07 g/L 

CrOOH 2.6E-04 1.6E-02 0.0E+00 g/L 

Vanadium 2.5E-04 3.6E-03 4.5E-08 g/L 

Barium 2.4E-04 2.7E-03 5.1E-08 g/L 

Lithium 2.0E-04 3.0E-03 4.5E-07 g/L 

Lanthanum 1.9E-04 1.7E-03 5.0E-06 g/L 

Titanium 1.1E-04 7.9E-04 1.5E-08 g/L 

Yttrium 1.0E-04 2.7E-03 1.1E-08 g/L 

Ruthenium 8.5E-05 2.0E-03 6.5E-08 g/L 

Rubidium 6.7E-05 1.7E-03 4.9E-09 g/L 

Hydroxide (s) 6.6E-05 0.0E+00 0.0E+00 g/L 

Praseodymium 5.7E-05 1.5E-03 1.8E-09 g/L 

Tantalum 5.6E-05 1.4E-03 4.1E-09 g/L 

Beryllium 5.3E-05 4.2E-04 1.9E-08 g/L 

Tellurium 5.0E-05 1.2E-03 2.6E-09 g/L 

Praseodymium 4.9E-05 1.3E-03 2.2E-09 g/L 
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Table B-1. Feed Vector Chemical Composition 

Analyte Average Maximum Minimum Units 

Cyanide 4.5E-05 1.0E-03 5.3E-09 g/L 

Rhodium 3.6E-05 8.6E-04 4.0E-09 g/L 

Thorium 9.3E-07 1.8E-05 2.2E-08 g/L 

Cesium 6.9E-07 5.3E-06 7.6E-08 g/L 

Notes: 

Å Insoluble sodium is included in the average value, but not in the maximum and minimum values due to the low 

concentration compared to soluble sodium. 

Å These species are mostly insoluble as shown in the feed vector data.  The values shown sum the insoluble and soluble 

contributions. 

Å The averages shown are simple averages of the monthly compositions.  The averages are not weighted by the total volume 

processed each month. 

TOC = total organic carbon. 

Many of the anions and organics in the feed will react to form gaseous products during high temperature 

processes (e.g., vitrification or steam reforming), while a low temperature process like grout will 

incorporate these species into the grouted waste form along with the water in the feed.  Nitrate, nitrite, 

carbonate, and formate will react to form nitrogen, nitrogen oxides (NOx), ammonia, CO2, and CO in the 

vitrification and steam reforming processes.  The amount of each gas generated will depend on many 

factors during processing, including the amount of reducing agents added, temperature, and residence 

time in the high temperature process. 

Speciation of the total organic carbon (TOC) is not part of the Hanford Best Basis Inventory (BBI) (in 

addition, the TOPSim model does not use all of the limited available speciation data), with the exception 

of a small number of analytes (e.g., acetate, formate, and oxalate).  Because of uncertainties, subtracting 

the acetate, formate, and oxalate species tabulated in the BBI from TOC often results in a very small or 

negative value for total TOC, as shown in Figure B-6. 

System Plan Scenario 1B TOC minus Oxalate, Formate, Acetate Concentration (Molar) 

 

Figure B-6. Total Organic Carbon 
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Significant amounts of TOC remain after subtraction when processing wastes from tanks known to have 

organic complexants.  A detailed evaluation of organics in the tank wastes and potential for removal by 

evaporation has been recently performed; the organics from that evaluation have been used in this 

analysis (SRNL-STI-2020-00582, Hanford Supplemental Low Activity Waste Simulant Evaporation 

Testing for Removal of Organic). 

Complexant Wastes 

Strontium was recovered from tank waste using processes that included the addition of complexants 

(EDTA [ethylenediamine-tetraacetic acid], HEDTA [hydroxyethylethylenediaminetriacetic acid], and 

glycolate) to the waste (CNWRA 97-001, Hanford Tank Waste Remediation System Familiarization 

Report).  Significant amounts of these complexants remained in the tank waste after the process was 

completed.  Thus, a portion of the tank waste at Hanford contains concentrations of organic species at 

much higher concentrations than the remaining wastes.  This waste is often designated as ñcomplexantò 

waste.  Tanks AN-102 and AN-107 are the two tanks that contain the majority of this waste. 

Solids in the LAW Feed/Recycle Streams 

Solid species in the feed vector form during evaporation of the combined treated LAW and WTP LAW 

vitrification recycle stream in the WTP PT Facility and would also form if an evaporator is added to 

direct-feed options.  Additionally, some carryover of glass-forming chemicals in the WTP LAW 

vitrification recycle is expected.  This carryover is not included in the TOPSim model and is not shown in 

the SLAW feed vector presented here.  Given the small amount of expected carryover, this omission 

would not likely significantly impact the evaluation of the supplemental treatment technologies for LAW. 

Radionuclides in Feed Vector 

The radionuclides in the feed vector are shown in Table B-2 and Figure B-7.  90Sr and 151Sm are the two 

dominant radionuclides shown in the feed vector.  These two species account for 94% of the total activity; 

99% of the activity in the supplemental LAW feed is accounted for when 99Tc, 63Ni, and 137Cs are added. 

The crystalline silicotitanate (CST) sorbent media used for TSCR during DFLAW processing has a strong 

affinity for strontium and some affinity for americium, neptunium, and plutonium.  Therefore, the SLAW 

feed vector may have much less of these radionuclides if CST is used to remove cesium from the feed as 

is planned during DFLAW processing.  The WTP PT Facility would use a resorcinol-formaldehyde resin 

for cesium removal, which would not be expected to remove the americium, neptunium, plutonium, or 

strontium.  CST is assumed in this review to be used for cesium removal for the full WTP mission.  The 

adjusted amounts column accounts for strontium removal by CST. 

Table B-2. Radionuclides in Feed Vector 

Radionuclide 

Total Amount in 
Feed 
(Ci) 

Adjusted Amount 
(Ci) Radionuclide 

Total Amount in 
Feed 
(Ci) 

Adjusted Amount 
(Ci) 

90Sr 3.0E+05 3.0E+03 238U 5.3E+00 5.3E+00 
151Sm 5.1E+04 5.1E+01 242Cm 4.6E+00 4.6E+00 
99Tc 1.2E+04 1.2E+04 237Np 4.4E+00 4.4E+00 
63Ni 5.9E+03 5.9E+01 244Cm 3.3E+00 3.3E+00 
137Cs 1.5E+03 1.5E+03 60Co 2.2E+00 2.2E+00 

241Am 1.3E+03 1.3E+03 152Eu 2.1E+00 2.1E+00 
93Zr 4.6E+02 4.6E+02 155Eu 2.0E+00 2.0E+00 

93mNb 4.6E+02 4.6E+02 243Am 6.3E-01 6.3E-01 
14C 3.5E+02 3.5E+02 231Pa 4.8E-01 4.8E-01 

239Pu 3.3E+02 3.3E+02 227Ac 3.2E-01 3.2E-01 
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Table B-2. Radionuclides in Feed Vector 

Radionuclide 

Total Amount in 
Feed 
(Ci) 

Adjusted Amount 
(Ci) Radionuclide 

Total Amount in 
Feed 
(Ci) 

Adjusted Amount 
(Ci) 

79Se 2.2E+02 2.2E+02 125Sb 2.4E-01 2.4E-01 
59Ni 1.1E+02 1.1E+02 243Cm 2.4E-01 2.4E-02 
126Sn 9.5E+01 9.5E+01 235U 2.2E-01 2.2E-01 

113mCd 8.9E+01 8.9E+01 236U 1.4E-01 1.4E-01 
241Pu 8.8E+01 8.8E+01 232U 1.3E-01 1.3E-01 
240Pu 6.8E+01 6.8E+01 228Ra 4.7E-02 4.7E-02 

3H 4.8E+01 4.8E+01 232Th 3.9E-02 3.9E-02 
154Eu 2.6E+01 2.6E+01 242Pu 3.1E-02 3.1E-02 
233U 1.5E+01 1.5E+01 229Th 2.7E-02 2.7E-02 
129I 1.2E+01 1.2E+01 226Ra 1.5E-03 1.5E-03 

238Pu 1.2E+01 1.2E+01 134Cs 1.6E-06 1.6E-06 
234U 5.3E+00 5.3E+00 106Ru 5.6E-09 5.6E-09 

 

 

Figure B-7. Radionuclides in Feed Vector Greater than 0.01% of Total Activity 

The 151Sm in Hanford tank waste was assumed to be 50% soluble during development of the BBI.  

Savannah River Site (SRS) experience would indicate that samarium is highly insoluble and may not be 

present in the feed to supplemental LAW treatment at the levels shown (SRNL-STI-2018-00499, Results 

for the Second Quarter Calendar Year 2018 Tank 50 Salt Solution Sample). 
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Comparison of SLAW Feed Vector to SRS Saltstone Feed 

During the National Defense Authorization Act for Fiscal Year 2017 (NDAA17) analysis (SRNL-RP-2018-

00687, Report of Analysis of Approaches to Supplemental Treatment of Low-Activity Waste at the Hanford 

Nuclear Reservation), a comparison between SRS Saltstone feed and the Hanford supplemental LAW feed 

was made.  This comparison is copied below without updates to the System Plan Scenario 1B compositions. 

The SRS Saltstone facility immobilizes treated supernatant wastes from the SRS tank farm.  The SRS 

tank farm stores wastes generated from the SRS PUREX processes and is the closest analog to the 

Hanford tank waste.  Some differences exist since Hanford used processes other than the PUREX process, 

and one of the processing facilities at SRS processed a modified PUREX process.  In addition, the process 

to treat the supernatant wastes at SRS uses a monosodium titanate (MST) strike to remove soluble 

actinides and strontium prior to the filtration step and uses solvent extraction to remove cesium versus an 

ion exchange process. 

A comparison of the supplemental LAW and Saltstone feed for selected parameters is shown in 

Table B-3.  As shown, the major species (sodium and nitrate) are the same as the supplemental LAW 

feed, and the concentrations of these species are similar.  Hydroxide, nitrite, carbonate, and sulfate are 

also similar in concentration.  Aluminate concentrations are ~3× higher in the supplemental LAW feed.  

Phosphate, fluorine, chlorine, and organic content are 1 to 2 orders of magnitude higher in the 

supplemental LAW feed since these chemicals are primarily added by the separation processes other than 

the PUREX process.  Mercury is much higher in the Saltstone feed since the modified PUREX process 

was the primary source of mercury in the SRS tank waste. 

The amounts of 137Cs, 99Tc, and 129I are similar in the supplemental LAW and Saltstone feeds.  90Sr is 

much lower in the Saltstone feed since the SRS tank waste does not have the chelation agents that were 

added at Hanford, and the MST strike will remove 90Sr if elevated levels are in the feed to the supernatant 

treatment systems.  As noted above, samarium was arbitrarily assigned a solubility value in the BBI.  

Nickel isotopes are also less than detectable in the Saltstone feed.  The chelation agents in the Hanford 

tank(s) could potentially elevate the solubility of the samarium and nickel in the Hanford waste.   

Table B-3. Supplemental LAW Feed Comparison to Savannah River Site Saltstone Feed 

Parameter Supplemental LAW Saltstone Units 

Sodium 1.80E+05 1.32E+05 mg/L 

Nitrate 1.09E+05 1.19E+05 mg/L 

Hydroxide 5.83E+04 3.38E+04 mg/L 

Aluminate 4.66E+04 1.71E+04 mg/L 

Nitrite 2.97E+04 2.60E+04 mg/L 

Carbonate 1.89E+04 1.63E+04 mg/L 

Phosphate 1.13E+04 3.74E+02 mg/L 

Sulfate 9.27E+03 4.49E+03 mg/L 

Fluorine 3.96E+03 <1.0E+02 mg/L 

Oxalate 3.44E+03 5.04E+02 mg/L 

Chromate 2.82E+03 1.14E+023 mg/L 

Chlorine 1.73E+03 5.04E+02 mg/L 

Potassium 1.41E+03 4.59E+02 mg/L 

Total Organic Carbon 1.16E+03 2.1E+02 mg/L 

Silicon 7.40E+02 1.86E+01 mg/L 

Mercury 3.0E+02 6.7E+011 mg/L 
90Sr 1.5E+00 5.71E-02 mCi/L 
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Table B-3. Supplemental LAW Feed Comparison to Savannah River Site Saltstone Feed 

Parameter Supplemental LAW Saltstone Units 

151Sm 2.3E-01 <4.11E-05 mCi/L 
99Tc 5.4E-02 4.61E-02 mCi/L 
63Ni 3.5E-02 <7.52E-08 mCi/L 
137Cs 1.0E-02 7.91E-01 mCi/L 
129I 5.4E-05 3.33E-05 mCi/L 

Notes 

Å Mercury concentrations have been increasing in the Saltstone feed due to methylated mercury species in the recycle to the 

SRS tank farm from HLW immobilization processes. 

Å Saltstone values are from SRNL-STI-2018-00499, Results for the Second Quarter Calendar Year 2018 Tank 50 Salt Solution 

Sample. 

Å Chromate is calculated from chromium measurement. 

HLW = high-level waste. 

LAW = low-activity waste. 

SRS = Savannah River Site. 

B.2.3.2 Integrated Flowsheet 

The model runs that generated the SLAW feed vector were performed using a TOPSim model, as 

described in the model requirements document (RPP-RPT-59470, ñTOPSim V3.0 Model Requirementsò) 

that lists the calculational techniques and assumptions made in the calculations for each unit operation. 

The TOPSim model has a number of simplifications that allow the entire Hanford waste disposition 

flowsheet to be modeled in a timely manner.  These simplifications include:  

Å Single parameter ñsplit factorsò to determine partitioning of most species through each unit 

operation, including the melter and melter offgas system  

Å Lack of inclusion of the impact of a melter idling on emissions from the melter 

Å Supplemental LAW treatment modeled as a ñblack boxò 

Å Flushes of transfer lines in the WTP are not modeled. 

The use of single parameter split factors and the lack of impacts from melter idling impact the recycle 

streams from the HLW and LAW melter offgas systems and could lead to non-conservative assumptions 

of semi-volatile species (e.g., 129I, 99Tc, sulfur, chlorine, and fluorine) in the feed to supplemental LAW 

treatment (24590-WTP-MRR-PENG-16-004, DFLAW Sensitivity Studies for Melter Idling Impacts).  The 

single parameter split factors do not account for any process variation from changing feed compositions 

and determining if the impact of this simplification would be conservative or non-conservative is not 

possible.  The lack of flush water additions in WTP in the model primarily reduces the estimated amounts 

of secondary waste generated from LAW and supplemental LAW processing. 

Note that the retrieval sequence and processing assumptions (e.g., direct feed option timing and 

processing amount) impact the amount of feed processed through supplemental LAW and the 

composition.  As with the split factor assumptions and not considering uncertainties, stating whether the 

current estimates are conservative or non-conservative is not possible.  An assumption in this evaluation 

is that use of this feed vector would be representative enough to allow assessments of the efficacy of each 

treatment option. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | B-14 

An additional consideration for using the feed vector is that an integrated flowsheet could potentially be 

generated that performs acceptably, with some constraints placed on supplemental LAW feeds to prevent 

the most extreme conditions noted in the current feed vector.  Thus, a proposed flowsheet should not be 

automatically eliminated from consideration if a small set of conditions noted in the current vector are 

outside the ranges possible with the flowsheet. 

One item noted in the review was that some of the monthly averages supplied by WRPS contain sufficient 

radionuclides that the Class C waste limits are exceeded.  These outliers are known to the WRPS team 

and are assumed to be corrected by either a different blending or processing strategy for those wastes.  

However, the model run is not repeated to correct these issues unless a significant fraction of the waste 

feed exceeds limits.  Thus, although these outliers exist in the feed vector supplied by WRPS, no waste 

feeds that would exceed Class C limits are expected during supplemental LAW processing. 

Finally, the 151Sm concentrations in the feed vector are notably much higher than comparable streams at 

SRS.  The 151Sm concentration of feed to Saltstone is typically less than detectable, indicating that 151Sm 

is likely very insoluble in SRS wastes.  Thus, the 151Sm concentrations in the SLAW feed vector should 

be considered bounding. 

B.3 FLYWHEELS AND IMPACT ON SUPPLEMENTAL LOW -ACTIVITY WASTE 

TREATMENT  

B.3.1 Flywheel Description 

The single pass retention of selected species (e.g., technetium) is less than 50% during the LAW 

vitrification process due to the high temperature of the melter leading to a portion of these species 

vaporizing from the melter (24590-WTP-RPT-PT-02-005).  The majority of these species are efficiently 

captured in the condensate from melter offgas such that losses to the stack are minimal.   

Exceptions to the efficient capture are mercury and iodine, which are likely to be captured at significantly 

lower percentages in the primary offgas system (Cree and Wagnon, 2022).  Mercury is expected to be 

captured in the carbon bed that is part of the secondary offgas system, while iodine is likely to be captured 

in the caustic scrubber (although uncertainty is high for iodine capture).  Recycle of the caustic scrubber 

solution is under consideration for the WTP LAW Vitrification Facility. 

To increase the overall retention of 

technetium, the melter offgas condensate is 

evaporated to remove water, then recycled to 

the melter feed.  The recycle loop increases the 

technetium retention, but also recycles species 

such as chlorine, fluorine, and sulfur, which 

can decrease the allowable waste loading the 

glass.  Recycling material in this manner 

increases the concentrations of the species 

recycling in the recycle ñflywheelò until the 

single pass retention is high enough to purge 

the species from the flywheel at the same rate 

as the incoming feed adds the species to the 

flywheel.  This process is shown Figure B-8 

for a species with a 33% single pass retention 

in a simplified flywheel with no losses to the 

offgas systems.  

Figure B-8. Simplified Flywheel 



SRNL-STI-2023-00007 

Revision 0 

Volume II | B-15 

Note that the melter feed amount of the species has increased from 1 kg/day in the feed to 3 kg/day in the 

flywheel to allow a 33% retention to remove 1 kg/day in the glass.  If the single pass retention was lower, 

the concentration in the flywheel would increase.  Thus, if single pass retention was 10%, the amount in 

the recycle would increase to 9 kg/day and the amount in the melter feed would increase to 10 kg/day. 

The flywheel in the LAW system after startup of supplemental LAW treatment is more complicated, as is 

shown in Figure B-9.  Note that chlorine, chromium, fluorine, mercury, iodine, sulfur, and technetium are 

the primary species that will flywheel in the system.  Water is also part of the flywheel, requiring the 

evaporation step in the Effluent Management Facility to purge water.  Because the supplemental LAW 

feed represents an additional purge point, the overall concentration in the flywheel is decreased.  In this 

example, approximately 50% of the melter feed is sent to supplemental LAW treatment; this ratio would 

change during operation and impact the distributions in the flywheel. 

 

Figure B-9. Low-Activity Waste Flywheel 

B.3.2 Impact on Supplemental Low-Activity Waste Treatment 

The recycle flywheel could have two significant impacts on supplemental LAW treatment.  First, the 

amount of LAW glass required to immobilize the treated LAW supernate could increase if waste loading 

is decreased from the higher amounts of chlorine, fluorine, and sulfur, if the single pass retention of these 

species is lower than assumed in the model.  Since the LAW Vitrification Facility is at capacity 

throughout the WTP mission, an increase in capacity for LAW treatment must occur at the supplemental 

LAW treatment facility.  Therefore, the flywheel could impact the amount of material sent to 

supplemental LAW treatment. 

Second, the composition of the feed to supplemental LAW treatment is impacted if the single pass 

retention in the LAW flywheel changes.  As shown in Figure B-9, 75% of the semivolatile species is sent 

to supplemental LAW treatment even though the feed volume is evenly split in the example.  If the single 

pass retention of a species is lower, a greater percentage of the species is immobilized at the supplemental 

LAW facility versus the LAW Vitrification Facility.  If the single pass retention is 10% for LAW, 

approximately 91% of the species will eventually be sent to supplemental LAW treatment even if the 

melter feed stream flow continues to be split evenly between LAW and supplemental LAW. 

Melter idling leads to decreased single pass retention of species since the vaporization of these species 

from the melt increases during idling, depleting the melt pool and increasing the amounts sent to the 

offgas system.  Melter idling is not modeled during the Integrated Flowsheet; therefore, the overall 

single pass retention of technetium can be assumed to be less than that assumed in the model.  
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For comparison to the figures above, the single pass retention of technetium is assumed to be 38% in the 

Integrate Flowsheet models based on an average of pilot plant retention data 

(24590-WTP-RPT-PT-02-005). 

In addition, if vitrification is chosen as the waste form for supplemental LAW, a similar recycle loop will 

be required in the supplemental LAW treatment facility to ensure that the technetium is incorporated into 

the glass product.  Similar issues that could reduce the single pass retention in the LAW facility can also 

be assumed to impact the supplemental LAW flywheel. 

B.4 SUPPLEMENTAL LOW-ACTIVITY WASTE FEED VECTOR UNCERTAINTIES  

B.4.1 Volume to be Processed Through Low-Activity Waste Supplemental Treatment 

In addition to the potential differences in the feed vector, evaluations are in progress that could change the 

way Hanford tank waste is processed.  Rather than list each of the possible changes, many aspects of tank 

waste retrieval and immobilization should be assumed to change from the current assumptions.  These 

changes have the potential to minimize the need for a single supplemental LAW treatment facility tied 

directly to the WTP, as assumed in this evaluation, and could potentially include smaller, modular 

systems designed to treat the waste at the individual tank farms or even individual tanks within a farm. 

The throughput for the current WTP LAW Vitrification Facility is assumed to not likely change 

dramatically, as the models used in the Integrated Flowsheet contain most of the expected improvement in 

waste loading.  Note that processing improvements in the WTP LAW Vitrification Facility may lead to 

improved capacity; however, this review determined that improvements would not likely eliminate the 

need for supplemental LAW treatment. 

Changes in the required throughput of supplemental LAW could occur if the schedule for completion of 

LAW immobilization changes from the current assumptions.  Note that acceleration of the mission is not 

a matter of building a larger scale immobilization facility; tank farms operations would need to be scaled 

similarly to allow retrieval of waste to meet the processing needs of the larger facility.  If HLW 

processing is slower than expected, the need for supplemental LAW processing would decrease. 

In addition, elimination of the WTP PT Facility would lead to direct feed options for HLW that may 

result in differences in the HLW washing and leaching operations.  Changes to these processes would 

result in significant differences in the amount and composition of HLW effluents that comprise a sizable 

portion of the supplemental LAW feed. 

Finally, all sludge wastes in the tank farms (except that expected to be classified as transuranic waste in 

the Integrated Flowsheet) are assumed to be retrieved and immobilized as HLW.  Some initiatives are 

under consideration that could allow portions of the sludge tank waste to be classified and immobilized as 

LLW, but these changes were not considered during this review. 

Therefore, the facilities for each immobilization technology will be sized as needed to process the feed 

vector at 360,000 gal/month.  Regarding project costs, the results from this evaluation should be scalable 

such that the results can be used to evaluate the technology for supplemental immobilization of LAW. 

B.4.2 Compositional Uncertainty 

The composition of the feed vector from the Integrated Flowsheet has three major sources of uncertainty.  

First, the BBI is the source of the tank compositions used to create the feed vector.  The uncertainty in 

BBI data has been evaluated previously (Peterson, 2016), along with the impacts of a 20% variation for 

selected components on the baseline process (RPP-RPT-51819, Hanford Tank Waste Operations 

Simulator (HTWOS) Sensitivity Study).  The evaluation of uncertainty determined that 20% is not a 

bounding value, even for major analytes.  
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 In addition, specific data for organic species are not provided by the BBI to allow assessments of the 

need for treatment to remove or destroy organic species prior to a grouting process.  Selected RCRA 

metals, such as silver and barium, are considered supplemental analytes and data is available for only 

some of the wastes. 

Second, the feed vector provided from the Integrated Flowsheet is based on proposed processing for 

retrievals and facility startup times that may change prior to supplemental LAW treatment startup.  

Retrieval and batch preparation experience at SRS has shown that compositions of the tanks can be 

different than expected and that operational issues can lead to frequent departures from the planned 

retrieval sequence (SRNL-STI-2013-00585, SRS Sludge Batch Qualification and Processing: Historical 

Perspective and Lessons Learned). 

Third, the TOPSim model used to develop the feed vector has many simplifications as described above. 

Note that the immobilization technologies have been previously evaluated over a wide range of 

compositions that may sufficiently cover the range of compositions expected from the Hanford SLAW 

feed vector.  The analyses of each immobilization technology alternatives considered the composition 

variation in the feed vector. 

B.5 MODULAR VARIANTS  

The feed vector for supplemental LAW is best applied to a single on-site supplemental LAW treatment 

facility.  Modular alternatives would shift the supplemental LAW processes to two or more locations and 

would not have the same feed vector.  Thus, an evaluation of the compositions of the individual tank 

farms was performed to assess the impact of processing by farm or by tank with modular systems.  This 

evaluation focused on grout as the immobilization process as modular vitrification or steam reforming 

facilities were deemed less suited to a modular approach.  This evaluation used the BBI directly and 

includes additional organic data not included in the TOPSim model output.  An example of this data is 

shown in Figure B-10 for the Hanford S Farm.  A similar analysis was performed for each tank farm. 

The plots in Figure B-10 contain the following information on the waste in the tanks.  The data presented 

show the variation in composition between the tanks in a single farm.  The values presented do not take 

into account any volume change during retrievals, any concentration changes due to volume increases in a 

final grout waste form, nor any removal of elements from the waste (e.g., cesium via TSCR). 

Waste Form Performance Constituent Concentrations:  This data is presented in both tabular and 

graphical form and lists the concentrations in the tanks of the main species in terms of waste form release 

(Tc, I, Cr, NO2, NO3, U).  Note that the value for Tank S-102 comes from a solid and liquid retrieval line 

from the tank. 

Grout Driver Constituent Concentrations:  This data is presented in both tabular and graphical form and 

lists the concentrations in the tanks of the main species that could impact the formulation of a grout to 

immobilize the waste (Al, Ca, Na, PO4 and SO4). 

Waste Phase Volume:  This chart lists the current volumes of each of the three waste phases currently in 

the tanks (supernatant, saltcake, sludge). 

Volume Increase to DST System:  This chart lists the projected retrieved waste volume from each tank. 

Waste Form Performance/Grout Driver Constituent Inventories by Waste Phase:  Further detail on the 

Waste Form Performance and Grout Driver Constituents by showing their concentrations in the tanks 

split by waste phase. 
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RCRA Metal Constituent by Waste Phase:  Presents the concentration of the eight RCRA metals by waste 

phase in the tanks. 

Tank Waste Sampling History:  The fourth page contains a chart to show the sampling history of each 

tank.  Based on this information, a data quality ranking is provided based on RPP-RPT-54509, One 

System ï Hanford Tank Waste Characterization Vulnerability Assessment, where the rating assigned to 

each analyte/component using BBI ñBasisò field: Sample Based = 1, Calculation or Process Knowledge 

= 3, Template (Sample or Engineering) or no data = 5.  Aggregate data quality ranking is weighted 

average by the analyte inventory in each component.  This table can be used to assess uncertainty 

associated with the reported concentrations. 

Sum of Fractions Plot:  A sum of fractions plots for the full tank inventory (in the tanks) against Class A 

limits and Class C limits from 10 CFR 61.55, ñWaste Classification,ò for both Table 1 and Table 2 

components.  The presented values do not include any removal from pretreatment of the waste upon 

retrieval.  Plots are also presented for the sum of fractions assessment by waste phase. 
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Figure B-10. Concentration and Volume (As is) Dashboard (7 pages) 
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C.1 INTRODUCTION  

The alternatives for supplemental immobilization of low-activity waste (LAW) are divided into three 

technologies: vitrification, steam reforming, and grouting.  This appendix provides an overview of each of 

the technologies and their assumptions, with schematics depicting the building blocks of each alternative. 

All of the alternatives considered in this evaluation are shown in Table C-1.  Generally, an alternative is 

assigned a number for different types of facilities (e.g., single vs. modular), followed by a letter if the 

facility is on-site (A) disposal or off-site (B) disposal of the primary waste form, if applicable.  Another 

letter is assigned if an additional treatment (ñCò for technetium/iodine removal) or activity (ñDò for 

analysis and diversion) is needed.  Vitrification is assumed to only result in on-site (Integrated Disposal 

Facility [IDF]) disposal of the primary waste form.  All on-site immobilization alternatives assume on-site 

(IDF) disposal of secondary solid wastes.  Several of the alternatives screened out for various reasons 

were not fully evaluated in the taxonomy, with the reasons provided in the individual detailed descriptions 

below.  All alternatives include continued operation of the first set of LAW melters in the Hanford Waste 

Treatment and Immobilization Plant (WTP).  In some alternatives, waste that is found to be incompatible 

with the immobilization method would be diverted to the WTP LAW melters. 

The alternatives were formulated based on the National Defense Authorization Act for fiscal year 

(FY) 2017 (NDAA17) report (SRNL-RP-2018-00687, Report of Analysis of Approaches to Supplemental 

Treatment of Low-Activity Waste at the Hanford Nuclear Reservation) and expanded to include other 

versions of those alternatives as conceived by team members or drawn from recently developed concepts.  

Only immobilization methods that are of relatively high technical maturity and had (1) been demonstrated 

with comparable tank waste elsewhere at laboratory scale or larger; (2) been demonstrated at large scale 

with radioactive streams albeit with different waste feed compositions; and (3) evidence that they could 

pass the basic criteria, such as meeting Resource Conservation and Recovery Act (RCRA) criteria for 

hazardous metals, were considered. 

Table C-1. Brief Title and Description of Alternatives 

Alternative 
designation Alternative title Brief description 

Full 
evaluation 
completed 

No action No Action Operate WTP LAW melters only (no 

additional facility) 

No 

Vitrification 1 Single Vitrification Plant Construct additional melter facility Yes 

Vitrification 2 Increased LAW Vitrification Rate Operate WTP LAW melters only, but take 

steps to increase vitrification rate 

No 

Vitrification 3 Near-Tank Vitrification  Construct modular vitrification facilities/ 

melters near waste tanks 

No 

FBSR 1A Fluidized Bed Steam Reforming ï On-

site Disposal 

Construct FBSR facility; dispose monolith 

waste form onsite 

Yes 

FBSR 1B Fluidized Bed Steam Reforming ï 

Off-site Disposal 

Construct FBSR facility; dispose granular 

waste form offsite 

Yes 

FBSR 2A Modular Fluidized Bed Steam 

Reforming ï On-site Disposal 

Construct FBSR facilities; dispose monolith 

waste form onsite 

No 

FBSR 2B Modular Fluidized Bed Steam 

Reforming ï Off-site Disposal 

Construct FBSR facilities; dispose granular 

waste form offsite 

No 

Grout 1A Single Grout plant ï On-site Disposal Construct single grout plant in 200 East 

Area; dispose containerized grout in IDF 

Yes 

Grout 1B Single Grout plant ï Off-site Disposal Construct single grout plant in 200 East 

Area; dispose containerized grout offsite 

Yes 
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Table C-1. Brief Title and Description of Alternatives 

Alternative 
designation Alternative title Brief description 

Full 
evaluation 
completed 

Grout 2A Separate Grout Plants for 200 East and 

West Areas ï On-site Disposal 

Construct grout plants in 200 East and West 

Areas; dispose containerized grout in IDF 

Yes 

Grout 2B Separate Grout Plants for 200 East and 

West Areas ï On-site Disposal 

Construct grout plants in 200 East and West 

Areas; dispose containerized grout offsite 

Yes 

Grout 3A Individual Grout Plants for Each Tank 

Farm or Tank Farm Group ï On-site 

Disposal 

Construct multiple modular grout plants in 

200 East and West Areas; dispose 

containerized grout in IDF 

No 

Grout 3B Individual Grout Plants for Each Tank 

Farm or Tank Farm Group ï Off-site 

Disposal 

Construct multiple modular grout plants in 

200 East and West Areas; dispose 

containerized grout offsite 

No 

Grout 4A Off-site Vendor for Grouting ï On-site 

Disposal 

Ship liquid to off-site vendor for grouting; 

dispose containerized grout in IDF 

Yes 

Grout 4B Off-site Vendor for Grouting ï 

Off-site Disposal 

Ship liquid to off-site vendor for grouting; 

dispose containerized grout offsite 

Yes 

Grout 5A Single Grout Plant ï On-site Monolith 

in Vault Disposal 

Construct single grout plant in 200 East 

Area; dispose a monolith of grout in vaults 

Yes 

Grout 5B Single Grout Plant ï On-site 

Containers in Vault Disposal 

Construct single grout plant in 200 East 

Area; dispose containerized grout in vaults 

Yes 

Grout 1C Single Grout Plant with Technetium/ 

Iodine Removal and On-site Disposal 

Remove 99Tc and 129I, followed by Grout 1A Yes 

Grout 2C Separate Grout Plants for 200 East and 

West Areas with Technetium/Iodine 

Removal with On-site Disposal 

Remove 99Tc and 129I, followed by Grout 2A Yes 

Grout 1D Single Grout Plant with Technetium/ 

Iodine Sample-and-Send with 

Off-site/On-site Disposal 

Analyze LAW; grout all; select on-site or 

off-site disposal of container based on 99Tc 

and 129I content 

Yes 

Grout 2D Grout 2A + Sample Technetium/ 

Iodine/Send Offsite/Onsite 

Analyze LAW; grout all in modular plant; 

select on-site or off-site disposal of container 

based on 99Tc and 129I content 

No 

Grout 6 Phased Off-site and On-site Grouting 

in Containers 

Phased approach of off-site vendor grouting 

and off-site disposal, followed by on-site 

grouting and on-site disposal 

Yes 

99Tc = technetium-99. 
129I = iodine-129. 

FBSR = fluidized bed steam reforming. 

IDF = Integrated Disposal Facility. 

LAW = low-activity waste. 

WTP = Waste Treatment and Immobilization Plant. 

WRPS performed TOPSim simulations to estimate the annual costs of construction and operations for an 

alternative similar to Vitrification 1 and an alternative similar to Grout 4B ï referred to here as 

ñVitrification 1 (modified)ò and ñGrout 4B Early Off-site Dispositionò.  Those model runs cover the 

entire Hanford tank waste mission (high-level waste [HLW], LAW, plus LAW supplemental treatment) 

(Table C-2).  Details of the mission analysis parameters are described in more detail in Volume II, 

Appendix F. 
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Table C-2. TOPSim Hanford Tank Waste Mission Analyses 

Simulation 
designation Mission Analysis Title Brief description 

Vitrification 1 

(modified) 

Single Vitrification Plant ï Modified 

(MR-50638a) 

Construct additional melter facility ï 2050 start  

Grout 4B (early 

off-site disposition) 

Off-site Vendor for Grouting ï 

Off-site Disposal (MR-50713b) 

Ship liquid to off-site vendor for grouting; dispose 

containerized grout offsite  
a MR-50638, 2021, Analysis of Alternatives (AoA) Scenario Alternative 18 Phased Startup, Rev. 0, Washington River 

Protection Solutions, LLC, Richland, Washington. 
b MR-50713, 2022, NDAA LAWST Modeling Study, Rev. 0, Washington River Protection Solutions, LLC, Richland, 

Washington. 

Pretreatment 

All LAW is assumed to be pretreated to remove 137Cs equivalent to or beneath the WTP LAW 

Vitrification Facility criteria (<3.18E-5 Ci/mole Na+ [PNNL-28958, Cesium Ion Exchange Testing Using 

a Three-Column System with Crystalline Silicotitanate and Hanford Tank Waste 241-AP-107]), which is 

sufficient to permit contact-handled maintenance in all subsequent processes.  This level is also assumed 

for grouting and fluidized bed steam reforming (FBSR) alternatives.  In all alternatives, the liquid tank 

waste is assumed to be processed through the Tank Farms Pretreatment (TFPT) process or similar 

system(s).  Pretreatment in WTP does not preclude any alternatives but may impact the final waste 

classification.  Note that this 137Cs concentration would be ~0.2 Ci/m3, well beneath U.S. Nuclear 

Regulatory Commission (NRC) Class A low-level waste (LLW) limits (1 Ci/m3) (10 CFR 61.55, ñWaste 

Classificationò) for waste at 6 M [Na+].  Substituting crystalline silicotitanate (CST) for the elutable 

spherical resorcinol-formaldehyde resin in WTP was not considered in this evaluation due to the 

substantial facility redesign, added cost, and concomitant delays that would be needed to handle a 

non-elutable media within the WTP Pretreatment Facility.  However, ultimately, the need for, method, 

and location of pretreatment will be evaluated by the U.S. Department of Energy (DOE) on a case-by-

case basis, consistent with DOE O 435.1, Radioactive Waste Management. 

The TFPT is a follow-on facility, as described in ORP-11242, River Protection Project System Plan 

(System Plan, Rev. 9) and is similar to the tank-side cesium removal (TSCR) system.  Using TFPT 

removes 137Cs, 90Sr, and some actinides using CST.1  The concentration of the feed to the TFPT system 

would be as high as 6 M [Na+], but selected feeds may be processed for cesium removal at lower 

concentrations (e.g., some feeds may be processed at ~2 M [Na+] to maintain phosphates in solution to 

prevent plugging the filters). 

The simplified schematic of the TFPT process is shown in Figure C-1.  The schematic shows a filter 

followed by three CST columns in series, although the number of columns in series may change, 

depending on processing needs.  The untreated tank waste is adjusted in the double-shell tank (DST) to 

the target concentration, processed through the TFPT, and the decontaminated liquid is stored in an interim 

storage tank prior to immobilization in the supplemental LAW treatment process.  Solids that collect on 

the filter are periodically flushed back to the DST.  The waste is pumped through the columns until the 
137Cs breakthrough is detected, then the columns are flushed with water and replaced with fresh columns.   

 
1 Crystalline silicotitanate (CST) is used as a common descriptor of the engineered bead form of the media produced by 

Honeywell UOP of Des Plaines, Illinois, and is designated as IonsivÊ 9120-B or 9140-B.   



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-5 

 

Figure C-1. Tank Farms Pretreatment Process 

The spent CST columns from TFPT are interim stored onsite.  Vitrification of the spent CST is the 

assumed disposition path.  The spent CST is assumed to be sluiced from the columns and sent for 

vitrification with HLW once that facility begins operation.  The equipment needed to sluice (and 

potentially to grind) the spent CST is not designed but would presumably be smaller than the existing 

TSCR system because it would need to only contain one column at a time and its only function is to 

sluice the material out (and possibly grind it) before transporting the waste to a DST or the WTP.  The 

number of columns of spent CST (~600 kg each) was estimated in System Plan (ORP-11242, Rev. 9) at 

751 columns if it was used to process all liquid waste.   

The TOPSim model run performed to support the cost and schedule projections used in this report 

indicated up to ~1,000 columns would be needed, with the difference of ~250 columns due to differences 

in the volume and composition of HLW wash water.  The 1,000 columns would bound the number of 

columns needed, because minimizing the number of columns needed was not optimized in this model run 

and the earlier run indicated ~250 columns fewer.  Several efficiencies would likely be identified if this 

scenario is pursued, such as optimum column operating parameters, waste evaporation concentrations, 

and feed sequencing.  Reuse of columns after sluicing out the spent CST is also not included in the cost 

assumptions, but presumably could be pursued once the HLW Vitrification Facility is operational and a 

CST disposal path is established.  Sluicing out the CST does not decrease the quantity of spent CST 

columns produced and thus vitrified, only allows reuse of the column equipment to reduce cost.  This 

quantity of spent CST represents ~2.7 wt% of the mass of HLW glass that would be produced, and this 

amount is expected to be accommodated in the glass formulations (ORP-61830, Final Report: Vitrification 

of Inorganic Ion-Exchange Media, VSL-16R3710-1).  This quantity of spent CST is not expected to impact 

the total quantity of HLW glass that would be produced based on that testing.  The CST is essentially a 

replacement of some of the glass-forming minerals that are included in the HLW glass formulation. 

The extent of removal of soluble 90Sr and actinides by CST is not known for all feed stream compositions 

but is estimated to be 99% and 30%, respectively, unless the waste is a complexant waste.  The estimate 

for non-complexant waste is based on limited testing of processing Tanks AW-102, AP-107, and AP-105 

through columns of CST (PNNL-28783, Dead-End Filtration and Crystalline Silicotitanate Cesium Ion 

Exchange with Hanford Tank Waste AW-102; PNNL-27706, Cesium Ion Exchange Testing Using 

Crystalline Silicotitanate with Hanford Tank Waste 241-AP-107; and PNNL-30712, Ion Exchange 

Processing of AP-105 Hanford Tank Waste through Crystalline Silicotitanate in a Staged 2- then 3-Column 

System).  These tanks contain blends of supernatant liquid from several tanks and are expected to be 

representative of the strontium chemistry in non-complexant wastes.  The SrOH+ ion is the species known 

to be removed by CST (Zheng, 1996) and is present in non-complexant wastes.  Complexant waste could 

contain high soluble 90Sr and actinides that may or may not be in the form that is removed by CST.   
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The distribution coefficient for non-complexed 90Sr is approximately 10 times higher than for cesium on 

CST (SRNL-STI-2019-00678, Preliminary Determination of the Impact of Alkaline Earth Metals on 

Crystalline Silicotitanate, and PNNL-30185, Crystalline Silicotitanate Batch Contact Testing with Ba, 

Ca, Pb, and Sr), which indicates that removal of 90Sr would normally exceed that for cesium during the 

TFPT column operation.  Further, the laboratory testing with non-complexant waste from Tanks AW-102 

(PNNL-28783), AP-105 (PNNL-30712), and AP-107 (PNNL-27706) indicated that the 90Sr concentration 

in the column effluent (i.e., all were <1E-3 µCi/mL) would also be beneath the corresponding NRC LLW 

Class A limit (0.04 Ci/m3), and the combined plutonium isotope concentrations were beneath the Class A 

limit (100 nCi/g).   

These CST column tests indicate that 99.8ï99.9% removal of strontium is achievable with non-

complexant wastes.  The tests also indicate that >50% of the plutonium and neptunium isotopes would 

also be removed.  The ability of CST to remove strontium has been known since its invention (Zheng, 

1996), and its absorption is included in the computer model (ZAM) developed by its inventors.  

Verification of the ability of CST to remove these isotopes to beneath the Class A limit  for each specific 

tank or batch could be part of the waste acceptance criteria for the immobilization process, if applicable.  

The Federally Funded Research and Development Center (FFRDC) NDAA17 report (SRNL-RP-2018-00687) 

indicated that 90% of waste would reach Class A if 99% of the soluble 90Sr was removed. 

The assumed pretreatment with TSCR/TFPT columns to remove 137Cs also results in an estimated 

removal of 99% of soluble 90Sr from non-complexant LAW.  The benefit of creating a Class A waste 

form is that it increases the off-site disposal options for non-complexant LAW.  Only two tanks are 

believed to contain complexant waste, Tanks AN-102 and AN-107, and the planned treatment involves a 

separate strontium/transuranic (Sr/TRU) removal process that uses strontium isotopic dilution for 90Sr and 

sodium permanganate for the actinides (RPP-PLAN-51288, Development Test Plan for Sr/TRU 

Precipitation Process).  That Sr/TRU process, along with CST treatment is likely to result in a Class B 

waste, limiting off-site disposal to Waste Control Specialists, LLC (WCS) only if grouted.  Presumably, 

this waste would be sent to LAW vitrification due to the high organic content if it is not compatible with 

grouting.  Conversely, pretreatment in WTP does not remove soluble 90Sr because it uses a different ion 

exchange media.  Pretreatment in WTP would result in a larger portion of the liquid waste being Class B, 

limiting off-site LAW disposal of that portion to only WCS in Texas. 

After pretreatment, the liquid will be evaporated to remove excess water; with many of the organic 

species in the waste expected to partition to the condensate during that evaporation.  The condensate 

containing the soluble organics will be sent to the Effluent Treatment Facility (ETF), which is permitted 

for destruction of the organics in tank farms evaporator condensate.  The target sodium ion concentration 

for evaporation has not been specified but could be as high as 9 M [Na+] for selected wastes.  Many of the 

Land Disposal Restriction (LDR) organic compounds suspected to be in the waste would likely be 

removed to concentrations below the treatment standard by the evaporation process (SRNL-STI-2020-00582, 

Hanford Supplemental Low Activity Waste Simulant Evaporation Testing for Removal of Organics; 

RPP-RPT-63493, Tank Waste LDR Organics Data Summary for Sample-and-Send; and 

SRNL-STI-2021-00453, Potential for Evaporation and In Situ Reaction of Organic Compounds in 

Hanford Supplemental LAW).  Of the liquid tank sample data in the Tank Waste Information System 

(TWINS), no tanks were identified that were confirmed to contain a nonvolatile2 organic above the 

non-wastewater regulatory limit, although many tanks do not have reported analysis results.  Further, of 

the 132 regulated organics potentially present in tanks, 109 of those are sufficiently volatile to be 

removable by evaporation (i.e., have Henryôs Law coefficients above the estimated lower limit  currently 

set by n-nitrosomorpholine). 

 
2 Non-volatile is defined as less volatile than n-nitrosomorpholine that was shown removable by evaporation from simulated 

tank supernatant liquid. 
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Recent experimental work expanded the list of organic compounds that could be removed by atmospheric 

pressure evaporation (SRNL-STI-2022-00391, Organic Evaporation and Oxidation Testing in Support of 

Hanford Sample-and-Send), including n-nitrosomorpholine, and identified some regulated species that 

were not stable in caustic LAW simulant under test conditions.  Testing also demonstrated that some key 

species that are not removable by evaporation, including phenolics, were treatable by oxidation with 

permanganate in simulated LAW.  Another recent report that further investigated the TWINS data 

(RPP-RPT-64064, Distribution of LDR Organic Compounds in Hanford Tanks Waste and the 

Implications to LAW Treatment by Cementitious Solidification/Stabilization) indicates that without any 

LDR removal process, thirteen tanks would produce a grout waste form that would exceed the non-

wastewater standard for LDR organics.  However, in eight of these tanks, the exceeding compounds are 

either n-butanol, n-nitrosomorpholine, or toluene, which are all predicted to be susceptible to removal by 

evaporation.  The exceedances in the remaining five tanks are associated with polychlorinated biphenyls 

(PCB).  However, the calculated PCB concentrations in staged waste from these five tanks would be 

above the water solubility limits for PCBs, indicating that these compounds would not be completely 

soluble at these levels.  Rather, PCBs would be associated with either a separate organic phase or 

absorbed onto retrieved, undissolved solids.  In either case, the undissolved PCBs would be removed by 

the filter system associated with the TSCR/TFPT process.  If only dissolved PCBs are present in the 

liquid sent for grouting, then the concentration in the solidified waste form would be below the PCB 

non-wastewater standard of 10 mg/kg.  The solids and insoluble PCBs removed by filtration would be 

sent for processing with the sludge in WTP and would not be grouted. 

The conclusions about the LDR organics in tank waste are not a complete representation of all LAW 

because organic analysis results are not available for all tanks, and many of the results are from samples 

collected years ago.  However, the data that is available was evaluated and indicates that much of the 

LAW would produce a compliant cementitious waste form even without organic removal. 

While not a specific technology, the ability of a supplemental LAW immobilization process to have 

flexible processing rates either through the ability to turn-down the process or the ability to easily stop 

and start (idle) the process is important.  The processing of HLW and the variable amounts of salt in tanks 

being retrieved causes a wide range of flow rates for supplemental LAW treatment, depending on the 

need for washing and leaching cycles of a particular sludge.  Having the capacity to process at higher-

than-average flow rates or to turn off the process and readily resume processing would be beneficial. 

The primary alternatives are shown in Table C-3 (Section C.1.5), along with (1) whether the cross-site 

supernatant liquid transfer line is needed to support the alternative,3 (2) whether the DSTs are used to 

prepare and stage the LAW liquid, (3) an indication of the primary waste form disposal location, and 

(4) whether the waste form is individual containers or a single vault.  These alternatives are described in 

the sections that follow the table. 

C.1.1 Vitrification Alternatives  

The vitrification process was described in the FFRDC NDAA17 report (SRNL-RP-2018-00687), and any 

updates are included in the vitrification alternatives descriptions in the following section.  In general, 

vitrification blends radioactive liquid waste with glass-forming materials at high heat in a ceramic-lined 

Joule-heated4 melter, forming a molten mixture that is poured into stainless steel containers to cool and 

solidify into a borosilicate glass waste form that is highly stable in the expected conditions in a disposal 

facility.   

 
3 Note that the transfer line is not needed for waste that is compatible with grouting but may be needed for other purposes, 

such as waste retrieval or transfer to WTP. 
4 Electrical current is passed through the molten glass between electrodes.  The electrical resistance of the molten glass results 

in heat generation. 
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Vitrification technology has been used in the U.S. and other countries to treat the high-activity fraction of 

tank waste, which is generally made up of a dilute salt solution in a slurry with metal oxides and 

hydroxides, not a concentrated salt solution.  Both Savannah River Site (SRS) and the West Valley 

Demonstration Project use(d) vitrification to immobilize metal oxide/hydroxide slurries from tanks. 

Waste vitrification technology of Hanford LAW consists of mixing a chemically characterized, aqueous 

waste stream with sugar (an organic reducing agent), specific metal oxides, and metal carbonates to 

produce a slurry that is fed to a melter in which the slurry is incorporated into the melt pool.  The volatile 

components are driven into offgas by heat, requiring a complex offgas system to treat the melter offgas 

prior to discharge and generating two secondary liquid waste streams and a solid secondary waste that 

also requires treatment.   

All water is vaporized from the melter into the offgas system, which typically has scrubbers and a 

condensate system that generates a liquid waste stream that is larger in volume than LAW feed to the 

facility.  The sulfate ion in the LAW feed is one of the most challenging species because it has low 

solubility in the glass and can limit the waste loading.  Secondly, excess sulfur in the melter causes layers 

of corrosive materials that can reduce melter and equipment lifetime.  The nitrates and nitrite salts are 

converted to nitrogen oxides (NOx) by reaction with a reductant, such as sugar.  The NOx must be 

destroyed before the vapors are released to the atmosphere.  Organic chemicals present in the waste are 

destroyed by the heat of the melter, but some others can be produced by incomplete reaction of the sugar.  

The mercury, 99Tc, and 129I are largely vaporized in the melter and collect in the offgas system.  In the 

current WTP LAW melters, the offgas condensates are expected to be recycled in an attempt to increase 

retention of the 99Tc and 129I.  More detail is provided in the individual vitrification alternative 

descriptions (Sections C.3, C.4, and C.5). 

Three vitrification alternatives were considered in this evaluation, with differences reflecting different 

approaches in the LAW supplement treatment facility location or integrating process improvements.  

These alternatives are shown in Table C-1. 

C.1.2 Fluidized Bed Steam Reforming Alternatives 

The FBSR process was described in the NDAA17 report (SRNL-RP-2018-00687), and any updated 

information since its publication is included in the FBSR alternatives descriptions in Sections C.6 and 

C.7.  FBSR can convert radioactive liquid waste to a dry, granular mineral product.  With proper controls, 

the mineral product consists of chemical structures that can retain radionuclides and other constituents of 

concern.  FBSR has been researched, developed, and used commercially for over two decades for 

processing low-level radioactive wastes, although those applications are unlike the high sodium ion 

content, alkaline Hanford tank waste. 

FBSR operates at temperatures up to 725ï750°C to evaporate water in the waste, destroy organics, 

destroy nitrates, and convert the solid residue into a durable, leach-resistant waste form.  Coal and oxygen 

are fed into the vessel known as the denitration and mineralizing reformer (DMR) where they react in the 

presence of high temperature steam (supplied at 500ï600°C) under chemically reducing (pyrolytic) 

conditions to heat the DMR and produce low concentrations of hydrogen and other reduced gas species.   

The DMR contains a bed of particles that are the right size and density to be continually fluidized by 

steam that flows upward through the bed.  The liquid tank waste is mixed with clay, and the slurry is 

sprayed into the bottom of the vessel.  Nitrates and nitrites in the waste react primarily with steam and 

hydrogen under the chemically reducing conditions and destroyed with relatively high efficiencies (up to 

99%).  Organic chemicals in the tank waste are pyrolyzed or otherwise destroyed by the heat.  Mercury in 

the waste feed vaporizes and is captured in the offgas system.  The 99Tc and 129I are largely retained in the 

mineral waste form with high single pass efficiencies, and any that escapes is captured in the offgas 

system and recycled into the DMR to improve retention in the mineral waste form. 
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No liquid waste is discharged from the FBSR system, as the system is operated such that all of the water 

is recycled to the DMR and eventually vaporized, treated in the offgas system, and then discharged to the 

atmosphere.  Further details are provided in the FBSR alternatives descriptions (Sections C.6 and C.7). 

FBSR has been used internationally and in the United States at a commercial facility for stabilizing ion 

exchange media.  A FBSR facility, the Integrated Waste Treatment Unit (IWTU), has been constructed at 

the Idaho Nuclear Engineering Technology Center (INTEC) at the Idaho National Laboratory (INL) to 

stabilize approximately 900,000 gallons of acidic liquid tank wastes.  The design of the facility was informed 

by large-scale testing at a separate test facility, and simulant test runs are being conducted at the facility. 

Four FBSR alternatives were considered, with the differences relating to using a single facility or multiple 

facilities, and the waste form disposal location. 

C.1.3 Grout Alternatives 

Extensive experience using grout waste forms has been gained in the U.S. from federal and commercial 

applications and as the standard immobilization technology for LLW across the international community.  

This experience includes grouting of the supernatant liquid portion of the tank waste at SRS5 after 

treatment of the waste to remove soluble cesium, strontium, and actinides.  At SRS, the grouted waste is 

disposed in large on-site vaults adjacent to the Saltstone facility. 

As no definitive formulation has been designated for the immobilization of supplemental LAW at 

Hanford, in either a containerized or vault waste form, general assumptions regarding the components of 

a grout formulation were made.  Information on candidate dry reagents, material availability, and 

formulation development to date at Hanford is provided in Volume II, Appendix A.  The grout was 

assumed to have a water to dry mix ratio between 0.4 ï 0.6 to ensure adequate waste loading and to fall 

within the commonly tested range.  However, different ratios are plausible.  The grout was also assumed 

to be electrochemically reducing through the inclusion of blast furnace slag, which has a long history of 

ensuring grout waste forms are compliant with regulatory requirements for hazardous metals as measured 

by the toxicity characteristic leaching procedure (TCLP) test, and to improve technetium retention by 

reduction to an insoluble species. 

The required properties of the grout waste form in each alternative are dictated by the disposal location 

(e.g., zero potable water pathway), the immobilization facility used (modular or centralized plant), and 

chemistry of the waste.  A history of experience in grout waste forms both nationally and internationally, 

descriptions of immobilization facilities/technologies relevant to the alternatives, performance 

requirements and formulation considerations based on disposal locations, recent work since the NDAA17 

report (SRNL-RP-2018-00687), and key assumptions are presented in Volume II, Appendices A, G, 

and L.  

The grouting process for each alternative may be different, depending on both the process selected and 

the supernatant liquid composition.  The basic components are ordinary Portland cement (OPC), blast 

furnace slag (BFS), and fly ash (FA).  Other additives may be used or ratios may vary, depending on 

composition and disposal requirements.  The ratio of the basic components and waste loading will vary, 

depending on whether the grout must be pumped long distances to a vault or would be transferred to a 

nearby container because the rheological properties and set-time needs would be different.  The dry 

ingredients would likely be stored in silos exterior to the grout plant and fed into a dry mix blend tank 

inside the facility and then to a dry feed hopper. 

 
5 While some differences exist between the SRS and Hanford wastes, the SRS waste is the closest analog in the U.S. to the 

waste at the Hanford Site. 
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The baseline for all grout alternatives is to design all aspects of the system to meet the waste acceptance 

criteria for disposal at the specified disposal site using the integrated retention properties of the waste 

form chemistry, container (if applicable), disposal environment (e.g., IDF, vault, or offsite), and 

geotechnical cap.  The intent is to design the entire system to be protective of the environment and retain 

the contaminants of concern to within the applicable limits.  Additional measures, such as barriers and 

getters, may be taken to provide additional confidence of contaminant retention.  The details of those 

measures are described in Volume II, Appendix D of this report. 

Multiple grout alternatives were considered in the study.  These alternatives reflect different locations of 

deployment on the site, different on-site disposal forms (containerized or monoliths), leveraging close-

location off-site commercial facility grouting capabilities, and commercial disposal sites.  Whether on-site 

grouting alternatives are performed by the tank farms contractor or a vendor is not distinguished in the 

selection. 

Getters 

Grout alternatives for immobilization of treated LAW can benefit from addition of selective ñgettersò that 

improve sequestration of specific contaminants.  Although BFS acts by chemical reduction to sequester 

many contaminants, such as regulated metals and technetium, the material is a bulk grout-forming 

additive and is not usually referred to as a ñgetterò.  These selective getters are typically added in small 

amounts, along with the bulk of the grout-forming materials, to enhance retention of a specific 

contaminant, although there are also options to add the material as a barrier beneath the bulk waste form 

to hinder leaching of the contaminant to the environment.  For the alternatives described in this section, 

getters are assumed to be needed to meet the leaching performance objectives criteria for on-site disposal 

of grout in containers at Hanford IDF for alternatives Grout 1ï4.  If other manipulations of the grout 

formulation are needed to reach the performance criteria or material properties, the adjustments are 

assumed to be included.  The key contaminant of concern where getters are assumed required for on-site 

disposal of grouted waste forms at the Hanford IDF is 129I, although getters may also be needed for the 

highest performing grouts to sequester 99Tc (SRNL-RP-2018-00687). 

The off-site and vault grout disposal alternatives are based on the assumption that getters are not needed 

for 129I and/or 99Tc, and retention of these species is reliant on the integrated disposal system.  Getters 

could be added if shown to be needed but are not included in the cost estimates for these alternatives.   

RCRA Hazardous Metals 

Grouting alternatives are based on the assumption that ñgettersò would not be needed for RCRA 

hazardous metals.  Because of their technical and economic effectiveness, solidification/stabilization 

methods, using cement and other additives either alone or in conjunction with other types of treatment 

such as incineration, are the recommended Best Demonstrated Available Technology (BDAT) for at least 

57 RCRA-listed wastes, including metals (EB071.02W, Solidification and Stabilization of Wastes Using 

Portland Cement).  Solidification/stabilization methods have been specifically designated as BDAT for 

Ba, Cd, Cr, Pb, Hg, Se, and Ag (based on treatment/treatment train) (EPA/530/R-93/012, Technical 

Resources Document on Solidification/Stabilization and Its Application to Waste Materials) and these 

could be present in tank waste above regulatory limit levels. 

For mercury, solidification/stabilization has been specifically designated as the recommended BDAT for 

Hg (D009), with <260 mg total Hg/kg waste (55 FR 22572, ñBDAT Treatment Standards for D009,ò and 

EPA/530/R-93/012).  For chromium, solidification/stabilization has been specifically designated as the 

recommended BDAT for Cr (D007) (one alternative) (55 FR 22563, ñe. Chromium,ò and 

EPA/530/R-93/012). 
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Regulated Organics 

The acceptability of grouting alternatives assumes that the LDR organic concentrations in the final waste 

form meet regulatory requirements.  If the concentrations of some organics in the staged, pre-treated 

waste exceed levels that would result in a compliant final form, then additional evaporation or low 

temperature oxidation would be applied or the waste is assumed to be diverted to the LAW melter for 

processing.  Waste evaporation to both remove LDR organics and reduce waste volume are relatively 

mature technologies, although the effectiveness of LDR organic removal of all species is yet to be 

completely demonstrated.   

Additional treatment that may be necessary to destroy some organics is at a low maturity level, and 

testing is ongoing in this area.  Similar to that mentioned above for removal of strontium and plutonium, 

all grouting alternatives assume that the liquid waste is sampled, analyzed, and tested as necessary prior to 

processing to ensure pretreatment to remove 137Cs and evaporation (and additional LDR organic treatment 

if needed) will enable meeting the waste acceptance criteria for subsequent treatment or will be staged for 

vitrification. 

Nitrate and Nitrite  

Unlike vitrification or FBSR, nitrate and nitrite are not destroyed or form NOx vapor, nor do cement-

based/slag-based grouts provide any enhanced chemical stabilization.  These anions are considered 

ñmobileò species within a grout waste form, as they are concentrated in the pore solution and have a 

sorption (liquid-solid partitioning coefficient) retardation factor of <1, indicating very little retention 

under saturated conditions.  Lowered nitrate/nitrite release rates have been measured in recent testing 

efforts that used grout waste forms with decreased porosity (physically slowing migration of the anions); 

however, the technology to do this consistently at large scale is not mature.  An assessment of NO3/NO2 

release from a supplemental LAW grout inventory in the IDF showed that existing leach testing results 

are close to meeting maximum contaminant levels (MCL) in groundwater for nitrate release in the IDF 

based on existing drinking water compliance standards.  Note that laboratory tests are a bounding 

conservative case due to the saturated nature of the tests (PNNL-28992, Performance Metric for 

Cementitious Waste Form Inventory Release in the Integrated Disposal Facility, Figure 4-3).  Numerous 

laboratory studies and field demonstrations, including at the Hanford Site, have used the inherent 

denitrifying capacity of subsurface environments for in situ remediation of NO3 and co-contaminants.  

Nitrate and nitrite concentrations in a grout waste form disposed of offsite is inconsequential because the 

disposal sites have no pathway to potable water. 

Working Grout Container Invento ry 

For alternatives with off-site disposal of containerized grout, the working inventory of containers onsite 

or in transit at any point in time is estimated at a maximum of 750.  This estimate is based on an average 

estimated production rate of 130 containers per month, with a maximum of 300 per month (10 per day).  

These 300 containers would not be shipped until the 28-day cure time has completed, so there is a 

nominal continuous inventory of 300 containers curing, plus 10 per day that have completed curing.  One 

train per 15 days would need a maximum of 30 railcars containing 150 containers per shipment 

(SRNL-RP-2018-00687).  Additionally, an allowance is assumed for a possible 15-day lag time for other 

circumstances (e.g., weather) and 15-day transit and disposal time.  In the event of a suspension of 

shipping for transportation or disposal site interruptions, the maximum inventory onsite or in transit of 

grouted material awaiting disposition until the issue is resolved would be 750 containers. 

Removal of 129I and/or 99Tc or Sample-and-Send 

Removal of 129I and/or 99Tc are considered as augmented processes in alternatives Grout 1C and 2C, 

where all other flowsheet assumptions are consistent with alternatives Grout 1A and 2A, respectively.   
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Similarly, a ñsample-and-sendò approach in which the waste is sampled and analyzed for 129I and/or 99Tc 

is an augmented activity in alternatives Grout 1D and 2D.  After grouting the waste, grout containers with 

concentrations lower than a threshold concentration of these radionuclides would be disposed of onsite, 

and those with concentrations higher than the threshold concentration would be disposed of offsite. 

Flammable Gas 

Production of gases that are flammable from radiolysis and thermolysis occurs in the tank waste; these 

processes are greatly reduced in the grouted waste form because of lower dose and waste temperature but 

are not completely eliminated.  Small amounts of gases that are flammable have been observed to be 

released from grouted waste forms at other sites.  Therefore, mitigation of the flammability concern from 

the release of these gases from the waste in a large, enclosed vault space must be evaluated and addressed 

for alternative Grout 5A but would presumably be less impactful for all other grout alternatives because 

the containers would be stored during the curing period in an engineered facility with ventilation.  

Even for a monolithic disposal of grout in a vault, these concerns have previously been addressed using 

safety controls and indications.  Further, alternative Grout 5B, which places the cured containers in a 

vault, may not have this risk because the grout would be expected to release minimal vapors after curing 

before being emplaced in the vault, although an engineering evaluation would be needed to confirm.  

Monoliths in large vaults are not likely used for the other grout alternatives.  Engineering evaluations 

would be needed to confirm safe storage and transport for all alternatives. 

C.1.4 General Assumptions for the Alternatives 

Defining Parameters 

Å No baseline technology was assumed for the treatment and immobilization of Hanford 

supplemental LAW.  The System Plan Scenario 1B (ORP-11242), defines the facilities and 

infrastructure assumed available for all alternatives, regardless of the supplemental LAW 

treatment technology. 

Å Alternatives were not screened out solely on the basis of total lifecycle cost.  Alternatives were 

screened out on the basis of affordability under benchmark funding level assumptions.  At least 

one alternative representing each technology was fully evaluated, regardless of affordability. 

Å Off -site disposal facilities ï WCS Waste Disposal Facility (Texas) and EnergySolutions Clive 

Disposal Facility (Utah) ï do not have a pathway to potable water. 

Å Information from performance assessments (PA) consider the 1,000-year compliance period (per 

DOE O 435.1); projected post-compliance period information to 10,000 years is intended to 

provide information about potential long-term impacts, including peak dose and potential 

exceedance of standards beyond the compliance period (RPP-RPT-59958, Performance 

Assessment for the Integrated Disposal Facility, Hanford Site [IDF PA]). 

Å The need for, method, and location of pretreatment will be evaluated by DOE on a case-by-case 

basis, consistent with DOE O 435.1. 

Å All activities related to retrieval, pretreatment, treatment, and disposal of tank waste will be 

performed in compliance with applicable DOE Orders and anticipated regulatory requirements, 

including Orders and requirements regarding safety, environmental protection, worker and 

community protection, contracting, treatment, transportation, and disposal. 

Assumptions 

Å The first WTP LAW melter system continues to operate both melters for the duration of the River 

Protection Project (RPP) mission. 

Å The start date for radioactive operations for the WTP LAW melters is December 31, 2023 and 

December 31, 2033 for the HLW melters. 
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Å The assessment uses the same assumptions for glass modeling as used in the System Plan 

(ORP-11242, Rev. 9) (2016 glass models).  More advanced models are not expected to 

substantially impact the facility size (see explanation in Vitrification 2 [Section C.4]). 

Å HLW processing begins in December 2033.  For the HLW Vitrification Facility to achieve full 

capacity, supplemental LAW treatment must be available within 12 to 36 months. 

Å The maximum feed rate to supplemental LAW treatment was determined to be 

360,000 gal/month to allow conservative sizing of the supplemental LAW treatment facility 

versus the 264,000 gal/month maximum in the baseline (System Plan Scenario 1B [ORP-11242, 

Rev. 9]).  All alternatives were, therefore, defined to be capable of a LAW supplemental 

treatment rate of 360 kgal/month.  The alternatives are projected to process different amounts, 

depending on start-up schedule and availability of waste.  This assumption determines facility and 

process requirements that factor into lifecycle costs. 

Å All alternatives will address permanent disposition of LAW from supplemental treatment.  While 

the actual volume of LAW treated may vary between alternatives, no LAW will remain upon 

mission completion of any of the alternatives. 

Å Only alternatives assessed as likely to comply with anticipated regulations and applicable 

standards for mobility and toxicity of wastes at project completion will be fully evaluated.  

Alternatives unlikely to comply with one or the other will be screened out. 

Å Direct-feed low-activity waste (DFLAW) processing begins in 2023.  Cesium is removed using a 

TSCR system for the first 5 years of operation. 

Å After 5 years of DFLAW operations, LAW is pretreated in the TFPT system.  TFPT doubles the 

capacity of TSCR. 

ï Pretreatment is consistent with a waste incidental to reprocessing (WIR) process and reduces 
137Cs dose. 

ï TFPT and TSCR removes 137Cs to WTP equivalent (<3.18E-5 Ci/mol Na+). 

ï The assumed pretreatment of LAW in TFPT does not preclude treatment in the WTP 

Pretreatment Facility.  (Note: immobilizing the liquid in other on-site locations for some 

alternatives [e.g., 200 West Area] would continue to use TFPT.) 

ï Spent CST columns are stored onsite in interim storage, and the media is assumed vitrified in 

the HLW Vitrification Facility and empty columns are disposed in IDF. 

Å TFPT and TSCR treatment removes 90Sr to Class A (<0.04 Ci/m3) and plutonium to <100 nCi/g 

for most (~90%) LAW feed (non-complexant). 

ï The WTP Pretreatment Facility would not be expected to remove significant amounts of 

soluble 90Sr; therefore, most waste would be Class B if grouted.  (Note: this categorization 

only impacts potential off-site disposal locations and therefore costs.)  (Use of another 

process solely to remove soluble 90Sr from non-complexant waste was not considered; this 

would add an unnecessary processing step because the waste form could be disposed as 

Class B waste without it.) 

ï The Sr/TRU removal process for complexant wastes is performed as planned, regardless of 

the final waste form or disposal path for that stream. 

Å LAW is retrieved and staged for pretreatment in Tank AP-106 or another designated DST (except 

for alternatives Grout 3A/B and 4A/B).  Detailed assumptions about the feed vector are provided 

in Volume II, Appendix B. 
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Å LAW is sampled and analyzed/tested prior to treatment (sample-and-send) to ensure that a 

compliant waste form will be produced.  Detailed additional laboratory methods are not known 

but are assumed to be accommodated in existing laboratory space.  Sampling after pretreatment 

was assumed unnecessary. 

Å All alternatives include an evaporator to reach optimum Na+ concentration prior to 

immobilization except for vitrification. 

Å All debris/solid waste is disposed of onsite in the IDF except alternatives where grout is produced 

offsite. 

Å All alternatives will include necessary transfer, storage, processing, and disposition facilities and 

projects. 

Å LAW immobilized by grouting or FBSR can be disposed of offsite provided the waste acceptance 

criteria for the off-site disposal locations are met. 

Å Enabling assumption to avoid restrictive screening of alternatives:  LAW immobilized by 

grouting or FBSR can be disposed of onsite in the IDF.  An IDF PA, considering all waste forms 

emplaced in the IDF, can demonstrate that contaminant and radionuclide concentrations at the 

point of compliance are not exceeding limits over the timeframes evaluated.  This requirement 

can be achieved through predicting inventory partitioning, waste form performance, or inventory 

management.  The PA, and any needed supportive technology development, will be completed 

before on-site disposal is initiated. 

Å All alternatives that include off-site shipment use U.S. Department of Transportation (DOT)-

compliant shipping containers. 

Å Permits can be obtained in a timely fashion to meet the schedule. 

Å The IDF can be expanded to accommodate the needed volume of immobilized LAW; costs and 

risks of IDF expansion will be assessed where applicable. 

Å Both the volume and content of secondary waste streams will be evaluated against the selection 

criteria. 

Å Water infiltration into the IDF when the RCRA cap is in place is assumed to be the same as the 

2017 IDF PA (0.5 mm/year) (RPP-RPT-59958), which could allow some leaching from waste 

forms prior to the assumed cap failure point at 500 years. 

Å Exogenous risks (e.g., earthquake, catastrophic flood, volcano) were assessed as indistinguishable 

across all technologies (vitrification, FBSR, and grouting) and disposal locations (Hanford IDF, 

WCS Waste Disposal Facility [Texas], and EnergySolutions Clive Disposal Facility [Utah]). 

Vitrification Only Assumptions 

Å The assumed total operating efficiency (TOE) for vitrification systems is 50% (System Plan 

Scenario 1B [ORP-11242, Rev. 9]). 

Å Melters are replaced after 5 years of service. 

Å Some technical risks for supplemental LAW treatment will be reduced by lessons learned during 

WTP LAW melter operations, which are not currently available, and so some risks cannot be 

resolved at this time.  Future knowledge is credited in risk evaluations for a parameter where 

appropriate.  Current knowledge is also used where appropriate, such as estimating operating 

cost, melter throughput, and TOE. 
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Grout Only Assumptions 

Å If present above regulatory limits, LDR organics will be removed from LAW by evaporation (and 

oxidation, if needed) to beneath regulatory levels, if feasible; if LDR organics are present that 

cannot be treated by this process, the waste will be sent for WTP LAW vitrification.  All 

flowsheets for grout immobilization show an evaporation and LDR treatment step for 

consistency, although it may not be needed for some wastes.   

Å A transfer path is assumed available for sending waste to either a grouting process or WTP LAW 

vitrification (for wastes that cannot be processed by grouting).  

Å The majority of LAW is assumed to initially be at 5.0 M [Na+] and is evaporated to 8.0 M [Na+] 

(380,000 gal condensate per 1 Mgal LAW) requiring ~30,000 gal of fuel oil.6  Some LAW 

containing high phosphate content may be processed at lower [Na+]. 

Å For grout alternatives, getters for 129I (and perhaps 99Tc) are included in grout formulations for 

alternatives Grout 1A, 2A, 3A, and 4A, but are not needed and not included for any alternatives 

that include off-site disposal (alternatives Grout 1B, 2B 3B, 4B); on-site vault disposal 

(alternatives Grout 5A and 5B); sampling for 129I and 99Tc to determine disposal location 

(alternatives Grout 1D and 2D); or removal of 129I and 99Tc (alternatives Grout 1C and 2C). 

Å Removal of 129I and 99Tc is not required due to the use of getters for IDF disposal but will be 

evaluated as alternatives for on-site grout disposal (alternatives Grout 1C and 2C). 

Å The grout alternatives consider Cast Stone as a baseline formulation but acknowledge 

formulations can be derived based on performance or processing requirements. 

Å Alternative materials can be developed and made available in the event that slag (BFS) or FA 

become unavailable (e.g., due to ceasing coal plant operations). 

Å For off-site disposal alternatives, transport of immobilized waste will be performed by rail.  

Based on experience at other sites, loading containers onto rail cars is established capability and 

no development was assumed needed. 

Å Off-site grouting facilities will have adequate capacity for treatment (grouting) of LAW within 

6 months of the start of HLW treatment: 

ï Applies to alternatives Grout 4A, 4B, and 6 only 

Å The assumed TOE for grouting systems is not defined but is not rate limiting because of the 

expected oversized design and operating on weekdays only (comparable to SRS). 

Å For Grout 4A, 4B, and 6, the vendor is assumed to perform the immobilization processing, 

controls, and restrictions to produce a waste form identical to the Grout 1A alternative. 

FBSR Only Assumptions 

Å The FBSR TOE is the same as vitrification (50%). 

Funding Assumptions 

Å Projected expenditures will be compared to a benchmark annual budget but not screened out if it 

is exceeded. 

Å Cost escalation rates are 4% on capital and 2.4% on operating expenses.  The discount rate is 3%.  

These are based on U.S. Office of Management and Budget (OMB) recommendations 

(GAO-21-119SP, High-Risk Series: Dedicated Leadership Needed to Address Limited Progress 

in Most High-Risk Areas; DOE G 413.3-21A, Cost Estimating Guide; OMB Memorandum 

M-21-09, ñ2021 Discount Rates for 0MB Circular No. A-94ò). 

 
6 #2 fuel oil at 138,500 BTU/gal (www.eia.gov); 8,092 BTU/gal to boil water; 85% efficiency; result is 14.5 gal water/gal fuel oil 

or 26,200 gal fuel oil/380,000 gal water evaporated, plus ~4,000 gal to heat the waste from ambient to boiling. 
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Å An integrated pilot-scale test facility is needed for both the Vitrification and FBSR alternatives 

(to enable including streams generated from HLW processing and to examine pretreatment of 

recycle streams) and is included in the cost estimates. 

Å This study reflected assumptions of successful tank operations for duration equivalent to or 

reduced versus current System Planning estimates.  The TOPSim model runs used the same 

modeling assumptions for Base Operations and Waste Feed Delivery as per the current Site 

planning status.  Tank Integrity and DST operations are indeed inherent for all alternatives, but 

costs and impacts of these were beyond the scope of this study and are not included in the cost 

estimates provided in Volume II, Appendix F for these alternatives.  

Å Detailed cost estimating assumptions are provided in Volume II, Appendix F. 

C.1.5 Alternatives Comparison 

Table C-3 compares the alternatives identified by the FFRDC team. 

Table C-3. Alternatives Comparison 

Alternative 
Designation Brief Description 

Cross-site 
Transfer 
Required 

Use 
Existing 

DSTs Disposal Container 

No action Use LAW melters only V V Onsite V 

Vitrification 1 Vitrification V V Onsite V 

Vitrification 2 Increase LAW vitrification rate V V Onsite V 

Vitrification 3 Near-tank vitrification  - V Onsite V 

FBSR 1A Steam reforming V V Onsite V 

FBSR 1B Steam reforming V V Offsite V 

FBSR 2A Separate/modular FBSR - V Onsite V 

FBSR 2B Separate/modular FBSR - V Offsite V 

Grout 1A Single plant V V Onsite V 

Grout 1B Single plant V V Offsite V 

Grout 2A Separate plants 200 East-West - V Onsite V 

Grout 2B Separate plants 200 East-West - V Offsite V 

Grout 3A Individual plants (farms/tanks) - - Onsite V 

Grout 3B Individual plants (farms/tanks) - - Offsite V 

Grout 4A Offsite vendor - - Onsite V 

Grout 4B Offsite vendor - - Offsite V 

Grout 5A Onsite monolith V
a 

V Onsite - 

Grout 5B Containers in vault - - Onsite V 

Grout 1C Grout 1 + Tc/I removal NA NA Onsite V 

Grout 2C Grout 2 + Tc/I removal - V Onsite V 

Grout 1D Grout 1 + Sample Tc/I/send offsite/onsite  V V Onsite-offsite V 

Grout 2D Grout 2 + Sample Tc/I/send offsite/onsite - V Onsite-offsite V 

Grout 6 Phased offsite/onsite grout V V Offsite-onsite V 
a If vault monoliths are constructed in both Hanford 200 East and 200 West Areas, a cross-site transfer line would not be 

required for direct support of alternatives Grout 5A or 5B but would be needed for other purposes. 

DST = double-shell tank. 

FBSR = fluidized bed steam reforming. 

I = iodine. 

LAW = low-activity waste. 

NA = not applicable. 

Tc  = technetium. 
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C.1.6 Hybrid Alternatives  

In theory, any of the alternatives for supplemental LAW treatment can be combined with another, with 

phased implementation of one that transitions to the other or simultaneous implementation of two.  If an 

alternative has lower capital expenditures in the early stages of implementation, there is the potential to 

use the additional available funds in ways that could advance the schedule and help reduce mission 

duration, cost, and tank degradation risks.  After evaluating the alternatives against the evaluation criteria, 

the lower cost of all grout alternatives was found to offer the opportunity of phased implementation and 

early startup.  This phased approach could include either early construction of on-site facilities and early 

startup or implementing off-site grout production by a vendor with simultaneous construction of on-site 

facilities in 2034ï2035 as HLW operations ramp up production after scheduled startup in 2033.  In both 

scenarios, the disposal of the grout waste form is assumed to initially be at an off-site facility, but with 

potential for a later transition to on-site disposal in a to-be-determined configuration.  In all alternatives, 

the first phase is DFLAW vitrification, with hybrids applying to supplemental treatment of LAW. 

This hybrid approach initially sends some low-activity liquid waste offsite for processing by commercial 

treatment contractors during the design and construction phases of the on-site facility for the alternative.  

Only the alternatives with on-site grout capital projects offered the financial opportunities to spend funds 

on these early off-site shipments.  The Vitrification and FBSR alternatives required all of the benchmark 

$450 million/year to support the timely execution of capital projects, and any funds diverted from the 

projects for off-site shipments would delay the capital projects and/or increase the size of the project(s).  

Any additional funding expended on off-site grouting will delay the startup of on-site supplemental LAW 

treatment operations and further delay completion of the HLW mission.  Therefore, only hybrid 

alternatives that involve grout as the final waste form were considered. 

C.2 DETAILED ALTERNATIVE DESCRIPTIONS  

C.2.1 Alternative: No Action 

The ñtake no actionò alternative simply means that the only LAW immobilization capacity during the 

Hanford tank waste mission would be the WTP LAW Vitrification Facility operating at 21 MT glass/day 

(per contractual design TOE of 70%).  A simple analysis was performed that used the amount of LAW 

glass to be produced from both LAW and supplemental LAW treatment facilities in System Plan 

Scenario 1A (ORP-11242, Rev. 9) and the design capacity of the WTP LAW Vitrification Facility to 

estimate the minimum length of time to complete the RPP mission.  In Scenario 1A, a total of 

489,000 MT of LAW glass is produced.  At the design rate of 21 MT/day, approximately 64 years would 

be required for the WTP LAW Vitrification Facility to produce the required amount of glass.  (Note that 

the design life of the WTP facilities is 40 years [ORP-11242, Rev. 9].) 

The waste loading of the LAW glass would likely be reduced if a separate supplemental LAW treatment 

facility is not processing a portion of the recycle stream from the melters in the WTP LAW Vitrification 

Facility.  Thus, the glass soda loading for this scenario would likely be close to the 20% value determined 

for supplemental treatment of LAW during Scenario 1A.  However, for simplicity, the total glass amount 

produced in Scenario 1A was not adjusted for the expected reduction in waste loading. 

Therefore, if LAW treatment begins in 2023 with startup of the DFLAW process, the earliest possible 

mission completion date without increasing LAW immobilization capacity would be 2088 versus a 

completion date of 2066 in System Plan Scenario 1A (ORP-11242, Rev. 9).  The minimum increase in 

LAW treatment length would be 22 years, which represents a 50% increase from the Scenario 1A mission 

length estimate.  This simplistic analysis does not address the impact on HLW treatment, but the mission 

length extension for HLW processing is expected to be at least as long as that for LAW processing. 
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Selected studies of Hanford tank waste treatment, such as System Plan Scenario 1B (ORP-11242, Rev. 9), 

have evaluated the impact of a lower TOE on the overall Hanford RPP mission.  The TOE that would be 

achieved by the WTP LAW Vitrification Facility is challenging to predict with a first-of-a-kind melter 

system.  Analogous facilities have demonstrated TOEs of 40ï50%.  At an assumed TOE of 45%, the 

minimum mission length would be increased to approximately 89 years to process all LAW because the 

throughput of WTP LAW Vitrification Facility is reduced to 15 MT/day resulting in completion no 

sooner than 2113. 

Given the predicted increase in the LAW treatment mission length and the expected impact on HLW 

processing, not providing additional LAW immobilization capacity for the Hanford RPP mission has been 

rejected as an alternative. 

C.3 ALTERNATIVE: VITRIFICATION 1, SINGLE SUPPLEME NTAL LOW -ACTIVITY 

WASTE VITRIFICATION PLANT  

(Note: This description is duplicated from the FFRDC NDAA17 report (SRNL-RP-2018-00687), with 

updates for the current evaluation.) 

The Vitrification alternative considered in this assessment is shown in Figure C-2.  Disposal of the glass 

waste is assumed to be in the IDF in stainless steel containers.  This scenario is comparable to the 

vitrification from the previous NDAA17 report (SRNL-RP-2018-00687), but with a six melter LAW 

supplemental treatment facility.  Because of the assumed annual $450 million benchmark budget for 

supplemental LAW treatment activities, this alternative does not begin radioactive operation until 

~2047-2050, and meeting the HLW production mission schedule requires ~3× higher throughput than the 

current LAW melter facility, which corresponds to at least six LAW-sized melters.  The cost for this 

additional melter facility increases by ~3× due to the larger facility with more melters but is then 

discounted by 40% compared to the LAW melter facility to account for scale-up and increased design and 

construction efficiency. 

 

Figure C-2. Flow Diagram of Vitrification  
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In this alternative, the existing DST system is assumed to be used to blend and stage the feed.  To 

transport the liquid waste to the single supplemental LAW vitrification facility, a cross-site transfer line 

capability would be needed, and some remote tank farms may require transfer capabilities.  The waste is 

assumed to be sampled in the DST and analyzed and found to be compliant with the pretreatment system 

waste acceptance criteria to produce an acceptable glass waste form.  Vitrification for supplemental 

treatment of the Hanford LAW is summarized below. 

In the supplemental LAW melter system, the molten glass is poured into a stainless steel container to 

cool.  Vitrification unit operations are shown in Figure C-2. 

The waste components are chemically bonded as part of the glass waste form; the interaction of the waste 

components with the glass-forming chemicals defines the amount of waste that can be immobilized in glass.  

The concentration and interaction among these components define the glass properties, such as durability.   

For LAW and supplemental LAW treatment, the Glass Shell v3.0 (a collection of property models) is 

used to constrain the composition and loading of LAW glasses to control the sulfur tolerance of the melter 

feed to durability response, viscosity, and refractory corrosion.  The models also consider component 

concentration limits for chromium, halides, and phosphate.  The models use the chemical composition 

(measured) of the waste to be vitrified.  Preliminary calculations use the concentrations of sodium, 

potassium, and sulfur to develop a target glass composition.  Then, using the property models and the 

12 glass-forming chemicals identified, the target glass composition is adjusted using the glass-forming 

chemicals to maximize waste loading while meeting all the processing and performance constraints. 

The final properties and composition of the vitrified waste form vary, but the models ensure that all the 

properties remain within acceptable processing and performance regions.  The vitrified waste is poured 

using lifts into stainless steel containers.  The canisters, filled to at least 90%, are cooled, sealed, and 

decontaminated, and are stored temporarily prior to IDF disposal.  

The nitrate and nitrite salts in the LAW are converted to a mixture of nitrogen, ammonia, and NOx in the 

melter by reaction with sugar, also producing carbon dioxide and other gases.  The melter is continuously 

bubbled by forcing air through submerged pipes in the molten pool to increase the melt rate.  The air and 

offgassed chemicals are processed through the primary and secondary offgas systems.  The organic 

chemicals, including regulated organics, are largely destroyed by the high heat of the melter; although 

some other regulated organics are produced by the incomplete combustion of sugar in the melter.  The 

sulfate in the waste has potential to form a separate phase in the melter and has limited solubility in glass.  

Sulfate can limit waste loading using the current glass models and can limit waste loading even with the 

latest glass models if accumulation in the recycle stream is higher than expected.  The ammonia and NOx 

are partially scrubbed into the secondary waste liquids produced in the offgas system that are processed in 

the Effluent Management Facility (EMF), but most passes to the secondary offgas system.  The NOx is 

destroyed by reaction with added ammonia in the catalytic reducer, and any remaining ammonia is 

released via the stack.  Glass waste loading is typically 10ï25% (defined as waste sodium ion loading).  

The waste volume is reduced versus the aqueous waste, with the glass volume equivalent to ~40ï50% of 

the liquid feed volume. 

This alternative assumes a semi-continuous process, where a specific mass of each of the 12 dry-mix 

components, sugar, and a volume of liquid LAW are blended and fed forward to a melter feed preparation 

tank in discrete batches while the melter is continuously fed from the melter feed tank.  Molten glass is 

poured through a spout from the melter into a 564-gallon stainless steel container.  Pouring into the 

container is done in ñliftsò to avoid large changes in melt pool height.  Four to five lifts are needed to fill 

a container.  When the container is full, the pour stream is stopped, the filled container is moved, and the 

process repeats.  The containers are allowed to cool, sealed, and swabbed for removal contamination.  

Any contamination is manually removed and the container is transported to the IDF for disposal. 
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The feed rate, bubbling rate, and melter power are balanced in an attempt to maintain a cold cap on the 

melt pool, other than in the immediate vicinity of the 18 bubblers.  The cold cap is produced by the melter 

feed slurry cooling the surface of the glass.  Water and other volatile components (e.g., Hg) are boiled off 

from the cold cap.  Reactions between the nitrate/nitrite and sugar generate CO, CO2, N2, N2O, NOx, and 

ammonia.  Small amounts of organic products from incomplete combustion of the sugar also occur 

primarily in the cold cap.  Cold cap reactions with nitrate/nitrite and the reactions in the cold cap and 

plenum with oxygen result in destruction of most of the organics in the feed.  Melter offgas condensate 

consists of components that are volatile and semi-volatile at melter temperatures.  These species include 

Cl, F, I, Tc, Hg, As, S, and Se.  In the absence of a cold cap or during operation with a reduced cold cap, 

these species vaporize more completely.  These species are largely scrubbed out by the primary and 

secondary offgas processes. 

All water fed to the system and the water added during offgas treatment processes becomes liquid 

secondary waste.  The liquid secondary waste generated during vitrification is collected and processed 

through the EMF, which is expanded in this alternative to accommodate the additional volume from more 

melters.  As generated, the primary waste condensate and scrubber stream is near neutral in pH.  This 

waste is collected and processed using filtration and evaporation in the EMF.  In EMF, the pH is raised to 

~12, causing the ammonium in the waste stream to partition to the overheads as ammonia.  The EMF 

evaporator bottoms are recycled to the melter for retreatment so that the radioactive and hazardous 

components, such as 99Tc, are forced to be incorporated into the glass at higher concentrations than a 

single-pass system would achieve. 

The EMF overhead condensate and secondary offgas system liquids are transferred to the Hanford Liquid 

Effluent Retention Facility/Effluent Treatment Facility (LERF/ETF) for collection and further treatment.  

The liquid secondary waste from the EMF evaporation process is expected to contain organics that 

require upgrades to the ETF treatment systems (currently in progress to treat condensate from the WTP 

LAW Vitrification Facility) and the volume of waste generated by a supplemental LAW vitrification 

process could require additional upgrades or a new facility.  The liquid secondary waste from the 

secondary offgas system will likely contain a large fraction of the 129I in the supplemental LAW feed and 

could require treatment prior to processing this effluent stream at LERF/ETF.7  The volume of liquid 

secondary waste from the supplemental LAW treatment facility, when combined with other WTP 

effluents, will increase ~6× (System Plan, Section 5.1.2.4.5.5 [ORP-11242, Rev. 9]) and likely exceed the 

treatment capacity for the ETF.  A new facility would likely be required for treatment of the supplemental 

LAW effluent. 

After treatment in ETF, the concentrated waste from ETF is primarily ammonium sulfate; a similar 

process is expected if a new treatment facility is built.  The waste form for the concentrated waste is 

currently under development, with the intent to grout the ETF concentrated waste and dispose of the 

waste in the IDF.  Treated water from ETF is disposed of at a state-approved land disposal site (SALDS). 

Solid secondary waste from the vitrification facility (e.g., high-efficiency particulate air [HEPA] filters, 

carbon bed media, bubblers) will be placed in a container, processed/treated as necessary to meet disposal 

facility waste acceptance criteria, and disposed of in the IDF or at a commercial off-site disposal facility, 

along with the immobilized waste from the ETF that contains the offgas condensate components from 

vitrification.  Waste disposition will be an evolving process and efficiencies will be examined after 

DFLAW operations commence.  Although not included as part of this alternative, disposal of the 

secondary solid wastes and immobilized waste from ETF concentrate in an off-site location is identified 

as a potential opportunity to reduce the on-site inventory of radionuclides and potential constituents of 

concern. 

 
7 Methods to mitigate the issues with iodine in the liquid secondary waste are under evaluation for WTP LAW vitrification 

and could be applied to a supplemental LAW vitrification system (Cree and Wagnon, 2022). 
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The technology parameters for the technology readiness for alternative Vitrification 1 is estimated to be 

moderate for this type of waste stream at this time due to previous nonradioactive simulant testing and 

full -scale implementation on HLW at other sites, but not in the quantities and glass production rates and 

waste type required for this alternative. 

C.4 ALTERNATIVE: VITRIFICATION 2, INCREASED LOW -ACTIVITY WASTE 

VITRIFICATION RATES  

The existing WTP LAW Vitrification Facility has a design basis throughput of 30 MT/day of glass and an 

assumed time that the facility is operating versus idled (TOE) of 70%, for an average operating capacity 

of 21 MT/day.  If the throughput of the WTP LAW Vitrification Facility can be increased, the need for 

additional facilities to process LAW could be eliminated (or the capacity required for the supplemental 

LAW immobilization facility reduced).  In addition, increasing the percentage of waste in the glass 

produced, or the waste loading, will reduce the amount of glass to be produced, which would lower the 

required production rates. 

In addition, the impact of installing a third melter, changing the TOE, increasing untreated LAW lag 

storage to reduce the maximum processing rate needed, and breaking the recycle loop will also be 

considered in this alternative. 

This assessment is performed using the LAW feed vector from System Plan, Run 1A (ORP-11242, Rev. 9). 

Increased Waste Loading 

Increasing the waste loading reduces the 

amount of glass generated by treating the tank 

waste.  With the WTP LAW Vitrification 

Facility capacity determined by the glass 

production rate, increasing the waste loading 

allows a greater volume of waste feed to be 

processed each day and would reduce the need 

for supplemental treatment, as shown in 

Figure C-3.  As shown in the figure, the 

facility glass output is constant at 

640 MT/month, while the amount of sodium 

oxide (soda) processed is determined by the 

waste loading, varying from 32 MT/month at 

5% soda loading to 192 MT/month at 30% 

soda loading.  Sodium, as the dominant glass-

forming species in the waste, is used as an indicator of the total amount of waste in the glass. 

The glass models use the composition of the melter feed to predict a number of glass properties, such as 

melt viscosity and glass durability, and the solubility limits for species like chromium and sulfate that 

have limited solubility in the LAW glass.  The glass models are used to determine both the minimum 

amount and type of the glass-forming chemicals to be added to each batch of feed.  Improvements in the 

property predictions, along with formulation changes to improve solubility, have led to models (denoted 

by the year the final report on the model development was issued) that allow increased waste loadings for 

LAW processing, as shown in Table C-4. 

WTP LAW Vitrification Facility Waste Throughput 

 

Figure C-3. Impact of Waste Loading on 

Waste Throughput 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-22 

Table C-4. Waste Loading as a Function of Glass Model 

Glass Model 
Expected Average Waste 

Loadinga 
Total Amount of LAW Glass 

(MT) 

2007 15.6% ~800,000 

2016 27.3% 489,000 

2020 30.7% 420,000 
a Waste loadings in this table are total amount of all oxides in the LAW, not soda loadings. 

LAW = low-activity waste. 

ORP-11242 used the 2016 glass models that resulted in average soda loadings at the WTP LAW 

Vitrification Facility of 23% and average waste loadings for supplemental LAW of 27.3% that result in a 

total glass amount of 489,000 MT.  According to DOEôs projections, use of the 2020 models would 

reduce the total amount of glass produced to 420,000 MT.  Additional improvements in the LAW waste 

loading are expected to be small, as the most significant issues impacting waste loadings have been 

addressed to achieve the improvements noted in Table C-4. 

WTP LAW Vitrification Facility Capacity Compared to Total Glass Production 

LAW processing begins during the DFLAW program, with glass production starting in 2023.  The end 

date of the mission varies depending on the assumptions made for HLW processing, but the ORP-11242 

end date of 2066 was used in this evaluation.  The WTP LAW Vitrification Facility treatment capacity 

during the 42-year mission is 322,000 MT of glass if the facility runs at the designed capacity.  Given the 

total amount of glass expected exceeds this value by a significant margin, waste loading increases alone 

will not allow the WTP LAW Vitrification Facility to complete the mission on schedule.  Thus, increased 

waste loading could reduce, but will not eliminate the need for supplemental LAW treatment without 

throughput increases in the WTP LAW Vitrification Facility. 

Increased Throughput 

Assuming 489,500 MT of glass production is needed based on the RPP System Plan (ORP-11242, Rev. 9) 

(and the 2016 glass models) and a 42-year mission length, the throughput of the LAW Vitrification 

Facility would need to increase to an average of 31 MT/day.  At the design capacity of 21 MT/day 

(30 MT/day capacity × 70% TOE), LAW processing would take a minimum of 64 years. 

However, the total LAW processing capacity is not based on an average glass production rate since the 

total amount of total LAW feed each month varies considerably due to variations in HLW processing and 

tank waste retrievals.8  Projected monthly feed variations result in required LAW throughput peak 

requirements that are much higher than the average throughput and valleys that are significantly lower, as 

shown in Figure C-4.  Note that the chart shows sodium throughput; but if a constant waste loading is 

assumed, the required glass production would follow a very similar trend.  At the maximum assumed 

monthly LAW flowrate, a LAW treatment capacity of 66 MT/day would be required.  Adjusting for an 

assumed TOE of 70%, the required total capacity for LAW vitrification would be 94 MT/day.  Increasing 

the soda loading has the potential to reduce this value to approximately 80 MT/day, or 40 MT/day per 

melter. 

 
8 Figure C-4 only shows the supplemental LAW treatment flowrates.  Feed to the LAW treatment facility is assumed to be 

constant and would simply increase all values on the chart by the same amount. 
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Pilot-scale testing to increase the throughput of the LAW melters was documented in Hamel et al. (2006).  

The pilot-scale facility was able to demonstrate operation above the design basis without modifications, 

with some test runs achieving the equivalent of 21 MT/day/melter.  The authors concluded that increasing 

the melter surface area by reducing the thickness of the refractory could lead to a 47% increase in 

throughput, and increasing the temperature to 1175°C would lead to an additional 22% increase (Hamel et 

al., 2006) for a potential cumulative increase of 80%.  These cumulative increases, if realized, would lead 

to a capacity 74 MT/day for the WTP LAW Vitrification Facility or 37 MT/day per melter. 

Since the 2006 study was published, DOE has further estimated that an increase in operating temperature 

to 1200°C could result in a production rate of 90 MT/day (45 MT/day per melter), which would eliminate 

the need for additional LAW treatment capacity when compared to the needed capacity requirements 

(81 MT/day) at 25% waste loadings.  However, as discussed below, the ability of the melter to support 

increased capacity does not mean the other components of the WTP LAW Vitrification Facility can 

support the increased production rates. 

 
Note: Flowrate from 2020, River Protection Project System Plan, Rev. 9, U.S. Department of Energy, Office of River Protection, 

Richland, Washington. 

Figure C-4. Sodium Flowrate to Supplemental Low-Activity Waste Treatment 

Installation of a Third Melter in WTP -LAW Facility  

The WTP LAW Vitrification Facility was originally designed to have three melters, and the current 

contract9 for construction of the facility requires the design to allow installation of a third melter.  

However, design changes to the facility (e.g., the addition of unit operations to the melter offgas trains) 

led to use of space set aside for the third melter in the existing design.  Thus, installation of a third melter 

is not deemed practical in the WTP LAW Vitr ification Facility. 

 
9 WTP Contract No. DE-AC27-01RV14136, Modification No. 271, Section C states: ñThe LAW Facility design shall not 

preclude the installation of a third melter, melter power and control systems, melter feed, offgas treatment, container handling, 

HVAC, and other systems and components not initially installed.  The capacity to expand the waste treatment shall be consistent 

with an increase in the design capacity of 30 MTG/day to 45 MTG/day.ò 
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Total Operating Efficiency Impacts 

The assessments above were performed assuming a TOE of 70%, as specified by the WTP contract (DE-

AC27-01RV14136).  Analogous facilities have typically operated at lower TOEs, thus a lower TOE for 

the WTP LAW Vitrification Facility was evaluated.  A lower TOE would reduce the glass production rate 

and require more capacity. 

The evaluation of a lower TOE is not as straight-forward as simply taking the capacity at 70% (94 or 

80 MT/day depending on assumed waste loading) and applying a differential factor, because the TOE for 

HLW vitrification should be assumed to be lower if the LAW TOE is lowered.  Because the feed volumes 

to LAW processing are dependent on the HLW processing rate, recalculation of the entire mission is 

required to assess such an impact. 

This recalculation was performed as System Plan Run 1B (ORP-11242, Rev. 9).  In this run, the mission 

length extends to 2076, and the maximum required capacity for LAW processing is reduced to 54 MT/day 

prior to adjusting for TOE.  Using a TOE of 50%, the total required LAW processing capacity is 

108 MT/day (Table C-5).  Improving the waste loading could decrease the required capacity to 

approximately 86 MT/day.  Thus, the impact of a lower TOE on the overall mission results in a need to 

increase the total LAW processing capacity, but these increases are not directly correlated to the ratio of 

TOEs since HLW processes would run slower. 

Table C-5. Comparison of Capacity for System Plan Model Runs 1A and 1B  

Model Runa TOE 

Required Capacity for LAW 
(20% Soda Loading) 

(MT/day) 

Required Capacity for LAW 
(25% Soda Loading) 

(MT/day) 

1A 70% 94 80 

1A 50% 108 86 
a Model run data from ORP-11242, 2020, River Protection Project System Plan, Rev. 9, U.S. Department of Energy, 

Office of River Protection, Richland, Washington. 

LAW = low-activity waste. TOE = total operating efficiency. 

Increased Feed Lag Storage 

The average capacity need for LAW treatment once HLW processing starts was estimated to be 

39 MT/day (or 56 MT/day after application of a 70% TOE) for the LAW feed vector from System Plan 

Scenario 1A (ORP-11242, Rev. 9), approximately one-half of the maximum required production rate.10  

Lag storage can be used to even out the feed to the LAW Vitrification Facility by storing feed during 

periods when the feed volume exceeds the average amount and providing LAW feed when feed volumes 

are low.  As the amount of lag storage available is increased, the required LAW immobilization capacity 

is decreased.  Note that use of Tank AP-106 to stage LAW feed is planned during the DFLAW portion of 

the mission; continued use after DFLAW processing would provide approximately 1 Mgal of lag storage 

capacity. 

An evaluation was performed of the required supplemental LAW vitrification capacity (i.e., capacity with 

varying amounts of available LAW feed lag storage capacity) with the results shown in Figure C-5 based 

on the monthly volumes in Scenario 1A.  A waste loading of 20% was used for the vitrification 

evaluation.  As shown in Figure C-5, the required capacity approaches the average as the lag storage 

volume approaches 6 Mgal. 

 
10 This average treatment need is higher than the value indicated in the increased throughput section because the simplistic 

analysis in that section did not account for the DFLAW portion of the mission, where the treatment rate is limited by the ability 

of the tank farms to provide feed. 
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Based on this evaluation, the required LAW treatment capacity could be reduced to a capacity close to the 

average capacity need of 39 MT glass/day if 6 Mgal of lag storage is provided.  The required capacity is 

only slightly reduced to 55 MT/day by the 1 Mgal of lag storage provided by use of Tank AP-106.  Thus, 

lag storage could be used to reduce the required amount of LAW treatment capacity needed. 

Impact of Lag Storage on Supplemental LAW Vitrification Capacity Required 
(Scenario 1A Basis) 

 
Note: Based on Scenario 1A from ORP-11242, 2020, River Protection Project System Plan, Rev. 9, U.S. Department of Energy, 

Office of River Protection, Richland, Washington. 

Figure C-5. Required Vitrification Rate Versus Lag Storage Amount 

Breaking the Recycle Loop 

One option for increasing the waste loading, and thus the waste throughput, of the WTP LAW 

Vitrification Facility is to eliminate recycle of the offgas condensate.  Proposals to grout the evaporated 

offgas condensate instead of recycling would eliminate returning sulfate, chlorine, and fluorine to the 

melter feed; thereby potentially allowing higher waste loading.11  However, the retention of 99Tc and 129I 

in the glass would be reduced to their single-pass retention values (38% for 99Tc and likely <10% for 129I) 

(24590-WTP-RPT-PT-02-005 Flowsheets Bases, Assumptions, and Requirements).  These values would 

be even lower if the melt pool temperature is increased.   

 
11 The impact of the recycle stream is reduced as glass models and LAW formulations continue to improve; therefore, the 

impact of breaking the recycle loop is lessened with these models.  For the 2016 models, the difference in WTP LAW 

Vitrification Facility versus supplemental LAW soda loadings (23% vs 20%, respectively) provides insight into the amount of 

impact from the recycle stream since the supplemental LAW processes a higher amount of recycle than the WTP LAW 

Vitrification Facility. 
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Processes have been tested to separate 99Tc from the recycle to allow preferential return of only the 99Tc, 

but these processes (documented in the following) would not address iodine retention. 

Å SRNL-STI-2019-00006, Solid-Liquid Separation Testing for the Remediation of Hanford Waste 

Treatment Plant Low Activity Waste Melter Off-Gas Condensate; SRNL-STI-2018-00047, 

Evaluation of Immobilizing Secondary Waste from a Proposed Treatment Process for Hanford 

WTP LAW Melter Condensate 

Å SRNL-STI-2017-00322, Bench Scale Experiments for the Remediation of Hanford Waste 

Treatment Plant Low Activity Waste Melter Off-Gas Condensate 

Å SRNL-STI-2017-00087, Investigation of Variable Compositions on the Removal of Technetium 

from Hanford Waste Treatment Plant Low Activity Waste Melter Off-Gas Condensate Simulant). 

Development of these processes could allow breaking the recycle loop to be a more viable option. 

Without a process to remove the 99Tc and 129I from the offgas condensate, most of the 99Tc and 129I would 

be partitioned to a secondary waste that is assumed to be grouted, and the efficacy of operation of the 

WTP LAW Vitrification Facility could be questioned ï What is the incremental benefit gained by 

incorporating a small fraction of the 99Tc and 129I in glass if the majority ends up in grout?  In other 

words, if grouting the recycle stream is deemed acceptable, why not simply grout the tank waste?  

Operation of the vitrification facility to achieve destruction of organics and nitrate in the waste appears to 

be a highly inefficient use of resources. 

Other Considerations 

Impact on WTP LAW Vitrification Facility  if Supplemental LAW Treatment is Eliminated 

The WTP LAW vitrification process recycles the melter primary offgas condensate back to the melter 

feed tanks after evaporation to remove water.  When supplemental LAW treatment is operational, a 

portion of the recycle stream from the WTP LAW Vitrification Facility is sent to the supplemental LAW 

treatment facility.  All recycle streams in supplemental LAW are handled internal to the process.  As a 

result, the WTP LAW Vitrification Facility can operate at a higher soda loading than supplemental LAW 

processing (23 versus 20%, respectively for System Plan Scenario 1A [ORP-11242, Rev. 9]).  If 

significantly increased throughput at the WTP LAW Vitrification Facility is achieved that allows the 

elimination of the supplemental LAW treatment facility, all LAW vitrif ication recycle streams would be 

handled internal to the WTP LAW Vitrification Facility.  Thus, the achievable waste loadings in LAW 

vitrification could be reduced by the recycle stream.  The size of this impact would need to be 

demonstrated based on the glass models to be used during processing. 

Impact of Increased Throughput on Process and Support Systems 

The melter is only one part of the WTP LAW Vitrification Facility.  Operation of the melter at increased 

rates would require all process and support systems to keep pace with the melter.  Many of these systems 

are designed with very little margin for increasing facility throughput.12  Past evaluations of the ability of 

the WTP LAW Vitrification Facility to process at higher rates did not include the impact of higher waste 

loadings, which impacts the cycle times of the melter feed and condensate tanks, among other impacts. 

 
12 Exceptions are the Glass Formers Reagent System and Analytical Laboratory:  Contract language for these facilities include 

the requirement to support LAW operations at 45 MT/day for the glass-former feed at 45 MT/day and analytical laboratory 

capabilities are required to be designed to support an increase in LAW treatment capacity that includes supplement LAW 

treatment operations. 
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Operation at 3× the current capacity is likely not supportable for the support systems, such as the melter 

feed preparation process, the offgas systems, cooling water systems, offgas condensate collection 

systems, melter power supplies, canister lidding, decontamination, and handling.  An engineering 

evaluation of the full WTP LAW Vitrification Facility and support functions (e.g., the WTP Analytical 

Laboratory and EMF) would be needed to assess the amount of maximum likely throughput each system 

could support. 

As an example of this impact on WTP LAW vitrification operations, the cycle times of the melter feed 

preparation vessel were calculated.  At the current 15 MT/day/melter rate, each melter feed preparation 

vessel would cycle 1.5 times per day or once every 16 hours, assuming 8 M sodium feed and 25% soda 

loading.  At the lower molarities expected during DFLAW processing, necessary cycle times would be 

reduced to 12 hours per cycle.  Operation at 45 MT/day/melter would reduce the necessary cycle time for 

the melter feed process to 5 hours at 8 M and 4 hours at 5.5 M.  These cycle times are likely not 

achievable based on the transfer times at the current pump rates and the time needed to batch and transfer 

the glass-forming chemicals. 

Reducing the required rates using lag storage could reduce the required rate to 39 MT glass/day, which is 

likely a more achievable target; although it is not certain that the WTP LAW Vitrification Facility and 

support facilities could support operation at this rate at high waste loadings. 

Impact of Increased Melt Pool Temperature 

Increasing the melt pool temperature would have a number of impacts on the process, including reducing 

the design life of the melter and melter components like the bubblers; however, the primary concern for 

this evaluation is the impact on retention of semi-volatiles in the melter.  Retention of all semi-volatile 

species would be decreased, but the impact of reduced retention of sulfate, chlorine, and fluorine would 

be most impactful for melter operations.  Given the expectation of higher amounts of these species in the 

offgas condensate recycle, the allowable waste loadings would be reduced.  Like other impacts, process 

modeling will need to be conducted to assess the impact.  However, the single-pass retention of species at 

the higher operating temperature would need to be estimated for the higher operating temperatures prior 

to performing the model run. 

Expected melter decontamination factors (DF) would be reduced for 99Tc and 129I, and for 137Cs and other 

semi-volatile compounds.  Like sulfur, chlorine and fluorine, revised DFs would be needed, and the 

impacts assessed. 

Impact of Turndown 

The LAW melters, as currently designed, have a limited ability to operate at lower rates than the design 

capacity.  When the melters are operated at decreased rates, the cold cap coverage is not sufficient to 

prevent higher losses of volatile species.  Thus, operating a vitrification system with a feed stream that 

has the variability projected for the total LAW feed amount presents problems with either operating at 

below design capacity and/or frequently idling the melter processes.  Installation of additional lag storage 

would alleviate this issue.  However, if additional lag storage is not provided, the impact of idling or 

lower feed rates on the DFs of semi-volatiles species must be evaluated. 

Impact of WTP LAW Vitrification Facility Modifications 

The WTP LAW Vitrification Facility is assumed to begin operations with the current design.  Thus, any 

modifications, even if minor, would require the existing process to stop operations for some length of 

time.  If the modifications are minor and could be coordinated with a melter changeout, this impact could 

be small.  The modifications would be performed to a facility that has been contaminated from the initial 

operations, which could add cost and schedule to the modification process.  The amount of outage time 

and scope of the required modifications would need to be assessed to determine the impact of the outage 

on the overall mission and the estimated costs. 
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Overall Conclusions 

This evaluation showed that improvements in the melter unit operations (increases in soda loading 

coupled with increased throughput) may be capable of achieving the throughput necessary to treat all of 

the LAW generated, at a rate sufficient to meet the projected 42-year mission length.  However, it is not 

clear what the maximum rate that could be supported by the other unit operations in the WTP LAW 

vitrification processes nor whether other support facilities would allow operation of the WTP LAW 

Vitrification Facility at higher capacity. 

Due to variability in the feed delivery rate required to maintain an integrated tank retrieval and treatment 

mission, the required treatment capacity is roughly a 3× increase (to a least 90 MT/day and as high as 

108 MT/day assuming 70% TOE) compared to the existing WTP LAW Vitrifi cation Facility capacity.  

The 3× capacity increase is not likely to be achieved without significant redesign and expansion of the 

existing LAW vitrification facility.  Lag storage of LAW feed can be used to level out the variability in 

the LAW feed rate.  An analysis of the required lag storage capacity required suggests that roughly 

6 Mgal would be required to reduce the 3× capacity spikes to the average capacity required (~56 MT/day 

assuming 70% TOE) without impacting the HLW mission duration. 

With the information currently available, the capacity to increase throughput of the WTP LAW 

Vitrification Facility cannot be determined.  Previous studies of throughput increases did not adequately 

account for the impacts of waste loading on melter feed system and offgas condensate handling systems.  

Additional evaluations of the WTP LAW Vitrification Facility to assess the capacity of the facility to 

increase production given the current assumed waste loadings and feed sodium concentrations are beyond 

the scope of this study.  If pursued, such a study would benefit from operational experience gained during 

startup, commissioning, and initial operation of the WTP-LAW Vitrification Facility.  Therefore, this 

option was not scored during this evaluation. 

C.5 ALTERNA TIVE: VITRIFICATION 3, NEAR-TANK  VITRIFICATION  

Alternative Vitrification 3 uses multiple, off-site fabricated transportable vitrification units to treat 

supernatant liquid at separate plants in each for the 200 East and West Areas, or several plants associated 

with tank farm groupings.  The immobilized glass waste form would be disposed onsite.  The main intent 

of this alternative is to reduce the cross-site transport of untreated waste and to provide flexibility in 

retrieving and processing 200 West Area waste. 

Near-tank vitrification converts radioactive liquid waste to a durable borosilicate glass waste form with 

properties similar to the LAW glass produced in the WTP LAW Vitrification Facility and alternatives 

Vitrification 1 and Vitrification 2.  The technology can be deployed remotely and moved to the waste 

stream to be treated (e.g., 200 West Area, 200 East Area B complex, or near WTP).  Near-tank 

vitrification can be realized in multiple configurations, including GeoMelt® In-Container VitrificationÊ 

(ICV) (Raymond et al., 2004), Transportable Vitrification System (TVS) (Whitehouse et al., 1995), and 

Dem&Melt (Didierlaurent et al., 2019a) as examples.  All three commercial systems are well developed 

and demonstrated at least to pilot scale.  The TVS was used for treatment of Oak Ridge National 

Laboratory mixed waste sludges (Zamecnik et al., 1998).  The Dem&Melt has been tested at pilot-scale 

with decommissioning and dismantling wastes from French nuclear reprocessing facilities (Didierlaurent 

et al., 2019a) and Fukushima secondary wastes (Didierlaurent et al., 2020; Didierlaurent et al., 2019b).  

The ICV was designed and demonstrated at full scale with Hanford LAW simulant (30686-RT-0003, 

Demonstration Bulk Vitrification System Series 38 Full-Scale Testing; Witwer et al., 2008) and 

demonstrated twice in pilot-scale test melts with actual Hanford tank waste (Bagaasen et al., 2004).  ICV 

has also been deployed for treatment of a variety of wastes worldwide, including DOE Office of 

Environmental Management (EM) wastes at INL (Walling et al., 2021; Finucane et al., 2020; Finucane 

and Campbell, 2006; Witwer et al., 2013; Garrett et al., 2020).   
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The ICV configuration was selected as the reference near-tank vitrification technology for alternative 

Vitrification 3 due to the abundance of design and operating data specific to Hanford supplemental LAW 

generated through the Demonstration of Bulk Vitrification System (DBVS) program (RPP-24544, 

Demonstration Bulk Vitrification System Independent Qualified Registered Professional Engineer 

(IQRPE) & RCRA Review Package; RPP-RPT-35775, Process Hazard and Operational Analysis for the 

Demonstration Bulk Vitrification System in Support of Critical Decision 3). 

Consistent with other vitrification alternatives, the waste is assumed to be blended, staged, and sampled in 

a DST and analyzed and found to be compliant with the pretreatment system such that the feed would 

produce an acceptable waste form after treatment.  The tank waste would be pretreated through TFPT 

units and collected in a lag tank to await vitrification processing (DSTs such as Tank AP-106 in 200 East 

Area will be used to provide 1 Mgal of lag storage, or a ~100,000-gallon lag storage tank is expected to 

be sufficient).   

Near-Tank Vitrification Technology  

Near-tank vitrification as designed and demonstrated for application to supplemental treatment of LAW is 

based on ICV, as shown in Figure C-6 and Figure C-7.  The pretreated LAW is blended with glass-

forming chemicals in a concentrator/dryer operated at 60°C at a vacuum of 26 in Hg.  The dryer offgas 

system consists of a particulate filter and a liquid condenser.  The filter is regularly backpulsed and the 

particulate recycled.  The dryer offgas is combined with the melter offgas stream for further treatment.  

Condensate secondary waste is collected and transported to LERF/ETF to be treated and discharged, 

while HEPA filters are drummed and disposed.  The melter feed is dried to roughly 5 wt% H2O and fed 

into a melter through a dry waste transfer system (DWTS).  The melter is a 24 × 7.5 × 7.5-foot steel box.  

The melter is prestaged with refractory walls, a melt starter path, electrodes, and lid.  The lid is connected 

to both the DWTS and melter offgas treatment system. 

 
Source: 30686-RT-0003, 2007, Demonstration Bulk Vitrification System Series 38 Full-Scale Testing, AMEC Nuclear, Ltd., 

Richland, Washington. 

Figure C-6. Process Flow Diagram for Demonstration Bulk Vitrification System 
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Source: Witwer, K.S., E.J. Dysland, J.S. Garfield, T.H. Beck, J. Matyas, L.M. Bagaasen, S.K. Cooley, E.M. Pierce, D.S. Kim, 

and M.J. Schweiger, 2008, ñHanfordôs Supplemental Treatment Project: Full-Scale Integrated Testing of in-Container-

Vitrification and a 10,000-Liter Dryer,ò Waste Management 2008, WMSymposia, Inc., Phoenix, Arizona. 

Figure C-7. Full -Scale In-Container Vitrification  Demonstration System 

in Process of Vitrifying  Waste 

A melt is initiated by passing current between 

graphite electrodes through the resistive starter 

path, which heats the surrounding melter feed 

forming a continuous melt phase.  As the melt 

phase grows, it is Joule-heated.  Dried feed is 

added through the DWTS to maintain a cold-

cap over the melt, which insulates the melt and 

reduces volatility (Figure C-8).  The feeding 

and melting continue until approximately 45 t 

of waste glass are produced, then a top-off frit 

is added to reduce volatility until all of the 

waste is incorporated into the glass melt. 

 
Source: 30686-RT-0003, Demonstration Bulk Vitrification System 

Series 38 Full-Scale Testing, and RPP-48703, Bulk Vitrification 

Technology for the Treatment and Immobilization of Low-Activity 

Waste 

Figure C-8. Thermal Image of Melter Feed Piles, 

Cold-Cap, and Electrode in Full -Scale ICV Melt 
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At that point, the power is turned off and a 

disposal lid is placed on the box, which is 

subsequently rolled off to a cooling station 

where the melt solidifies into a solid glass 

waste form (Figure C-9).  Unlike the joule-

heated ceramic melters used in WTP where 

glass is poured into disposal canisters, the ICV 

melter box also serves as the disposal 

container.  The glass box is then transported to 

IDF for disposal. 

The glass composition is designed to efficiently 

immobilize LAW into a borosilicate glass that 

satisfies the current LAW glass durability 

criteria of normalized product consistency test 

response below 2 g m-2 and vapor hydration 

test responses below 50 g m-2Ād-1.  TCLP 

responses were sufficient to satisfy the LDRs.  

Due to the higher melting temperature of the 

ICV process (1200 ï 1350°C) and short refractory life requirements, the loading of LAW in glass can be 

significantly higher for similar chemical durability and can be specifically tailored for each melt 

(PNNL-14351, Development and Testing of ICV Glasses for Hanford LAW; PNNL-15126, Laboratory 

Testing of Bulk Vitrified Low-Activity Waste Forms to Support the 2005 Integrated Disposal Facility 

Performance Assessment).  Initial melts found a small (~3%) fraction of unincorporated technetium in the 

box in the form of undissolved molten salt (30686-RT-0003; Bagaasen et al., 2004).  This resulted in a 

projected fast initial, but acceptable, release in the risk assessment calculations (RPP-17675, Risk 

Assessment Supporting the Decision on the Initial Selection of Supplemental ILAW Technologies).  

Recent advances in glass formulation for high sulfate wastes will enable the reduction of molten salt 

(Vienna et al., 2014; Skidmore et al., 2019; Jin et al., 2022).  A series of engineering-scaled melts with 

Fukushima secondary wastes have demonstrated that the solution to molten salt has been resolved by 

processing glass with over 2 wt% SO3 without generating a separated salt phase (Finucane et al., 2020). 

The offgas treatment system was designed to filter, scrub, and chemically treat the ICV process, dryer, 

and storage vessel offgases (Wilson et al., 2008).  The ICV offgas is filtered with a HEPA-rated sintered 

metal filter, which removes and recycles 99.97% of particulate above 0.3 µm.  The dryer offgas is 

condensed and filtered.  Filtered gases from the ICV process are combined with the filtered dryer gases in 

a secondary treatment system.  A thermal oxidizer/reducer is used to destroy organics and nitrogen 

oxides.  Gases exiting the thermal oxidizer/reducer are quenched in an ejector venturi scrubber operated 

with hydroxide solution, followed by a heated HEPA filter and carbon bed and through an exhaust stack. 

Technical Maturity  

The ICV system to treat a complete low-curie waste tank at the Hanford 200 West Area (Tank S-109) was 

designed and demonstrated at full -scale (30686-RT-0003).  Full design review and hazard evaluations 

were conducted (RPP-24544; RPP-RPT-35775).  This system completed Critical Decision 3 (CD-3) and 

was approved to operate under a research, development, and demonstration (RD&D) permit issued by the 

Washington State Department of Ecology (WA 7890008967, ñPermit for Dangerous and or Mixed Waste 

Research, Development, and Demonstrationò).  Construction of the system began, but was terminated due 

to a delay in WTP startup and contractor changes at Hanford.  A detailed cost estimate was performed by 

an independent contractor for both the 50-box Tank S-109 demonstration (DBVS) and for a complete 

system to be operated in the 200 West Area and the northern portion of the 200 East Area to treat a total 

of 26,000 t of sodium in 4,561 boxes (ORP-11242, Rev. 3A).   

 

Figure C-9. Simplified Demonstration Bulk 

Vitrification System Flowsheet 
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Each of the 200 East and West ICV systems 

were projected to have up to four replicate 

melter lines to meet the throughput necessary 

for supplemental LAW treatment.  A rigorous 

external technical review was performed to 

evaluate the likelihood of success of this near-

tank vitrification option, which concluded: 

ñNo fatal flaws (issues that would jeopardize 

the overall DBVS mission that cannot be 

mitigated) were found, given the current state 

of the projectò (RPP-31314, A Comprehensive 

Technical Review of the Demonstration Bulk 

Vitrification System). 

Figure C-10 gives a rendition of the full-scale 

supplemental LAW version of the ICV 

process.  A similar ICV system treating 

hazardous waste has been in full-scale 

operations in Iga-City Japan since 2001 (Figure C-11).  The technology readiness level (TRL) was 

sufficient to satisfy CD-3 requirements (RPP-24544), with a technology maturation plan to obtain to 

TRL 9 was to be completed during DBVS. 

 
Source: RPP-48703, 2011, Bulk Vitrification Technology for the Treatment and Immobilization of Low-Activity Waste, 

Washington River Protection Solutions, LLC, Richland, Washington. 

Figure C-11. Iga-City I n-Container Vitrification  System 

Although there are potential cost savings associated with the off-site fabricated/on-site assembled ICV 

system versus a site-built facility, each processing location would require significant site preparation, 

storage and processing pads, utilities, and preparation facilities.  In addition, replicate melter-lines would 

be required to reach the throughput comparable to alternative Vitrification 1, with similar offgas treatment 

complexity.  The advantage of avoiding use of a cross-site supernatant liquid transfer line specifically for 

this process by using modular/separate vitrification plants must be compared to the need for two facilities.  

Further, the added expense of a second facility may further extend the schedule, delaying startup and 

completion of the mission.  Because of the cost of multiple ICV facilities with similar complexity and 

capacity as alternative Vitrification 1, this alternative is considered bounded by the analysis of 

Vitrification 1.  Further consideration of alternative Vitrification 3 is, therefore, unnecessary. 

 
Source: RPP-48703, 2011, Bulk Vitrification Technology for the 

Treatment and Immobilization of Low-Activity Waste, Washington 

River Protection Solutions, LLC, Richland, Washington. 

Figure C-10. Rendition of Full -scale Hanford LAW 

Supplemental Treatment Deployment 
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C.6 ALTERNATIVE: FBSR 1A AND FBSR 1B, FLUIDIZ ED BED STEAM REFORMING 

ON-SITE (A) AND OFF-SITE (B) DISPOSAL 

Note: The description below was adapted from SRNL-RP-2018-00687 for steam reforming applied to 

Hanford LAW with edits to provide more up-to-date input. 

Steam Reforming  

FBSR converts radioactive liquid waste mixed with a clay additive into dry granular mineral particles 

with chemical structures that are expected to retain the radionuclides.  FBSR has been researched, 

developed, and used commercially for over two decades for processing low-level radioactive wastes.  

FBSR for supplemental treatment of Hanford LAW is summarized below. 

Fluidized Bed Steam Reforming Technology 

FBSR is a high temperature process that operates at temperatures up to 725ï750°C to evaporate water in 

the waste, destroy organics, destroy nitrates, and convert the solid residue into a durable, leach-resistant 

waste form.  For the concept of supplemental treatment of Hanford LAW, this process occurs in the DMR 

vessel, which contains a bed of particles that are the right size and density to be continually fluidized by 

steam that flows upward through the bed.  The steam is superheated to nominally 500ï600°C prior to 

entering the DMR.  Coal and oxygen are fed into the DMR, where they react (also with steam) under 

stoichiometrically reducing (pyrolysis) conditions to heat the DMR to the target operating temperature 

and to produce hydrogen and other reduced gas species that react with the nitrates and nitrites in the waste 

feed, converting the nitrates and nitrites predominantly to nitrogen and water.  Organics in the feed are 

efficiently pyrolyzed; nitrates in the feed are destroyed to near or below detectable levels in the 

mineralized waste form.  Overall, up to 97% NOx destruction was obtained in pilot-scale Hanford LAW 

FBSR testing (RT-21-002, Report for Treating Hanford LAW and WTP SW Simulants: Pilot Plant 

Mineralizing Flowsheet).  Over 99% NOx destruction was measured in pilot-scale INL sodium-bearing 

waste testing (28266-RT-001, Pilot Plant Report for Treating SBW Simulants, Mineralizing Flowsheet), 

and >90% NOX destruction was measured in INL IWTU startup testing (RPT-1642, Integrated Waste 

Treatment Unit Engineering Data Analysis of TI-102 ï Part 4).  IWTU startup testing (RPT-1642) 

indicates that NOx offgas concentrations could exceed the desired performance level of 1,500 ppmv (dry 

basis).  If that translated to the FBSR for LAW, it presumably would result in additional controls being 

required.  

The remaining dissolved and undissolved components of the supplemental LAW (e.g., sodium, 

aluminum, halogens, sulfur, hazardous metals, and radionuclides, if present) react with the clay that is 

premixed with the waste feed to form the desired mineralized waste form.  This product includes highly 

durable minerals nepheline, carnegieite, sodalite, and/or nosean.  These structures can incorporate the 

nonvolatile and semi-volatile elements in the waste feed either into the nepheline or carnegieite mineral 

structures or inside sodalite or nosean ñcagesò of suitable sizes to contain halogens and radionuclides 

(Figure C-12) (SRNL-STI-2011-00387, Fluidized Bed Steam Reformed Mineral Wasteform Performance 

Testing to Support Hanford Supplemental Low Activity Waste Immobilization Technology Selection).  The 

relative proportions of these minerals in the waste form depend largely on the amounts of halides, sulfur, 

and radionuclides relative to the amounts of total sodium and potassium in the LAW.   

Modeling predictions for representative supplemental LAW compositions suggest that the granular 

mineral product could nominally contain mostly (60ï80 wt%) nepheline or carnegieite, 5ï10 wt% 

sodalite, 6-12 wt% nosean (where sodalite and nosean could form a solid solution), and 1ï10 wt% silica 

(SiO2) and alumina (Al 2O3).  The relatively small amounts of sodalite and nosean minerals compared to 

the larger amounts of nepheline and carnegieite minerals in the mineral assemblage prediction result from 

the relatively small amounts of anions and radionuclides (ranging from about 3ï14 mol% of the sodium) 

and sulfur (ranging from about 0.4ï1 mol% of the sodium) in the supplemental LAW feed vector. 
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Figure C-12. Sodalite ñCageò Contains Halogens and Radionuclides 

Fluidized Bed Steam Reforming Alternatives for Supplemental Treatment of Hanford Low-Activity 

Waste 

Two main FBSR cases were analyzed.  Both produce a durable, mineralized primary waste form for 

storage and permanent disposal.  The differences between the two alternatives are the disposal sitesðIDF 

on the Hanford Site (alternative FBSR 1A) and offsite (alternative FBSR 1B)ðand the FBSR processing 

steps needed to meet the requirements of those disposal facilities. 

In both FBSR cases, two process systems in parallel receive waste from a single feed system to provide 

the throughput and ability to vary the throughput needed to maintain the supplemental LAW feed vector 

throughput. 

Alternative FBSR 1A (Figure C-13) produces a monolithic primary waste form for storage and permanent 

disposal in the IDF on the Hanford Site.  Secondary wastes also are disposed of at IDF.  A geopolymer 

process downstream of the FBSR converts the granular FBSR product to a monolith, which is needed to 

meet the IDF 85 lb/in.2 compressive strength limit required for IDF disposal.  That step is shown as part 

of product packaging in Figure C-13. 

Alternative FBSR 1B produces a solid granular primary waste form for storage and permanent disposal 

offsite.  Secondary wastes are assumed disposed of onsite in IDF.  Off-site disposal is assumed to not 

require a monolithic waste form, so the geopolymer monolith production system is eliminated, making 

the alternative FBSR 1B process simpler.  These two cases bound the potential disposal alternatives 

considered in this alternative. 
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Figure C-13. Flow Diagram of FBSR 1A and 1B 

In all steam reforming cases, the wet scrubber solution is entirely recycled back to the waste feed.  This 

recycle creates a ñflywheelò of the more volatile isotopes such as 99Tc and 129I, but the flywheel enables 

highly efficient capture of these isotopes in the mineralized product because the single pass capture of 

these isotopes is relatively high.  In laboratory testing in single-pass tests without recycling, results 

indicate that 0-31% of the I and 13-20% of the Tc may enter the offgas with 69-98% of the recovered I 

and 88-98% of the recovered Tc retained in the granular product (SRNL-STI-2011-00387).  The FBSR 

offgas system unit would require an effective scrubber to capture Tc; a caustic scrubber is BDAT for 

iodine for pH >12.  Small fractions of these isotopes are captured in two secondary wastesðspent carbon 

(used for Hg control) and spent HEPA filters.  The mass balance estimates and flywheel discussion are 

summarized in Section 1.3.  Since 100% of the spent scrub solution is recycled, there is no liquid 

secondary process waste from the offgas system. 

The size of each of the two DMRs was increased from the 5-ft diameter reported in SRNL-RP-2018-00687 

to 5.3-ft diameter to provide an increase in the total design waste feed rate from 7.2 gal/min (in 

SRNL-RP-2018-00687), prior to adding the clay mineralizing additive to increase the design feed rate to 

8 gal/min (375,000 gal/month).  This change was made to account for a 50% TOE assumed in this 

analysis. 

The actual achievable feed rate is also impacted by the amount of lag storage that would be available.  

Lag storage capacity of 500,000 gallons was assumed in SRNL-RP-2018-00687 and here.  Similar to that 

shown in Figure C-5 (Section C.4) for vitrification, higher or lower levels of lag storage can enable 

different design processing rates for the same sized treatment units (which is not included in this 

analysis). 

The baseline FBSR alternatives (FBSR 1A and 1B) require two FBSR units in one facility to be 

constructed to be able to keep up with HLW processing rates and to maintain processing capacity while 

one unit is being maintained.  The two units would share use of the interim storage tank and feed 

preparation facilities. 
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C.7 ALTERNATIVE: FBSR 2A AND FBSR 2B, MODULAR FLUIDIZED BED STEAM 

REFORMING ONSITE (A) AND OFF -SITE (B) DISPOSAL 

Alternatives FBSR 2A and 2B consider two FBSR plants, one each for the 200 East and 200 West Areas, 

producing a granular, mineralized waste form.  The granular waste form is formed into a geopolymer 

monolith in the container for alternative FBSR 2A because of the IDF compressive strength requirement.  

The main intent of these alternatives is to reduce the cross-site transport of untreated waste and to provide 

flexibility in retrieving and processing 200 West Area waste. 

These alternatives are identical to FBSR 1A and 1B relative to TFPT treatment operations and for all 

processing and waste container size parameters.  The waste is assumed to be blended, staged, and 

sampled in a DST and analyzed and found to be compliant with the pretreatment system such that the feed 

would produce an acceptable waste form after treatment.  The tank waste would still be pretreated 

through TFPT units and collected in a lag tank to await FBSR processing.  The pretreated LAW would be 

transferred to the FBSR plant and accumulated in the lag storage tank.  (In the 200 West Area, a 

~100,000-gallon lag storage tank is expected to be sufficient; in the 200 East Area, Tank AP-106 is used 

to provide 1 Mgal of lag storage).  Since FBSR 2A requires immobilizing the granular FBSR product in a 

geopolymer (to meet the compressive strength requirement for IDF), the immobilized waste containers 

are stored for curing, decontaminated, and transported for disposal.  Secondary waste disposal is in IDF. 

Alternatives FBSR 2A and 2B would require a total of two FBSR facilities, one each in the 200 West and 

200 East Areas.  Regardless of the processing capacity in the 200 West Area, the 200 East Area 

immobilization process would still require two FBSR units to maintain the capacity to handle LAW liquid 

produced during HLW processing and interim storage while one unit is offline. 

Depending on feed vectors from each area, combined with the LAW feed vector to the 200 East Area 

immobilization process from HLW processing and the lag storage capacity at each area, up to two FBSR 

units at each location (properly sized for the different feed vectors) may be needed to provide both 

capacity and flexibility for times of high and low feed rates.  For example, the monthly average total 

estimated feed vector ranges from 0.16 gal/min to 8.3 gal/min (SRNL-RP-2018-00687, Figure J-7; 

without any adjustment for TOE).  This rate represents a ~50× monthly average turndown ratio for the 

total feed rate for the single-location vitrification, FBSR, and grout alternatives.  The combination of two 

FBSR units, plus lag storage, is included in alternatives FBSR 1A and 1B to account for the assumed 50% 

TOE, provide the needed capacity for maximum feed rates, and enable one (or both) to be turned off 

during periods of low feed rates. 

The advantage of avoiding use of a cross-site supernatant liquid transfer line by using a modular/separate 

FBSR plants must be compared to the significantly more costly need for two complete facilities.  Further, 

the added expense of a second facility would further extend the schedule because of the unavailability of 

funding, delaying startup and completion of the mission.  Further consideration of alternatives FBSR 2A 

and 2B is therefore unnecessary. 

C.8 ALTERNATIVE : GROUT 1A, SINGLE GROUT PLANT ï ON-SITE DISPOSAL 

The Grout 1A immobilization alternative is shown in Figure C-14.  Disposal of the grout is assumed to be 

in the IDF in containers.  This scenario is comparable to Case 1 from the FFRDC NDAA17 report 

(SRNL-RP-2018-00687). 

In alternative Grout 1A, the existing DST system is assumed to be used to blend and stage the feed, 

comparable to the plans for System Plan Scenario 1B (ORP-11242, Rev. 9).  To transport the liquid waste 

to the single large grout facility, a cross-site transfer line would be needed, and some remote tank farms 

may require transfer capabilities.   
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Figure C-14. Flow Diagram of Alternative Grout  1A 

Like all grout alternatives, the waste is assumed to be sampled in the DST and analyzed and found to be 

compliant with the TFPT and LDR organic requirements such that the feed would produce an acceptable 

grout waste form after pretreatment and evaporation (and additional LDR organic treatment if needed) or 

be staged for vitrification. 

The pretreated LAW would be transferred to the grout plant and accumulated in a new, purpose-built 

500,000-gallon tank for lag storage.  The projected process flow rate for supplemental LAW treatment is 

8 gal/min, so the tank would accommodate about 40 days of lag storage. 

The grout formulation is described in Volume II, Appendix A.  The basic components are OPC, BFS, and 

FA.  For on-site disposal in this alternative, a getter is added for improved 129I retention. 

This alternative assumes a semi-continuous batch process, where a specific mass of dry-mix feed and 

volume of liquid LAW are blended as a single batch and poured into containers.  The filled containers are 

moved, and the process repeats.  Between batches, the batch mixer would be cleaned with water, and any 

flush water is returned to a storage tank awaiting incorporation into the next batch. 

The containers are assumed to be reusable 8.4 m3 steel boxes that can be disassembled, each with a 

heavy-duty polypropylene bag liner.  The exact container size and bag type used in a final deployment 

may be somewhat different than discussed here; assuming this size makes convenient comparisons to 

additional alternative scenarios.  Minor variations in the container and liner would have minimal impact 

on the provided cost and schedule estimates. 

After filling, the containers would be closed and the exterior decontaminated.  The secondary waste 

generated by the decontamination process, and any contaminated hardware, would be transported and 

disposed in the IDF.  The filled, closed containers would be staged prior to transport to IDF to allow time 

for curing.  Once in IDF, the steel frame would be disassembled and returned to the grout plant for reuse, 

and the grout waste form would remain in the polypropylene liner and emplaced. 

The technology parameters for the technology readiness for alternative Grout 1A are estimated to be high 

and could be deployed with existing technology, assuming the LDR-prohibited organics can be managed 

in compliance with the regulations.  Additional research of formulations that have decreased leachability 

versus previous grouts could further improve waste form performance. 
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C.9 ALTERNATIVE : GROUT 1B, SINGLE GROUT PLANT ï OFF-SITE DISPOSAL 

The Grout 1B immobilization alternative is shown in Figure C-15.  Disposal of the grout is assumed to be 

in containers at an off-site facility.  This scenario is comparable to Case 2 from the FFRDC NDAA17 

report (SRNL-RP-2018-00687). 

In alternative Grout 1B, the transfer, mixing, and preparation of the waste form are the same as Grout 1A. 

For Grout 1B, the cured waste form containers are shipped offsite for disposal instead of to the IDF.  

Once in the off-site facility, the steel frame would be disassembled and returned to the grout plant by 

truck/railcar for reuse, and the grout waste form would remain in the polypropylene liner and emplaced. 

 

Figure C-15. Flow Diagram of Alternative Grout  1B 

The technology parameters for the technology readiness for alternative Grout 1B are estimated to be high 

and could be deployed with existing technology, assuming the LDR-prohibited organics can be managed 

in compliance with the regulations. 
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C.10 ALTERNATIVE : GROUT 2A AND 2B, SEPARATE GROUT PLANTS FOR THE 

HANFORD 200 EAST AND 200 WEST AREAS WITH ON-SITE (A) OR OFF-SITE (B) 

DISPOSAL 

Alternatives Grout 2A and 2B consider two 

grouting plants, one each for the 200 East and 

West Areas, producing a containerized grout 

waste form (an aerial view of the 200 Area is 

shown in Figure C-16).  The main intent of 

these alternatives is to reduce the cross-site 

transport of untreated waste, and as such Grout 

2A and 2B are intermediate between the single 

grouting plant alternatives (Grout 1A and 1B) 

and the tank-by-tank alternative (Grout 3A and 

3B).13  Eliminating the need for cross-site 

transport of supernatant liquid to support this 

alternative would presumably decrease 

bottlenecks in the transfer system and would 

be expected to improve overall flexibility.  The 

waste is assumed to be blended, staged, and 

sampled in a DST and analyzed and found to 

be compliant with the TFPT and LDR organic requirements such that the feed would produce an 

acceptable grout waste form, or be staged for vitrification. 

Alternatives Grout 2A and 2B are identical to other grout alternatives relative to TFPT and LDR organic 

treatment operations and are essentially the same as Grout 1A and 1B for all processing and container size 

parameters for the 200 East Area facility.  The 200 West Area facility would likely be smaller because it 

does not need to process surges in HLW recycle volume.  The tank waste would still be pretreated 

through TFPT units and collected in a local tank to await grout processing.  The pretreated LAW would 

be transferred to the grout plant and accumulated in a lag storage tank.  (In 200 West Area, an 

~100,000-gallon lag storage tank is expected to be sufficient; in 200 East Area, a 500,000-gallon tank is 

assumed to accommodate surges in LAW volume due to processing HLW).  The containers are stored for 

curing, decontaminated, and transported for disposal.  Secondary waste disposal in IDF is the same as 

alternative Grout 1A.  Getters are included in the grout for on-site disposal (Grout 2A). 

The grout formulation is described in Volume II, Appendix A.  The basic components are OPC, BFS, and 

FA.  For on-site disposal in Grout 2A in this alternative, a getter is added for improved 129I retention, but 

not for off-site disposal in Grout 2B. 

Alternatives Grout 2A and 2B evaporator and other operations may be somewhat different in that two 

smaller versions may be suitable for a two-plant scenario relative to a single large grout plant.  Note that 

the 200 East plant would have to be sized to handle supplemental LAW from WTP HLW vitrification, 

while the 200 West plant would likely be smaller and have a lower capacity requirement.14  

The condensate from 200 West Area would have to be transported to LERF/ETF by truck (where ETF is 

already equipped to receive waste by truck). 

 
13 To give a sense of scale (see Figure C-16), the ñmainò 200 East (A and C Farms) and 200 West (S and U Farms) clusters are 

separated by about 6 miles; while the more ñremoteò 200 East (B Farm) and 200 West (T Farm) clusters are each about 1.3 miles 

from the main 200 East and 200 West Area clusters, respectively. 
14 Both grouting plants might be relocatable.  If relocatable, a single move of the 200 West grouting plant, from the S Farm to 

the T Farm; and/or a single move of the 200 East grouting plant from the A Farm to the B Farm, might be cost effective. 

 

Figure C-16. Aerial View of the 200 East and 

200 West Area Tank Farms and Waste Treatment 

and Immobilization Plant 
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However, if some portion of the waste is resistant to the processes selected for LDR organic treatment 

(e.g., evaporator and low-temperature oxidation), that waste is assumed to be diverted to the WTP LAW 

melter facility for processing via the transfer lines used to transport supernatant liquid to the 200 East tank 

farms and the WTP. 

For alternatives Grout 2A and 2B, disposal of the grout waste form is onsite or offsite, respectively.  The 

flowsheet schematics are assumed to be the same as those shown in alternative Grout 1A and 1B, and as 

shown in Figure C-14 and Figure C-15 (Sections C.8 and C.9, respectively), although with smaller 

equipment sizes.  The slight difference in the shipping of the grouted supplemental LAW containers from 

the 200 West grouting plant to the IDF is insignificant.  Other details for on-site or off-site shipping and 

disposal are the same as alternatives Grout 1A and 1B, respectively.  Note that these alternatives have the 

option of beginning treatment in the 200 East or 200 West Areas, independent of the other. 

C.11 ALTERNATIVE : GROUT 2C, SEPARATE GROUT PLANTS FOR THE HANFORD 

200 EAST AND 200 WEST AREAS WITH TECHNETIUM/IODINE REMOVAL AND ON -

SITE DISPOSAL 

Removal of 129I and/or 99Tc is considered alternative Grout 2C, where all other flowsheet assumptions are 

consistent with alternative Grout 2A (and would eliminate the need for getters).  After TFPT treatment, 

technetium and iodine removal processes (described in Sections C.15.1 and C.15.2, respectively) are used 

to remove these radionuclides prior to LDR treatment, grouting, and on-site disposal of the supplemental 

LAW waste form.  The separated technetium and iodine are disposed as a secondary waste form in a 

commercial off-site facility. 

C.12 ALTERNATIVE : GROUT 3A, INDIVIDUAL GROUT PLANTS F OR EACH TANK FARM 

OR TANK FARM GROUP  WITH ON -SITE (3A) OR OFF-SITE (3B) DISPOSAL 

This alternative uses mobile or multiple small batch TFPT, LDR treatment, and grout plants to treat 

supernatant liquid at each tank farm or tank farm grouping, disposing the immobilized waste either onsite 

(3A) or offsite (3B).  This alternative does not require a cross-site transfer line for supernatant liquid that 

is compatible with grouting.  The liquid is immobilized in mobile or multiple small batch grout plants and 

poured into containers.  The containerized grouted waste could then be transported and disposed in the 

IDF (Grout 3A) or sent to an off-site facility for disposal (Grout 3B).  If some portion of the waste is 

resistant to these treatments to remove the organics, that waste is assumed to be diverted to the WTP 

LAW melter facility for processing. 

The grout formulation is described in Volume II, Appendix A.  The basic components are OPC, BFS, and 

FA.  For on-site disposal in Grout 3A in this alternative, a getter is added for improved 129I retention, but 

not for off-site disposal in Grout 3B. 

Modular treatment units would be installed at the individual tank farms or tank farm groups.  These 

treatment units could be skid-mounted systems operated by a vendor or the tank farms contractor.  Waste 

is retrieved and fed directly to the TFPT/LDR and grouting processes.  The waste is assumed to be 

sampled in the tank and then analyzed and found to be compliant with the TFPT and LDR organic 

requirements such that the feed would produce an acceptable grout waste form or be staged for 

vitrification.  The pretreated LAW would be accumulated in an above-ground tank module on the order of 

10,000 gallons for lag storage.  The projected process flow rate for supplemental LAW treatment is 

8 gal/min, so the tank would accommodate about 1 day of lag storage.  When the treatment of the targeted 

tanks has been completed, treatment modules could be redeployed to other tank farms or, where more 

economical, simply replaced, thus maximizing the investment made in the equipment. 

This alternative assumes the same process and steps for preparing containerized grout as Grout 1A, but 

the steps occur in two facilities in separate on-site locations.  
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Technical maturity for the immobilization process is high and could be performed with existing 

technology.  Portable grout plants have been deployed at SRS, although for use in facility stabilization 

and not immobilization of treated supernatant liquid.  At least one mobile evaporator design has been 

fabricated and tested but has not been deployed in radioactive service, albeit not for technical reasons. 

The process flowsheet is shown in Figure C-17.  Since treatment will be accomplished near the tanks, a 

cross-site transfer line for supernatant liquid is not necessary for waste that is compatible with the 

grouting process.  All secondary liquid waste generated by the evaporation process is assumed to be 

handled by the available site facilities such as ETF.  Transportation to ETF will likely occur by truck.  

The ETF is already equipped with facilities to receive waste transported by truck (Note: the receipt tank is 

smaller for this alternative vs. other alternatives). 

 

Figure C-17. Flow Diagram for Alternatives Grout  3A and 3B  

Alternative Grout  3A 

Disposal of the grout is assumed to be in containers in the IDF.  This scenario is comparable to Case 1 

from the NDAA17 report (SRNL-RP-2018-00687).  This alternative assumes that the grouted waste form 

will be packaged in a similar manner as Grout 1A (using 8.4 m3 polypropylene bags inside a reusable 

steel box that can be disassembled for reuse) and the grouting process will use the same formulations 

assumed in alternative Grout 1. 

Alternative Grout  3B 

This alternative also assumes that the grouted waste form will be packaged in a similar manner as 

Grout 1A (8.4 m3 polypropylene bags inside a reusable steel box that can be disassembled) and the 

grouting process will use the same formulations assumed in alternative Grout 1A.  The grouted forms 

would be transported for disposal to an existing permitted off-site facility, with the same assumptions as 

Grout 1B. 

Once removed, the waste cannot be returned to the single-shell tanks (SST).  The individual grout plants 

would also be accompanied by individual TFPT/TSCR systems, which contain filters.  The TFPT/TSCR 

filter must be flushed periodically to remove solids, which cannot be sent to the SSTs, requiring a tank for 

storage.  Essentially, the process would require construction of waste receiving facilities (WRF) and 

pretreatment and treatment capacity near each group of tanks.  The TFPT/TSCR system, along with an 

LDR treatment system and the ability to provide utilities, containment, seismically qualified pads, WRFs, 

and primary and secondary waste/effluent staging, handling, and trucking for each tank farm/grouping 

would likely also be needed (although some of these would be reusable if designed to be mobile).  

The cost and time of constructing (and perhaps moving) all equipment for each group of tanks negates the 
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advantages of these alternatives and would add cost and construction time to deploy and mobilize.  Given 

that Grout 2A and 2B avoid this cost and effort, those alternatives would be considered superior to 

Grout 3A and 3B.  For these reasons, alternatives Grout 3A and 3B have been rejected and no further 

evaluation is recommended. 

C.13 ALTERNATIVE : GROUT 4A AND 4B, OFF-SITE VENDOR FOR GROUTING  WITH ON -

SITE (4A) OR OFF-SITE (4B) DISPOSAL 

This alternative uses an off-site vendor to immobilize the treated supernatant liquid.  The grouted waste 

could then be sent to an off-site facility for disposal or returned to the Hanford Site for disposal in the 

IDF.  After removal of 137Cs and 90Sr in TFPT and LDR organic treatment, the treated supernatant liquid 

is shipped offsite in liquid form.15  Multiple vendors are currently available that have the technical ability 

to grout the waste, and one or more could be used for this service.  Though not analyzed, the off-site 

vendor could potentially treat the LDR organics instead of treating onsite. 

In alternatives Grout 4A and 4B, the existing DST system is assumed to be used to blend and stage the 

feed.  The logic assumes retrievals are routed through Tanks SY-102 and SY-103, and Tank SY-101 is 

the feed tank to the TFPT.  A cross-site transfer line specifically for this alternative would not be needed 

for waste that is compatible with grouting.  The waste is assumed to be sampled in the DST and then 

analyzed and found to be compliant with the TFPT and LDR organic requirements such that the feed 

would produce an acceptable grout waste form, or be staged for vitrification.  This alternative could 

provide an early start and/or supplemental capacity for grout stabilization of the LAW.  An early start for 

supplemental treatment of LAW using this alternative, with eventual replacement/supplement with on-site 

grout facilities, could potentially reduce overall mission costs and duration and is addressed in 

Section C.16 (alternative Grout 6). 

The grout formulation is described in Volume II, Appendix A.  The basic components are OPC, BFS, and 

FA.  For on-site disposal in Grout 4A in this alternative, a getter is added for improved 129I retention, but 

not for off-site disposal in Grout 4B. 

The process flowsheet for Grout 4A/4B is shown in Figure C-18 (where LDR treatment is assumed in this 

alternative).  This alternative can be used for both a centralized facility that pretreats the supernatant 

liquid or for modular facilities at each tank farm; however, this alternative is more suited for at-tank or 

at-tank-farm systems.  A cross-site transfer line specifically for this alternative for supernatant liquid that 

is compatible with grouting is not necessary assuming the pretreatment is not centralized.   

 

Figure C-18. Flow Diagram for Alternative s Grout 4A and 4B  

 
15 The ability to ship pretreated liquid tank waste at a small scale (3-gallon proof of concept) was demonstrated during the 

Hanford Test Bed Initiative (DOE-EM, 2018). 
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All secondary liquid and solid waste generated by the immobilization process is assumed to be handled 

by the off-site vendor.  The pretreated LAW would be transferred to a ~150,000-gallon tank for lag 

storage.  The projected process flow rate for supplemental LAW treatment is 8 gal/min, so the tank would 

accommodate a 10-20 days of lag storage. 

This alternative assumes a semi-continuous batch process performed by the vendor, where a specific mass 

of dry-mix feed and volume of liquid LAW are blended as a single batch and poured into a container or 

containers.  The filled containers are moved, and the process repeats. 

Consistent with the other alternatives for containerized grout, the containers are assumed to be reusable 

8.4 m3 steel boxes that can be disassembled, each with a heavy-duty polypropylene bag liner.  The exact 

container size and bag type used in a final deployment by the vendor may be somewhat different than 

discussed here; assuming this size makes convenient comparisons to additional alternative scenarios.  

Minor variations in the container and liner would have minimal impact on the provided cost and schedule 

estimates but will ultimately be consistent with the basis defined in the PA and incorporated into the 

waste acceptance criteria for the on-site or off-site disposal alternative. 

Technical maturity for the immobilization process is high and could be performed with existing 

technology, assuming that the LDR organics can be removed by a separate process. 

This alternative postpones the cost of a grout plant (capital, operating, and disposition); instead, a fee is 

paid per gallon for immobilization of the waste.  Delaying the initial capital cost for an on-site 

supplemental LAW treatment facility could be advantageous to avoid exceeding yearly spending limits 

and could allow an earlier start for processing (see hybrid alternative Grout 6). 

For alternative Grout 4A, the grouted waste packages are shipped from the vendor to the IDF.  For 

alternative Grout 4B, the vendor that produces the grouted waste form may not be located at the disposal 

site and the compliant grouted packages would then be sent from the vendor to the off-site facility(ies) for 

disposal.  If the vendor that performs grouting is located at the disposal site, the grouted waste does not 

need additional transport.  In either case, the waste is emplaced at the disposal site (e.g., EnergySolutions 

[Clive, Utah] and/or WCS [Andrews, Texas]).  Since the off-site contractor is handling or coordinating 

both immobilization and disposal in alternative Grout 4B, the contractor could choose both the 

immobilization technique and the final packaging size and type, although for purposes of evaluating this 

alternative, the same size package and transportation details were assumed.  Secondary wastes from 

grouting are estimated to be small, and standard commercial practice is for the vendor to handle 

management and disposal. 

Early Start  

The off-site treatment alternatives have the potential for an early start since a capital project is not needed 

prior to beginning supplemental LAW treatment.  Off-site vendors currently have the production capacity 

to begin immobilizing decontaminated tank waste.  Construction of the TFPT, LDR treatment, and a 

load-out station onsite would be needed, along with permitting for processing and disposal.  This potential 

for early start was adopted for alternatives Grout 4B and 6 in the detailed comparative evaluation of the 

four selected alternatives. 
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C.14 ALTERNATIVE: GROUT  5A AND GROUT 5B, SINGLE GROUT PLANT WITH 

ON-SITE MONOLITH (5A) OR CONTAINERS IN VAULT (5B) D ISPOSAL  

The grout immobilization alternative, Grout 5, is depicted in Figure C-19.  The grout is either poured as a 

slurry into the on-site vault to produce a monolith (5A) or is poured into containers, which are then 

transported and emplaced in an on-site vault (Grout 5B).  Disposal of the grout is assumed to be in large 

vaults, referred to as grout disposal units (GDU), analogous to the newest, mega-volume >30 Mgal 

Saltstone Disposal Units (SDU) at SRS (SRR-CWDA-2019-00001, Performance Assessment for the 

Saltstone Disposal Facility at the Savannah River Site),16 with the exact geometry of the vault to be 

determined depending on the grouted waste form processing option (discussed below).  Compared to 

disposal of containers in IDF, this scenario would reduce the interaction of the grouted waste form with 

the surrounding environment.  The vaultôs large size has minimal surface area (relative to volume) to 

interact with the surrounding environment and has engineered controls that thereby reduce the potential 

for leaching, release, and transport of constituents of concern to the environment.  As described below, 

this alternative provides considerable flexibility in processing and disposal pathways based on timing and 

waste characteristics and allows the ability to transition efficiently among different alternatives. 

 

Figure C-19. Flow Diagram of Alternative Grout 5 (5A ï Large Grout Plant and Water-Tank 

Vault | 5B ï Modular Grout Plant(s))   

 
16 Construction of the first mega-volume SDU 6 at SRS was completed in May 2017 and began receiving waste in 

August 2018.  SDUs 7 through 12 have been approved, with two currently under construction. 
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In alternatives Grout 5A and 5B, the existing DST system would be used to blend and stage supernatant 

liquid and followed by TFPT and LDR organic treatment.  This alternative requires large vaults to be 

constructed in the 200 East Area (where both the WTP and IDF are located), and uses the cross-site 

supernatant liquid transfer line and transfer capabilities to transfer waste from the remote tank farms.17 
The waste is assumed to be sampled in the DST system and analyzed, and when found to be compliant 

with the TFPT and LDR requirements such that the feed would produce an acceptable grouted waste 

form, pretreated via TFPT to remove 137Cs (with 90Sr and some actinides also removed), evaporated, and 

any fraction requiring additional treatment treated for LDR organics or the waste is sent for WTP LAW 

processing.  The resulting pretreated LAW would be transferred to the grout plant(s).  A large grout 

facility (like the SRS Saltstone Production Facility) would be constructed to support the large waste tank-

type vault, the treated waste would be accumulated in a tank up to 500,000 gallons for lag storage (similar 

to assumption in alternative Grout 1A).18  The projected process flow rate for supplemental LAW 

treatment is 8 gal/min (see alternative Grout 1A), so a 500,000-gallon tank would accommodate 

approximately 40 days of lag storage. 

This alternative is based on a semi-continuous batch grout process, where the liquid LAW is mixed with 

cementitious materials (e.g., cement, FA, and slag [BFS]) and then pumped: 

Å Alternativ e Grout 5A ï In lifts for the large, water tank-type vault similar to SDU 7 through 12 

at SRS, where the grout solidifies into a monolithic, solid LLW form. 

Å Alternative Grout  5B ï Into 8.4 m3 polypropylene supersacks initially contained in reusable 

steel boxes that can be disassembled.  After filling , the containers would be closed and the 

exterior decontaminated.  The filled, closed containers would be staged to allow time for curing.  

The steel frame would be disassembled and returned to the grout plant for reuse, and the grout 

waste form would remain in the polypropylene liner for disposal in large vaults (with exact 

geometry to be determined) using, for example, a gantry crane.19 

The grout formulation and additives would likely differ for the above alternatives because of the need for 

flowability for pumping long distances and likely increased load-bearing capacity for alternative 

Grout 5A.  Alternative Grout 5B has benefits in higher flexibility of grout formulations because of the 

absence of the need for flowability.  The grout formulation is described in Volume II, Appendix A.  The 

basic components are OPC, BFS, and FA.  No getter for 129I is added, since the vault and cap system are 

designed to retain the contaminants. 

 
17 Alternatively, if one or more large vaults were constructed in both the 200 East and 200 West Areas; this alternative would 

not require using the cross-site supernatant liquid transfer line for waste compatible with grouting but would require TFPT, LDR 

treatment, and grout plants in both the 200 East and 200 West Areas and the cross-site transfer line is needed for other purposes.  

An additional consideration for this alternative entails whether a large vault containing a monolithic waste form would 

necessarily dictate a large grout facility (e.g., SRS Salt Processing Facility [SRNL-STI-2019-00009, Review of Cementitious 

Materials Development and Applications that have Supported DOE-EM Missions: Waste Treatment, Conditioning, Containment 

Structures, Tank Closures, Facility Decommissioning, Environmental Restoration, and Structural Assessments]) or could smaller 

(and perhaps mobile) grout facilities provide sufficient process capacity to efficiently and effectively fill a large vault (i.e., 

necessarily using lifts) without impacting grout performance.  This consideration would be obviated by assuming that smaller, 

modular (on- or off-site) grout facilities would be paired with filling 8.4 m3 polypropylene supersacks inside reusable steel boxes 

(see alternative Grout 3) that could then be (depending on timing and waste characteristics) disposed in large vaults (with 

geometry to be determined).  Note that this alternative would be analogous to alternative Grout 3A for on-site disposal of the 

supersacks in the IDF or to alternative Grout 3B for off-site disposal (Clive Disposal Facility and/or WCS).  This hybrid 

alternative would thus provide a great deal of flexibility in the disposal pathway based on timing and waste characteristics. 
18 Alternatively, a relocatable (and perhaps mobile) grout facility (alternative Grout 3) would require different lag storage 

requirements (at a volume or volumes and configuration to be determined). 
19 Depending on timing and waste characteristics, the supersacks could also be disposed of onsite in IDF (alternative 

Grout 1A) or sent offsite (Clive Disposal Facility and/or WCS) for disposal (alternative Grout 1B) for on-site grout generation.  

For off-site vendor grout generation, these alternatives correspond to alternatives Grout 5A and 5B, respectively. 
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Between batches, the batch mixer would be cleaned with water, and any flush water returned to a storage 

tank awaiting incorporation into the next batch.  Any secondary debris waste generated by the 

decontamination process, and any contaminated hardware, would be transported and disposed of in the 

IDF. 

The large vaults are assumed to be constructed of high strength, low permeability concrete where the 

alternatives differ in the vault internals and how the grout would be produced and stored in the vault.  The 

vault floor would sit atop a multi-layer foundation (Figure C-19) similar to that for SRS SDUs 7 through 

12; the layers include a specially engineered geosynthetic clay liner and a high-density plastic liner 

(similar to that used in commercial landfill applications) sandwiched between two concrete layers called 

ñmud mats.ò  The mud mats serve as the foundation for the concrete structural base slab and to protect the 

leakage detection system.  The vault and engineered liners work together to further limit release and 

environmental migration of contaminants.   

Specific assumed vault dimensions would be: 

Å Alternative Grout  5A ïThe grout is pumped into the large water-tank type vault assumed to be 

375 ft in diameter, 43 ft high, and can hold approximately 33 Mgal (125,000 m3) of grout.20   

Å Alternative Grout  5B ï Disposal of the grout supersacks is assumed to be in large disposal 

vaults with geometry to be determined.  Backfill material fills the spaces among the waste 

supersacks.  Assuming a rectangular vault to be 600 ft long × 200 ft wide (divided into twelve 

100-ft × 100-ft cells) × 30 ft tall,21 the vault could contain as much as 17 Mgal (65,500 m3) of 

grout (and could be redesigned to contain more or less grout).  The vault would comprise 

individual cells constructed of concrete. 

Although not expected, if in the future the need to remediate the waste became necessary, an additional 

robust cap or barrier could be added since the vault covers a relatively compact area.  Alternatively, 

retrieving the material for unforeseen reasons is also considered plausible,22 but costly, to retrieve the 

large monolith (Grout 5A) in sections using current techniques.  Retrieval of the containerized grout 

(Grout 5B) would also be plausible, and presumably be more readily achieved.  The retrieved waste is 

assumed to be disposed in a different location and/or facility. 

 
20 These are the dimensions of SDU 6 and later large (or ñmegaò) water tank design units at SRS (SRR-CWDA-2019-00001). 
21 These are the dimensions of an existing SRS vault.  The rectangular vault and cell dimensions considered for the Hanford 

Site application would likely be revised to better accommodate the aspect ratios of the supersack. 
22 If found necessary, sections of the large grout monolith can be retrieved.  One analog for the grout monolith is a nuclear 

reactor biological shield, which surrounds the reactor pressure vessel and is made of concrete; removal of a contaminated reactor 

biological shield has occurred in numerous instances.  Past experience suggests that diamond wire cutting and water jet cutting 

are the best suited techniques for biological shield cutting (Laraia, 2021).  The major advantage of diamond wire or water jet 

cutting is that airborne contamination can be reduced to the point that HEPA-filtered ventilation would not be required.  

However, both techniques would generate contaminated liquid waste that must be managed.  For a huge structure like a 

biological shield or large grout monolith, techniques with limited cutting size (e.g., explosions, thermic lance, saws) would not be 

considered suitable.  
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Additional defense-in-depth measures (both internal and external23) could be added as needed to ensure 

meeting the criteria in the PA.  For example, the use of a rectangular vault in alternative Grout 5B (versus 

direct emplacement of the supersacks in the IDF) would further limit the exposure of the grouted waste 

forms to the environment and thus contaminant release and transport.  These defense-in-depth measures 

are not formally evaluated as alternatives or options in the decision framework. 

The technology readiness for alternatives Grout 5A and 5B is estimated to be high and could be deployed 

with existing technology. 

C.15 ALTERNATIVE : GROUT 1C, SINGLE GROUT PLANT WITH T ECHNETIUM /IODINE 

REMOVAL ï ON-SITE DISPOSAL AND 

GROUT 2C, SEPARATE GROUT PLANTS FOR THE HANFORD 200 EAST AND 

200 WEST AREAS WITH T ECHNETIUM /IODINE REMOVAL ï ON-SITE DISPOSAL 

Removal of 129I and/or 99Tc are considered alternative Grout 1C, where all other flowsheet assumptions 

are consistent with alternative Grout 1A (and would eliminate the need for getters).  After TFPT and LDR 

treatment, technetium and iodine removal processes (described in Sections C.15.1 and C.15.2, 

respectively) are used to remove these radionuclides prior to grouting and on-site disposal of the 

immobilized LAW.  The separate technetium and iodine are disposed of as a secondary waste form 

offsite.  Similarly, a sample-and-send approach is employed for alternative Grout 1D (described in 

Section C.15.3).  In alternative Grout 1D, the waste is sampled and analyzed for 129I and/or 99Tc.  After 

grouting the waste, grout containers with lower than a threshold concentration of these radionuclides would 

be disposed of onsite, and those with higher than threshold concentration would be disposed of offsite.  

The threshold limit has not yet been defined, but would be tied to the risk budget tool used for the PA. 

Alternatives Grout 1C and 2C are identical to alternatives Grout 1A and Grout 2A, except a process is 

used to remove technetium and iodine from the LAW after TFPT treatment.  The technetium and iodine 

removal technologies are described in the subsections that follow.  Discussion of the subsequent 

immobilization step for Grout 1C and 2C is provided in the descriptions for Grout 1A and Grout 2A, 

respectively.  Note that technetium and iodine partition to the offgas and then to the recycle stream from 

the first LAW melters, which are blended with fresh LAW feed.  For these alternatives, the partitioning of 

radionuclides requires that the technetium and iodine removal occurs just prior to supplemental LAW 

immobilization from the combined stream.  If iodine cannot be removed, getters are assumed used in the 

waste form instead for alternatives Grout 1A, 2A, 3A, and 4A. 

C.15.1 Technetium Removal 

A technology for removal of 99Tc from LAW was developed and matured as a pretreatment step for the 

Hanford WTP LAW vitrification flowsheet (McCabe et al., 2001, WSRC-TR-2003-00098, Multiple Ion 

Exchange Column Runs For Cesium and Technetium Removal From AW-101 Waste Sample(U); 

Burgeson et al., 2011; PNNL-25834, Options for the Separation and Immobilization of Technetium).  

However, the technetium removal step was removed from the flowsheet in 2003, albeit not because of 

technical maturity or effectiveness.   

 
23 In addition to using a large monolith in alternative Grout 5A (low surface area to volume ratio) to reduce potential 

interaction of the bulk of the grouted waste form with the surrounding environment, other types of coatings, liners, and grout 

applications may reduce impacts even further (e.g., a coating was applied to SDU 6 at SRS to provide sufficient water tightness).  

The application of clean, reducing grout layers (acting as diffusion barriers and additional reductive capacity) in either alternative 

Grout 5A or 5B could significantly improve overall vault system performance.  Additional research of grout formulations that 

have decreased leachability versus previous grouts could further improve waste form performance.  Other options include getters 

in the backfill material and closure cap or engineered covers.  In addition, the proposed 99Tc and 129I removal alternatives would 

provide even greater flexibility in waste treatment and disposal pathways. 
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The approach developed for WTP was the use of a molecular recognition technology resin, SuperLig®24 

639, to remove TcO4-.  In this application, the resin is loaded into columns.  After treatment to remove 
137Cs and 129I, the treated LAW is pumped through the columns to remove the 99Tc.  The absorbed 99Tc is 

subsequently removed from the resin by elution with warm water and immobilized separately.  The 

columns are regenerated and returned to service for another loading-elution cycle.  The treated LAW is 

then treated for LDR organics, if needed, and sent for immobilization. 

SuperLig® 639 can selectively remove 99+% of the pertechnetate ion from LAW.  The technical 

maturation activities that were completed included testing with several actual tank waste samples and 

with simulants: 

Å Burgeson et al. (2011), ñRemoval of Technetium from Hanford Tank Waste Supernatesò 

Å McCabe et al. (2001), ñComprehensive Scale Testing of the Ion Exchange Removal of Cesium 

and Technetium from Hanford Tank Wastesò 

Å WSRC-MS-2001-00760, Technetium Removal from Hanford and Savannah River Site Actual 

Tank Waste Supernates with SuperLig® 639 Resin 

Å WSRC-TR-2000-00419, Small Scale Ion Exchange Removal of Cesium and Technetium from 

Envelope B Hanford Tank 241-AZ-102 

Å WSRC-TR-2000-00420, Intermediate-Scale Ion Exchange Removal of Cesium and Technetium 

from Hanford Tank 241-AN-102 

Å WSRC-TR-2000-00424, Tank 241-AZ-102 SuperLig® 639 Technetium Ion Exchange Eluate 

Evaporation Study. 

Testing was also performed to demonstrate chemical stability during multiple cycles with actual tank 

waste (WSRC-TR-2003-00098 Multiple Ion Exchange Column Runs for Cesium and Technetium 

Removal from AW-101 Waste Sample(U).  Simulant testing with full height columns has demonstrated 

99% removal of perrhenate (surrogate for pertechnetate) (WSRC-TR-2000-00302, Summary of Testing of 

Superlig 639 at the TFL Ion Exchange Facility).  No further development is believed needed to prove 

viability for full -scale deployment of the removal technology.  Depending on the selected fate of the 

disposal path of the technetium, development work may be needed for the final waste form. 

A conceptual schematic is shown in Figure C-20.  A two-column carousel of the SuperLig® 639 resin can 

remove 99% of the technetium from approximately 300 bed volumes of waste for each loading cycle 

before saturation.  After the absorption step, the resin is eluted with about 20 bed volumes of warm water, 

reconditioned with caustic, and then returned to service for reuse multiple times.  The water eluate 

contains the pertechnetate, and the original flowsheet involved evaporation to concentrate the eluate, and 

then incorporating it into the HLW melter feed where it would be vitrified for disposal as HLW glass.  

Evaporation and incorporating the technetium from actual Hanford waste into HLW glass was 

demonstrated at the laboratory scale (WSRC-TR-2000-00424, WSRC-MS-98-00447, Production of a 

High-Level Waste Glass from Hanford Waste Samples).  The evaporator condensate would be reused as 

eluate.  However, during HLW vitrification, a substantial portion of the technetium would vaporize from 

the HLW melter and would be scrubbed from the vapor and into the melter condensate for return to the 

aqueous LAW phase, where the condensate would be processed for Tc removal again and recycled to the 

HLW melter.  Further steps could be taken to improve retention of Tc in HLW melter for limited 

campaigns, if found necessary, such as reduced bubbling rate and more electrochemically reducing glass 

chemistry. 

 
24 SuperLig is a trademark of IBC Advanced Technologies, Inc., American Fork, Utah. 
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Figure C-20. Technetium Removal Concept 

Existing technology could also potentially immobilize the eluate as a secondary grout waste, although this 

has not been specifically demonstrated.  The technetium-containing grout would be a very small volume 

and could be disposed as a special waste form assumed disposed offsite.  While not demonstrated, the 

technology for this exists.  Although this is low technical maturity because specific testing has not been 

done, the chemistry is understood and there is high confidence that the process could be accomplished 

with minimal technology development. 

The alternative assumes evaporation and immobilization, but there are other methods.  Concentrating the 

technetium from the eluate could also be done by reducing the soluble Tc(VII) as pertechnetate to the 

insoluble Tc(IV) oxide and removing it from the bulk of the liquid eluate by settling or filtering.   

This alternative eluate treatment is not shown in Figure C-20.  The reductive precipitation of technetium 

has been demonstrated at the laboratory scale in similar low ionic strength waste streams using either 

Stannous chloride (SnCl2) (SRNL-STI-2015-00677, 2015, Laboratory Optimization Tests of Technetium 

Decontamination of Hanford Waste Treatment Plant Direct Feed Low Activity Waste Melter Off-Gas 

Condensate Simulant) or Zero Valent Iron (ZVI) (Boglaienko et al., 2019).  Presumably, these methods 

could be readily adapted to precipitate the 99Tc from the eluate, allowing it to be settled or filtered and 

sent as a slurry for immobilization as HLW glass or a grout waste form that would be disposed of offsite.  

The eluate aqueous phase leftover after technetium precipitation and removal would be blended with 

LAW for immobilization.  Regardless of whether the 99Tc in the eluate is concentrated by evaporation or 

precipitation, these processes are considered mature or are readily matured for deployment for 

immobilization of the 99Tc as a glass or grout waste form.  In all cases, off-site disposal of the 

concentrated technetium in a glass or grout waste form is viable. 

However, only the portion of technetium that is present as pertechnetate ion can be removed by the 

SuperLig® 639 resin.  Tanks are known to contain varying fractions of soluble technetium that is present 

as a species other than pertechnetate, known as non-pertechnetate.  Any portion that is present as any 

soluble species other than pertechnetate would pass through the resin column unhindered and remain in 

the supplemental LAW stream.  This impact of non-pertechnetate is discussed further in Volume II, 

Appendix E.  For this alternative, an analysis of the tank waste liquid would be performed prior to TFPT 

treatment to determine the amount of pertechnetate and non-pertechnetate.  Those tank liquids with a 

concentration of non-pertechnetate above a selected threshold would be sent to the LAW melter instead of 

grouting, or a method to convert non-pertechnetate to pertechnetate would be developed and used prior to 

ion exchange treatment. 
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Although the resin is reused, after multiple cycles, the resin degrades and needs replacement.  The spent 

resin can be thoroughly eluted and disposed of as LLW in IDF.  This disposition was the original pathway 

for disposition of this spent resin (and is the pathway for the resin used for cesium removal in the WTP 

Pretreatment Facility). 

Removing 99Tc from the LAW stream could avoid disposing a sizeable fraction of it in the inventory of 

the supplemental LAW waste form, if is diverted to another waste form.  More details on alternatives for 

technetium sequestration and/or removal are provided in SRNL-STI-2020-00228, Evaluation of 

Technologies for Enhancing Grout for Immobilizing Hanford Supplemental Low-Activity Waste (SLAW).   

Table C-6 summarizes the status of technetium removal technology. 

Table C-6. Technetium Removal Technology 

Knownsa Unknowns 

Å Demonstrated 99% removal of pertechnetate 

with actual wastes  

Å Demonstrated >99% removal of perrhenate 

from simulant at full bed height  

Å Resin can be produced by vendor 

Å Elution method effectiveness 

Å Demonstration of eluate evaporation 

Å Demonstration of vitrification of technetium 

eluate in HLW glass  

Å Spent media characterization  

Å Inventory of non-pertechnetate 

Å If vitrification is not selected for separated 

technetium disposition path, development of a 

waste form would be needed 

Å Behavior of non-pertechnetate in a grout waste 

form 

a Assumes SuperLigÊ 639 resin is used. 

HLW = high-level waste. 

C.15.2 Iodine Removal 

Unlike technetium, iodine removal from LAW has never been part of the WTP flowsheet.  Historically, a 

significant portion of the iodine was assumed to be retained in the glass, and any iodine that partitioned to 

the vapor would be captured by the secondary offgas system.  This assumption led to minimal testing 

being performed over the years to examine methods to remove it from LAW.  Limited testing with 

simulants has been performed with silver-based materials that could remove iodine from LAW 

(Asmussen et al., 2016), and one test with actual SRS tank waste and a resin (SRNL-STI-2013-00538, 

Scoping Tests of Technetium and Iodine Removal from Tank Waste Using SuperLig® 639 Resin).  The 

pretreatment technology for iodine removal that is most effective is a silver-containing zeolite-based 

media that precipitates the 129I (and all other iodine isotopes) as AgI.  Other sorbents are considered to not 

be selective enough for iodine or have sufficient capacity to be useful.  The process is assumed to be 

implemented to treat the LAW after TFPT and before technetium removal (if applicable) and LDR 

organic removal processing.  The media would either be loaded in a pair of packed bed ion exchange 

columns or would be contacted with the liquid as a slurry, such as in a continuous stirred tank reactor 

(CSTR).  Selection of the appropriate method would be determined by a technology development 

program.  A conceptual flowsheet for the ion exchange column configuration is shown in Figure C-21.  

The media would remove iodine species through precipitation onto the zeolite (i.e., as silver iodide).  The 

iodine-depleted, treated LAW would then be transferred for grout immobilization.  The 129I-loaded media 

would be sluiced to another container and disposed of as secondary waste.  Fresh media is loaded into the 

columns or CSTR for the next cycle.  Alternatively, the media may remain in the columns, with the 

columns simply drained, rinsed, dried, and stored, and replaced with new columns. 
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Figure C-21. Iodine Removal Concept 

Laboratory tests have been conducted using several Ag-containing materials as selective removal agents, 

or getters, for iodine removal from deionized water and a liquid Hanford LAW simulant (Asmussen et al., 

2016).  These getter materials included commercially obtained Ag-impregnated activate carbon (AgïC) 

and Ag exchanged zeolite (AgïZ), and laboratory-synthesized argentite.  Anoxic batch experiments with 

10 g/L sorbent dosing in LAW simulant indicated that AgïZ significantly outperformed the other getters 

in simulant with the highest initial iodide content with distribution coefficient (Kd) values of 2.2 × 

104 mL/g after 2 hours, which remained constant for at least 15 days.  Similar results were observed in 

oxic conditions, but the tests were only run for 48 hours. 

Argentite also performed reasonably well in anoxic conditions but was much slower, gradually absorbing 

the iodine until exhibiting a Kd of 1.8 × 103 mL/g after 15 days.  The common zeolite substrate used in 

these materials is likely not stable in contact with LAW over long service times due to the high pH 

environment, which has been shown to release silver in LAW (Asmussen et al., 2016).  This work shows 

that iodine can be sequestered from LAW in a quick exposure or ñstrikeò; however, long-term service of 

zeolite-based media is uncertain.  To be successful for a long-term service configuration, a more stable 

substrate for the Ag would be needed and demonstrated effective using actual LAW. 

Off-site disposal of the secondary waste containing 129I is assumed to be done via direct disposal in 

macro-encapsulated grout (PNNL-28545, Development and Characterization of Cementitious Waste 

Forms for K.  Immobilization of Granular Activated Carbon, Silver Mordenite, and HEPA Filter Media 

Solid Secondary Waste).  Other disposal technologies for zeolite-based media have been developed 

including densification to a durable waste form (Jubin et al., 2014; Maty§ġ et al., 2016), and other low 

temperature processes (SRNL-STI-2017-00508, Examples of Disposition Alternatives for Solid 

Secondary Waste).  The immobilization and disposal of iodine sorbents and resulting waste forms is an 

active area of research within DOE Office of Nuclear Energy programs.  Vitrification of the spent media 

in either the HLW or LAW melter is not likely to be required and such an approach is at a low TRL.  

Since the spent, iodine-loaded media selected for use would be expected to be chemically and physically 

stable during interim storage, the media could be stored while a final disposition path is determined.  Both 

on-site and off-site disposal are feasible for the spent iodine media.  The release behavior of both the 

iodine and silver need to be considered due to the RCRA designation of silver.   
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A closely related material, silver-loaded mordenite, has been shown compatible with a grout 

immobilization method to sequester the silver (Scheele et al., 2015) and shown to have enhanced iodine 

retention in leach testing of the grout waste form (PNNL-30105, Iodine Speciation Basis and Gap 

Analysis for Hanford Tank Farm Inventory and During Processing; PNNL-28545).  Further discussion of 

iodine and possible immobilization of spent media is provided in Volume II, Appendix E, Section E.3.1.1. 

An example media is a silver-exchanged zeolite and other similar commercially available materials 

(e.g., IONEX Ag40025).  The silver-based media pretreatment approach has demonstrated iodide removal 

from simulated LAW in batch tests on the bench scale (Asmussen et al., 2016).  The iodine removal and 

media immobilization technology are at low TRLs. 

Removing iodine from the LAW stream would decrease the iodine inventory in the primary grouted LAW 

waste form in the IDF.  The envisioned silver-impregnated zeolite would presumably be very stable 

during storage and have minimal leachability to the environment because of the extremely low solubility 

of silver iodide in water (PNNL-28545, Li et al., 2019).  Removing iodine, instead of using a selective 

additive (getter) to the supplemental LAW waste form, would minimize adverse impacts of silver (a 

hazardous metal) in a grout waste form.  A specific waste form for the iodine-containing spent media is 

assumed to be developed that is environmentally stable and compliant with off-site disposal requirements.  

However, there are numerous challenges with implementation of the technology.  Silver carries both a 

high cost and a RCRA designation.  Further, the chemistry of iodine in LAW is not understood 

(PNNL-30105) and may exist in multiple chemical forms in solution, such as iodate ion (IO3
-) which 

would have lower affinity for Ag-containing media.  The chemical behavior and speciation among the 

various waste compositions, along with removal and sequestration methods for the different species, 

would need significant research. 

Alternatives Grout 1C and 2C assume iodine removal is required for on-site disposal.  To implement that 

process, research and development will be required to develop and mature the technology needed.  More 

detail on alternatives for iodine sequestration and/or removal are available (SRNL-STI-2020-00228).  

Laboratory testing has been performed with other technologies, which are considered less mature and/or 

less effective than the silver-zeolite material. 

Table C-7 summarizes the status of iodine removal technology. 

Table C-7. Iodine Removal Technology 

Knowns Unknowns 

Å Demonstrated rapid 99+% removal of 

iodide with simulant wastes with Ag-

zeolite  

Å Multiple potential immobilization 

pathways for spent iodine-loaded zeolite 

media 

Å Speciation of iodine in tank waste liquids and sorption 

properties of different forms 

Å Demonstration of iodine removal with actual waste 

Å Ag-zeolite media chemical stability 

Å Determination of final waste form 

Å Spent media characterization 

Å Column/CSTR performance 

Å Media production at scale 

Å Sorption kinetics in column or CSTR design 

Å Leachability of silver into tank waste liquid 

Å Interfering waste components (e.g., Cl-) 

Å Effect of complexants on silver stability 

CSTR = continuous stirred tank reactor. 

 
25 IONEX is a trademark of Molecular Products, Inc., Louisville, Colorado. 
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C.15.3 Alternative Grout  1D: Single Grout Plant with Sample-and-Send for Technetium/Iodine 

Diversion and Grout  2D: Separate Grout Plants for 200 East and West Areas with Sample-

and-Send for Technetium/Iodine Diversion  

For alternatives Grout 1D and 2D, similar to other alternatives, the waste is sampled and analyzed prior to 

processing.  The analysis results for 99Tc and 129I concentrations are used to decide if the grouted waste 

form is disposed of onsite or sent offsite.  After TFPT treatment, the waste is grouted into containers that 

are disposed of either onsite or offsite.  Those with a 99Tc and 129I content below a threshold value are sent 

to IDF, and those above the threshold amount for either 99Tc or 129I are sent to an off-site disposal facility.  

The threshold limit has not yet been defined, but would be tied to the risk budget tool used in the PA.  Below 

are descriptions of the concept.  The subsequent TFPT, LDR, and immobilization steps for Grout 1D and 

2D are discussed in the descriptions for Grout 1A and Grout 2A, respectively. 

Sampling and Disposal Selection 

Figure C-22 shows the molar concentrations of 99Tc, 129I, and 79Se projected to be in the feed vector 

during supplemental LAW treatment as calculated for the most recent Hanford System Plan (ORP-11242, 

Rev. 9).  The molar concentration, shown in the figure, is in the range of 6.0E-5 to 1.2E-4 M for 99Tc and 

2E-6 to 7E-6 M for 129I during the first 7 years of LAW supplemental treatment and processing but drops 

to about one-third that range to 2E-5 to 6E-5 M for 99Tc and 1 to 2 E-6 M for 129I for the remaining years.  

This suggests that the quantity of 99Tc and 129I that remains onsite could be reduced by off-site disposal of 

the treated LAW produced during the first several years, with the remaining waste disposed of onsite.  

Figure C-22 also shows that the 79Se content is low throughout the mission and is therefore not included 

as a deciding factor in on-site or off-site disposal. 

System Plan (Rev. 9) Radionuclide Molar Concentrations 

 

Figure C-22. 99Tc, 129I, and 79Se Concentrations for Supplemental Low-Activity Waste 

Processing 
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The data used for the System Plan (ORP-11242, Rev. 9) feed vector for supplemental LAW treatment 

were used to calculate the potential benefit of this approach.  If 50% of the waste batches that contained 

the highest technetium was shipped offsite, the amount of technetium that remained onsite from 

supplemental LAW treatment and processing (only) would decrease by 69%.  Calculating a corresponding 

ratio for iodine is not practical because a sizeable but uncertain and probably varying fraction of iodine 

vaporizes in the melter and is captured in secondary offgas streams or components, which are disposed of 

onsite.  However, this strategy could be used to decrease the inventory remaining onsite. 

For alternative Grout 2D, which is essentially a combination of Grout 2A and 2B, where a decision point 

is inserted to dispose of the treated LAW onsite or offsite is based on the technetium and iodine content.  

Any benefits of the sample-and-send approach will be identified in the evaluation of alternative Grout 1D.  

The evaluation of those three alternatives will encompass the advantages and disadvantages of alternative 

Grout 2D.  Because these alternatives are fully evaluated independently, no further evaluation of 

Grout 2D as a separate alternative is warranted.  Any advantages identified in evaluating Grout 1D, 2A, 

and 2B will be compared to the those in evaluation of Grout 1D and will allow a determination if 

Grout 2D would be a further improvement without a full evaluation. 

C.16 ALTERNATIVE : GROUT 6, PHASED OFF-SITE AND ON-SITE GROUTING IN 

CONTAINERS 

Although there are several potential hybrid alternatives, the one envisioned to be the fastest at treating 

waste and thus the most reduction of risk regarding removal of waste and minimizing further tank 

degradation was the only one fully evaluated.  Alternative Grout 6 is the example hybrid that was found 

to dominate the hybrid alternatives and is described below. 

This hybrid alternative begins with one process implemented in phases by grouting waste offsite, and then 

onsite, with off-site disposal and then transitions to a final process of on-site grout production and 

disposal.  This hybrid alternative gives time to develop the waste form performance information and PA 

modeling needed to complete remaining technology maturation to support the final phase of on-site 

disposal (e.g., characterizing waste, grout formulations/additives), while simultaneously making progress 

and working within the budget for the third phase to begin.  In the interim, the configuration of the on-site 

disposal can be selected and any getters or radionuclide removal technology can be matured while still 

making progress using off-site treatment and disposal.  The eventual transition to on-site production and 

disposal is expected to lower the overall mission cost and therefore maintains the lowest overall mission 

duration and risk.  Of course, the on-site production and disposal alternative could instead be initiated 

immediately, avoiding off-site production and disposal.  However, this approach is not the fastest at 

reducing risk of tank leaks, in part because it is reliant on the timing for approvals and the federal budget 

cycle, followed by grout plant construction time.  If the off-site production and disposal is deemed 

infeasible due to unforeseen issues, the early construction and startup of the most favorable on-site 

alternative would be able to gain at least some advantage of the early removal of liquid waste from the 

tanks.  A modular grout production system could potentially be co-located along with planned waste 

retrieval infrastructure in some tank farms, but would require further evaluation, as this alternative was 

not envisioned to be the most cost-effective or fastest way to complete the entire LAW supplemental 

treatment mission.  As described in Section C.12, the reasons are largely due to the need for constructing 

considerable infrastructure at multiple locations. 

This conceptual hybrid alternative, shown in Figure C-23, is a phased approach that combines alternatives 

Grout 4B (off-site vendor, off-site disposal) in Phase 1 beginning in 2026 and aspects of Grout 2B 

(separate on-site pretreatment plants with off-site grouting and disposal) and Phase 2 (adds on-site grout 

production in 200 East Area) in phased startup in 2034-2035, and transitions to Phase 3 with an on-site 

grouting and disposal method in 2040. 
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The configuration of the on-site disposal 

(e.g., containers in vault, alternative 

Grout 5B) and any getters or removal 

technology needed can be developed in the 

interim while the off-site treatment and 

disposal is underway, along with further 

PA modeling.  The purpose of this 

alternative is to expedite retrieval and 

disposal of wastes within site budgetary 

limits.  The waste is initially pretreated in 

200 West Area in a TFPT system undergoes LDR treatment (if needed), and the liquid is then shipped to 

an off-site immobilization vendor and the grouted waste form is disposed offsite (comparable to 

alternative Grout 4B).  Multiple vendors are currently available that have the technical ability to grout the 

waste, and one or more could be used for this service.   

A TFTP and LDR treatment process would be constructed later in Phase 1 and operated in the 200 East 

Area, with the same off-site grouting, packaging, transportation, and disposal steps, similar to alternative 

Grout 4B.  On-site grout production could commence in 200 East Area in Phase 2.  This alternative gives 

time to develop the information and work within the budget for the third phase to begin with the 200 East 

Area plant performing both the TFPT treatment, LDR treatment, and on-site grouting plant that creates a 

waste form that is disposed of onsite, similar to alternative Grout 1A or Grout 5A/B.  The exact 

configuration and operation of the on-site grout production and disposal system (i.e., Grout 1A or 

Grout 5A/B) would be determined in the interim period based on the outcome of PA modeling, 

technology development, and permitting activities before 2040.  Whether the on-site disposal in Phase 3 

is in containers in IDF (similar to alternative Grout 1A) or in a monolith or containers in a vault (similar 

to alternatives Grout 5A or 5B) would also be decided based on these outcomes.  Alternative Grout 5B 

was assumed for costing in this phase, since this alternative is expected to be the most expensive of these 

three alternatives.  Grout 1A was used for the technical evaluation because it is expected to have the 

lowest technical certainty, in part due to the need for getter development.  Ultimately, if on-site grout 

disposal is found not viable, the fallback option would be to dispose of all of the waste offsite. 

Since the off-site contractor is handling both immobilization and disposal, the contractor would choose 

both the immobilization technique and the final packaging size and type and secondary waste disposal, 

per common commercial practice.  For this study, grout is assumed for costing purposes.  Construction of 

the TFPT, LDR treatment, and a load-out station onsite would be needed, along with permitting for 

processing and disposal and ultimately, on-site disposal.  Figure C-18 (Section C.13) (with off-site 

disposition) provides a schematic representation of this portion of the alternative. 

This alternative assumes off-site supplemental LAW treatment operations through the final years of 

DFLAW operations and in support of HLW vitrification startup.  During the start-up and initial 

operations of HLW vitrification, an on-site grouting capacity will be developed and constructed in the 

200 East Area.  On-site grouting operations could commence in 2035ï2039 and run in parallel with 

off-site grout until full capacity is realized, transitioning to on-site disposal in 2040.  At this point, WTP 

LAW vitrification and on-site grout will suffice for balance of mission LAW feed immobilization. 

 

Figure C-23. Alternative Grout  6 Concept 
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Although not included in this evaluation, if needed depending on the pace of the 200 West Area saltcake-

rich SST retrievals, an additional grouting plant could be constructed near the SY Farm.  Figure C-19 

(Section C.14) (with on-site disposition of containerized grout in IDF), provides a schematic 

representation of this portion of the alternative, which is comparable to alternative Grout 2A.  The 

evaluation of this alternative assumes that the iodine getter is included in the grout formulation for the 

final phase, with on-site container disposal in IDF.  However, the work in the interim period may identify 

that technetium and iodine removal or disposing as containers in vault (without getters) for on-site 

disposal is optimal.  The cost estimate will use the disposal in a GDU vault to bound the estimate, but the 

technical evaluation is for using the getter with on-site disposal in IDF due to lower technical certainty for 

getter development. 

This alternative assumes that the grouted waste form will be packaged in a similar manner as alternative 

Grout 1A (8.4 m3 polypropylene bags inside a reusable steel box that can be disassembled).  Both on-site 

and off-site treated waste will use these packages as the transportable form.  On-site disposition is 

assumed to be in IDF.  For the cost estimate, four GDUs will be assumed ï ultimately the number of 

GDUs depends on total treated LAW volume, start date, and duration of on-site disposition. 

Early start of LAW processing, particularly in the 200 East Area, alleviates DST space limitations and 

allows for HLW vitrification support as required for caustic dissolution of aluminum and sludge washing.  

These support operations will generate LAW feed; the program will be required to process significantly 

more volume.  This additional volume may increase the total LAW feed volume for disposition from 

nominally 100 to 137 Mgal. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-57 

C.17 REFERENCES 

10 CFR 61.55, ñWaste Classification,ò Code of Federal Regulations, as amended. 

55 FR 22563, 1990, ñe. Chromium,ò Federal Register, No 106 (June 1). 

55 FR 22572, 1990, ñBDAT Treatment Standards for D009,ò Federal Register, No 106 (June 1). 

24590-WTP-RPT-PT-02-005, 2008, Flowsheets Bases, Assumptions, and Requirements, Rev. 8, Bechtel 

National, Inc., Richland, Washington. 

28266-RT-001, 2007, Pilot Plant Report for Treating SBW Simulants, Mineralizing Flowsheet, Rev. 0, 

THOR Treatment Technologies, LLC, Denver, Colorado. 

30686-RT-0003, 2007, Demonstration Bulk Vitrification System Series 38 Full-Scale Testing, AMEC 

Nuclear, Ltd., Richland, Washington. 

Asmussen, R.M., J.J. Neeway, A.R. Lawter, A. Wilson, N.P. Qafoku, 2016, ñSilver-Based Getters for 129I 

Removal from Low-Activity Waste,ò Radiochim Acta, 104(12): 905-913, DOI 10.1515/ract-

2016-2598. 

Bagaasen, L.M., E.M. Pierce, B.P. Mcgrail, T.M. Brouns, D.S. Kim, M.J. Schweiger, G.J. Sevigny, and 

M.L. Elliott, 2004, Initial Results of Bulk Vitrification Engineering-Scale Test Es-13, ST05.006, 

Pacific Northwest National Laboratory, Richland, Washington. 

BNF-003-98-0230, 2000, Intermediate-Scale Ion Exchange Removal of Cesium and Technetium from 

Savannah River Site Tank 44 F Supernate Solution, Westinghouse Savannah River Company, 

LLC, Aiken, South Carolina. 

Boglaienko, D.V., H.P. Emerson, Y. Katsenovich, T.G. Levitskaia, 2019, ñComparative Analysis of ZVI 

Materials for Reductive Separation of 99Tc(VII) from Aqueous Waste Streams,ò J. Haz. Mat., 

https://doi.org/10.1016/j.jhazmat.2019.120836. 

Burgeson, I.E., J.R. Deschane, and D.L. Blanchard Jr., 2011, ñRemoval of Technetium from Hanford 

Tank Waste Supernates,ò Separation Science and Technology, 40:1-3, 201-223, DOI: 

10.1081/SS-200041916, https://doi.org/10.1081/SS-200041916. 

Cree, L., and T. Wagnon, 2022, ñRisk Mitigation ï A Case Study in Iodine,ò Waste Management 2022, 

WMSymposia, Inc., Paper 22046, Phoenix, Arizona. 

DE-AC27-01RV14136, 2000, Design, Construction, and Commissioning of the Hanford Tank Waste 

Treatment and Immobilization Plant, Contract Modification M271, U.S. Department of Energy, 

Office of River Protection, Richland, Washington. 

Didierlaurent, R., T. Prevost, C. Girold, S. Lemonnier, I. Hugon, G. Lecomte, and S. Catherin, 2019a, 

ñIn-Can Melter for Vitrification of Waste Coming from Decommissioning and Dismantling 

Operations-19020,ò Waste Management 2019, WMSymposia, Inc., Phoenix, Arizona. 

Didierlaurent, R., T. Prevost, C. Girold, S. Lemonnier, I. Hugon, L. David, and K. Shibata, 2019b, ñIn-

Can Melter for Fukushima Waste: From Laboratory Scale Tests to the Industrial Design 

Definition-19021,ò Waste Management 2019, WMSymposia, Inc., Phoenix, Arizona. 

Didierlaurent, R., H. Orefice, H.A. Turc, J.F. Hollebecque, M. Fournier, K. Shibata, and L. David, 2020, 

ñDem&Melt In-Can Vitrification Process for Fukushima Daiichi Water Treatment Secondary 

Waste,ò Waste Management 2020, WMSymposia., Inc., Phoenix, Arizona. 

DOE G 413-21A, 2018, Cost Estimating Guide, U.S. Department of Energy, Washington, D.C. 

DOE O 435.1, 2021, Radioactive Waste Management, Change 2, U.S. Department of Energy, 

Washington, D.C. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-58 

DOE-EM, 2018, ñHanford Test Bed Initiative,ò https://www.energy.gov/sites/prod/files/2018/08/f55/FINAL-

Hanford-Test-Bed-Initiative-Fact-Sheet-8.28.18.pdf, U.S. Department of Energy, Office of 

Environmental Management, Washington, D.C. 

EB071.02W, 1991, Solidification and Stabilization of Wastes Using Portland Cement, Portland Cement 

Association, Skokie, Illinois. 

EPA/530/R-93/012, 1993, Technical Resources Document on Solidification/Stabilization and Its 

Application to Waste Materials, U.S. Environmental Protection Agency, Washington, D.C. 

Finucane, K.G. and B.E. Campbell, 2006, ñThe Treatment of Mixed Waste with GeoMelt In Container 

Vitrification,ò Waste Management 2006, WMSymposia, Inc., Phoenix, Arizona. 

Finucane, K.G., B. Campbell, J.D. Vienna, B. Parruzot, and J. Reiser, 2020, ñGeomelt® In-Container 

Vitrification (ICV)Ê for Fukushima Daiichi Water Treatment Secondary Wastes,ò Waste 

Management 2020, WMSymposia, Inc., Phoenix, Arizona. 

Hamel, W.F., K.D. Gerdes, L.K. Holton, I.L. Pegg, B.W. Bowan, 2006, ñPerformance Enhancements to 

the Hanford Waste Treatment and Immobilization Plant Low-Activity Waste Vitrification 

System,ò Waste Management 2006, WMSymposia, Inc., Tucson, Arizona. 

GAO-21-119SP, 2021, High-Risk Series: Dedicated Leadership Needed to Address Limited Progress in 

Most High-Risk Areas, U.S. Government Accountability Office, Washington, D.C. 

Garrett, B., B.E. Campbell, K.G. Finucane, S. Woosley, B. Gaither, R. Mitchel, R. Miklos, M. Connolly, 

and S. Butler, 2020, ñTreatment of Problematic Reactive Metal Wastes Using the GeomeltÈ in-

Container Vitrification (ICVÊ) Process,ò Waste Management 2020, WMSymposia, Inc., 

Phoenix, Arizona. 

Jin, T., C.H. Skidmore, A.A. Kruger, and J.D. Vienna, 2022, ñImpacts of Temperature on Sulfur 

Solubility in Low-Activity Waste Glasses,ò International Journal of Applied Glass Science, 

Under Revision.  

Jubin, R.T., S.H. Bruffey, 2014, ñHigh-Temperature Pressing of Silver-Exchanged Mordenite into a 

Potential Iodine Waste Formï14096,ò Waste Management 2014, WMSymposia, Inc., Phoenix, 

Arizona. 

Li, D., D.I. Kaplan, K.A. Price, J.C. Seaman, K. Roberts, C. Xu, P. Lin, W. Xing, K. Schwehr, and 

P.H. Santschi, 2019, ñIodine Immobilization by Silver-Impregnated Granular Activated Carbon in 

Cementitious Systems,ò Journal of Environmental Radioactivity, 208 (2019): 106017. 

Maty§ġ, J., N. Canfield, S. Sulaiman, and M. Zumhoff, 2016, ñSilica-Based Waste Form for 

Immobilization of Iodine from Reprocessing Plant Off-Gas Streams,ò Journal of Nuclear 

Materials, 476, 255-261. 

McCabe, D.J., N.M. Hassan, W.D. King, J.L. Steimke, M.A. Norato, L.L. Hamm, L.N. Oji, 

M.E. Johnson, 2001, ñComprehensive Scale Testing of the Ion Exchange Removal of Cesium and 

Technetium from Hanford Tank Wastes,ò Waste Management 2001, Tucson, Arizona. 

OMB Memorandum M-21-09, 2021, ñ2021 Discount Rates for 0MB Circular No. A-94,ò U.S. Office of 

Management and the Budget, Washington, D.C. 

ORP-11242, 2008, River Protection Project System Plan, Rev. 3A, U.S. Department of Energy, Office of 

River Protection, Richland, Washington. 

ORP-11242, 2020, River Protection Project System Plan, Rev. 9, U.S. Department of Energy, Office of 

River Protection, Richland, Washington. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-59 

ORP-61830, 2017, Final Report: Vitrification of Inorganic Ion-Exchange Media, VSL-16R3710-1, 

Rev. 0, U.S. Department of Energy, Office of River Protection, Richland, Washington. 

PNNL-14351, 2003, Development and Testing of ICV Glasses for Hanford LAW, Pacific Northwest 

National Laboratory, Richland, Washington. 

PNNL-15126, 2006, Laboratory Testing of Bulk Vitrified Low-Activity Waste Forms to Support the 2005 

Integrated Disposal Facility Performance Assessment, Rev. 2, Pacific Northwest National 

Laboratory, Richland, Washington. 

PNNL-25834 | EMSP-RPT-029, 2016, Options for the Separation and Immobilization of Technetium, 

Rev. 0, Pacific Northwest National Laboratory, Richland, Washington. 

PNNL-27706, 2021, Cesium Ion Exchange Testing Using Crystalline Silicotitanate with Hanford Tank 

Waste 241-AP-107, Rev. 1, Pacific Northwest National Laboratory, Richland, Washington. 

PNNL-28545, 2020, Development and Characterization of Cementitious Waste Forms for K. 

Immobilization of Granular Activated Carbon, Silver Mordenite, and HEPA Filter Media Solid 

Secondary Waste, Rev. 1.0, Pacific Northwest National Laboratory, Richland, Washington. 

PNNL-28783, 2019, Dead-End Filtration and Crystalline Silicotitanate Cesium Ion Exchange with 

Hanford Tank Waste AW-102, Rev. 0, Pacific Northwest National Laboratory, Richland, 

Washington. 

PNNL-28958, 2019, Cesium Ion Exchange Testing Using a Three-Column System with Crystalline 

Silicotitanate and Hanford Tank Waste 241-AP-107, Rev. 0, Pacific Northwest National 

Laboratory, Richland, Washington. 

PNNL-28992, 2019, Performance Metric for Cementitious Waste Form Inventory Release in the 

Integrated Disposal Facility, Rev. 0, Pacific Northwest National Laboratory, Richland, 

Washington. 

PNNL-30105 | RPT-OSIF-012, 2020, Iodine Speciation Basis and Gap Analysis for Hanford Tank Farm 

Inventory and During Processing, Rev. 0, Pacific Northwest National Laboratory, Richland, 

Washington. 

PNNL-30185, 2020, Crystalline Silicotitanate Batch Contact Testing with Ba, Ca, Pb, and Sr, Rev. 0, 

Pacific Northwest National Laboratory, Richland, Washington. 

PNNL-30712, 2021, Ion Exchange Processing of AP-105 Hanford Tank Waste through Crystalline 

Silicotitanate in a Staged 2- then 3-Column System, Rev. 0, Pacific Northwest National 

Laboratory, Richland, Washington. 

Laraia, M., 2021, ñDismantling and Demolition Techniques for Cementitious Systems,ò Sustainability of 

Life Cycle Management for Nuclear Cementation-Based Technologies, Chapter 15, 

R.O.A. Rahman and M.I. Ojovan (editors), Elsevier Science Publishing Co., Inc. 

Raymond, R.E., R.W. Powell, D.W. Hamilton, W.A. Kitchen, B.M. Mauss, and T.M. Brouns, 2004, 

ñInitial Selection of Supplemental Treatment Technologies for Hanfordôs Low-Activity Tank 

Waste,ò Waste Management 2004, WMSymposia, Inc., Tucson, Arizona. 

Resource Conservation and Recovery Act of 1976, 42 USC 6901, et seq. 

RPP-17675, 2003, Risk Assessment Supporting the Decision on the Initial Selection of Supplemental 

ILAW Technologies, CH2M HILL Hanford Group, Inc., Richland, Washington. 

RPP-24544, 2006, Demonstration Bulk Vitrification System Independent Qualified Registered 

Professional Engineer (IQRPE) & RCRA Review Package, Rev. 1c, CH2M HILL, Richland, 

Washington. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-60 

RPP-31314, 2006, A Comprehensive Technical Review of the Demonstration Bulk Vitrification System, 

CH2M HILL Hanford Group, Inc., Richland, Washington. 

RPP-48703, 2011, Bulk Vitrification Technology for the Treatment and Immobilization of Low-Activity 

Waste, Washington River Protection Solutions, LLC, Richland, Washington. 

RPP-PLAN-51288, 2012, Development Test Plan for Sr/TRU Precipitation Process, Rev. 0, Washington 

River Protection Solutions, LLC, Richland, Washington. 

RPP-RPT-35775, 2008, Process Hazard and Operational Analysis for the Demonstration Bulk 

Vitrification System in Support of Critical Decision 3, CH2M HILL Hanford Group, Inc., 

Richland, Washington. 

RPP-RPT-59958, 2019, Performance Assessment for the Integrated Disposal Facility, Hanford Site, 

Washington, Rev. 1A, Washington River Protection Solutions, LLC, and INTERA, Inc., 

Richland, Washington. 

RPP-RPT-63493, 2022, Tank Waste LDR Organics Data Summary for Sample-and-Send, Rev. 1, 

Washington River Protection Solutions, LLC, Richland, Washington.  

RPP-RPT-64064, 2022, Distribution of LDR Organic Compounds in Hanford Tanks Waste and the 

Implications to LAW Treatment by Cementitious Solidification/Stabilization, Rev. 0, Washington 

River Protection Solutions, LLC, Richland, Washington. 

RPT-1642, 2018, Integrated Waste Treatment Unit Engineering Data Analysis of TI-102 ï Part 4, Idaho 

Cleanup Project, Idaho Falls, Idaho. 

RT-21-002, 2009, Report for Treating Hanford LAW and WTP SW Simulants: Pilot Plant Mineralizing 

Flowsheet, Rev. 1, THOR Treatment Technologies, LLC, Denver, Colorado. 

Scheele, R.D., C.F. Wend, 2015, ñSolidification and Stabilization of Silver Mordenite Used to Control 

Radioiodine Emissions from Hanfordôs Waste Treatment Plant,ò Ann. Nucl. Energy, 78 (2015), 

pp 40-48. 

Skidmore, C.H., J.D. Vienna, T. Jin, D.S. Kim, B.A. Stanfill, K.M. Fox, and A.A. Kruger, 2019, ñSulfur 

Solubility in Low Activity Waste Glass and Its Correlation to Melter Tolerance,ò International 

Journal of Applied Glass Science, 10(4):558-568. 10.1111/IJAG.13272. 

SRNL-RP-2018-00687, 2019, Report of Analysis of Approaches to Supplemental Treatment of Low-

Activity Waste at the Hanford Nuclear Reservation, Savannah River National Laboratory, Aiken, 

South Carolina. 

SRNL-STI-2011-00387, 2015, Fluidized Bed Steam Reformed Mineral Wasteform Performance Testing 

to Support Hanford Supplemental Low Activity Waste Immobilization Technology Selection, 

Rev. 0, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2013-00538, 2013, Scoping Tests of Technetium and Iodine Removal from Tank Waste Using 

SuperLig® 639 Resin, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2015-00677, 2015, Laboratory Optimization Tests of Technetium Decontamination of 

Hanford Waste Treatment Plant Direct Feed Low Activity Waste Melter Off-Gas Condensate 

Simulant, Rev. 0, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2017-00087, 2017, Investigation of Variable Compositions on the Removal of Technetium 

from Hanford Waste Treatment Plant Low Activity Waste Melter Off-Gas Condensate Simulant, 

Savannah River National Laboratory, Aiken, South Carolina. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-61 

SRNL-STI-2017-00322, 2017, Bench Scale Experiments for the Remediation of Hanford Waste 

Treatment Plant Low Activity Waste Melter Off-Gas Condensate, Savannah River National 

Laboratory, Aiken, South Carolina. 

SRNL-STI-2017-00508, 2018, Examples of Disposition Alternatives for Solid Secondary Waste, 

Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2018-00047, 2018, Evaluation of Immobilizing Secondary Waste from a Proposed Treatment 

Process for Hanford WTP LAW Melter Condensate, Savannah River National Laboratory, Aiken, 

South Carolina. 

SRNL-STI-2019-00006, 2019, Solid-Liquid Separation Testing for the Remediation of Hanford Waste 

Treatment Plant Low Activity Waste Melter Off-Gas Condensate, Savannah River National 

Laboratory, Aiken, South Carolina. 

SRNL-STI-2019-00009, 2019, Review of Cementitious Materials Development and Applications that 

have Supported DOE-EM Missions: Waste Treatment, Conditioning, Containment Structures, 

Tank Closures, Facility Decommissioning, Environmental Restoration, and Structural 

Assessments, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2019-00678, 2019, Preliminary Determination of the Impact of Alkaline Earth Metals on 

Crystalline Silicotitanate, Rev. 0, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2020-00228, 2020, Evaluation of Technologies for Enhancing Grout for Immobilizing 

Hanford Supplemental Low-Activity Waste (SLAW), Savannah River National Laboratory, Aiken, 

South Carolina. 

SRNL-STI-2020-00582, 2021, Hanford Supplemental Low Activity Waste Simulant Evaporation Testing 

for Removal of Organics, Savannah River National Laboratory, Aiken, South Carolina. 

SRNL-STI-2021-00453, 2021, Potential for Evaporation and In Situ Reaction of Organic Compounds in 

Hanford Supplemental LAW, Rev. 1, Savannah River National Laboratory, Aiken, South 

Carolina.  

SRNL-STI-2022-00391, 2022, Organic Evaporation and Oxidation Testing in Support of Hanford 

Sample-and-Send, Savannah River National Laboratory, Aiken, South Carolina.  

SRR-CWDA-2019-00001, 2019, Performance Assessment for the Saltstone Disposal Facility at the 

Savannah River Site, Rev. 0, Savannah River Remediation LLC, Aiken, South Carolina. 

Vienna, J.D., D.S. Kim, I.S. Muller, G.F. Piepel, and A.A. Kruger, 2014, ñToward Understanding the 

Effect of Low-Activity Waste Glass Composition on Sulfur Solubility,ò Journal of the American 

Ceramic Society, 97(10):3135ï3142. DOI: 10.1111/jace.13125, Westerville, Ohio. 

WA 7890008967, 2004, ñPermit for Dangerous and or Mixed Waste Research, Development, and 

Demonstration,ò Washington State Department of Ecology, Olympia, Washington. 

Walling, S.A., M.N. Kauffmann, L.J. Gardner, D.J. Bailey, M.C. Stennett, C.L. Corkhill, and N.C. Hyatt, 

2021, ñCharacterisation and Disposability Assessment of Multi-Waste Stream in-Container 

Vitrified Products for Higher Activity Radioactive Waste,ò Journal of Hazardous Materials, 

401(5), Amsterdam, Netherlands.  

Whitehouse, J.C., C.M. Jantzen, D.F. Bickford, A.L. Kielpinski, B.D. Helton, and F. Van Tyn, 1995, 

ñDevelopment of a Transportable Vitrification System for Mixed Waste,ò Waste Management 

1995, WMSymposia, Inc., Tucson, Arizona. 

Wilson, J.M., J. Garfield, and J.K. Luey, 2008, ñDesign of the Demonstration Bulk Vitrification System 

for the Supplemental Treatment of Low Activity Tank Waste at Hanford,ò Waste Management 

2008, WMSymposia, Inc., Phoenix, Arizona. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | C-62 

Witwer, K.S., E.J. Dysland, J.S. Garfield, T.H. Beck, J. Matyas, L.M. Bagaasen, S.K. Cooley, E.M. 

Pierce, D.S. Kim, and M.J. Schweiger, 2008, ñHanfordôs Supplemental Treatment Project: Full-

Scale Integrated Testing of in-Container-Vitrification and a 10,000-Liter Dryer,ò Waste 

Management 2008, WMSymposia, Inc., Phoenix, Arizona. 

Witwer, K.S., S. Woosley, B.E. Campbell, and K.G. Finucane, 2013, ñGeomelt® ICVÊ Treatment of 

Sellafield Pond Solids Waste,ò Waste Management 2013, WMSymposia, Inc., Phoenix, Arizona. 

WSRC-MS-98-00447, 1998, Production of a High-Level Waste Glass from Hanford Waste Samples, 

Spectrum ó98, American Nuclear Society, La Grange Park, Illinois. 

WSRC-MS-2001-00760, 2001, Technetium Removal from Hanford and Savannah River Site Actual Tank 

Waste Supernates with SuperLig® 639 Resin, Westinghouse Savannah River Company, LLC, 

Aiken, South Carolina. 

WSRC-TR-2000-00302 | SRT-RPP-2000-0008, 2000, Summary of Testing of Superlig 639 at the TFL Ion 

Exchange Facility, Westinghouse Savannah River Company, LLC, Aiken, South Carolina. 

WSRC-TR-2000-00419 | SRT-RPP-2000-00036, 2001, Small Scale Ion Exchange Removal of Cesium 

and Technetium from Envelope B Hanford Tank 241-AZ-102, Rev. 0, Westinghouse Savannah 

River Company, LLC, Aiken, South Carolina. 

WSRC-TR-2000-00420 | SRT-RPP-2000-00014, 2001, Intermediate-Scale Ion Exchange Removal of 

Cesium and Technetium from Hanford Tank 241-AN-102, Rev. 1, Westinghouse Savannah River 

Company, LLC, Aiken, South Carolina. 

WSRC-TR-2000-00424 | SRT-RPP-2000-00024, 2000, Tank 241-AZ-102 SuperLig® 639 Technetium Ion 

Exchange Eluate Evaporation Study, Westinghouse Savannah River Company, LLC, Aiken, 

South Carolina. 

WSRC-TR-2003-00098 | SRT-RPP-2003-00026, 2004, Multiple Ion Exchange Column Runs for Cesium 

and Technetium Removal from AW-101 Waste Sample(U), Rev. 1, Westinghouse Savannah River 

Company, LLC, Aiken, South Carolina. 

Zamecnik, J.R., J.C. Whitehouse, C.N. Wilson, and F.R. Van Ryn, 1998, ñTransportable Vitrification 

System Demonstration on Mixed Waste,ò Spectrum ó98, American Nuclear Society, La Grange 

Park, Illinois. 

Zheng, Z., 1996, ñIon Exchange in Concentrated Solutions Utilizing Hydrous Crystalline Silicotitanates,ò 

A Dissertation by Zhixin Zheng,ò Texas A&M University, College Station, Texas. 

 



SRNL-STI-2023-00007 

Revision 0 

Volume II | D-1 

 

Appendix D. Selection Criteria Assessments for Each Alternative 

 



SRNL-STI-2023-00007 

Revision 0 

Volume II | D-2 

D.1 INTRODUCTION  

The decision-informing criteria described in Volume I, Appendix A were developed as assessment 

measures for the alternatives evaluated in this report.  Each alternative was assessed against the criteria by 

a sub-team of subject matter experts on the Federally Funded Research and Development Center 

(FFRDC) team.  Where applicable, this expert team reviewed previously developed technical reports to 

identify information to support each assessment.  In the absence of specific technical information 

regarding specific criteria, expert judgement from related work and experience was used to inform the 

assessment. 

D.2 SELECTION CRITERIA ASSESSMENTS 

Each of the criteria for each alternative were reviewed by the team, and the results were documented.  The 

detailed results are included in this appendix for each of the 15 alternatives that were fully evaluated. 
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E.1 INTRODUCTION  

Crucial to the alternatives analysis was consideration of uncertainties in the assessments for each 

criterion.  Specific criteria carried more weight than others, and as such uncertainty around these criteria 

would drive overall uncertainty in the achievability and success of each alternative.  This appendix will 

first present a summary of the main uncertainty drivers and technical risks in each section of the analysis 

criteria (Section E.2).  This summary is then followed by expanded descriptions of the uncertainty/risk 

items listed: Section E.3 (grout), Section E.4 (costs), Section E.5 (vitrification), and Section E.6 (FBSR).  

The uncertainties/risks presented focus solely on the drivers that lead to the final assessment ranking.  For 

details on the other uncertainties considered, but that did not impact the overall assessment, a brief 

description is given in Section E.7. 

E.2 UNCERTAINTY DRIVERS IN ALTERNATIVES  

In the evaluation of the various alternatives (Volume II, Appendix D), the final rankings contained a 

summary of uncertainty and technical risks around the assessments of the four main criteria: long-term 

effectiveness (environmental and safety risk after disposal) (C1), implementation schedule and risk 

(environmental and safety risks prior to mission completion, including risks driven by waste tank storage 

duration) (C2), likelihood of successful mission completion (including affordability and robustness to 

technical risks) (C3), and lifecycle costs (discounted) (C4).  There could be low uncertainty (high 

certainty) around an assessment that was strong or poor, and vice versa.  For example, a criteria with a 

rating of ñLow probability with low uncertaintyò is one where there is high confidence that even with a 

breakthrough the alternative will still have low probability of success.  The sources of uncertainty/risk in 

each criteria vary between the alternatives.  Table E-1 (on the next page) lists the uncertainty/risk 

classification for the three main criteria (C1ïC3) for each alternative and where a ñmoderateò or ñhighò 

ranking of uncertainty/risk was given, the driver(s) of that uncertainty is listed.  More detailed 

descriptions of these drivers are given in the subsequent section or callouts to supporting text in the 

report.  A brief description of the uncertainty in the lifecycle costs (discounted) (C4) is also given.  The 

criteria for uncertainty and risk for the three levels is defined as follows: 

Å Low uncertainty/risk  ï Sufficient supporting data/experience exists for all sub-criteria.  The 

overall assessments made are unlikely to change with future developments/changes.  High 

confidence could be assigned to the descriptions provided of each criteria. 

Å Moderate uncertainty/risk  ï Sufficient supporting data/experience exists for most sub-criteria.  

For select criteria, gaining further knowledge/development could have an impact on the overall 

assessments made.  Technical challenges identified are considered feasible to overcome with 

future development.  High confidence could be assigned to the descriptions provided of most 

criteria and discrete uncertainties were identified. 

Å High uncertainty/risk  ï Minimal supporting data/experience exists for select sub-criteria that are 

considered crucial for success of the alternative.  For select criteria gaining further knowledge/ 

development could have an impact on the overall assessments made.  Technical challenges 

identified are considered unlikely to overcome without significant breakthroughs.  Low 

confidence could be assigned to the descriptions provided of most criteria, and several broad 

uncertainties were identified. 
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Table E-1. Summary of Primary Uncertainty Drivers in Each Alternative 

Alternativea 

C1 
Uncertainty Associated with 

Effectiveness Ranking 

C2 
Risk Associated with Mission 
Duration and Technical Risks 

C3 
Uncertainty Associated 
with Probability Ranking 

Vitrification 1  Moderately Effective with Respect to 

Long-term Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Secondary waste inventory, volume 

and disposal location of secondary 

waste 

Å Fate of CoCs (radionuclides and 

hazardous contaminants) in 

secondary wastes  

DNF even if executed as intended 

with Moderate Technical Risk of 

Operations 

Technical Risk of Operations 

Å Delays due to annual operating 

costs exceeding budget 

Å Radiation exposure 

Å Chemical exposure 

Å Intentional wastewater discharges 

Å Secondary waste streams 

generated  

Extremely Low Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 

FBSR 1A Effective with Respect to Long-term 

Immobilization with Moderate 

Confidence in that Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization 

Å Tc, I and Hg partitioning 

Å Effectiveness of nitrate/nitrate 

destruction 

Å Amount of and performance of Tc/I 

in waste form 

DNF even if executed as intended 

with High Technical Risk of 

Operations 

Technical Risk of Operations 

Å Delays due to technical issues 

Å Delays due to annual operating 

costs exceeding budget 

Å Radiation exposure 

Å Chemical exposure 

Å Particulate Exposure 

Extremely Low Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None  

FBSR 1B Highly Effective with Respect to 

Long-term Immobilization with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

DNF even if executed as intended 

with High Technical Risk of 

Operations 

Technical Risk of Operations 

Å Delays due to technical issues 

Å Delays due to annual operating 

costs exceeding budget 

Å Radiation exposure 

Å Chemical exposure 

Å Particulate Exposure 

Low Probability of Successful 

Project Completion with 

High Confidence in that 

Assessment 

Uncertainty Drivers: None 

Grout 1A Moderately Effective with Respect to 

Long-term Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

Very High Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 

Grout 1B  Highly Effective with Respect to 

Long-term Immobilization with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

Very High Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 
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Table E-1. Summary of Primary Uncertainty Drivers in Each Alternative 

Alternativea 

C1 
Uncertainty Associated with 

Effectiveness Ranking 

C2 
Risk Associated with Mission 
Duration and Technical Risks 

C3 
Uncertainty Associated 
with Probability Ranking 

Grout 1C Effective with Respect to Long-term 

Immobilization with Moderate 

Confidence in that Assessment 

Uncertainty Drivers: 

Å Mobility of technetium (non-

pertechnetate) and nitrate to PW and 

associated confidence in 

immobilization 

Å Effectiveness of treatment for LDR 

organics, if needed 

Å Efficiency/maturity of iodine 

removal materials 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

 High Probability of Successful 

Project Completion with 

High Confidence in that 

Assessment 

Uncertainty Drivers: None 

Grout 1D Effective with Respect to Long-term 

Immobilization with 

High Confidence in that Assessment 

Uncertainty Drivers: None 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

Very High Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 
Grout 2A Moderately Effective with Respect to 

Long-term Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

High Probability of Successful 

Project Completion with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

Grout 2B  Highly Effective with Respect to 

Long-term Immobilization with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

High Probability of Successful 

Project Completion with High 

Confidence in that Assessment 

Uncertainty Drivers: None 
Grout 2C Effective with Respect to Long-term 

Immobilization with Moderate 

Confidence in that Assessment  

Uncertainty Drivers: 

Å Mobility of technetium (non-

pertechnetate) and nitrate to PW and 

associated confidence in 

immobilization 

Å Effectiveness of treatment for LDR 

organics, if needed 

Å Efficiency/maturity of iodine 

removal materials 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

High Probability of Successful 

Project Completion with 

High Confidence in that 

Assessment 

Uncertainty Drivers: None 

Grout 4A Moderately Effective with Respect to 

Long-term Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Moderate Technical 

Risk of Operations ï  

Technical Risks: 

Å Increased transportation 

requirements 

Very High Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 
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Table E-1. Summary of Primary Uncertainty Drivers in Each Alternative 

Alternativea 

C1 
Uncertainty Associated with 

Effectiveness Ranking 

C2 
Risk Associated with Mission 
Duration and Technical Risks 

C3 
Uncertainty Associated 
with Probability Ranking 

Grout 4B Highly Effective with Respect to 

Long-term Immobilization with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

40-45 Years if Executed as 

Intended with Moderate Technical 

Risk of Operations ï  

Technical Risks: 

Å Increased transportation 

requirements 

Very High Probability of 

Successful Project Completion 

with High Confidence in that 

Assessment 

Uncertainty Drivers: None 

Grout 5A Effective with Respect to Long-term 

Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization in vault 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

High Probability of Successful 

Project Completion with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

Grout 5B Effective with Respect to Long-term 

Immobilization with Moderate 

Confidence in that Assessment 

Uncertainty Drivers: 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization in vault 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Low Technical Risk 

of Operations 

High Probability of Successful 

Project Completion with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

Grout 6 Highly Effective with Respect to 

Long-term Immobilization with 

Moderate Confidence in that 

Assessment 

Uncertainty Drivers: 

Å Inventory split between onsite/offsite 

Å Mobility of iodine, technetium, and 

nitrate to PW and associated 

confidence in immobilization in vault 

Å Effectiveness of treatment for LDR 

organics, if needed 

40-45 Years if Executed as 

Intended with Moderate Technical 

Risk of Operations ï  

Technical Risks: 

Å Increased transportation 

requirements 

High Probability of Successful 

Project Completion with High 

Confidence in that Assessment 

Uncertainty Drivers: None 

a Information on the rankings (first score) is provided in Volume I, Appendix A. 

CoC = contaminant of concern. 

DNF = does not finish. 

FBSR = fluidized bed steam reforming. 

Hg = mercury. 

HLW = high-level wastes. 

I = iodine. 

LDR = Land Disposal Requirements. 

PW = potable water. 

Tc = technetium. 

TOE = total operating efficiency. 

E.3 UNCERTAINT Y DRIVERS FOR GROUT ALTERNATIVES  

E.3.1 Uncertainties with Long-Term Effectiveness of Proposed Grout Alternatives 

The following sections present a series of fact sheets related to the knowledge of key contaminants/ 

radionuclides present in Hanford low-activity waste (LAW).  For each element a summary is given 

including the inventory in the waste, expected behavior in grout and the subsurface, approaches to 

improve retention within the waste forms, and the associated uncertainties with disposal.  This 

information was used to support the taxonomy criteria in Section E.4, including the mobility to potable 

water and confidence in immobilization. 
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In the subsections below, the inventories presented are based on downloads from the Hanford Best Basis 

Inventory (BBI) between July 2021 and January 2022.  Note that there are uncertainties associated with 

these inventories, as only a portion of the values are from sampling data of the wastes.  Other values come 

from estimates or from sampling data over several decades.  An assessment of data quality of the tank 

waste data is discussed in Volume II, Appendix B. 

E.3.1.1 Iodine Uncertainties 

Hanford Waste Background and Inventory 

Iodine is present in the Hanford tank wastes as a 

fission product resulting from historical waste 

processing (Table E-2).  The primary isotope is the 

long-lived iodine-129 (129I) radionuclide (half-life: 

15.7 million years), of which 29.2 Ci (165 kg) is 

present (based on the BBI updated as of July 2021 

and assuming a decay date of July 2015).  A poorly 

quantified inventory of 127I exists for the tanks and 

has only been quantified in 12 tanks to date 

(PNNL-31794, The Removal of Iodine from Liquid 

Effluents Directed Toward the Effluent Treatment 

Facility).  Within the tanks, the majority of iodine is 

expected to be iodide (I-) (PNNL-30105, Iodine 

Speciation Basis and Gap Analysis for Hanford 

Tank Fam Inventory and During Processing).  Both 

iodate (IO3
-) and organo-iodine are possible, and 

recent work has better speciated and quantified the 

iodine within the supernatant liquid (Fountain, 

2020).  An equivalent fraction of iodine is projected 

to be present in the saltcake (Table E-3), and work in 

2020 highlighted for the first time that iodine can be 

present in the sludge as AgI (Reynolds et al., 2020). 

Iodine is likely to be also present in secondary waste 

streams generated through vitrification.  The iodine 

is projected to be present on the granular activated 

carbon (GAC) from the Waste Treatment and 

Immobilization Plant (WTP) LAW and high-level 

waste (HLW) vitrification plants, the high-efficiency 

particulate air (HEPA) filters from both the WTP 

LAW and HLW Vitrification Facilities, the 

Ag-mordenite from HLW vitrification, and in the liquid secondary effluents from WTP. 

129I levels are used as part of the waste classification in 10 CFR 61.55, ñWaste Classification,ò which is 

used to classify wastes for near-surface disposal.  The Class C limit for 129I is <0.08 Ci/m3, and the 

Class A limit is <0.008 Ci/m3.  129I is also a key radionuclide of interest in the Integrated Disposal Facility 

(IDF) Performance Assessment (PA) (RPP-RPT-59958, Performance Assessment for the Integrated 

Disposal Facility, Hanford Site, Washington), and 129I is sufficiently mobile in the subsurface that the 

existing inventory is large enough to impact potable water. 

Table E-2. Summary of the Tank Inventory 

Splits of Iodine-129 

Tank Farm 
Iodine-129 

(Ci) % Total 
200 East or 
200 West 

A 1.14 4% E 

AN 6.36 22% E 

AP 5.38 18% E 

AW 3.55 12% E 

AX 0.27 1% E 

AY 0.47 2% E 

AZ 0.92 3% E 

B 0.10 0% E 

BX 0.29 1% E 

BY 2.19 7% E 

C 0.01 0% E 

S 2.00 7% W 

SX 1.45 5% W 

SY 1.21 4% W 

T 0.06 0% W 

TX 2.39 8% W 

TY 0.08 0% W 

U 1.52 5% W 

Total 29.37 100% - 

 

Table E-3. Distribution of Iodine Across the 

Three Main Phases of Hanford Tank Waste 

Tank Phase Iodine-129 

Saltcake 42% 

Supernate 45% 

Sludge 13% 
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Behavior in Grout Waste Forms and Subsurface 

As iodine is most likely to exist as an anion in both its oxidized and reduced forms within the tank waste, 

little change in behavior is likely between reducing or oxidizing conditions within a grout waste form.  

The iodine species would be released from the waste form through a similar diffusive process as many 

other anions.  Some evidence exists for partial interactions between iodide/iodate and grout matrices, 

although the degree of sorption would likely be low.  Little is known about the leaching behavior of 

organo-iodines; however, the expectation would be limited retention as many organic compounds do not 

interact with grouts similarly to iodide.  Within the Hanford subsurface, limited to no natural attenuation 

has been found once released from the IDF.  As such, release rates for 129I leading to projected 

concentrations at the point of compliance are dictated by waste form performance and release from the 

IDF.  The uncertainty with the behavior of iodine in unmodified grout waste forms or in the subsurface is 

low compared to other uncertainties with iodine (e.g., inventory partitioning in WTP). 

Approaches to Improve Retention 

Improved retention of iodine within grout waste forms may be achieved through solubility control and the 

precipitation of iodine as a low soluble phase.  The most common phase being silver iodide (AgI, 

Ksp = 8 × 10-17) (Asmussen et al., 2016; PNNL-26443, Updated Liquid Secondary Waste Grout 

Formulation and Preliminary Waste Form Qualification; RPP-RPT-26725, Cast Stone Technology for 

Treatment and Disposal of Iodine-Rich Caustic Waste DemonstrationðFinal Report); however, other 

phases such as bismuth iodide (BiI3) and lead iodide (PbI2) can be used (PNL-4045, Selection of a Form 

for Fixation of Iodine-129).  In this approach, a getter (or simple chemical form) is used to introduce the 

precipitating species (e.g., Ag, which is a Resource Conservation and Recovery Act [RCRA]-listed metal) 

to the liquid waste.  Upon forming the stable phase (e.g., AgI), the waste form would be produced and the 

iodine present in a more stable form within the final waste form.  Release of iodine would then be 

controlled by the stability/solubility of the stable phase.  This approach has been successful on the 

laboratory-scale in suppressing iodine release using >5 wt% of an iodine getter (Ag-zeolite) (Saslow, 

2017; RPP-RPT-26725), although tests with minor amounts of getter addition (<0.1 wt%) were not 

successful in limiting iodine release (PNNL-25577, Getter Incorporation into Cast Stone and Solid State 

Characterizations).  No data exists between 0.1 wt% and 5 wt% getter addition to assess thresholds for 

where iodine retention is acceptable, for the ideal getter loading for performance/economic benefits, or for 

maintenance of this improvement at field-scale.  The solubility approach needs to consider the long-term 

stability of the precipitated phase and possible interfering mechanisms (e.g., reduction of the cation used, 

displacement of the iodine by a separate species, competition with a redox getter).  The uncertainty with 

this improvement mechanism lies in the long-term prediction of stability of the phases in disposal site 

subsurface conditions (for which limited data are currently available) and identifying the optimal getter 

type and loading.  However, geochemical calculations could be used to provide an additional line of 

evidence. 

The removal of iodine can be pursued, and further information is available in Volume II, Appendix C, 

Section C.15.2.  The primary uncertainty with iodine removal is the service lifetime of candidate 

materials and scale-up of a removal process. 

Bulk approaches could also be used for improved iodine retention through enhanced containment 

(e.g., low permeability or reactive barrier around the waste form) or further isolation within the disposal 

environment (e.g., larger waste package size reducing the surface area to volume ratio). 

Uncertainty Upon Disposal and Mobility to Potable Water 

Where an achievable pathway to potable water exists (e.g., Hanford IDF), the long half-life of 129I 

introduces temporal uncertainty due to the extended timeframes that need to be considered.  As covered in 

taxonomy item 1.1.2 (Volume II, Appendix D), iodine has limited release in 1,000 years but could reach 

the compliance limits (dependent on inventory/conditions/properties of the waste form) in 10,000 years.  
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Incorporating sufficient uncertainty in PA modeling around laboratory and short-term data-derived 

parameters is the best approach to addressing the uncertainties.  If a solubility control approach is to be 

used, then long-term stability of the resulting phase would carry associated uncertainty.  Having a better 

understanding of the stability and release/interference mechanisms of the stable phase would significantly 

reduce such uncertainty for disposal of the grouted waste form in a site with a pathway to potable water. 

Once again, if waste is disposed of at a facility with limited water recharge and inaccessible potable water 

sources, only the inventory of iodine is a consideration, not the leachability and release, which are only of 

concern in on-site disposal. 

E.3.1.2 Technetium  

E.3.1.2.1 Technetium Uncertainties 

Hanford Waste Background and Inventory 

99Tc is present in the Hanford tank wastes as a 

fission product and has a long half-life of 

211,000 years.  There are 25,300 Ci (~1,500 kg) of 
99Tc present in the Hanford tank wastes (based on 

the BBI updated as of February 2022 and assuming 

a decay date of July 2015).  Technetium in the 

alkaline tank waste (pH >12.5) is primarily present 

as the oxyanion pertechnetate, 99TcO4
-, and with a 

fraction of poorly quantified (between 0% ï 75%) 

non-pertechnetate that exists in lower oxidation 

states and usually complexed by organic moieties.  

The highest inventories of technetium are found in 

the AN, AP and AW Farm tanks (Table E-4).  Due 

to its soluble nature, the majority of the technetium 

is present in the saltcake and supernatant liquid 

(Table E-5).  99Tc supernatant liquid concentrations 

range from <5E-04 to about 1E-01 µCi/mL 

(PNNL-23319, Technetium Inventory, Distribution, 

and Speciation in Hanford Tanks, Table A.1). 

Behavior in Grout Waste Forms and Subsurface 

As pertechnetate, 99TcO4
- is a highly mobile anion in 

water and in the environment.  Therefore, long-term 

stabilization needed for near-surface disposal of 

wastes containing 99Tc is a challenge that carries 

long-term uncertainties.   

Historically, granulated ground blast furnace slag, 

currently referred to as slag cement, has been used to achieve both the stabilization of selected anions and 

cations (e.g., TcO4-, CrO4
2-, and Hg2+) and formation of a hydrated waste form matrix (Langton, 1987; 

Langton and Oji, 2021).  Sulfur in the slag glass is responsible for the reducing chemistry that results in 

precipitation of 99Tc(VII) and other metal anions such as chromate (CrO4
2ī) in the alkaline waste solution 

(Langton, 1987). 

Table E-4. Summary of the Tank Inventory 

Splits of Technetium-99 

Tank 
Farm 

Technetium-99 
(Ci) % Total 

200 East or 
200 West 

A 6.61E+02 3% E 

AN 4.19E+03 17% E 

AP 3.95E+03 16% E 

AW 3.06E+03 12% E 

AX 2.78E+02 1% E 

AY 4.16E+02 2% E 

AZ 1.64E+03 6% E 

B 1.97E+02 1% E 

BX 3.01E+02 1% E 

BY 1.41E+03 6% E 

C 2.29E+00 0% E 

S 2.01E+03 8% W 

SX 1.33E+03 5% W 

SY 1.74E+03 7% W 

T 1.39E+02 1% W 

TX 2.32E+03 9% W 

TY 8.12E+01 0% W 

U 1.57E+03 6% W 

Total 2.53E+04 100% 
 

 

Table E-5. Distribution of T echnetium Across 

the Three Main Phases of Hanford Tank Waste 

Tank Phase Technetium (Ci) 

Saltcake 51% 

Supernatant liquid 42% 

Sludge 7% 

 



SRNL-STI-2023-00007 

Revision 0 

Volume II | E-9 

The chemistry applied to both removal and in situ immobilization of pertechnetate in Hanford tank waste 

and Savannah River Site (SRS) tank waste is based on chemical reduction of the pertechnetate Tc(VII) 

ion to the +4 valance state, Tc(IV).  Under sufficiently reducing conditions, TcO4
- is readily reduced to 

Tc(IV) and precipitated/immobilized as an oxide, TcO2, which can be hydrolyzed as a poorly amorphous 

hydrate, TcO2·nH2O, both of which have relatively low solubilities in aqueous solutions and in 

chemically reducing waste forms such as Cast Stone and saltstone (PNNL-22977, Characterization of 

Technetium Speciation in Cast Stone). 

Chemically reduced sulfur species in cementitious material containing slag cement, including Saltstone 

and Cast Stone, are associated with a dark blue-green color.  Oxidation of S(0) and S- species in air results 

in a loss of chemical reduction and is associated with a tan to almost white color.  This color change is 

also observed in Cast Stone and Saltstone when samples are exposed to air (SRNL-STI-2012-00468, 

Method Evaluation and Field Sample Measurements for the Rate of Movement of the Oxidation Front in 

Saltstone).  The authors also reported polymeric sulfur (detected by ultraviolet light spectra) in aqueous 

leachate in contact with the slag-based saltstone.  In addition, within 20 minutes after sampling, the 

polymeric sulfur peak disappeared and no peak for sulfide was observed, which was attributed to rapid 

oxidation of the leachate in contact with air.  Consequently, oxidation and mobilization of low solubility 

technetium phases is a rapid process when slag-based waste forms are exposed to air; understanding the 

rate of this process in the disposal environment is imperative (Langton et al., 2014; Chen et al., 2021). 

Little is known about the behavior of non-pertechnetate species within grout waste forms.  Only a single 

study exists in which a non-pertechnetate species was placed in a grout waste form and leached 

(PNNL-23319).  There was a small increase in technetium release; however, no spectroscopic evidence of 

the non-pertechnetate within the grout was provided. 

Approaches to Improve Retention 

To enhance retention of technetium in cementitious waste forms, several approaches are being considered.  

Bulk approaches could be used for improved technetium retention through enhanced containment 

(e.g., low permeability or reactive barrier around the waste form) or further isolation within the disposal 

environment (e.g., larger waste package size).  For example, Saltstone at SRS is disposed of in 

32E+06-gallon engineered barriers/robust concrete tanks to achieve a very low surface-area-to-volume ratio 

and reduce exposure of the waste form to O2 and moisture.  This is the basis of alternatives Grout 5A/5B. 

Pacific Northwest National Laboratory (PNNL) and others have investigated technetium getters, which 

can further stabilize the technetium within a grout waste form.  Ideal getters are materials that have 

specific affinity for Tc(VII) or can react with, bind, and immobilize Tc(VII) in the waste form so that they 

are resistant to controlling release mechanisms (e.g., oxidation).  PNNL has investigated getters as an 

additive to Cast Stone and also as amendments for backfill in the IDF at Hanford (Asmussen, et al., 2015; 

Asmussen, et al., 2017; Boglaienko et al., 2019; Burgeson et al., 2011; Pearce et al., 2018; Saslow et al., 

2017).  Most of the technetium getters tested to date have focused on using reduction-oxidation control to 

suppress technetium migration; however, ion exchange and incorporation processes have also been 

studied (PNNL-19681, Tc-99 Ion Exchange Resin Testing; Saslow et al., 2018; Bourchy et al., 2022).  

Additional work is in progress to expand and optimize the performance of technetium getter materials.  A 

thorough examination of methods to improve technetium retention in grout waste forms is provided in 

SRNL-STI-2020-00228, Evaluation of Technologies for Enhancing Grout for Immobilizing Hanford 

Supplemental Low-Activity Waste (SLAW).  The use of slag as the reducing agent, which converts soluble 

Tc(VII) to insoluble Tc(IV), was included in all onsite grout Alternatives; however, the use of additional 

Tc getters was not.   
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The removal of technetium, as described for alternatives Grout 1C and 2C, can be pursued and further 

information is available in Volume II, Appendix C, Section C.15.1.  The primary uncertainty with 

technetium removal is the inventory of non-pertechnetate and its impact on removal effectiveness 

(Section E.3.1.2.2). 

Uncertainty Upon Disposal and Mobility to Potable Water 

Where an achievable pathway to potable water exists (e.g., Hanford IDF), the long half-life of 99Tc 

introduces temporal uncertainty due to the extended timeframes that need to be considered.  Incorporating 

sufficient uncertainty in PA modeling around laboratory and short-term data derived parameters is the 

best approach to addressing this uncertainty.  The reoxidation rate of the grout waste form/getter remains 

the primary uncertainty with long-term disposal at a facility with a pathway to potable water.  Measuring 

the rate of reoxidation in realistic disposal conditions remains the best approach to refine this uncertainty. 

Uncertainty also exists in the speciation of 99Tc within the disposed wastes, as the non-pertechnetate 

fraction may behave differently than pertechnetate within the waste form and within any capture process. 

Once again, if disposed of at a facility with limited water recharge and inaccessible potable water sources, 

only the inventory of 99Tc is a consideration, not the leachability and release. 

E.3.1.2.2 Non-Pertechnetate Uncertainties 

Hanford Waste Background and Technetium Inventory/Speciation 

Speciation of technetium in Hanford tank waste is vital to the management and disposition in grout waste 

forms.  The predominant form of technetium in tank waste is pertechnetate ion, TcO4
-.  There is also a 

form of technetium in Hanford tank waste known as ñnon-pertechnetateò (LA-UR-95-4440, Technetium 

Partitioning for the Hanford Tank Waste Remediation System: Anion Exchange Studies for Partitioning 

Technetium from Synthetic DSSF and DSS Simulants and Actual Hanford Waste (101-SY and 103-SY) 

Using ReillexÊ-HPQ Resin), which is believed to be predominantly a Tc(I) carbonyl moiety 

(LBNL-56315-Ext-Abs, Investigations to Identify the Soluble, Non-pertechnetate Species in the High-

level Nuclear Waste at the Hanford Site; Lukens et al., 2004), although it may actually be multiple ionic 

state forms that coexist (PNNL-25000, Spectroscopic Properties of Tc(I) Tricarbonyl Species Relevant to 

the Hanford Tank Waste; PNNL-24916; Synthesis and Characterization of Tc(I) Tricarbonyl Nitrosyl 

Species Relevant to the Hanford Tank Waste: FY2016 Status Report; Chatterjee et al., 2020).  The 

complete speciation and distribution of technetium in Hanford tank waste is not known.  Of the 

177 Hanford tanks, only 10 have been tested for the presence of non-pertechnetate (PNNL-23319).  

Whether the non-pertechnetate fraction in waste tanks changed over time is also not known.  The 

presence of non-pertechnetate in specific tanks can potentially be influenced by the presence of 

complexants in the tank waste and chemistry induced by irradiation of the waste. 

Determination of Non-Pertechnetate Species 

The initial method used to measure the non-pertechnetate fraction was by processing the waste sample 

through an ion exchange column that removed only pertechnetate; any remaining technetium in the 

effluent liquid was called ñnon-pertechnetate.ò  The purpose of the analysis was to test the effectiveness 

of various ion exchange resins and as needed, to prepare samples for further decontamination testing and 

immobilization ï not to quantify the amount of non-pertechnetate.  Several discrepancies were noted in 

the ion exchange column data, where results from test to test with samples from the same tank yielded 

different results.  Generally, if <10% of total technetium in a sample was present in column effluent, no 

further testing or analysis was done to elucidate its speciation or better quantify the exact amount.   
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Those tanks with <10% of technetium in column effluent could potentially have no non-pertechnetate, but 

there is no way to know from current test data.  Analytical methods, imperfect column packing, slow 

kinetics, or other experimental issues may have led to some breakthrough of pertechnetate.  Most of the 

tanks that were found to contain >60% non-pertechnetate are ñcomplex concentrateò tanks, or otherwise 

high organic tanks, which have complex technetium chemistries. 

Based on prior quantification of 

non-pertechnetate in 10 of the 27 double-shell 

tanks (DST) (using the maximum 

non-pertechnetate fraction reported) and 

current estimates in the BBI the 

non-pertechnetate is approximately 12% of the 

total technetium in the DSTs (~5% of the total 

tank waste technetium).  A summary of the 

existing non-pertechnetate data and the impact 

on the overall technetium inventory is shown 

in Table E-6.  Some of the tanks that have 

measured non-pertechnetate previously 

(circa 2000) have since had transfers in/out 

that may have changed projected concentrations.  

Note that much of the waste known to contain 

non-pertechnetate is ñcomplexant concentrateò 

waste and would likely be best immobilized in 

the melter anyway because of higher organic 

content, dependent on the results of 

contemporary Land Disposal Requirements 

(LDR) organics studies. 

An analysis method for quantifying non-

pertechnetate has been developed that is 

compatible with test procedures used in the 

222-S Laboratory (SRNL-STI-2016-00510, Preliminary Tests for Development of a Non-Pertechnetate 

Analysis Method), but the method has not been implemented.  Another analysis method has also been 

developed that uses a special sensor to measure the Tc(I) moiety but would not sense if other forms of 

non-pertechnetate exist (PNNL-26316, Non-Pertechnetate Technetium Sensor Research and 

Development).  A full suite of non-pertechnetate species can be identified using a combination of nuclear 

magnetic resonance spectroscopy and X-ray adsorption spectroscopy (Chatterjee et al. 2020).  Additional 

information on the topic of non-pertechnetate chemistry is provided in SRNL-STI-2017-00382, Literature 

Review of the Potential Impact of Glycolic Acid on the Technetium Chemistry of SRS Tank Waste). 

Non-Pertechnetate Behavior in Grout Waste Forms 

The presence of non-pertechnetate species may have significant impacts on potential use of a grout waste 

form if a significant inventory is present.  First, if technetium is to be removed from LAW to enable a 

grout waste form, most of the known technetium removal methods have only been shown to be effective 

for the pertechnetate ion.  However, removal of a Tc(I)(CO)3 species has been shown using spherical 

resorcinol formaldehyde resin (Chatterjee et al. 2020).  No removal methods have been developed 

specifically for all of the non-pertechnetate form(s) and only very limited testing has been performed on 

methods to convert non-pertechnetate to pertechnetate.  Second, the target long-term sequestering 

mechanism for technetium in grout waste forms is insoluble Tc(IV).   

Table E-6. Existing Non-Pertechnetate Data 

Summary 

Tank 
Min % 

non-PT 
Max % 
non-PT 

Tc (Ci) - 
Current BBI 

Max Ci 
non-PT 

AN-102 48 80 482 386 

AN-103 1.6 8 273 22 

AN-107 48 80 302 242 

AP-101 0.5 13 738 96 

AP-104 69 72 93.6 67 

AW-101 0.06 15 468 70 

AZ-101 0 0 1310 0 

AZ-102a 0 0.04 176 0.1 

SY-101 53 70 63 44 

SY-103 54 78 484 378 

 Total (Ci) 1304 

% Tc of Total 

Tank Waste 

5% 

%Tc of DST Tc 13% 
a Note:  A value of 33% non-pertechnetate is present in 

PNNL-23319, Table 4.7, for Tank AZ-102; however, the reference 

listed in the table is incorrect.  This value could not be confirmed in 

other available references and is highly suspect. 

BBI = Best Basis Inventory. 

DST = double-shell tank. 

PT = pertechnetate. 

Tc = technetium. 
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Converting to Tc(IV) in the grout forms likely requires that the technetium is originally present as 

pertechnetate in the waste when mixed with grout-forming materials that contain a reductant.  The main 

source of reductant being blast furnace slag that can convert the Tc(VII) pertechnetate into an insoluble 

Tc(IV) species (Angus et al., 1985; Langton, 1987; Allen et al., 1997).  Once converted into Tc(IV), 

technetium is present as either an oxide or sulfide species that controls its release from the grout (Lukens 

et al., 2005; PNNL-20753, Radionuclide Retention Mechanisms in Secondary Waste-Form Testing: 

Phase II ; Arai et al., 2015).  That reduction-oxidation reaction of Tc(VII) to Tc(IV) with slag is key to 

sequestering the 99Tc and making it leach resistant (PNNL-25194, Secondary Waste Cementitious Waste 

Form Data Package for the Integrated Disposal Facility Performance Assessment; 

SRNL-STI-2010-00668, Long-term Technetium Interactions with Reducing Cementitious Materials; 

SRNL-STI-2009-00473, Geochemical Data Package for Performance Assessment Calculations Related 

to the Savannah River Site).  

In grout waste forms, whether or not the non-pertechnetate species will undergo this redox conversion is 

not known, but is considered unlikely because it is already in a reduced oxidation state (i.e., Tc(I) vs. 

Tc(IV)).  Simulant testing of a grout waste form containing a laboratory-synthesized Tc(I) carbonyl 

complex indicated a ~10× increase in observed diffusivity for a Tc(I) species compared with Tc(VII) 

(PNNL-24297, Extended Leach Testing of Simulated LAW Cast Stone Monoliths).  Although, if this 

laboratory-synthesized form was identical to the non-pertechnetate in tank waste is not known.  Key to 

the assumptions that underpin grout leaching performance is that the 99Tc is present primarily as Tc(IV) in 

the grout. 

Non-pertechnetate Behavior in On-Site Disposal with Grout 

In considering on-site disposal of LAW as a grout waste form, quantification of the non-pertechnetate 

fraction of the technetium inventory would be needed to accurately project 99Tc fractional release rates 

from the IDF.  A high degree of confidence in the inventory between the technetium forms in tanks and 

measurement of their corresponding release mechanisms from grout would ensure that the risk associated 

with disposal of the non-pertechnetate inventory in an on-site scenario can be accurately assessed. 

Because it is not known how much non-pertechnetate is present in tanks and whether it would be 

sequestered in a grout waste form similar to pertechnetate; at this time, there is associated uncertainty in 

selecting on-site disposal of a grouted waste form.  If found that there is sufficient non-pertechnetate 

present and it is not sequestered, this fraction of technetium released from the waste forms could increase 

the overall IDF source term.  Similarly, selecting the flowsheet alternative where technetium removal is 

performed prior to grouting may result in a grout that contains the non-pertechnetate fraction, which is not 

removable by known methods.  The contribution to overall fractional release from the IDF in this scenario 

is unknown and could only be determined with improved quantification of the non-pertechnetate fraction 

in the tanks.  Note that the uncertainty around non-pertechnetate behavior is captured in the risk budget 

analysis performed to support taxonomy criteria 1.1.2, where all technetium was assumed to be mobile in 

the conservative case.  However, a mitigation to the non-pertechnetate scenario could be sending the 

tanks with high non-pertechnetate (e.g., Tank AN-102, AN-107) to the LAW melter, and those with low 

or no non-pertechnetate to grout in a sample-and-send approach.   

The risk and consequences of non-pertechnetate in on-site disposal cannot be quantified until: (1) a 

precise analytical method is implemented, and a quantitative study is performed on actual (fresh) tank 

farm samples, (2) actual leachability of non-pertechnetate in grout is measured, (3) PA calculations are 

performed on the results of these two studies, and, if needed, (4) a practical conversion method is 

developed. 
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Non-pertechnetate Behavior in Off-Site Disposal with Grout 

However, if disposal of the grout waste form is not dependent on the long-term technetium leaching 

performance, the presence of non-pertechnetate species is likely inconsequential.  If the waste form is 

disposed offsite, where a potable water path is not plausible and the insoluble property of technetium in 

grout is not a fundamental assumption or requirement, the non-pertechnetate inventory and chemical 

reactions do not impact the disposal.  The majority of the technetium from the tanks would still have 

limited solubility in the waste form because it would convert from the majority pertechnetate in the waste 

to the majority insoluble Tc(IV) in the waste form.  Further, the non-pertechnetate may have unexpected 

reactions that render it insoluble, and its leachability would be partially mitigated by the limited porosity 

of the waste form.  So off-site disposal of the waste form is considered to be plausible regardless of the 

presence of non-pertechnetate. 

Non-pertechnetate Behavior in Vitrification and Fluidized Bed Steam Reforming 

For vitrification and FBSR, disposal of non-pertechnetate in a final glass or mineralized waste form is not 

an issue.  The heat of the melter or FBSR will convert any non-pertechnetate to pertechnetate when it 

reaches 600°C (Luksic et al., 2019), which would happen in the cold cap or DMR.  Although there may 

be some differences in vapor retention, its behavior in the disposed waste form is the same as the 

technetium that originated as pertechnetate in the waste. 

E.3.1.3 Selenium-79 Uncertainties 

Hanford Waste Background and Inventory 

Selenium-79 (79Se) is present in the Hanford wastes 

as a fission product resulting from historical waste 

processing.  There are 114 Ci (1.6 kg) of 79Se 

present in the Hanford wastes (based on the BBI 

updated as of July 2021 and assuming a decay date 

of July 2015).  The concentration of 79Se varies by 

tank and by phase within the tank, with a maximum 

inventory in Tank AN-101 (5.38 Ci); the 79Se 

inventory is split with 55% of the inventory located 

in the 200 East Area tanks and 45% in the 200 West 

Area tanks.  A summary of the farm distribution is 

provided in Table E-7.  Direct sampling data is 

available for only 24 of the 177 Hanford tanks for 
79Se.  Little is known about the speciation of 79Se 

within the tanks, which will likely exist as some 

form of oxyanion.  The 79Se is assumed to have even 

distribution across the sludge, saltcake, and 

supernatant liquid in the tanks. 

79Se was projected to partition mainly to the LAW 

glass in the 2017 IDF PA (RPP-RPT-59958), with a 

range of 108 Ci ï 140 Ci partitioning to the glass, the overall 79Se inventory estimates having decreased 

from 144 Ci to 114 Ci.  Table E-8 provides the projected splits.  The remainder was projected to partition 

to the Effluent Treatment Facility (ETF) and only a small fraction to the solid secondary waste.  Note that 

this behavior is uncertain, as selenium has been identified as being volatile in melter conditions 

(ORP-53935, Redox Control for Hanford HLW Feeds VSL-12R2530-1, Rev. 0).  However, the partitioning 

will not impact the overall assessment of limited impact to potable water due to the low inventory. 

Table E-7. Summary of the Tank Inventory 

Splits of Selenium-79 

Tank 
Farm 

Selenium-79 
(Ci) % Total 

200 East or 
200 West 

A 3.6 3% E 

AN 20.0 18% E 

AP 12.9 11% E 

AW 7.2 6% E 

AX 1.7 2% E 

AY 1.5 1% E 

AZ 4.0 3% E 

B 0.2 0% E 

BX 0.9 1% E 

BY 11.1 10% E 

C 0.0 0% E 

S 13.1 11% W 

SX 8.3 7% W 

SY 5.5 5% W 

T 0.2 0% W 

TX 13.8 12% W 

TY 0.2 0% W 

U 9.5 8% W 

Total 1.14E+02 100% 
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Table E-8 provides a summary of the distribution of 79Se between the main waste streams in the IDF PA.  

Case 7 is considered the ñbase caseò with high retention of radionuclides and contaminants with recycle, 

and Case 10A is a contrived case with an extremely low retention of 99Tc in the glass. 

Table E-8. Distribution of Selenium-79 Between the Main Waste Streams 

Waste Stream 
IDF PAa Case 7 

(Ci) 
IDF PAa Case 10A 

(Ci) 

LAW glass 140 108 

ETF liquid secondary waste 2.85 35.3 

Solid secondary waste 0.005 0.004 
a RPP-RPT-59958, 2018, Performance Assessment for the Integrated Disposal Facility, Hanford Site, Washington, Rev. 1, 

Washington River Protection Solutions, LLC and INTERA, Inc., Richland, Washington. 

Note: the 2017 IDF PA assumed ~144 Ci of Se-79 while recent projections are 114 Ci. 

ETF = Effluent Treatment Facility. 

IDF = Integrated Disposal Facility. 

LAW = low-activity waste. 

PA = performance assessment. 

79Se is not included as part of the waste classification in 10 CFR 61.55.  79Se was not a major radionuclide 

of interest in the IDF PA; however, information on 79Se was included. 

Behavior in Grout Waste Forms and Subsurface 

There is little information to date on the behavior and speciation of selenium within grout waste forms.  

However, as selenium will likely exist as an oxyanion across oxidation state under alkaline conditions, the 

selenium would likely be mobile and thus a conservative assumption could be made in PA modeling.  

A study of selenium speciation and leaching within candidate grouts would help reduce or eliminate this 

uncertainty.  Within the Hanford subsurface, there is likely limited to no natural attenuation of selenium, 

and a low distribution coefficient (Kd) <1 has been assumed in the past (PNL-10379, Distribution 

Coefficient Values Describing Iodine, Neptunium, Selenium, Technetium and Uranium Sorption to 

Hanford Sediments). 

Approaches to Improve Retention 

With the lack of data, there are also no documented approaches to improve selenium retention in grout 

waste forms (if needed).  Bulk approaches could be used for improved selenium retention through enhanced 

containment (e.g., low permeability or reactive barrier around the waste form) or further isolation within 

the disposal environment (e.g., larger waste package size to reduce the surface area to volume ratio). 

Uncertainty Upon Disposal and Mobility to Potable Water 

The primary uncertainty around 79Se during disposal conditions lies with the lack of experimental data to 

date and the inventory estimates to be disposed.  Where an achievable pathway to potable water exists 

(e.g., Hanford IDF), the long half-life of 79Se introduces temporal uncertainty due to the extended 

timeframes that need to be considered.  With the lack of site-specific data, uncertainty must be built into 

any PA modeling.  However, there is only a small amount of 79Se in the Hanford tanks, and any migration 

to potable water is unlikely to exceed regulatory limits (Section E.3.1.9) and projected to be on the order 

of zepto-curie concentrations (10-21Ci/L). 

If waste is disposed of at a facility with limited water recharge and inaccessible potable water sources, 

only the inventory of 79Se is a consideration, not the leachability, release, and transport.  Since the 

inventory is extremely low, there is minimal risk from 79Se in on-site or off-site disposal. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | E-15 

E.3.1.4 Resource Conservation and Recovery Act Metal Uncertainties 

Hanford Waste Background and Inventory 

The RCRA metals (i.e., Ag, As, Ba, Cd, Cr, Hg, Pb, 

and Se) have a range of origins within the Hanford 

tank wastes.  (Note that 79Se is addressed in 

Section E.3.1.3 and is separately considered versus 

the hazardous non-radioactive Se isotopes discussed 

here.)  These RCRA metals play a key role in waste 

acceptance as their performance in the U.S. 

Environmental Protection Agency (EPA) Method 

1311 test (Toxicity Characteristic Leaching 

Procedure [TCLP]) is used from a regulatory 

perspective to demonstrate satisfactory treatment for 

land disposal restrictions (LDR); and to date, waste 

forms containing blast furnace slag pass the TCLP.  

Table E-9 shows the inventory currently projected 

across all tanks based on the BBI (updated as of February 2022 and assuming a decay date of July 2015) 

and the distribution of RCRA metals as a weight percentage (wt%) within the tank farms (Table E-10).  

The data in Table E-10 indicates that chromium (546,000 kg total) and lead (73,300 kg total) represent the 

majority of the total mass of RCRA metals across all tanks.  The distribution indicates that the majority of 

metals are contained within a few tank farms (e.g., S Farm tanks for Cr, and AN, B, and T Farms for lead). 

Table E-10. Distribution (as % of total) of the RCRA Metals Across the Hanford Tank Farms 

Tank Farm Pb Ba As Cd Ag Hg Cr Se 

A 6% 5% 0% 1% 2% 17% 2% 0% 

AN 24% 8% 18% 25% 8% 11% 5% 19% 

AP 6% 0% 2% 1% 12% 8% 4% 6% 

AW 2% 4% 9% 4% 35% 1% 3% 8% 

AX 1% 2% 0% 3% 0% 1% 1% 0% 

AY 2% 10% 1% 5% 6% 2% 1% 1% 

AZ 2% 3% 0% 0% 0% 1% 1% 0% 

B 11% 8% 2% 3% 1% 4% 2% 2% 

BX 6% 3% 5% 19% 2% 8% 3% 0% 

BY 6% 14% 8% 13% 4% 7% 11% 10% 

C 0% 0% 0% 0% 3% 0% 0% 0% 

S 2% 8% 12% 3% 9% 4% 16% 14% 

SX 2% 9% 15% 9% 5% 15% 18% 18% 

SY 3% 3% 3% 6% 1% 1% 15% 4% 

T 11% 12% 2% 3% 6% 1% 2% 2% 

TX 6% 0% 1% 0% 0% 4% 8% 1% 

TY 2% 3% 0% 0% 0% 13% 1% 0% 

U 8% 7% 22% 5% 6% 1% 8% 15% 

RCRA = Resource Conservation and Recovery Act. 

Table E-9. Inventory of RCRA Metals in 

Hanford Tanks 

Constituent Inventorya (kg) 

Cr 546,000 

Pb 73,300 

Ba 4,090 

As 4,070 

Cd 2,310 

Ag 3,410 

Hg 1,820 

Se 3,720 
a Inventory as of February 2022 and current as of the 

July 2015 decay date in the Hanford Best Basis Inventory. 
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Table E-11 shows the distribution of the RCRA metals between the three primary tank waste phases.  

Although the speciation of the RCRA metals within the tanks is not well characterized, lead, barium, 

silver, and mercury are believed to be primarily present as insoluble oxides/hydroxides in the sludge, 

while arsenic, chromium, and selenium are projected to be primarily oxyanions in the saltcake and 

supernatant liquid.  The speciation and distribution are further complicated, as many of the RCRA metals 

could form complexes with organic components of the waste.  Complexation may explain why cadmium 

exists in all three waste phases ï as hydroxides in the sludge and as soluble complexes in the saltcake and 

supernatant liquid. 

Table E-11. Distribution (as wt% of total) of the RCRA Metals 

Across the Waste Phases in the Hanford Tanks 

Waste Phase Pb (kg) Ba (kg) As (kg) Cd (kg) Ag (kg) Hg (kg) Cr (kg) Se (kg) 

Saltcake 21% 33% 64% 43% 23% 7% 67% 62% 

Supernate 4% 3% 14% 20% 8% 0% 7% 17% 

Sludge 75% 64% 22% 37% 69% 92% 26% 22% 

Ag = silver. 

As = arsenic. 

Ba = barium. 

Cd = cadmium. 

Cr = chromium. 

Hg = mercury. 

Pb = lead. 

Se = selenium. 

Behavior in Grout Waste Forms and Subsurface 

Most of the RCRA metals exist primarily in one or two oxidation states.  Of these metals, chromium is 

the most likely to change oxidation states from relatively insoluble Cr(III) to soluble Cr(VI); therefore, 

chromium may act as a sentinel species for the potential for reduction-oxidation impacts within grouted 

waste forms.  Note that silver and barium exist only in a +1 state and would not be expected to be 

influenced by reduction-oxidation changes. 

No direct speciation of RCRA metals in the tank wastes, except for chromium, have been recorded.  In a 

reducing grout waste form, the RCRA metals would be projected to be in their lowest oxidation states 

(e.g., Cr(III), Pb(II), As(III), Cd(I), Hg(I)).  The alkaline conditions of the waste forms also promote 

insolubility of metals as hydroxides.  Under the conditions of unaged grouted waste forms, the potential 

release of the RCRA metals, based on TCLP test, shows that reducing waste forms consistently pass the 

TCLP (PNNL-22747, Supplemental Immobilization of Hanford Low Activity Waste: Cast Stone Screening 

Tests).  Under oxidizing conditions, some RCRA metals (e.g., Cr) could oxidize to more mobile species, 

increasing their release behavior.  However, the impact of oxidation on the behavior within the subsurface 

would be highly dependent on the RCRA metal and its speciation. 

Approaches to Improve Retention 

All evidence to date shows that grout waste forms pass TCLP for the RCRA metals (PNNL-22747; 

PNNL-26570, Effluent Management Facility Evaporator Bottoms: Waste Streams Formulation and 

Waste Form Qualification Testing); therefore, there is little need for specific amendments to target these 

metals.  However, if enhanced retention is required, improvements would be metal-specific and there is 

likely no catch-all approach for improved retention.   

Additionally, approaches to enhance retention for one constituent may impact the release of another.  For 

example, the use of a silver-based getter for iodine retention provides excess silver, which may potentially 

lead to different silver leaching behavior from waste forms than would be expected with the nominal 

amount of silver in the waste.  However, note that the impact of silver-containing getters for iodine on the 

release of silver from grouted materials is not well-defined. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | E-17 

Bulk waste disposal approaches, such as the grout disposal unit (GDU) suggested for improved retention 

of other contaminants, would also be effective for RCRA metals and through enhanced containment (e.g., 

low permeability or reactive barrier around the waste form) or further isolation within the disposal 

environment (e.g., larger waste package size to reduce the resulting surface area to volume ratio). 

Uncertainty Upon Disposal and Mobility to Potable Water 

Regardless of the disposal facility considered, waste acceptance criteria relative to RCRA metals will be 

based on performance in the TCLP test, where chemical stabilization has typically shown to be sufficient 

(PNNL-22747).  Where a pathway for leachate to reach potable water exists (e.g., Hanford IDF), the 

long-term chemical changes of the waste form (e.g., carbonation, oxidation) may facilitate increased 

release and potential transport to potable water.  For the cases where a silver-containing getter is used in 

the waste form for iodine retention, the corresponding release behavior of excess silver is not well 

documented; however, the studies that have measured silver release show low release rates 

(PNNL-28545, Development and Characterization of Cementitious Waste Forms for Immobilization of 

Granular Activated Carbon, Silver Mordenite, and HEPA Filter Media Solid Secondary Waste). 

E.3.1.5 Nitrate/Nitrite Uncertainties  

Hanford Waste Background and Inventory 

Nitrate and nitrite are nonradioactive, 

inorganic anions present in Hanford 

wastes due historical waste processing 

activities (Table E-12). 

In general, these two anions form the 

background liquid phase of the tank 

wastes, although precipitated nitrogen 

may be found in the solid phase as 

nitrates and nitrites depending on the 

reduction-oxidation conditions of the 

waste.  Nitrite (NO2-) may be 

converted to nitrate (NO3-) via 

oxidation; however, the reaction is 

kinetically hindered (i.e., time-

dependent).  The NO3 and NO2 ratio 

relative to hydroxide is crucial in 

corrosion control in the tanks.  In 

general, the concentration of nitrates is 

in stoichiometric ratio with the amount 

of sodium in solution.  Nitrate/nitrite 

are not regulated under RCRA, and no 

release limits for NO3- or NO2
- are 

available.   

EPA recognizes nitrate and nitrite 

sources from land application of 

fertilizers and has published maximum contaminant levels, enforceable for public water systems, at 10 mg 

N/L and 1 mg N/L for NO3
- and NO2

-, respectively (EPA, 2022). 

Table E-12. Summary of the Tank Inventory Splits 

of Nitrate and Nitrite  

Tank 
Farm 

NO3  
(kg) % Total 

NO2  
(kg) 

% 
Total 

200 East or 
200 West 

A 5.74E+05 1% 3.69E+05 3% E 

AN 4.44E+06 9% 2.39E+06 20% E 

AP 4.47E+06 9% 2.00E+06 17% E 

AW 3.18E+06 6% 1.51E+06 13% E 

AX 3.21E+05 1% 1.74E+05 1% E 

AY 4.28E+05 1% 2.05E+05 2% E 

AZ 5.52E+05 1% 5.35E+05 4% E 

B 1.69E+06 3% 1.32E+05 1% E 

BX 1.34E+06 3% 1.36E+05 1% E 

BY 5.19E+06 10% 6.07E+05 5% E 

C 1.66E+03 0% 1.07E+03 0% E 

S 7.08E+06 14% 6.78E+05 6% W 

SX 4.72E+06 9% 8.79E+05 7% W 

SY 9.83E+05 2% 5.33E+05 4% W 

T 5.79E+05 1% 8.66E+04 1% W 

TX 1.11E+07 22% 8.49E+05 7% W 

TY 5.66E+05 1% 4.71E+04 0% W 

U 3.72E+06 7% 7.48E+05 6% W 

Total 5.09E+07 100% 1.19E+07 100% 
 

 



SRNL-STI-2023-00007 

Revision 0 

Volume II | E-18 

Behavior in Grout Waste Forms and Subsurface 

Due to the solubility of many nitrate minerals, chemical retention of NO3
- and NO2

- in grouted waste 

forms and in subsurface environments is limited.  Most sorption surfaces are negatively charged at neutral 

to alkaline conditions; therefore, anions, like NO3
- and NO2

-, are not attracted to these surfaces.  In 

grouted waste forms, a small and likely insignificant fraction of nitrate may be substituted into some 

secondary precipitation minerals (e.g., ettringite) (Hailong, 2021).  Geochemical speciation of Cast Stone 

porewater suggests that the majority of nitrate is contained in the porewater of cold test samples 

(Chen et al., 2021).  Therefore, the pore structure of grouted materials offers the primary physical 

retention of nitrogen due to a disconnected, tortuous pore pathway ï the longer and more tortuous the 

pathway, the slower the release.  However, implementation and maintenance of these physical approaches 

is limited to date to slow nitrate/nitrite release. 

Crucial to the behavior of nitrate and nitrate is the understanding of their subsurface behavior, primarily 

the impact of denitrification.  Denitrification is a microbiological process that involves the multi-step 

reduction of NO3 to NO2 and then to gaseous nitrogenous products.  Denitrifying microbes are ubiquitous 

in sedimentary environments, including industry and nuclear waste impacted sites.  Numerous laboratory 

studies and field demonstrations have used the inherent denitrifying capacity of subsurface environments 

for in situ remediation of NO3 and co-contaminants, including at the Hanford Site, Oak Ridge Reservation, 

and other nuclear waste disposal sites around the world (PNNL-28846, Carbon Tetrachloride: Evaluation 

of Biotic Degradation Mechanisms and Rates; Lloyd et al., 2005; Safonov et al., 2018; Wu et al., 2010).  

As an anaerobic process, denitrification activity will the highest in low O2 regions (natural or engineered) 

of the subsurface; however, denitrifying bacteria survive well in aerobic conditions. 

Nitrate is a widespread contaminant at the Hanford Site stemming from past nuclear production activities 

and waste disposal practices (DOE/RL-2010-89, Long-Range Deep Vado se Zone Program Plan).  Under 

the neutral to slightly alkaline subsurface water conditions present at the Hanford Site, nitrate displays no 

effective adsorption to sediments.  The primary attenuation processes that affect nitrate include subsurface 

water flow (dilution), abiotic reduction by reactive mineral phases, and microbial degradation.  While the 

bulk of the Hanford subsurface is influenced by oxic conditions, ample evidence shows that chemically 

reduced, anaerobic zones do comprise a portion of the total aquifer volume.  These zones represent ñhot 

spotsò for abiotic and microbial activities that have an important impact on potable water at the site. 

The conceptual site model for contaminant attenuation in the 200 West Area aquifer (Central Plateau 

Area) includes abiotic reduction and microbial degradation occurring in anoxic, reduced zones of low 

permeability (e.g., silt and clay lenses, Lower Ringold Mud Unit, Cold Creek Unit).  There are numerous 

indicators that these zones exist and that degradation pathways are actively occurring for nitrate/nitrite, 

and for other priority contaminants (e.g., carbon tetrachloride, chloroform, and reduction-oxidation active 

radionuclides) (PNNL-28846; Neeway et al., 2019; PNNL-29999, Evaluation of Ammonia Discharge into 

PUREX Crib 216-A-37-1 and Nitrogen Species Fate in the Subsurface).  Reliable indicators for 

contaminant (NO3) reduction include site subsurface water data, characterization studies, remedy evaluations, 

and laboratory-based investigations (PNNL-28846; Lin et al., 2012; PNNL-29999; Yan et al., 2016). 

Approaches to Improve Retention 

Since there is little chemical retention for nitrates/nitrites, the principal methodologies for improving the 

overall retention of NO3- and NO2
- is to: (1) limit exposure to a leaching solution, and (2) provide a longer 

diffusion pathway and smaller surface area for release (e.g., reduced porosity).  Infiltration control 

through caps and other barriers can limit the volume of leaching solution in contact with grouted waste 

forms.  Getters are unlikely to be successful to improve nitrate retention (SRNL-STI-2020-00228).   
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Recent work with geopolymers has shown promise for improved nitrate retention with lower salt solution 

(VSL-21R15000-1, Development of Improved Grout Waste Forms for Supplemental Low Activity Waste 

Immobilization).  Maximization of diffusion path and minimization of exposed surface area are best 

achieved by creation of bulk solidified materials. 

Uncertainty Upon Disposal and Mobility to Potable Water 

The principal sources of uncertainty upon disposal include the amount of water infiltration in contact with 

the waste form and the potential for attenuation and dilution of leached NO3
- and NO2

- between the waste 

form and the point of compliance.  Disposal environments that minimize infiltration (e.g., through barriers 

or discontinuous pathways) are more likely to retain NO3
- and NO2

- from grouted waste forms.  Peak 

concentration of nitrate and nitrite scale linearly to disposed inventory and therefore, any off-site disposal 

with confirmed ñno-releaseò conditions are good disposal candidates with respect to nitrate and nitrite 

retention. 

E.3.1.6 Land Disposal Restrictions Organics Uncertainties 

An overview of the existing knowledge behind LDR organics can be found in Volume II, Appendix A, 

Section A.3.6.  In summary, several recent analyses have provided groundwork for confirming the 

presence/absence of LDR organics in the Hanford wastes, their concentrations relative to non-wastewater 

standards in the liquid and immobilized forms, and their removability via treatment (e.g., evaporation, 

chemical treatment) through historical analyses, recent tank samplings, updated analytical methodology, 

and degradation assessments.  These efforts, including those occurring during the NDAA21 Section 3125 

study timeline, have reduced the uncertainty associated with the possibility of LDR organics exceeding 

compliance limits in a grouted waste form. 

The assessments of LDR organics carry varying levels of uncertainty.  For the quantification of LDR 

organics, much of the sampling data for the tanks is over 30 years old.  Identification of compounds in the 

tank waste has relied heavily on headspace data where uncertainty can arise from Henryôs Law 

concentration conversions in the tank waste.  A summary of the organics and associated samplings is 

provided in the waste profiles in Volume II, Appendix B.  The stability of the LDR organics in the tank 

waste also raises uncertainty in their concentrations as some LDR organics suspected to be present in the 

Hanford tanks may have degraded (chemically or radiolytically) while in storage in the tanks or have 

become affected by tank transfers.  Updated sampling of the tank wastes can address the uncertainty 

associated with their presence and concentration in the tanks.  Additional work is needed to determine 

what, if any, LDR organics could be formed through decomposition of more complex organics in the tank 

wastes.  In the analysis of historical process knowledge from the Hanford Site, some LDR organics can be 

eliminated from the candidate list in the tank waste, with high certainty, because there is no history of 

select LDR organics being used in the Hanford mission and the specific organic compound could not be 

formed in the tank waste. 

Some of the LDR organics may have detection limits that are above the corresponding target 

non-wastewater standard in the tank waste measurements using contemporary analytical techniques, while 

other compounds have never been analyzed for (for example, phthalic acid, a likely decomposition 

product from phthalates in the tanks).  Efforts are ongoing to evaluate alternate techniques to improve the 

quantification and lower detection limits to below the non-wastewater limits and develop methods for 

other compounds.  Achieving detection limits significantly below the non-wastewater limits would 

remove the uncertainty around the risk of an LDR organic exceeding compliance levels based solely on 

noncompliant detection limits.  If these discrepancies between detection limits and target concentrations 

remain, treatment (e.g., evaporation, chemical oxidation, directed to vitrification) may be pursued or a 

variance evaluated for the organic.  Evaporation has been evaluated as a means to remove LDR organics 

that may be present above compliant levels, and further work is ongoing to confirm the efficacy of the 

evaporation approach to such organics.   
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Organics not removed by evaporation may be destroyed by chemical oxidation (e.g., permanganate 

treatment), although there is uncertainty around the efficacy of the process for specific organics and the 

resulting impact on a grouted waste form.   

However, with the low concentrations of many of the potential LDR organics, there is high confidence 

that a chemical treatment process could be successful, if required.  The cost of implementing a separate 

chemical oxidation treatment from evaporation was believed to be within the projected cost uncertainty 

already considered.  In addition, the work underway in evaluating LDR organics in tank waste is expected 

to conclude a fraction of tank waste does not require LDR organic pretreatment prior to grouting.  DOE 

will need to establish the treatment facility waste acceptance criteria with stakeholders that results in 

identifying the parameters and constituents to be used in determining whether LDR organic pretreatment 

is required for a campaign/batch of waste before treatment. 

E.3.1.7 Vault Design Uncertainties 

Uncertainty around mobility to potable water of key contaminants is still present in alternatives Grout 5A, 

5B and 6, where a GDU is used for disposal.  However, this uncertainty is lessened compared to 

containerized options as a monolith in an engineered vault that limits interaction with the environment, 

creates long transport pathways, and slows the rate of change of waste form properties controlling release.  

The extent of this effect is dependent on vault size.  These uncertainties can be further improved with an 

updated PA of a GDU design at Hanford, the last being performed in 1993 (WHC-SD-WM-EE-004, 

Performance Assessment of Grouted Double Shell Tank Waste Disposal at Hanford). 

E.3.1.8 Sample and Send Uncertainty 

For alternatives Grout 1D and Grout 6, an additional uncertainty exists in the projected splits of the 

supplemental LAW inventory that will be directed onsite to the IDF versus to an off-site disposal facility.  

These splits directly impact the projected impact to potable water onsite, as a near linear relationship 

between inventory and peak dose exists in the IDF (dictated by waste form concentration).  If off-site 

pathways are not available or minimally used, the uncertainty is similar to the on-site cases (Grout 1A, 

Grout 2A).  This uncertainty can be handled by evaluating inventory sensitivity cases in the IDF PA. 

E.3.1.9 Confidence in Immobilization with Respect to Potable Water and Mobility to Potable 

Water 

To assess the mobility of the radionuclides and contaminants to a potable water source, conservative 

qualitative estimates of full system waste form release were made using the IDF PA risk budget tool and 

using volumetric concentrations of the various species within the waste forms to project peak 

groundwater concentration in different inventory and performance cases.  The inclusion of radionuclides 

in the IDF PA risk budget tool was developed based on an agreement between DOE and the Washington 

State Department of Ecology to include radionuclides for information only and does not imply that 

radionuclides are regulated under the IDF RCRA permit.  DOE uses the information on radionuclides 

from the IDF PA risk budget tool to perform analyses that are consistent with its capabilities (e.g., 

inventory and waste form release rate sensitivities) and are necessary under the IDF PA maintenance 

program required by DOE M 435.1-1, Radioactive Waste Management Manual. 

E.3.1.9.1 Inventory Uncertainty 

Two inventory cases were tested for this full system: one where the best case retention of radionuclides/ 

contaminants in the LAW glass was assumed, and one where the worst case retention of radionuclides/ 

contaminants in the LAW glass was assumed (Table E-13).  The ñbest caseò glass retention was assumed 

using the splits from Case 7 of the IDF PA (RPP-RPT-59958), where the majority of contaminants/ 

radionuclides are retained in the glass.   
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The ñworst caseò glass retention used values from Case 10A of the IDF PA, where large amounts of 

contaminants/radionuclides are partitioned to the secondary waste grout.  In each case, the supplemental 

LAW inventory was unchanged.  The releases from all waste forms can be combined qualitatively.  The 

ñSLAWò cases assume the supplemental LAW inventory is ~44% of the total inventory then the best and 

worst glass case splits were applied to the remaining ñfirst LAWò glass inventory.  The uncertainty within 

the inventory splits will be refined once WTP begins operations. 

Table E-13. Inventory Splits Evaluated to Technetium, Iodine-129, and Selenium-79 

Species Stream 

Best Glass 
Retention- Case 7 

from IDF PAa 

Worst Glass 
Retention ï Case 10 

from IDF PAa 

Best Case Glass 
Retention + SLAWb 
Disposed of in IDF 

Worst-Case Glass 
Retention + SLAWb 
Disposed of in IDF 

Tc ILAW  99.50% 31.91% 55.30% 17.70% 

SLAW - - 44.4% 44.4% 

ETF LSW 0% 67.80% 0% 38% 

SSW 0.08% 0.05% 0% 0% 

Melter 0.14% 0.04% 0% 0% 
129I ILAW  56.21% 19.43% 31.25% 10.80% 

SLAW - - 44.4% 44.4% 

ETF LSW 0.22% 63.80% 0.12% 35.47% 

SSW 41.23% 14.91% 22.92% 8.29% 

Melter 0.08% 0.02% 0.04% 0.01% 
79Se ILAW  97.92% 75.00% 48.96% 37.50% 

SLAW - - 50%c 50%c 

ETF LSW 0.13% 0.10% 0.06% 0.05% 

SSW 1.99% 24.51% 0.99% 12.26% 

Melter 0% 0.02% 0% 0.01% 

NO3 ILAW  0% 0% 0% 0% 

SLAW - - 44.4% 44.4% 

ETF LSW 0.29% 3.98% 0.16% 2% 

SSW 0% 0% 0% 0% 

Melter 0% 0% 0% 0% 

Cr ILAW  82.94% 77.77% 46.11% 43.24% 

SLAW - - 44.4% 44.4% 

ETF LSW 0.00% 5.83% 0.00% 3.24% 

SSW 0.13% 0.12% 0.07% 0.07% 

Melter 0.13% 0.11% 0.07% 0.06% 
a RPP-RPT-59958, 2019, Performance Assessment for the Integrated Disposal Facility, Hanford Site, Washington, Rev. 1, 

Washington River Protection Solutions, LLC and INTERA, Inc., Richland, Washington. 
b Using the supplement LAW inventories from the Integrated Flowsheet (RPP-RPT-57991, One System River Protection 

Project Integrated Flowsheet, Table 6-7, comparing the volumes of treated LAW (col 41a) sent to WTP to the volumes of 

LAW for supplemental treatment (col 45+46). 
c No split for 79Se was provided for supplemental LAW so a 50% split was presumed.  Differences from 100% totals result 

from splits to other streams 

ETF = Effluent Treatment Facility. 

IDF = Integrated Disposal Facility. 

ILAW  = immobilized low-activity waste. 

LAW = low-activity waste. 

LSW = liquid secondary waste. 

PA = performance assessment. 

SLAW = supplemental low-activity waste. 

SSW = solid secondary waste. 

WTP = Waste Treatment and Immobilization Plant. 
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The ñSLAWò cases assume the supplemental LAW inventory listed in the System Plan (ORP-11242, 

River Protection Project System Plan, Rev. 8), then the best and worst glass case splits were applied to 

the remaining ñfirst LAWò glass inventory.  99Tc, 129I and 79Se were evaluated.  There is uncertainty 

within the inventory splits that will be refined once WTP begins operations. 

E.3.1.9.2 Risk Budget Evaluation 

The inventory splits were then used to calculate concentrations of radionuclides within the various waste 

streams in Ci/m3.  Peak dose is presumed to scale linearly to the concentration of radionuclide within that 

set volume of waste.  By adjusting the projected volumetric concentrations to actual amounts in the risk 

budget tool ñlocked volumeò, a qualitative peak dose could be calculated. 

For example: 

Å In the risk budget tool, an inventory of 26,368 Ci of technetium is present for 278,797 m3 of 

LAW glass, giving a peak concentration of 93.5 pCi/L, assuming a fractional release rate of 

2.57E+07 yr-1.  This split would equal 0.095 Ci/m3. 

Å Using the best case splits for Grout 1A, the supplemental LAW grout is projected to have 

0.0219 Ci/m3. 

Å This concentration would equal 6,106 Ci of technetium in 278,797 m3 of glass listed in the risk 

budget tool. 

Å The value of 6,106 Ci was input to the risk budget tool, and the resulting peak dose was 

~21 pCi/L. 

Å The peak dose was then adjusted for the volume of glass in the alternative to be ~10 pCi/L. 

The same approach was used for the ETF liquid secondary waste. 

For the solid secondary waste, a similar approach was taken, but using the individual splits for the solid 

secondary waste types.  The technetium was only evaluated for the HEPA filters, the 129I was evaluated for 

GAC and AgM, and the 79Se for the HEPA filters and ion exchange based on the splits used in the IDF PA. 

To determine the release from the supplemental LAW grout, three waste form release rate cases were 

evaluated to capture uncertainty around waste form performance. 

Å Using the projected volume of supplemental LAW grout from the System Plan (ORP-11242, 

Rev. 8) (320,489 m3) and the Ci distribution, a volumetric concentration was determined. 

Å The volumetric amount was then applied to the evaluation system of choice: 

ï Conservative Case ï The ñconservative caseò uses the risk budget tool values for grout 

performance (liquid secondary and solid secondary waste types) and the supplemental LAW 

grout performance was calculated using the ETF grout.  The ETF grout is assumed to be 

oxidized from Day 1 in the risk budget tool and is therefore considered to be highly 

conservative.  The peak dose determined using the 18,900 m3 volume in the risk budget tool 

was multiplied by 17× to account for the increase in volume for the supplemental LAW 

grout. 

ï Back Calc ï The ñback calcò case uses the minimum fractional release rate determined in 

PNNL-28992, Performance Metric for Cementitious Waste Form Inventory Release in the 

Integrated Disposal Facility (Table S.1).  To do this, the LAW glass line in the risk budget 

tool was used for the calculation, the fractional release rate was adjusted, and a volume factor 

of 1.14 was used to estimate peak dose. 
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ï Improved Case ï The ñimproved caseò uses a best case for the grout system (reduced for 

technetium, getter continues to hold for iodine) added to the supplemental LAW grout.  To do 

this, the LAW glass line in the risk budget tool was used for the calculation, and a factor of 

1.14 was used to estimate peak dose.  The fractional release rate was decreased by several 

orders of magnitude to account for the improved waste form performance. 

The qualitative results of the assessment were used to draft the taxonomy assessments in Volume II, 

Appendix D, Section 3.1.1.2 of each alternative. 

E.3.2 Risks in Mission Duration and Technical Risks of Operations for Grout Alternatives 

The primary uncertainty driver in the implementation schedule and risk (environmental and safety risks 

prior to mission completion, including risks driven by waste tank storage duration) (C2) criteria for the 

grout alternatives (Grout 4A, Grout 4B and Grout 6) that carried a ñmoderateò rating is the increased risk 

brought forward by the increased transportation of waste.  A description of the transportation 

uncertainties and risk is provided in Volume II, Appendix H.  In summary, the risk is driven by closure of 

the transport route following a theoretical spill.  While the probability of a spill occurrence is very low, 

there are high unmitigated consequences and high schedule impacts. 

During the study questions around uncertainty pertaining to maintaining off-site disposal access for the 

duration of the mission were raised.  This scenario is unlikely and did not drive uncertainty rankings.  

Further discussion of the scenario is given in Volume I, Section 4.0. 

E.3.3 Uncertainties Associated with Likelihood of Project Successful Completion for Grout 

Alternatives 

None of the grout alternatives had a rating beyond ñlow uncertaintyò for the likelihood of successful 

mission completion (including affordability and robustness to technical risks) (C3), primarily due to the 

extensive experience in the implementation of grouting or low temperature processes for waste 

immobilization/stabilization.  Volume II, Appendix L describes the prior experience drawn upon in this 

assessment. 

E.4 UNCERTAINTIES IN LIFECYCLE COSTS  

A full description of the development of the lifecycle costs is provided in Volume II, Appendix F.  Based 

on the assessment, cost uncertainties can range from -20% to 100% on the projected cost. 

E.5 UNCERTAINTIES IN VITRIFICATION ALTERNATIVE  

The National Defense Authorization Act for FY 2017 (NDAA17) report (SRNL-RP-2018-00687, Report 

of Analysis of Approaches to Supplemental Treatment of Low-Activity Waste at the Hanford Nuclear 

Reservation), Appendix B, covered many of the uncertainties associated with LAW vitrification at 

Hanford, with little change in that assessment since.  The primary uncertainty drivers in the long-term 

effectiveness (environmental and safety risk after disposal) (C1) criterion are similar to the on-site grout 

alternatives due to the presence of secondary waste grout waste forms in the IDF.  The uncertainties with 

those waste forms are identical to those discussed in Section E.3, with the main caveat being secondary 

wastes will likely have a higher concentration of radionuclides/contaminants (dependent on partitioning in 

WTP) than a primary grout waste form.  High uncertainties are present in the partitioning of iodine and 

mercury (Volume II, Appendix B, Section B.3.1).  Two waste forms with similar properties but different 

concentrations will see a higher overall release from the waste form with higher concentration.  These 

uncertainties upon disposal would be mitigated with off-site disposal of the secondary waste. 
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The primary LAW glass waste form also carries uncertainty with effectiveness.  The release of 

radionuclides and contaminants from the LAW glass is predicted using the immobilized low-activity 

waste (ILAW) corrosion model, which is based on Transition State Theory (RPP-RPT-59958).  Extensive 

work was undertaken in recent years to understand the applicability of the ILAW corrosion model to 

enhanced waste LAW glass compositions and assess conservatism in the current approach.   

The common assumption is:  as waste loading is increased in the glass, durability will be sacrificed to a 

degree.  Further information on these efforts is provided in: 

Å Nava-Farais et al. (2021), ñApplying Laboratory Methods for Durability Assessment of Vitrified 

Material to Archaeological Samplesò 

Å PNNL-28999, Alternative Approaches to Determining Kg and Modeling its Influence on ILAW 

Glass Corrosion 

Å PNNL-31072, Stirred Reactor Coupon Analysis: Determination of Glass Composition Effects on 

Forward Rate Model Parameters 

Å PNNL-31746, Ion-Exchange Immobilized Low-Activity Waste Glass Rate Model Term 

Å PNNL-31758, FY2021 Report: ILAW Glass Stage II and III Static Dissolution Testing and 

Modeling 

Å VSL-21R4960-2, FY2021 ILAW Glass Ion-Exchange Rate Testing. 

An example of the uncertainty arising from this emerging information is the influence of the ion-

exchange process in glass corrosion.  The ion exchange process will control glass dissolution over the 

majority of its life-time upon disposal.  A presumed conservative assumption was made in the LAW glass 

corrosion model where a constant ion exchange rate was used when evidence exists that the ion exchange 

rate will decay exponentially with time.  In turn, the release from the glasses would overestimate release 

with the use of a constant term.  Recent work (PNNL-31746; VSL-21R4960-2) has identified a time-

dependent ion exchange rate model that can be used.  Implementation of this time-dependent ion 

exchange term only led to a 10× decrease in predicted release in IDF waste form simulations 

(PNNL-31746). 

As with any application of model theories to long-term performance, there are uncertainties associated.  

One such discrepancy exists in comparing the contribution of LAW glass to peak dose of 99Tc.  In the 

2003 Risk Assessment (RPP-17675, Risk Assessment Supporting the Decision on the Initial Selection of 

Supplemental ILAW Technologies), the peak concentration of technetium from WTP glass was 

0.771 pCi/L (Table 4-8b of RPP-17675), while in the 2017 IDF PA (RPP-RPT-59958, Rev. 1) the peak 
99Tc concentration (base case) was 90 pCi/L (Table 5-43 of RPP-RPT-59958).  These differences 

highlight uncertainties associated with primary waste form behavior in the IDF. 

The implementation schedule and risk (environmental and safety risks prior to mission completion, 

including risks driven by waste tank storage duration) (C2) criteria carried technical risks of operations.  

There was an identified risk of delays due to annual operating costs exceeding the projected budget.  This 

risk was described in the NDAA17 report (SRNL-RP-2018-00687) and in Volume II, Appendix F.  The 

increased radiation and chemical exposure risks were attributed to the volatilization of radionuclides and 

harmful chemicals (mercury) transferring them to the offgas management system, and the frequent worker 

exposure required for regular consumable (bubblers, melters, HEPA) replacements.  The large volume of 

wastewater discharged, ~2-3 gallons per gallon of LAW feed, and the corresponding large volume of 

secondary wastes, both liquid and solid, contributed to the environmental technical risks. 

For the likelihood of successful mission completion (including affordability and robustness to technical 

risks) (C3), vitrification had low uncertainty associated with the low probability assessment due to 

mitigation by experience gained from future operations with WTP LAW melters. 
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E.6 UNCERTAINTIES IN FLUIDIZED BED STEAM REFORMING  

The NDAA17 report (SRNL-RP-2018-00687), Appendix D, covered many of the uncertainties associated 

with the use of fluidized bed steam reforming (FBSR) for Hanford LAW.  The primary uncertainty 

drivers in the long-term effectiveness (environmental and safety risk after disposal) (C1) criterion are 

driven by the identification of the FBSR waste form and the limited amount of site-specific data on 

representative waste forms, which can be considered similar to the on-site grout alternatives.  The 

dissolution data available compares the granular FBSR product to representative LAW glass; however, 

the test data available does not correlate directly to a value used in a PA.  The  corrosion results are 

promising, as in similar tests (e.g., product consistency test, single-pass flow-through) the normalized 

dissolution rates of the FBSR granular product are within the ranges of normalized dissolution rates for 

borosilicate glass with compositions within the processable compositions of Hanfordôs WTP 

(PNNL-14805 Waste Form Release Data Package for the 2005 Integrated Disposal Facility Performance 

Assessment; Neeway et al., 2016; Vienna et al., 2018; Crum et al., 2021; SRNL-STI-2014-00063, 

Chemical Composition and PCT Data for the Initial Set of Hanford Enhanced Waste Loading Glasses; 

PNNL-28838, Enhanced Hanford Low-Activity Waste Glass Property Data Development: Phase 2), but 

further testing is needed to produce rate model parameters to represent the dissolution of this waste form 

in a PA to calculate a fractional release rate. 

The implementation schedule and risk (environmental and safety risks prior to mission completion, 

including risks driven by waste tank storage duration) (C2) criteria for FBSR carried technical risks of 

operations.  There was an identified risk of delays due to technical issues and annual operating costs 

exceeding the projected budget.  These two risks were described in in the NDAA17 report 

(SRNL-RP-2018-00687).  The increased radiation and chemical exposure risks were attributed to the 

volatilization of radionuclides transferring them to the offgas management system and aerosolization of 

dust and toxic gases.  The frequent worker exposure required for regular consumable (e.g., nozzles, 

HEPA) replacements was also identified as a risk.  The high volume of clay and other granular solids, 

liquid oxygen, and nitrogen, each having unique transport mechanisms, increased worker exposure risk. 

For the likelihood of successful mission completion (including affordability and robustness to technical 

risks) (C3), FBSR had low uncertainty associated with the low probability assessment due to prior 

experience with WTP.  Note that in alternative FBSR 1B, the carbonate product was not considered as 

this resulting product (used at the Integrated Waste Treatment Unit [IWTU]) would only have minor 

changes to the taxonomy criteria related to previous demonstration of the technology, while uncertainties 

related to waste form performance would persist. 
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Table E-14 summarizes other relevant unknowns pertaining to the FBSR alternatives. 

Table E-14. Fluidized Bed Steam Reforming Uncertainties and Potential Mitigations 

Uncertainty Potential mitigations 

During pilot-scale demonstration testing 

or facility startup, FBSR may not achieve 

at least 50% TOE, especially in the first 

3 operating years when the feed vector is 

highest. 

Å Slow the feed rate during the first 3 operating years; for example, 

extending the first 3 years of operation to 4 years would match a TOE 

of about 33%.  Beyond the first 3 years of the feed vector, the TOE 

can be lower than 50% and still meet the feed vector rate. 

Å Increase lag tank storage 

Å Increase the size of the treatment facility (only practical if done prior 

to final design/construction) 

Å Evaluate and solve the issue(s) that limit the TOE 

During pilot-scale demonstration testing 

or facility startup, FBSR may not be able 

to achieve the design basis feed rate. 

Å Slow the feed rate during the first 3 operating years; for example, 

extending the first 3 years of operation to 4 years would match a TOE 

of about 33%.  Beyond the first 3 years of the feed vector, the TOE 

can be lower than 50% and still meet the feed vector rate. 

Å Increase lag tank storage 

Å Increase the size of the treatment facility (only practical if done prior 

to final design/construction) 

Å Evaluate and solve the issue(s) that limit the feed rate 

A refractory lining may be needed for the 

DMR. 

Å This will be determined in detailed design; including or excluding a 

refractory lining would have a small (negligible) cost impact 

Partitioning of 99Tc and 129I to spent 

carbon may be higher than can meet IDF 

acceptance requirements. 

Å Move the offgas scrubber upstream of carbon bed Hg sorption 

Å Improve Tc/I retention in grouted spent carbon and filter waste forms 

Å Send spent carbon to off-site disposal 

Pilot-scale demonstration testing may 

show that a wet scrubber for 99Tc and 129I 

may not be needed to achieve the needed 

capture in the primary waste form. 

Å Remove the wet scrubber from the design, which would simplify the 

process and lower costs 

Certain unit operations may fail to 

operate as intended.a 

Å Perform more representative and extensive pilot testing than was 

done for IWTU 

For FBSR 1A, disposal of monolith waste 

form in IDF: During demonstration 

testing, the waste form may fail to meet 

IDF performance requirements. 

Å Modify additives and stoichiometries to achieve a waste form that 

meets IDF performance requirements 

Å Proceed with FBSR 1B (disposal offsite at WCS) 

For FBSR 1B, disposal of waste form at 

WCS: Texas blocks WCS from accepting 

Hanford wastes. 

Å Negotiate with Washington, Texas, or secure disposal options (e.g., 

HIC to IDF) 

For FBSR 1B: Public opposition to 

transportation halts rail shipping. 

Å Change route, shift to road/truck shipping, or secure other disposal 

options 
a During IWTU startup and operation, several unit operations (including the DMR fluidizing gas distributors, feed nozzles, 

process gas filters, and granular product handling system) required redesign and re-demonstration.  This occurred when pilot-

scale testing was not representative or extensive enough to identify certain issues that were only found on IWTU startup. 

DMR = denitration and mineralizing reformer. 

FBSR = fluidized bed steam reforming. 

Hg = mercury. 

HIC = high integrity container. 

I = iodine. 

IDF = Integrated Disposal Facility. 

IWTU = Integrated Waste Treatment Unit. 

Tc = technetium. 

TOE = total operating efficiency. 

WCS = Waste Control Specialists, LLC. 



SRNL-STI-2023-00007 

Revision 0 

Volume II | E-27 

E.7 MINOR UNCERTAINTIES CONSIDERED BUT NOT DRIVERS  

Throughout the assessments, several other uncertainties were identified; however, they did not become 

drivers of the overall assessment.  These items are acknowledged in the written taxonomies and are 

summarized here.  These items were considered minor as they could be closed with minimal effort or 

upon processing start, or would not affect the overall performance of the alternative if changed. 

Grout facility engineering uncertainty ï While the exact design of the grout facility(ies) associated with 

the alternatives is not known, an assumption was made that the flowsheet and approach would be similar 

to that used at SRS.  This uncertainty in design was deemed minimal due to the expansive experience in 

producing grout waste forms using a variety of approaches (discussed in Volume II, Appendix L).  

Alterations to facility design were not expected to impact alternative efficiency or resulting waste form 

performance. 

Inventory uncertainty in tanks  ï Much of the data available on the inventory in the Hanford tanks is 

based on estimates built on sampling data from other tanks.  When coupled with analytical uncertainties 

in a complex matrix like the tank wastes, there is uncertainty in the overall inventories present.  However, 

this uncertainty was deemed minimal due to improved sampling in recent years and the range of values 

considered as possible partitions between waste streams/disposal sites. 

Ammonia release ï Ammonia release is identified as a risk/uncertainty in the assessment arising from 

the treatment of secondary wastes and long-term stability/release from waste forms.  Because first LAW 

melters will produce a large volume of ammonia regardless, any additional ammonia from one of the 

supplemental LAW alternatives was deemed to be of minimal additional consequence. 

Supplemental LAW feed vector ï A summary of the uncertainties associated with the supplemental 

LAW feed vector is provided in Volume II, Appendix B, Section B.4. 
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G.1 INTRODUCTION  

The low-activity waste (LAW) immobilized by the alternatives described in this report will be 

permanently disposed of either on or off the Hanford Site.  A combination of on-site and off-site disposal 

is also plausible (alternative Grout 6).  This appendix describes the available disposal options for the 

Hanford LAW requiring supplemental treatment.  Section G.2.1 describes on-site disposal at the Hanford 

Integrated Disposal Facility (IDF).  Two off-site disposal facilities were identified as potential disposal 

sites ï EnergySolutions Clive facility in Utah (Section G.2.2) and the Waste Control Specialists, LLC 

(WCS) facility in Texas (Section G.2.3).  The off-site disposal of all supplemental LAW is assumed in 

alternatives Grout 4B and fluidized bed steam reforming (FBSR) 1B (FBSR 1B was considered, but not 

recommended).  The off-site disposal of grout generated until 2040 is assumed in alternative Grout 6.  

The grout generated starting from 2040 is assumed to be disposed of onsite in this alternative.  The 

off-site disposal of all grout generated in alternative Grout 6 was considered to cover the unlikely 

situation in which on-site disposal becomes unavailable.  Note that the liquid-to-solid volumetric ratio 

was conservatively assumed to be 1.2 in transport and disposal calculations related to FBSR.  The larger 

ratio results in a larger FBSR waste volume.  The FBSR volumetric ratio assumed in all other analyses 

discussed in this report was 1.0. 

As described in Volume II, Appendix H, Section H.6, all supplemental LAW liquids converted to solid 

waste forms, either grout or FBSR, can be disposed of at WCS.  Class A waste, which includes 83% to 

90% of the grout and 72% of FBSR waste forms, can be disposed of either at WCS or Clive.  This 

conclusion was made based on the comparison of (1) the radionuclide composition of grout and FBSR 

waste forms to the Clive and WCS radiological waste acceptance criteria (Appendix H, Section H.6.1), 

and (2) the Class A waste volume to Clive and WCS available disposal volumes (Appendix H, 

Section H.6.2).  Note that the radiological waste acceptance criteria are identical at WCS and Clive; waste 

classified as Class A at Clive would be classified as Class A at WCS.  Details of the waste class 

determination are provided in Appendix H, Section H.6. 

The details regarding transport of the different waste forms (liquids, grout, and FBSR) to Clive and WCS 

are discussed in Volume II, Appendix H.  The conclusion made in Appendix H is that the liquid, grout, 

and FBSR waste forms meet all the requirements of the low-specific activity (LSA)-II materials and are 

exempt from classification as fissile material.  Consequently, liquid, grout, and FBSR waste forms can be 

transported in industrial packages (e.g., IP-2 or IP-3) that are exempt from U.S. Nuclear Regulatory 

Commission (NRC) certification.  The proposed packaging is described in Appendix H, Section H.7.1. 

Liquids, if transported to Clive and/or WCS, are assumed to be treated at Clive or WSC to generate a 

grout waste form.  Volume II, Appendix H also discusses how splitting the Class A waste between the 

Clive and WCS facilities affects transportation and disposal costs. 

G.2 DISPOSAL SITES 

This appendix describes three disposal facilities that are under consideration for disposal of Hanford 

supplemental LAW. 

Å Integrated Disposal Facility (IDF)  (Hanford Site) ï A U.S. Department of Energy (DOE) 

facility that is permitted by the Washington State Department of Ecology (Ecology) for disposal 

of low-level waste (LLW) and mixed LLW (MLLW) from Hanford Site operations. 

Å EnergySolutions Disposal Facility (Clive, Utah) ï This disposal facility is commercially 

operated by EnergySolutions and is licensed by the state of Utah (an NRC Agreement State) and 

the U.S. Environmental Protection Agency (EPA) to dispose of LLW and MLLW.  The Clive 

facility can accept only Class A LLW and MLLW for disposal. 
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Å Waste Control Specialists (WCS) Waste Disposal Facility (Andrews, Texas) ï This disposal 

facility is commercially operated by WCS and is licensed by the state of Texas (also an NRC 

Agreement State).  The WCS facility can accept Class A, B, and C LLW and MLLW for 

disposal. 

The NRC Agreement States use state versions of the 10 CFR 61, ñLicensing Requirements for Land 

Disposal of Radioactive Waste,ò standard for licensing LLW disposal facilities, which divides LLW into 

ñclasses,ò with Class A and C wastes as the least and most hazardous, respectively. 

The Clive and WCS facilities can safely dispose of wastes containing the projected LAW concentrations 

of iodine-129 (129I) and technetium-99 (99Tc).  This conclusion is based on in-depth analysis of the 

disposal performance. 

The description of the disposal sites is focused on the site conditions, disposal facility design, applicable 

regulations, waste acceptance criteria, and analyses performed in support of the disposal performance 

assessment (PA).  The other aspects are discussed in Volume II, Appendix H. 

G.2.1 Integrated Disposal Facility (Hanford Site, Washington) 

Description 

The IDF is located in the 200 East Area of the Hanford Site in Washington State and provides a disposal 

facility for LLW and MLLW.  The Hanford Site is located within the Columbia Plateau between the 

Cascade Range and the Rocky Mountains.  This portion of the plateau is also known as the Columbia 

Basin, as it is a topographically low area surrounded by mountains on all sides.  Cataclysmic ice age 

flooding inundated the area, depositing sediment that is informally called the Hanford formation.  The 

underlying basalts form a block of rock that is surrounded by active fault zones where stresses are mostly 

relieved.  Therefore, stress relief and ground motion on the Columbia Plateau are relatively small.  

Table G-1 provides the general stratigraphy of the Hanford Site (RPP-RPT-59958, Performance 

Assessment for the Integrated Disposal Facility, Hanford Site, Washington).  

Table G-1. General Stratigraphy of the Hanford Site 

Formation Stratigraphy 

Surficial Deposits Thin layer of silt, sand, and gravel. 

Hanford Formation Glacio-fluvial deposits from Ice Age flooding consisting mostly of unconsolidated 

sediments that range from pebble to cobble gravel and fine- to coarse-grained sand, 

with lesser amounts of silt and clay lenses. 

Cold Creek Unit Very hard rock called caliche or hardpan located primarily in the 200 West Area, 

but largely absent from the 200 East Area. 

Ringold Formation Semi-indurated clay, silt, fine- to coarse-grained sand, and granule to cobble gravel.  

Strata are typically below the water table, and textural variations can influence 

groundwater flow. 

Columbia River Basalt Group 

and Ellensburg Formation 

Flood-basalt flows and interbedded sediments. 

Source: RPP-RPT-59958, 2019, Performance Assessment for the Integrated Disposal Facility, Hanford Site, Washington, 

Rev. 1A, Washington River Protection Solutions, LLC, and INTERA, Inc., Richland, Washington. 

The IDF is situated approximately 90 to 100 m (300 to 330 ft) above the water table, with the liner 

approximately 70 m (230 ft) above groundwater.  Approximately 137 to 167 m (450 to 550 ft) of 

unconsolidated to semi-consolidated sediments over basalt bedrock underlie the disposal site.  The 

stratigraphy at the IDF consists of the Hanford Formation and Ringold Formation.  The Hanford 

Formation is as much as 116 m (380 ft) thick, and the Ringold Formation reaches a maximum thickness 

of 87 m (285 ft) on the west side of the IDF site, thinning eastward (Vance, 2021). 
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Constructed in 2006, the IDF comprises two 

expandable disposal cells (Figure G-1).  Cell 1 is 

permitted as a dangerous waste landfill under the 

Resource Conservation and Recovery Act of 1976 

(RCRA), which allows for disposal of radioactive 

MLLW.  The dangerous waste component is regulated 

under WAC 173-303, ñDangerous Waste 

Regulations,ò by Ecology.  Cell 2 is limited to 

radioactive LLW only.  The radioactive components of 

both LLW and MLLW are regulated by DOE under 

DOE O 435.1, Radioactive Waste Management.  The 

disposal cells include a leak detection system to collect 

leachate (WA 7890008967, ñHanford Facility RCRA 

Permitò). 

Landfill Construction 

The IDF liner system complies with WAC 173-303-

665, ñLandfills,ò and includes an operations layer, 

leachate collection and removal system (LCRS), leak 

detection system (LDS) and secondary leak detection 

system (SLDS).  The operations layer, consisting of 

well-graded granular soil, acts as an insulating layer 

and protects the underlying liner from damage by 

equipment and from freezing and desiccation cracking.   

Below the operations layer, the LCRS comprises 

two geotextiles and a gravel layer, followed by a 

geomembrane liner made of high-density polyethylene 

and a geosynthetic clay liner that act as moisture barriers.  The LCRS is designed so that leachate flows 

through a perforated pipe above the primary liner into the LCRS collection sump.  Below the LCRS is the 

LDS, which is used to collect any leachate that leaks through the LCRS.  The LDS has a similar 

configuration, as the LCRS (except a composite drainage net) replaces the gravel layer and there is no 

perforated drainage pipe.  The LDS geomembrane liner conveys leachate to the LDS sump for removal.  

The collected leachate is pumped to two leachate collection tanks until transfer to a treatment, storage, 

and disposal unit (WA 7890008967). 

The IDF liner system also includes an SLDS, which includes an operations layer, drainage gravel, a composite 

drainage net, and a geomembrane.  The SLDS liner is not a design requirements of WAC 173-303-665, 

but is a redundant leak protection system that collects any leachate that leaks through both the LCRS and 

LDS.  Liquids in the SLDS are removed manually through a portable pump and then transferred to the 

leachate collection tanks.  Table G-2 identifies the layout of the IDF liner system (WA 7890008967).  

 

Figure G-1. Integrated Disposal Facility 

Configuration 
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Table G-2. Integrated Disposal Facility  Liner System Description 

Layer (Top-to-Bottom) Components (Landfill Base) 

Operations layer Å Native soil 

LCRS Å Separation geotextile 

Å Drainage gravel 

Å Cushion geotextile 

Å Primary geomembrane 

Å Primary GCL 

LDS Å Composite drainage net 

Å Secondary geomembrane 

LDS sump Å Drainage gravel 

Å Cushion geotextile 

Å Secondary geomembrane 

Å Secondary GCL 

SLDS sump Å Operations layer material 

Å Composite drainage net  

Å Tertiary geomembrane 

Admix layer Å 0.9 m (3-ft) thick 

Source: Vance, B.T., 2021, ñResponse to Technical Deficiencies for the Integrated Disposal Facility Operating Unit Group 11 

Class 3 Permit Modification Request,ò (Letter 21-ECD-001740 to D. Bowen, Washington State Department of Ecology, 

June 9), U.S. Department of Energy, Hanford Site, Richland, Washington. 

GCL = geosynthetic clay liner. 

LCRS = leachate collection and removal system. 

LDS = leak detection system. 

SLDS = secondary leak detection system. 

The IDF liner was completed at the north end of the landfill for the initial phase.  Additional phases are 

anticipated to extend the liner to the south as more space for waste disposal is required.  Each future liner 

expansion project will connect to the south edge of the previous liner (WA 7890008967). 

Landfill Cover 

The final cover design of the IDF has not been completed, but a general conceptual design has been 

developed.  The general design is to cover the IDF with a modified RCRA Subtitle C barrier, which 

provides a surface barrier for long-term containment, hydrologic protection, and minimizes physical 

intrusion and recharge.  A Subtitle C barrier is the baseline design for a disposal facility containing both 

dangerous waste and LLW.  The IDF cover is anticipated to include layers composed of durable material 

(e.g., topsoil, sand and gravel filter, asphalt base) topped with cover vegetation and a slope (up to 5%) to 

encourage runoff and minimize the tendency for ponding of rainwater.  These layers are intended to divert 

moisture that may come through the surface barrier away from the trench.  The RCRA Subtitle C barrier 

is to be constructed with a minimum depth of at least 5 m (16.4 ft) to provide shielding from radioactive 

material and deter intrusion.  The cover will include a vegetated surface layer of fine-grained soils to 

retain moisture, encourage evapotranspiration, and minimize infiltration (RPP-RPT-59958). 

Key Regulatory Requirements  

Disposal in IDF must meet DOE O 435.1 requirements for waste incidental to reprocessing (WIR) that 

specify how tank wastes that have been managed as high-level waste (HLW) are accepted for 

management as LLW.  In addition, DOE O 435.1 requirements for near-surface disposal of LLW must be 

met.  The LLW requirements are substantially addressed through a DOE PA that evaluates the long-term 

impact of near-surface disposal through computer modeling analysis, to provide DOE with a reasonable 

expectation that LLW and MLLW disposal will meet the radiological performance objectives documented 

in DOE M 435.1-1, Radioactive Waste Management Manual. 
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Performance Assessment 

In 1999, the initial PA for the IDF (DOE/RL-97-69, Hanford Immobilized Low-Activity Tank Waste 

Performance Assessment) was approved, followed by an update in 2001 (DOE/ORP-2000-24, Hanford 

Immobilized Low-Activity Waste Performance Assessment: 2001 Version).  Additional revisions to the PA 

were deferred until completion of DOE/EIS-0391, Final Tank Closure and Waste Management 

Environmental Impact Statement for the Hanford Site, Richland, Washington (TC&WM EIS), which 

occurred in 2012.  This EIS resulted in a Record of Decision (78 FR 75913, ñFinal Tank Closure and 

Waste Management Environmental Impact Statement for the Hanford Site, Richland, Washington, Record 

of Decisionò) to implement disposal of the following waste types in the IDF: 

Å LLW and MLLW from tank waste treatment activities generated from the Waste Treatment and 

Immobilization Plant (WTP) 

Å On-site non-CERCLA non-tank waste 

Å Fast Flux Test Facility decommissioning waste 

Å Effluent Treatment Facility-generated solid secondary waste 

Å On-site waste management waste. 

Based on the Record of Decision, a new PA was necessary to examine the long-term effects associated 

with the planned waste types.  The current PA for the IDF (RPP-RPT-59958), was publicly released in 

2019 and includes computer modeling of the near-surface disposal of LLW and MLLW at IDF.  DOE 

LLW disposal requirements in DOE M 435.1-1 require that a PA ñmust provide reasonable expectation 

that the facility will not exceed the performance objectives for a period of 1,000 years following closure 

of the facility.ò  The 2019 IDF PA performed analysis for the required 1,000-year period, but also from 

1,000 to 10,000 years, and an extended runout to 500,000 years after closure.  Computer models 

simulated the engineered and natural barriers of the IDF and assessed the post-closure performance 

objectives for exposure and performance measures of an inadvertent intrusion event.  The PA assumes 

that the IDF will remain under institutional control for a 100-year post-closure period.  The IDF PA has 

been reviewed and approved by DOE, and an Operating Disposal Authorization Statement has been 

issued (Gilbertson, 2021), licensing IDF for disposal of radioactive materials for vitrified primary waste 

and grouted secondary waste. 

Although the most current revision of the IDF PA was completed in 2019, the technical basis supporting 

the PA is maintained through continued updates that evaluate changes to the PA inputs and assumptions.  

An annual assessment of these changes is performed to ensure that the conclusions of the PA are still 

valid.  The description below includes the results of the PA and subsequent assessments, specifically 

RPP-CALC-64672, Integrated Disposal Facility Performance Assessment Special Analysis: Updated 

Vadose and Saturated Zone Transport Calculations. 

Process-level models simulated the system to assess concentrations of 99Tc, 129I, and other radionuclides 

and dangerous chemicals through groundwater and air pathways.  Modeling showed contribution of 

radionuclides and chemicals to the groundwater pathway within the 1,000-year post-closure period.  This 

contribution is attributed to an increased 99Tc inventory in grouted high-efficiency particulate air (HEPA) 

filters compared with the original 2019 IDF PA simulations. 

Overall, groundwater models predict compliance with the 1,000-year performance objectives (compliance 

period).  Within the 10,000-year post-compliance period, models predict compliance with performance 

objectives, with 99Tc and 129I as the primary contributing dose to a representative member of the public.  

The simulated base model assumes the worst possible configuration for the HEPA filter waste, disposing 

of it in the worst possible location in the IDF, which would place all wastes in a small area along the 

central portion of the facility.  Mitigation options could lower the impact of radionuclides in groundwater, 

including the waste placement configuration and consideration of alternate methods for disposal of the 

HEPA filter waste stream. 
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For the atmospheric pathway, the 1,000-year post-closure period is dominated by the slow release and 

transport of gaseous radionuclides resulting in dose below performance objectives.  Exposure routes 

include air immersion, dust inhalation, external exposure to radiation from the contaminated ground 

surface, and ingestion of food and animal products grown from the contaminated ground surface.  The 

radionuclides that most significantly affect the atmospheric pathway are carbon-14 (14C) and 129I due to 

diffusion from cementitious waste forms. 

Model simulations for all pathways show that the initial dose is dominated by 99Tc and 129I.  Other 

radionuclides contribute insignificant doses relative to the total dose.  Analysis of the 500,000-year post-

closure period shows that peak doses occur in the first 10,000 years, and radium-226 (226Ra) becomes a 

dominant contributor after 200,000 years. 

In addition to assessing pathways, an analysis was performed to calculate the dose equivalent for a future 

member of the public that intrudes on the IDF.  This type of scenario is used to establish radionuclide 

concentration limits for disposal.  In the IDF PA intruder scenario, a hypothetical driller of groundwater 

uncovers waste disposed of in the IDF.  The waste form is assumed to be degraded and unrecognizable.  

Both acute and chronic exposures were considered and evaluated for up to 1,000 years after closure of the 

IDF, following at least 100 years of institutional controls.  Dose was calculated for the expected waste 

streams, and although packaging is expected for some waste streams, no additional packaging was 

credited in the analysis.  Based on these analyses, the three chronic exposures scenarios evaluated (rural 

pasture farmer, suburban garden resident, and commercial farm worker) were below the 100 mrem 

chronic dose performance measure, and the acute well driller scenario dose was below the 500 mrem 

acute dose performance measure. 

Waste Incidental to Reprocessing 

In accordance with the criteria set forth in DOE M 435.1-1, a final WIR (DOE-ORP-2022-03, Final 

Waste Incidental to Reprocessing Evaluation for Vitrified Low Activity Waste and Secondary Waste at the 

Hanford Site, Washington) was prepared to address the waste from the Hanford Site underground tanks 

that will be separated, pretreated, and vitrified.  The WIR assessed whether the vitrified waste meets the 

criteria in DOE M 435.1-1, and determined that the waste is incidental to reprocessing, not HLW, and may be 

managed as LLW.  As described in the WIR, the approach removes key radionuclides, meets the 1,000-year 

post-closure requirements, and the vitrified waste will not exceed Class C LLW concentration limits. 

Waste Acceptance 

In addition, a waste acceptance criteria document for the IDF has been finalized and defines the 

acceptance criteria for LLW and MLLW and the requirements for complying with the IDF Disposal 

Authorization Statement (Gilbertson, 2021) per DOE M 435.1-1 and RCRA permit (Vance, 2020).  The 

waste acceptance criteria prohibits HLW, which is defined in DOE O 435.1. 

RCRA Permit and Waste Acceptance Criteria 

The IDF is permitted as Operating Unit Group 11 under Revision 8c of the Hanford Facility RCRA 

Permit (number WA7890008967) (Ecology, 2022).  Currently, the IDF permit authorizes disposal in only 

one cell (Cell 1).  Cell 1 is permitted to dispose of MLLW, limited to immobilized LAW from WTP, 

immobilized LAW from the demonstration bulk vitrification system, and IDF operational wastes 

(WA 7890008967). 

Currently, waste acceptance for the IDF includes the following requirements:  

Å Wastes must be compliant with RCRA Land Disposal Restrictions (LDR) (40 CFR 268, ñLand 

Disposal Restrictionsò). 

Å Transuranic wastes are prohibited. 
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Å Free liquids are prohibited, unless one of the provisions in WAC 173-303-140(4)(b)(ii) can be met. 

Å Pre-waste acceptance is required; waste pedigree needs to be verified by IDF personnel. 

Å Containers must comply with maximum void space requirements (i.e., containers must be >90% 

full) . 

Permit conditions associated with waste acceptance of dangerous waste at the IDF are described in the 

Hanford RCRA permit and document the parameters required by Ecology for waste acceptance and 

disposal.  Requirements include performance data and assessments, the creation and maintenance of a 

modeling Risk Budget Tool, and updates to the waste analysis plan prior to commencement of operational 

activities. 

Dangerous waste performance information has been included in the DOE-mandated PA required by 

DOE M 435.1-1 (RPP-RPT-59958).  This PA is required for analysis of radioactive constituents, although 

an assessment of dangerous waste was included to meet the IDF RCRA permit condition.  The Risk 

Budget Tool involves modeling future impacts of the planned IDF waste forms to the vadose zone and 

groundwater.  Results should be compared against performance standards such as drinking water 

standards.  If modeling indicates results within 75% of a performance standard, the permit requires DOE 

and Ecology to discuss mitigation measures or modified waste acceptance criteria in accordance with IDF 

Permit Condition III.11.I.5.a.ii (HDWP, 2021).  The Risk Budget Tool was developed and provided to 

Ecology in January 2020 (Vance, 2019). 

An update to the waste analysis plan was included in a permit modification request submitted to Ecology 

in June 2021 (Vance, 2021).  This modification request is under review with Ecology.  Upon approval, 

the permit would: 

Å Allow disposal of mixed waste in Cell 2 

Å Allow for disposal of secondary waste from WTP vitrification activities 

Å Remove the option for acceptance of demonstrated bulk vitrification waste 

Å Add a waste storage pad 

Å Add a waste treatment pad 

ï Treatment would be limited to the immobilization technologies of microencapsulation, 

macroencapsulation, and sealing. 

Additional waste analysis and acceptance permit conditions may be included upon approval of the permit 

modification request. 

Waste Capacity 

Plans for IDF include future construction to expand the disposal cells to a length of 501 m (1,645 ft) and 

width of 410 m (1,345 ft) at ground level, with a depth of 12.8 m (42 ft).  The IDF PA assumes that waste 

loading will comprise 40% of the total available IDF capacity, with the remainder consisting of backfill.  

This results in a maximum waste disposal capacity of 900,000 m3 (1,200,000 yd3) (RPP-RPT-59958).  

Based on this data, all supplemental LAW treatment technologies would produce waste within the waste 

disposal capacity of IDF (Table G-3). 

System Plan (ORP-11242, River Protection Project System Plan [Rev. 9]) waste disposal volumes were 

estimated for several scenarios that evaluated different volumes split between first LAW and supplemental 

LAW capacities.  Volumes of both vitrified waste and grout for the supplemental LAW volume were 

presented and used to compare the volumes disposed of onsite in the IDF in the various alternatives 

(Table G-3).  The baseline case, Scenario 1, in the System Plan considers a split of 59% to first LAW and 

41 % to supplemental LAW.  The presented values are based on this scenario, where the IDF capacity is 

not exceeded in any cases.  Note that one scenario (Scenario 3) presented in the System Plan would 

exceed the IDF capacity, where over 72% of the treated LAW feed is directed to supplemental treatment. 
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Table G-3. Estimated Disposal Volumes to the Integrated Disposal Facility 

Waste Type 

System Plana LAW Supplemental Treatment Alternativesb 

Scenario 1 

m3 (yd3) 
Grout Onsite 

m3 (yd3) 
Grout Offsite 

m3 (yd3) 
FBSR 

m3 (yd3) 

Immobilized LAW 190,074 (250,097)c,d 112,143 (147,557)e 112,143 (147,557)e 112,143 (147,557)e 

Grout (primary waste) 0 304,000 (400,000)f 0 0 

FBSR  0 0 0 202,667 (266,667)g 

Secondary waste 41,397 (54,469) 24,424 (32,137) 24,424 (32,137) 28,072 (36,936)h 

Total | % IDF capacity 231,471 (304,567) | 26% 440,567 (579,693) | 49% 136,567 (179,693) | 15% 342,882 (451,161) | 38% 
a ORP-11242, 2020, River Protection Project System Plan, Rev. 9, U.S. Department of Energy, Office of River Protection, 

Richland, Washington. 
b Secondary waste volumes calculated based on the assumed ratio of secondary waste projected for the full immobilized 

LAW inventory in the IDF PA, Table 3-26 (0.218 ratio) (RPP-RPT-59958, Performance Assessment for the Integrated Disposal 

Facility, Hanford Site, Washington). 
c Taken from Scenario 1 of ORP-11242 [Rev. 9], Table ES-4, assumes 5.51 MT of immobilized LAW per container and a 

density of 2.58 kg/L (MT/m3) for the LAW glass. 
d The LAW supplemental treatment alternative Vitrification 1 would result in equivalent waste disposal volumes as the IDF 

PA Baseline Case. 
e Based on the amount of WTP LAW glass, assuming 41% of volume is attributed to supplemental LAW (assumed in 

Scenario 1 of System Plan [Rev. 9]). 
f Taken from Scenario 1 of ORP-11242 [Rev. 9], Table ES-4. 
g Calculated based on the grout volume for supplemental LAW from ORP-11242 [Rev. 9], Table ES-4, and assumes the 

volume multiplier of waste to grout as 1.8, and of waste to FBSR product as 1.2.  (Note that the liquid-to-solid volumetric ratio 

was conservatively assumed to be 1.2 in transport and disposal calculations related to FBSR.  The larger ratio results in a larger 

FBSR waste volume.  The FBSR volumetric ratio assumed in all other analyses discussed in this report was 1.0.) 
h FBSR assumes a ratio of 0.018 units of secondary waste per unit of primary waste generated (RPP-RPT-63580, 

Calculating the Non-Monetary Impact of Operating a Fluidized Bed Steam Reforming Facility) and added to volume of 

secondary waste from vitrification. 

FBSR = fluidized bed steam reforming. 

IDF = Integrated Disposal Facility. 

LAW = low-activity waste. 

PA = performance assessment. 

WTP = Waste Treatment and Immobilization Plant. 

G.2.2 EnergySolutions Disposal Facility (Clive, Utah) 

This section presents a summary of the site 

conditions, disposal facility design, applicable 

regulations, waste acceptance criteria, and 

analyses performed in support of the disposal 

PA (WCS, 2011) for the EnergySolutions 

waste disposal facility in Clive, Utah.  This 

information was collected from multiple 

sources and presented without further 

interpretation or reevaluation. 

G.2.2.1 Background/General Description 

EnergySolutions operates a low-level 

radioactive waste (LLRW) disposal facility 

west of the Cedar Mountains in Clive, Utah 

(Figure G-2).  Clive is located along 

Interstate 80, approximately 4.8 km (3 mi) 

south of the highway in Tooele County.   

 

Figure G-2. Location of the Clive Site 

(base image from Google Earth) 
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The facility is approximately 80.5 km (50 mi) 

east of Wendover, Utah, and approximately 

128.7 km (80 mi) west of Salt Lake City, Utah.  

The facility elevation is approximately 

1,303 m (4,275 ft) above mean sea level.  The 

natural topography slopes slightly toward the 

southwest with approximately 3 m (10 ft) of 

relief from the northeast corner of the section 

to the southwest corner of the section.  An 

aerial view of the facility is shown in 

Figure G-3. 

The initial selection of the site location dates 

back to the late 1970s when DOE and the state of Utah began the cleanup of an abandoned uranium mill 

site.  The Vitro mill site, located in central Salt Lake City, was one of the first sites cleaned up under the 

DOE Uranium Mill Tailings Remediation Action (UMTRA) Program.  DOE investigated 29 sites to 

identify the safest permanent disposal site for these materials.  After 8 years of characterization and 

evaluation of several sites, DOE selected the Clive site located in Utahôs West Desert.  The siteôs remote 

location, low precipitation, naturally poor groundwater, and low-permeability clay soils were some of the 

attractive qualities of the area. 

From 1984 to 1988, the Vitro tailings were 

relocated to Clive and placed in an above-

ground disposal cell.  Since acquiring land 

adjacent to the Vitro disposal embankment and 

obtaining a disposal license, the vision of the 

EnergySolutions Clive facility has been to 

provide a private disposal option for material 

from cleanups and generators of radioactive 

waste in separate disposal embankments 

similar to those used for DOEôs Vitro project.   

The Clive facility has received waste from 

cleanup activities carried out across the 

country, including projects by the EPA, DOE, 

U.S. Department of Defense (DoD), utilities, 

and other commercial entities.  The initial 

disposal license was for naturally occurring 

radioactive material (NORM).  Since 1988, the 

EnergySolutions radioactive material license 

has been amended several times, expanding 

the types of radioactive materials to include 

Class A LLRW, in addition to NORM. 

The facility is 2.6 km2 (1 mi2) in size.  The 

DOE-owned Vitro property occupies 

approximately 100 acres of the facility.  

Figure G-4 shows the disposal cells and major 

man-made and topographic features at the 

facility.  The facility is accessed by both road 

and rail transportation. 

 

Figure G-3. Aerial View of the Clive Facility 

 
Source: Figure 1 of EnergySolutions, 2015, Bulk Waste Disposal and 

Treatment Facilities Waste Acceptance Criteria, Rev. 10, 

EnergySolutions, Salt Lake City, Utah. 

Figure G-4. Clive Facility Disposal Cells 

and Main Features 
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EnergySolutions began waste disposal activities at the facility in 1988.  At present, waste is placed in one 

of three disposal embankments: Class A West (CAW), mixed waste, or 11e.(2).  A fourth embankment, 

the low-activity radioactive waste (LARW) embankment, located between the mixed waste and 11e.(2) 

embankments, was closed in October 2005.   

On November 26, 2012, the Utah Division of Radiation Control (DRC) approved an amendment to the 

EnergySolutions radioactive material license UT 2300249, ñRadioactive Material License Number 

UT 2300249,ò to combine the Class A and Class A North embankments into the CAW embankment.  The 

CAW embankment contains the large component disposal area and the Containerized Waste Facility.  In 

the north-central part of the facility, DOE has disposed of the Vitro uranium mill tailings.  This area is 

owned and monitored by the DOE. 

Waste disposal cells at the site are permanent, clay-lined cells with composite clay and rock cap designed 

to perform for a minimum of 500 years. 

The Class A Hanford LAW, if disposed of at Clive, would be placed in the CAW embarkment.  The disposal 

volume available at CAW is 2,293,665 m3 (3 million yd3).  Disposing of all Class A waste at Clive will 

take from 8% to 15% of the available disposal volume.  Clive does not have a limit on the total activity. 

Grout waste forms generated by a vendor are assumed to be placed in 8.4 m3 (11 yd3) ñsoft-sideò 

containers.  Class A grout will be shipped to Clive using gondola railcars.  The details are discussed in 

Volume II, Appendix H, Section H.7.  The grout can be disposed of in the soft-side containers in the bulk 

waste area of the disposal cell.  If the grout is generated at Clive via treatment of radioactive LAW liquids 

received from Hanford, Clive will then decide on the applicable disposal options. 

G.2.2.2 Hydrogeology 

The site hydrogeology is described in the 2021 Hydrogeologic Report for the Clive facility 

(EnergySolutions, 2021).  This report was developed for the renewal of the EnergySolutions Ground 

Water Quality Discharge Permit, No. UGW450005. 

The facility is located in the eastern margin of the Great Salt Lake Desert, part of the Basin and Range 

Province.  This province is characterized by north-south trending mountain ranges with discontinuous 

alluvium-filled valleys found between the ranges. 

The deposits at the facility are the Quaternary-age lacustrine lake bed deposits associated with the former 

Lake Bonneville.  These surficial lacustrine deposits generally comprise low-permeability silty clay.   

Beneath the facility, the sediments consist predominantly of interbedded silt, sand, and clay with 

occasional gravel lenses.  The depth of the valley fill beneath the facility is unknown; estimates range 

from 250 to 3,000 ft below ground surface. 

The climate at the facility location is semi-arid with an average precipitation of 8.43 in./year and average 

pan evaporation of 53.3 in./year based on on-site data collected from 1993 to 2018. 

The regional groundwater flow direction is toward the Great Salt Lake to the east-northeast.  Groundwater 

recharge to alluvium-filled valleys in the Basin and Range Province occurs primarily through the alluvial 

fan deposits along the flanks of the adjoining mountains.  Because of the low precipitation and high 

evapotranspiration, direct infiltration of water into shallow aquifers in the valley floors is negligible. 
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The four hydrostratigraphic units that are defined beneath the facility are described below. 

Unit  4:  This uppermost unit comprises silt and clay.  Unit 4 extends from the ground surface to a depth 

of 6 to 16.5 ft, averaging approximately 10 ft in thickness.  Unit 4 is unsaturated beneath the facility.  

Unit 4 deposits are used as the liner and radon barrier for waste disposal cells. 

Unit  3:  Unit 3 underlies Unit 4 and consists predominantly of silty sand, with interbedded silt and clay 

layers.  Unit 3 ranges from 7 to 25 ft in thickness, averaging approximately 15 ft.  The lower portion of 

Unit 3 is saturated beneath much of the western portion of the facility.  The unconfined water-bearing 

zone occurring in Unit 3 (and the upper part of Unit 2) has been designated as the ñshallow aquiferò. 

Unit  2:  Unit 2 underlies Unit 3 and typically consists of clay, with occasional silty sand interbeds.  Unit 2 

ranges in thickness from 9 to 22 ft, averaging 15 ft.  The upper part of Unit 2 is saturated beneath the 

facility, and along with the lower part of Unit 3, comprises the shallow aquifer. 

Unit  1:  The deepest hydrostratigraphic unit identified beneath the facility, Unit 1 typically consists of 

silty sand interbedded with clay and silt layers.  Few boreholes penetrate this unit, and the thickness has 

not been determined.  Unit 1 is saturated beneath the facility, and contains a locally confined water-

bearing zone, designated as the ñdeep aquiferò. 

The shallow and deep aquifer are described below.  The hydrogeologic cross-section oriented 

longitudinally is located approximately in the middle of the facility, line C-C' in Figure G-5. 

 

 
Source: Figure 9 in EnergySolutions, 2021, Revised Hydrogeologic Report Waste Disposal Facility, Clive, Utah. 

Figure G-5. Hydrogeologic Cross-Section C-Cǋ at Clive 
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The conceptual representation of the cross-section is 

shown in Figure G-6. 

The isotopic studies conducted to characterize 

groundwater recharge sources, groundwater age, and 

groundwater geochemical evolution indicated that the 

ionic composition of groundwater at the facility was 

consistent with very slow horizontal flow rates.  The 

groundwater in both aquifers is extremely saline.  

Groundwater beneath the facility is classified as a 

Class IV saline groundwater under the state of Utah 

Groundwater Quality Protection Regulations standards 

for total dissolved solids (TDS) (exceeding 10,000 mg/L) 

(Utah Administrative Code (UAC) R317-6-3, ñGround 

Water Classesò).   

Naturally occurring concentrations of many dissolved 

constituents (e.g., arsenic, selenium, thallium, radium, 

and uranium) exceed EPA and Utah State drinking water 

standards (Mayo and Associates, 1999; Bingham 

Environmental, 1996; EnergySolutions, 2014). 

Shallow Unconfined Aquifer 

The hydraulic conductivity of the shallow aquifer was estimated from hydraulic tests conducted on 

117 wells.  The hydraulic gradients were estimated from the hydraulic head data in the monitoring wells.  

The velocity was calculated for the average gradient using the site-wide geometric mean hydraulic 

conductivity of 5.96E-04 cm/sec (1.69 ft/day) and porosity of 0.29.  Velocities ranged from 3.65E-03 to 

9.32E-03 ft/day (0.41 to 1.04 m/year). 

Groundwater at the site is extremely saline.  Sodium and chloride dominate the major ion composition in 

the shallow aquifer.  The TDS concentration ranges from 14,786 to 60,718 mg/L.  The site-wide average 

of 2018 (or most recently available) TDS data is 40,297 mg/L.  The salinity of the water is high because 

of dissolution of evaporite deposits and concentration of salts due to evapotranspiration. 

Deep Confined Aquifer 

Less data are available for deep aquifer.  Average velocity estimates for horizontal flow in the deep 

aquifer range from 7.99E-04 to 2.82E-03 ft/day (0.09 to 0.50 m/year), which are similar but slightly 

slower than estimates for the shallow aquifer. 

The deep confined aquifer is separated from the shallow unconfined aquifer by a low permeable portion 

of Unit 1.  The vertical hydraulic conductivity of this portion was measured in the laboratory using soil 

core samples from deep monitoring (depth interval from 43 to 60 ft).  Geometric mean of the vertical 

conductivity was 2.2E-04 ft/day, which is more than three orders of magnitude lower than the horizontal 

hydraulic conductivity of the deep and shallow aquifers.  The estimated vertical gradient is low.  This 

indicates that the downward flow from the shallow aquifer into the deep aquifer is not significant. 

The TDS of the deep aquifer is less than that of the shallow aquifer, but is greater than 20,000 mg/L.  

The exploratory borehole drilled to a depth of 620 ft in Section 29 did not encounter fresh water 

(Shrum, 1999).  In 2015, EnergySolutions sampled deeper groundwater from its well located 

approximately 3 mi north-northwest of the Clive facility.  The well is perforated from 185 to 350 ft.  The 

TDS concentration of the groundwater sample from this interval was 49,800 mg/L. 

 

Figure G-6. Conceptual Representation of 

the Hydrogeologic Cross-Section at Clive 
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G.2.2.3 Disposal Facility Design 

The design and operation of the EnergySolutions disposal site provides a long-term disposal solution with 

a minimal need for active maintenance after closure.  EnergySolutions uses an above-ground engineered 

disposal cell.  The design of these cells is patterned after DOE and EPA specifications for the Vitro 

disposal embankment. 

The design of the CAW cell is similar to the design of the existing Class A cell, with a larger footprint.  

The CAW disposal cell occupies 2,569 × 2,259 ft (approximately 133 acres).  The cell is excavated into 

the native Unit 4 silty clay soil.  Waste will be placed above a layer of compacted Unit 4 clayey soils and 

covered with a layered engineered cover constructed of natural (no man-made) materials.  The top slopes 

of the cell will be finished at a 4.0% grade, with side slopes no steeper than 5:1 (20%).  The cover design 

is engineered to reduce infiltration, prevent erosion, and protect from radionuclide exposure.  The landfill 

design includes both a low-angled top slope and steeper side slope section of the cover.  The layers of the 

CAW top slope cover consist of the following, from bottom to top: 

Å Liner .  The cell will be lined with a 0.61 m (2-ft) thick layer of compacted clayey native soil 

(Unit 4) with a field hydraulic conductivity of 1.0 × 10-6 cm/sec. 

Å Waste.  The waste layer will not exceed a final thickness of 23 m (75.3 ft) above the top of the 

clay bottom liner.  The height of waste at the shoulder of the top slope (the contact between the 

top slope and side slope) will be approximately 11.4 m (37.6 ft). 

Å Radon barrier .  The top slope cover design contains an upper radon barrier consisting of 0.3 m 

(12 in.) of compacted clay with a maximum hydraulic conductivity of 5 × 10-8 cm/sec and a lower 

radon barrier consisting of 0.3 m (12 in.) of compacted clay with a hydraulic conductivity of 1 × 

10-6 cm/sec. 

Å Filter zone (lower).  The 0.15 m (6 in.) of Type B filter material will be placed above the radon 

barrier in the top slope cover.  This filter material ranges in size from <0.187 to 1.5 in.  The 

Type B size gradation corresponds to a coarse sand and fine gravel mix. 

Å Sacrificial soil (frost protection layer).  A 0.3 m (12-in.) layer consisting of a mixture of silty 

sand and gravel will be placed above the lower filter zone to protect the lower layers of the cover 

from freeze/thaw effects.  The sacrificial soil material ranges in size from <0.003 to 0.75 in. 

Å Filter zone (upper).  The 0.15 m (6 in.) of Type A filter material will be placed above the 

sacrificial soil in the top slope cover.  The Type A filter material ranges in size from <0.003 to 

6.0 in.  The Type A size gradation corresponds to a poorly sorted mixture of coarse sand to coarse 

gravel and cobble. 

Å Rip rap cobbles.  Approximately 0.45 m (18 in.) of Type B rip rap will be placed on the top 

slopes, above the upper (Type A) filter zone.  The Type B rip rap used on the top slopes ranges in 

size from <0.003 to 4.5 in., with a nominal diameter of approximately 1.25 to 2 in. 

The design for the side slope is similar to the top slope, except for the thickness of the waste layer and the 

material used in the rip rap layer. 

Å Waste.  The thickness of waste will range from zero at the edge of the cell to 11.4 m (37.6 ft) at 

the shoulder, for an average waste height of 5.7 m (18.8 ft) [(0+37.6)/2]. 

Å Rip rap cobbles.  Approximately 0.45 m (18 in.) of Type A rip rap will  be placed on the side 

slopes above the Type A filter zone.  The Type A rip rap ranges in size from <0.003 to 16 in. 

(equivalent to coarse gravel to boulders) with a nominal diameter of 12 in. 
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G.2.2.4 Key Regulatory Requirements 

The applicable federal agency that regulates disposal of LLRW at the Clive facility is the NRC.  The 

regulations (10 CFR 61, and Utah regulation R313-25-9, ñTechnical Analysesò) indicate the need to 

evaluate performance with respect to members of the public and inadvertent human intruders. 

The state of Utah has been authorized by the NRC as an Agreement State and has regulatory authority 

over the Clive facility.  The DRC was previously the state agency with oversight over the facility.  In 

2015, the state of Utah combined the DRC with the Division of Solid and Hazardous Waste to create the 

Division of Waste Management and Radiation Control (DWMRC).  The DWMRC currently has 

regulatory oversight over the Clive facility. 

EnergySolutions is permitted by the state of Utah to receive Class A LLW under UAC R313-25, ñLicense 

Requirements for Land Disposal of Radioactive Waste.ò  The wastes that are received must be classified 

in accordance with the UAC R313-15-1009, ñClassification and Characteristics of Low-Level 

Radioactive Waste.ò  The classification requirements in UAC R313-15-1009 reflect those outlined in 

10 CFR 61.55, but include additional references to radium-226 (226Ra). 

Subpart C of 10 CFR 61 specifies the performance objectives for the near-surface LLW disposal facilities ï 

protection of general population and inadvertent intruders.  The near-surface disposal is defined as 

disposal in or within the upper 30 m (100 ft) of the earthôs surface (10 CFR 61.2). 

10 CFR 61.41, Protection of the General Population from Releases of Radioactivity 

Concentrations of radioactive material that may be released to the general environment in groundwater, 

surface water, air, soil, plants, or animals must not result in an annual dose exceeding an equivalent of 

25 mrem (0.25 mSv) to the whole body, 75 mrem (0.75 mSv) to the thyroid, and 25 mrem (0.25 mSv) to 

any other organ of any member of the public.  Reasonable effort should be made to maintain releases of 

radioactivity in effluents to the general environment as low as is reasonably achievable (ALARA). 

10 CFR 61.42, Protection of Individuals from Inadvertent Intrusion 

Design, operation, and closure of the land disposal facility must ensure protection of any individual 

inadvertently intruding into the disposal site and occupying the site or contacting the waste at any time 

after active institutional controls over the disposal site are removed. 

No dose limit is specified in 10 CFR 61 for the inadvertent intruder.  However, since 10 CFR 61 has been 

issued, the standard used by NRC and others for LLW disposal licensing has been an annual dose of 

500 mrem.  The 500 mrem-in-a-year standard is also used in the DOE waste determinations implementing 

the 10 CFR 61 performance objectives (NUREG-1854, NRC Staff Guidance for Activities Related to 

U.S. Department of Energy Waste Determinations ï Draft Report for Interim Use), and as part of the 

license termination rule dose standard for intruders (10 CFR 20.1403, ñCriteria for License Termination 

under Restricted Conditionsò). 

In addition, groundwater protection levels (GWPL) must be adhered to, as outlined in the siteôs Ground 

Water Quality Discharge Permit (UWQB, 2010).  The GWPLs are numerical standards that are set by 

Utah Department of Environmental Quality (UDEQ) in the groundwater quality discharge permit 

(UWQB, 2009).  Groundwater in the vicinity of the site is defined as Class IV, saline groundwater 

(UWQB, 2009), and GWPLs for existing wells were determined by UDEQ according to administrative 

rules for Class IV saline aquifers.  GWPLs were set at the greater of either the Ground Water Quality 

Standard (GWQS) or the upper boundary of the background concentration.  The upper boundary of the 

background concentration was calculated as the mean concentration plus two standard deviations for each 

constituent in each individual well, based on Clive facility groundwater quality samples. 
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Table 1A of the permit lists ñuniversalò GWPLs 

that apply to all LARW, Class A, CAW, and 

Evaporation Pond wells, and Table 1B of the 

permit lists GWPL exceptions that apply to 

specific LARW, Class A, CAW, and Evaporation 

Pond wells. 

G.2.2.5 Waste Acceptance Criteria 

The type, form, and quantity of LLRW, NORM, 

11e.(2) byproduct material, and mixed waste that 

can be treated and disposed of at the Clive facility 

is defined in various licenses and permits.  The 

licenses issued to EnergySolutions by the Utah 

DWMRC applicable to LLRW and mixed 

waste are: 

Å An Agreement State radioactive material 

license (UT 2300249).  This license 

authorizes EnergySolutions to receive Class A LLRW, NORM, and naturally occurring and 

accelerator-produced radioactive material (NARM) waste. 

Å A state-issued Part B Permit (EPA ID Number UTD982598898) to treat and dispose of hazardous 

waste that is also contaminated with LLRW, NORM, or NARM wastes (mixed waste). 

Å An Agreement State radioactive material license (UT 2300478) for 11e.(2) byproduct material (as 

defined by the Atomic Energy Act of 1954 [AEA]).  

The determination of waste class involves two considerations.  First, consideration must be given to 

specific long-lived radionuclides listed in Table I of UAC R313-15-1009 (reproduced as Table G-4).  

Second, consideration must be given to specific short-lived radionuclides listed in Table II of UAC 

R313-15-1009 (reproduced as Table G-5).  Note that the Clive waste acceptance criteria in Table G-4 and 

Table G-5 are identical to the WCS waste acceptance criteria. 

Å When the waste does not contain any radionuclides listed in either Table I or II, the waste is 

Class A. 

Å When the concentration does not exceed 0.1 times the value in Table I, the waste is Class A.  For 

wastes containing mixtures of radionuclides listed in Table I, the total concentration is determined 

by the sum of fractions rule (details are discussed in Volume II, Appendix H, Section H.6). 

Å When the waste does not contain any of the radionuclides listed in Table I, classification is 

determined based on the concentrations shown in Table II.  When the concentration does not 

exceed the value in Column 1 of Table II, the waste is Class A.  For wastes containing mixtures 

of the radionuclides listed in Table II, the total concentration is determined by the sum of 

fractions rule (details are discussed in Volume II, Appendix H, Section H.6). 

Table G-4. Long-Lived Radionuclide 

Concentration Limits 

Radionuclide Ci/m3 nCi/g 

14C 8 - 
14C (act) 80 - 
59Ni (act) 220 - 
94Nb (act) 0.2 - 

99Tc 3 - 
129I 0.08 - 

Alpha-emitting transuranics 

>5-year half-life 

- 100 

241Pu - 3,500 
242Cm - 20,000 
226Ra - 100 

Source:  Table I of UAC R313-15-1009, ñClassification and 

Characteristics of Low-Level Radioactive Waste,ò Utah 

Administrative Code, as amended. 
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Table G-5. Short-Lived Radionuclide Concentration Limits 

Radionuclide 
Column 1 

Ci/m3 
Column 2 

Ci/m3 
Column 3 

Ci/m3 

Total of all radionuclides <5 year half-life 700 *  *  
3H 40 *  *  

60Co 700 *  *  
63Ni 3.5 70 700 

63Ni (act) 35 700 7,000 
90Sr 0.04 150 7,000 

137Cs 1 44 4,600 

Source: Table II of UAC R313-15-1009, ñClassification and Characteristics of Low-Level Radioactive Waste,ò Utah 

Administrative Code, as amended. 

* There are no limits established for these radionuclides in Class B or C wastes.  Practical considerations such as the 

effects of external radiation and internal heat generation on transportation, handling, and disposal will limit the concentrations 

for these wastes.  These wastes shall be Class B unless the concentrations of other radionuclides in Table II determine the waste 

to be Class C independent of these radionuclides. 

In addition to waste acceptance criteria, ALARA criteria are applied to minimize worker exposures.  The 

ALARA criteria are not a license condition but are used as the primary distinction between waste that is 

acceptable for direct disposal at the Bulk Waste Facility and Containerized Waste Facility.   

The ALARA criteria summarized in 

Table G-6 define allowable external 

contact dose rates and loose surface 

contamination limits for waste 

managed at the Bulk Waste Facility. 

G.2.2.6 Disposal Performance 

Evaluation of Class A West 

(CAW) Disposal Cell 

On May 2, 2011, EnergySolutions 

submitted an amendment to 

Radioactive Material License UT 

2300249 to combine the Class A and Class A North embankments into the CAW embankment.  The 

design and operation of the proposed CAW embankment were substantially similar to those already 

approved for use in the Class A North and Class A disposal embankments.  However, the most recent site 

data and PA were included in the amendment request.  The DRC conducted the review of the amendment 

request and documented the results of this review in DRC-2012-003582, Safety Evaluation Report (SER).  

The main conclusion was that all of the applicable requirements of UAC R313-25 were satisfied.  On 

November 26, 2012, DRC approved the amendment request. 

The following description summarizes how the applicable requirements of UAC R313-25 were met.  Note 

that the protection provided to members of the general public is largely unchanged from what the DRC 

approved following its review of the 2005 License Renewal Application (Envirocare, 2005). 

Table G-6. ALARA Criteria for External Contact Dose Rate 

and Surface Contamination Limits 

External Contact Dose Rate 

Removable Surface 
Contamination On Exterior 

Surfaces of Debris 

< 200 mR/hr on manifested container < 500 dpm Ŭ/100 cm2 

< 500 mR/hr on external, accessible 

surfaces of waste in container 

< 50,000 dpm ɓ,ɔ/100 cm2 

< 80 mR/hr on contact of unshielded 

container with resin 

 

Source:  EnergySolutions, 2015, Bulk Waste Disposal and Treatment Facilities 

Waste Acceptance Criteria, Rev. 10, EnergySolutions, Salt Lake City, Utah. 
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UAC R313-25-20, Protection of the General Population from Releases of Radioactivity 

This requirement sets the dose limits to the general population due to the exposure to the radioactive 

materials released in groundwater, surface water, air, soil, plants, or animals.  Clive is a remote and 

environmentally inhospitable area for human habitation.  Human activity at Clive has historically been 

very limited, due largely to the lack of potable water, or even water suitable for irrigation.  None of the 

exposure pathways at the site are viable as explained below.  However, the groundwater pathway was 

analyzed in great detail to provide evidence that GWPLs in the compliance monitoring well are below the 

limits outlined in the siteôs Ground Water Quality Discharge Permit (UWQB, 2010).  The potential 

groundwater impacts from the CAW embankment were evaluated in Whetstone Associates (2011). 

Air Pathway 

After final placement of the waste and closure of the disposal embankment, the facility design prevents 

any further migration of radioactivity through the air pathway because all waste will be beneath a thick 

earthen cover.  Radon releases will be negligible because the cover design includes a clay radon barrier 

designed to limit the surface radon flux to less than 20 pCi/m2, resulting in potential radon exposures well 

within limits.  The design is based on the disposal of uranium mill tailings, which are higher in 226Ra than 

the Class A waste. 

Soil Pathway 

The soil pathway involves the exposure of the public to contaminated soil from the facility.  If an 

exposure occurred, doses could result from external radiation or ingestion of soil on dirty hands.  The 

primary site characteristics that prevent the likelihood of such exposures during operations is the siteôs 

remote location, low population density in the site vicinity, and lack of natural resources to provide for 

population expansion.  The design of the embankment also contributes to minimizing exposures to 

contaminated soil by members of the public.   

After closure of the embankment, all contaminated soil will be covered in the disposal cells.  The cover 

system includes a surface layer of riprap to protect against erosion and human intrusion.  Beneath the 

riprap, the cover system has a drainage layer and a clay radon barrier.  The thickness of the cover system 

prevents penetration of the waste by roots or burrowing animals.  No contaminated soil material is 

expected to rise to the ground surface or be otherwise removed from the disposal cell. 

Surface Water Pathway 

Due mainly to the natural site characteristics, no radioactive releases are expected through the surface 

water pathway.  The annual precipitation is low and evaporation is high.  No permanent surface water 

bodies are on the site.  The nearest stream channel is about 2 mi east of the facility.  In addition, the site is 

far from populated areas.  Surface water from precipitation is directed away from the waste disposal 

embankment by drainage ditches and berms.  The embankment design features also minimize the 

potential for releases by the surface water pathway.  After precipitation events, the drainage ditches 

around the disposal areas will divert runoff to areas away from the disposal cells. 

Plant Pathway 

Exposures via the plant uptake pathway are not expected.  Insufficient water exists at the site to produce 

food crops.  In addition, saline soils present at the site limit the number and type of plant species that can 

tolerate such conditions.  Few deep-rooted native plants are in the site vicinity and relatively few plants of 

any kind are predicted to become established on the rock riprap-capped CAW embankment cover system 

at and following closure of the embankment.  Design features of the facility also help prevent exposures 

via the plant uptake pathway.  A thick earthen cover will be placed over the disposal cells to make the 

waste inaccessible to plant roots after closure of the facility.   
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The possibility of native plants extending their roots into the waste is prevented by the configuration of 

the earthen cover with the lower Type B filter functioning as a capillary break, with minimal moisture 

storage to attract or even support plant roots. 

Burrowing Animal Pathway 

The burrowing animal pathway is not expected to result in any exposures to humans.  Burrowing animals 

at the site include jackrabbits, mice, foxes, and ants.  The first deterrent to burrowing animals is the riprap 

erosion barrier.  While this may be only partially effective in deterring animals, the primary protective 

barrier is the clay radon barrier.  The burrowing species at the site are not known to dig to such a depth 

that their burrows could penetrate through the entire cover and into the waste. 

Groundwater Pathway 

The groundwater protection criteria are based on an annual dose of 4 mrem to an individual drinking 

groundwater.  The primary site characteristics that prevent public exposures via the groundwater pathway 

are the very poor groundwater quality at the site, low population density, and relatively slow groundwater 

flow velocities.  No domestic water use occurs within 10 km of the facility. 

The groundwater is not potable because of its very high concentration of salts.  The TDS in the shallow 

and deep aquifer exceed 20,000 mg/L.  Per the EPA secondary drinking water regulations, 500 mg/L is 

the recommended maximum amount of TDS for drinking water.  Any measurement higher than 

1,000 mg/L is an unsafe level of TDS.  Additionally, several embankment design features provide 

protection of the public from exposure via the groundwater pathway.  The cover system to be placed over 

the disposal waste allows very little water to flow into the disposed waste.  This limits the contamination 

of the groundwater by minimizing the contact of water with the waste.  Another design feature of the 

disposal embankment is the bottom clay liner below the disposed waste.  The clay absorbs many of the 

radionuclides and slows their potential release from the cell and subsequent transport to the water table.  

Even though the groundwater is not potable, potential doses to the public from groundwater were 

calculated and met all applicable limits. 

UAC R313-25-21, Protection of Individuals from Inadvertent Intrusion 

Utah regulations require special provisions to protect inadvertent intruders from disposed LLRW only for 

Class C LLRW.  Since only Class A waste will be disposed of in the proposed CAW embankment, no 

special intruder barrier, as defined by Utah regulations, is required.  In a more general sense, however, 

intruder protection is required by the performance objective stated in UAC R313-25-20, ñProtection of 

the General Population from Releases of Radioactivity.ò  The intruder protection requirement is satisfied 

by the facility remoteness from large population centers, lack of resources at the site, provision of a cover 

system to separate the waste from the atmosphere, construction and maintenance of physical access 

barriers at the closed facility, maintenance of access controls at the closed facility, and placement of 

monuments denoting the locations of embankment boundaries.  The embankment cover system provides 

the long-term barrier to inadvertent intrusion, with 1.1 m (3.5) ft of rock layers, 0.61 m (2 ft) of clay, and 

0.3 m (1 ft) of noncontaminated native soil as a ñtemporary coverò above the waste. 

The NRC evaluated the long-term hazards of LLRW disposal in its draft and final environmental impact 

statements of the regulation of LLRW disposal (NUREG/CR-4370, Update of Part 61 ï Impacts Analysis 

Methodology).  Radiation hazards associated with Class A waste are such that: should intrusion into 

disposed waste occur following the 100-year institutional control period, doses were projected to be 

within acceptable limits. 
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Groundwater Protection Requirements 

Groundwater protection requirements place limits on the individual radionuclide concentrations in the 

groundwater at the compliance monitoring well.  The radionuclide concentration limits must not be 

exceeded for at least 500 years following closure of the facility.  An extensive analysis of groundwater 

pathway was performed in support of the license amendment request.  This analysis is documented in 

Whetstone Associates (2011). 

Fate and transport modeling of a similar nature was performed previously for the Class A cell, LARW 

cell, 11e.(2) cell, and mixed waste cell at the EnergySolutions Clive facility.  This modeling was based on 

site-specific parameters, where available, or conservative assumptions where no site-specific data existed.  

Over time, with more data collected for the site, these models were refined and updated to provide more 

accurate yet environmentally conservative estimates of the leaching, transport, and arrival of constituents 

at the compliance monitoring well.  The methodology used in the modeling was initially described in a 

two-volume comprehensive modeling report for the LARW cell (Adrian Brown Consultants, 1997). 

The following description is based on information provided in Whetstone Associates (2011).  Figure G-7 

shows the conceptual model considered in the analysis. 

Inventory 

The CAW disposal cell will contain LLRW and metals for permanent disposal.  The Whetstone 

Associates (2011) analysis evaluated a total of 260 radionuclides and 13 metals. 

The refinements in radionuclide inventory, half-lives, and sorption coefficients (Kd) values for the 

Class A radionuclides were incorporated into this analysis.  The analysis used the most up-to-date Class A 

nuclide inventory approved by DRC at the time. 

The waste concentrations for each isotope were initially developed in 2000 from data supplied by the 

Manifest Information Management System (MIMS), a database managed by DOE that summarizes 

national LLRW disposal information.  The list of radioisotopes established from the MIMS database was 

then classified by UAC R313-15-1009 and their respective maximum Class A concentrations determined.  

If not listed on Table I or Table II (reproduced as Table G-4 and Table G-5), the radioisotope is Class A 

in accordance with UAC R313-15-1009(2)(f).  In these cases, the waste source term in the model was set 

at the specific activity.  The waste source term concentrations used in the analysis were identical to those 

used in previous modeling of the Class A cell (Whetstone Associates, 2000) with a few exceptions. 

The radionuclide concentrations in pCi/g were 

converted to Ci/m3 using the waste bulk density of 

1.8.  A value of 1.8 gm/cm3 was used for the bulk 

density of the waste.  This value is consistent with 

previous modeling and the range of density 

determined by EnergySolutions (1.75 to 

1.80 gm/cm3) for the compacted, in-place waste. 

The GWPLs are specified in the siteôs Ground 

Water Quality Discharge Permit (UWQB, 2010) 

only for a subset of evaluated 260 radionuclides.  

Groundwater standards for the radionuclides that 

are not specifically listed in the permit were 

developed from the following main sources:  

Å Maximum contaminant levels (MCL) and 

secondary MCLs (SMCL) in drinking 

water established by UDEQ and the EPA. 

 

Figure G-7. Conceptual Model Considered in 

the Groundwater Protection Analysis 
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Å Proposed drinking water standards for alpha emitters, as published in 56 FR 33078, ñ40 CFR 

Parts 141,142, National Primary Drinking Water Regulations; Radionuclides,ò Appendix C, 

Alpha Emitters. 

Å Proposed drinking water standards for beta emitters, as published in the 56 FR 33120, ñ40 CFR 

Parts 141,142, National Primary Drinking Water Regulations; Radionuclides,ò Appendix B, Beta 

Particle and Photon Emitters. 

The Whetstone Associates (2011) analysis evaluated 260 radionuclides.  However, 92 radionuclides and 

seven surrogates were explicitly modeled.  Radionuclides having very short half-lives and/or very high 

sorption coefficients (Kd) were modeled using one of the seven surrogate isotopes. 

 The non-radiological constituents evaluated in the 

analysis and their GWPLs are listed in Table G-7. 

Infiltration through the Cover 

The EPA Hydrologic Evaluation of Landfill 

Performance (HELP) computer model was used to 

evaluate the infiltration rate of water through the 

cover.  The annual average precipitation used as an 

input in the HELP model was 8.53 in./year based 

on the site data from the 17-year record.  The 

HELP infiltration modeling results indicate that 

0.0937 in./year (0.238 cm/year) infiltration would 

occur through the CAW cell top slope, while 

0.132 in./year (0.335 cm/year) would infiltrate 

through the side slope with a 6-in. thick Type B 

filter.  Based on these HELP-generated infiltration 

rates, the UNSAT-H model, a one-dimensional 

finite difference numerical model, was selected to 

evaluate the migration of water in the unsaturated 

soils at the site.  The UNSAT-H model predicted that moisture contents would stabilize at 0.057 in the 

waste and 0.043 in the native soil below the top slope, and at 0.0599 and 0.045 in the waste and native 

soil below the side slope (which are comparable to those originally modeled for the Class A Cell). 

Contaminant Release from the Waste Form 

In defining the contaminant release rate, the clay cover is assumed to immediately degrade and the 

infiltration water moves through the cover instantaneously.  No credit was taken for the container life and 

for the time required for the infiltration water to percolate through the cover.  The infiltration rates and 

moisture contents of the waste were used to calculate the constant release rate of the contaminants from 

the waste form as: 

  (G-1) 

 

Table G-7. Groundwater Protection Levels for 

Non-Radiological Constituents 

Parameter GWPL (mg/l) GWPL (kg/m3) 

Arsenic 0.05 5.00E-05 

Barium 2 2.00E-03 

Beryllium 0.004 4.00E-06 

Cadmium 0.005 5.00E-06 

Chromium 0.1 1.00E-04 

Copper 1.3 1.30E-03 

Lead 0.015 1.50E-05 

Mercury 0.002 2.00E-06 

Molybdenum 0.04 4.00E-05 

Nickel 0.1 1.00E-04 

Selenium 0.05 5.00E-05 

Silver 0.1 1.00E-04 

Zinc 5 5.00E-03 

GWPL =  groundwater protection level. 
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In reality, a significant delay will occur for the time required to wet the cover and the waste, and for 

moisture to travel through the cell cover, waste, and liner.  The moisture content in the waste at the time 

of cell closure may also be well below the levels assumed at the start of the closed cell modeling. 

The Kd values used in modeling at the EnergySolutions site have evolved over time, as radionuclide 

inventories changed and more information was obtained from the literature and from site-specific Kd 

testing.  The modeling performed for the CAW cell incorporates the current approved Kd values for the site.   

The modeling preferentially uses (1) approved site-specific Kd values, (2) the lowest measured soil Kd 

values published in the literature, and (3) published Kd values calculated from the soil:plant ratio.  

Approved site-specific Kd values were available for cesium, cobalt, 14C, 129I, 237Np, 99Tc, uranium, and 

zinc.  The most conservative (lowest) Kd values found in the literature were used for nuclides that did not 

have site-specific Kd values. 

Contaminant Transport from the Waste Form to the Water Table 

The contaminants released from the waste are transported first through the unsaturated zone beneath the 

bottom of the waste to the water table.  The unsaturated zone includes the 2-ft thick clay liner below the 

waste bottom and excludes the capillary fringe at the water table.  The resulting unsaturated zone 

thickness is 13.36 ft.  The flow through the unsaturated zone was modeled with UNSAT-H. 

The contaminant transport was modeled with computer code PATHRAE.  PATHRAE solves the 

advection/dispersion equation, includes aquifer diffusion, assumes that diffusion is Fickian, allows for 

retardation of contaminants using retardation coefficient (Kd), and includes radioactive decay. 

PATHRAE is limited to solving the contaminant transport equation in one homogeneous medium.  The 

characteristics of individual units in the unsaturated zone were converted to a single equivalent porous 

medium.  The unsaturated zone velocities calculated for the equivalent porous media (liner and silty sand) 

underlying the top slope and side slope simulations are 0.418 and 0.302 cm/year.  The dispersivity in the 

unsaturated zone transport model was set to 0.1 m. 

None of the 99 radionuclides exceeded the GWPLs at the water table within 500 years in the top slope 

and side slope models.  Sixteen out of 99 radionuclides exceeded the GWPLs at the water table at some 

time after 500 years.  Most of the radionuclides did not exceed GWPLs at the water table due to a high Kd 

value, low starting concentration, or short half-life. 

The top slope and side slope model results indicated that none of the metals modeled would arrive or 

exceed GWPLs at the water within 200 years.  The metal transport in the aquifer was not modeled 

because all GWPLs were met at the water table. 

Contaminant Transport in the Shallow Aquifer 

The transport of 16 radionuclides in the shallow aquifer was modeled with PATHRAE to determine the 

radionuclide concentrations at a compliance well. 

The hydraulic conductivity of the shallow aquifer was 7.53 × 10-4 cm/sec, based on the 90% upper 

confidence level for the Unit 3 sand calculated from 118 slug tests conducted sitewide.  The permit for the 

existing Class A and Class A North cells gives a maximum allowable hydraulic gradient 1.0 × 10-3 ft/ft  

for the shallow aquifer beneath the cells.  Previous and current modeling was based on this hydraulic 

gradient.  The assumed aquifer porosity was 0.29.  The resulting velocity in the shallow aquifer was 

0.819 m/year. 

The horizontal distance was modeled as the distance from the edge of the waste to the nearest compliance 

monitoring well.  The side slope modeling used a horizontal distance of 90 ft (27.4 m). 
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The distance from the compliance well to the edge of the waste under the top slope was modeled using 

the side slope length (188 ft) plus the distance from the side slope to the well (90 ft) for a total distance of 

278 ft from the waste to the compliance monitoring well.  The top slope modeling used this 278 ft 

(84.7 m) horizontal transport distance. 

The PATHRAE fate and transport modeling for the top slope (0.238 cm/year infiltration case) indicates 

that all radionuclides modeled would remain below the GWPLs for at least 500 years at a compliance 

well located 278 ft from the edge of the top slope waste, provided that the concentrations of 

two radionuclides, 247Bk and 36Cl, are received in limited concentrations of 1.92 and 73,900 pCi/g, 

respectively.  All other modeled constituents would meet the groundwater standard if placed in the top 

slope area at Class A limits. 

The PATHRAE fate and transport modeling for the side slope with a 6-in. thick Type B filter 

(0.335 cm/year infiltration case) indicates that all radionuclides modeled would remain below the GWPLs 

for at least 500 years at a compliance well located 90 ft from the edge of the waste, provided that 36Cl is 

received in limited concentrations of 106,000,000 pCi/g.  All other modeled constituents would meet the 

groundwater standard if placed under the side slope at Class A limits. 

All 13 metals could be placed in the top slope or side slope at the maximum possible concentration based 

on density, and would meet GWPLs at the water table and, by extension, at a compliance well located 

90 ft from the edge of the waste for the 200-year compliance period established for heavy metals. 

The analysis demonstrated that reductions in side slope infiltration eliminates the necessity to limit waste 

disposal concentrations beneath the CAW side slope for 36Al, 247Bk, 41Ca, 249Cf, 250Cf, 36Cl, 187Re, 157Tb, 

and 158Tb, as originally modeled in 2000. 

G.2.2.7 Disposal Performance Evaluation of a Proposed Depleted Uranium Cell 

A separate PA analysis was performed for the proposed disposal of the depleted uranium (DU) in a 

designated DU disposal cell at the Clive facility.  This analysis is documented in (Neptune, 2021).  The 

PA is probabilistic and goes beyond the 500 years because DU reaches peak activity at 2.1 Myr.  Even 

though this analysis was done for a different inventory than the one that will be disposed of at the CAW 

disposal cell, the analysis provides additional confidence in the performance of the Clive facility.  The 

most important assumptions and conclusions of the DU PA are summarized below. 

The Clive DU PA model was implemented quantitatively for 10,000 years and has run additional 

simulations for 2.1 Myr. 

In the saturated zone (aquifer), contaminants are transported laterally to a hypothetical monitoring well 

located about 27 m (90 ft) from the edge of the interior of the cell.  The distance to the well from the DU 

waste is about 73 m (240 ft). 

The PA considers both the groundwater pathway and the air pathway.  Radionuclides are transported via 

diffusion in both water and air phases within the cover system.  Once radionuclides reach the ground 

surface at the top of the engineered cover, they are subject to suspension into the atmosphere and 

dispersion to the surrounding landscape.  Atmospheric transport of gases (222Rn) and contaminants sorbed 

to suspended particles is modeled using a standard modeling platform approved by EPA, AERMOD.  The 

results of this model are used to calculate contributions of airborne radionuclides to dose, and the uranium 

toxicity hazard is evaluated. 

The Clive DU PA evaluated the doses to a member of the general public and to inadvertent intruders. 

For the Clive facility, based on the NRC definitions, ranch hands, hunters, and off-highway vehicle riders 

are expected to engage in activities both on and off the site.  These receptors fit the NRC definition of 

inadvertent intrusion. 
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The receptors that are located at specific off-site locations fit the NRC definition of member of the public.  

There are specific points of exposure within the vicinity of the Clive facility where individuals might be 

exposed.  About 12 km (8 mi) to the west, off-highway vehicle riders use the Knolls Recreation Area.  

Interstate 80 and a railroad are located to the north, with an associated rest area on the highway.  Closer to 

the Clive facility, the Utah Test and Training Range access road is used on occasion. 

The doses to members of the public and inadvertent intruders were calculated within a 10,000-year 

compliance period.  The doses are compared to a performance criterion of 25 mrem in a year for a 

member of the public, and 500 mrem in a year for an inadvertent intruder. 

After that time, the modeling focus turns to long-term, or ñdeep timeò scenarios.  Peak activity of the 

waste occurs when the progeny of the principal parent, 238U reaches secular equilibrium.  This occurs at 

roughly 2.1 Myr from the time of isotopic separation, and the Clive DU PA evaluated the potential future 

of the site in this context.  The evaluation takes into account the likely possibility of future deep lakes in 

the Bonneville Basin and eolian (i.e., wind-borne) deposition of dust/particles.  As each lake returns, 

estimates are made of the radionuclide concentrations in the lake and in the sediments surrounding and 

subsuming the site. 

The probabilistic PA results are reported in terms of the mean, median, and 95th percentiles of the dose at 

10,000 years for the 10,000 realizations.  The peak mean dose is sometimes of interest for comparison 

with performance objectives, and in this model, the peak mean dose occurs at or near 10 kyr.  In effect, 

10 kyr is the worst-case year in terms of dose.  Under these circumstances, the 95th percentile is analogous 

to the 95% upper confidence interval of the mean at 10 kyr that is commonly used to represent reasonable 

maximum exposure in the Comprehensive Environmental Response, Compensation, and Liability Act of 

1980 (CERCLA) risk assessments. 

Compliance with the performance 

objectives for the inadvertent intruder 

dose of 500 mrem/year and for a 

member of the public of 25 mrem/year 

is clearly established for all types of 

potential future receptors.  None of the 

95th percentile dose estimates for these 

receptors exceeds 1 mrem/year, and all 

of the peak mean dose estimates are at 

or below 0.1 mrem/year.  Sensitivity 

analyses indicated that receptor doses 

are dominated by radon inhalation for 

the air pathway and groundwater 

concentrations of 99Tc for the 

groundwater pathway.  Figure G-8 

shows the 99Tc concentrations in the 

compliance well for the different 

percentiles based on 1,000 realizations. 

The 99Tc inventory considered in this analysis was 16,000 Ci.  The resulting 99Tc concentration in the 

compliance well leads to a small dose (below 0.1 mrem/year) even when an extended compliance period 

was considered.  The total 99Tc inventory in the Hanford LAW is only 11% larger (18,000 Ci); therefore, the 

dose is also expected to be small.  The Clive DU PA results suggest that the below-grade disposal 

configuration can be used to dispose of the quantities of DU waste included in the analysis in a manner 

adequately protective of human health and the environment. 

Technetium-99 Concentrations in the Compliance Well 

 
Source: Figure 6 of Neptune (2021). 

Figure G-8. Statistics of Technetium-99 Concentrations in 

the Compliance Well (1,000 realizations) 
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G.2.2.8 Confidence in Successful Disposal 

This section summarizes the aspects that contribute to the confidence in the successful disposal at the 

Clive site. 

The site natural conditions ensure safe permanent disposal of LLRW 

In the 1970s, DOE investigated 29 sites to identify the safest permanent disposal site for uranium tailings.  

After 8 years of characterization and evaluation of several sites, DOE selected the Clive site.  The siteôs 

remote location, low precipitation, naturally poor groundwater, and low-permeability clay soils make this 

site well suited for the safe permanent disposal of LLRW. 

The initial site application and the subsequent amendments went through a rigorous review 

process, including public hearing and comments, and were approved 

The initial EnergySolutions disposal license was for NORM.  Since 1988, the EnergySolutions radioactive 

material license has been amended several times.  The 2011 license amendment request for CAW, a 

disposal area that contains a federal disposal cell, required updating the scientific and engineering 

analyses to reflect current practices and state-of-the-art science and engineering procedures. 

The CAW license amendment request was approved by the DRC in 2012.  The DRC reviews a license 

application to determine the extent to which each applicable regulatory requirement is satisfied and to 

ensure that particular licensing actions are justifiable under provisions of the regulations.  

The requirements and criteria for licensing commercial LLRW disposal facilities are included in UAC 

R313-25.  UAC R313-25 address such topics as:  

Å Performance objectives 

Å Site suitability requirements 

Å Facility design, construction, operating, closure, and post-closure requirements 

Å Waste characteristic requirements 

Å Environmental monitoring requirements 

Å Financial assurance and financial qualifications requirements 

Å Administrative requirements. 

The license amendment process includes the following steps:  

Å Review license amendment request 

Å Prepare interrogatories as necessary to resolve issues not adequately addressed in the amendment 

request 

Å Review interrogatory responses, ensuring that all required information is included in either the 

initial submittal or responses to interrogatories 

Å Prepare draft SER and draft revised license conditions 

Å Publicize the Directorôs decision to amend the license 

Å Conduct public hearings and receive public comment 

Å Prepare public participation document 

Å Prepare final SER and final license revisions. 
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Depleted Uranium Performance Assessment 

A separate PA analysis was performed for the proposed disposal of the DU in a designated DU disposal 

cell at the Clive facility.  The PA is probabilistic and goes far beyond the 500 years because DU reaches 

peak activity at 2.1 Myr.  Even though this analysis was done for a different inventory than the one that 

will be disposed of at the CAW disposal cell, the analysis provides an additional confidence in the 

performance of the Clive facility. 

Operational Experience 

EnergySolutions has over 34 years of experience operating the Clive facility.  The NORM waste disposal 

operations at the Clive facility began in 1988.  LLRW disposal operations began in 1991.  Mixed waste 

disposal operations have been conducted since 1992. 

The Clive facility has received waste from cleanup activities carried out across the country, including 

projects by the EPA, DOE, U.S. Department of Defense (DoD), utilities, and other commercial entities. 

EnergySolutions received, treated, and disposed of over 1.5 Mgal of waste shipped in ISO tankers from 

the DOE Rocky Flats closure project.  EnergySolutions has disposed of more than 85 million ft3 of waste 

from DOE sites over the last 25 years. 

All wastes received at the Clive facility are entered into and tracked with the Electronic Waste 

Information System (EWIS).  EWIS is an electronic recordkeeping system used to track waste type, 

volume, activity, and placement location within the disposal embankments.  EWIS also contains waste 

profile information and provides automated compliance checks of the waste shipments against license 

limits and sampling frequency. 

Compliance Monitoring Well Network 

A compliance monitoring well network was developed for the CAW embankment.  The network includes 

27 wells.  The monitoring well network is designed to verify regulatory compliance with the state of Utah 

GWPLs and to provide early warning of potential releases.  The spacing of the wells meets the 

requirement of the Clive facility Ground Water Quality Discharge Permit (UWQB, 2009) for wells to be 

located no further than 90 ft from the edge of the waste (Part I.F.1.e). 

The well spacing analysis was performed and provided reasonable assurance that releases from the CAW 

embankment can and will be detected.  The modeling was performed using 129I and 99Tc as the surrogate 

contaminants.  These radionuclides were selected because of their potential presence in the CAW 

embankment Class A waste, their conservative transport characteristics (i.e., relatively mobile), and 

because of their long half-lives relative to the modeled time period of 500 years. 

Financial Assurance 

Funds for the closure, remediation, and long-term surveillance of the Clive facility are maintained in 

surety bonds in favor of the Director of the DWMRC.  Furthermore, the state of Utah has established a 

Perpetual Care Fund with a target initial minimum balance of $100 million at the conclusion of the post-

closure monitoring period (i.e., year 101 after site closure).  The Perpetual Care Fund is funded by an 

existing cash balance and earnings accrued to this balance.  In addition to the estimated costs for 

decommissioning the Clive facility, the financial surety also covers estimated costs of long-term 

surveillance of the site.  This includes sampling of groundwater monitoring wells, site inspections and 

repairs, and other miscellaneous costs. 
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G.2.3 Waste Control  Specialists, LLC Waste Disposal Facility (Andrews, Texas) 

This section presents a summary of the site conditions, disposal facility design, applicable regulations, 

waste acceptance criteria, and analyses performed in support of the disposal PA (WCS, 2011) for the 

WCS disposal facility near Andrews, Texas.  This information was collected from multiple sources and 

presented without further interpretation or reevaluation. 

G.2.3.1 Background/General Description 

WCS is a treatment, storage and disposal company dealing in radioactive, hazardous, and mixed wastes.  

Their primary facilities are located on 1,338 acres (540 hectares) of land that is 35 miles (56 km) west of 

Andrews, Texas and 5 miles (8 km) east of Eunice, New Mexico. 

WCS treatment capabilities include dewatering, stabilization and repackaging.  Their transportation 

capabilities include ownership of three Type B shipping casks and two Type A shipping containers.  WCS 

has three separate disposal facilities for radioactive wastes, including (1) a facility for disposal of 

commercial radioactive wastes from the Texas Low-Level Radioactive Waste Disposal Compact, and 

radioactive wastes imported from 36 other states into the Texas Compact, (2) a facility for disposal of 

11e(2) byproduct material, and (3) the Federal Waste Disposal Facility (FWF).  The AEA, as revised in 

1978 and in 2005, defines byproduct material in Section 11e.(2) as the tailings or wastes produced by the 

extraction or concentration of uranium or thorium from any ore processed primarily for its source material 

content (i.e., 11e.(2) byproduct material is 

uranium or thorium mill tailings). 

Figure G-9 is an aerial view of the disposal 

facilities for radioactive wastes at WCS.  The 

remainder of this subsection focuses 

exclusively on the FWF, which was designed, 

licensed, and constructed for federal waste 

disposal, including all wastes from DOE. 

WCS is equipped to receive wastes by truck 

and by rail.  For rail, a receiving building 

straddles the railhead, and a WCS-owned 

locomotive brings wastes onsite from nearby 

Eunice, New Mexico. 

G.2.3.2 Physical Setting 

The information in this section was extracted from the following sources: 

Å Chapter 2 of the WCS Consolidated Interim Storage Facility System Safety Analysis Report 

(NRC, 2018) 

Å WCS website (wcstexas.com). 

The area surrounding the WCS facilities is sparsely populated and (on average) receives less than 16 in. 

(400 mm) of rainfall per year.  Based on an extensive site investigation program, including over 500 wells 

and core samples, the geology and hydrology of the WCS site is well understood. 

The WCS facilities are located over a geologic feature referred to as the ñburied red ridgeò.  This buried 

red ridge comprises Triassic-age sediments of the Dockum Group.  The Dockum Group consists of a 

series of fluvial and lacustrine mudstones, siltstones, sandstones, and silty dolomite deposits that are over 

1,000 ft thick beneath the WCS site.  The buried red ridge (i.e., the Dockum Group) is encountered at 

depths ranging from about 8 to 80 ft beneath the WCS facilities. 

 

Figure G-9. Waste Control Specialists Waste 

Disposal Facility 

https://www.nrc.gov/reading-rm/basic-ref/glossary/uranium.html


SRNL-STI-2023-00007 

Revision 0 

Volume II | G-28 

In the subsurface, the Ogallala, Antlers, and GatuŔa geologic formations occur to the north and east of the 

buried red ridge.  These three formations were deposited in different geologic time periods but occupying 

nearly the same stratigraphic position.  The Antlers Formation is the oldest and was deposited in earliest 

Cretaceous time, whereas the Ogallala Formation is Tertiary in age with deposition occurring between 

2 and 6 million years ago.  The Antlers formation forms a veneer over the crest of the buried red ridge, 

with the Ogallala lying to the northeast and GatuŔa lying to the southwest of the ridge. 

G.2.3.3 Disposal Facility Design 

Wastes are emplaced 25 to 120 ft (~8 to 37 m) below the land surface in the FWF disposal cell that 

includes a 7-ft (2 m) thick multi-barrier liner.  When constructed, the multi-barrier cap over the cell will 

be a minimum of 25 ft (~8 m) thick and will be completed at-grade.  Higher-activity Class B and C LLW 

and MLLW are disposed of in modular concrete canisters (MCC) inside the disposal cell.  The MCCs are 

6-in. (150 mm) thick, steel-reinforced concrete containers.  The natural barriers (e.g., no drinking water 

aquifer and thick red clay beds) and the engineered barriers (e.g., 2 m-thick multi-barrier liner and MCCs) 

work together to give WCS one of the most robust multi-barrier designs of any Agreement State-licensed 

LLW disposal facility in the United States.  Figure G-10 shows the WCS landfill design. 

 
Source: ML17065A225, 2017, ñNRC Site Visit, February 2017,ò presentation to the U.S. Nuclear Regulatory Commission, 

Waste Control Specialists, LLC, Andrews, Texas. 

Figure G-10. Waste Control Specialists Landfill Design 

WCS uses two standard types of MCC: (1) cylindrical: 1.8 m (6 ft) and (2) rectangular: 2.9 m long × 

2.3 m wide × 2.8 m high (9 ft-6 in. long × 7 ft-8 in. wide × 9 ft-2 in. high) (internal).  Typically, Class B 

and C LLW, inside a U.S. Department of Transportation (DOT) shipping container, is placed in an MCC, 

any void space is grouted, and the concrete lid is placed on top.  A waste that is disposed of in an MCC is 

categorized by WCS as a containerized waste.  In contrast, bulk wastes may be shipped in reusable DOT 

shipping containers, the wastes are not disposed of in the DOT shipping container, and the waste is not 

placed in an MCC.  Bulk waste is acceptable for disposal in the FWF, if the waste is Class A and has a 

dose rate of <100 mrem at 30 cm (~1 ft).  Bulk waste is sometimes disposed of in an MCC (e.g., if the 

dose rate of the bulk waste is >100 mrem at 30 cm [~1 ft]).   
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Figure G-11 shows the wastes being loaded 

into rectangular MCCs inside a disposal cell 

with components of the multi-barrier liner 

visible in the background.  Note the scale of 

the disposal cell. 

Grout waste forms generated by a vendor are 

assumed to be placed in 8.4 m3 (11 yd3) soft-

side containers and shipped to Clive using 

gondola railcars.  The details are discussed in 

Volume II, Appendix H, Section H.7.  Grout 

that is Class A waste can be disposed of in the 

soft-side containers in the bulk waste area of 

the disposal cell.  Grout that is Class B or C 

will be disposed of in an MCC.  With a 

capacity of 8.4 m3 each (11 yd3), two soft-side 

containers will fit in a standard rectangular 

MCC (allowing 2 in. extra on all four sides and 2 in. extra on top).  If the grout waste form is generated at 

WCS via treatment of radioactive LAW liquids received from Hanford, WCS will then decide on the 

applicable disposal options. 

G.2.3.4 Key Regulatory Requirements 

Texas is a NRC Agreement State, and the Texas Commission on Environmental Quality (TCEQ) is 

responsible for licensing and inspecting the WCS radioactive and mixed waste disposal facilities.  In 

August 2004, WCS submitted an application for a radioactive materials license to build and operate their 

first LLW disposal facility.  For licensing the FWF, TCEQ used their state regulations that are equivalent 

to the 10 CFR 61 licensing requirements.  After a detailed multi-year licensing process, in 2009, TCEQ 

issued a Radioactive Materials License to WCS to dispose of LLW (TCEQ, 2009). 

TCEQ approved major construction in 2011, and in 2012 the first radioactive wastes were received for 

disposal.  The FWF is licensed to accept Class A, B and C LLW and Class A, B and C MLLW for 

disposal.  Before disposal, all waste must meet LDR requirements in 40 CFR 268 (or state equivalent 

LDR requirements). 

The FWF is licensed for up to 26,000,000 ft3 (~736,000 m3) and 5,600,000 total curies of wastes.  The 

FWF is designed to be built in 11 phases.  Only the first of the 11 phases has been completed, as shown in 

Figure G-9.  The Class B and C waste will take about 16% of the maximum allowable containerized 

volume.  The space not taken by the Class B and C waste can be used for Class A waste.  Disposing of all 

waste at WCS will take from 28% to 52% of the available disposal volume and will be 3% to 16% of the 

total activity limit (Volume II, Appendix H, Section H.6.2). 

The term of the current license is through September 2024, with provision for 10-year renewals thereafter.  

The state of Texas takes ownership of LLW disposed of in the Compact Disposal Facility, and DOE has 

signed an agreement to take ownership of the FWF after its closure.  In post-closure, DOE will be 

responsible for the waste forms disposed of at the WCS disposal facility. 

In addition to the license issued by the TCEQ, WCS maintains other permits and licenses, which are listed 

on their website (WCS, 2022). 

G.2.3.5 Waste Acceptance Criteria 

The waste acceptance criteria for the FWF are included as an amendment to the TCEQ license for the 

FWF, and these criteria are detailed in the WCS Federal Waste Disposal Facility (FWF) Generator 

Handbook (WCS, 2015). 

 

Figure G-11. Wastes Being Loaded into Modular 

Concrete Canisters at the Waste Control Specialists 

Disposal Cell 
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The waste acceptance criteria for the FWF include limits on free liquids (<1% of the volume of 

containerized waste), maximum void space limits, transportation requirements, and prohibited waste 

types.  Prohibited wastes include high-level radioactive waste, waste capable of generating toxic gases 

(excluding radioactive gases), and waste readily capable of detonation or of explosive decomposition or 

reaction at normal pressures and temperatures or of explosive reaction with water. 

Some of the general packaging requirements are: 

Å Each container can only contain one approved profiled (characterized) waste stream 

Å Packages should weigh 10,000 lb (4,545 kg) or less, unless special arrangements have been made 

Å All containers transported on public roads to WCS are required to meet the applicable DOT 

regulations  

Å Except for bulk wastes and large components, waste packages must fit in an MCC. 

The wastes disposed of at WCS must comply with the LDRs detailed in 40 CFR 268. 

The radiological waste acceptance criteria for the FWF are based on the NRCôs classification system, 

which divides LLW into classes for disposal ï with Class A LLW being the least hazardous and greater-

than-Class C (GTCC) LLW being the most hazardous.  The NRC describes these classes in 

10 CFR 61.55, ñWaste Classification.ò  The FWF is licensed for disposal of Class A, Class B, and 

Class C (as defined in 30 TAC 336.362, ñAppendix E.  Classification and Characteristics of Low-Level 

Radioactive Wasteò) LLW and MLLW and bulk Class A LLW and MLLW in reusable packages with 

dose rates <100 mrem/hr at 30 cm (~1 in.). 

WCS provides two tables for classifying wastes as Class A, B or C for disposal; GTCC wastes are 

currently prohibited.  The two tables from the FWF Generators Handbook (WCS, 2015) are included as 

Table G-8 for long-lived nuclides and Table G-9 for short-lived nuclides.  Volume II, Appendix H, 

Section H.6 provides details on how the waste class determination was performed for the Hanford LAW. 

Table G-8. Table I Class A and C Waste ï Long-Lived Isotopes 

Radionuclide Class A Limit Class B Limit Class C Limit 

14C 0.8 Ci/m3 a Ci/m3 8 Ci/m3 
14C in activated metals 8 Ci/m3 a Ci/m3 80 Ci/m3 
59Ni in activated metals 22 Ci/m3 a Ci/m3 220 Ci/m3 
94Nb in activated metals 0.02 Ci/m3 a Ci/m3 0.2 Ci/m3 

99Tc 0.3 Ci/m3 a Ci/m3 3 Ci/m3 
129I 0.008 Ci/m3 a Ci/m3 0.08 Ci/m3 

Alpha-emitting transuranic radionuclides 

with half-lives greater than 5 years 

10 nCi/g a nCi/g 100 nCi/g 

241Pu 350 nCi/g a nCi/g 3,500 nCi/g 
242Cm 2,000 nCi/g a nCi/g 20,000 nCi/g 
226Rab 10 nCi/g a nCi/g 100 nCi/g 

Source:  Table I of WCS, 2015, Federal Waste Disposal Facility (FWF) Generator Handbook, Rev. 4, Waste Control 

Specialists, LLC, Andrews, Texas. 
a There are no limits established for these radionuclides in Class B wastes. 
b This isotope is not listed in the classification tables in 10 CFR 61 but is required by the state of Texas to be included in 

classification determination. 
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Table G-9. Table II Class A, B and C Waste ï Short-Lived Isotopes 

Radionuclide Class A Limit Class B Limit Class C Limit 

Total radionuclides with 

half-lives less than 5 years 

700 Ci/m3 a Ci/m3 a Ci/m3 

3H 40 Ci/m3 a Ci/m3 a Ci/m3 
60Co 700 Ci/m3 a Ci/m3 a Ci/m3 
63Ni 3.5 Ci/m3 70 Ci/m3 700 Ci/m3 

63Ni in activated metals 35 Ci/m3 700 Ci/m3 7,000 Ci/m3 
90Sr 0.04 Ci/m3 150 Ci/m3 7,000 Ci/m3 

137Cs 1 Ci/m3 44 Ci/m3 4,600 Ci/m3 

Source: Table II of WCS, 2015, Federal Waste Disposal Facility (FWF) Generator Handbook, Rev. 4, Waste Control 

Specialists, LLC, Andrews, Texas. 
a There are no limits established for these radionuclides in Class B or C wastes.  Practical considerations such as the effects 

of external radiation and internal heat generation on transportation, handling, and disposal will limit the concentrations for these 

wastes.  These wastes shall be Class B unless the concentrations of other radionuclides in Table II determine the waste to be 

Class C independent of these radionuclides. 

Table I and Table II (reproduced as Table G-8 and Table G-9) are used to classify wastes as Class A, B, C 

for disposal.  Some points on the use of the tables include: 

Å Each limit is the full limit.  For example, if 14C is the only nuclide in the waste and the 

concentration is 8 Ci/m3, the waste would be classified as Class C; any other Table G-8 nuclide, 

or any additional amount of 14C would require the waste to be classified as GTCC. 

Å If there are multiple long-lived nuclides (Table G-8 nuclides), the fractional contribution of each 

nuclide must be calculated and the sum of those fractional contributions must be less than 1 for a 

given class of waste.  The use of the sum of fractions to determine waste classification is 

explained in 10 CFR 61.55(a)(7). 

Å If a waste contains long-lived (Table G-8) nuclides AND short-lived (Table G-9) nuclides, the 

waste form will be classified based on the classification of the long-lived (Table G-8) nuclides, 

unless a higher classification is derived from the short-lived (Table G-9) nuclides. 

G.2.3.6 Hydrogeology 

The WCS facility is sited on the 600-ft-thick nearly impermeable red-bed clay formation of the Dockum 

Group.  The upper portion of the Dockum Group is unsaturated.  The first from the surface laterally 

continuous, and continuously saturated, transmissive zone is encountered at the depth of 225 ft.  This 

zone is comprises sandstone/siltstone and is 10 to 35 ft thick.  This unit is referred to as the 225-ft zone 

and has a very low permeability.  Measurements of the horizontal hydraulic conductivity of the 225-ft 

zone range between 10-8 cm/s to 10-9 cm/s, with one value in the 10-7 range.  The average was 3.59 × 

10-8 cm/s (WCS, 2007, Appendix 2.6.1).  Water is estimated to have been present in the 225-ft zone since 

the Pleistocene and has not led to saturated conditions in the deposits above the 225-ft zone. 

Due to low hydraulic conductivity, the 225-ft zone does not yield sufficient volume to support an 

individual.  The TDS of samples from the 225-ft zone ranges from 3,800 to 4,700 mg/L, which means 

that the water is not potable.  The water that is above 1,200 mg/L is generally considered to be 

unacceptable for human consumption.  EPA has established National Secondary Drinking Water 

Regulations that set the SMCL for TDS at 500 mg/L. 

Groundwater in the Dockum Group deposits is generally of poor quality.  ñWater quality ranges from 

fresh in the outcrop areas to brine in the confined parts of the aquifer.  It also tends to deteriorate with 

depth, and TDS concentrations can exceed 60,000 mg/L in the deepest parts of the aquifer.ò (TWDB, 2003). 
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There are three distinct formations in the same stratigraphic position immediately above the Cooper 

Canyon Formation:  (1) the Ogallala Formation northeast of the buried ridge, (2) the Gatuna formation 

southwest of the buried ridge, and (3) the Cretaceous Antlers Formation over the crest of the buried ridge.  

Elsewhere in the vicinity of the WCS site are Cretaceous shales and limestone (the Comanche Peak/Fort 

Terrett Formation) overlying the Antlers.  These formations are present in this configuration because the 

buried ridge was a surface drainage divide throughout the late Cenozoic (Hawley, 1993), with Tertiary to 

Quaternary fluvial material (fluvial sediments of the Ogallala and Gatuna) deposited on either side of the 

ridge, and the Cretaceous Antlers Formation likely acting as an erosion resistant cap over the crest of the 

ridge (WCS, 2007).  These three formations are combined into a single hydrostratigraphic unit referred to 

as the OAG (Ogallala, Antlers, and Gatuna) unit.  These formations are in lateral hydraulic continuity 

from a hydrogeologic perspective; however, they are largely unsaturated in the vicinity of the WCS waste 

facilities. 

Table G-10 provides the hydraulic conductivities of 

the major hydrostratigraphic units (WCS, 2007, 

Appendix 2.6.1).  An estimated vertical velocity 

beneath WCS is up to 0.02 mm/yr for the current 

climate conditions and from 0.01 to 0.3 mm/yr for 

the future climate conditions. 

The Ogallala aquifer, which consists of the Ogallala 

Formation, is the primary freshwater aquifer within 

the regional study area and serves as the principal 

source of groundwater in the Southern High Plains 

(Cronin, 1969; TWDB, 2011).  However, the 

Ogallala Formation is not present beneath the WCS 

licensed facility (TWDB, 2011).   

The nearest deposits of the Ogallala Formation occur northeast of the buried ridge near the northeastern 

corner of the facility, approximately 1 mile northeast of the disposal facilities and represent the southern 

feather edge of the Ogallala Formation.  The Ogallala Formation that is northeast of the facility is not 

indicative of a productive Ogallala aquifer at that location.  The limits of the Ogallala Aquifer have been 

established as being approximately 10 miles north of the facility. 

G.2.3.7 Disposal Performance Evaluation 

The disposal PA (WCS, 2011) examines site features such as geology, surface water and groundwater, 

potential future weather changes, residential and intrusion scenarios, and possible future uses of the land.  

The WCS PA meets all Texas requirements during the performance period that goes far beyond the 

federally recommended compliance period of 10,0000 years after site closure. 

Source Term 

When considering transport in the porous-medium water phase, the radionuclides are assumed to be 

uniformly distributed and available for leaching by a conservative partition coefficient (Kd) exchange 

leaching model.  This leaching model conservatively assumes that all the radionuclides are available for 

contact with water and migration.  No credit is taken for waste containers, concrete canisters, or improved 

waste forms such as activated metals or solidified or encapsulated wastes.  The entire radionuclide 

inventory is immediately available for release and transport (WCS, 2007, Appendix 8.0-6). 

Table G-10. Hydraulic Conductivities of the 

Major Hydrostratigraphic Units  

Hydrostratigraphic Unit 
Hydraulic 

Conductivity (cm/s) 

Cooper Canyon Claystone/ 

Upper Dockum 

4.03 × 10-9 

225-Foot Zone 3.59 × 10-8 

125-Foot (Dry) 5.25 × 10-8 

OAG (Dry) 1.0 × 10-3 

Surface Soil 1.76 × 10-3 

Caprock 1.06 × 10-6 

Clay Cover 4.0 × 10-9 

OAG =  Ogallala, Antlers, and Gatuna. 
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Although gaseous waste is not disposed of at WCS, to be highly conservative the gaseous source term is 

estimated by assuming the entire inventories of radionuclides such as 3H, 14C, 85Kr, and 129I are available 

for immediate release in the gaseous phase.  This assumption is highly unrealistic but provides an upper 

bound dose for compliance purposes.  The radon source term is dependent on ingrowth from the 226Ra 

inventory. 

Irradiated metals are assumed to not immediately give up their radionuclide content to the surrounding 

materials.  Rather, as these disposed contaminated metals slowly degrade, they release radionuclides as 

the metal is lost.  This process is modeled as a first order decay process, where a given fraction of the 

remaining metal is lost to degradation in any given year.  This activated metal corrosion rate has been 

estimated to be 10ï5 yrï1.  The release rate from activated metal is based on measurements of carbon steel 

and stainless-steel corrosion rates (ANL-DSDMD-00001, Aqueous Corrosion Rates for Waste Package 

Materials).  This value has been given some uncertainty by assigning it a normal distribution with a 

standard deviation of 10ï6 yrï1. 

The chosen fractional release rate is consistent with those used in multiple DOE PAs at Idaho National 

Laboratory: 

Å DOE/ID-10978, Performance Assessment for the Idaho CERCLA Disposal Facility 

Å DOE/ID-11421, Performance Assessment for the Remote-Handled Low Level Waste Disposal 

Facility 

Å DOE/NE-ID-11243, Performance Assessment for the RWMC Active LLW Disposal Facility. 

Surface Water Pathway 

The surface water pathway was determined to be irrelevant for contaminant release.  A combination of 

several factors act to reduce the amount of surface water in the vicinity of the WCS disposal site, which 

includes all disposal units and a buffer zone.  The site is in a semi-arid region where the loss of water by 

evapotranspiration exceeds precipitation received, there are no perennial streams on or near the site.  

Surface soils are permeable, and the topography promotes good drainage of the facility area.  

Additionally, the facility closure will enhance its long-term stability.  The ground surface at the disposal 

site will be contoured to approximate the original stable ground surface.  The contours will divert surface 

water from the disposal units, promote runoff, and help prevent water and wind erosion.  A natural 

vegetative cover will be established that will help stabilize and maintain the soil surface and minimize 

erosion.  The water diversion features and the vegetated cover also serve to minimize water infiltration 

into the disposal units, which further promotes site stability (WCS, 2011). 

Air Pathway 

The air pathway for the WCS Site Model is largely driven by gas emanation through the finished cover 

where doses from gaseous radionuclides released through the finished earthen cover are calculated 

(WCS, 2007, Section 8, Appendix 8.0-6).  As suggested by NUREG-1573, A Performance Assessment 

Methodology for Low-Level Radioactive Waste Disposal Facilities, tritium, 14C, 85Kr, 129I, and radon are 

considered.  The long-lived 129I is considered in the gas emanation pathway as it is does not decay before 

diffusing through the thick cover.  As such, the air pathway is the main risk driver for longer lived, highly 

mobile radionuclides such as 129I or 14C.  Given that 99Tc is a very weak gamma emitter, it will have an 

insignificant effect on the external gamma dose resulting from the inadvertent intruder scenario 

(WCS, 2011).  HYDRUS analysis of the site has shown that there will be essentially no infiltration 

though the cover (WCS, 2011).  Transport in the water phase is dominated by diffusion where long-lived, 

mobile radionuclides (e.g., 99Tc) will diffuse upward, affecting pathways that are sensitive to surface 

uptake factors.  Therefore, 99Tc will primarily contribute to produce and soil ingestion pathways. 
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Groundwater Pathway 

Although there are no potable water sources in the area near the WCS facility and very low vertical 

velocity beneath the WCS site, the groundwater pathway was analyzed in detail and potential impacts 

were quantified.  The conclusion of these analyses was that there is no realistic groundwater pathway at 

WCS (WCS, 2011). 

The hydrogeologic conceptual model for the PA focused on downward movement of infiltration from 

precipitation through the cover system, the waste, and the lower compacted clay and high-density 

polyethylene liners, into the undisturbed Cooper Canyon Formation (WCS, 2011).  The conceptual 

hydrogeologic cross-section is shown in Figure G-12.  

 
Source: Reproduced from Figure EA-4 in TCEQ (2008).  Note: The 225-foot zone is called 250-foot zone in the source figure 

and 225-foot zone elsewhere. 

Figure G-12. Waste Control Specialists Conceptual Hydrogeologic Cross-Section 

The large-scale regional OAG groundwater system was modeled using MODFLOW-SURFACT1 (WCS, 

2011) and the HYDRUS model was used to evaluate infiltration rates.  The results of the HYDRUS 

modeling indicated downward fluxes for current climate conditions range from approximately 0 to 

0.02 mm/yr and from 0.01 to 0.3 mm/yr for future-climate conditions (WCS, 2011).  These values are 

much less than the 1 mm/yr flux used in the license application. 

 
1 MODFLOW-SURFACT is a registered trademark of HydroGeoLogic, Inc., Reston, Virginia. 
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For the dose calculations, it was assumed that radionuclides leach from the waste, transport through the 

red clay to the 225-ft zone, and that groundwater is withdrawn from a well at the edge of the disposal 

facility.  Water is used for drinking and livestock watering.  The water is assumed to be potable despite 

the low yield and high dissolved solids.  Because a well in the 225-ft zone would not yield sufficient 

water to meet groundwater requirements for a household or for livestock in a year, the balance is assumed 

to be provided from an uncontaminated external source.   

In the updated PA from 2011 (WCS, 2011), the realistic groundwater pathway dose was determined to be 

zero.  However, the original groundwater pathway based on the 225-foot zone is retained in the PA model 

as a legacy scenario. 

Key Exposure Pathways 

The key exposure pathways and the corresponding dose limits and dose standards are provided in 

Table G-11.  Gaseous diffusion and corresponding inhalation dose is the dominant exposure pathway. 

Table G-11. Key Exposure Pathways, Dose Limits and Dose Standards 

Receptor Key Exposure Pathways 
Dose Limit 

(mrem/year) Dose Standard 

Post-Institutional Control Period  

Intruder driller Å Diffusion; gas emanation through cover: gas inhalation 

Å Oil well drill cuttings in an open mud pit: external 

irradiation 

500 DOE M 435.1-1a 

Intruder resident Å Diffusion; gas emanation through cover: gas inhalation 

(indoor and outdoor) 

Å Ingestion produce grown on contaminated surface soil 

Å Oil well drill cuttings in an open mud pit: external 

irradiation 

500 DOE M 435.1-1a 

Adjacent resident Å Diffusion; gas emanation through cover: gas inhalation 25 30 TAC 336.724b 

a DOE M 435.1-1, 2011, Radioactive Waste Management Manual, Change 2, U.S. Department of Energy, 

Washington, D.C. 
b 30 TAC 336.724, ñProtection of the General Population from Releases of Radioactivity,ò Texas Administrative Code, as 

amended. 

Figure G-13 shows the scenarios considered in the inadvertent intruder pathway.  The dose limit for this 

pathway is 500 mrem/yr.  

 

Figure G-13. Scenarios Considered in the Inadvertent Intruder Pathway  
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	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration)
	3. Likelihood of successful mission completion (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  (All costs are discounted at 3% rate.)

	D.2.10 Selection Criteria Assessment for Alternative Grout 2C
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration)
	3. Likelihood of successful mission completion  (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  (All costs are discounted at 3% rate.)

	D.2.11 Selection Criteria Assessment for Alternative Grout 4A
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration)
	3. Likelihood of successful mission completion (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  (All costs are discounted at 3% rate.)

	D.2.12 Selection Criteria Assessment for Alternative Grout 4B
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration)
	3. Likelihood of successful mission completion  (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  All costs are discounted at 3% rate.

	D.2.13 Selection Criteria Assessment for Alternative Grout 5A
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration.)
	3. Likelihood of successful mission completion  (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted  present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  (All costs are discounted at 3% rate.)

	D.2.14 Selection Criteria Assessment for Alternative Grout 5B
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk  (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration.)
	3. Likelihood of successful mission completion (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  (All costs are discounted at 3% rate; costs are the same as Grout 5A, ...

	D.2.15 Selection Criteria Assessment for Alternative Grout 6
	1. Long-term effectiveness  (environmental and safety risk after disposal)
	2. Implementation schedule and risk (environmental and safety risks prior to mission completion, including risks driven by waste tank storage duration)
	3. Likelihood of successful mission completion  (including technical, engineering, and resource-related risks)
	4. Lifecycle Costs (discounted present value) Costs must include any optional or conditional operations or processes assumed in performance and performance risk assessments above.  All costs are discounted at 3% rate.
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