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DISCLAIMER

This report was prepared by Westinghouse Savannah River Company (WSRC) for the
United States Department of Energy under Contract No. DEA-AC09-96SR18500 and is
an account of work performed under that contract. Neither the United States Department
of Energy, nor WSRC, nor any of their employees makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, or product or process disclosed herein or
represents that its use will not infringe privately owned rights. Reference herein to any
specific commercial product, process or service by trademark, name, manufacturer or
otherwise does not necessarily constitute or imply endorsement, recommendation, or
favoring of same by WSRC or by the United States Government or any agency thereof.
The views and opinions or the authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.
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Abstract

This report describes the process used and results obtained by the High Level Waste
(HLW) Sdlt Disposition Systems Engineering Team (Team) to select a primary and
backup aternative salt disposition method for the Savannah River Site (SRS). The
Executive Summary located in Section 1.0 provides a high level summary of the selection
process. The Team activities leading to the selection of the recommended alternatives are
described in the remaining sections of this report. The selection of an alternative salt
disposition technology is necessary as the existing In Tank Precipitation (ITP) process
cannot simultaneously meet the HLW flow sheet production and safety requirements. To
fulfill the mission need SRS HLW salt must be immobilized for final disposition in
support of environmental protection, safety, and current and planned missions. The Team
selected Smal Tank Tetraphenylborate (TPB) Precipitation as the recommended
alternative to the currently configured In Tank Precipitation (ITP) process for HLW salt
disposition, with Crystalline Silicotitanate (CST) Non-Elutable lon Exchange as the
backup technology.
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1.0 Executive Summary

The purpose of this section isto provide a high level summary of the activities leading to
the selection of the recommended alternatives to the ITP process. This summary
describes the HLW mission, the ITP process suspension, the Team Charter, the selection
process, and the recommendation.

11 Charter

The Savannah River Site (SRS) Site Treatment Plan (STP) and Federal Facilities
Agreement (FFA) call for closing the HLW Tanks through vitrification of both
the long-lived and short-lived radioisotopes in the Defense Waste Processing
Facility (DWPF) in preparation for transport to the national high level waste
repository.  To make this program economically feasible, it is necessary to limit
the volume of HLW glass produced by removing much of the non-radioactive
salts and incidental wastes for disposal as saltstone. The ITP facility was designed
and constructed to separate the cesium isotopes from the non-radioactive salts so
the decontaminated salts could be disposed in a grouted wasteform at the
Saltstone facility at SRS.

The ITP process was successfully piloted both on a moderate and full-scale basis
with actual SRS waste in the 1980s. During the facility radioactive startup, higher
than predicted benzene releases were observed. Additional laboratory and facility
tests were initiated to further investigate process chemistry issues. In January
1998, conclusions were drawn from the test program that the benzene release
rates associated with facility operation could exceed the capability of the current
plant hardware/systems. On January 22, 1998, Westinghouse Savannah River
Company (WSRC) informed DOE that ITP chemistry testing demonstrated that
the present system configuration could not cost-effectively meet the safety and
production requirements for the ITP facility and recommended that a study of
aternatives to the current system configuration be conducted by a systems
engineering team.

On February 6, 1998, the Assistant Secretary for Environmenta Management
approved a DOE-Savannah River (DOE-SR) plan of action to suspend startup-
related activities and undertake a systems engineering study of alternativesto ITP.
On February 20, 1998, DOE-SR concurred with the WSRC evaluation of the ITP
chemistry data, instructed WSRC to suspend ITP startup preparations, and
directed WSRC to perform an evaluation of alternatives to the current system
configuration for HLW salt removal, treatment, and disposal.
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On March 13, 1998, the WSRC High Level Waste Management Division
chartered the Team to systematically develop and recommend an alternative
method and/or technology for disposition of HLW Sat. The selected Team
members were approved by DOE on March 31, 1998.

1.2 Selection

At the start of the selection process, the Team had concluded that the four Short
List aternatives were implementable, and that project and life cycle cost should
be the prime driver in the selection process. As overall cost and uncertainty data
were developed, it was recognized that costs were similar enough to not be the
prime discretionary driver in selection, so the Team considered technical maturity,
risk management, safety and Team member expertise in the selection.

The Team's recommended alternative is Small Tank TPB Precipitation. Although
it did not have the lowest life cycle cogt, it has the lowest project cost, the highest
scientific maturity, the most-manageable risks, and is judged to have the highest
likelihood of success because the open issues for this technology affect
mechanical sizing more than chemical processing or chemistry solutions. The
issues raised regarding TPB in the ITP process have been definitively addressed
in the pre-conceptual design to answer concerns regarding benzene flammability.
The process includes positive pressure nitrogen inerting and secondary
confinement of the process vessels. In addition, the stainless steel small tank
design, with its shorter processing time, minimizes the product stability issues
while achieving desired decontamination.

As a backup technology, the Team selected CST Non-Elutable lon Exchange. As
well as having a lower project cost and life cycle cost than solvent extraction, its
scientific maturity is higher and it has greater opportunity for recovery from
process performance problems. Solvent Extraction offers benefits because of its
desirable interface with DWPF, better inherent safety and greatest potential for
production improvements through further R&D and value added engineering
efforts. However, with the Team’'s Charter requirement for “assured success’,
CST was the preferred backup.
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Some of the key selection parameters are listed below in Table 1-1:

Table 1-1: Key Selection Parameters

Selection Parameter TPB CST

Project Capital Cost (TEC), including 692 768

contingency $M

Other Project Costs (OPC), including 378 418

contingency $M

Life Cycle Cost Point Estimate, including 3,453 2,877

contingency $M (This includes TEC and OPC)

Baseline Date for Radioactive Operation May 2006 | March 2007

Date for Radioactive Operation, including May 2010 January

uncertainty 2012

Baseline Date for Tank Emptying Oct. 2020 | April 2019

Date for Tank Emptying, including uncertainty July 2025 January
2025

The Team evaluation was based on an exhaustive review of potential technologies
at the pre-conceptua level for disposition of salt contained in the SRS HLW
Tanks. Technologies that appeared to have a significant chance of success in this
application were developed to the flowsheet level and were studied with visits to
facilities and laboratories involved in their development and use. Then, the
handful of technologies that emerged as leading contenders were subjected to a
more rigorous flowsheet and layout analysis and were targeted in specific
Research and Development programs to more precisely understand their strengths
and weaknesses. The preferred and backup aternatives finaly selected are
technically sound and have been shown to be capable of successful
implementation on the required schedule .

Additionally, the Team focused a great deal of attention on the inherent safety of
the proposed technologies. During the early phases of Team activities, inherent
human and environmental safety were key criteria used in distinguishing among
aternatives. In the final stages, a hazards evaluation was performed of the final
candidates. The preferred choice has minimal inherent hazards and has a clear
safety strategy to address the residual hazards.

Finally, technology alternatives under consideration were subjected to
increasingly detailed cost analyses to support pre-conceptual level estimates. The
analyses addressed project cost, operating cost, and total life cycle cost, taking
into account the identified uncertainties for each technology. For the fina
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candidates, cost estimates included contingency analysis. The final choice of a
preferred aternative was based on cost, with identified residual uncertainties
taken into account, technical maturity, risk management, safety, the professional
judgement of the Team, historical experience, and SRS and DOE Complex needs.

In its deliberations, the Team was impressed with the technical benefits of the
Direct Disposal in Grout aternative. This alternative clearly had the lowest
technical risk of the Short List alternatives. The grouting process is widely used
for immobilization of radioactive waste. While a new formulation of grout may
be necessary to optimize the wasteform for this particular mixture, it is
noteworthy that the existing Saltstone formulation which contains very similar
chemical components, appears to give satisfactory results as demonstrated in the
performance assessment. The process itself has a lengthy track record for waste
containing much higher levels of radioactivity than would be experienced at SRS.

The project cost, including technical uncertainties is lower than that of any of the
other aternatives under consideration. The baseline schedules, without
uncertainties, to place the facility into operation and to empty the SRS HLW
Tanks are shortest for this alternative.

The grouting process provides a high level of protection for the health and safety
of the public and the environment. The reduction in cesium 137 loading of the
DWPF canisters reduces the heat load on the HLW repository over the first few
hundred years an impact recognized by the NRC as assisting in limiting the
potential migration of HLW from the repository. Even with the loading of cesium
137 in the grouted material, the final wasteform left at SRS is only at 5% of the
Class C limit. Additionally, even if the cesium 137 were to leach from the grout,
cesium does not migrate to any great extent through the SRS type soil. Finally,
the half-life of cesium 137 is thirty years. By about the time the grouting process
is completed, half of the cesium resulting from SRS reactor operation existing at
the time of K-Reactor shutdown will have decayed. After three hundred years, a
short time compared to the migration speed of the cesium, over 99.9% of the
cesium will have decayed. The grouted cesium will present no hazard to people
or the environment after it has been placed in the grout matrix.

In spite of these advantages, the Team felt the Direct Disposal in Grout could not
be selected as either the primary or backup recommendation. The reason for this
is the non-technical programmatic risks. The recommended alternative must have
a sure path to operation by 2010 and the closure of the SRS HLW Tanks in
accordance with the FFA and STP commitments. The Team knows of no
mitigation strategy that would assure that the facility could be commissioned,
NRC, SCDHEC, and EPA approvals could be obtained, and likely court cases
resolved in a manner compatible with this schedule. In addition, tests
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demonstrated that the cesium could leach. Although acceptably passing the
performance assessment requirements, the Team felt that public acceptance would
be more difficult than originally anticipated. The three sequential risks of
regulatory approval, political approval, and judicial approval, al of which have
been seen in similar instances, could not be guaranteed to be resolved on the
necessary schedule with any mitigation strategy the Team could devise. If such a
strategy were available, Direct Disposal in Grout would have been the Team's
recommendation.

It should aso be noted that Solvent Extraction ranked favorably by the Team
when compared to CST Non-Elutable lon Exchange as a backup selection. The
relative immaturity of the calixarene crown ether extractant was the major
deciding factor. Positive attributes associated with this technology were
operational, mission and operating schedule flexibility. However, Team
judgement was that CST could be more readily implemented today and solvent
extraction would require approximately two years of favorable scientific
development to influence the decision.

1.3 Systems Engineering

The Systems Engineering approach was both required by the Charter and
recognized by the Team as the most appropriate tool for accomplishing its
assigned task.

The Systems Engineering Management Plan (SEMP) provides a high level
description of the methodology, tools, deliverables, and schedules required to
implement the systems engineering approach for Team activities. The Initial
Design Input provides the Team Mission Need and Problem Statement and the
highest level functions and requirements applicable to the eventual preferred
aternative(s). The SEMP is the parent document to the position papers and
desktop procedures written by the Team to control its activities in choosing a
preferred alternative(s). The Initial Design Input provides the basis for criteria
developed to distinguish among potential technologies for recommendation.

The Team activities were pursued in three distinct phases referred to as the
Identification, Investigation and Selection Phases. The Identification Phase
resulted in the “Initial List” of eighteen aternatives. The Investigation Phase
resulted in the “Short List” of four alternatives. The Selection Phase resulted in
Small Tank TPB Precipitation as the primary alternative and CST Non-Elutable
lon Exchange as the backup alternative.
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The Team implementation of the SE process was predicated on a consensus
philosophy. If consensus was not reached by the Team members during any
decision or phase of Team activities, a formal Dissenting Opinion vehicle existed
to document the opposing view(s). The Team procedure for this process requires
that all Dissenting Opinions be made part of the Final Report. There were three
Dissenting Opinions generated during the Team'’s activities and are listed below
by title.

DO98001: Solvent Extraction O&M Duration - Section 7.0
D0O98002: Solvent Extraction Contingency Value - Section 7.0
DO98003: Backup Alternative Technology Selection — Section 9.0

All the Team members concurred that DO98001 and DO98002 had no effect on
the recommendations. The Team did not achieve consensus on the backup
aternative selection. The response to the dissenting opinion was accepted by all
Team members

14 Team Membersand External Input

Team members were chosen to provide expertise in Systems Engineering, Process
Engineering, Operations, Waste Processing, Science, Safety and Regulatory
Engineering, Chemistry, and Chemica Processes. Members were also chosen to
provide viewpoints from other DOE Complex facilities with large radioactive
waste disposal programs, international radioactive waste disposal programs, the
National Labs, industry, and academia. Significant WSRC engineering resources
were dedicated to and managed by the Team, as was an administrative support
staff. Research and Development support and management was provided by the
Savannah River Technology Center (SRTC).  Additiona Research and
Development (R&D) support was provided by the Oak Ridge and Argonne
National Laboratories and several universities (Texas A&M  University,
University of South Carolina, and Purdue University).

15 Risk Management

Throughout the process, risk identification and management was a common
theme of Team activities.

During the Identification Phase, risk identification and management was
implemented by conducting a coarse screening of technical categories and the
aternatives within each category. The technical categories were evauated
against two broad risk areas, i.e., Technical Maturity and a Reasonable Chance of
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Deployment. If the Team lacked sufficient knowledge to assess the category, then
it was accepted for screening of the individual alternatives.

The Team then proceeded to screen and rank the individual alternatives within
each technical category. The Safety, Schedule, Cost, Science, and Process
screening criteria were derived from the Initial Design Input. Alternatives failing
any one of these screening criteria were considered as having unacceptable risk
and were dropped from further consideration. The result of the Identification
Phase was an Initial List of eighteen accepted aternatives.

During the Investigation Phase, the Team developed additional information on the
Initial List of alternatives. This facilitated a more rigorous Preliminary Risk
Assessment of the alternatives. A detailed checklist of risk screening questionsin
the areas of Technology, Interfaces, Safety, Design, Resources/Conditions,
Cost/Schedule, Procurement, and Regulatory/Environmental was developed and
applied to each of the alternatives. Statements of risk applicable to each of the
aternatives were documented, and relative estimates of probability and
consequence for these risks were generated. Significant risks were assigned risk-
handling strategies. The quantified risks, along with qualitative information, were
used in the selection from the Initial List to a Short List of four alternatives.

In the Selection Phase the Team reviewed risks identified in previous phases of its
activities for applicability. National and international experts and stakeholders
were convened for a five-day period of risk assessment of both technical and
programmatic risks associated with the Short List alternatives. From these
activities, the Team developed a consolidated list of risks to be considered during
the Selection Phase.

The risks were reviewed and quantified as to potential cost and schedule impacts
(uncertainties) to the implementation of the aternative. After consideration of the
identified risks, the uncertainties were reviewed to see which could be considered
to fal within norma project contingency and which had to be considered in
addition to normal project contingency.

Positive as well as negative uncertainties in terms of both Cost and Schedule
impacts were used by the Team to facilitate the final selection process.

1.6 Flowsheet

A Flowsheet Team was formed to provide process and layout information to the
Team during the pre-conceptual design process. Flowsheets were first devel oped
as part of the Investigation Phase of pre-conceptual design. During the
Identification Phase of Team activities, the alternative technologies were
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reviewed at a very high technical level for reasonable chance of deployment.
Only those that did not meet minimum requirements were eliminated. However,
during the Investigation Phase, a more rigorous process was used. This process
involved the technical development of the alternatives composing the Initial List.
These efforts included the generation of flowsheets, including material balances,
for the alternatives, observation of related waste management processes at West
Valley, Oak Ridge, Hanford, Idaho National Engineering and Environmental
Laboratory (INEEL) and Sellafield (BNFL) by Team members; preliminary cost
and schedule evaluations; and preliminary risk/mitigation assessments.

The Selection Phase of Team activities provided the basis for the Team
recommendation of the preferred alternative(s). The focus of this phase was to
develop, a a pre-conceptual level, the baseline cost and schedule for
implementation of each of the Short List alternatives and to evaluate the potential
impacts of identified risks as uncertainties in project cost and schedule. The Team
initiated a number of activities during the Selection Phase to support the
evaluation of these alternatives. These activities included continuing refinement
of the flowsheets and models to provide preliminary equipment sizing, facility
layout/siting and material/energy balances; specific Research and Development
activities at SRTC, Oak Ridge National Laboratory (ORNL), Argonne National
Laboratory (ANL) and the University of South Carolina, and Purdue and Texas
A&M Universities on aspects key to the selection process; a hazards evaluation of
the processes to better define potential safety concerns, and detailed pre-
conceptual cost and schedule estimates for the Total Project and Life Cycle Costs
of the aternatives.

The Team recognized commitments existed to close the SRS HLW Tanks by the
FFA/STP schedule and to begin emptying the HLW Tanks by 2010 to avoid
“waterlogging” in the Tank Farm. The mission requires that the recommended
aternative(s) have a high confidence of success. Therefore, the selection process
had to develop each aternative to a level that would provide a clear vision of the
technical implementation of the alternative, identify credible risks and quantify
resulting uncertainties. The cost of resolving problems arising from the identified
risks was included in the Team evaluation.

1.7 Cost

The Team evaluation of cost became more detailed as the technical definition of
aternative technologies became more refined. Initialy, broad estimates of cost
were used to see if aternatives were credible. No alternative technologies were
eliminated on this basis. During the Investigation Phase, rough estimates were
established based on previous experience, but were given lower weight than
technical and safety criteria.  During the Selection Phase, more detailed pre-
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conceptual estimates were established for the Short List alternatives. TEC, OPC
and LCC estimates were produced, and contingency anayses were performed
using Monte Carlo techniques to produce contingency estimates. Technical and
programmatic risks carried forward in the selection process were then evaluated
for impact on cost and schedule. The estimated cost of addressing the uncertainty
and the cost of schedule change or delay was applied to the LCC estimates where
it was considered not to be within the already calculated LCC contingency. This
value reflected the potential total cost of the project, including the cost to address
problems arising from the identified project risks.

18 Deliverables
The final deliverables defined in the Team Charter are a completed pre-
conceptual design, initial cost estimate, a final report on Team activities and a
recommendation on a preferred alternative(s).
The Pre-Conceptual Design Package and Facility Design Description (Chapter 1)
satisfy the pre-conceptual design deliverable and are shown in Enclosures 1, 2, 4
and 5.

The “Life Cycle Cost Estimate Bases, Assumptions, and Results’ document
satisfies the initial cost estimate deliverable and is shown in Enclosure 7.

This Report satisfies the final report deliverable on Team activities.

The Team recommends the use of Small Tank TPB Precipitation as the method
for disposition of SRS high level waste salt. CST Non-Elutable lon Exchange is
recommended as a backup technology.

Submittal of this report completes chartered Team activities.
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2.0 Introduction and Purpose

The SRS STP and FFA call for closing the HLW Tanks through vitrification of both the
long-lived and short-lived radioisotopes in DWPF in preparation for transport to the
national high level waste repository. To make this program economically feasible, it is
necessary to limit the volume of HLW glass produced by removing much of the non-
radioactive salts and incidental wastes for disposa as satstone. The ITP facility was
designed and constructed to separate the cesium isotopes from the non-radioactive salts
so the decontaminated salts could be disposed in a grouted wasteform at the Saltstone
facility at SRS.

The ITP process was successfully piloted both on a moderate and full-scale basis with
actual SRS waste in the 1980s. During the facility radioactive startup, higher than
predicted benzene releases were observed. Additional laboratory and facility tests were
initiated to further investigate process chemistry issues. In January 1998, conclusions
were drawn from the test program that the benzene release rates associated with facility
operation could exceed the capability of the current plant hardware/systems. On January
22, 1998, WSRC informed DOE that I TP chemistry testing demonstrated that the present
system configuration could not cost-effectively meet the safety and production
requirements for the ITP facility and recommended that a study of alternatives to the
current system configuration be conducted by a systems engineering team.

On February 6, 1998, the Assistant Secretary for Environmental Management approved a
DOE-SR plan of action to suspend startup-related activities and undertake a systems
engineering study of aternativesto ITP. On February 20, 1998, DOE-SR concurred with
the WSRC evauation of the ITP chemistry data, instructed WSRC to suspend I TP startup
preparations, and directed WSRC to perform an evaluation of alternatives to the current
system configuration for HLW salt removal, treatment, and disposal.

In March 1998, a WSRC-sponsored High Level Waste Systems Engineering Team
(Team) was formed to study alternatives to the ITP processes as well as methods to
enhance the current process. The multi-disciplined Team was chartered with the task of
“systematically developing and recommending an aternative method and/or technology

The Charter also identified the following deliverables:
Systems Engineering Team Selection
System Engineering Management Plan
Report Summarizing Activities Leading to the Initial List of Alternatives
Report Summarizing Activities Leading to the Short List of Alternatives



High Level Waste Salt Disposition WSRC-RP-98-00170
Systems Engineering Team Revision: O
Final Report Page 20 of 135

Interim Progress Report

Detailed Evaluation Criteria for the Short List

Preliminary Risk Assessments

Programmatic Risk Assessments and Mid-Course Correction
Pre-conceptual Design and Initial Cost Estimate

Final Report

This report constitutes the “ Final Report” required by the Team Charter.
2.1 Background

High Level Waste has been produced at the Savannah River Site since 1951. This
waste was stored in Interim Waste Tanks. In the early 1980s, a concept was
developed to no longer construct additional Interim Waste Tanks, but to process
the waste into a safer storage form, reduce risk, and ready the waste for permanent
storage. This led to an initial design concept for DWPF and an lon Exchange
Facility.

The cost for both facilities was high, and technical uncertainties for lon Exchange
posed too high arisk. Alternatives to the lon Exchange Process were evaluated
and the I TP process was selected due to lower projected cost and technical risk.

The Savannah River Site currently stores 34 million gallons of HLW in Interim
Storage Tanks. This activity is considered to be one of the higher risk activities
on the Site. The FFA requires removing the waste from the high level waste tanks
to resolve several safety and regulatory concerns. Tanks have leaked observable
guantities of waste from primary to secondary containment. Other tanks have
known penetrations above the liquid level, although no waste has been observed
to leak through these penetrations. The “old style” tanks do not meet EPA
secondary containment standards for storage of hazardous waste, (effective
January 12, 1987). The 34 million gallons of liquid waste stored in the HLW
tanks are composed of 31 million gallons of “Sat” and 3 million gallons of
dudge. The Sludge process is fully operational. The ITP process was the
baseline method intended for handling Salt.

During the facility radioactive startup, higher-than-predicted benzene releases
were observed, and a program was initiated to further investigate process
chemistry issues. The program concluded that the benzene release rates
associated with facility operation could exceed the capability of the current plant
hardware/systems. WSRC informed DOE that the present system configuration
could not cost-effectively meet the safety and production requirements for the ITP
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facility and recommended that a study of aternatives to the current system
configuration be conducted by a Systems Engineering team.

With the formation of the Team, a DOE-sponsored charter was issued to guide the
systems engineering process for determination of a preferred salt disposition
technology. The need for a timely decision was identified from impacts to the
following: Limited Tank Farm storage capacity, additiona DWPF glass canister
production, incurred Life Cycle Cost (LCC) and prolonged environmental risk for
liquid waste storage.

2.2 High Level Waste System Overview

Any new salt processing system will interface with existing facilities, and the ease
or difficulty of the successful implementation of an alternative technology is
governed by how well it will integrate into the existing HLW System.

The HLW System is a set of seven different interconnected processes (Figure 2-1)
operated by the High Level Waste and Solid Waste Divisions. These processes
function as one large treatment plant that receives, stores, and treats high level
wastes a SRS and converts these wastes into forms suitable for final disposal.
The three magor permitted disposal forms are borosilicate glass, planned for
disposal at a Federal Repository; saltstone grout, disposed in vaults on the SRS
site; and treated water effluent, released to the environment.

These processes currently include:

High Level Waste Storage and Evaporation (F and H Area Tank Farms)

Salt Processing (In Tank Precipitation and Late Wash Facilities)

Sludge Processing (Extended Sludge Processing Facility)

Vitrification (DWPF)

Wastewater Treatment (Effluent Treatment Facility)

Solidification (Saltstone Facility)

Organic Destruction (Consolidated Incineration Facility)
F and H Area Tank Farm, Extended Sludge Processing, DWPF, Effluent
Treatment Facility, Saltstone Facility, and the Consolidated Incineration Facility

are al operational. ITP Facility operations are limited to safe storage and transfer
of materials. The Late Wash Facility has been tested and isin adry lay-up status.
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The mission of the HLW System is to receive and store SRS high level wastes in
a safe and environmentally sound manner and to convert these wastes into forms
suitable for final disposal. The planned forms are:

borosilicate glass to be sent to a Federal Repository
saltstone to be disposed of on site
treated wastewater to be released to the environment.

Also, the storage tanks and facilities used to process the high level waste must be
left in a state such that they can be decommissioned and closed in a cost-effective
manner and in accordance with appropriate regulations and regulatory
agreements.

All high level wastes in storage at SRS are Land Disposa Restrictions (LDR)
wastes, which are prohibited from permanent storage. Since the planned
processing of these wastes will require considerable time and therefore continued
storage of the waste, DOE has entered into a compliance agreement with the EPA
and SCDHEC. This compliance agreement is implemented through the STP,
which requires processing of all the high level waste at SRS according to a
schedul e negotiated between the parties.

Figure 2-1 schematically illustrates the routine flow of wastes through the HLW
System. The various processes within the system and external processes are
shown in rectangles. The numbered streams identified in italics are the interface
streams between the various processes. The discussion below represents the
HLW System configuration as of January 1998.

Incoming high level wastes are received into HLW Storage and Evaporation (F
and H Area Tank Farms) (Stream 1). The function of HLW Storage and
Evaporation is to safely concentrate and to store these wastes until downstream
processes are available for further processing. The decontaminated liquid from
the evaporators are sent to Wastewater Treatment (ETF) (Stream 13).

The insoluble sludges that settle to the bottom of waste receipt tanks in HLW
Storage and Evaporation are slurried using hydraulic slurrying techniques and
sent to Extended Sludge Processing (ESP) (Stream 2). In ESP, sudges high in
aluminum are processed to remove some of the insoluble aluminum compounds.
All sludges, including those that have been processed to remove aluminum, are
washed with water to reduce their soluble salt content. The spent washwater from
this process is sent back to the HLW Storage and Evaporation (Stream 3). The
washed dludge is sent to Vitrification (DWPF) for feed pretreatment and
vitrification (Stream 4).
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Sdltcake is redissolved using hydraulic slurrying techniques similar to sludge
dlurrying. As currently designed, the salt solutions from this operation, and other
salt solutions from HLW Storage and Evaporation, were intended for feed to Salt
Processing (Stream 5). In ITP, the salt solution would be processed to remove
radionuclides, which are concentrated into an organic precipitate.  The
decontaminated filtrate would then be sent to Tank 50. A concentrated organic
precipitate, containing most of the radionuclides, is produced by the process. This
precipitate is washed with water to remove soluble salts. However, some soluble
corrosion inhibitors that interfere with DWPF processing must be left in the
precipitate after washing because the precipitate is stored in carbon steel tanks,
which are susceptible to corrosive attack by uninhibited precipitate wastes.

The precipitate is transferred to Late Wash for further washing in stainless steel
tanks to reduce the level of soluble corrosion inhibitors to acceptable levels for
the DWPF process (Stream 7). The washwater from this process is returned to
ITP to bereused in the I TP process (Stream 8).

The washed precipitate from Late Wash is then sent to the DWPF vitrification
building (221-S). In the vitrification building, the precipitate is catalytically
decomposed and separated into two streams. a mildly contaminated organic
stream and an agueous stream containing virtually all of the radionuclides. The
mildly contaminated organics are stored at DWPF and eventualy transferred to
Organic Destruction (CIF) (Stream 11). The agueous stream is combined with the
washed sludge from ESP, which has undergone further processing and the
mixture vitrified.

The washed sludge from ESP (Stream 4) is chemically adjusted in the DWPF to
prepare the sludge for feed to the glass melter. As part of this process, mercury is
stripped out, purified, and sent to mercury receivers (Stream 12). The aqueous
product from organic decomposition is added to the chemically adjusted sludge.
The mixture is then combined with glass frit and sent to the glass melter. The
glass melter drives off the water and melts the wastes into a borosilicate glass
matrix, which is poured into a canister. The canistered glass wasteform is sent to
dite interim storage, and will eventually be disposed of in a Federal Repository
(Stream 9).

The water vapor driven off from the melter along with other agueous streams
generated throughout the DWPF vitrification building is recycled to HLW Storage
and Evaporation for processing (Stream 10).

Overheads from the HLW Storage and Evaporation evaporators are combined
with overheads from evaporators in the F and H Area Separations processes and
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other low-level streams from various waste generators. This mixture of low-level
wastes is sent to the ETF (Stream 13).

In the ETF, these low-level wastes are decontaminated by a series of cleaning
processes. The decontaminated water effluent is sent to the H Area outfall and
eventually flows to local creeks and the Savannah River (Stream 14). The
contaminants removed from the water are concentrated and sent to Tank 50
(Stream 15).

In Tank 50, the concentrate from the ETF is combined with the decontaminated
filtrate from the ITP and sent to Saltstone (Stream 6). In the Saltstone Facility,
the liquid waste is combined with cement formers and pumped as a wet grout to a
vault (Stream 16). In the vault, the cement formers hydrate and cure, forming a
saltstone monolith. The Saltstone Facility vaults will eventually be closed as a

landfill
Waste Waste
Generation Generators
Low-L evel Aqueous ! High-Level
Y Waste Treatment y 1. Incoming Wastes Waste Treatment
/ HLW Storage |
' & Evaporation -
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Figure 2-1: HLW System Major Interfaces
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2.3 Team Activities

The Team was formed with the following members, representing national 1abs,
academia, waste processing, science and technology, operations, process chemical
engineering, systems engineering, and integrated safety management.

NAME AREA OF CONTRIBUTION
Steve Piccolo Team Leader

Gary Abell Systems Engineering

Ken Rueter Process Engineering

Jeff Barnes Operations

Peter Hudson Waste Process

L ucien Papouchado Science

Ed Murphy Safety and Regulatory Engineering
Jack Watson Science

Ed Cussler Chemical

Gene Kosiancic Chemical Process

The Team was chartered to recommend a technology for the salt disposition
process. In the Identification Phase, the Team collected input on diverse possible
technologies from around the DOE Complex and the world, and completed an
initial screening process to develop the best combination of aternatives that
would be further evaluated. This resulted in the Initia List of eighteen processing
alternatives.

In the Investigation Phase, the Initial List alternatives were evaluated by the Team
to determine the probability of success for the individual alternatives along with
the identification of preliminary risks for each process. Based on this evaluation
the Team selected the Short List of four aternatives. This process has been
independently reviewed by the WSRC Review Panel, SRS Citizen's Advisory
Board (CAB), DOE-SR, and DOE Headquarters Independent Evaluation (DOE-
HQ IPE) Team. Each of these reviews supported the four selected alternatives as
technically workable, capable of being implemented in the field and as
representing the most promising alternatives to be included in the final selection
process.
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The purpose of the Selection Phase was to analyze the four alternatives at a more
detailed level and recommend the preferred alternative(s) for salt disposition.
This process included:

Identifying and completing R&D activities that would minimize the level of
uncertainty associated with each process that had been identified in the
Investigation Phase

Improving the alternative flowsheet interfaces with HLW System interfaces

Defining the processing plant preliminary specifications (equipment size,
bounding feed cases, facility layout, siting, etc.)

Developing the preliminary construction/project/operation schedule

Developing both the Salt Disposition Facility TPC and Life Cycle Cost
estimates including respective contingencies

Identifying, evaluating and quantifying the uncertainties for each process in
terms of potential cost and schedule impact

Evauating the qualitative and quantitative information to select the preferred
alternative(s)



High Level Waste Salt Disposition WSRC-RP-98-00170
Systems Engineering Team Revision: O
Final Report Page 27 of 135

3.0 SystemsEngineering Process

The purpose of this section is to describe the structured process the Team used to
objectively and efficiently complete its chartered activities. The process provided steps
to develop the relevant information and activities needed for Team decisions during the
course of the pre-conceptual phase.

The Team commenced its chartered activities utilizing a structured Systems Engineering
(SE) process. The process was effectively applied to identify, investigate, and select the
preferred aternative. The SE approach is instrumental in managing large and technically
complex projects and is recognized by both the DOE and DNFSB as an effective
methodology for project development. DOE Order 430.1 (Life Cycle Asset Management
LCAM) and the associated Good Practice Guides outline the principles and practices of
Systems Engineering.

The Team developed and approved a Systems Engineering Management Plan (SEMP) at
the beginning of the pre-conceptual activities in order to document the SE activities,
resources, and tools that the Team would apply. The principles and practices identified in
the SEMP were implemented by the Team. Procedures, position papers, and results
reports were developed to document the structured controls, inputs, support resources
needed, and outputs obtained during the Teams activities.

The SE process is a “top down” approach and requires the identification of appropriate
personnel and resources to perform mission definitions and analysis, functions and
requirements anaysis, aternative evaluation, selection, validation, and verification. In
addition, the disciplined application of risk management, interface control, technical
planning and integration to successfully execute the work activities are required to satisfy
the SE process.

The structured process was applied in the three phases of the pre-conceptual activities.
These phases are referred to as the Identification, Investigation, and Selection phases.
During the initia phase, referred to as “identification”, the Team’s application of the
process resulted in severa outputs. These included the mission analysis and definition,
development of necessary and sufficient functions and requirements that any alternative
solution must satisfy, and the identification and initial screening of potential solutions
(alternatives).

The functions developed defined “what” the selected alternative must do to fulfill the
mission. The associated requirements identified specify “how well” the functions must
be performed.
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The mission and supporting top-level functions, which must be satisfied by the preferred
dternative(s), are identified in Figure 3-1 and defined in the Initial Design Input.

MISSION

Safely and cost
effectively process salt
from SRSHLW tanks

to afinal permitted
waste form(s)

PROTECT RECEIVE STORE TREAT

Protect personnel and
the environment from Receive SRS waste
hazards and releases streams

of waste and pollution

Store existing and Treat SRSHLW salt
received waste into a final permitted
streams waste form(s)

Figure 3-1: Mission and Top-Level Functions

Several systems engineering process tools were employed to systematically identify a
broad and comprehensive list of diverse technologies for subsequent investigation
(evaluation) and selection. The methods used included brainstorming by DOE Complex
subject matter experts/stakeholders, literature/patent searches, and solicitation of SRS
employee input. The results of the Identification Phase culminated in the Initial List of
identified aternatives and are discussed in detail in Section 4.0 (Technology
Identification). Identified technologies were recorded on a “pro-forma’.

The application of the SE process continued into the Investigation Phase, in which basic
engineering flowsheets and models were developed to facilitate preliminary risk
assessments and develop preliminary schedule and cost estimates for each of the Initial
List aternatives. Significant risks were assigned risk handling strategies for subsequent
evauation. These strategies were addressed through specific engineering, research,
testing or operationa analysis, studies, and tasks. These activities are discussed further in
Section 6.0 (Flowsheet Development). In addition, the Team conducted severa field
trips at both DOE and commercia facilities with similar/same technologies for the
purpose of validating the risks identified and process applied. The details and results of
the preliminary risk assessment activities are discussed in Section 5.0 (Risk
Management).

The Investigation Phase continued with an evaluation of the Initial List to further
downselect to a Short List. This systematic evaluation consisted of defining key
evaluation criteria with assigned weights. Each weighted criterion was supplemented by
“utility functions’. The utility functions provide a means of consistently evaluating the
alternatives against each criterion to yield numerical scores for comparison purposes.
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To complete the Investigation Phase, the Team considered the weighted scores, technical
information, and risk results to derive the Short List of alternatives.

The SE process in the third and final phase (i.e.,, Selection Phase) was structured to
facilitate the Team’'s selection of a preferred aternative(s). The Selection Phase was
heavily focused on LCC, schedule, and the various aspects that feed LCC, including risk
and associated uncertainties. Project (OPC and TEC), Operating and Maintenance
(O&M), and Decontamination and Decommission (D&D) costs were developed as
components of each alternative’'s LCC. Risks identified in the Investigation Phase were
key drivers for much of the engineering, research, and testing pursued in the Selection
Phase. The applied research and engineering activities completed during the Selection
Phase provided the Team with needed information to define the magnitude of
uncertainties in terms of schedule impacts, process equipment/material considerations,
and additional research or testing to be factored into the decision making process. The
results of these technical activities were used as input to the identification and
quantification of risks and uncertainties in terms of schedule and cost impacts. The
specific LCC, schedule information, and results are presented in Section 7.0 (Cost/
Schedule and Systems Integration).

The Team defined uncertainties in terms of positive or negative cost impacts in addition
to LCC. The quantified uncertainties defined, as a result of applying the SE risk process,
are discussed in Section 8.0 (Uncertainties).

This information was augmented by a qualitative evaluation based on Team expertise and
judgement of each of the Short List alternatives. The qualitative evaluation considered
the strengths and weakness of each alternative in the areas of mission, technical maturity,
environment, engineering/design, operations, regulatory, stakeholder, safety, and
radiological.

The final activity to complete the Selection Phase involved the Team review and
discussion of technical, cost, schedule, risk, and uncertainty information. The individual
and collective expertise of the Team resulted in selection of the Small Tank TPB
Precipitation process as the recommended alternative and CST Non-Elutable lon
Exchange as a backup alternative. The details of the selection process are discussed in
Section 9.0 (Selection).
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4.0 Technology | dentification

The purpose of this section is to describe how technologies were identified using an
extensive search process and how, throughout the Investigation and Selection Phases, the
process alowed the consideration of new alternatives, updated technologies, and
devel opments both within the DOE Complex and world-wide.

4.1 Technology Search Phase

In the early 1980s, SRS chose In-Tank TPB precipitation to separate cesium from
the non-radioactive salts that reside in the HLW Tanks. The TPB precipitation
process was chosen from severa precipitation and ion exchange processes at that
time. During subsequent years, considerable technology development had taken
place worldwide, thus the first phase in establishing a new process for SRS was to
establish a comprehensive list of alternative technologies and identify a working
list of the technologies that, at a high level, appeared capable of being
successfully deployed on the required time scale. In this phase, the emphasis was
on completeness. All decisions were structured to avoid premature technology
elimination and to err on the side of over-inclusion.

This phase began with a Team effort to establish and communicate the functions
and requirements to be accomplished by the eventual preferred technology(ies).
Based on the defined functions and requirements, a request for proposed
technologies was spread widely across the Savannah River Site, the DOE
Complex, academia, and industry. In particular, the Team sought input and
participation from the Tanks Focus Area and the Efficient Separations
Crosscutting Program.  This request was supplemented by brainstorming sessions
with invited experts.

A detailed literature search was conducted utilizing the resources of the SRTC,
ORNL, and the Pacific Northwest National Laboratory (PNNL) to assure that
potentially successful technologies were not overlooked. The search was
conducted utilizing the search patterns of cessum removal, cesium separation, and
associated separation processes and technologies. The resulting list of over 1700
references to cesium removal was categorized into Sixteen process technologies
for ease of information review. The source documents were identified in the
United States and 37 other countries. Of the 1700 references, ion exchange,
solvent extraction, adsorption, and precipitation technologies represented over
90%. ORNL, PNNL, and SRTC reviewed the findings against the original list of
aternatives and determined that one additional proposal was needed to capture a
unigue variation. This review demonstrated that the pro-forma process adequately
captured the breadth of technologies for cesium removal.
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In addition to the technologies identified and assessed during the Identification
Phase activities, the Team continued to accept and assess technologies that were
suggested via pro-forma submissions up to the selection of the preferred
aternative(s).

The Identification Phase decision-making process was designed to act as a coarse
sieve to eliminate concepts that could clearly not be relied on to be successful on
the required time scale. It aso provided an opportunity to combine parts of
different technology concepts to create processes with the potential to meet the
functions and requirements earlier defined. The Team developed a number of
suggestions reflecting combinations of submitted ideas as aresult of this process.

The majority of pro-forma concepts were considered as alternatives, variations of
an dternative, or pro-forma hybrids. Suggestions were only eliminated from
further consideration if they could clearly not meet the functions and
requirements, were insufficiently mature to be reliably deployed on the required
time scale, or were clearly inferior to similar technologies (e.g., if multiple ion
exchange resins were available that could remove cesium, only the best ones
would be carried forward).

The product of this phase was a list of eighteen alternatives, with a textual
description, a high level flowsheet, and identified variations. These alternatives
were carried forward for further consideration in the Investigation Phase.

Table 4-1 compares the options considered by the Team to a high level survey of
those identified in recent similar DOE Complex programs (West Valley, INEEL,
Oak Ridge, and Hanford). While the outcomes vary from site to site depending
on waste composition, site-specific legidation and other unique site
considerations, it is clear that the Team has not overlooked technologies
considered important at other sites and that options considered important in those
studies have been given strong consideration by the Team. Members of the Team
visited severa DOE sites for face-to-face discussions of technologies used or
tested at those sites and their experience with those technologies. The sites visited
are shown in Table 4-1. While not shown in the table, the Team aso reviewed
technologies in use or under development in other countries, (e.g., grout
application by BNFL).
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Table 4-1: DOE Complex Technology Review Comparison
Al A SRS WVNS ORNL INEEL | Hanford
Fractional Crystallization
A X
Crystalline Silicotitanate
(CST) A X X X
Zeolite (Non-elutable lon A
Exchange) K2CoFe[CN]6 X K2CoFe[CN]6 | K2CoFe[CN]6
Durasi|
Elutable lon Exchange CS-100 RF X
A (Dudlite) SuperLig AMP-PAN SuperLig
CS-100 Duolite, RF
Acid Side lon Exchange
A AMP-PAN
Tetraphenylborate
Precipitation A X X
Caustic Side Solvent
Extraction A X
Acid Side Solvent Extraction
A X
Electrochemical X
A Electrodialysis X
Direct Vitrification Reject-WVDA
A X
i i i Reject-WVDA L X
Direct Disposal in Grout A Prohibited by State Not Allowed per Tri-
Party Agreement
Supernate Separation Saltwell Pumping
A Utilized
Hyperfiltration
yp R X
Other Precipitation K2CoFe[CN]6 K2CoFe[CN]6
Na2NiFe[CN]6 Na2NiFe[CN]6
PTA PTA
Biosorbants
R X X X
Chelating Agents (Devoe —
Holbein) R X X

A = Accepted as an alternative

R = Rgected
X = Addressed

WVDA = West Valley Demonstration Act
PTA = Phosphotungstic Acid

RF = Resorcinol Formaldehyde
AMP-PAN = Ammonium molybdophosphate — Polyacrylonitrile
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4.2 Technology Categories

Alternatives were organized by technology category. Broad screening was
performed on the technology categories.

The technology categories are as follows:
Crystallization — Separation of the cesium from non-radioactive salts by

fractional crystallization

Electrochemical — Electrochemical processes that achieve separation/
destruction of different ionic componentsin the system

Elutable lon Exchange — Separation of cesum from HLW sat by
regenerable ion exchange

Non-elutable 1on Exchange — Separation of cesium from HLW salt by non-
regenerable ion exchange

Geological — Alternatives more dependent on geology than processing

I nor ganic Precipitation — Separation of the desired substance by addition of
an inorganic precipitant

Organic Precipitation/Modify | TP — Separation of cesium by addition of an
organic precipitant with extensive use of the existing ITP Facility

Organic Precipitation/New Process — Separation of cesium using a facility
substantially different from the existing ITP Facility

Solvent Extraction — The use of a solvent for separating cesium based on
either an alkaline or acidic feed stream

Vitrification — Disposition of the salt by vitrifying it either in DWPF or using
new equipment or facilities

Miscellaneous — Approaches not covered by the other categories
Each technology category passed the screening process.
4.3 Initial List Alternatives
The Team screened the approximately 140 pro-formas and established an Initial

List of eighteen for further evaluation. The list of eighteen alternatives represents
portions, combinations, modifications or hybrids of the original pro-formas.
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The alternatives selected for further evaluation are described briefly below:

Fractional Crystallization - DWPF Vitrification

The process would selectively remove sodium salts from acidified salt solution as
sodium nitrate crystals leaving behind a liquid containing most of the cesium for
vitrification at DWPF. The decontaminated crystals would be dissolved,
neutralized, and made into a Class A waste (grout) at the Saltstone Facility.

Electrochemical Separation and Destruction — DWPF Vitrification

The process would utilize an electrochemical cell through which filtered
supernate would be transferred to convert nitrates and nitrites to hydroxides. The
resultant liquid would be pumped through an electro-chemical membrane to
produce two streams. The first stream is a small volume of akaline solution
enriched in cessum for feed to DWPF, and the second is a large volume of caustic
solution for recycle to the tank farm and/or saltstone disposal.

Elutable lon Exchange - DWPF Vitrification

The process uses an elutable ion exchange resin (e.g., crown ether on the
substrate) to remove cesium and a second elutable resin for strontium, plutonium,
and uranium removal. The radionuclides would be eluted with nitric acid and
vitrified a8 DWPF. The decontaminated salt solution would be made into a Class
A waste (grout) at the Saltstone Facility.

Potassium Removal followed by TPB Precipitation

The process would use a potassium-specific resin to remove most (~90%) of the
potassium from salt solution prior to precipitation with sodium tetraphenyl borate
(TPB). This would dramatically reduce the use of TPB and resulting benzene
production. The cesium precipitate would be vitrified in DWPF, together with the
monosodium titanate (MST) used for removal of the strontium, plutonium, and
uranium. The potassium and decontaminated salt solution would be made into a
Class A waste (grout) at the Saltstone Facility.

Acid Side lon Exchange - DWPF Vitrification

The process would employ one of several effective cesum removal resins in an
acidic flowsheet such as ammonium molybdophosphate on polyacrylonitrile resin
(AMP-PAN). If elutable, the eluate containing cesium would be fed to DWPF. If
non-elutable, the loaded resin would be vitrified at DWPF. The decontamination
salt solution would be made into Class A waste (grout) at the Saltstone Facility.

Crystalline Silicotitanate (CST) lon Exchange — DWPF Vitrification
The process would employ CST resin for cesum removal coupled with MST
addition for strontium, plutonium, and uranium removal. The loaded CST resin
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and MST would be vitrified at DWPF. The decontaminated salt solution would
be made into Class A waste (grout) at the Saltstone Facility.

Crystalline Silicotitanate (CST) Ion Exchange — New Facility Vitrification

The process would employ CST resin for cesum removal coupled with MST
addition for strontium, plutonium, and uranium removal. The loaded CST resin
and MST would be vitrified at a new dedicated vitrification facility. The
decontaminated salt solution would be made into Class A waste (grout) at the
Saltstone Facility.

Zeolite lon Exchange - DWPF Vitrification

The process would utilize zeolite resin to remove cesium and a second zeolite
resin to remove strontium, plutonium, and uranium. The loaded resins would be
vitrified at DWPF. The decontaminated salt solution would be made into Class A
waste (grout) at the Saltstone Facility.

Crystalline Silicotitanate (CST) lon Exchange — Ceramic Wasteform

The process would employ CST resin for cesum removal coupled with MST
addition for strontium, plutonium, and uranium removal. The loaded CST resin
would be converted to a ceramic wasteform. The ceramic would be stored on site
until the cesium activity was negligible (~300 years).

Reduced Temperature ITP

The process is a variation on the current ITP flowsheet. The flowsheet process
would be the same but modifications would be required to maintain TPB dlurry
and filtrate temperatures below 25°C. This would increase precipitate stability
and reduce benzene generation.

Catalyst Removal ITP

The process is a variation on the current ITP flowsheet. This process requires an
additional process step to remove both solid catalyst (entrained sludge) and
soluble catalyst (metal ions in the salt solution). This would increase precipitate
stability and reduce benzene generation.

| TP with Enhanced Safety Features

The process is similar to the current ITP flowsheet. The modifications would
compensate for Authorization Basis safety issues with Engineered Safety
Features.

Small Tank TPB Precipitation

The process would be a series of Continuous Stirred Tank Reactors to conduct a
TPB precipitation. Thisis followed by a chilled concentrate tank for storage of the
precipitate. This reduces cycle time and total inventory, thereby reducing the
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hazardous material source term. The downstream process would be similar to the
current I TP flowsheet.

Caustic Side Solvent Extraction - DWPF Vitrification

The process would encompass multiple extraction, scrub, and strip stages with a
diluent and an extractant such as a crown ether for cesium removal. The cesium
would then be stripped from the solvent with dilute acid and vitrified at DWPF.
The decontaminated salt solution would be made into a Class A waste (grout) at
the Saltstone Facility.

Acid Side Solvent Extraction - DWPF Vitrification

The process would first acidify the salt solution with nitric acid and would then
encompass multiple extraction, scrub, and strip stages with appropriate diluent
and an extractant such as cobalt dicarbolide for cessum removal. The cesium
would then be stripped from the solvent with acid and vitrified at DWPF. The
decontaminated salt solution would be made into a Class A waste (grout) at the
Saltstone Facility.

Direct Vitrification
The process would treat all of the salt solution in a new vitrification facility. A
high throughput melter(s) would be required to meet the production requirements.

Supernate Separation — DWPF Vitrification

The process would feed concentrated supernate liquid directly to DWPF to be
mixed with sludge for vitrification. Dissolved satcake would be treated with
MST for strontium, plutonium, and uranium removal. The loaded MST would be
vitrified in DWPF. The partialy decontaminated salt solution would be made
into a Class C waste (grout) in amodified Saltstone or new facility.

Direct Disposal in Grout

The process would treat the salt solution with MST for strontium, plutonium, and
uranium removal. The loaded MST would be vitrified at DWPF. The treated salt
solution would be grouted in a new facility to meet Class C waste limits.
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Figure 4-1 shows the progression of the selection for the recommended

aternatives.

Proposals in Following
Technology Categories

(~140 proposals)

® Crystallization

® Electrochemical

® Elutable lon Exchange

® Non-elutable lon Exchange
® Geological

® Inorganic 