Department of Energy
Richland Operations Office
P.O. Box 550
Richland, Washington 99352

12-AMRC-0113 MAR 28 2012

Mr. D. A. Faulk, Program Manager
Office of Environmental Cleanup
Hanford Project Office

U.S. Environmental Protection Agency
309 Bradley Blvd, Suite 115

Richland, Washington 99352

Dear Mr. Faulk:

COMPLETION OF HANFORD FEDERAL FACILITY AGREEMENT AND CONSENT
ORDER (TRI-PARTY AGREEMENT) MILESTONE M-016-171, COMPLETE K BASIN
SLUDGE TREATMENT AND PACKAGING TECHNOLOGY EVALUATION REPORT
AND SUBMIT A SCHEDULE INCLUDING PROPOSED NEW INTERIM MILESTONES
FOR BENCH SCALE OR IDENTIFIED TESTING IN ORDER TO MEET M-016-173

The purpose of this letter is to notify the U.S. Environmental Protection Agency that Tri-Party
Agreement Milestone M-016-171, “Complete K Basin sludge treatment and packaging
technology evaluation report and submit a schedule including proposed new interim milestones
for bench scale or identified testing in order to meet M-016-173,” has been completed.

- The U.S. Department of Energy Richland Operations Office (RL) completed the attached

sludge treatment and packaging technology evaluation report (PRC-STP-00465) as required by
M-16-171. The report recommends that warm water oxidation (WWO) be identified as the
technical baseline for the Sludge Treatment Project (STP) Phase 2 Treatment and Packaging
Project, and that the WWO process be further developed along with the Size Reduction and
Fenton’s Reagent processes as potential enhancements to the technical baseline. The final
selection of the treatment and packaging system will be a part of the M-16-173 Milestone.

RL has also developed the attached technology development schedule and a draft change notice
that establishes two interim milestones during FY 2013 and FY 2014 for consideration as
required by M-16-171.




Mr. D. A. Faulk -2- MAR 282012
12-AMRC-0113 )

If you have questions, please contact me or your staff may contact Tom Teynor, of my staff, on
(509) 376-6363.

Sincerely,

athan A. Dowell, Assistant Manager
AMRC:SCS fpr the Central Plateau
Attachments:

1. PRC-STP-00465

2. Technology testing schedule
3. Draft TPA Change Notice

cc/attachs:

G. Bohnee, NPT

L. Buck, Wanapum

S. Harris, CTUIR

J. A. Hedges, Ecology

R. Jim, YN

S. L. Leckband, HAB

R. A. Lobos, EPA

N. M. Menard, Ecology

K. Niles, ODOE

D. Rowland, YN (4) plus 2 CDs
Administrative Record, H6-08
Environmental Portal, A3-01

cc w/o attachs:

J. W. Crocker, PAC

L. M. Dittmer, CHPRC
J. Honeyman, CHPRC
M. W. Johnson, CHPRC
R. A. Kaldor, MSA

T. W. Noland, MSA

R. E. Piippo, MSA

G. W. Schuetz, PAC

D. Watson, CHPRC



Change Number Federal Facility Agreement and Consent Order Date
Change Control Form

Do not use blue ink. Type or print using black ink.

M-16-12-02 March 19, 2012
Originator DRAFT Phone
J. A. Dowell (509) 373-9971
Class of Change
[11- Signatories [ X ]Il - Executive Manager [ 11l - Project Manager
Change Title

Establish two Interim Milestones for Testing of K-Basin Sludge Treatment and Packaging Technology
to complete Interim Milestone M-016-171.

Description/Justification of Change

This change package establishes two interim milestones to document progress on testing of the K-Basin
sludge treatment and packaging technologies that were evaluated under interim milestone M-016-171.
Bench-scale testing will be conducted to refine the identified treatment and support the design of the
treatment and packaging process.

continued on page 2

Impact of Change

The two new interim milestones will provide definitive testing of the warm water oxidation treatment
technology. The results of this testing will support completion of TPA Interim Milestone M-016-173,
“Select K Basin sludge treatment and packaging technology and propose new interim sludge treatment
and packaging milestones” due March 31, 2015.

Affected Documents

The Hanford Federal Facility Agreement and Consent Order, as amended, and Hanford Site internal
planning, management, and budget documents (e. g., USDOE and USDOE contractor Baseline Change
Control documents; Project Management Plans).

Approvals
J. A. Dowell Approved Disapproved
DOE Date
D. A. Faulk Approved Disapproved
EPA Date

N/A Approved Disapproved
Ecology Date

Page 1 of 2




Change Form M-16-12-02

Page 2 of 2

Description/Justification of change, continued

The initial proof-of-concept testing and engineering analysis identified warm-water oxidation
(WWO) as the technical baseline for sludge treatment and packaging, with the potential for
process enhancements that could shorten the treatment schedule. The following major functional
areas will be evaluated and tested:

* Sludge Transport and Storage Container (STSC) Retrieval

*  WWO process

* Uranium Metal Size Reduction

* Fenton’s Reagent Oxidation

* Slurry Agitation and Transfer

* Oxidation Monitoring and Drum Assay

* Simulant formulation and qualification

* Remote Sludge Immobilization and Drumming

Laboratory testing of the WWO process and enhancements will be conducted to support
selection of the treatment and completion of the K-Basin sludge treatment process and packaging
design, as identified in new interim TPA milestones.

Modifications are denoted by the use of strikeeunt to indicate text to be deleted and double
underline to indicate text to be added.

M-016-179 Initiate Laboratory Testing Necessary to Design the Warm Water | 08/30/2013
Lead Agency: Oxidation Process for K-Basin Sludge Treatment.

EPA

M-016-180 Complete Warm Water Oxidation Process Testing 10/31/2014
Lead Agency:

EPA
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Executive Summary

Background: Highly radioactive sludge (containing up to 120,000 curies of actinides and
fission products), resulting from the storage of
degraded spent nuclear fuel, has been

consolidated in Engineered Containers (ECs) in Recommendation

the 105-K West Storage Basin located on the Gl e

Hanford site near the Columbia River in Oxidation as the Technical
Washington State. CH2M Hill Plateau Baseline for Phase 2
Remediation Company (CHPRC) is proceeding Treatment and Packaging

with a subproject (Engineered Container of K Basin Sludge

Retrieval, Transfer, and Storage Project, or Tn parallel develop and

demonstrate Size
Sludge Transport and Storage Containers Reduction and Fenton’s
(STSCs) and store those filled containers within Reagent Processes to TRL

ECRTS) to retrieve the sludge, place it in

the T Plant Canyon facility on the Hanford Site 4

- Reduce technical risk

- Potential treatment
schedule improvement

105-K West Basin and allows remediation of Resolve Outstanding

Central Plateau. This retrieval and transfer of

the sludge material enables the removal of the

the subsurface contamination plumes under the Issues

basin. - Regulatory questions

regarding Nitrate Chemical

Inhibitor Process (NCIP)
treat and dispose of the K Basin sludge as — Technical feasibility of

The US Department of Energy (DOE) plans to

remote handled transuranic waste (RH-TRU) at sludge drying only
the Waste Isolation Pilot Plant (WIPP) located

in New Mexico. The established transportation

and disposal requirements require the transformation of the existing K Basin sludge
stored slurry to a chemically stable, liquid-free waste form within a certifiable waste
package. The K Basin sludge currently contains uranium metal which reacts with water

present in the stored slurry, generating hydrogen and other byproducts.

The purpose of this Report is to document the evaluation of technologies and
processes for treating and packaging K Basin sludge and recommend further

development of those that have a high certainty of successful deployment.

ES-i
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A previous K Basin sludge alternatives analysis was conducted in 2008-2009 [1] that
evaluated hundreds of technical alternatives and implementation strategies for retrieval,
packaging, and treatment and for their ability to support DOE’s expressed desire to
complete waste removal and remediation activities for waste sites along the Columbia
River by 2015. This previous study included a recommendation to break the project into
two phases. In Phase 1 (also referred to as ECRTS) the sludge would be retrieved and
transferred for interim storage on the central plateau. In parallel, characterization of the
sludge would be completed. In Phase 2 DOE would evaluate and develop treatment and
packaging technologies to enable final disposal of the material as RH-TRU at the WIPP
facility.

Purpose and Scope: The purpose of this Report is to document the evaluation of
technologies and processes for treating and packaging K Basin sludge and recommend

further development of those that have a high certainty of successful deployment.

This report is organized into two volumes. Volume 1
contains the summary of the analyses and the CHPRC

recommendations. Volume 2 contains the details of the

Evaluation Criteria

analysis, which provides the bases for the summary and

the recommendations. Safety
Regulatory/stakeholder

Process: Section 2 of this report describes the process acceptance

used to identify the viable technology approaches, to Technical Maturity

perform bench top feasibility testing on the selected Op . ab}llty.a.rld
Maintainability

technology approaches, to generate data, and to evaluate Life-cycle cost and

the selected technology approaches to form the basis of Schedule

the recommendations. Potential for Beneficial
Integration with STP-Phase

In summary, CHPRC conducted a formal evaluation 1 Activities

process to identify and evaluate alternative technology Integration with Site-wide
RH-TRU

approach for the treatment and packaging of K Basin Processing/Packaging

Sludge which is discussed in Section 3. A Request for planning, schedule and

Technology Information (RFI) was issued and potentially approach
applicable technologies were identified through a

commercial procurement, technical workshops, and

review of the numerous previous sludge treatment technology studies.
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The identified technology approaches were screened using the criteria established in the

Decision Plan [3], and focused bench top feasibility testing was conducted.

Finally, engineering evaluation of the costs, schedules, technical maturity were developed
and evaluated by the technical team. CHPRC empanelled a Decision Support Board
(DSB) to review the collected information and formulate recommendations to the project
as discussed in Section 4. The CHPRC recommendations presented in this report

(Section 5) were developed based on input from the DSB and the CHPRC technical team.
The criteria used in the evaluation process were as follows:

1. Safety

2. Regulatory/stakeholder acceptance

3. Technical maturity

4. Operability and maintainability

5. Life-cycle cost and schedule

6. Potential for beneficial integration with ongoing STP-Phase 1 activities

7. Integration with Site-wide RH-TRU processing/packaging, planning, schedule, and
approach

The criteria used for this evaluation are discussed in Section 2.1 and the data developed

in support of this evaluation are documented in Volume 2 of this report.

Recommendation: CHPRC recommends that Warm Water Oxidation be identified as the
technical baseline for the Phase 2 Treatment and Packaging project. In parallel, CHPRC
recommends that DOE develop the Size Reduction and Fenton’s Reagent Processes to a
Technology Readiness Level of 4 (TRL-4) to further reduce risk, and potentially shorten
the sludge treatment time by 2-3 years. As an adjunct to the recommendations to
continue development of these three technologies, resolution of outstanding regulatory
issues associated with the Nitrate Chemical Inhibitor Process and evaluation of the

feasibility of direct sludge drying should be considered.

ES-iii
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Basis for Recommendation: Selection of Warm Water Oxidation provides the

following benefits to DOE:
e Most technically mature

e No significant chemical additions, simplifying the process design and eliminating
operational requirements of chemical management facilities, training and
qualification programs, and the necessity for workers to use chemical personal
protective equipment (PPE) during the chemical receipt, handling, and transfer

operations

e Operation at less than atmospheric pressure improves safety by simplifying safety

controls including confinement features
e A reasonable processing schedule, with opportunity for further optimization

e Proposed processing equipment can potentially be designed to provide process
flexibility by allowing operation of a range of other processes, depending on the
degree of demonstrated effectiveness, thus further reducing technical risk while

providing opportunities for optimization

Parallel development of the Size Reduction process could reduce the treatment duration
by 2 to 3 years, as well as greatly reduce the difficulty in transfer, agitation, and the

preparation of a homogeneous immobilized waste form.

Parallel development of the Fenton’s Reagent Process could also reduce the treatment
schedule by 2-3 years and would result in an immobilized product that oxidizes uranium
to the maximum extent, which in turn may reduce the potential for any swelling of the

immobilized product post treatment.

Nitrate Chemical Inhibitor Process and sludge drying are technologies that might meet
the requirements for shipment to WIPP without the oxidation of the uranium metal in the
sludge. These approaches require resolution of outstanding technical issues and require
discussions with WIPP representatives to determine if there are sufficient advantages to

justify further evaluation,

Path Forward Actions to Implement the Recommendation: CHPRC has developed a
list of risks and uncertainties and the recommended actions to mitigate these risks. These

risk mitigation actions, plus other activities needed to implement the recommendation are

ES-iv
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included in Section 6. These, along with other programmatic and project risks, will be
incorporated into the Phase 2 STP risk mitigation plan when the conceptual design effort
1s initiated. Section 6 includes recommended immediate actions, near term and
intermediate term actions DOE should consider to move forward with the implementation

of this recommendation.
The recommended Immediate Actions to be initiated by DOE-RL include:

e Schedule a series of Requirements Workshops with WIPP officials to identify, refine, and
address outstanding issues with regard to the applicability and interpretation of requirements
established in the RH-TRAMPAC and WAC for WIPP. Clarification of requirements is also
needed to evaluate the potential for continued development of the Nitrate Chemical Inhibitor
Process or direct drying and packaging of sludge as identified by the DSB. It is important
that a common, agreed upon set of interpretations be established prior to finalizing the

Functions and Requirements/FDC for the Phase 2 project.

e Conduct a formal siting study to determine the preferred location of the Phase 2 Treatment
capability. Required seismic and structural evaluations should be identified, including
needed updates to seismic source terms and soils data to meet current requirements and
expectations. For existing facilities, the current conditions and seismic/safety qualifications
should be reviewed, and potential updates, upgrades, and expansions due to increased sludge
treatment source terms and proposed operations should be identified. Ongoing operational
plans should be evaluated to identify any space and/or resource conflicts. Costs and
schedules for upgrades and modifications should be developed and compared to costs and

schedules for new construction alternatives.

e Develop and maintain a flexible conceptual design for space considerations in the functions
and requirements to facilitate potential packaging of other site RH-TRU waste. As shown in
Appendix M of Volume 2, the primary shared functions of these identified streams and the K-
Basin sludge material is the need for a qualified, category 2 structure with a robust nuclear
ventilation systems, and the immobilization, packaging, and assay of the product waste

drums.

e Authorize uranium metal size reduction testing to establish that the previous simulant work is
representative of the potential for size reduction. This work can be done in the near term and

would serve to focus subsequent near term testing and technical development work.

ES-v
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Develop a project lifecycle plan to support out-year budget planning, as well as the necessary
change requests and other contract direction requirements for CHPRC. Once the necessary
change requests and contract direction are approved, CHPRC will update the STP Project
Execution Plan (or create a standalone PEP) to reflect the DOE-RL approved contract

direction.

ES-vi
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1 Introduction

1.1 K Basin Background

The K West Basin, where sludge materials are stored, is one of the last facilities in the Columbia River
corridor containing stored nuclear material. Once these sludge materials are removed, the remaining
structures will be demolished and removed by the 100K Project. Completion of K Basins sludge material
removal will enable demolition of the K West Basin, 100 K Area remediation, and, ultimately, conversion
of the K West (KW) reactor to interim safe storage — the last of the eight reactors to be placed in interim
safe storage.

Highly radioactive sludge (containing up to 120,000 curies of actinides and fission products) resulting
from the storage of degraded Spent Nuclear Fuel (SNF) has been consolidated in Engineered Containers
(ECs) located in the 105-K West Storage basin near the Columbia River. This K Basin sludge material
resulted from extended storage of excess N-Reactor fuel in both the KE and KW Basins. A significant
fraction of the N Reactor SNF degraded during the lengthy underwater storage period due to damage to
the Zircaloy cladding sustained during reactor discharge and the subsequent corrosion of the metallic
uranium, along with basin water chemistry issues in the KE Basin. The SNF corrosion products, together
with other debris, accumulated in the K Basins over the years. That portion which passed through a
screen with a 0.64 cm (0.25 inch) opening is collectively referred to as sludge [10]. Most of the sludge on
the KE Basin floor and in its adjacent pits has been transferred to KW Basin and consolidated into large
(~5 ft. x ~12 ft. x 13 ft. tall) ECs for underwater storage. Most of the sludge on the KW Basin floor and
in its adjacent pits has also been consolidated into ECs for underwater storage on the floor of the KW
Basin. A small amount of sludge remains on the floor of the KW Basin which will be disposed as part of
the decontamination and decommissioning of the basin.

Spent fuel cleaning and packaging operations were conducted in the KW Basin. SNF canisters from KE
Basin were transferred to KW for cleaning and repackaging. The Integrated Water Treatment System
(IWTS) was installed in the KW Basin to maintain water clarity during the fuel cleaning operations.
Much of the material smaller than 0.25 inch that had been in the KE and KW canisters was captured
either in IWTS Knock-Out Pots (KOP)/Strainers (particles larger than 600 microns), or in settler tanks or
on garnet filters (particles smaller than 600 microns). Sludge previously contained in the settler tanks has
been transferred to EC-230 and will remain segregated from the other EC sludge. The EC and settler tank
sludge inventory are to be disposed as remote-handled transuranic (RH-TRU) waste in the Waste
Isolation Pilot Plant (WIPP) disposal facility. The KOP material is specifically excluded as a waste
stream in this treatment process and has another route for its disposal and is outside the scope of this
report.

1.2 Previous Alternatives Analyses

The US Department of Energy’s (DOE’s) efforts to identify and implement an effective treatment and
packaging system for the K Basin sludge have a long and difficult history. A number of disposition
approaches have been initiated, but were abandoned for a variety of technical and programmatic reasons.
Some 39 different alternatives analyses of varying depth and rigor have been documented over the last
10-15 years. In 2007, DOE reset the Sludge Treatment Project (STP) back to “between Critical Decision
(CD)-0 and CD-17 [20]. DOE also directed that an updated alternative analysis be conducted, including
compliance with DOE Order 413.3 (now DOE Order 413.3b) and utilization of DOE Standard 1189 and
the Technology Readiness Assessment (TRA) process defined in the DOE TRA guide (now DOE Guide
413.3-4). DOE’s primary objective was to reduce the technical and programmatic risk of the STP by
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utilizing the formal project management tools that DOE has established to assure successful project
delivery.

In January 2009, CH2M Hill Plateau Remediation Company (CHPRC) issued an alternatives analysis
report for the removal and treatment of the sludge contained in the K West Basin ECs and settler tanks
[1]. The report documented the screening of hundreds of technology and implementation options and
documented the detailed evaluation of seven retrieval and treatment strategy options. A key finding of
the report was that DOE’s expressed objective to meet a 2015 date to remove all waste materials from the
Columbia River corridor with a high certainty resulted in a recommendation to divide the mission into
two phases. Phase 1 was defined as the efforts to retrieve, transfer and interim store the K Basin sludge
material on the 200 Area Plateau. The report concluded that "Commitment to final treatment technology
is not required until Phase 2; this allows adequate time to develop and establish robust treatment and
immobilization technologies and resolve any outstanding disposal pathway issues."

1.3 Phase 1 and Phase 2 Project Scope

CHPRC is proceeding with a subproject to develop and demonstrate the retrieval process, install retrieval
equipment in the KW Basin, and modify an existing annex to support loading of the sludge into Sludge
Transport and Storage Containers (STSCs). The loaded STSCs will be shipped to the 200 Area plateau
for interim storage in the T Plant Canyon facility. This subproject is defined as the Engineered Container
Retrieval and Transfer System (ECRTS), and is also referred to as Phase 1 of the STP.

Phase 2 of the STP is defined as the treatment (stabilization) and packaging of the sludge such that it can
be transported to and disposed at WIPP as RH-TRU waste [1]. Phase 2 is assumed to begin after the
successful completion of Phase 1 sludge retrieval, transfer and placement in interim storage; commencing
operations after an indefinite interim storage period. Phase 2 work performed to date is limited to
development of a Phase 2 Technology Evaluation and Alternatives Analysis (TEAA), which is
summarized in this report. The primary purpose of the TEAA is to recommend to DOE a technical
approach for Phase 2 treatment and packaging that represents a high certainty of successful deployment
and completion of the STP treatment and packaging mission. A Request for Technology Information
(RFI) was issued in October 2009 to solicit candidate technologies for use in Phase 2. The RFI also
include a preliminary definition of Phase 2 functions and requirements [4].

The Preliminary STP Container and Settler Sludge Process System Description and Material Balance
(i.e. flowsheet) [2] defines the Phase 1 project flowsheet and estimated radionuclide and chemical
compositions for the EC and settler tank sludge that will be loaded into the STSCs. The loaded STSCs
represent both the product of the Phase 1 project and the starting material for the Phase 2 project.
Flowsheet estimates for Pu fissile gram equivalent (FGE) concentrations and volumes of primary
sludge types to be packaged are found in Table 1-1. In addition to the sludges listed in Table 1-1, three
STSCs are estimated to be filled with sludge and garnet filter media from the KW Basin IWTS and one
STSC filled with material from the ECRTS subproject sand filter media. The STP Phase 1 baseline
assumes a total of 30 STSCs will be used to package sludge, garnet and sand filter materials for interim
storage at T Plant, which provides allowance for uncertainties relative to flowsheet estimated quantities.

Sludge compositions assumed for this Phase 2 TEAA can be found in Appendix J, along with other
requirements, bases, and assumptions used for base case Phase 2 flowsheet analysis. Sludge
characterization is continuing, and additional characterization data has become available since the start of
the Phase 2 TEAA (see Appendix 1). A sensitivity analysis that addresses this emerging data and
refinement of the anticipated sludge stream properties can be found in Appendix L.
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Table 1-1. Quantities and composition of K Basin sludge (circa 2009)

KE Engineered KW Engineered
Containers Containers Settler Total
Total Volume3 of Sludge 18.4 5.1 B4 28.9
(m”)
FGE (g/m”) [sludge 702 1,560 7,340 2

concentration]

1.4 Purpose of Report

The purpose of this STP Phase 2 TEAA report is to document the evaluation of technologies and
processes for treating and packaging K Basin sludge and recommend further development of those that
have a high certainty of successful deployment. Volume 1 of this report contains the results of the
technology evaluation and includes the recommended technical approach. Volume 2 of the report
includes a summary of the technical information that was developed during the evaluation process, which
included a series of feasibility demonstration tests for most of the candidate technologies.

These tests were designed to provide clear proof-of-principle results to demonstrate the fundamental
feasibility of the proposed approach. Technology approaches which could not demonstrate the
fundamental feasibility at the bench top scale were eliminated from further consideration. Based on the
results of the technical evaluation and alternatives analysis, CHPRC developed the recommended strategy
for a treatment technology approach which could be developed and deployed to meet the mission
requirements with the necessary investment in development, design, construction, and operations.
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2 Technology Alternatives Analysis Process

The primary purpose of the TEAA evaluation is to recommend to DOE a technical approach for Phase 2
treatment and packaging that represents a high certainty of successful deployment and completion of the
STP treatment and packaging mission. This Phase 2 TEAA is a structured technology evaluation that
began in October 2009. The evaluation process included initial identification of candidate technologies
through a formal solicitation process, evaluation and selection of the most promising candidates for
further testing and evaluation, testing and other data gathering for the selected candidates, and formal
evaluation of the assembled information leading to a path forward recommendation. This is considered a
pre-conceptual alternatives analysis that will provide input to a formal conceptual design and technology
demonstration activity. Further activities will be required to bring the most promising candidate (or
candidates) to a sufficient state of maturity so that a conceptual design of the process can be completed
and a project baseline established.

An RFI was issued in October 2009 to solicit candidate technologies for evaluation [4]. The RFI specified
that the sludge would be hydraulically removed from the STSCs and transferred to the treatment facility.
As a result of this transfer process, it is assumed that the slurry would be diluted to 5% by volume solids
and delivered for treatment and packaging at 70 gallons per minute (GPM) through a 1-1/2” diameter
hose. The proposed treatment process is required to remove the excess water, treat the sludge to eliminate
or reduce hydrogen gas production to acceptable levels, and eliminate free liquids in order to be in
compliance with the requirements of the Remote Handled Transuranic Waste Authorized Methods for
Payload Control (RH-TRAMPAC) [7] and the WIPP waste acceptance criteria (WAC) [8]. The treated
sludge would then be packaged for transportation to WIPP for disposal as RH-TRU. It is anticipated that
lag storage on the Central Plateau will be required before shipment to WIPP is completed, since the rate
of packaging is likely to exceed WIPP’s ability to transport the certified packages to the repository in any
given timeframe.

Details of the fundamental assumptions provided to the potential vendors and used in the evaluation
process are discussed in Appendix J and summarized below in Section 2.3.1.

2.1 Decision Plan

The Phase 2 TEAA Decision Plan [3] describes the process by which the various alternative technologies
would be identified and evaluated in the selection of the recommended technical approach (or
approaches). To successfully perform this alternatives analysis, the following major actions were
included in the process:

e Define the decision strategy.

e Document the information required to support the decision process.

e Identify the decision maker and other responsible parties supporting the decision process.
e Define the decision criteria to be used for each stage of the selection process.

e Describe information that will be used to reach the decision.

e Define when information will be available to the decision maker.

The Decision Plan anticipated a sequential down-select from many proposals to a handful to be tested,
and one or two options to be evaluated for potential implementation. However, evaluation of the initial
RFI response and initial test results showed there were more viable alternatives than expected. In
addition, several of the alternatives had no prior testing or engineering evaluation work for the K Basin
sludge application. This resulted in a wider feasibility testing phase than originally contemplated in the
Decision Plan and a larger number (6) of alternatives being carried forward into the formal evaluation.
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This adjustment was necessary to assure that the recommended approach was the result of evaluation of a
range of potential approaches, rather than limited to those which had previously been tested with K Basin
simulants. A schematic of the decision process is given in Figure 2-1.

Issued

RFI #196456

|

Initial Evaluation

of Technologies —l

Proof-of-Concept

Testing —l

Engineering

Evaluations —l

DSB Evaluation/

Recommendation
to RL —l

RL Concurs with
Recommendation

Figure 2-1. Evaluation and Alternatives Analysis Logic for Down-Selection of K Basin Sludge Treatment and
Packaging Technologies

The decision criteria, goals, and measures were retained from the Decision Plan and are shown in Table

2-1.
Table 2-1. STP - Phase 2 Decision Criteria, Goals, and Measures [3]
Criterion Goals Measure
Safety o  Ensure worker safety e Relative ease/difficulty in implementing

Ensure protection of the general
public

adequate safety features as measured by
the number of passive (inherently safe)
vs. active engineered safety features

Regulatory/stakeholder e

acceptance

Ensure compliance with
environmental laws and
regulations and DOE orders.

Address sludge management
concerns in Comprehensive
Environmental Response,
Compensation, and Liability Act of
1980 record of decision.

2-2
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Criterion

Goals

Measure

Technical maturity

Maximize confidence in process
implementation

e Technical Readiness Level (TRL) of the
proposed technology (exclusive of project
considerations)

e Estimated volume of waste going to
WIPP

Operability and
Maintainability

Maximize operability

Maximize maintainability

e  Ability for process to be remotized
e  Ability for process to treat and/or package
K Basin sludge inventory in 5 — 7 years

e  Acceptability of secondary waste streams
for disposal at ERDF (solids) and ETF
(liquids)

Life-cycle Cost and
Schedule

Optimize life-cycle costs for sludge
treatment and packaging facility

Provide acceptable schedule to
stakeholders

Cost

e  Cost of maturing technology to TRL-
6

e Capital cost
e  Operating and maintenance cost

e Deactivation and decommissioning
cost

Schedule
e Facility startup
e Complete treatment and packaging

Potential for beneficial
integration with ongoing
STP - Phase 1 activities

Optimize cost or schedule for STP
— Phase 2

Consider co-location of needed
facilities provided by STP — Phase
1

e Potential for integration of treatment
and/or packaging with interim storage in T
Plant

e Potential for shared functions with those
being provided by STP Phase 1

e  Optimization of location to
reduce/eliminate intermediate shipping or
repackaging of the sludge material

Integration with Site-
wide RH-TRU
processing/packaging
planning, schedule, and
approach

Optimize processes, equipment,
and facilities for K Basin sludge
treatment and packaging with
other Hanford Site RH-TRU waste
streams

® Number of other Hanford Site RH-TRU
waste streams that can be treated with
candidate process

e  Number of other Hanford site RH-TRU
waste streams that can be packaged with
candidate packaging process

2.2 Selection of Alternatives and Initial Evaluation

CHPRC reviewed vendor responses to the RFI, the results of previous alternatives analyses, and
information on additional technology options identified by the project; and conducted a technical
workshop with knowledgeable staff from the project and PNNL. On the basis of this review CHPRC
selected 8 candidate treatment processes for feasibility evaluation:

e  Warm Water Oxidation (WWO)
e Fenton’s Reagent Oxidation Process (FROP)
e Size Reduction Water Oxidation Process (SRWOP)
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e Phosphate Ceramic Hydrogen Inhibitor Process (PCIP) using Borobond ™"
e Peroxide Carbonate Oxidation Process (PCOP)

e In-Container Vitrification (ICV™)2

e Inductively Heated In-Container Vitrification System (IVS)

e Nitrate Chemical Inhibitor Process (NCIP)

Proof-of-concept testing was completed for key elements of all candidate technology approaches except
IVS. IVS was at an early stage of development and was not advanced sufficiently to complete a
feasibility demonstration in the time frame of this study, so an engineering report was prepared to provide
additional descriptive information for the evaluation process. Testing was carried out by five vendors
and PNNL.

The purpose of the testing was to clearly demonstrate whether a specific technology approach was
feasible at a bench scale for the process steps not previously demonstrated at a bench scale. Testing data
was supplemented with pre-conceptual engineering studies to allow the comparison of the technology
approaches on a sufficiently even basis. This basis allowed for the selection of the most suitable
technologies for further development consideration.

CHPRC assigned a technology advocate for each of the selected technologies. The technology advocates
served as the liaison or interface between the vendor participants and CHPRC. The technology advocates
continued to work with their respective participants throughout the performance of respondents’
activities. The technology advocates provided support to the decision-making process. The advocates
served as Subject Matter Experts (SMEs) for each technical approach and provided information and
support to the Decision Support Board (DSB), as well as supported development of the CHPRC
recommendations.

2.3 Engineering Information to Support Alternatives Analysis

The evaluation activities were based on the testing and engineering study results. Using Warm Water
Oxidation (WWO) as a reference baseline, detailed technology maturity evaluations and facility
deployment concepts were developed. For the other technologies, material balances and process
equipment sizing were developed and compared to the more detailed information developed to support
definition of the WWO process. It was concluded that all the technologies except the vitrification
technologies were sufficiently similar to the WWO process (the base case) that WWO could be used as a
basis for an integrated flowsheet that contained most of the required elements of the other technologies.
Summaries of testing and engineering studies are provided in Appendices A-H, which are the primary
inputs to the CHPRC recommendations.

2.3.1 Development of Standardized Flowsheets

To provide a uniform basis for evaluation of technologies, a process basis document was prepared to
summarize key process functions, requirements, and enabling assumptions to be used as the basis for the
engineering evaluation phase of the STP Phase 2 TEAA (see Appendix J). The process basis document
was provided to each testing contractor as an attachment to their Statement of Work (SOW). With the
exception of NCIP, the contractors developed summary process descriptions and preliminary sizing and

1 Borobond is the registered trademark of Ceradyne, Inc., Boron Products LLC, 3250 South 614 Road, Quapaw, OK
74363; all rights reserved.
2 |n Container Vitrification and ICV are registered trademarks of the Geosafe Corporation, a wholly-owned subsidiary

of Battelle Memorial Institute of Columbus, Ohio, whose ICV technology is exclusively licensed to Impact Services,
Inc., 103 Palladium Way, Oak Ridge, TN 37830; all rights reserved.
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processing rate estimates for the technology alternatives based the process basis document. The CHPRC
technical team laid out similar information for the NCIP,

The contractor reports showed some variation in approach and level of detail. To get to an “apples to
apples” comparison, it was necessary for the CHPRC technical team to develop a set of standardized
flowsheets. These flowsheets were developed by starting with the contractor input and making
adjustments to allow comparison of the alternative flowsheets on a reasonably consistent basis.

The TEAA base case standardized flowsheet analysis for each process was developed using bases and
assumptions defined in Appendix J. The following list summarizes key bases and assumptions from
Appendix J:

e The process capacity must provide for complete processing of the sludge into WIPP compliant drums
within 5 years or less based on an assumed 70 % total operating efficiency (TOE).

e The calculations assume receipt of up to 13.2 m* (3,500 gallons) of dilute sludge and flush water per
STSC. The treatment system must be designed to accept the entire batch in one transfer at up to 70
gallons per minute (265 liters per minute). For the TEAA, utilization of the STSCs as part of slurry
receipt and treatment system is not allowed (may be considered in later project optimization work).

e A total of 24 STSCs containing K-Basin Sludge material are to be processed (current estimate is 30
STSC’s; see Section 1.3)

e The assumed sludge volume breakdown is 18.4, 5.1, and 5.4 m’ of as-settled sludge (SS) volume each
for KE EC, KW EC, and settler sludge. These values agree with the Phase 1 baseline at the time the
TEAA was initiated in October, 2009.

e  For the base case calculation of the number of product drums required, an average loading of 40 **°Pu
FGE per drum is assumed unless waste loading is limited by physical volume of the sludge.

e The maximum size of uranium (U) metal particles in the KE and KW sludge is 6,350 um (0.25 inch).
Maximum size of U metal particles in the settler sludge is 600 pm.

e  Water oxidation calculations assume uranium particles are oxidized to extinction using water at
temperatures near the boiling point. Reaction time is calculated per the equation provided in the
Sludge Project Technical Databook [10] assuming anoxic water. The base case assumes an oxidation
rate “enhancement factor” of 1.0. Sensitivity cases may consider oxidation rate enhancement factors
between 3.0 and 1/3 per Sludge Project Technical Databook requirements.

e Sludge processing time cycle analyses do not consider ramp up at the start of hot operations or clean
out after sludge processing is completed.

See Appendix J for additional information on base case requirements, bases, and assumptions. Note that
available data has continued to evolve since the TEAA was initiated, and in some cases base case
assumptions used for the TEAA normalized flowsheets differ from current STP Phase 1 project baseline
values due to evolution of the Phase 1 project technical basis. Appendix I provides a discussion of
emerging data and sensitivity case evaluations wherein selected bases and assumptions are varied.

2.3.2 Simulants Used for Testing

For the STP Phase 2 TEAA, testing using actual K Basin sludge was not practical since limited amounts
of K Basin sludge is available and most of the vendors and their supporting laboratories could not process
radioactive materials. Therefore, simulants were required. The STP has established a formal definition of
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simulants to be used for various aspects of K Basin sludge testing [18]. A KW Origin Container Sludge
simulant recipe was selected as the primary basis for the Phase 2 proof-of-concept testing. There are two
versions of the base recipe:

e Physical Simulant. The simulant referred to as “physical simulant” contains no uranium. Cerium
oxide and steel grit are substituted for uranium oxides. The physical simulant components are given
in Appendix J. In addition to the “base simulant” as defined in the STP Sludge Simulant Strategy and
Design Basis [18], supplemental components that were identified as important were added to the base

simulant for certain tests (e.g. graphoil, organic ion exchange resin, zeolite/mordenite, and
flocculent). In some cases the base recipe was modified on a case by case basis to meet needs of

specific tests.

e Uranium Containing KW Container Simulant. The Uranium Containing KW Container Simulant was

prepared by PNNL per reference [11] and supplied as needed for all tests that utilized uranium
containing simulant. The simulant components are given in Appendix J.

The simulants used for testing of the various technical approaches are summarized in Table 2-2.

Table 2-2. Simulants Used for Specific Tests for the Current Technology Evaluation Activity

Technology and Scope

Simulant Used

Joule Heated In-Container
Vitrification (ICV™) Process (Dryer
tests only)

Used physical simulant; base simulant plus all supplemental
components.

Peroxide Carbonate Oxidation
Process (PCOP) Laboratory Testing

Tests used Uranium Containing KW Container Simulant plus %z inch U
metal coupons

Fenton’s Reagent Oxidation Process
(FROP) Testing

Two tests used the Uranium Containing KW Container Simulant plus &
inch U metal coupons, balance of the tests used only the FeO(OH) and
Al(OH)3 simulant components plus U metal coupons.

Borobond ™ Hydrogen Inhibition
Tests

Some tests used 1.85 mm x 1.94 mm cylindrical U metal pellets either
alone or with the FeO(OH) and Al(OH)3 components of the physical
simulant.

Borobond™ Waste Loading Tests

Tests used physical simulant with all supplemental components except
flocculent and tungsten alloy

Size Reduction Water Oxidation
Process (SRWOP) Immersion Mill
Size Reduction Tests

Test 1 used only the <100 pm components of the physical simulant, plus
a tungsten alloy as a stand in for U metal. Test 2 used the physical
simulant; including all base and supplemental simulant components with
the exception of flocculent. The tungsten alloy was used also in Test 2
as a stand in for U metal.

Warm Water Oxidation (WWO) Tests

Testing under the current effort used the Uranium Containing KW
Container Simulant with U metal beads. In addition, parallel testing was
conducted with a 50/50 U(IV)/U(VI) oxide mixture with U metal beads to
represent KW Settler sludge.

Earlier testing used a variety of simulants, actual K Basins sludge, and
irradiated metallic uranium fuel.

Nitrate Chemical Inhibitor Process
(NCIP) Tests

Testing under the current effort used the Uranium Containing KW
Container Simulant with U metal beads and the KW Simulant with U
metal beads in immobilization media (clays). Prior tests used water,
simulant sludge components, KW simulant, and actual sludge, all with U
metal beads.
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2.4 Evaluation of Alternatives by Decision Support Board

To provide an independent evaluation of the alternative technology approaches, CHPRC commissioned a
Decision Support Board (DSB) to review the technical alternative data and provide recommendations to
CHPRC. The DSB was empanelled from onsite and offsite experts in areas of importance to the
evaluation of these technologies. The multidisciplinary DSB members included representatives from STP
operations, engineering, regulatory, nuclear safety, and radiological protection, and technical SMEs. The
organizations they were drawn from included CHPRC, WIPP, and the STP External Review Panel

(ERP). A facilitated STP Phase 2 DSB alternatives workshop was conducted May 9-12, 2011,

Since there were several criteria required for a given process to be deemed successful, a structured
approach was taken for the analysis and evaluation. The structure was derived by processes commonly
used in multi-attribute utility (MAU) analysis, which has been used by DOE in various decisions
regarding disposal of nuclear waste [13]. Technology evaluations based on MAU analysis provide a
sound foundation for measuring the value of proposed processes, making comparisons, and aiding in the
final selection of how to proceed with the development of the appropriate technology. The multi-
attributes, for example, are given in the Decision Plan (see Section 2.1 above) as the criteria that must be
met for success. Analyses were conducted to evaluate performance of each technology with respect to
these criteria. The DSB used a weighting system in comparing the various technologies against these
attributes. A sensitivity analysis was conducted for the weighting system to evaluate the sensitivity of the
process to the assigned weights. The DSB final report has been issued as PRC-STP-00460 [16] and is
found in Volume 2, Appendix P.
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3 Discussion of Processes Evaluated

In Phase 1 of the STP, sludge will be removed from the 105 KW Basin, placed in STSCs, and transported
to T Plant for interim storage. The Phase 2 process starts with a sludge batch in an STSC in storage at T
Plant and proceeds through the following overall process sequence:

Retrieval. This first step includes removal of an STSC from storage in T Plant, transport of the STSC
to the treatment facility, retrieval of the sludge from the STSC, and transfer to the Treatment System.
The current assumption is that some type of hydraulic approach (e.g. sluicing) will be used for sludge
retrieval, resulting in a diluted shudge slurry delivered as a relatively large batch (up to 13.2 m® or
3,500 gallons including assumed line flush water) to Treatment. The retrieval process is being
developed and demonstrated as part of the Phase 1 system design and is outside the scope of the
current sludge treatment technology evaluation. For purposes of the TEAA, CHPRC did not consider
utilization of the STSCs themselves as part of slurry receipt and treatment system (this may be
considered as a potential optimization alternative in future design phases)

Receipt, Treatment, and Preparation for Immobilization. These systems act as a buffer to prepare
each batch for transfer to the immobilization system. Process details vary depending on the specific
alternative. However, all systems receive and interim store the STSC batch, concentrate the dilute
sludge slurry by removing water, treat the sludge in some way, and deliver smaller batches of
concentrated and treated sludge to the Immobilization and Packaging System.

Immobilization and Packaging. The immobilization and packaging system accepts batches of
concentrated sludge and packages it in drums that are sealed, decontaminated if needed, assayed to
determine content of WIPP reportable isotopes, and transferred to on-site storage or shipping
facilities. Details of the immobilization process vary by alternative. Key functions are to eliminate
any free liquids, reduce hydrogen generation to acceptable rates, and determine content of WIPP
reportable isotopes in each drum.

Storage and Shipping, Finished drums will be stored on-site and eventually shipped to WIPP for
disposal. The storage and shipping functions are outside the scope of the STP Phase 2 — TEAA.

The retrieval, receipt, and storage functions are common to all the technology options. While not
expressly discussed in the technology evaluation, cost allowances for retrieval are included in the cost

estimates.
Receipt,
STSC Sludge Retrieval Treatment and Immobilization/ Storage or
Batch Preparation for Packaging Shipping
Immobilization

Figure 3-1. STP Phase 2 Overall Process Steps

All of the water-based processes (Warm Water Oxidation, Fenton’s Reagent Oxidation Process, Peroxide
Carbonate Oxidation Process, Phosphate Ceramic Hydrogen Inhibitor Process, and Nitrate Chemical
Inhibitor Process) follow the same general process flow diagram with minor differences. Figure 3-2
illustrates the general process for these technologies.
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Figure 3-2. Simplified Flow Diagram for Water-Based Processes

The process flow diagrams for the other technologies are given in the following sections. Further details
for all technologies can be found in Appendices A through H.

3.1  Warm Water Oxidation

3.1.1  Process Descriptions and Flowsheets

The Warm Water Oxidation (WWO) process is summarized in the general process flow diagram given
above (Figure 3-2), noting that it does not require chemical additives. This flow diagram outlines the
pathway of the K Basin sludge and condensate through the system. Sludge from an STSC is delivered
directly to the Receipt and Reaction Tank (RRT). In the RRT, the sludge is agitated and heated to boiling
(95° C to 98° C) at slightly below atmospheric pressure to remove dissolved oxygen, reduce the water
content, and oxidize the uranium metal to uranium oxide. The uranium metal particles are oxidized to
extinction to sufficiently reduce hydrogen generation so that the sludge will be safe during transportation
and interim storage. The oxidized sludge is then concentrated by evaporation of water to meet the
requirements of the downstream drumming process, and is transferred to a Lag Storage Tank (LST). From
the LST, the sludge is transferred to the drumming portion of the process, where it is mixed with a
cement-mix or other absorbent for immobilization and then packaged in drums for final disposal.

The major process equipment for the WWO are the RRT, LST, the off-gas treatment system, and the
assay and drumming equipment. The immobilization process, facility arrangement, and remote operating
and maintenance features are assumed to be placed within a 50 foot by 60 foot building footprint.
Supporting processes such as nitrogen purge air, vent gas treatment, cooling water, and process stream
supply are also included in the WWO process. A more detailed flowsheet and process description can be
found in Appendix A.

3.1.2 Test Results and Uncertainties

The proposed Warm Water Oxidation process appears to be an attractive option for sludge treatment
based on the preliminary tests completed as part of the TEAA. These proof-of-concept tests were
completed to validate basic functionality of the process chemistry and obtain preliminary information on
process rates and reagent requirements needed to develop a preliminary flowsheet. The results showed
slightly higher reaction rates (average of approximately 1.5 pm/hr) than the central value of the range of
reaction rates predicted in the Technical Databook (1.05 pm/hr) [10] for the test conditions. The testing
done on simulated sludges has produced mixed results relative to the issue of agglomeration. Earlier
testing performed prior to this TEAA (see References 22 and 23 of Appendix A) had indicated that
smaller particles could agglomerate to larger particles at these temperatures for some specific sludge
samples. All small-scale tests performed for the TEAA indicated that there would be minimal concern
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about agglomeration of the sludge under normal operating conditions as long as the sludge was
maintained in a wet condition. The last stirred test performed for the TEAA was at a larger scale and
used uranium beads in a simulated sludge slurry. That test showed that using KW simulant, in regions of
poor agitation, under relatively large temperature gradient, there was the possibility of the slurry to form a
cohesive mass that was difficult to dislodge and re-combine with the rest of the slurry. The degree of
agitation required to prevent that agglomeration has yet to be determined, which means that there is
currently insufficient information on which to base a full scale agitation system design.

Overall the small scale and larger scale tests demonstrated the fundamental feasibility of the WWO
process with oxidation rates that are consistent with the proposed process flowsheets.

Based on the success of the proof-of-concept tests and the use of commercially proven equipment, the
primary WWO process steps are judged to be approximately TRL-3 as defined in DOE G 413.3-4 [6].
There are technical risks associated with the process facility and equipment. In particular, the drumming
system and the assay system used to determine isotope concentrations in the drummed waste are not
currently well-defined and require additional work. More details on the WWO technology development
and readiness can be found in Appendix A.

If this technology is selected for implementation, additional testing needs to be completed to cover the
complete range of feeds required, broadened range of reaction temperatures, and testing with actual
sludge samples for the full length of time anticipated per sludge batch. Testing would also include more
complete material balances, including off-gas generation and identification of the chemical species
formed during the reaction, evaluation of the possible role of ferrihydrite and actual sludge matrices on
uranium oxidation, and investigation of the conditions associated with potential agglomerate formation.
A specific immobilization agent must be selected and demonstrated. It is expected that needed
information on process chemistry and physical properties could be obtained with a modest amount of
additional laboratory testing.

Principal engineering development activities center around agitation of the RRT and LST,
instrumentation and monitoring of the extent of reaction, slurry transfer, control of the reacted sludge
charged to the disposal drum, and the remote packaging and assay systems which are common to all
aqueous treatment options.

3.2 Fenton’s Reagent Oxidation Process

3.21 Process Descriptions and Flowsheets

The proposed Fenton’s Reagent Oxidation Process (FROP) is summarized in Figure 3-2 above (Section
3.0), which outlines the pathway of the K Basin sludge and condensate through the system. Settled sludge
from an STSC is delivered directly to the RRT. The sludge slurry is then concentrated by evaporation at
low or near boil (90 °C to 95 °C) at slightly below atmospheric pressure to the desired concentration. The
slurry is then cooled to 35 °C before adding reagents.

Fenton’s reagent, comprised of hydrogen peroxide and Fe'"™™" catalyst, is used to oxidize uranium metal

without generation of hydrogen gas. A small amount of chloride, and ferrous iron if needed, are added to
the RRT, and the pH is adjusted to between 1 and 4 using HCI or H,SO,. Hydrogen peroxide solution
(30%) is then continuously added at a controlled rate throughout the oxidation time. When the uranium
metal oxidation reaction is complete (or nearly complete), peroxide addition is stopped. The batch is then
heated to near the boiling point and is concentrated to the desired solids concentration by evaporation.
The post-reaction evaporation step also destroys any residual peroxide. The oxidized and concentrated
sludge batch is then transferred to the LST. From the LST, the sludge is transferred to the drumming
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portion of the process where it is mixed with a cement-mix or other absorbent for immobilization and
then packaged in drums for final disposal.

Supporting processes such as sweep air, vent gas treatment, cooling water, and process stream supply are
also included in the FROP process. A more detailed flowsheet and process description can be found in
Appendix B.

3.2.2 Test Results and Uncertainties

As a part of the current TEAA, proof-of-concept tests were completed to validate basic functionality of
the process chemistry and obtain preliminary information on process rates and reagent requirements
needed to develop a preliminary flowsheet. The results showed a U metal oxidation rate of approximately
40 um/hr compared to the nominal 1.5 um/hr for WWO. These results suggest a much shorter oxidation
cycle as compared to WWO, with treatment times measured in days rather than months.

The aspects of FROP that were found to be less mature were related to the knowledge of chemical and
physical behavior of the actual sludge in the treatment process. The remote process equipment for the
FROP is expected to be nearly identical to that for WWO, with possible materials of construction
upgrades due to the chemical additives. The immobilization process, facility arrangement, and remote
operating and maintenance features are assumed to be identical to WWO. The technology readiness of
these items is discussed in the WWO context in Appendix A.

Based on the success of the proof-of-concept tests and use of commercially proven equipment the primary
FROP process steps are judged to be approximately TRL-3 as defined in DOE G 413.3-4 [6]. More
details on the FROP technology development and readiness can be found in Appendix B.

If this technology is selected for implementation, additional testing needs to be completed to cover the
complete range of feeds required, broadened range of reaction temperatures, testing with actual sludge
samples, more complete material balances including off-gas generation and identification of the chemical
species formed during the reaction. Physical property testing of the slurry during reaction and chemical
treatment steps has not been addressed at this point. It is expected that needed information on process
chemistry and physical properties could be obtained with a modest amount of additional laboratory
testing.

Principal engineering development activities center around agitation of the RRT and LST,
instrumentation and monitoring of the extent of reaction, slurry transfer, control of the reacted sludge
charged to the disposal drum, and the selection of a specific immobilization agent and the remote
packaging and assay systems which are common to all aqueous treatment options.

An additional concern related to the FROP is the industrial safety risk of handling concentrated (30%)
hydrogen peroxide used in the process. Because it is a relatively common industrial chemical, safe
handling practices are well known it is expected that this will not present a major safety concern, but will
add requirements for additional training and PPE for personnel protection during chemical handling and
maintenance activities.

3.3 Peroxide and Carbonate Oxidation Process

3.3.1 Process Descriptions and Flowsheets

The proposed Peroxide and Carbonate Oxidation Process (PCOP) is summarized in Figure 3-2 above
(Section 3.0), which outlines the pathways of the K Basin sludge and condensate through the system.
Dilute sludge slurry from an STSC is delivered directly to the RRT. The sludge slurry is then
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concentrated by evaporation at low or near boil (90° C to 95° C) at slightly below atmospheric pressure to
the desired concentration. The concentrated slurry is then cooled to near ambient temperature.

An ammonium bicarbonate solution is added to the concentrated slurry until a 1M carbonate/ bicarbonate
concentration has been achieved in the RRT, and concentrated (50%) hydrogen peroxide solution is added
until a 2M concentration is reached. Following the initial additions, 50% hydrogen peroxide and
ammonium bicarbonate are then continuously fed into the RRT throughout the uranium metal oxidation
process to maintain a 1M total concentration of carbonate/ bicarbonate. Oxidation of uranium metal using
the PCOP does not generate hydrogen gas.

Depending on the volumes of peroxide and ammonium carbonate solutions added, intermediate
evaporation steps may also be needed due to tank space constraints. Once uranium oxidation is complete,
the sludge is concentrated by evaporation to the final concentration required by the drumming process.
The oxidized and concentrated sludge batch is then transferred to the LST. From the LST, the sludge is
transferred to the drumming portion of the process where it is mixed with a cement-mix or other
absorbent for immobilization and then packaged in drums for final disposal.

Supporting processes such as sweep air, vent gas treatment, cooling water, and process stream supply are
also included in the PCOP process. A more detailed flowsheet and process description can be found in
Appendix C.

3.3.2 Test Results and Uncertainties

The aspects of PCOP that were found to be less mature were related to the knowledge of chemical and
physical behavior of the actual sludge in the treatment process. As a part of the current TEAA, proof-of-
concept tests were completed to validate basic functionality of the process chemistry and obtain
preliminary information on process rates and reagent requirements needed to develop a preliminary
flowsheet.

The results showed a U metal oxidation rate of 5.2 um/hr compared to the 1.5 pm/hr for WWO. While
these tests provided preliminary data, there are remaining uncertainties in the overall understanding of the
process chemistry. There has been no testing with actual K Basin sludge and no testing regarding the
effect of the process on physical properties (slurry rheology, yield strength, shear strength) of the treated
sludge.

The process equipment for the PCOP is expected to be similar to that for WWO, but with slightly smaller
RRT and LST. The immobilization process, facility arrangement, and remote operating and maintenance

features are assumed to be identical to WWO. The technology readiness of these items is discussed in the
WWO context in Appendix A.

Based on the success of the proof-of-concept tests and use of commercially proven equipment the primary
PCOP process steps are judged to be approximately TRL-3 as defined in DOE G 413.3-4 [6]. More
details on the PCOP technology development and readiness can be found in Appendix C.

If this technology is selected for implementation, additional testing needs to be completed to cover the
complete range of feeds required, broadened range of reaction temperatures, testing with actual sludge
samples, more complete material balances including off-gas generation and identification of the chemical
species formed during the reaction. Physical property testing of the slurry during reaction and chemical
treatment steps have not been addressed at this point. It is expected that needed information on process
chemistry and physical properties could be obtained with a modest amount of additional laboratory
testing.
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Principal engineering development activities center around agitation of the RRT and LST,
instrumentation and monitoring of the extent of reaction, slurry transfer, control of the reacted sludge
charged to the disposal drum, and the selection of a specific immobilization agent and the remote
packaging and assay systems which are common to all aqueous treatment options.

An additional concern related to the PCOP is the industrial safety risk of handling concentrated (50%)
hydrogen peroxide used in the process and treatment of ammonia in the process offgas. These are
relatively common industrial issues. Safe handling practices are well known for concentrated hydrogen
peroxide and it is expected that this will not present a major safety concern, but will add requirements for
additional training and PPE for personnel protection during chemical handling and maintenance activities.

3.4 Size Reduction and Water Oxidation

3.41 Process Descriptions and Flowsheets

The proposed Size Reduction and Water Oxidation Process (SRWOP) is summarized in Figures 3-3 and
3-4, which outlines the pathways of the K Basin sludge and condensate through the system. Dilute sludge
slurry from an STSC is transferred to a Milling Tank (MT) contained within the top of the RRT. The
sludge is fed directly to a modified hydrocyclone separator within the MT. The hydrocyclone directs
particles with slow settling rates, including the uranium metal particles less than 100 pm in diameter, into
the RRT. Most of the remaining sludge slurry is directed into the grinding chamber of an immersion mill,
where uranium metal particles are reduced to less than 100 um in diameter. The MT is designed to allow
slow settling particles to be carried upward and overflow into the RRT while recirculating larger uranium
and other sludge particles (>100 um) through the grinder until they have been reduced to the required
size. A portion of the larger or fast settling particles are expected to settle to the bottom of the MT. An
eductor is used to pick up settled material and direct it to the top inlet of the mill. Pressurized water is
used to provide the motive power for the eductor.

In the RRT, the sludge is agitated and heated to the boiling point (95° C to 98° C) at slightly below
atmospheric pressure. Uranium metal is oxidized to uranium oxide by reaction with water generating
hydrogen gas, and the sludge is concentrated by evaporation to the final concentration required by the
drumming process. The oxidized and concentrated sludge batch is then transferred to the LST. From the
LST, the sludge is transferred to the drumming portion of the process where it is mixed with a cement-
mix or other absorbent for immobilization and then packaged in drums for final disposal.

Supporting processes such as sweep nitrogen, vent gas treatment, cooling water, and process stream
supply are also included in the SRWOP process. A more detailed flowsheet and process description can
be found in Appendix D.
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From STSC

Pressurized Water

@ Hydrocyclone
@ Immersion Mill Iy —I—}

> Overflow to Reaction Tank
@ Eductor

X

@

N

Figure 3-4. Expanded View of Milling Tank

34.2 Test Results and Uncertainties

The aspects of SRWOP that were found to be less mature were related to the knowledge of the physical
behavior of the actual sludge in the treatment process and how the mill would wear. As a part of the
TEAA, proof-of-concept tests were completed to validate basic functionality of the mill’s capacity for
grinding a uranium metal surrogate and obtain information on processing capabilities needed to develop a
preliminary flowsheet. While these tests provided preliminary data, uncertainties remain in the overall
understanding of the process design basis.
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DensalloyTM3 SD170 was used in testing as a surrogate in place of irradiated uranium metal. Densalloy ™
SD170 was identified by PNNL as having similar hardness and mechanical properties as irradiated
uranium [19]. Additionally, no subsequent uranium metal reaction tests on size reduced sludge simulants
were conducted other than those done for the reference WWO process, and there is insufficient data to
perform a complete overall material balance and finalize the overall process design. No testing has been
performed regarding the effect of the process on physical properties (slurry rheology, yield strength, shear
strength) of the sludge.

A more complete definition of the MT system concept is needed, including both the internal configuration
and the remote operating and maintenance features. The MT system requires further engineering
evaluation and testing to better understand process performance and wear rate/life expectancy of the mill
and other MT components.

The process equipment for the SRWOP is expected to be nearly identical to that for WWO, with the
addition of the MT to the RRT. The immobilization process, facility arrangement, and remote operating
and maintenance features are assumed to be identical to WWO. The technology readiness of these items
is discussed in the context of WWO in Appendix A.

Based on the success of the proof-of-concept tests and use of commercially proven equipment the primary
SRWOP process steps are judged to be approximately TRL-3 as defined in DOE G 413.3-4 [6]. More
details on the SRWOP technology development and readiness can be found in Appendix D.

If this technology is selected for implementation, additional testing needs to be completed to cover the
complete range of feeds required, testing with actual sludge samples, and more complete material
balances including off-gas generation. Physical property testing of the slurry during size reduction and
during the reaction and treatment steps will be required. It is expected that needed information could be
obtained with a modest amount of testing.

Principal engineering development activities center around agitation of the RRT and LST, MT design and
performance, instrumentation and monitoring of the extent of reaction, slurry transfer, control of the
reacted sludge charged to the disposal drum, and the selection of a specific immobilization agent and the
remote packaging and assay systems which are common to all aqueous treatment options.

3.5 Nitrate Chemical Inhibitor Process

3.5.1 Process Descriptions and Flowsheets

The Nitrate Chemical Inhibitor Process (NCIP) is summarized in Figure 3-2 above (Section 3.0). Dilute
sludge from an STSC is delivered batch wise, up to 13.2 m’ (3,500 gallons) per batch to the
Concentration/Mix Tank (CMT). The CMT is purged with sweep air to limit hydrogen buildup, is
normally maintained at slightly below atmospheric pressure, and is agitated continuously when it contains
a batch of sludge. The CMT contents are heated to near the atmospheric pressure boiling point of water
using a steam jacket, and water is driven off by evaporation, concentrating the batch to the desired end
point solids concentration. Sodium nitrate solution, in excess of that needed to react with hydrogen
radicals generated during uranium metal reaction with water, is added either during or after the
evaporation step. The nitrate reacts with hydrogen radicals in order to significantly reduce the evolution
of hydrogen gas from the oxidation reaction of uranium with water. The mixed and concentrated batch is
then cooled and transferred to the LST. From the LST, the sludge is transferred to the drumming portion

3 Densalloy is a registered trademark of ATl Tungsten Materials, 1 Teledyne Place, La Vergne, Tennessee 37086, a
business unit of Allegheny Technologies Incorporated (ATI); all rights reserved.
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of the process where it is mixed with a cement-mix or other absorbent for immobilization and then
packaged in drums for final disposal.

Supporting processes such as sweep air, vent gas treatment, cooling water, and process stream supply are
also included in the NCIP. A more detailed flowsheet and process description can be found in Appendix
E.

3.5.2 Test Results and Uncertainties

The aspects of the NCIP found to be less mature are related to the knowledge of chemical behavior of the
actual sludge in the treatment process. A literature review and previous STP project testing, including
testing with actual sludge, showed that nitrate addition will decrease hydrogen gas evolution from U
metal reaction with water. Therefore, additional testing was initiated to provide proof-of-concept testing
for nitrate addition and incorporation into candidate immobilized waste forms. The limited short term
testing (discussed in Appendix E) demonstrated large reductions in hydrogen gas generation. For NCIP to
be successful, it will need to effectively reduce hydrogen gas production for significantly longer time
periods than those tested to this point. These longer periods could result from an extended interim storage
period before shipping to WIPP (potentially 10+ years) and the 60 day window typically required for
transportation to WIPP. Additional data regarding gas generation and nitrate depletion under more
prototypic temperature cycles and longer interim storage conditions is needed.

An additional concern regarding NCIP is that it appears to be outside the range of technical approaches
typically used for compliance with WIPP/TRAMPAC flammable gas generation requirements. The
concern expressed by representatives of WIPP is that while hydrogen generation is reduced the
underlying uranium reactions continue and may not be deemed to be “chemically stable” as part of the
compliance with the WIPP waste compatibility requirement. Therefore, early agreement with WIPP on
the acceptability and associated requirements are essential for continuing the NCIP alternative.

The remote process equipment for the NCIP is expected to be similar to that for WWO. The
immobilization process, facility arrangement, and remote operating and maintenance features are assumed
to be identical to WWO. The technology readiness of these items is discussed in the context of WWO in
Appendix A.

Based on the success of the proof-of-concept tests and use of commercially proven equipment the primary
NCIP steps are judged to be approximately TRL-3 as defined in DOE G 413.3-4 [6]. More details on the
NCIP technology development and readiness can be found in Appendix E.

3.6 Joule Heated In-Container Vitrification™

3.6.1 Process Descriptions and Flowsheets

The proposed In-Container Vitrification (ICV™) process is based on a Joule heated vitrification unit used
to stabilize and solidify the K Basin sludge. The process is summarized in Figure 3-5. Dilute sludge from
an STSC is delivered batch wise to the Receiver Vessel and then transferred into a smaller Batch/Assay
Tank. The slurry is fed incrementally from the Batch/Assay tank into the Dryer/Mixer using gravity. The
slurry is mixed with the required amount of glass former materials in the Dryer/Mixer and heated under
vacuum to achieve low moisture content (2-5% water). The blended, dried product is then discharged into
an empty ICV™ melter vessel that contains graphite electrodes for electrical heating and a ceramic
insulating system. The dried sludge mixture is then heated to about 1,300°C in order to drive off residual
volatile components and to melt the remaining waste and glass formers. When a batch is complete, the
melt is allowed to cool and solidify. The drum is then sealed, surveyed, and loaded out.
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Supporting processes such as vent gas treatment, cooling water, and process stream supply are also
included in the ICV™ process. A more detailed flowsheet and process description can be found in
Appendix F.
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Figure 3-5. In-Container Vitrification™ System Simplified Block Diagram

3.6.2 Test Results and Uncertainties

Since the vitrification step was previously tested at full-scale using K Basin sludge simulants in 2003

[14], the outstanding feasibility questions centered on the feed preparation step where a dilute slurry is
dried and mixed with glass formers. Testing of bench scale and full-scale drying systems was completed.
The testing demonstrated that the mixer/dryer can produce simulant materials with the appropriate
residual moisture and mix the simulant materials with the necessary glass forming additives, and that the
simulant/glass forming mixture can flow by gravity into the ICV™ container for vitrification. When
combined with vitrification tests previously performed outside of the Phase 2 TEAA effort [14], the major
individual ICV™ unit operations have been tested with simulant on a production scale.

The ICV™ test program completed for this evaluation was intended to be proof-of-concept testing and
did not aim to resolve all potential technical issues that may be associated with its implementation.
Several remaining uncertainties require resolution during the conceptual design phase of the project.
While the dryer operates under reduced pressure (less than 120 torr) and moderate temperature (~55 °C),
the dryer unit operation conditions may accelerate uranium metal oxidation rates, generating hydrogen
gas. Optimization of trade-off between vacuum and temperature of drying, and overall throughput
remains to be completed. Operation of the dryer and vitrification system have the potential to release
volatile and semi-volatile radionuclides to the vapor phase. Finally, while both the dryer and vitrification
unit have been tested at near-production scale, they were tested with a single simulant composition.
Consequences of variability in the sludge compositions could be addressed by future testing. More details
on the ICV™ technology development and readiness can be found in Appendix F.



PRC-STP-00465, REVISION 0, VOLUME 1
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

3.7 Induction-Heated In-Container Vitrification System

3.7.1 Process Descriptions and Flowsheets

Kurion, Incorporated offered its Modular Vitrification System®4, an inductively heated In-Container
Vitrification (IVS) approach to waste treatment, in response to the request for technology information.
The system is summarized in Figure 3-6. Dilute sludge slurry from an STSC is transferred to the feed
receipt and preparation tank. In the feed receipt and preparation tank, the slurry is mixed with glass
forming materials to create 40 wt% solids slurry.

The melter unit is an induction-heated unit that vitrifies waste in the disposal drum by activating a
sequence of induction coils (and therefore melt zone) from lower to higher elevations. Prior to the
addition of the waste slurry, pure glass former is added to the drum and melted to create an end cap. The
waste slurry is then slowly added to the drum using a metering pump and vitrified. Once the desired
amount of waste slurry has been added to the drum, a second end cap of pure glass is added to the top.
After an IVS container has been filled, it is moved to a cool-down area. Once cool, final compliance
verification is performed and the container is placed in a removable lid canister and moved to temporary
storage.

Supporting processes such as vent gas treatment and process stream supply are also included in the IVS
process. A more detailed flowsheet and process description can be found in Appendix G.

~ —

Melter
Unit

Feed
Receipt and
Preparation
Tank

Metering Pump
Figure 3-6. Simplified Process Flow Diagram for the Induction-Heated IVS Process

3.7.2 Test Results and Uncertainties

No tests were performed as part of the TEAA. At the current time, a privately-funded technology
development and demonstration program is being conducted for the application of the IVS technology to
the Low-Activity Waste (LAW) fraction of Hanford tank waste. Appendix G discusses this ongoing
development program and identifies the incremental test and development activities needed to
demonstrate this technology for treatment and packaging of K Basin wastes.

4 Modular Vitrification System is the registered trademark of Kurion, 2040 Main St., Irvine, CA 92614-7216; all rights
reserved.
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While this technology has not yet been demonstrated at a size and scale needed for treatment of K Basin
sludge, the currently planned engineering scale demonstration for LAW waste is equivalent to full-scale
operations for a K Basin application.

If the privately-funded development and demonstration program is successful, it is possible that an
application of the inductively-heated vitrification might be shown to be feasible, especially if the decision
to move forward into conceptual design of the Phase 2 treatment and packaging system is delayed for a
number of years.

At this time, CHPRC does not recommend that DOE-RL directly fund testing and development of
potential application to K Basin sludge treatment.

3.8 Phosphate Ceramic Hydrogen Inhibitor (Borobond™)

3.8.1 Process Descriptions and Flowsheets

The concept for using chemically bonded phosphate ceramic (Borobond ™) was to bind the metallic
uranium in the ceramic matrix to sufficiently reduce the generation of hydrogen gas. The Phosphate
Ceramic Hydrogen Inhibitor Process (PCIP) using Borobond ™ is summarized in Figure 3-2 given above
(Section 3.0) and follows the general aqueous process template previously discussed. Dilute sludge slurry
from an STSC is delivered batch wise to the CMT. The CMT contents are heated to near the atmospheric
pressure boiling point of water using a steam jacket and water is driven off by evaporation, concentrating
the batch to the desired end point solids concentration. The mixed and concentrated batch is then cooled
and transferred to the LST. The LST is continuously agitated when a sludge batch is present, and is
cooled with a water cooling jacket. Concentrated sludge is transferred to the drumming system in smaller
batches as needed, where it is mixed with the Ceradyne Borobond™ for immobilization and packaged
into drums for final disposal.

Supporting processes such as sweep air, vent gas treatment, cooling water, and process steam supply are
also included in the Borobond™ process. A more detailed flowsheet and process description can be found
in Appendix H.

3.8.2 Test Results and Uncertainties

The limited short term testing of the PCIP using BoroBond ™ demonstrated inadequate performance
during the proof-of-concept testing. Because of this, the technical development status is considered to be
insufficient for further consideration at this time. Process and/or product changes required to achieve
acceptable performance are currently unknown. Hydrogen gas generation of the immobilized sludge
simulant was essentially equivalent to previous PNNL tests evaluating grout and No-Char immobilization
systems with gas generation reduction by a factor of 2-3 [17]. No further work utilizing BoroBond™ as a
method to reduce/eliminate hydrogen gas generation is recommended.

However, BoroBond™ was demonstrated as an effective waste immobilization form with formulations
that showed no bleed water formation or release during the testing period and should be considered in
future Phase 2 project activities to evaluate and select an immobilization agent for K Basin Sludge
material,

3.9 Immobilization of Treated Sludge

The immobilization and packaging steps are important parts of Phase 2 sludge processing. In the current
TEAA, however, the primary emphasis was focused on the process steps associated with preparation for
immobilization. There is substantial nuclear industry experience with vitrification and with Portland
cement-based immobilization, including an earlier project that solidified K Basin North Loadout Pit

3-12



PRC-STP-00465, REVISION 0, VOLUME 1
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

(NLOP) sludge using Portland cement. As part of the TEAA, limited testing was performed on
immobilization using chemically bonded phosphate ceramics (Appendix H) and commercially available
sorbents [17]. Test results, available literature, and vendor contacts indicate that achievable waste
loadings for chemically bonded phosphate ceramics and commercially available sorbents are expected to
be roughly comparable to Portland cement-based solidification. However, it is likely that more detailed
testing will show that there are modest differences in waste loading between these options for specific
overall scenarios. A perceived advantage of the sorbent-based approach is that the product is not a hard
monolith, making removal of product from the drum easier if needed. A potential advantage of
chemically bonded phosphate ceramic and glass from vitrification is that these are higher integrity
product waste forms. However, the increased integrity is not needed to meet current WIPP requirements.

The TEAA also did not perform significant evaluation of Immobilization and Packaging System design,
or operating and maintenance alternatives. The technology evaluations assumed that the immobilization
and packaging system designs are the same for all water-based, or non-thermal alternatives.

Future project activities are needed to perform more detailed evaluations followed by selection of
solidification agents and the overall immobilization and packaging approach to be implemented in the
Phase 2 design.
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4 Evaluation of Alternatives against Decision Plan Criteria

This section provides the evaluation of technology alternatives against the evaluation criteria discussed in
Section 2.1. The initial evaluation began with eight candidate technologies, but two were not carried
forward into the final evaluation based on performance against the initial RFI screening criteria (the
screening criteria were a subset of the Decision Plan Criteria). The PCIP was not successful in producing
a viable flowsheet and therefore could not be evaluated. The IVS system was not included in the final
evaluation because of a lack of sufficient maturity of the technology.

Each of the decision criteria is discussed separately, and the technologies are compared against each
criterion in turn. Section 4.1 gives a compilation of the evaluation considerations developed by the
technical team. Section 4.2 provides an overall evaluation of the technology alternatives by the CHPRC
technical team. Section 4.3 provides evaluations and numerical rankings developed by the DSB.

4.1 Evaluation Considerations
This section provides a compilation of the evaluation considerations used in performing the evaluations.

411 Safety
4.1.1.1 Summary

Opverall safety considerations are dominated by the requirement to handle (agitate, pump, heat, mix, etc.)
the highly radioactive sludge slurry (See Table 4-1). The remote processing equipment is similar in
design, operation, remote maintenance features, and complexity for all alternatives, with a few
exceptions. The SRWOP process includes an immersion mill and milling tank, and the ICV™ process
includes a rotary mixer-dryer. The FROP, PCOP, and NCIP alternatives also require addition of
hazardous chemical reactants and the WWO and SRWOP alternatives require use of inert gas
atmospheres. These are relatively common chemicals that have been routinely used industrially and at the
Hanford site. The ICV™ immobilization approach is somewhat more complex than the others and may be
more prone to spread contamination due to volatilization and entrainment of contaminants into the off-gas
and the associated need to make and break waste feed and off-gas connections for each drum

produced. These differences are expected to be of relatively low importance compared to the overall
hazards of all alternatives.

4.1.1.2 Discussion

Even though these technology approaches are at a very early stage, a hazards consideration review was
completed for the technology alternatives in order to provide input to the cost, schedule, and risk
considerations for the continued alternatives selection process. This hazards consideration evaluation was
completed by a team of representatives from Engineering, Industrial Safety, Fire Protection, Radiological
Control, and Operations within CHPRC [9]. Each alternative was considered individually, and then
resolved into nodes, or specific activities that were considered for “what if” events.

The main considerations in the analysis included:

e Nuclear/process safety

e  Criticality safety

e Industrial safety and hygiene
e Fire protection

The primary identified hazards associated with nuclear and process safety were transfer issues, hydrogen
production rates, and chemical energy. All of these hazards were determined to be controllable for all
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alternatives; no nuclear safety discriminators were identified. All alternatives will require use of a hazard
category 2 facility with shielded process cells, remote operation and maintenance capabilities, and
ventilation systems that assure confinement of radioactive materials.

Potential issues due to criticality were determined avoidable through the use of controls, and no criticality
safety discriminators were found.

The distinguishing industrial hygiene characteristics are related to hazards associated with chemical feed
materials and off-gas, but all hazards were considered manageable.

In terms of fire protection, WWO and NCIP were determined to have less complex flammability issues.
FROP, PCOP, NCIP and possibly ICV™ will all require chemical management areas. However, there are
no significant fire protection challenges that would eliminate any of the alternatives.

A more detailed description of the hazards consideration review including a list of all hazards considered
can be found in Reference 9. Table 4-1 summarizes the safety considerations for each alternative.
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Table 4-1. Safety Considerations of Technology Alternatives

Technology Alternative

Safety Considerations

Warm Water Oxidation (WWO)

Advantages

 No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.

e No chemical additives required.

Disadvantages

e Relatively long processing time results in longer risk period.

Fenton’s Reagent Oxidation Process (FROP)

Advantages

* No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.

e Relatively short operating period.
e Inert gas blanketing not required.
e Minimum material at risk (MAR)/inventory of sludge.

Disadvantages

e Use of reactive/hazardous chemical additives (30 % hydrogen peroxide) is required. Required
chemicals are in use elsewhere at Hanford and for general industrial use.
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Technology Alternative Safety Considerations

Peroxide and Carbonate Oxidation Process Advantages
el * No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.
e Moderate operating period.
e |nert gas blanketing not required.
e  Minimum material at risk (MAR)/inventory of sludge.

Disadvantages

e Use of reactive/hazardous chemical additives (50 % hydrogen peroxide) is required. Required
chemicals are in use elsewhere at Hanford and for general industrial use.

Size Reduction and Water Oxidation Process Advantages
(SRWOP)
* No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.
e Relatively short operating period.
e  Minimum material at risk (MAR)/inventory of sludge.
Disadvantages

e Use of high speed rotating equipment (immersion mill).

e  Use of pressurized water for eductor.
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Technology Alternative

Safety Considerations

Nitrate Chemical Inhibitor Process (NCIP)

Advantages

* No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.

e Relatively short operating period.

e Inert gas blanketing not required.

e  Minimum material at risk (MAR)/inventory of sludge.
Disadvantages

e Use of potentially hazardous oxidizer (sodium nitrate). Required chemicals are in use elsewhere at
Hanford and for general industrial use.

In-Container Vitrification (ICV™)

Advantages

* No significant safety hazards have been identified beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of the highly radioactive K Basin sludge slurries.

e Small radionuclide inventory in process equipment other than the primary receipt vessel.

Disadvantages

e High temperature (~1300 °C) process at near atmospheric pressure.

e Relatively long processing time results in longer risk period.
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41.2 Regulatory/Stakeholder Acceptance
4.1.2.1 Summary

All identified options appear to meet the requirements of the K-Basin amended record of decision (see
Appendix N). The FROP, SRWOP, and NCIP alternatives may be viewed favorably by stakeholders
because of the expected shorter operating duration to complete the mission. The WIPP representative on
the Decision Support Board identified an open issue concerning the acceptability of retaining metallic
uranium in the waste form, with the potential of an ongoing metal-water reaction, which could result in a
chemical incompatibility concern. With the possible exception of the NCIP, all alternatives are expected
to be able to meet WIPP acceptance requirements and RH-TRAMPAC transportation requirements.

4.1.2.2 Discussion

Analysis by CHPRC showed no significant regulatory or stakeholder concerns for any of the six
alternatives. Potential discriminators identified were the time to treat and package the sludge, cost
effectiveness, and the potential need to eliminate PCBs from the final waste form. All technology
approaches were determined to be consistent with the existing K-Area CERCLA Record of Decision (see
Appendix N).

Input from the WIPP representative during the DSB workshop discussions highlighted the principal issues
with the alternative technical approaches from the WIPP waste acceptance criteria perspective’.
Demonstrating compliance with WIPP’s “non-reactive/chemically stable” criterion for the NCIP was also
identified as a potential issue. While the generation of hydrogen gas is effectively inhibited, the
underlying uranium metal oxidation continues as long as water is present. WIPP representatives expressed
a willingness to work with the STP to achieve compliance for waste forms, and the requirements to
demonstrate compliance are negotiable. The number of drums produced is not a discriminator among the
alternatives considered, but WIPP may prefer a shielded 30 gallon drum to the base case 55 gallon drum
since the contact-handled shielded drum provides more flexibility in the transportation and waste disposal
operations at WIPP. It is not clear how much, if any of the K-Basin sludge material can be efficiently
packaged in the contact-handled shielded drum and still meet the surface dose rates required (200
mR/hour at all surfaces).

41.3 Technical Maturity
4.1.3.1 Summary

All of the six retained alternatives have successfully completed proof-of-principle testing and are
expected to be capable of successful development and implementation to meet mission needs. The
overall process systems contain a large number of systems, subsystems and components, some of which
are not well defined at the current stage of process design. As such, the overall technical maturity is not
very advanced. Due to past project activities more testing and engineering work has been performed on
the WWO process than the other alternatives.

4.1.3.2 Discussion

The technical maturity of each of the six candidate technologies was assessed to provide assurance that
each technology can be successfully implemented in a reasonable time at a reasonable cost. Each
technology was first broken down into its main process functions. The technology readiness level (TRL)
of each of these functions was then estimated. Based on their main process functions, each technology
was classified as either a non-thermal system or a thermal system (ICV ™). The summary findings related
to the technical maturity of each type of system are given in Tables 4-2 and 4-3.

5 Eric D’Amico, personal communication, May 11 2011.
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The non-thermal technology alternatives are WWO, FROP, PCOP, SRWOP, and NCIP. The generic
functions of each of these non-thermal systems are: sludge receipt, preparation for immobilization, lag
storage of prepared sludge, sludge immobilization, drum handling and storage, and process support. Table
4-2 summarizes the estimated technical maturity of these various functions for the non-thermal
technologies. Table 4-3 summarizes the estimated technical maturity of the various ICV "™ functions.
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Table 4-2. Estimated Technical Readiness of Generic Non-Thermal Process Functions

Function TRL TRL Basis Uncertainties
Sludge Receipt 4 Basic slurry transport similar to Phase 1 activities Slurry transfer control
Preparation for 3 Proof of principle testing demonstrated key step: Technology-specific
Immobilization oxidat!on of U metal with water (WWO, SRWOP), Design optimization
oxidation of U metal (FROP), oxidation of U metal e
(PCOP), size reduction of U metal simulant (SRWOP), Impact of sludge variability
hydrogen suppression by nitrate addition (NCIP)
Prior STP testing of sludge slurry transfers.
Limited evaluation of available off-gas measurement
instruments for determining the reaction end point.
Balance of functions are common industrial processes
(agitation, evaporation, etc.)
Lag storage of 3-4 Gamma radiation measurement to estimated curie Accuracy of determining actinide content
prepared sludge content has been used industrially. based on gamma dose measurements is
Prior STP testing of metering pumps for sludge slurry uncertain.
transfers.
Balance of functions are
common industrial processes (agitation, evaporation,
etc.)
Immobilize Sludge 4-5 Portland cement based immobilization is a common Routine system integration and design
industrial process. issues: remote maintenance including
Performed successfully at full scale for K Basin NLOP recovery from failures, contamination
sludge control.
Substantial past testing on grout formulation has
demonstrated that liquid can be reliably eliminated.
Container Handling Probably Gamma radiation measurement to estimated curie Accuracy of determining actinide content
and Storage 2-4 content of drummed waste has been used industrially. based on gamma dose measurements is

uncertain.
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Function TRL TRL Basis Uncertainties

2-3 * Remote drum closure methods -- Remote drum closure *  Remote equipment design/testing
has been demonstrated at non-integrated scale only, for
similar application [Alpha-Caissons]

Process Support 5 * Vessel vent system is standard industry practice *  Development of inputs defining treatment
(nothing novel) scope deferred
2-3 + Standard industry proven remote maintenance methods *  Remote equipment design/testing

are expected to be used.
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Table 4-3. Estimated Technical Readiness of ICV™ Primary Functions

Function TRL TRL Basis Uncertainties
Sludge Receipt 2-3 Basic slurry transport similar to Phase 1 Slurry transfer control from large storage
activities vessel to small batch vessel
Assay methods not investigated Assay control of transfer to dryer
Preparation for Immobilization 4 Dryer performance tested at full scale using Performed with physical simulant
simulant . L
Dryer design optimization
Impact of sludge variability
Immobilize Sludge 4 ICV™ tested at full scale using simulant Test may not represent actual glass former
selected
Laboratory scale crucible tests
Full scale test performed with physical
simulant
Thermal analysis may change crucible size
Container Handling and Storage 2-3 Assay methods not investigated Potential non-uniform distribution of
radionuclides
Process Support 2-3 Analogous off-gas treatment systems Development of inputs defining treatment

designed/tested

Remote system maintenance systems
undefined

scope deferred

Remote equipment design/testing
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41.4 Operability and Maintainability
4.1.4.1 Summary

All alternatives have similar issues with regard to operability and maintainability. There are not large
differences in O&M for the alternatives under consideration. The shorter processing duration largely
offsets the additional operational complexity of chemical additions or size reduction for FROP, SRWOP,
and NCIP alternatives. The ICV™ process has a little more complexity and increased potential for spread
of contamination without the offsetting benefit of a shorter processing duration. Similarly, the PCOP has
more complexity and requires hazardous chemical addition with only a small reduction in operating
duration.

4.1.4.2 Discussion

The factors relevant to a technology’s inherent operability and maintainability include, but are not limited
to: ease of implementation; ease of operations and process control; incremental personnel safety programs
(chemical process safety training and qualification, PPE, etc.); process stability, flexibility, and
robustness; ease and frequency of maintenance; generation of primary and secondary waste streams
compliant with Hanford Site waste acceptance criteria; and as-low-as-reasonably-achievable (ALARA)
considerations. Table 4-4 lists key evaluation considerations related to the O&M criterion for each of the
candidate technologies.

The remote process equipment associated with preparation for immobilization is similar in design,
operation, remote maintenance features, and complexity for all alternatives, with two exceptions:

1. The SRWOP process includes an immersion mill and milling tank.

2. The ICV™ process includes a rotary evaporator and a more complex offgas system than other
alternatives.

The FROP, PCOP, and NCIP alternatives also require addition of hazardous chemical reactants and the
WWO and SRWOP alternatives require addition of nitrogen to provide an of inert gas atmosphere in the
reaction tank. Three alternatives (SRWOP, FROP, and NCIP) have relatively short process operating
durations, which is expected to reduce the amount of maintenance needed for the contaminated equipment
over the life of the project.

With the exception of ICV™, all the alternatives use conventional solidification typified by use of dry
additives and a lost paddle in-drum mixing approach. The ICV™ approach uses high temperature to
drive off water, oxidize uranium, and solidify the waste as a glass. Operationally, the ICV™
immobilization approach is expected to be more difficult due to volatilization and entrainment of
contaminants into the off-gas and the associated need to make and break waste feed and off-gas
connections for each drum produced.
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Table 4-4. O&M Considerations of Technology Alternatives

Technology Alternative

O&M Considerations

Warm Water Oxidation (WWO)

The treatment system will use proven, familiar, remote equipment designs concepts. No special or unusual
equipment concepts are needed beyond those typical for handling and processing highly radioactive slurries.

No additional chemical handling is required.

The total processing time is very close to the 5 year criterion, leaving little room for adjustment in retrieval schedule
or unexpected downtime.

Fenton’s Reagent Oxidation
Process (FROP)

Short process operating time (<2 years) results in low operating time on agitators, less erosion of agitators and
tank walls, less wear and tear on equipment, and less sensitivity to down time for maintenance of Receipt and
Reaction Tank related components.

Short estimated processing time provides more allowance for downtime or process performance problems and still
meet the 5 year window.

The FROP product is expected to be in a high oxidation state, eliminating pyrophoric material and reduced
potential for post drumming expansion due to oxidation of UOa.

The treatment system will use proven, familiar, remote equipment design concepts. No special or unusual
equipment concepts are needed beyond those typical for handling and processing highly radioactive slurries.

The FROP equipment is very flexible and can also be used for several other process options with minimal
modifications.

Expected to require upgraded corrosion resistant materials of construction due to potential corrosion problems with
Cl present.
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Technology Alternative

O&M Considerations

Peroxide and Carbonate Oxidation
Process (PCOP)

Reduced process operating time (<4 years) results in less operating time on agitators, less erosion of agitators and
tank walls, less wear and tear on equipment, and less sensitivity to down time for maintenance of Receipt and
Reaction Tank related components.

The PCOP product is expected to be in a high oxidation state, eliminating pyrophoric material and reduced
potential for post drumming expansion due to oxidation of UO,.

The treatment system will use proven, familiar, remote equipment designs concepts. No special or unusual
equipment concepts are needed beyond those typical for handling and processing highly radioactive slurries.

The PCOP equipment is very flexible and can also be used for several other process options with minimal
modifications.

More evaporation steps and more condensate produced due to the relatively large amount of peroxide added.

Size Reduction and Water
Oxidation Process (SRWOP)

The treatment system will use proven, familiar, remote equipment designs concepts. No special or unusual
equipment concepts are needed beyond those typical for handling and processing highly radioactive slurries.

Short process operating time (<2 years) results in low operating time on agitators, less erosion of agitators and
tank walls, less wear and tear on equipment, and less sensitivity to down time for maintenance of Receipt and
Reaction Tank related components.

The short estimated processing time provides more allowance for downtime or process performance problems and
still meets the 5 year window.

Elimination of large/heavy particles is expected to reduce erosion of agitators, pumps, tanks, and piping, and is
expected to allow more uniform mixing. Could improve assay accuracy.

The SRWOP equipment can also be used for the WWO process without modification.
More complex equipment and operations.

Milling Tank equipment may need increased maintenance.
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Technology Alternative

O&M Considerations

Nitrate Chemical Inhibitor Process
(NCIP)

The treatment system will use proven, familiar, remote equipment designs concepts. No special or unusual
equipment concepts are needed beyond those typical for handling and processing highly radioactive slurries.

Short process operating time (<2 years) results in low operating time on agitators, less erosion of agitators and
tank walls, less wear and tear on equipment, and less sensitivity to down time for maintenance of Receipt and
Reaction Tank related components.

The short estimated processing time provides more allowance for downtime or process performance problems and
still meet the 5 year window.

The NCIP equipment can also be used for the WWO process with minimal modification to add nitrogen blanketing.

Requires handing of a chemical oxidizer (sodium nitrate).

In-Container Vitrification (ICV™)

The systems to prepare the waste for immobilization will use proven, familiar, remote equipment designs concepts.
No special or unusual equipment concepts are needed beyond those typical for handling and processing highly
radioactive slurries.

Production scale equipment is relatively small.

Designs for remote operation/remote maintenance of the immobilization step are not currently available.
High temperatures require additional precautions and operations considerations.

Contaminants volatilized at the higher temperatures require additional handling capabilities.

The production of powders and other friable and dispersible materials in the process makes the physical handling
of this material more difficult than flowing slurries, and may increase problems with contamination control.
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4.1.5 Life-cycle Cost and Schedule
4.1.5.1 Summary

The FROP, SRWOP, and NCIP alternatives are expected to offer moderately lower life cycle costs and
moderately shorter schedule than the other alternatives. The other three alternatives (WWO, PCOP, and
ICV™) are essentially equal relative to the life cycle cost and schedule. The capital project costs and
schedules are expected to be essentially equal for all alternatives, while the differences in life cycle cost
and schedule are primarily associated with differences in operating duration.

4.1.5.2 Discussion

Comparative cost estimates were developed for each alternative, including costs for technology
development, design, construction, operation, and deactivation of the treatment and packaging facility
(see Appendix O). The cost estimates also include recovery and movement of the loaded STSCs from T
Plant to the Phase 2 Treatment facility, receipt of the STSCs at the Phase 2 facilities, and preparation for
the sludge retrieval operations. After the STSCs are emptied they are decontaminated as necessary, and
grouted for disposal at ERDF. The cost estimates exclude on-site transportation and storage of filled
drums, final packaging and shipment to WIPP, and final decontamination and demolition of the
processing facilities. The cost estimates range from $485 million to $710 million. The estimate is
AACEI Class 5 which gives a -50% / +100% range as shown in Figure 4-1.
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Figure 4-1. Comparative Life-Cycle Cost Estimates for Proposed Technologies

The schedules of activities for all the technologies are similar up to the beginning of operations. These
activities are the conceptual design, preliminary design, final design, and construction. The total duration
of these activities is estimated at 11 years. The total lifecycle duration includes engineering (conceptual
through final), testing, procurements, construction, readiness, operations, and deactivation. The estimated
total duration for each technology is given in the following Figure 4-2.

Present Net Worth evaluations consistent with EPA OSWER 9355.0-75 and OMB circular A-94 were
completed, but due to the early nature of the design, costs estimates, schedule estimates and the resultant
uncertainties in the key parameters, only minor differences in present net worth was identified between
the alternatives.
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The Present-Net-Worth comparison is shown in Figure 4-3. As shown SRWOP and NCIP had the lowest
Present-Net-Worth of $364M, followed by FROP and PCOP at $383M and $461M. WWO and ICV™
were both evaluated at $500M Present-Net-Worth. At the early state of project definition for these
alternatives, these evaluated deltas were not felt to be significant.

Details of the cost and schedule evaluations are discussed in Appendix O.
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Figure 4-2. Total Duration for Each Proposed Alternative
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Figure 4-3. Present-Net-Worth for Each Proposed Alternative

4.1.6 Potential Integration with STP - Phase 1 Activities
4.1.6.1 Summary

All of the processes were found to be compatible with the Phase 1 design concept, and no discriminators
across the alternatives were identified.

4.1.6.2 Discussion

The six technology alternatives were evaluated based on their potential for beneficial integration with the
ECRTS in the ongoing STP — Phase 1 work. It was found that ECRTS has design features and technology
to support integration with Phase 2. All of the processes were found to be compatible with the Phase 1
design concept, and no discriminators across the alternatives were identified.

As the Phase 2 conceptual design efforts begin, continued close integration with the Phase 1 project needs
to continue. In particular the Phase 2 project needs to integrate with the Phase 1 project with respect
STSC design, actual results from the Phase 1 retrieval and STSC loading operations, achieved sludge
loading and inventories in each STSC, updated sludge characterization data from both laboratory and
waste transfer operations, quantification of the use of flocculating agents to facilitate settling time cycles
within the STSC, and operational experience with the XAGO EC sludge retrieval tool and testing of
STSC sludge removal tools.

4.1.7 Potential for Integration with Site-wide RH-TRU Processing
4.1.7.1  Summary

A variety of RH-TRU waste container types are present at the Site, including large, heavy containers,
small (1 gallon) containers, and drums. The wastes contained in these containers range from debris such
as process equipment, PPE, piping, and HVAC ductwork to sludge from process tank heels and settling
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tanks (see Appendix M). In order to dispose of these wastes, processes are needed to repackage and size-
reduce debris, sort remote-handled waste from other debris, radiography and assay TRU containers, sluice
tank contents, solidify sludge, and load into shipping containers.

It is anticipated that solidification and containerization of other waste streams will be the only treatment
needed for other Hanford Site RH-TRU wastes. Depending on the final design of the Phase 2 sludge
treatment system, there is potential for integration of the facility and support systems, and specific
elements such as solidification of RH-TRU sludges and decontamination solutions from processing RH-
TRU solid waste , radiography/assay of containers, and shipping. An assessment of additional K Basin
RH-TRU wastes (See Appendix 1) indicates that all alternatives are capable of processing these specific
identified wastes. The technical team identified small potential or hypothetical differences in flexibility
of individual alternatives to process additional waste types (Table 4-5 below). However, within the
uncertainty of available information, it is not clear that there are significant differences between the
alternatives.

4.1.7.2 Discussion

At least 12 additional potential RH-TRU or transuranic mixed waste streams (see Appendix M) at the
Hanford Site have been identified. Depending on the pre-conceptual facility concept, some or all of these
streams might be considered for processing in the same facility that is used for processing and packaging
K Basins Sludge. Two of those streams, KW Basin garnet filter material that will be retrieved and stored
in STSCs in T Plant and KE NLOP stored in large diameter containers in T Plant, are discussed in more
detail in Appendices K and L. Appendix M gives an overview of such streams and their potential for
treatment in the same facility as that used for K Basins Sludge. The primary K Basin sludge processing
requirements include the following capabilities:

e Operate in a nuclear facility with confinement, ventilation, and hazard category 2 rating
e Receive waste in storage and transportation containers from interim storage

e Transfer waste from the container to the process

e Process waste

e Characterize treated waste

e Package processed waste

e  Certify waste package

e Load WIPP acceptable waste package into shipping container

These functional requirements were then compared with the requirements for treatment and packaging for
the other twelve identified RH-TRU waste streams. The main functions in common were found to be the
need for a qualified category 2 nuclear facility, the need to package the waste, and the need to certify the
waste for shipment. There was little need for expanded treatment functions for most of the other waste
streams. Exceptions include the KW garnet filter media and the KE NLOP and sand filter media, which
will require the type of processing required for K Basins Sludge. As a result, the ability to process other
identified RH-TRU was not a distinguishing feature for the processing part of the various technologies
under consideration.

It was also noted that the schedule for processing these other streams were either slightly ahead of or
concurrent with the projected schedule for K Basins Sludge. These scheduling considerations gives rise
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to the need to develop a facility design strategy that would provide a facility that could process both the K
Basins Sludge material and the other RH-TRU streams. Four such strategies were discussed:

e Design a category 2 nuclear facility with the necessary remote handling capabilities, processing
equipment, and packaging methods to handle the other RH-TRU streams. Use removable or modular
equipment that can be removed so that K Basins Sludge processing equipment could be installed and
the other RH-TRU processed next. The order could be reversed, i.e. other RH-TRU first, followed by
K Basins Sludge.

e Design a facility for K Basins Sludge so that annex(es) could be added to support packaging of other
RH-TRU.

e Design a facility large enough to simultaneously process both K Basins Sludge and the other RH-
TRU.

e Requalify and upgrade an existing facility to process K Basins Sludge, as well as other RH-TRU.

The specific facility strategy needs to be clearly defined in order to complete the facility conceptual
design, demonstrate adequate TRL of performance, and establish an achievable Phase 2 baseline
schedule, if the same facility is to be used for other RH-TRU.
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Table 4-5. Integration of Technology Alternatives with Site Wide RH-TRU Processing

Technology Alternative

Evaluation Considerations for Integration with Site-wide RH-TRU Processing

Warm Water Oxidation (WWO)

Advantages

e The process is capable of processing additional K Basins TRU waste streams that have been identified. Other than
the additional K Basins wastes, no specific RH-TRU streams have been identified for integration at this time.

Disadvantages

¢ None noted

Fenton’s Reagent Oxidation
Process (FROP)

Advantages

e Upgraded material requirements to allow for moderate chloride levels provide added flexibility for chemical treatment
and processing other waste streams (sludge, decontamination solutions, etc.).

e The process is capable of processing additional K Basins TRU waste streams that have been identified. Other than
the additional K Basins wastes, no specific RH-TRU streams have been identified for integration at this time.

e The chemical oxidation system will destroy many organics, which could be useful in processing other waste streams.

Disadvantages

e None noted

Peroxide and Carbonate
Oxidation Process (PCOP)

Advantages

e The chemical oxidation system will destroy many organics, which could be useful in processing other waste streams.

e The process is capable of processing additional K Basins TRU waste streams that have been identified. Other than
the additional K Basins wastes, no specific RH-TRU streams have been identified for integration at this time.

Disadvantages

¢ None noted
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Technology Alternative Evaluation Considerations for Integration with Site-wide RH-TRU Processing

Size Reduction and Water Advantages

Cidation Process: (SRIWOF) o Availability of size reduction equipment may increase flexibility for processing other waste streams (granular

materials, sludge, decontamination solutions, etc.)The process is capable of processing additional K Basins TRU
waste streams that have been identified. Other than the additional K Basins wastes, no specific RH-TRU streams
have been identified for integration at this time.

Disadvantages

¢ None noted

Nitrate Chemical Inhibitor Advantages

Process (NCIF) e The process is capable of processing additional K Basins TRU waste streams that have been identified. Other than

the additional K Basins wastes, no specific RH-TRU streams have been identified for integration at this time.

e Could be applicable to other (unidentified) wastes with high radiolytic hydrogen gas generations to reduce hydrogen
generation rate during shipment.

Disadvantages

None noted

In-Container Vitrification (iCv™)  Advantages

e Thermal processes established as BACT for a wide variety of waste constituents, which may have broader
application beyond K Basin sludge.

Disadvantages

e None noted
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4.2 CHPRC Technical Team Conclusions

Based on the CHPRC technical team evaluation conducted over the last 18 months, the WWO, FROP,
SRWOP, and NCIP were found to be superior to the other alternatives. In the case of WWO this is
primarily because of more advanced technical maturity. For the other three this is primarily because of
significantly shorter operating duration with associated improvement relative to the cost, schedule, and
O&M evaluation criteria. The FROP, SRWOP, and NCIP alternatives each currently have uncertainties or
risks that would preclude their selection as the sole option to be carried forward; however, resolution of
these risks is expected to be feasible in within a moderate period of time. There are at most minor
differences between alternatives relative to the evaluation criteria for safety, regulatory/stakeholder
acceptance (except for NCIP), integration with STP — Phase 1 Activities, and integration with Site wide
RH-TRU processing.

The similarity between process equipment for the four favored alternatives was noted by the technical
team. If relatively minor flexibility features are included, the same process equipment is expected to be
capable of running any of these processes.

The approach suggested by the CHPRC technical team is to continue to pursue all of these four
alternatives, at least on an interim basis. The WWO is considered to be the baseline case with the most
confidence. The SRWOP is basically an enhancement of the WWO process that adds a front end size
reduction step that is expected to significantly improve performance (reduce operating time) and reduce
technical difficulties related to transfer and mixing of coarse and fast settling particles in the sludge. If
development of the size reduction step fails or is found to be far more difficult or expensive than
expected, the process could revert to the basic WWO process. The FROP is expected to substantially
reduce the reaction time and overall processing schedule compared to WWO, however, the risks and
uncertainties associated with its chemistry and potential effects on materials of construction remain to be
evaluated. If development of the FROP fails or is found to be far more difficult or expensive than
expected, the process could revert to the basic WWO process using the same equipment. The NCIP is
expected to reduce time required to prepare each sludge batch for immobilization and therefore the
overall processing schedule compared to WWO, however, there are uncertainties concerning its
regulatory acceptance and its long term performance if the drummed waste is subject to extended storage
prior to shipping. If development of the NCIP fails or is found to be far more difficult or expensive than
expected, the process could revert to the basic WWO process using the same equipment.

4.3 DSB Evaluations and Recommendations

To provide an independent evaluation of the alternative technology approaches, CHPRC commissioned a
DSB to review the technical alternative data and provide recommendations to CHPRC regarding the
preferred technology approach, as well as the identification of significant risks and mitigation actions for
those risks.

4.3.1 Decision Support Board Evaluations

The DSB was convened as described in Section 2.4 and used a facilitated decision process based on a
MAU methodology. Several STP SMEs delivered 14 presentations that ranged from sludge
characterization, Phase 2 technology evaluations and alternative analysis, primary treatment and
packaging requirements, to the baseline project assumptions, six technology alternatives, other
technologies considered but not evaluated, and the project sensitivity analysis.

Following the SME presentations, the seven evaluation criterion presentations were delivered. After each
criterion presentation and respective observations and inputs, the facilitator led the DSB to evaluate and
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rate each alternative against each criterion. The total ranking values for each of the technologies are
given in the Figure 4-4.

After completion of the initial criteria evaluation matrix, the DSB reviewed the results, which were based
on the pre-workshop draft criteria weighting factors and conducted a sensitivity analysis by adjusting
weighting factors for the various criteria. Based on review of the second evaluation matrix, the DSB
concluded the weight changes did not change the ranking.

The results show WWO and SRWOP with the highest scores, while PCOP and ICV ™ received the lowest
scores. The NCIP and FROP ranked in the middle.
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Fentons Reagent

Ammonium
Carbonate/Peroxide
Size Red. And Water
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Nitrate Inhibitor Process 675

In-Container Vitrification
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Figure 4-4. Total Ranking Values for Each Technology

4.3.2 DSB Recommendations

The technology approach recommended by the DSB team is to use Warm Water Oxidation (WWO) as a
technical baseline and continue work to develop SRWOP and FROP processes as alternatives to
potentially enhance the baseline. If implemented, these recommendations would result in development
and demonstration of these three technologies during conceptual design for STP Phase 2 to achieve TRL-
4 in support of Critical Decision 1 (CD-1). As an adjunct to the continued work to develop these
technologies, the DSB recommended resolution of the outstanding regulatory issue identified during the
DSB deliberations with NCIP. The DSB also identified direct sludge drying as a potential method of
meeting requirements to ship the waste to WIPP without the necessity of oxidizing the uranium metal in
the sludge. While there were technical uncertainties with this approach, the DSB recommended
evaluation of the feasibility of this approach, along with discussions with WIPP regarding previous
experience with drying as a stabilization method.

In addition, the DSB recommended maintaining a flexible conceptual design approach, including
definition of functions and requirements to facilitate other site RH-TRU waste, which was specifically
called out in the overall path forward.
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The DSB risk mitigation recommendations centered on technology development, maintaining remote
operating systems, and aggressive RH-TRU drum production. Technology development risk mitigation
recommendations included:

e Focus on in-process sludge assay instrument testing to confirm the ability to accurately assay sludge.

e Consider the potential to remove part of the final waste form from a drum and/or mix and match
drums in order to meet fissile gram equivalent limits.

e Evaluation/development of methods for determining completion of the uranium metal oxidation
reaction.

e Evaluation/development of methods for sludge mixing/suspension.

In summary, the overall path forward recommended by the DSB calls for proceeding into conceptual
design with the recommended technology approach while implementing the risk/vulnerability mitigation
actions. This would include a schedule for implementation decisions. Specific activities include priority
technology bench scale demonstrations, a siting study, evaluation of advanced assay methodologies, and
evaluation of the potential to mix waste streams. The path forward also called for a joint DOE (Richland
and Carlsbad offices), CHPRC, and WIPP workshop to determine requirements and potential options
regarding transport and disposal of RH-TRU in the WIPP.

4.3.3 Implementation Risks and Uncertainties

The DSB identified three main areas of risks and vulnerabilities. They consist of the following:

e Level of process technology development
e Maintaining remotely operated systems
e Aggressive RH-TRU drum production rate of 3 drums/day of the final waste form

The DSB also suggested methods for mitigating the identified risks and vulnerabilities.

The technology development risks and vulnerabilities consisted of in-process sludge assay, determination
of when the uranium metal oxidation is complete, and sludge mixing and suspension. In order to mitigate
the risks associated with the development of an adequate in-process sludge assay system, the DSB
recommended that a survey of potential vendors be completed and several candidate instruments be
selected. Testing of candidate instruments would be conducted to determine the best performance for this
application. Also to mitigate the sludge assay risk, the DSB recommended the development of the ability
to remove part of the final waste form from the drum and to be able to mix and match drums. In order to
mitigate the risks associated with the determination of when the uranium oxidation is complete, the DSB
recommended also qualifying the process on the operational time and temperature controls so that the
reliance solely on process instrumentation could be bypassed if required. In order to mitigate the risks
associated with sludge mixing and suspension, the DSB recommended developing appropriate simulants
and to conduct full-scale testing of the mixing and transfer systems prior to incorporation into the final
design.

In order to mitigate the risks associated with maintaining remotely operated systems, the DSB
recommended applying the design lessons learned from other DOE sites, as well as foreign sites where
remote handling was used in similar processes (e.g., Sellafield, LaHague). They also recommended that
the project acquire expertise in remote handled equipment maintenance. They further recommended
maintaining adequate spare parts in order to minimize downtime during maintenance and equipment
change-outs.
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In order to mitigate the risks associated with an aggressive RH-TRU drum production rate, the DSB
recommended applying lessons learned in design from other DOE sites, as well as foreign sites where
remote handling was used in similar processes (e.g., Sellafield, LaHague). They also recommended
making improvements in process sludge assay accuracy to reduce the drum count (through a lower total
measurement uncertainty). This would result in a lower number of total drums required, which would
translate into a lower production rate or acceptable TOE in order to process the same amount in a given
period of time. They further recommended that consideration be given to running parallel lines to
increase throughput.

Taken together, the mitigation steps described above would lower the overall level of risks associated
with developing a final design, constructing the facility, and operating it successfully to complete the
mission.
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5 CHPRC Recommendation

The CHPRC recommendation has been built utilizing technical and programmatic inputs from the DSB
and the CHPRC technical team. WWO, FROP, and SRWOP are identified as an attractive suite of
technologies to be further developed as a basis for conceptual design. Most of the required process
equipment, associated technology, and technology development needs are essentially identical for these
alternatives. If limited flexibility features are included in the process system design, this would allow
any of these processes to be operated. Therefore, considering the potential for large benefits from
SRWOP and/or the FROP, continued parallel development of all three is a desirable approach. NCIP
remains a simple and attractive option if the uncertainties concerning regulatory acceptance can be
resolved. The DSB also suggested that the feasibility of direct drying be evaluated further. Additional
information on both the technical feasibility and the regulatory acceptance of NCIP and sludge drying are
needed for evaluation of these approaches as viable alternatives.

The DSB team provided path forward recommendations to deal with technical and programmatic risk that
have been incorporated into the CHPRC recommendation.

5.1 Recommended Technical Approach

This section discusses the CHPRC recommendation to DOE-RL for the Technical Approach for Phase 2
Treatment and Packaging of the K Basin Sludge Material. Based on the results of this TEAA evaluation,
CHPRC believes that the Technical Approach that has the best chance of successful implementation with
a predictable cost and schedule is the development, design, and implementation of Warm Water
Oxidation as the technical baseline to oxidize the uranium metal remaining in the K Basin Sludge material
prior to immobilization and certification as RH-TRU waste for disposal in WIPP.

Recommendation 1: Develop, Design, and Implement the Warm Water

Oxidation Process as the technical baseline for the Phase 2 Treatment and
Packaging Project.

Proceeding into conceptual design utilizing WWO as the baseline technology provides DOE with the
following key benefits:

e Most mature technical basis, with available water oxidation testing data with real K-Basin sludge

e No significant chemical additions, simplifying the process design and eliminating operational
requirements for chemical management facilities, training and qualification programs, and providing
PPE to workers for those chemical receipt, handling, and transfer operations.

e Operation at less than atmospheric pressure simplifies safety controls and confinement features
e A reasonable processing schedule, with opportunity for further optimization

e Proposed processing equipment can be designed to implement a range of other processes, further
reducing risk

To further reduce the residual implementation risk, and to enable potential significant reductions in the
projected operations schedule, CHPRC recommends that a parallel development and demonstration of the
SRWOP and FROP be carried out with an objective to achieve demonstration of TRL-4 in the same
timeframe as the WWO baseline conceptual design. This recommendation is consistent with the DSB
recommendation discussed in Section 4.3.



PRC-STP-00465, REVISION 0, VOLUME 1
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Recommendation 2: Conduct Parallel development and demonstration of

the Size Reduction Process through TRL-4 Demonstration.

SRWOP has a number of positive impacts on the overall WWO process. The reduction in the maximum
uranium metal particle from 0.25” to less than 100 microns results in a substantial reduction in the time
required to complete oxidation and could reduce the sludge treatment schedule by 2-3 years. The size
reduced slurry will be much easier to transfer, agitate, assay, and incorporate into a homogeneous final
product form.

Recommendation 3: Conduct Parallel development and demonstration of

the Fenton’s Reagent Process through TRL-4 Demonstration.

The FROP also has a significant impact on the uranium metal oxidation rate, and could reduce the sludge
treatment schedule by 2-3 years. While a complete understanding of the detailed process chemistry
remains to be developed, it appears that FROP will oxidize both the uranium metal and the uranium oxide
compounds present to the highest oxidation state. This would place all the uranium present into the
lowest density chemical form and eliminate any concerns regarding swelling that might occur post
packaging due to ongoing oxidation of uranium oxides.

If either one of the enhancement pathways is successfully demonstrated, it would be incorporated into the
project baseline to realize the 2-3 year operations schedule reduction and the significant operational cost
reduction resulting from these improvements.

Recommendation 4: Resolve outstanding regulatory issues regarding NCIP

and determine the technical feasibility of Direct Sludge Drying.

As an adjunct to the above recommendations, further evaluations should be conducted of the NCIP and
sludge drying as potential technologies that might meet the requirements for shipment to WIPP without
the oxidation of the uranium metal in the sludge. The potential waste acceptance compliance issues and
technical feasibility with the NCIP and direct sludge drying should be discussed with WIPP to determine
if there is any advantage to continue development and demonstration of these processes.

5.2 Mitigation of Residual Risk and Vulnerabilities

While CHPRC has high confidence in the recommended path forward, normal development and
demonstration activities to support the Phase 2 Conceptual Design are required, along with the
development and demonstration of SRWOP and FROP.

Uncertainties in the interpretation and application of requirements contained within the WIPP RH-
TRAMPAC and the WIPP WAC need to be resolved prior to the start of or early in the conceptual design
process. This will assure that the functions and requirements for the Phase 2 project will include a clear
definition of all the necessary performance requirements.

Once the RH-TRAMPAC and WAC requirements are clarified, the Phase 2 project should proceed with a
demonstration and selection of the desired waste immobilization approach. Currently, CHPRC has
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identified that selected grout formulations, Aquaset n*’ clay absorption, and BoroBond™ (magnesium
phosphate low temperature ceramics) can successfully immobilize the oxidized sludge material without
the formation of unacceptable bleed water during storage and transportation of the immobilized sludge.
Selected No-Char agents have been used at other sites to achieve a similar immobilization of stable waste
materials.

The primary outstanding technical risk for the Phase 2 STP is the successful development, demonstration,
and design of the remote handling and remote maintenance systems necessary to complete the packaging,
immobilization, and assay of the immobilized RH-TRU waste package. While there are examples of
remotely operated and contact-maintained systems for immobilization and packaging of radioactive
wastes, there are few examples of waste packaging systems that are both remotely operated and remotely
maintained. Primary examples identified are the massive high level fuel and waste processing facilities in
the US and elsewhere in the world. These remotely operated and maintained systems have been deployed
in large shielded facilities, with significant remote maintenance capabilities to remove and replace
modular components.

CHPRC recommends a robust development and design process for the Phase 2 conceptual design effort
similar to that used to develop and finalize the design of the Phase 1 sludge retrieval, packaging, and
transport systems. This approach is characterized by the early involvement of engineering and
operational staff in the development of concepts, testing of those concepts as part of developing and
finalizing the design, followed by qualification of the designed system at the component and integrated
system level. Use of a robust range of simulants, validated by testing with real sludge, is a necessary
element of this development approach. It is likely that the integrated system testing will be done at
essentially full scale, eliminating potential scale up issues from the design process.

An important schedule and cost driver will be the determination of whether the Phase 2 RH-TRU
treatment and packaging capability is located in an upgraded existing facility, or deployed in a new
category 2 structure (and whether integrated in some way with the balance of the Hanford site waste
treatment plans, or as a facility dedicated to Phase 2 sludge processing).

A lifecycle Phase 2 Project Plan should be developed that identifies the major technical information
needed to support the conceptual design baseline, as well as the parallel risk reduction activities. The
primary technical and programmatic decisions need to be identified and scheduled so that the project can
move forward. The functions and requirements for the Phase 2 project should include specific features
that would enable the adoption of SRWOP, NCIP, or FROP, if these development programs are
successful. As discussed earlier, it appears that all three processes share significant commonalities and
could be implemented in similar equipment systems, with the noted differences in materials of
construction.

During the deliberation of the DSB, a number of risks/uncertainties were identified. CHPRC has
evaluated those risks and has identified mitigating actions for the risks identified. The DSB identified
risks and uncertainties, and CHPRC’s identified mitigation strategies are provided in Table 5-1.

6 Aquaset Il is a registered trademark of Fluid Tech - A Division of IMPACT Services, Inc., 2865 S. Jones Blvd., Suite
200, Las Vegas, NV 89146.
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Table 5-1. Phase 2 Project Risk and Proposed Mitigation Approaches

DSB Identified
Risks/Uncertainties

Identified Risk

CHPRC Risk Mitigation Action

1.0 | Technology
1.1 | In-process sludge May overload sludge e Full scale development and demonstration with
assay in the immobilized bounding simulants
wajte ri.rlgduct; er bl e Evaluate final product waste forms which may allow
g?u;rua' |zai.tava| aple removal of loaded waste material along with mix/match
ey of drums (powdered immobilizing agents vs. monoliths)
1.2 | Monitoring completion Uranium metal may o Parallel development and demonstration of off-gas
of U-metal oxidation exceed limits in the fission product/and or hydrogen monitoring approach.
;?rnr:]oblllzed L e Assess process qualification approach using limiting
compositional parameters
1.3 | Sludge Inadequate mixing e Develop and demonstrate vessel agitation systems with
mixing/suspension coupled with engineering and full scale mixing equipment with
inadequate design bounding simulants validated with testing with actual
features could result in sludge materials
s LR e |Immersion mill to eliminate fast-settling particles
metal and large sludge
particles in reaction e Incorporate design features to allow remote flushing
vessels; and/or could and cleanout of vessels and lines as required.
result in non-uniformity | . pemonstrate lost-paddle mixing of sludge and
in the immobilized immobilization agent in waste drum at full scale with
product bounding simulants validated with testing with actual
sludge materials
2.0 | Maintaining remote Unable to sustain e Evaluate existing industrial experience (US, Sellafield,
operating systems production of remote- LaHague) with remote packaging of similar materials
handled drums ’ 3
A e Full scale development, design, and demonstration of
Rl TRgLEes prototypical equipment at the component and
integrated system level; including mockup of required
maintenance capability and facility constraints.
e Develop a suite of bounding simulants validated with
actual sludge samples.
3.0 | Aggressive RH-TRU Complex operational e Develop and demonstrate remote mechanical

drum production rate of
3 drums/day of final
waste form

steps and/or required
maintenance results in
excessive downtime
and extends the
production schedule
with attendant
increase in costs

equipment at full scale with bounding simulants.

Establish achievable production rates for major
component systems based on testing and FMEA
studies.

Incorporate installed redundancy and/or parallel lines
as required

Incorporate quick change modules to reduce
maintenance downtimes

Define and establish required spare parts and modules
to support ongoing operations
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6 CHPRC Implementation Plan

At this time no funded path forward has been established for the Phase 2 project, so it is not clear when
the conceptual design of the treatment and packaging facility could begin. DOE has recently negotiated
revised TPA milestones which established M-16-171 to complete the Phase 2 Treatment Technology
Evaluation Report (due March 31, 2012), and M-16-173 to formally select the Sludge Treatment and
Packaging Technology (due March 31, 2015).

While an integrated life-cycle project plan will address all of the key elements required over the project’s
lifecycle, CHPRC has identified several technical and programmatic activities that could be addressed in
the immediate future (between now and September, 2011), the near term (FY 12), and mid-term actions
(FY 13 and beyond) to obtain necessary design data, conduct engineering analyses, and focus the project
deployment strategy prior to the start of conceptual design.

Performance of the activities proposed below would be contingent on the availability of funding and
contract direction and concurrence from DOE-RL.

6.1 Immediate Actions

e Schedule a series of Requirements Workshops with WIPP officials to identify, refine, and address
outstanding issues with regard to the applicability and interpretation of requirements established in
the RH-TRAMPAC and WAC for WIPP. Clarification of requirements is also needed to evaluate the
potential for continued development of the nitrate chemical inhibitor process or direct drying and
packaging of sludge as identified by the DSB. It is important that a common, agreed upon set of
interpretations be established prior to finalizing the Functions and Requirements/FDC for the Phase 2
project.

e Conduct a formal siting study to determine the preferred location of the Phase 2 Treatment capability.
Required seismic and structural evaluations should be identified, including needed updates to seismic
source terms and soils data to meet current requirements and expectations. For existing facilities, the
current conditions and seismic/safety qualifications should be reviewed, and potential updates,
upgrades, and expansions due to increased sludge treatment source terms and proposed operations
should be identified. Ongoing operational plans should be evaluated to identify any space and/or
resource conflicts. Costs and schedules for upgrades and modifications should be developed and
compared to costs and schedules for new construction alternatives.

e Develop and maintain a flexible conceptual design for space considerations in the functions and
requirements to facilitate potential packaging of other site RH-TRU waste. As shown in Appendix M
of Volume 2, the primary shared functions of these identified streams and the K-Basin sludge
material is the need for a qualified, category 2 structure with a robust nuclear ventilation systems, and
the immobilization, packaging, and assay of the product waste drums.

e Authorize uranium metal size reduction testing to establish that the previous simulant work is
representative of the potential for size reduction. This work can be done in the near term and would
serve to focus subsequent near term testing and technical development work.

e Develop a project lifecycle plan to support out-year budget planning, as well as the necessary change
requests and other contract direction requirements for CHPRC. Once the necessary change requests
and contract direction are approved, CHPRC will update the STP Project Execution Plan (or create a
standalone PEP) to reflect the DOE-RL approved contract direction.
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6.2 Near-Term Actions

Develop a project technology maturation plan to support conceptual design activities and assure that
demonstration of TRL- 4 for the baseline WWO can be achieved to support a future CD-1
determination by DOE. In parallel the plan should advance the SRWOP and FROP to the same level
so that a decision to incorporate one of the alternatives into the baseline project can be made prior to
start of preliminary design. The following activities would be expected to start if funding is available:

- Initiate expanded WWO process chemistry and physical property evaluations that address a wider
range of sludge materials, a range of operating conditions, and establish a technical basis for an
integrated material balance flowsheet including off-gas generations and secondary waste
treatment requirements (if any).

- Initiate the demonstration and selection process for the immobilization agent to be used for
immobilization of the oxidized K Basin Sludge material. Consider Portland cement-based
formulations, clay materials, BoroBond™, and commercially-available sorbent agents.

- Initiate bench and engineering scale testing to demonstrate and design the uranium SRWOP. If
testing is successful, continue to full scale demonstration of an integrated SRWOP system.

- Initiate expanded FROP process chemistry evaluations to provide an improved understanding of
the species being formed during the reactions, the off-gas being generated, and the physical
characteristics of the oxidized sludge slurry. Evaluate a wider range of sludge materials, a range
of operating conditions, and optimize the use of chloride ion and ferric ion for these sludge
materials. Establish a technical basis for an integrated material balance flowsheet including off-
gas generation and secondary waste treatment requirements.

Evaluate the remote operations and remote operational experience for other similar waste streams in
the US, at Sellafield, and LaHague, and identify remote design concepts that can be adapted to the
sludge immobilization and packaging mission. Begin the development of components that can be
tested with a range of simulant material to refine the design at the component level. Ultimately the
demonstrated components would be integrated into a full scale operational system to determine the
achievable productivity of the packaging system and finalize the immobilization and packaging
system design.

6.3 Mid-Term Actions

Develop a detailed material balance and flowsheet as the technical basis for the STP Phase 2
Treatment and Packaging Project.

Prepare for the start of conceptual design by updating the Functions and Requirements or Functional
Design Criteria documents based on results of previous activities, updating/preparing the Project
Execution Plan, update/revise the STP Justification and Mission Need for the project (if required).

Establish the acquisition strategy for the performance of the conceptual design (in house supported by
staff augmentation vs. subcontract for conceptual design).

Complete any outstanding tradeoff studies previously identified to firm up the basis for the
conceptual design.

6-2



10.

11.

12.

13.

14.

15.

16.

17.

7 References

HNF-39744, Sludge Treatment Project Alternative Analysis Summary Report, Rev.0, 2009,
CH2M Hill Plateau Remediation Company, Richland, WA

HNF-41051, Preliminary STP Container and Settler Sludge Process System Description and
Material Balance, Rev. 6, 2010.

Honeyman, J. O. and P. Shaus, “Decision Plan: Alternatives Analysis and Selection for Treatment
and Packaging of K Basin Sludge,” PRC-STP-00065, CHPRC, October 7, 20009.

Request for Technology Information # 196456 Rev. 1, October 2009, CHPRC.

Contract No: 42402-005, Attachment 2 — Summary of Process Bases and Assumptions for
Engineering Evaluations, CHPRC, January 25, 2011.

DOE G 413.3-4, U.S. Department of Energy Technology Readiness Assessment Guide, October
12, 2009.

Remote-Handled Transuranic Waste Authorized Methods for Payload Control (RH TRAMPAC)
Rev. 0, June 2006.

DOE/WIPP-02-3122, Transuranic Waste Acceptance Criteria for the Waste Isolation Pilot Plant,
Rev. 6.5, U.S. Department of Energy, Carlsbad Field Office, Carlsbad, New Mexico.

Franz, G.R, Sludge Treatment Project Phase 2 Pre-Conceptual Hazards Consideration
Document, PRC-STP-00421, CHPRC, April 13, 2011,

HNF-SD-SNF-TI-015, Spent Nuclear Fuel Project Technical Databook, Volume 2, Rev. 14B,
2010.

Delegard, C. H., Preparation of Uranium-Containing KW Container Sludge Simulant, PNNL
Test Instruction 53451-T121 Rev. 1, March 2010, PNNL.

Massie, H., mitial Technology Maturity Evaluation: K Basin Sludge Warm-Water Oxidation and
Immobilization System, PLN-3003611-000B, January 2011 (draft), AREVA Federal Services
LLC, Richland WA.

von Winterfeldt, D., "Structuring Problems for Decision Analysis." In W. Edwards, R.F. Miles, &
D. von Winterfeldt (Eds.), Advances in Decision Analysis: From Foundations to Applications.
New York: Cambridge University Press, 2007.

AMEC, 2003, Bulk Vitrification Treatment of K Basin Sludge Simulant - Final Report, 25003-
RT-0001, Rev 2, AMEC Earth & Environmental, Inc., GeoMelt Division, Richland, Washington.

A-07-SED-017, 2007, K Basins Sludge Treatment Process Technology Readiness Assessment
Final Report, U.S. Department of Energy, Richland Operations Office Richland, WA.

PRC-STP-00460, Sludge Treatment Project Decision Support Board Phase 2 Treatment and
Packaging Alternative Workshop, CHPRC, May 2011.

Sinkov, S.I., C.H. Delegard, and A.J. Schmidt. Mitigation of Hydrogen Gas Generation from the
Reaction of Uranium Metal with Water in K Basin Sludge and Sludge Waste Forms, PNNL-
20455, PNNL, June 2011.



PRC-STP-00465, REVISION 0, VOLUME 1
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

18. Burbank DA. Sludge Simulant Strategy and Design Basis. PRC-STP-00034 Rev. 1, 2010, CH2M
Hill Plateau Remediation Company, Richland, Washington.

19. Delegard, C. H. et. al., “Mechanical Properties of K Basin Sludge Constituents and Their
Surrogates, PNNL-14947, 2004,

20. 07-KBC-0048 dated July 3, 2007, CONTRACT NO. DE-AC06-96RL13200 — PATH FORWARD
RECOMMENDATIONS FOR SLUDGE TREATMENT PROJECT, to C. M. Murphy, President
and CEO, Fluor Hanford, Inc., from Michael J. Weis, Acting Manager, DOE-RL.

7-2



PRC-STP-00465
Revision 0
Volume 2

K-BASIN SLUDGE
TREATMENT PROJECT -
PHASE 2 TECHNOLOGY
EVALUATION AND
ALTERNATIVES
ANALYSIS

Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management

Contractor for the U.S. Department of Energy
under Contract DE-AC06-08RL14788

W, Plateau Remediation Company

P.O. Box 1600
Richland, Washington 99352

Approved for Public Release;

Further Dissemination Unlimited



PRC-STP-00465
Revision 0

Volume 2

EDC #: ECR-11-001397

K-BASIN SLUDGE TREATMENT
PROJECT - PHASE 2 TECHNOLOGY
EVALUATION AND ALTERNATIVES
ANALYSIS

Document Type: TR Program/Project: STP

J. O. Honeyman
CH2M HILL Plateau Remediation Company

Date Published
July 2011

Prepared for the U.S. Department of Energy
Assistant Secretary for Environmental Management

Contractor for the U.S. Department of Energy
under Contract DE-AC06-08RL14788

CH2MIHILL

Plateau Remediation Company

P.O. Box 1600
Richland, Washington

HANFORD

RELEASE

Nty Qfeuad  /28/z20ll

Release Appfoval Date Release Stamp

Approved for Public Release;
Further Dissemination Unlimited



PRC-STP-00465
Revision 0

TRADEMARK DISCLAIMER

Reference herein to any specific commercial product, process,
or service by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or
subcontractors.

This report has been reproduced from the best available copy.

Printed in the United States of America

Total Pages: 3 97



PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Contents
Description 0f VOIUIME LL ......c.oooiiriieriiereereeieseieriie s iecvseieese e e stee st essteeetaesseenseensesssessaessenssseensesnsennes 1
Appendices
Appendix A Evaluation Data for Warm Water Oxidation (WWO) — (AREVA) ..................... A-i
Appendix B Evaluation Data for Fenton’s Reagent Oxidation Process (FROP) — (Ceradyne)
.............................................................................................................. B-i
Appendix C  Evaluation Data for Peroxide and Carbonate Oxidation Process (PCOP) —
(ENETGYSOIULIONS) oottt v v v e e e e e e e e et e e e e e raeneaeeanns CA
Appendix D Evaluation Data for Technology D Size Reduction and Water Oxidation Process
180 4 I (07 216 A 1<) R D-i

Appendix E  Evaluation Data for Nitrate Addition Chemical Inhibitor Process (NCIP) — (PNNL)

Appendix ' Evaluation Data for In-Container Vitrification (ICV™) — (Impact) ..................... F-i
Appendix G Evaluation Data for Induction Melter Vitrification (IVS) — (Kurion) .................. G-i

Appendix H  Evaluation Data for Phosphate Ceramic Hydrogen Inhibitor Process (PCIP) — (Ceradyne)

............................................................................................................... H-1
Appendix | SENSIIVIEY ANALYSES .o vttt et et et ettt eterre it et rrarneeneensetrrenernerneneanas I-i
Appendix J Process Bases and ASSUMPLIONS .....vuieiietiie vttt iere e viirne et ereeneeneeneeranreenns J-i
Appendix K Information on Garnet Filter Media ...........coviiiiiiiiiii e eeae e K-

Appendix . North Loadout Pit Sludge and KE Sand Filter Media ..............ccccccoeevniviennnee.. LA

Appendix M Integration with Site Wide RH-TRU Processing/Packaging, Schedule, and Approach

................................................................................................................ M-i
Appendix N Regulatory and Stakeholder ACCEPLance ..........ovvvvveeeerneriiieiirere e enieannnns N-i
Appendix O Life-Cycle Costand Schedule ...........ooiiiiiiiii e e O-i
Appendix P PRC-STP-00460, Rev 0, Sludge Treatment Project Decision Support Board Phase 2

Treatment and Packaging Alternative Workshop ..., P-i



AACE

ALARA
CD
CDR
CERCLA
CHPRC
CH-TRU
CT
CTE
CWC
DNFSB
DOE
DOE-CBFO
DOE-HQ
DOE-RL
DOT
DSB
EC
ECRTS
EF

EPA
EPC
ERDF
ETF
FDC
FGE
FROP
FRPT
FY
GFM

PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Acronym List

Association for the Advancement of Cost Engineering

Advancement Degree of Difficulty

As Low As Reasonably Achievable
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Comprehensive Environmental Response, Compensation, and Liability Act
CH2M Hill Plateau Remediation Company
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Critical Technology Element
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Defense Nuclear Facility Safety Board
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PNNL Pacific Northwest National Laboratory
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RCRA Resource Conservation and Recovery Act
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RH-TRU Remote Handled Transuranic
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SEM Scanning Electron Microscope

SME Subject Matter Expert

SRS Savannah River Site

SRWOP Size Reduction Water Oxidation Process
STP Sludge Treatment Project

STS Sludge Transport System

STSC Sludge Transport and Storage Container
TEAA Technology Evaluation and Alternatives Analysis
TBD To Be Determined

TEC Total Estimated Cost

TME Technical Maturity Evaluation

TMP Technical Maturation Plan

T™U Total Measurement Uncertainty

TOE Total Operating Efficiency

TPA Tri-Party Agreement
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Description of Volume I

As part of the retrieval and processing of the Container and Settler Tank sludge contained in the
K West Basin, it is first removed from K West Basin and placed in STSCs for interim storage at
T Plant on the Central Plateau. This retrieval and storage process is called Phase 1. Phase 2
consists of the treatment and packaging of the sludge for eventual shipment to WIPP as RH-TRU
for permanent emplacement in that repository. This report, in two volumes, conveys the results
of the Technology Evaluation and Alternatives Analysis (TEAA) conducted as the first part of
Phase 2.

Volume 1 of this report contains the CH2M HILL Plateau Remediation Company (CHPRC)
summary report on the results from the TEAA for treatment and packaging of Container and
Settler Tank sludge contained in the K West Basin.

Volume 2 — this volume — consists of the appendices that provide the details that support Volume
1 evaluations and recommendations. Of particular note is Appendix J, which provides the bases
and assumptions that were used in the development of the base case flowsheets and subsequent
analyses of all of the technologies evaluated. Appendix P is the final report of the Decision
Support Board (DSB).

Appendices A through P provide supporting documentation for the information contained in
Volume 1 and serve as the basis for the evaluations and recommendations made. They
summarized as follows:

e Appendix A contains results of technology development activities and evaluations of the
Warm Water Oxidation (WWO) proposed process.

e Appendix B contains results of technology development activities and evaluations of the
proposed Fenton’s Reagent Oxidation Process (FROP).

e Appendix C contains results of technology development activities and evaluations of the
proposed Peroxide and Carbonate Oxidation Process (PCOP).

e Appendix D contains results of technology development activities and evaluations of the
proposed Size Reduction and Water Oxidation Process (SRWOP).

e Appendix E contains results of technology development activities and evaluations of the
proposed Nitrate Addition Chemical Inhibitor Process (NCIP).

e Appendix F contains results of technology development activities and evaluations of the
In-Container Vitrification™ (ICV™)' proposed process.

! In Container Vitrification and ICV are registered trademarks of the Geosafe Corporation, a wholly-owned
subsidiary of Battelle Memorial Institute of Columbus, Ohio, whose ICV technology is exclusively licensed to Impact
Services, Inc., 103 Palladium Way, Oak Ridge, TN 37830; all rights reserved.

1
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Appendix G contains results of technology engineering analyses and evaluations of the
Induction Melter Vitrification (IMV) proposed process.

Appendix H contains results of technology development activities and evaluations of the
proposed Phosphate Ceramic Hydrogen Inhibitor Process (PCIP).

Appendix I presents sensitivity analyses of results from varying basis or assumption
parameters.

Appendix J contains the bases and assumptions on which the individual process
flowsheets were based, as well as data on sludge simulants used in testing.

Appendix K contains information on K Basin garnet filter material.

Appendix L contains information on K Basin North Loadout Pit and KE sand filter
media.

Appendix M contains an analysis of the potential for other Hanford RH-TRU to be
processed in the same facility containing the K Basin sludge processing.

Appendix N presents an analysis of regulatory and stakeholder issues.
Appendix O contains cost and schedule analyses for each of the proposed processes.

Appendix P contains the final DSB report.
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Appendix A

Evaluation Data for Warm Water Oxidation (WWO) — (AREVA)
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A1 Introduction

The purpose of the Warm Water Oxidation (WWO) and Immobilization System is to treat and immobilize
Hanford K-Basin (KB) sludge, consisting of K-East (KE), K-West (KW), and Settler Tank sludge, for
long-term storage as part of Phase 2 of the Sludge Treatment Project (STP). Phase 2 of the STP is
defined as the treatment (stabilization) and packaging (immobilization) of the sludge such that it can be
transported to and disposed of at the Waste Isolation Pilot Plant (WIPP) as remote-handled transuranic
(RH-TRU) waste.

The K-Basin sludge consists of metallic fuel corrosion products (uranium metal particles, uranium oxides,
fission and activation products), iron and aluminum oxides and hydroxides, sand, graphoil (graphite seal
material), concrete grit, ion exchange beads, cationic polymer flocculent, trace amounts of
polychlorinated biphenyls (PCBs), operational debris, and biological debris. Three types of sludge are
considered. Sludge from the KE and KW basin floor has been collected into five dedicated engineered
containers (ECs) located underwater at KW and sludge retrieved from Settler tanks has been collected
into a separate dedicated EC. Information on the characteristics of KE floor, KW floor, and Settler Tank
sludge streams and the container types in which they have been stored is compiled in Reference [7]. The
sludge will be delivered to the WWO system in Sludge Transport and Storage Containers (STSCs). The
delivery of this sludge to the WWO System via this method is given as an enabling assumption in
Appendix J.

The WWO treatment system will use warm water (95° to 98° C) to oxidize the uranium metal particles to
uranium oxides in order to sufficiently reduce hydrogen generation so that it will be safe during
transportation, interim storage, and disposal. The oxidized sludge will be mixed with a cement-mix or
other absorbent for immobilization and then packaged in drums for final disposal. The waste form that
results from applying Phase 2 treatment and packaging technologies are required to meet the WIPP waste
acceptance criteria (WAC) for transportation and final disposal as RH-TRU waste [10] as well as the
Hanford Site’s waste acceptance criteria [ 11] for its interim storage. The packaged RH-TRU waste form
must also meet shipping requirements as established in Remote-Handled Transuranic Waste Authorized
Methods for Payload Control (RH TRAMPAC) [8]. The WWO treatment system will be operated in a
controlled-access environment using remotely controlled manipulators, process controls, sensors,
actuators, and other technologies as necessary to increase process efficiency. The configuration will take
into account access, maneuverability, and the geometry of the radiation environment. The complete,
integrated WWO treatment system will include all required instrumentation and process-control
technologies for remote operation.

This WWO technology, as well as other technologies, is evaluated for its safety, regulatory and
stakeholder acceptance, technical maturity, and operability and maintainability. The safety goals are to
determine if the system and its operations ensure worker safety and the protection of the general public.
The regulatory goals are to ensure the WWO system, its operation, and processed products will comply
with environmental laws and regulations. The operability and maintainability goals of the system are to
ensure ease of operation, maintenance, and process control. The technical maturity goals are to maximize
confidence in the process implementation with the technology elements and associated technologies
identified in the Process Description and Flowsheets of Warm Water Oxidation Process for Treatment of
K-Basin Sludge [2].

The technical maturity considers the current scale of the technology, the scale of testing that has been
demonstrated, the test environment, and the results of testing. Technical maturity also considers the
readiness of the technology for integration into higher scales of system development up to and including
the pilot scale. Specific areas of technical maturity evaluation done for WWO included operability,
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maintainability, safety, process controls, integrated operations, and remotability in a radiologically secure
facility. The evaluations also considered the technical maturity with respect to regulatory acceptance, the
ability to process K-Basin sludge waste inventory within a prescribed 5-7 year period [9], and the
acceptability of secondary waste streams for disposal at the Hanford Site’s Environmental Restoration
Disposal Facility (ERDF) and Effluent Treatment Facility (ETF). A series of lab-scale tests were
conducted to contribute to the evaluation of the maturity of this technology. The details of these tests are
described in subsequent sections.
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A2 Technology and Flowsheet Summary Description

The WWO treatment system is to use warm water (95° to 98° C) at sub-atmospheric pressure to oxidize
the uranium metal particles to uranium oxides in order to reduce hydrogen generation during
transportation and long-term storage. The oxidized sludge is to be mixed with grout or other absorbent
material for immobilization and packaged in 55-gallon drums for final disposal. Alternatively, the final
packaging of the waste may be completed in 30-gallon drums. For the purposes of this report, 55-gallon
drums provide the baseline case which is examined. A simplified schematic of the process is given in
Figure A-1.

Condenser

Condensate ToETF

Tanks

Receipt and
Reaction
Tank

L/

Lag Storage
Tank

L

Solids Fraction
Additives
Drums

I

Figure A-1. WWO Process Simplified Flow Diagram

A2.1 Process Description

The overall process is divided into two major parts: 1) in the treatment process the sludge is oxidized to
eliminate metallic uranium and water is removed to give the solids concentration desired for the
immobilization process. 2) In the immobilization process the concentrated sludge slurry is assayed,
metered into drums, and converted to a liquid free solid that is sealed in drums for eventual offsite
transport and disposal. Supporting processes such as vent gas treatment, liquid waste disposal, cooling
water and process steam supply are included to complete the processes. Figure A-2 is a more detailed
flowsheet showing the components of the entire system, the routing of sludge, water, steam, process gases
and off-gases, and grouted products within the system, and the relational interfacing of the components.
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A2.1.1 Treatment Process

The oxidation operational unit of the WWO consists of a Receipt and Reaction Tank (RRT) to oxidize
uranium metal, condensate tanks (CT) to collect and temporarily store boil-down water from the RRT,
and a Lag Storage Tank (LST) for the temporary storage of oxidized sludge before feeding it to the
packaging system.

The RRT includes the following features:

1. An agitation system to continuously stir and mix the sludge slurry in order to keep the sludge
particles in suspension, allowing uranium metal to be available for oxidation.

2. An off-gas analysis system to analyze RRT vent gas for fission product gases in order to determine
the extent of the oxidation reaction.

3. A High-Efficiency Particulate Air (HEPA) filtration system for all process off-gas streams.

The processes in the RRT will oxidize uranium metal in warm water to yield uranium (1V) dioxide (UO,).
Flowsheet mass balances for KE, KW, and Settler Tank sludge are provided in Reference [2].

Dissolved oxygen inhibits the oxidation of uranium. Therefore, to release dissolved oxygen from the
slurry, the oxidation reaction is operated at the boiling point of the solution at reduced pressure by
applying steam to the RRT jacket and reducing pressure though the condenser vent system. Reduced
pressure boiling improves heat transfer and temperature uniformity within the RRT, releases absorbed
oxygen from the water, and permits the removal of excess water from the slurry by evaporation. Steam
generated during the evaporation step flows first to a demister to remove any entrained material and then
to a water cooled condenser. Non-condensed vent gas is warmed and filtered prior to discharge.
Condensate drains to a Condensate Tank. Where feasible, clean condensate is recycled for retrieval, line
flushes and the immobilization step. Excess condensate is sampled and shipped by truck to ETF for
disposal.

Because the oxidation reaction liberates hydrogen gas, flammability concerns are reduced by excluding
oxygen from the vapor spaces of the RRT by purging with nitrogen gas. The system uses a constant
nitrogen feed to sweep hydrogen from the RRT headspace.

Oxidized sludge is transferred to the LST, which holds the entire contents of the oxidation reaction vessel
product prior to packaging. The Lag Storage Tank is sized to hold at least a full concentrated batch from
the RRT. Once the RRT is emptied, preparation of the next sludge batch can be started while the
previous batch is processed by the drumming system. The LST is continuously agitated when a sludge
batch is present, and is cooled with a water cooling jacket. A sensor system will provide gamma activity
measurements, which will be used to calculate the dose-to-curie rate and estimate the Fissile Gram
Equivalent (FGE) in the oxidized sludge in the recirculation loop of the LST. Concentrated sludge is
transferred to the assay and drumming system in smaller batches as needed.

Similar to other oxidation treatment processes, one important issue is verification that metallic uranium
has been adequately eliminated. For WWO a combination of the following methods will be used:

e Process validation. This method involves performing tests which define process performance
sufficiently to provide confidence that the process will perform as expected. This can include both
pre-commissioning testing and test data collected during initial hot operations.

e Monitoring of fission product gas generation. Past work on warm water oxidation of actual spent fuel
has demonstrated that the fission product gasses (Kr and Xe) are released when the fuel is oxidized.
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Release of fission product gasses has been used in laboratory tests to track the oxidation reaction and
has also been proposed as a potential method of tracking the in-plant process during hot operation of
the warm water oxidation process [2].

e Monitoring of hydrogen generation in the RRT. Hydrogen gas is not expected to be generated by the
chemical oxidation process. However, once the chemical oxidation is believed to be complete, the
next step is to heat the batch to drive off excess water. There will normally be a small amount of
continued hydrogen production during this step due to radiolytic splitting of water. If in fact all of the
uranium metal has not been oxidized, additional hydrogen will be produced during this step by warm
water oxidation of the uranium metal. Sampling of the vent gas during this step to detect excess
hydrogen could be one approach for determining if there is significant residual uranium metal present.

e Monitoring of hydrogen generation in the product drums. Monitoring hydrogen generation rates in
product drums could be used to prove significant U metal is not present in the drums. This would
involve holding selected drums for a period of time at an elevated temperature (60 °C for example)
and measuring the hydrogen evolution rate. A limited number of drums could be tested using a
statistical sampling or process validation approach. An advantage of this method is that it directly
correlates with the applicable hydrogen generation limit from drums during shipping. The
disadvantage is that it will take a substantial amount of time for each test, likely days or weeks.

A2.1.2 Immobilization Process

The grouting and packaging system will receive oxidized slurry from the LST and receive cement mix (or
other absorbent) from bulk storage. The system will blend the oxidized sludge and a cement mix or other
absorbent in 55-gallon drums to produce a grouted product suitable for disposal. The WWO and
Immobilization System will have a ventilation system with all required instrumentation and controls for
remote operation.,

The waste form resulting from the oxidation and immobilization process must meet WIPP waste
acceptance criteria (WAC) for final disposal as RH-TRU waste [10], the Hanford Site’s waste acceptance
criteria [11] for interim storage, and TRAMPAC requirements for transportation payload control [8]. To
meet these requirements, the oxidized product will be assayed prior to packaging and the waste loading in
the storage drums will be adjusted during the drum-filling operation as necessary. The assay approach
selected for WWO includes gamma radiation measurements on a recirculation stream from the Lag
Storage Tank. These measurements are then used to estimate concentration of WIPP fissile isotopes
using a dose to curie methodology.

This data is in turn used to determine the amount of sludge loaded to each drum. Sludge transfer to the
drum is controlled by a metering pump which draws from the recirculation stream. Sludge and flush
water transferred to the drum are solidified by addition of dry Portland cement based additives. A “lost
paddle” in-drum mixing technique is used to blend the dry additives with the sludge slurry, resulting in a
solid product with no free liquids. Gamma radiation measurements are taken on the finished drum.
Based on these measurements, the content of WIPP reportable isotopes is estimated based on a dose to
curie methodology. The storage drums will be loaded into a transport cask, which will undergo the
required standard inspection and validation before being shipped from the WWO and Immobilization
System facility. An important assumption for this evaluation is that the Hanford Interim Storage Facility
will be able to accept the treated and packaged RH-TRU waste sludge.
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A2.1.3 Process Chemistry

The function of the WWO system is to oxidize solid uranium metal (U,) in warm water (boiling
temperature at pressure slightly reduced from atmospheric) to create uranium (I1V) dioxide (U;v,O,) by
the following reaction:

U(o) + 2H20 - U(IV)02+ 2H2(g)

Other oxidation reactions may occur to create other uranium oxides, but the primary reaction is
considered to be the oxidation of the uranium metal to uranium dioxide. Since the Receipt and Reaction
Tank is kept free of oxygen gas and dissolved oxygen, the further oxidation of a significant amount of the
uranium to a more oxidized form is considered less likely.

The Spent Nuclear Fuel Project Technical Databook [13] gives a temperature-dependent reaction equation
to predict the uranium oxidation rate. This equation, given below, is based on the best fit of available
WWO data.

log;o(base rate) = (9.694-3,565/T)
Where T = Temperature, Kelvin
base rate = The rate that the uranium metal surface is reacted away, producing
uranium oxide, um/hr

The Databook [13] also discusses the use of an “enhancement factor” as a numerical value which is
multiplied by the calculated rate to obtain an adjusted rate or range of rates to compensate for uncertainty
in the rate calculation observed for various sludge and uranium metal samples. The Databook suggests an
EF range of 1/3 to 3.0 to be used for safety analyses and design. The least-squares fit to the entire
population of uranium-water reaction data gives an EF of 1.
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A3 Technology Development Status

The WWO process has undergone a separate technology maturity evaluation (TME). The results of that
evaluation are given in Reference 12. This TME was performed in accordance with the CHPRC Buyer
Technical Representative’s (BTR) statement of work for the STP Phase 2 Alternatives Analysis Support
that includes AREV A proof-of-concept testing. This TME was performed in a manner that would allow
its results to provide input to technology maturation planning as discussed in the DOE Technology
Readiness Assessment (TRA) Guide [14]. The DOE TRA process begins with a list of technology
elements from which, based on evaluations of the nature of these elements, a subset of this list is selected
as "critical" technology elements. The TME that AREVA prepared did not select a sub-list of "critical”
technology elements. Instead, the report selects the technology elements that were considered most
important for the system to function as designed. The DOE TRA uses three categories for evaluation of
the critical technology elements. They consist of T-Technology, technical aspects; M-Manufacturing and
quality; and P-Programmatic, customer focus, documentation. At this very early stage of the project there
is little meaningful information concerning the last two categories, the last two categories of M and P
were not considered in the TME. Only the technology and technical aspects were considered. On the
basis of preliminary evaluations conducted by CHPRC and its subcontractors, the key significant
uncertainties of each of the proposed technologies were identified in order to provide statements of work
to the potential vendors for subsequent testing and analysis [12]. The main purpose of this evaluation was
to determine if any fundamental issues associated with each of the technologies would make the
technology unworkable.

The TME describes the primary technology elements, and then provides the results of the evaluation of
the technical maturity and technical risks of the key technical elements and their associated technologies.
It provides strategies to mitigate the technical risks at the appropriate stages of technology element
development and testing. The TME includes tables that summarize the maturity risks and potential
strategies to mitigate the risks. It also provides general observations and recommendations for further
actions and technology development needed to bring the technologies to the pilot-scale level vis-a-vis the
DOE Technology Readiness Assessment Guide. Specific areas of technical maturity evaluation included
operability, maintainability, safety, process controls, integrated operations, and remotability in a
radiologically secure facility. The evaluations also considered the technical maturity with respect to
regulatory acceptance, the ability to process K-Basins sludge waste inventory within a prescribed 5-7 year
period [9], and the acceptability of secondary waste streams for disposal at the Hanford Site’s
Environmental Restoration Disposal Facility (ERDF) and Effluent Treatment Facility (ETF). For Warm
Water Oxidation, the main technology development issues were determined to be confirmation of
previously reported reaction rates and the corresponding "enhancement factor," the determination of the
end of reaction, the physical properties of sludge after long reaction times, the ability to run the process
remotely, and the method of assaying the final product for the determination of the packaged quantities
that would be shipped to WIPP. This was further refined to include uncertainties associated with the
resulting physical properties of the slurry that would affect its ability to be transported and managed. As
a result of these analyses, a testing program was initiated that focused mainly on corroborating previously
reported reaction rates and determining operating conditions that might affect the ability of the resulting
sludge to be transported and managed to meet product specifications. In the latter category, agitation was
the focus of the testing.

A3.1 Chemistry and Phenomenology

Much of what is known about the process chemistry for warm water oxidation of metallic uranium in K-
Basin sludge has already been compiled in the Spent Nuclear Fuel Project Technical Databook [13].
Much of what is known about the physical properties of the sludge, such as agglomeration, is compiled in
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an additional document, Reference [17]. In a previous sludge treatment project, changes in the physical
properties during oxidation were one of the primary technical issues that resulted in the project’s
cancellation. At this proof-of-concept stage in the Phase 2 evaluation the primary technical feasibility
issues identified for testing were the reaction rate under the proposed WWO operating conditions and the
potential for problems associated with agglomeration of the sludge at these temperatures and operating
conditions.

A3.1.1 Summary of Testing Performed

Testing was performed to evaluate the feasibility of the Warm Water Oxidation process. The initial tests
completed were small scale, and additional, larger-scale stirred reactor tests were completed later. Below
is a summary of the test results’.

A3.1.1.1 Initial Test Scheme

Tests were performed for the purpose of evaluating the effects of agitation and pH adjustment on simulant
sludge agglomeration and uranium metal oxidation rates. Two uranium-containing simulant sludge types
were used: a full-spectrum uranium-containing KW simulant with nine predominant sludge components,
and a bounding 50:50 uranium-mole basis mixture of uraninite (UO,) and metaschoepite (UO;) that is
intended to simulate settler sludge.

The 27 experiments carried out included 22 conducted at the nominal 95°C WWO temperature and 5
controls conducted at room temperature. Of the 22 experiments at 95°C, half were conducted with
agitation (deemed Run #1) and the others were conducted without agitation (Run #2). Within each group
(Run #1, Run #2, and the control group), tests were run with each type of simulant sludge and with or
without pH adjustment to 12 using sodium hydroxide (NaOH) or sodium phosphate (Na;POy).

Each experiment was carried out in a 50-mL centrifuge tube modified to have a flat bottom. First,
approximately 3 ml of simulant (approximately 4.15 g of the KW simulant or 5 g of the 50:50 UO,:UO;
simulant) was added to the centrifuge tube. Approximately 0.092 grams of uranium beads (of average
diameter 780 pm) were then added. For those tests requiring adjustment to pH 12, either 0.2 M NaOH
(1.2 mL) or 0.2 M Na;PO, (2.4 mL) were introduced to the solution. Deionized water was added to the
tube to result in a total volume of 25 mL, and the solution was agitated and left overnight to settle. The
pH of each sample was determined by removing approximately 0.5 mL of supernatant and testing with a
pH electrode. Digital images were also taken to establish settled solids levels and densities.

The first step in each experiment was a 96 hour oxidation rate test carried out at 95° C. The samples from
Run #1 were agitated and were placed in an aluminum heating block and agitated at 1,000 rpm. These
samples maintained an average temperature of 95.3 © C. Samples from Run #2 were not agitated and were
heated in an oven (with an average temperature of 96° C). Both agitated and unagitated tests were
conducted to determine if agitation would be required for the production system. At the end of the 96
hours, each tube was weighed and the solids and water levels were recorded. The pH was once again
tested by removing approximately 0.5 mL of the supernatant, and additional digital images were taken.

After the first round of heating, 5 tests each from Round #1 (tests 1, 3, 7, 8, 10)and Round #2 (tests 13,
15, 19, 20, 22) underwent a slump test, during which the test vessel was turned on its side and the amount
of time required to initiate slumping was noted. The slump test had previously been developed by PNNL
as a quick evaluation of slurry stiffness and could be related to more formal sludge shear stress
measurements taken in earlier sampling and testing efforts [ 20]. A strength test was also done by

1 Test results from a preliminary test report from PNNL that is pending (53451-RPT16, Rev. B, Client Review Draft:
Warm Water Oxidation Verification — Scoping and Stirred Reactor Tests).
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standing a 6.0 gram mass spatula vertically on its end and determining if the sludge bed structure
provided sufficient strength to support it. Finally, these samples were destructively evaluated for uranium
oxidation rate. The solids in each sample (excluding the uranium beads) were dissolved by adding 8-10
ml of a reagent containing 85% Na;PO, and 0.14 M Na,SO, and heating to 80° C. This reagent has been
found to be effective in dissolving the non-metallic uranium oxide solids and still preserving the uranium
oxidation state distribution [17]. This reagent also dissolves ferrihydrite and the Al(OH); but is not
effective for silicates and the OIER and does not dissolve the uranium metal. Once the dissolution was
complete, the solution was analyzed via spectrophotometric ultraviolet-visible analysis (UV-Vis). The
uraninite/metaschoepite ratio in each sample was determined by comparing the spectrophotometric
absorbances of the sample with the spectra of dissolved uranium of known concentration and oxidation
state. The remaining uranium metal beads were also collected and weighed.

The remaining 6 test each from Runs #1 and #2 were allowed to settle under static conditions for another
2 weeks. During this time, the samples were either maintained at ambient temperature or heated in the
oven to 95° C. After the 2 week settling period, the samples were re-agitated at ambient temperature and
then subjected to the slump and strength tests mentioned above.

A3.1.1.2 Initial Test Results

Uranium Metal Corrosion Rates

As shown in the results given in Table A-1 below, the uranium metal corrosion rates were generally equal
to or greater than the rate predicted by the Sludge Databook. The calculated rate enhancement factors
ranged from 0.90 to 1.74, which are well within the 95% confidence range of the rate equation given in
the Databook (corresponding to a rate enhancement factor range of 0.33 to 3). The WWO flowsheet uses
an enabling assumption that a rate enhancement factor of 1 can be used; the data from these tests support
this assumption.

The corrosion rates for the agitated (Run #1) and static (Run #2) samples are comparable, with any
differences falling within one standard deviation. Corrosion rate inhibition caused by sludge blanketing
was therefore not considered an issue in the tests.

The pH adjustments done on some samples appear to have little or no effect on the uranium metal
corrosion rates. Comparing the results of tests within groupings that only differ in pH (1, 3, 7), (8, 10),
(13, 15, 19), and (20, 22) shows that there are no significant trends regarding pH and corrosion rates.

The tests done using the KW simulant had higher uranium metal corrosion rates than those done using the
uranium oxide slurry. The tests using the uranium oxide slurry had rates comparable to the Databook
predictions. The increased rate with the KW simulant suggests that a solid component, potentially
ferrihydrite, could be acting as a redox shuttle or redox agent for the uranium metal oxidation [6].

Table A-1. Uranium Oxidation Information After 96-Hour Heating for both Uranium Metal and 50:50 Uranium

Oxide Slurry.
Ratio of
... 1 | Average | Salt Change | Corrosion Measured
Initial . % c o Rate to
Test Final for pH in % Rate .
pH H® Adi UuvD U(vI) (um/hr) Predicted
P ) n (Enhancement
Factor)
— 7 8.4 none 59.7 9.7 1.554 1.42
Z | KW 3 12 9.1 | NaOH | 739 | 239 1.524 1.4
~ Simulant
7 12 8.4 Na;PO, | 61.5 11.5 1.519 1.39
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Ratio of
... 1 | Average | Salt Change | Corrosion Measured
Initial . % . Rate to
Test Final for pH in % Rate .
pH H® Adi U(vD U(vI) (um/hr) Predicted
P J- " (Enhancement
Factor)
U0,/UO,; 8 7 9.4 none 59.6 9.6 1.037 0.95
Sharry 150 | 12 87 | NaOH | 622 | 122 0.981 0.9
13 7 9.3 none 60.4 10.4 1.812 1.73
Kw 15 | 12 91 | NaOH | 59 9 1.821 1.74
~ | Simulant
Z, 19 12 9.4 Na;PO, | 56.2 6.2 1.429 1.37
-}
% | voyuo, | 20 7 8.7 none | 585 8.5 1.366 1.31
shurry | oo | 12 88 | NaOH | 57.1 7.1 1.047 1
Sludge Technical Databook Corrosion Rate Predictions
Temperature (°C) Corrosion Rate (um/h)
92 0.854
Average for Tests 1, 3,7, 8,
95.3 1.045 10
1.09 Average for Tests 13, 15,
96 ' 19, 20, 22
98 1.229

(a) Of duplicate tests
(b) The Sludge Technical Databook (Schmidt 2010) reaction rate of uranium metal with anoxic liquid
water, expressed as a linear penetration rate (depth of uranium metal reacted per unit time) is as follows:
logl0rate, um/h = 9.694 - 3565/T, where T is temperature in K.
Note: Agitated tests and static tests were conducted at 96.0°C = 0.2°C and 95.3°C £ 0.6°C, respectively.
The initial U(IV):U(VI) composition was 50:50,

Physical Behavior of Solids

The physical testing involved in the experiments included appearance, settled solids volume (and thus
density), and rheology by probing and slumping when tilted. The results of these tests are summarized in
Tables A-2 and A-3.

The tests done using uranium-containing KW container simulant (tests 1-7, 13-19) showed that no strong
agglomerates were formed in any of the samples, regardless of the conditions used. The length of heating
of the samples increased the strength of the KW simulant solids, but even after 2 weeks at 95° C, none of
the settled solids could support the weight of the 6.0 gram spatula. Additionally, slumping was observed
in all samples within the 5 minute time window. Agitation of the samples expedited the dispersion of
solids in the supernatant. Using NaOH to increase pH appears to encourage solids dispersion, and using
Na; PO, appears to encourage solids consolidation. Results indicate that the KW simulant solids can
migrate into suspension even under static or non-pH adjusted conditions. The adjustment of pH appears
to show no significant benefit in terms of physical properties under the conditions tested. Table A-2

below visually shows the effects of pH adjustment on the KW simulant tests.

The tests done using the uranium oxide slurry (tests 8-11, 20-23) showed that the solids morphology was
highly dependent on agitation. In agitated tests, the solids material formed a soft, granular bed with some
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solid agglomerates that were readily suspended after 96 hours of heating. The solids were strong enough
to not slump, but could not support the weight of the spatula. Agitated samples kept static for an
additional 2 weeks were found to maintain their morphology at room temperature, and to gain strength
and stiffness at 95° C. Table A-3 below shows examples of samples affected by agitation.

Table A-2. The Effects of pH Adjustment on KW Simulant Tests
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After 2 Week Settling at 95.3°C

Note: Tests 1 and 2 are duplicates and representative samples without pH adjustment. The pH was adjusted to 12
using NaOH and Na3PO; for tests 4 and 7, respectively. All tests were agitated during the initial 96 hour heating. The
white, red, thick black, and thin black lines represent 3, 8, 20, and 27 mL volumes.
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Table A-3. The Effects of Agitation on 50:50 Uranium Oxide Slurry
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Note: Tests 9 and 21 indicate samples that were agitated and static during oxidation at 95°C, respectively. Neither
test was agitated during the 2 week settling period. The pH was not adjusted for any samples. The white line, red
line, and thin black line represent 3, 8, and 25-mL volumes. For tests 9 and 21, the thick black line represents 20
and 10 mL, respectively.
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morphology was highly irregular as shown below in Table A-4. The solids were strong enough to both
not slump and to support the weight of the spatula. For all tests, post-test agitation and mixing eroded the
formed agglomerates. The pH adjustment did not seem to affect the formation of any agglomerates.

ES5=

Table A-4. Unique

Morphology of 50:50 Uran
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Rubble
Type Solids

None of the samples were pH adjusted before heating. Test 11 (left) was agitated during the first interval, the crack in
the fine solids maintained over the course of agitation provides indication that the fine and relatively weak solids
actually contain a microstructure. Foamed bubbles are present at the top of the supernatant. Test 21 (center) was a
static heated test; the plates formed would move independent of each other and did begin to break down after
prolonged (2-week) settling at room temperature (not shown). Test 23 (right) is another static heated test. Here the
solids more closely represent rocks or rubble.

Table A-5. Test Heights Before Heating and After Heating for 96 Hours

Agitated Static
Post 96-
Test & Pre-_Test Pre-Tc_ast Post 96- Test & Pre-_Test Pre-Tclest Haur
e Height Density Hour ;o Height Density .
Conditions : Conditions Height
(cm) (g/mL) Height (cm) (cm) (g/mL) (cm)
1,pH=7 1.15 1.4 0.55,D 13, pH=7 1.15 1.4 0.75,D
2,pH=7 1.15 1.4 0.35,D 14, pH=7 1.05 1.4 0.55,D
3,pH=12 15, pH =12
(NaOH) 1.55 1.3 N.D. (NaOH) 0.93 1.5 0.45,D
4,pH=12 16, pH = 12
(NaOH) 1.75 1.3 0.15,D (NaOH) 0.86 1.6 0.65,D
5pH=7 1.05 1.6 N.D. 17, pH=7 1.15 1.4 0.65,D
6, pH =12 18, pH =12
(NaOH) 1.25 1.4 0.35,D (NaOH) 0.85 1.6 0.45,D
7,pH=12 19, pH =12
(NasPO,) 0.7 2 N.D. (NasPO,) 0.65 1.8 0.65
8,pH=7 0.75 2.2 0.95 20,pH=7 0.75 2:2 1.05, V.F.
9,pH=7 0.75 2.2 0.85 21,pH=7 0.65 2.3 1.65. V.F.
10, pH =12 22, pH=12
(NaOH) 0.75 2.2 0.45,D (NaOH) 0.75 2:2 0.75
1M,pH=7 0.75 2.2 1.05 23,pH=7 0.75 2:2 1.65, V.F.
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Agitated Static
Pre-Test Pre-Test Post 96- Pre-Test Pre-Test FEL 8
Test & ; ; Test & ; : Hour
Conditions gl nangity _Hour Conditions Haight Danisity Height
(cm) (g/mL) Height (cm) (cm) (g/mL) (cm)

N.D. - solid presence was "Not Discernible"

D - significant sample "Dispersion" observed

V.F. - "Void Formation"

Grey-shaded rows indicate samples with only uranium slurry present. All other tests include KW simulant.

A3.1.1.3 Stirred Reactor Testing

The initial tests performed (Runs #1 and #2) indicated that the uranium oxidation rates were generally
consistent with the rates predicted at 95°C by the Databook rate equation. Agitation was shown to
minimize the formation of agglomerates in the 50:50 uranium oxide slurry. Agglomeration did not appear
to be an issue in any of the tests using KW simulant. In order to verify the results of Run #1 and Run #2
and examine the scalability of the WWO process, stirred reactor tests were done using larger sample sizes

[6].

The larger scale tests were performed in a 300 mL stirred
reactor (see Figure A-3) that is more prototypical of the one
proposed in the pre-conceptual flowsheet. A constant Mixer
agitator stir rate of approximately 550 rpm was used, with P Y
twice-daily, five minute increases to 1,000 rpm for the Speed controlier
50:50 uranium oxide slurry tests to ensure adequate slurry '
movement. The reactor was heated using a heating mantle, A
and maintained by a thermocouple feedback control to the
power supply.

Condenser
The slurry for the KW simulant test contained 100-g (dry

basis) simulant, with water added to achieve 15-20 vol%
solids. The 50:50 mole percent uranium oxide slurry
contained 200-g (dry basis) with water added to achieve 12

Thermocouple

vol% solids. Periodic water additions were made to !

maintain these concentrations. Each test also contained 100 el |

700-pum uranium metal spheres (approximately 0.4 g). Prior Ll

to the start of the test, pH was recorded and a photograph Bpiie). E o

was taken. it H P
. controller

Each stirred reactor test was heated to and maintained at N

95.5°C £ 0.1°C for the entire test duration of 96 hours.

Throughout the tests, temperature, slurry level, and agitator

rpm were monitored and recorded, as were any additional
observations. Post-test analyses were chemical- and
physical-based, including settled and total slurry volume,

density, pH, visual (photograph), U metal concentration  Figure A-3. Diagram of the 300-mL Stirred
and oxidation state, and solids strength. Reactor Test System
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A3.1.1.4 Stirred Reactor Test Results

Table A-6 below summarizes the uranium metal oxidation information after the 96-hour heating test in
the stirred reactor. The stirred reactor tests gave uranium metal corrosion rates of 1.74 pm/hr and 1.42
um/hr for the KW simulant and 50:50 U oxide slurry, respectively, which are very close to those observed
in the analogous small-scale tests.

The uranium oxidation state distribution (U(IV):U(VI)) was analyzed as well. In the KW simulant-
containing test, three stratified layers emerged after a 72-hour settling period (shown below in Figure A-
6), so the oxidation state analysis was done for each layer; the uranium oxide slurry test remained
homogenous, so only one test was done. The results of these analyses significantly differed from the
small-scale tests. KW simulant test conditions appeared to be highly oxidizing based on the absolute
increase in U(V]) of at least 20% for each layer, with the U(VI) fraction increasing with proximity to the
surface of the simulant. The 50:50 uranium oxide slurry showed a minimal increase in U(VI), which is
much lower than the average absolute increase of 9 + 2% given by the small scale tests. The discrepancy
in these values is thought to be due to better oxygenation in the more shallow small-scale tests.

Table A-6. Uranium Oxidation Information after 96-Hour Heating for stirred reactor testing.

Final .
Matrix | Initial pH | Final pH Change in %U(v) | COT Rate Ratio of Exp. Corr. Rate
%U(VI) (um/h) to Lit. Corr. Rate
Top—-73.8 Top—28.8
KW Simulant | 833 | 6.96 [ Middle— 70.1 | Middle — 25.1 1.74 1.64

Bottom — 65.7 Bottom — 20.7

Slurry 7.36 8.04 45.7 0.7 1.42 1.34

* Tests were performed at 95.5°C + 0.1°C. The initial U(IV):U(VI) composition was 55:45.

Because the KW simulant tests showed higher oxidation rates than the uranium oxide tests, it was thought
that different oxidation methods may be at play. To further examine this possibility, photographic and
SEM images were taken of U metal beads before and after oxidation with each of the simulants. Figures
A-4 and A-5 below show the optical images and the SEM images of the starting bead and product beads
from the two 96 hour tests.

The images of the beads prior to testing show that they initially have a blue interference oxide coating and
a smooth bead surface. After the 96-hour heated oxidation test in KW simulant, the uranium beads
appeared to have a smooth, faceted surface with concave conchoidal divots and small raised striations.
The uranium metal bead oxidized in the 50:50 uranium oxide slurry, however, had a very rugged, pitted,
and layered surface.
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Figure A-4. Photographic images of uranium metal beads relevant to stirred reactor testing

(A) is the initial uranium metal bead condition. B) Beads after 96-hour, 95°C heating in KW simulant, and C) Beads
after 96-hour, 95°C heating in 50:50 uranium oxide slurry
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Figure A-5. SEM Images of Uranium Metal Beads Relevant to Stirred Reactor Testing

Images are scaled with respect to each other. A) Initial uranium metal bead condition. B) Bead after 96-hour, 95°C
heating in KW simulant. C) Bead after 96-hour, 95°C heating in 50:50 uranium oxide slurry.

The differences seen in oxidation rates and surface appearance of the uranium metal beads in the different
simulant tests is thought to be due to the presence of ferrihydrite, FesO,(OH)-4H,0, in the KW simulant.
Uraninite forms as an oxide coating during the oxidation of uranium metal, somewhat protecting it from
further oxidation. Studies have shown that ferrihydrite encourages UO, oxidation to the more soluble
U(V]) species, which would create fresh surfaces for oxidation. This theory is supported by the higher
oxidation rate in the KW simulant tests as opposed to the 50:50 uranium oxide test that did not contain
ferrihydrite.
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Figure A-6. Images of KW Simulant after 72 hour settling period

(Left) Stratified KW Simulant observed after 72-hour settling period. Samples for UV-Vis analysis were aliquoted from
the top, middle, and bottom phases. (Right) Composition of sludge heel. The top layer of the sludge heel slumps
readily and separately from the bottom of the sludge heel. The “sludge heel fracture” delineates the slumping solids
from solids of sufficient strength. The solids strength of the sludge heel bottom is estimated at 150 kPa.

Physical Behavior of Solids

As mentioned above, the KW simulant test formed three stratified liquid layers during the 72-hour settling
period. The top layer constituted 20 mL (of a total of 125 mL), had low solids content, and flowed like
water. The middle layer, 65 mL, had the consistency of thin paint. The bottom layer constituted 40 mL
and had the consistency of thick paint. The KW simulant also contained a sludge heel with two portions.
The top portion of the heel constituted 20-25 mL, and the material slumped within 3 minutes. The
material remaining in the bottom portion (approximately 25 mL) on the heel was described to be stiff to
very stiff, corresponding to a shear strength of 100-200 kPa.

In the initial small-scale tests, there was no evidence of such a strong heel formation in the KW simulant.
Insufficient mixing during the reaction is one potential explanation for the formation of agglomerates in
the bottom of the mixer. It was also possible that the agglomerated material acted as a barrier to heat
transfer, causing an increase in temperature in the solids region. This hypothesis was confirmed by
employing an additional thermocouple in the uranium oxide tests.

The solids morphology of the 50:50 uranium oxide stirred reactor test were very similar to the solids of
the small-scale testing. No solids agglomerates were identified, and the material flowed freely, indicating
a likely shear stress of less than several hundred Pa. As mentioned above, the atomic compositions for the
initial and final uranium oxide data were found to be nearly identical, and so the majority of the
differences between the two are physical and are shown below in Table A-7. Larger plates were observed
in the initial slurry, and the final slurry exhibited more irregular particulate matter. The decreased shear
strength in the final slurry is expected to be due to less plate-to-plate interactions.
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Table A-7. Photographic and SEM Comparison of Initial and Final Compositions of 50:50 Uranium Oxide
Slurry

U: 18%%
0:"8‘ o;
.ﬁ‘\.» o

C

(a) Photograph of initial oxide slurry; (b) photograph of oxide slurry after 96-hour heating at 95°C (Note the presence
of fine particulate ridges in the final product); (c) SEM image of initial oxide slurry at 40 ym full width; (d) SEM image
of final oxide slurry after 96-hour heating at 95°C at 40 ym full width.

The % PSD was also examined for the 50:50 uranium oxide stirred reactor tests. The % PSD was
analyzed at 1 minute of recirculation, during sonication, and post sonication for both before and after
WWO treatment respectively. The untreated solids did not clump, though large granular material was
detected when mixing the solids before analysis. This observation is consistent with the increased fraction
of particles in the 100 um range as shown in Figure A-7. The treated material was difficult to
homogenize and was creamy and sticky in nature rather than gritty. This observation is consistent with the
decreased fraction of 100 um particles as shown in Figure A-8.
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Figure A-7. Average Volume % PSD of Sample 50/50 Uranium Oxide Slurry Before WWO Treatment

Figure Note: PSD is based on the average of 9 PSD measurements generated from 3
aliquots of sample PSD U-50/50.
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Figure A-8. Average Volume % PSD of 50/50 Uranium Oxide Slurry after WWO Treatment (96 hr at 95°C in
Stirred Reactor)

Figure Note: PSD is based on the average of 9 PSD measurements generated from 3
aliquots of sample PSD U-50/50 Final.
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A summary of a select number of percentiles is given in Table A-8 for the two PSD samples. The table
provides a brief overview of the particle sizes present and in particular, in the tails of the PSD.
Comparison of the SEM images with PSD results provides reasonable agreement.

Table A-8. Summary of Selected Percentile Values Describing Particle Size Distribution

Before WWO, um After WWO Treatment, um
. (PSD U-50/50 Initial) (PSD U-50/50 Final)
Percentile - ;
1 "M S onication P.OSt. 1 NI S onication P.OSt.
Recirc. Sonication Recirc. Sonication

d(0.01) 0.64 0.39 0.42 0.45 0.38 0.40
d(0.05) 2.1 0.77 0.96 1.17 0.65 0.89
d(0.10) 3.9 1.23 1.52 1.88 0.97 1.34
d(0.50) 12.0 5.08 5.48 6.15 3.83 4.79
d(0.90) 49.7 20.3 27.2 17.6 14.7 17.3
d(0.95) 110 319 413 33.0 21.3 40.6
d(0.99) 546 605 608 409 106 431

A3.1.2 Technical Issues and Unknowns Related to Chemical and Physical Behavior

At an operating temperature of 95°C, the diametral penetration of oxidation on uranium particles is
approximately 2.0 ym/hour (8x10™ inches/hour), based on data in Reference [13]. Oxidation batch time
for KE and KW container sludge is estimated to be approximately 130 days (19 weeks) for uranium
particles with a maximum diameter of “-inch and a uranium oxidation enhancement factor (EF) of 1.
Oxidation time for settler sludge, with a maximum particle size of 600 um (2.4x107 in) is estimated to be
approximately 300 hours (12.5 days). Actual batch times will depend on the true particle size and
oxidation rate of uranium metal in each batch and the time required for transferring, heating, and cooling.
The extent of reaction will be monitored by measuring fission gases (Kr, Xe) released to the off-gas
system.

The preliminary data from the testing done at PNNL for WWO proof-of-concept reaction rates exhibit
oxidation rates are higher than those in the Databook [13]. These tests were conducted using simulants.
Further testing and analysis needs to be completed to further refine the reaction rates for the various K-
Basins sludges under the conditions of the WWO process. In the event an EF significantly less than 1
emerges from future testing (including testing of real waste samples), additional throughput capacity can
be provided by deploying two or three trains of treatment components. In a worst case where the actual
sludge oxidation rate exhibits an EF of 1/3, up to three WWO process oxidation trains may be needed to
achieve treatment within the 5-year duration established for the production window for STP Phase 2
treatment and packaging. It is estimated that the single packaging line would be adequate for any potential
WWO scenarios.

The testing done at PNNL on simulated sludges has produced mixed results relative to the issue of
agglomeration. All the tests done under Round 2 of this project have indicated that there is minimal
concern about agglomeration of the sludge under normal operating conditions. Previous testinghad
indicated that smaller particles could agglomerate to larger particles at these temperatures for some of the
sludges [22, 23]. Also, the last stirred test using uranium beads in a simulated slurry showed that in
regions of poor agitation, under relatively large temperature gradient, there is the possibility of the slurry
to form a cohesive mass that is difficult to dislodge and re-combine with the rest of the slurry. The degree
of agitation required to prevent agglomeration has yet to be determined, which means that there is
currently insufficient information on which to base the agitation system design.
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In addition to the Receipt and Reaction Tank chemistry and physical properties, there is another risk
associated with the final form of the processed and drummed sludge. The final oxidized form of the
uranium metal in this process is uranium dioxide. Uranium dioxide has two issues associated with it in
the final drumming. First, uranium dioxide is identified as a RCRA pyrophoric material in powdered
form. The WIPP WAC specifies an acceptance criterion that limits the content of radioactive pyrophoric
materials in waste packages to less than 1 percent by weight. The form of the waste in the drums is not
powdered, but a determination will have to be made as to whether or not it is pyrophoric in its final form.

The second issue is one of change of density by continuing chemical reaction. The main design
assumption for drumming the processed sludge is that it could be grouted in the disposal drum. It would
be anticipated that the uranium dioxide would further oxidize in the presence of oxygen to uranium
trioxide. The density of uranium trioxide is approximately one half the density of uranium dioxide. This
means that the uranium trioxide will displace about twice as much volume as the uranium dioxide. This
could cause problems in a cemented grout in drums. The expansion could be sufficient to split the drum.
Additional evaluation is needed to determine if the potential volume expansion with actual UO, content
of the drums would be sufficient to cause significant problems. It has been documented that the oxidation
of the U-metal contained in grouted drums can cause expansion whish results in distortion of the waste
package, and failure in some cases [18].

A3.2 Technical Issues and Risks Related to Equipment and Process Integration

A3.2.1 Technical Risks Related to Equipment
Table A-9. Technical Risks Related to Equipment

Component of Process Key Aspects of Uncertainty

e Use of xenon and krypton gas analysis to estimate oxidation
reaction endpoint

o Potential for runaway reaction

o Flammable gas generation

Oxidation Reaction in the RRT

e  Buildup of un-reacted U-metal fraction that could impact
Agitation System safety basis
e  Agglomeration due to insufficient mixing

Off-gas Control and Monitoring System o  Accuracy of off-gas analyzer

Discharge Locations o  Agglomeration and/or plugging at the RRT sludge outlet

* Insufficient sweep to dilute the evolving potentially

Nitrogen Injection and Sweep System flammable hydrogen gases

o Ability to determine the correct amount of oxidized sludge to

Lag Storage Tank be sent to drumming (in-line gamma probe)

e  Unknown sludge conditions after storage in STSCs
Slurry Transfer e  Plugging and/or abrasion of pumps
o  Plugging of transfer lines
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In-Drum Grouting and Packaging System * Inadequate mixing, resulting in radiological hot spots

o  Ability to manage input of sludge and cement mix to meet
FGE restriction

o  Swelling of drum contents due to oxidation of uranium
dioxide to uranium trioxide

System Controls

o  General process control issues

A3.2.2 Integrated Process Risks

The concept of maturity for the WWO Integrated Operations indicates the degree to which the
technologies are developed and ready to use as off-the-shelf items. The degree of maturity considers the
criteria in the DOE Technology Readiness Assessment Guide [14], as described in Section A2.1, which
identifies the three major categories of maturity in technology evaluation as technical maturity,
manufacturing maturity, and programmatic maturity. There are numerous mature commercially available
options for implementing integration of all WWO technology elements, including operational and
maintenance equipment that is remotely operated. The selection, integration, testing, and evaluation of
operational technologies will be deferred until later in the design phase after completing the identification
of process requirements and definition of process milestones such as FGE that meet WIPP WAC. Mature
technologies will be preferentially chosen in order to optimize the efficiency of the WWO system with
respect to throughput of sludge and ALARA considerations with respect to safety to workers and the
general public. The process of choosing the mature operational technologies for the WWO system will be
part of the scale up of operations from engineering to pilot scale. The following table summarizes

integration risk issues.

Table A-10. Risk Resolution Strategy for Integrated Operations

Technical Element

Remote operability

Production and
performance
reporting

Condition based
monitoring

Intelligent alerts and
events management

Key performance
indicators and
production
calculations

Collaboration for
decision-making

Risk Risk Resolution Strategy

* There is a risk that the remotely | * The full-scale cold-test mock up of the WWO will
operated manipulator and/or be used to validate the use and applicability of the
robotic equipment will not be remotely operated manipulators and/or robotic
adequate or will not function as equipment, and evaluate the WWO system
anticipated in the pre- design, refine procedures and tool designs, and
conceptual design study. train operators.

* There is a technical and * The technologies used for Integrated Operations
integration risk associated with are technically mature and widely used
the connectivity and integration commercially but their use individually and
of monitors, sensors, and other together on the WWO must be designed and
surveillance and tested as the system moves from bench to pilot
communications technology scale.

required for implementation of
these technologies.

There are numerous technically mature
commercial options for implementing all of the
technologies associated with this technology
element using Integrated Operations. The
selection, integration, evaluation, and acceptance
testing of these technologies can be deferred until
later in the design phase after a more complete
definition of requirements for Integrated
Operations
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A3.3 Technology Development Needs

Some of the fundamental reaction chemistry data for the WWO process was generated in previous
projects and collected in previous reports [7,13]. However, relatively little testing or engineering
evaluation work specific to the conditions of the proposed WWO process has been completed to date.
The use of a warm water oxidation approach appears to be a potentially attractive option based on the
testing under the current program and published information on somewhat similar oxidation systems. If
this option is to be pursued further, a number of initial activities should be performed to better define the
process, evaluate performance, determine if there are unexpected problems or complications related to
processing actual sludge, and provide engineering data to support more detailed engineering studies and
eventually design.

Development needs can be considered in terms of the design phases of a project. In the preconceptual
and early conceptual design phases, data is needed to verify basic feasibility, understand any complicating
factors (e.g. side reactions or adverse physical property changes), and develop preliminary performance
information. This data needs to be developed to a level of detail sufficient to support engineering studies
used to select the final flowsheet to be used as the basis for conceptual design. In addition, topical
engineering studies/evaluations are needed to better delineate certain aspects of the process. The assay
system concept, updated estimates of achievable total measurement uncertainty, feasibility of using
fission product gas measurements to verify completion of reaction, potential for uncontrolled/runaway
reactions are examples.

During the conceptual design phase process alternatives are typically evaluated and a single preferred
alternative is selected. Additional data is needed for the selected alternative to develop and optimize
system conceptual design, define the basis for sizing of unit operations, resolve any safety or regulatory
issues, and provide a firm basis for moving into preliminary design and later detailed design.

For the WWO, most work in the preconceptual and conceptual design phases involves development of a
more detailed understanding of chemical and physical phenomenology/behavior of the sludge under
actual process conditions. Unless the project elects to pursue novel remote equipment or facility
concepts, little if any mechanical/equipment oriented testing or development work is expected to be
needed during the preconceptual and conceptual design phases. Possible exceptions are the assay system
used to determine isotope concentrations in the drummed waste, and offgas analysis equipment that may
be considered for verifying completion of reaction. These unit operations are currently not well defined
and may need early equipment oriented testing. Similarly, the drumming system is not currently well
defined. If the selected drumming system design concept incorporates significant novel or untested
features, early proof of concept testing will be needed at least for those features.

In the detailed design phase, development activities are expected to primarily focus on design verification
testing. This phase will be primarily equipment oriented and will include testing of individual
components or physical features and testing of integrated systems or subsystems.

The evaluation relies mainly on information from the proposed Process Description and Flowsheet
(Reference [2]) and the results of a technology evaluation workshop. The purpose of the evaluation is to
identify the primary technology elements and their associated technologies and to identify and evaluate
risks associated with each technology element. Based on these evaluations, the risks are observed to fall
into the following two categories:

1. Risks associated with incomplete knowledge of the processes, dependency on design studies and
testing, and uncertainties to be investigated in the design of the facility. Further design evaluation
will involve investigation of uncertainties regarding sludge rheology, determination of the end point
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of the oxidation reaction using Xe and Kr analysis, and transferability of the sludge depending on
sludge concentration

2. Risks that are related to integration of the operational technologies that need to be investigated as the
project continues to progress and the design matures. These risks will require validation through
testing and evaluation from the engineering scale up to and including the pilot scale. These risks do
not represent major issues for the facility design and include overfilling of the RRT, leaks in the
transfer lines, pumps, and valves, and control of sludge concentration using reflux condensate, the
vacuum eductor, and other process-control technologies.

The following sections provide a preliminary identification of needed activities, with primary focus on
initial or near term activities. The resolutions consider the technical maturity of the technologies and the
level of testing and evaluation needed to mature and validate the technologies for completion of
conceptual design at TRL 4 and implementation in an integrated pilot-scale system at TRL 6 [14].

A3.3.1 Near Term Development Activities
A3.3.1.1 Chemical and Physical Behavior

The following are near term development needs regarding chemical and physical behavior:
1. Laboratory process testing with simulants:

a. Conduct tests on a larger scale than have been performed to date. The design of the
WWO and Immobilization System will be advanced from the laboratory- and bench-
scale to the pilot scale using a Phase 1 designed waste simulant and appropriately
scaled technologies and surrogate systems. The tests should include more careful
control and monitoring of reaction conditions, including off-gas collection. The
results should be more definitive with respect to anticipated rheology of the processed
slurry.

b. Provide more complete material balances, including off-gas measurements.
c. Explore the effect of additional sludge components not in the initial simulants tested.

2. Bench scale process flowsheet testing with simulants. This will typically be performed at 0.5
to 4 liter scale with more prototypic mixing and possibly more prototypic materials of
construction.

3. More comprehensive testing on sludge physical properties/physical behavior under process
conditions: slurry rheology, density, water, and solids content of settled sludge, tendency to
agglomerate or set up, ability to concentrate to target solids concentrations, etc. Run tests
using real sludge if possible.

4. Based in part on results of laboratory testing above, supporting engineering studies, and
literature review, develop a more comprehensive and optimized flowsheet.

A3.3.1.2 Equipment and Materials

The following are near term development needs regarding equipment and materials:

1. There will need to be modeling and laboratory-scale investigations concerning potential volume
change during continuing oxidation of UQO,. If oxidation reaction were to proceed to UO; while in
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storage after the sludge and cement-mix are solidified in the drums, the result could be swelling and
failure of the drums or disintegration of the grout, because of the lower density of the UQs,

2. Evaluate various possible waste forms, from various cement mixtures to various granular absorbents.
Refine the analysis of achievable waste loading estimates.

3. Engineering evaluation of materials of construction: Receipt and Reaction Tank, Lag Storage Tank,
agitator, pumps, piping, HVAC, valves, drums, etc.

4. Topical engineering study on immobilization and packaging design concepts to support selection of
the conceptual design system and equipment configuration.

A3.3.1.3 Longer Term Development Needs

The process is expected to use conventional proven commercial equipment adapted for remote operation
and maintenance. However, some equipment-oriented process testing will be needed for equipment, such
as agitators and pumps. Testing and development work is also expected to be needed for the drumming
system and likely some remote equipment features. This testing and development work will be performed
primarily during the preliminary design and detailed design phases of the project. The following are some
of the longer term development needs:

1. Design, testing, and integration of the remote equipment and the supporting control system and logic
of the remotely operated and maintained packaging facility will need to be conducted first at the
component level, and ultimately integrated into integrated system testing at full scale with a range of
simulants to assure that the system can be operated and maintained in a remote environment.

a. Refinement of process, equipment, and process qualification concepts for the dose-to-
curie assay system. Include evaluation of methods to deal with batch to batch variability
of dose-to-curie relationships.

b. Perform development testing of assay components and systems.

c. Evaluate need, costs, and benefits of additional physical sampling of sludge to reduce
total measurement uncertainty.

d. Topical engineering study on methods for verifying completion of reaction.

2. Evaluate nitrogen addition to the headspace of the RRT, CT, and LST versus sparging of nitrogen
from the lower part of one or all of the vessels.

3. Study and evaluate the robotic technologies for robust maintenance, decontamination, and other
remote O&M functions. This would include study and evaluation of a remote-control operating
system to be used to operate the WWO and Immobilization System.

4. Perform tests on agitator systems for the purpose of evaluation for operation at full scale. Develop
specifications for the agitators to be used in the Retrieval and Reaction Tank and the Lag Storage
Tank.

A3.4 Hazard Considerations

A hazard evaluation was completed for the Warm Water Oxidation Process in order to provide input to
the cost, schedule, and risk considerations for the continued alternatives selection process. This hazard
evaluation was completed by a team of representatives from Engineering, Industrial Safety, Fire
Protection, RadCon, and Operations [21].
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A list of the activities constituting the WWO alternative was compiled. Hazards (or nodes) associated
with each were then identified along with potential engineered and administrative controls. Table A-11
below summarizes the results of the hazards considerations for WWO. The primary hazards identified are
common to all alternatives handling K Basin sludge slurries. No hazards unique to the WWO were
identified that would significantly increase overall hazards as compared to other alternatives.
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Table A-11. WWO Treatment Hazard Considerations

Accident Potential Controls :
Node Type MAR Hazard Engineared ["Administrative Remarks/Assumptions
RET.01 — MOBILIZE, RETRIEVE, TRANSFER STORE AND AGITATE
RET.01.01 Internal Sludge H? accumulation and ignition in Purge system Equipment .
o Explosion contamination STSC headspace Ventilation system | surveillance
Crack leak of slurry being Dsiibis ioitaisd
RET.01.02 Spray Leak Sludge removed from STSC and : — —
: transfer line.
transferred to receiver vessel
Double contained
transfer line
Leak of slurry being transferred ;
RET.01.03 gp:gftzr/ Sludge from the STSC to the receiver | 1ank High Level — —
p vessel Alarm and pump
interlock
Pressure
RETO104 | Gontiocment | Contamination | unfiared releses from tank || Fansmiter © = =
ST o et HEIS slkang 4 monitor the tank
H, accumulates in the receiver Inerting or
Internal Sludge tank headspace and lines,
REFDIER Explosion Contamination | resulting in a deflagration of the A;ttehrnate purge - -
tank headspace or lines palE
Cs-137 release | Backflow of sludge through a Interface system
to water during | line above the STSC, or design (check
RET.01.06 Direct Rad storage or exposure to storage water high valves and system ;I'(r)?]rt]rsgler sghess —
sludge in line in Cs-137 or sludge in STSC pressure), remote
orin STSC due to liquid draw down STSC unloading
Dropping equipment onto the H ;
; anford Site
RET.01.07 | Load Drop MOHE e | L TR o e = Hoisting and =
contamination head or installation of transfer i
= Rigging Manual
system resulting in a leak
REC.01 — RECEIVER VESSEL STAGING AND DEWATERING
Note: this includes the boil down dewatering both before reaction and during/after reaction, and agitation and circulation during staging and reaction.
Note: hydrogen evolution may
Internal Sludge H2 accumulation and ignition in P St Equipment be very rapid following size
REC.01.01 : R ; . L e
Explosion Contamination | tank headspace surveillance reduction, especially if agitation

Ventilation system

is ineffective and the settled

A-29




PRC-STP-00465, REVISION 0, VOLUME 2
TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Node Accident MAR Hazard - Potential Contro!s. - Remarks/Assumptions
Type Engineered Administrative
metal is self heating
Low pressure
. . circulation
REC.01.02 Spray Leak Sludge Circulating sludge spray leak Secondary — —
confinement
REC.01.03 Splash / Sludge Leak from circulating system Secondary — —
Splatter confinement
Pressure
Overpressure Sludae Plugged vent path and transmitter to
REC.01.04 Loss of ge overpressure causes an monitor the tank, — —
. Contamination . .
Confinement unfiltered release from tank pressure relief,
open vent path
Flush water
system design
(check valves and
Sludge in li system pressure),
oru geniine Backflow of sludge through a S};ﬂeldeg recirc )
REC.01.05 Direct Rad £ flush line or in a recycle line, lines — —
xposure to exposure to receiver vessel : .
vessel Shielded receiver
vessel, remote
maintenance for
agitation
Vessel geometry,
. sludge process
REC.01.06 | Criticality — Accumulation of separated limits, sludge —
metal, unsafe geometry .
material final
characterization
Steam . .
aaitation / Steam leak into receiver vessel Steam Jacket
REC.01.07 gital Slurry in tank agitates and volatilizes slurry ; — —
ejection of - design
into off gas system
slurry
Missile or structure failure
REC.01.08 NPH Sludge results in spill / spray and Facility design — —
spread of rad material
. e Materials of
Facility Fire, Facility fire results in failure of construction, Combustibles
REC.01.09 soill Sludge confinement vessel and release . . limits —
P of rad material Fire Protection
System
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Accident

Potential Controls

Node Type MAR Hazard Engineered | Adiiinicthatie Remarks/Assumptions
TRS.02 —-TRANSFER AND STAGING OF TREATED SLUDGE.
NOTE: Applies to transfer and staging for Alternatives 1, 2, 3, 4, 6
. ; , Piping design,
Line failure during pressure secondary piping
TRS.01.01 | Sprayleak | Sludge VEDSer Tesuts A TElEAse O | ey - -
radiological material outside of
o confinement
the facility ;
design
Accumulation of gas in the Ventilation system
Sludge isolated staging tank results in a
TRE.01.02 ONBIprEsELIS Contamination | potential overpressure and Confinement T T
release of radiological material design
Piping design,
: G ; secondary piping
TRS.01.04 Splash / Sludge Transfer Line failure results in a design, - .
Splatter release of slurry
confinement
design
Relgased Radiological
fiszien Sludge in lines or vessels not Control
TRS.01.05 Direct Rad products or : Facility design —
B adequately shielded Program access
sludge in lines
: controls
or containers
SSC failure results in spill /
TRS.01.06 Seismic Event | Sludge spray and spread of rad Facility design — —
material
Missile or structure failure
TRS.01.07 Other NPH Sludge results in spill / spray and Facility design — —
spread of rad material
PKG.03 — IMMOBILIZATION AND PACKAGING OF TREATED SLURRY.
Piping design,
Pressure transfer line failure Secondary piping
PKG.03.01 Spray Leak Sludge results in a release of design, — —
radiological material confinement
design
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Accident

Potential Controls

Node Type MAR Hazard Engineered Adiiinicthatie Remarks/Assumptions
- ; Materials of z
FEE e Facility fire results in a release : . Combustibles
PKG.03.02 Facility Fire Sludge of rad mristeria] constru.ctlon, Fire coritral —
Protection System
PKG.03.03 | Seismic Event | Sludge Seismicforces resultinaline | £ gp gecion — =
break and potential release
Piping design,
Srlash | Pressure transfer line failure secondary piping
PKG.03.04 P Sludge results in a release of rad design, — —
Splatter i
material confinement
design
tl?seslgansed Radiological
PKG.03.05 | Direct Rad products or Directexposlre ioslidge rall | ahjalding design | &@NTel =
et shine Program access
sludge in lines
: controls
and containers
Missile or structure failure
PKG.03.06 Other NPH Sludge results in spill / spray and Facility design — —
spread of rad material
STG.01 — SHIELDED STORAGE OF TREATED DRUMS.
Handling system £
Container drop resulting in a design, I-_Iogtmg B Minor release from stabilized
STG.01.01 Load Drop Sludge . rigging controls, :
release of rad material confinement material
: DOE-RL-92-36
design
Load dropped onto container I(;|easnidlr|]ng BiEEm Hoisting and Nlifar raleass e stabilized
STG.01.02 Load Drop Sludge resulting in a release of rad conf?nément rigging controls, e
material 5 DOE-RL-92-36
design
o Drum drop or fall, missile impact Minor release from stabilized
STG.01.03 Seismic Event s or structure failure results in Facility design — material
Contamination ot
spread of rad contamination
Siidie Drum drop or fa"’ missile impact Minor.release from stabilized
STG.01.04 Other NPH S or structure failure results in Facility design — material
Contamination =
spread of rad contamination
Sludge in Radiological
STG.01.05 Direct Rad packages Direct rad exposure to drum Facility design Control —

Program access
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Accident Potential Controls ;
Node Type MAR Hazard Engineered Adiiinicthatie Remarks/Assumptions
controls
Slidue Fire results in SSC failure and Facility design,
STG.01.06 Facility Fire . impact of packages, spread of Fire Protection = =
contamination e .
contamination Design
LSC.01 — LOAD SHIPPING CONTAINER. REMOVE FROM ISC, LOAD 72-B LINER, LOAD CASK.
Radiological
LSC.01.01 Direct Rad S1Udgs In Direct rad exposure to drum Facility design il —
packages Program access
controls
. e Hoisting and
L3G01.02 L Drvip Sclal:](tjaggination L?Eﬂa:gtgzllgrgsf - ((::c?r?ttr?):n\;gittli?aqion Agging Gaimls, o
DOE-RL-92-36
Sfidas Fire results in SSC failure and Eire Protactior
LSC.01.03 Facility Fire g8 impact of packages, spread of — —
contamination =l System
contamination
SSC failure results in package
LSC.01.04 Seismic Event | Contamination | impact and spread of rad Facility design — —
material
Missile or structure failure
LSC.01.05 Other NPH Contamination | results in package impact and Facility design — —
spread of rad material

DOE-RL-92-36, 2007, Hanford Site Hoisting and Rigging Manual, Rev. 1, U.S. Department of Energy, Richland Operations Office, Richland, Washington.

FW = facility worker. ISC = interim storage container.
HC-2 = Hazard Category 2 (facility). LFL = lower flammability limit.
HEPA = high-efficiency particulate air (filter). MAR = material at risk.
HVAC = heating, ventilation, and air conditioning. NPH = natural phenomenon hazard.
SSC = structure, system, and component.
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A3.5 Additional Considerations

There are additional risks, issues and potential optimization items associated with the WWO and
immobilization process. A number of these are summarized below.

1.

The WWO and Immobilization System will be housed in a stand alone, enclosed ~4,000 ft pre-cast
concrete structure with controlled access to the entire structure and individual cells within the
structure as needed. The facility will be capable of being operated remotely via a control room and,
to the extent necessary, will include robotic technology for routine maintenance, and
decontamination. The size of the full-scale WWO facility could be reduced by one-third to one-half
by using modular facility to manage drum filling, mixing, and handling. The exploration of modular
construction should be investigated.

The capacity of the RRT will be optimized as the operational design moves from bench-scale to pilot-
scale dimensions. The estimated batch size is from two to eight STSCs depending on the sludge
concentration in the individual STSCs.

The RRT will have a dish-shaped base to assure agitation and help prevent agglomeration at the
bottom of the vessel. It is likely that a series of agitation paddle/mixers to keep the sludge in
suspension and provide maximum exposure of the sludge particles to the heated water will be
required in the final design. Experimental studies performed at vendor sites will be used to determine
the stirring/mixing strategy and whether or not, and in what configuration, baffles could be installed
on the inner walls of the vessel to promote mixing and prevent areas of stagnation and agglomeration,
which would prevent efficient circulation of the oxidized sludge.

Empirical testing should be used to determine the optimum method to pre-add dry Portland-cement-
based grout to the 55-gallon drums before the drums are moved into the controlled environment of the
WWO and Immobilization System facility and/or the use of a modular facility to add flexibility to
loading/unloading operations and reduce the footprint of the overall WWO and Immobilization
System.

Review and evaluate currently operating integrated grout-filling operations in the US and abroad to
determine the most efficient technologies to use for the In-drum Grouting and Packaging System.

Develop a failure mode analysis, supplemented by testing, to determine the extent of
redundancy/versus maintenance replacement is needed to meet the production requirements. .

Use design studies to optimize the order of batching of K-West, K-East, and Settler Sludge to
optimize water consumption and accelerate throughput and minimize the need to transfer excess
water to the Hanford ETF.

Develop and test Integrated Operations procedures to insure safe conditions if there is a failure of one
or more systems.
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A4 Process Design and Performance Estimates

This section provides a summary of sizing for major process equipment, estimates of the time required to
process all of the K-Basin sludge, and facility size information.

The base case flowsheet assumes the Receipt and Reaction Tank is to be operated on a double-batch basis
with a batch time for KE and KW Container sludges of ~150 days and a batch time of ~30 days for Settler
Tank sludge (including durations allowed for the operating steps of oxidation, vessel heat-up/cool-down,
and transfer). During the oxidation process, slurry is concentrated from ~4vol% solids to 20vol% solids
by evaporation to minimize the volume of oxidized waste slurry (i.e. reduced from 3,500 to 700 gallons
slurry). The contents of the Receipt and Reaction Tank are to be concentrated down in approximately 3.4
days, at which point, the contents of an additional STSC are to be added and subsequently evaporated to
increase the working inventory of the Receipt and Reaction Tank. “Double-batching” refers to the
addition of the contents of two STSCs per process batch. This is the proposed baseline case for the WWO
process evaluation [19].

Batch time for WWO processing is derived from:

e The maximum uranium metal particle size expected (Y4-inch for KE and KW Container sludges, 600
um for Settler Tank sludges);

e The oxidation rate predicted at 97°C (2 pm diametral/hr) with an enhancement factor of 1 [13]; and,

e The volume of sluiced feed material loaded in the Receipt and Reaction Tank.

A4.1 Estimated Processing Duration for Treating all K Basins Sludge

The estimated operating duration to process all the sludge is shown in Table A-12. The estimated
processing time is 59 months at 70% total operating efficiency (TOE) for the base case.

The ability of the WWO process to complete processing within 60 months relies on each oxidation batch
processing multiple STSC batches (two STSCs per oxidation batch for the base case). The base case time
cycle calculation for treatment of an oxidation batch of Engineered Container sludge is based on the
following sequence and time allowances (at 100% operating efficiency): 1 day to transfer first batch from
STSC, 3.4 days to boil down the first STSC batch, 1 day to transfer in the second STSC batch, 117.9 days
to heat the batch and oxidize the U metal and concentrate to final solids concentration, and 2 days to cool
and transfer the batch to the Lag Storage Tank. The total time to process is 125.3 days per oxidation
batch. It is assumed that transfer from an STSC for the next oxidation batch can start as soon as the
transfer of the previous batch to the Lag Storage Tank has been completed. The calculation for a batch of
settler tank sludge is the same except that the time allowance to heat and oxidize a batch is reduced from
117.9 to 14.2 days giving a total batch preparation time of 21.6 days. In both cases the reaction time is
estimated based on a 97°C reaction temperature and a reaction rate “enhancement factor” of 1.0.

Average drumming time per oxidation batch is shown in Table A-13 and estimated for the base case at 14
days for KE EC sludge, 18.8 days for KW EC sludge, and 58 days for settler tank sludge based on a base
case drumming rate of 30 drums per week [19]. Comparing the oxidation batch preparation times with
the estimated drumming times shows that the processing rate for KE and KW EC sludge is controlled by
the oxidation batch preparation time, while the settler tank sludge processing rate is controlled by the
drumming rate.

The current time cycle estimate assumes that delivery of the second STSC batch to the RRT can be started
about 4.4 days after the first batch. If the actual schedule for sequential STSC batch retrievals is longer it
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directly impacts the WWO processing schedule. Similarly, if the retrieval concept is able to deliver 3 or
more batches in a relatively short time for processing in a single WWO batch, it would reduce the WWO
processing duration. Additional sensitivity cases are discussed in Appendix I.

Table A-12. Estimated Sludge Processing Durations for WW Oxidation Process

Sludge Processing | Sludge Processing
Lade Time at 100% TOE | Time at 70% TOE Comments
Base Case’ 41 Ehihe 59 fhahihs 40 FGE per drum, ,30 drums per week
drumming rate.

'Other sensitivity cases are considered in Appendix |

Table A-13. Total drums needed to package sludge waste at 40 239Pu FGE level [19].

KE KW

Engineered Engineered

Containers Containers Settler Total
FGE (g/ma) [sludge concentration] 702 1,560 7,340 -
Total Number of drums at 40 FGE per drum 323 199 991 1,513
Number of STSCs 11 5 8 24
Average Number of drums per STSC 30 40 124 -
Average Time to Drum each Batch' (days) 14.0 18.8 58 -
Average Time to Drum each Batch (hours)’ 168 226 696 -
'Each WWO batch consists of 2 STSCs

A4.2 Major Process Equipment

In order to compare the various technologies under consideration, normalized flowsheet estimates were
made to evaluate differences in major equipment and facility size, and to estimate potential differences in
sludge processing rate and the associated duration required to process all of the sludge [15]. The
normalized flowsheet estimates are based on input from AREVA [2] with adjustments as needed to assure
that all technologies are evaluated on a reasonably consistent basis.

For the WWO process tank size estimates are given in Table A-10 based on the nominal base case set of
assumptions [15].

The following is a list of major components of the system:

Table 14. WWO Process System Components

EQUIPMENT SIZE QUANTITY NOTES
Receipt and Reaction Tank With steam jacket
T-001 6,230 Gallons 1 (See Attachment 14)
Condensate Tank
T-002A & B 4,500 Gallons 2
=2k 3,070 Gallons 1 With cooling jacket
T-003
Receipt and Reaction Tank
Pumps P-001A & B 89 GPM, 42.3 PSI 2 (See Attachment 5A/5B)
Lag Storage Tank Recirc
Pumps P-003A & B 89 GPM, 42.3 PSI 2 (See Attachment 5A/5B)
é?&)lfgs;er PUmps 15 GPM 2 Moyno progressive cavity pump
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EQUIPMENT SIZE QUANTITY NOTES
Condensate Tank Pumps
P-002A1 & 2, P-002B 30 GPM, 36 PSI 3 (See Attachment 7)
Mixer M-001 50 HP 1
Mixer M-003 25 HP 1
Eductor 11/2" 1 (See Attachment 6)
Exhaust Duct Heat g
Exchanger HX-002 300 BTU/HR 1 Very small coil
Condensate Tank Heat
Exchanger 256,000 BTU/HR 1 (See Attachment 8)
HX-001
Eﬁgg? Hanellng DEvee 1 KUKA Model KR16 or equal
Predator Arm 500 pound lift, 79” reach 1 (See Attachment 13)
Crane for Pump Room 2 ton 1 (See layouts - Attachments 2, 3, and 4)
Crane for Packaging sub-
system 2 ton 1 (See layouts - Attachments 2, 3, and 4)
Nitrogen Dewers 50 liters 3
Closed Circuit Cooler 350,000 BTU/HR 1 (See Attachment 9)
Closed Circuit Cooler :
Pump 45 GPM 1 Centrifugal type
Refrigerant chiller 10 ton 1
Refrigerant Chiller Pump 24 GPM 1 Centrifugal type
Boiler SG-001 208 Ibs/HR 1 (See Attachment 10)
Process Exhaust HEPA Model GRF
Housings Ll . (See Attachment 11)
Main Exhaust HEPA K Series
Housing SE0L o0k ; (See Attachment 11)
Exhaust Fan 3,000 SCFM at 12” water 2
Exhaust Stack 16” diameter, 40’ tall 1
1 : 3 Unit to have inlet filter, bag filter,
Air Handling Unit 3,000 SCFM 1 cooling coil, heating element, and a fan
Outdoor Direct Expansion
(DX) Refrigeration Unit 2ian 4
Drum Loading Station &7 wicel wall 1 See layouts, Attachments 2, 3, and 4,
Hood s first floor
Contaminated Equipment 1 See layouts, Attachments 2 and 4,
Maintenance Hood second floor
Includes motorized rollers, fill
. . equipment, rotation motor for mixer,
Drum Loading Station 1 plug removal device, drip pans, and a
rotary table.
Gamma sensors for sludge
recirculation line 4 (See Attachment 12)
For krypton, xenon, hydrogen and
Oii-g&s Andlyzer-mass 1 oxygen samples from cryogenic cold
spectrometer t
rap
Gamma sensor station for 1 station, 12 Located in packaging sub-system room
drums sensors
Tank differential pressure :
transmitters Capillary type 4
5 ; For drum loading station and final drum
Scales 24” by 24 2 weight

A-37




PRC-STP-00465, REVISION 0, VOLUME 2
TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

EQUIPMENT SIZE QUANTITY NOTES
Level Transmitters 6
Flow meters 1” diameter 2 Coriolis mass flow meter
Process controls and 1
software
Motor Control Center 1 See Section 5.1
Exhaust stack monitor 1 Monitor for alpha and beta.

A4.3 Facility Requirements

Two different layouts for the WWO system were considered: a stand-alone purpose-built facility, and an
existing Hanford Site facility (not defined). The stand-alone, purpose-built facility is assumed to have a
modular design concept.

The stand-alone purpose-built facility would be fabricated from precast concrete panels to enclose major
process vessels. Pre-fabricated structures would house the packaging sub-system and operator working
areas. An overlap design is incorporated for panels that enclose WWO process vessels, pumps, and
packaging sub-system elements to ensure effective shielding of the radiological materials contained
within the process.

For the existing facility layout, general facility attributes are not defined. It is assumed the facility
consists of a concrete structure with areas segregated for containment of radiological materials and
shielded to mitigate potential dose to workers and a nuclear zoned ventilation system for contamination
control and HEPA filtration of discharges.

Each layout would incorporate approaches to minimize potential contamination, and identifies tools and
processes to be relied on for decontamination in areas that might be expected to become contaminated
during upset conditions. All process cells will be lined with stainless steel to support decontamination and
maintenance activities. Adequate sumps and drains will be provided along with curbs and raised doors to
assure that the largest radioactive volume can be contained within the Zone 1 confinement area.

For the stand-alone layout, a High Efficiency Particulate Air (HEPA) filter room would be established
that is separated from the remainder of the facility with 2-hour fire walls and doors, to ensure compliance
with DOE-STD-1066 [16]. The existing Hanford Site facility is assumed to have adequate zoned HEPA
filtration to support the entire process volume, though supplemental offgas treatment may be required.

Emergency access to process vessel and pump rooms would be included in each layout and all equipment
would be designed for decontamination to a level that allows for worker access under controlled
conditions. There would be no black cells.

Commercial off-the-shelf equipment would be selected for use where feasible to establish the WWO
system design, in order to mitigate cost, enhance reliability, and reduce the effort required to develop and
qualify the process for operation. See Figures A-9 and A-10 below for the conceptual layouts of the
facility. Figure A-13 provides information on the dimensions of the footprint of the facility.
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Figure A-9. Plan View of Facility Layout.
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Figure A-10. Isometric View of Facility Layout.
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A5 Characteristics of the Alternative Relative to Evaluation Criteria

This section provides an evaluation of the WWO process concept relative to the evaluation criteria
outlined in the CHPRC Decision Plan [5]. The project scope and requirements assume that any
alternative must be capable of receiving full STSC batches of K Basin sludge and processing them to
meet criteria for shipment to WIPP. As such, all alternatives will need certain minimum capabilities and
will present minimum safety (public and worker) and environmental risks, and minimum costs, and
technical requirement. This section notes characteristics, advantages, and disadvantages of the WWO
alternative that would need to be considered in making decisions of whether to proceed or how to proceed
with the development of WWO technology.

A5.1 Potential Beneficial Attributes of WWO

e The WWO reaction has been studied significantly over a wide range of temperatures, so the process
can be relatively well-predicted. Tests have indicated that the reaction rates should be at least as fast
as those predicted in the Sludge Technical Data Book [13].

e Process chemical and physical behavior tests have shown that the WWO process does not
significantly impact the flow ability of the sludge.

e The tank sizes for the RRT and the LST needed for the WWO process are only slightly larger than the
minimum sized tanks (RRT and LST) needed to accept and process a full STSC batch. Minimizing
process tank size also minimizes remote cell space requirements and presents an easier mixing
problem for slurry.

e  WWO reaction time is expected to meet the 5 year processing criterion. This is expected to occur
with a single process train and the minimum tank size.

e  WWO is relatively simple and safe process that does not require chemical additives or high
temperature or pressure.

e No exotic construction materials are anticipated to be required for the WWO process.

e The equipment required for construction of the facility is generally readily available with little to no
required modifications. Remote handling and radiation shielding for this process is typical and
similar to what is required for other processes that handle and process highly radioactive slurries.

e  The WWO process could easily be modified to handle a wider range of TRU feeds by the addition of
a sorting or grinding pretreatment process.

e Material upgrades to process equipment and additional chemical addition capabilities included in the
FROP alternative also increase flexibility for chemical treatment and processing other future
(undefined) waste streams with a variety of chemical agents.

e The processing rate is estimated based on the maximum theoretical particle diameter. The actual
diameter of uranium particles is anticipated to be smaller than the theoretical value due to reactions
occurring in storage. This could potentially shorten the overall processing time.

e Back-end packaging is essentially the same as for all the other water-based processes and differs only
from the vitrification processes.
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A5.2 Potential Risks in WWO Development.

e The development of a method to accurately determine the end point of reaction is required.

e The development of a method to accurately determine the FGE loading of drums is required. This is
a problem common to all candidate processes.

Table A-15 illustrates how the identified characteristics, advantages, and disadvantages relate to the
Decision Criteria identified in the Decision Plan [5].
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Table A-15. Evaluation of WWO against the Decision Criteria [5].

Decision Criteria from Decision Plan [5]

Attributes of WWO Process Technology Related to

Criteria Goals Measures Decision Criteria
Safety Ensure worker safety. Relative ease/difficulty in * No significant safety hazards have been
implementing adequate safety identified beyond those typical of all processes
measures as measured by that handle (move, mix, pump, and package)
number of passive(inherently bulk quantities of the highly radioactive K Basin
safe) vs. active engineered sludge slurries [21].
safety features.
¢  Minimum material at risk (MAR)/inventory of
Ensure protection of the nuclear sludge.
the general public.
* No chemical additives required.
o Relatively long processing time results in longer
risk period.
Regulatory/ stakeholder Ensure compliance with | Achieve acceptance of e Analysis by CHPRC showed no significant
acceptance. environmental laws and | regulators and other regulatory or stakeholder concerns.

regulations and DOE
orders.

Address sludge
management
concerns in
Comprehensive
Environmental
Response,
Compensation, and
Liability

Act of 1980 record of
decision.

Stakeholders.

Technical maturity

Maximize confidence in
process implementation

Projected Technical Readiness
Level (based on technical criteria
only at this stage of the project)

Estimated volume of waste going
to WIPP

WWO is estimated to be at TRL 3. Some
aspects of TRL 4 have been addressed (e.g.,
sludge rheology).

Proof of principle tests successfully
demonstrated process functionality under
several conditions.

WWO process has been studied at various
temperatures to give reliable reaction rates.

Process chemical and physical testing showed
that the WWO process has minimal effect on
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Decision Criteria from Decision Plan [5]

Criteria

Goals

Measures

Attributes of WWO Process Technology Related to
Decision Criteria

sludge flow ability.

o  Modest size slurry tanks, slightly larger than the
minimum required to process a single full STSC
batch. Smaller size tanks present and easier
mixing problem as compared to processes that
require larger tanks.

o Estimated volume of waste is expected to be
2%y, FGE limited, i.e. the process is not
expected to increase number of drums to WIPP
above the minimum.

o Methods to determine reaction end point and
drum FGE loading need to be developed.

Operability and
maintainability

Maximize operability
Maximize maintainability

Ability for process to be
remotized

Ability to treat and package K
Basin sludge inventory
in 5to 7 years

Acceptability of secondary waste

streams for

disposal at Environmental
Remediation Disposal
Facility (solids) and 200 Area
Effluent Treatment Facility
(liquids)

e  The treatment system will use proven, familiar,
remote equipment designs concepts. No
special or unusual equipment concepts are
needed beyond those typical for handling and
processing highly radioactive slurries. The
drumming system will use primarily industrially
proven equipment and designs with some
custom features to be developed and proven
for this specific application.

e The treatment system can be easily adapted for
other waste streams with the addition of pre-
treatment processes.

* No additional chemical handling is required.
e The total processing time is very close to the 5

year criterion, leaving little room for adjustment
in retrieval schedule or unexpected downtime.

Life-cycle cost and schedule

Optimize life-cycle costs
for sludge treatment and
packaging facility
Provide acceptable
schedule to
stakeholders

Cost
Cost of maturing technology to
Technology Readiness Level-6

Capital cost

o Relatively small process slurry tanks and no
added equipment result in lower costs.

e Longer processing time results in higher
operating costs.
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Decision Criteria from Decision Plan [5]

Criteria

Goals

Measures

Attributes of WWO Process Technology Related to

Decision Criteria

Operating and maintenance cost

Deactivation and
decommissioning cost

Schedule
Facility startup

Complete treatment and
packaging

Potential for beneficial
integration with ongoing STP
- Phase 1 activities

e  Optimize cost or

schedule for STP -
Phase 2

o  Consider co-

location of needed
facilities provided
by STP - Phase 1

o Potential for integration of
treatment and/or packaging
with interim storage in T
Plant

e Potential for shared
functions with those being
provided by STP Phase 1

o  Optimization of location of
reduce/eliminate
intermediate shipping or
repackaging of the sludge
material

Process is compatible with Phase 1 design
concept.

No identified positive or negative impacts to
currently planned Phase 1 Project activities

Co-location near T Plant is possible, but overall
siting studies have not been completed.

No significant integration issues noted.

Integration with Site-wide
RH-TRU
processing/packaging
planning, schedule, and
approach

Optimize processes,
equipment, and facilities
for K Basin sludge
treatment and
packaging with other
Hanford Site RH-TRU
waste streams

e  Number of other
Hanford Site RH-TRU
waste streams that can
be treated with
candidate process

e  Number of other
Hanford site RH-TRU
waste streams that can
be packaged with
candidate packaging
process

With minor modifications, the process is
capable of processing additional K Basins TRU
waste streams that have been identified.

Other than the additional K Basins wastes, no
specific RH TRU streams have been identified
for integration at this time.
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Appendix B

Evaluation Data for Fenton’s Reagent Oxidation Process (FROP) -
(Ceradyne)
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B1 Introduction

Use of Fenton’s Reagent for oxidation of U metal was proposed by the Boron Products, LLC subsidiary
of Ceradyne, Inc. (Ceradyne) in response to a formal Request for Information. After further definition of
the concept and approach for testing, CHRPC awarded Contract 42402 to Ceradyne to perform proof of
principle testing and related engineering support work needed to evaluate and define how this approach
could be implemented. The testing and support work completed to date indicate that the Ceradyne
Fenton’s Reagent Oxidation Process (FROP) is a viable alternative for use in Phase 2 of the STP [1, 2].
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B2 Technology and Flowsheet Summary Description

The unique feature of the FROP is use of hydrogen peroxide and soluble iron (Fenton’s Reagent) together
with chloride to achieve relatively rapid U metal oxidation at moderate temperatures. The oxidized
sludge is concentrated by evaporation and solidified in drums by use of additives.

The overall process is divided into two major parts:

1. Sludge receipt and preparation for immobilization: the sludge batch is received from retrieval,
oxidized to eliminate metallic uranium and water is removed to give the solids concentration desired
for the immobilization process.

2. Inthe immobilization and packaging process, the concentrated sludge slurry is assayed, metered into
drums, and converted to a liquid free solid that is sealed in drums for eventual offsite transport and
disposal.

Supporting processes such as vent gas treatment, liquid waste disposal, cooling water and process steam
supply are assumed to be similar to those identified for WWO (Appendix A) and are not further discussed
for the FROP option.

B2.1 Sludge Receipt and Preparation for Immobilization

The FROP is illustrated in Figure B-1. Dilute sludge from an STSC is delivered as a single batch to the
Receipt and Reaction Tank (RRT). The RRT is normally maintained at slightly below atmospheric
pressure and is agitated continuously when it contains a batch of sludge. The batch is heated to about 90-
95°C using a steam jacket and concentrated by evaporating excess water. The batch is then cooled to the
reaction temperature (about 35°C) using a cooling water jacket. A small amount (about 0.1 to 0.2 mole/L)
of chloride is added, soluble iron is added if needed, and pH is adjusted to between 1 and 4 if needed by
adding acid (HCI] or H,S0O4). Addition of hydrogen peroxide solution (nominal 30 weight %) is then
started at a controlled rate. In the presence of sludge components the hydrogen peroxide decomposes too
fast to allow for a single batch addition at the start of reaction. Therefore, continuous peroxide addition is
maintained through most of the reaction period. When the U metal oxidation reaction is complete (or
nearly complete), peroxide addition is stopped. The batch is then heated to near the boiling point and is
concentrated to the desired solids concentration by evaporation. The post reaction evaporation step also
destroys any residual peroxide. The oxidized and concentrated sludge batch is then transferred to the Lag
Storage Tank (LST).

The LST is continuously agitated when a sludge batch is present, and is cooled with a water cooling
jacket. Concentrated sludge is transferred to the assay and drumming system in smaller batches as
needed. The LST is sized to hold at least a full concentrated batch from the RRT. Once the RRT batch is
transferred to the LST, transfer and preparation of the next STSC sludge batch can be started in the RRT
while the previous batch is processed by the drumming system.

Steam generated during the evaporation step flows first to a demister to remove any entrained material
and then to a water-cooled condenser. Non-condensed vent gas is heated and filtered prior to discharge.
Condensate drains to a Condensate Tank. Where feasible, clean condensate is recycled for line flushes
and for the immobilization step. Excess condensate is sampled and shipped by truck to ETF for disposal.
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Figure B-1. Fenton’s Reagent Oxidation Process Simplified Flow Diagram.

Similar to other oxidation treatment processes, methods are needed to assure metallic uranium has been
adequately eliminated. For the FROP a combination of the following methods could be used:

Process validation. This method involves performing process validation tests which define process
performance sufficiently to provide confidence the process will perform as expected. This can
include both pre-commissioning testing and test data collected during initial hot operations.

Monitoring of fission product gas. Past work on Warm Water Oxidation of actual spent fuel has
demonstrated that fission product gasses (Kr and Xe) are released when the fuel is oxidized. Release
of fission product gasses has been used in laboratory tests to track the U metal oxidation reaction and
has also been proposed as a potential method of tracking the in-plant Warm Water Oxidation process
[7]. This method may be easier to apply to FROP because the reaction times are much shorter than
for WWO, which is expected to result in a higher release rate producing higher concentrations that are
easier to detect.

Monitoring of hydrogen generation in the RRT. If at the end of the expected reaction period all of the
uranium metal has not been oxidized, hydrogen will continue to be produced by of the reaction of
water with residual U metal during the final concentration step. Monitoring vent gas for hydrogen
content during the water oxidation and concentration steps to detect excess hydrogen could be used to
determine if there is significant residual uranium metal present. A small amount of hydrogen
production will also continue via radiolytic splitting of water, which may reduce the sensitivity for
detecting residual metallic U by measuring total hydrogen generation.

Monitoring of hydrogen generation in the product drums. Monitoring hydrogen generation rates in
product drums could be used to prove significant U metal is not present in the drums. This would
involve holding selected drums for a period of time at an elevated temperature (60°C for example)
and measuring the hydrogen evolution rate. A limited number of drums could be tested using a
statistical sampling or process validation approach. An advantage of this method is that it directly
correlates with the applicable hydrogen generation limit for drums during shipping. The disadvantage
is that it will take a substantial amount of time for each test, likely days or weeks.
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B2.2 Process Chemistry

Fenton’s Reagent is a powerful oxidation system that combines hydrogen peroxide and iron catalyst.
This well-known mixture is used extensively in hazardous waste treatment [1, 2, 3]. The Fenton system
is based on the catalytic reaction of iron with hydrogen peroxide to produce hydroxyl and perhydroxyl
radicals:

Fe*" + H,0, — Fe’" + OH: + OH (Eq. B1)
Fe*"+ H,0, — Fe’'+ OOH-+ H' (Eq. B2)

The reaction is normally carried out at slightly acidic conditions (pH<5) to avoid precipitation of the Fe
ions [3].

Based on testing performed in the current program and other published information, it has been
determined that chloride accelerates the U metal oxidation rate [1, 2, 4, 5, 9]. Therefore, for the FROP,
chloride is also added and appears to act as a catalyst or reaction intermediate; however, this chemistry
has not yet been fully defined. In a somewhat similar reaction of U metal with hypochlorite the primary
reaction product has been identified as UO; [5]. The sludge is also expected to initially have a significant
fraction of UO, and some additional UQO, could be produced by oxidation of U metal. However, UO is
known to react with oxygen gas (O,) and the sludge slurry will be saturated with O, during the reaction
period due to decomposition of peroxide. Therefore, most of the UQ; is expected to be oxidized to UO;
as a secondary effect of the primary U metal oxidation step. No product characterization was done for the
current reaction; however, based on the above information, the overall reactions of hydrogen peroxide
with U metal and UO, are expected to be as follows:

U +2H,0, — UO, +2H,0 (Eq. B3)
U+ 3H202 — UO3 + 3H20 (Eq B4)
UOz + HzOz g UO3 + HzO (Eq BS)

B2.3 Immobilization and Packaging Process

Ceradyne proposed that either a Portland cement-based grouting approach or their proprietary phosphate
bonded ceramic could be used to solidify the concentrated sludge and eliminate free liquids. For the
purpose of the current evaluation, the Portland cement-based approach used for WWO is assumed.
Within the accuracy of current data, there is not a significant difference between the Portland cement and
phosphate ceramic approach relative to waste loading, operations or equipment required. The WWO
assay approach described in Appendix A is also assumed for immobilization. The approach selected for
WWO includes gamma radiation measurements on a recirculation stream from the Lag Storage tank.
These measurements are then used to estimate concentration of WIPP fissile isotopes using a dose-to-
curie methodology. This data is in turn used to determine the amount of sludge loaded to each drum.
Sludge transfer to the drum is controlled by a metering pump which draws from the recirculation stream.
Sludge and flush water transferred to the drum is solidified by addition of dry Portland cement-based
additives. A “lost paddle” in-drum mixing technique is used to blend the dry additives with the sludge
slurry, resulting in a solid product with no free liquids. Gamma radiation measurements are taken on the
finished drum. Based on these measurements, the content of WIPP reportable isotopes is estimated based
on a dose-to-curie methodology. Use of the dose-to-curie methodology will require qualified
measurement systems together with isotopic ratios and dose-to-curie relationships for each type of waste
processed. See Appendix A for additional information on the assay and drumming system concept.
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B3 Technology Development Status

The sludge receipt and preparation for immobilization process steps are expected to utilize conventional
proven commercial equipment adapted for remote operation, e.g. jacketed tanks with mechanical
agitators, demisters, scrubbers, positive displacement pumps, valves, metal or flexible hoses, and
instrumentation. The only identified equipment that may be novel or near the edge of demonstrated use
is the equipment for monitoring of fission product gasses, which support one of the alternative methods
identified for demonstrating completion of reaction. Less mature aspects of the treatment system
technology are related to knowledge of chemical and physical behavior of the actual sludge in the
treatment equipment. The assay and drumming systems, and the remote equipment and operating
concepts are assumed to be essentially the same as for WWO. The development status of those aspects is
discussed in Appendix A and Reference 11.

As part of the current evaluation, proof of concept tests were completed to validate basic functionality of
the process chemistry and obtain preliminary information on reaction rates and reagent requirements
needed to develop a preliminary flowsheet. Process equipment for the treatment system is expected to be
nearly identical to WWO, with the possible exception that some materials of construction may need to be
upgraded due to chloride added as part of the FROP. The immobilization process, facility arrangement,
and remote operating and maintenance features are assumed to be identical to WWO.

A formal TRA, as defined in DOE G 413.3-4 [10], has not been performed for FROP. Based on the
success of the proof of concept tests and use of commercially proven equipment some aspects of the
primary FROP process could be considered to be developed to approximately TRL-3 as defined in DOE
G 413.3-4 [10]. However, many aspects of the overall process are not yet well defined. The technical
maturity evaluation for the WWO process [11] identified specific areas of further study, testing, and
evaluation that would also be required for development of the FROP. Based on results of the Technology
Maturity Evaluation for WWO it is concluded that, the overall development status of the FROP should be
considered to be lower than TRL 3. More details on the FROP technology development status can be
found in the following subsections, which focus on key aspects that are unique to the FROP and on
differences between the FROP and WWO. Development status of the many features that are similar to
WWO are discussed in Appendix A and Reference 11.

B3.1 Chemistry and Phenomenology

Initial screening tests were performed by Ceradyne to evaluate use of different mineral acids for initial pH
adjustment. The screening tests clearly demonstrated U metal reaction rates were much higher when HC1
was added, as compared to HNO;, H;PO4, and H,SO, The importance of chloride ion was further
demonstrated in later testing.

It appears clear from previous work summarized below and current testing that addition of chloride can
substantially increase the rate of U metal oxidation. Chemical mechanisms involving chloride are not yet
clear. Chloride-induced cracking of the U metal structure is one mechanism that has been postulated [1,
2]. The literature also suggests that the presence of multivalent metal ions may be important (e.g. Fe™"
or Cu™?)". Prior work at Lawrence Livermore National Laboratory (LLNL) identified bleach solution
(sodium hypochlorite) as effective for oxidizing U metal [4]. A study by LLNL showed relatively fast U
metal reaction rates using 1 molar sodium hypochlorite (NaOCl) solution [4]. An earlier patent was
issued to DOE for a process using hypochlorite to oxidize metallic uranium and other actinides [5]. This
patent also notes prior use of hypochlorite at pH 7.5 to 10 for oxidizing uranium oxide from the +4
valence state to the +6 state. While hypochlorite is somewhat different than a mixture of chloride and
peroxide, they both contain a strong oxidizer and chloride ion and the actual reactions with U metal may
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be similar. More recently PNNL performed scoping tests on oxidation of U metal with CuCl, solution.
This testing showed relatively rapid U metal oxidation but resulted in reduction of some of the copper to
the metallic state. Most of the oxidation seemed to occur by facilitating the reaction of the U metal with
water!. As part of the current technology evaluation program EnergySolutions tested a U metal
oxidation process based on use of hydrogen peroxide and carbonate at neutral to moderately alkaline pH
[9]. In this testing it was also found that addition of chloride significantly increased reaction rates.

B3.1.1 Summary of Testing Performed

Tests to explore feasibility of the FROP were divided into two segments or “Layers.” In Layer 1, the
basic experimental method and four alternative acids were tested in order to establish the basis for proof-
of-concept tests in Layer 2. Uranium metal coupons (1/4 inch cubes) were oxidized using an aqueous
solution at temperatures between about 20 and 40 °C. The tests were started with about 25 ml of solution
containing selected sludge components plus a single metal coupon. Final volumes varied up to about 125
ml depending on the amount of reagents added. Typical test steps included 1) pH adjustment by addition
of a mineral acid; 2) addition of soluble ferrous ion as FeSOy; and 3) addition of hydrogen peroxide. Rate
of metal loss was determined by periodically removing the U metal coupon from the solution for
weighing. It is assumed that the metal removed was oxidized, although it is possible that small metallic
particles could have been removed from the coupon surface which would exaggerate the measured U
metal oxidation rate. No offgas or solution composition measurements were taken at this early state.
Results are reported in Reference 1, and are summarized below.

e Layer 1. In Layer 1, four mineral acids (nitric, sulfuric, phosphoric, and hydrochloric) were tested for
the initial pH adjustment step with approximately 50 ml of 30 wt.% hydrogen peroxide added.
Sludge components were limited to iron oxide-hydroxide, aluminum hydroxide, and U metal. The
results demonstrated that reaction rates with hydrochloric acid were much faster than with any of the
other acids tested. In the Layer 1 tests the hydrogen peroxide was added fairly rapidly (<20 minutes).
The results indicated that the hydrogen peroxide decomposition caused the reaction to essentially stop
before the U metal coupon was completely oxidized. Based on the Layer 1 results it was decided to
perform Layer 2 tests using hydrochloric acid, and to add the hydrogen peroxide gradually over
several days’ time using a metering pump.

e Layer 2. Layer 2 was performed in several rounds so that the results of initial tests could be used as
the basis to select conditions for subsequent tests. Sludge simulant components in the early tests were
limited to iron oxide hydroxide, aluminum hydroxide and U metal. In two of the later tests the
Uranium Containing K West Container Simulant [6] prepared by PNNL was used. The early tests
explored the effects of peroxide addition quantity (50 to 100 ml), ferrous ion (FeSO,) addition, pH,
and temperature. Later tests explored the effect of using the Uranium Containing K West Container
Simulant, chloride ion concentration and pH.

Layer 2 test results are summarized in Table B-1. Most tests were performed at ambient laboratory
temperatures (about 20°C). Comparison of Test 6 run at 35 °C with Test 1 run at ambient temperature
shows about a factor of 2 increase in reaction rate. Test 9 run at 35°C with Test 7 were run under the
same conditions but at ambient temperature. Comparison results for these two tests shows almost 50%
reduction of reaction completion time at 35°C. Tests have not yet been performed at higher temperatures.

1'SI Sinkov and CH Delegard, internal memorandum to AJ Schmidt, “Results from Informal Scoping Tests:
Uranium Metal Corrosion in the Presence of Copper(1l) Chloride”, January 24, 2011, Pacific Northwest National
Laboratory, Richland, Washington.
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These results indicate that 35°C is a desirable temperature for the oxidation process but additional testing
is needed to determine the optimum temperature.

Comparison of Test 3 and Test 12 clearly illustrates the substantial increase in reaction rate resulting from
chloride addition. The initial chloride concentration in Test 12 was about 0.13 molar and dropped to
about 1/3 this value by the end of the test due to dilution from added hydrogen peroxide solution. Test 3
had no added chloride.

The results show that the reaction rate is relatively insensitive to pH within the 1 to 4 range tested. In
Tests 10 and 11 the “full” Uranium Containing K West Container Simulant [6] was added. For all other
tests the only sludge simulant components added were FeO(OH), Al(OH);, and the U metal coupon.
Within the uncertainty of the test results, no significant effect was seen from use of the “full” simulant
compared to only FeO(OH) and Al(OH);.

The oxidation tests are considered to be successful in that they demonstrated 10 sets of conditions that
resulted in total disintegration of the % inch U metal cubes in 4 days or less at relatively mild reaction
conditions (pH 1 to 4, moderate CI” concentration, moderate peroxide addition rate and quantity, and
temperatures of 35°C or less).

As part of the testing program Ceradyne also evaluated achievable waste loadings in chemically bonded
phosphate ceramic. These tests demonstrated water loading above 60 volume % in the finished solid
waste form can be achieved without residual liquid [1]. These tests verified that chemically bonded
phosphate ceramic can achieve waste loadings comparable those achievable with Portland cement-based
grout formulations. The base case flowsheet analysis indicates the loading per drum for all waste types is
expected to be limited by the fissile isotope content rather than physical waste loading capacity of either
Portland cement or chemically bonded phosphate ceramic.
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Simulant FeSO4 H202 Temp Reaction

# Used for Cr pH Rl;tlzl?tjllrl;lg.s,,s)z Completion

Tests 9 Time?

FeO(OH) | | . ) .

1 +AI(OH); Base Base 1-2 Base Ambient 0.021 N/A
FeO(OH) .

2 +AI(OH); Base Base 1-2 None Ambient 0.0023 N/A
FeO(OH) .

3 +AI(OH)s Base None 4 Base Ambient 0.000 N/A
FeO(OH) .

4 +AI(OH)s Base Base 1-2 2 X Base Ambient 0.039 70 hrs
FeO(OH) o

6 +AI(OH); Base Base 1-2 Base 35°C 0.041 48 hrs
FeO(OH) .

7 +AI(OH); 3X Base Base 1-2 Base Ambient 0.034 94 hrs
FeO(OH) .

8 +AI(OH)s 0 Base 1-2 Base Ambient 0.078 24 hrs
FeO(OH) o

9 +AI(OH)s 3X Base Base 1-2 Base 35°C 0.040 48 hrs

10 Full 3XBase | 2XBase | 1-2 Base Ambient 0.031 89 hrs

1 Full Base 2XBase | 1-2 2 X Base Ambient 0.068 28 hrs
FeO(OH) .

12 +AI(OH)s Base Base 4 Base Ambient 0.036 96 hrs
FeO(OH) .

13 +AI(OH); Base 5X Base 4 Base Ambient 0.024 70 hrs
FeO(OH) 112X 15X .

14 +AI(OH); Base Base 1-2 Base Ambient 0.032 96 hrs
'Base Case additions (approximate): FeSOs = 0.52 g; Cl=.0033 gmole; H20: solution = 50 ml.
2Average loss for first 48 hours or until reaction completion whichever is less.
3Reaction completion = U metal coupon completely gone. N/A indicates this was not achieved.

B3.1.2 Technical Issues and Unknowns Related to Chemical and Physical Behavior
There has been limited testing of the FROP to date, and no testing with actual sludge. Understanding of

the process chemistry is incomplete. There are additional components in real sludge that could cause

other side reactions, e.g. other catalytic agents may be present in the actual sludge that could decompose
peroxide even faster than iron and other components included in the simulants tested to date. Testing to

date did not include offgas analysis or sufficient data to perform an overall material balance. There is

therefore some potential for other unexpected process behavior as the process is developed and tested in
more detail. Some test results suggest that iron in the sludge may provide adequate soluble iron for the

Fenton’s reaction. If this proves out, it should eliminate the need for FeSO,4 chemical addition.
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The tests performed measured metal removed from a coupon but did not prove the metal removed was
completely oxidized. It could conceivably be removed as fine metal particles. Information on the
analogous hypochlorite oxidation process indicates that process results in complete oxidation, producing a
low solubility oxide [5]. It appears likely that the U metal removed from the coupon is at least mostly
oxidized. However, even if it is found that some metallic U metal particles remain; impacts to the overall
process should be minor due to the small particle size. After the oxidation step is complete the next step
is to heat the batch to near boiling to decompose residual peroxide and drive off excess water. This step

is expected to result in holding the tank contents near boiling for about 3 days. A three day residence
time at near boiling temperatures should eliminate U metal particles below about 100 microns diameter
via the WWO reaction. Even if it were found that this time needs to be increased by 200 or 300%, the
overall time cycle impact is relatively small. Therefore, this issue needs to be investigated, but is not
expected to be a major impact even if some residual metallic particles are found.

Effects on physical properties (slurry rheology, yield strength, shear strength) have not yet been
measured. The FROP chemistry may make processing harder, easier, or may have no impact. In some
cases, similar data is also lacking or limited for WWO. Uncertainties could be substantially reduced with
a modest amount of further testing.

The FROP is known to oxidize organics and is likely to do so with the sludge. It is not clear if this may
make sludge processing harder, easier, or no different as compared to WWO.,

It is expected to be relatively easy to perform additional process chemistry/phenomenology testing on the
FROP due to the relatively short reaction time and low process temperatures. This partly mitigates the
relatively small amount of testing to date. Robustness is suggested by the fact that 10 of 14 tests with a
variety of conditions showed complete elimination of the metallic U coupon in less than 4 days. In 3 tests
the coupon was eliminated in less than 2 days.

B3.2 Technical Issues and Risks Related to Equipment and Process Integration

The FROP requires chemical addition equipment for handling the peroxide, chloride and iron sulfate
additives. Due to the faster reaction rate, the Receipt and Reaction Tank and possibly the Lag Storage
Tanks are expected to be modestly smaller for the FROP than the WWO process. Other than these
relatively minor differences, process equipment for the FROP is expected to be essentially identical to the
WWO process with the possible exception of materials of construction. Some materials upgrades may be
needed to handle the chloride content (<0.2M) of the FROP sludge slurry. Remote equipment
technology, remote facility features, assay, and integration concepts are expected to be the same as for
WWO. Methods used to verify reaction completion are expected to be similar to WWO; however, this
problem may be somewhat easier for the FROP because the much faster reaction rate results in higher
concentration of gasses to be measured.

The acceptable amount of residual sludge in tanks at the end of each batch needs to be better defined in
order to evaluate need for special methods to achieve, measure, and/or verify that acceptable levels have
been achieved.

B3.3 Technology and Process Development Needs

The FROP has been added as an option for K Basins sludge processing only within the last year. As
such, relatively little testing or engineering evaluation work has been completed to date. However, use of
an oxy-chloride oxidation approach (FROP or similar) appears to be a potentially attractive option based
on the testing under the current program and published information on somewhat similar chemical
oxidation systems. If this option is to be pursued further a number of initial activities should be
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performed to better define the process, evaluate performance, determine if there are unexpected problems
or complications related to processing actual sludge, and provide engineering data to support more
detailed engineering studies and eventually design.

Development needs can be considered in terms of the design phases of a project. In the preconceptual
and early conceptual design phases data is needed to verify basic feasibility, understand any complicating
factors (e.g. side reactions or adverse physical property changes), and develop preliminary performance
information. This data needs to be developed to a level of detail sufficient to support engineering studies
used to select the final flowsheet to be used as the basis for conceptual design. In additions, topical
engineering studies/evaluations are needed to better define certain aspects of the process. For example,
the assay system concept, updated estimates of achievable total measurement uncertainty, feasibility of
using fission product gas measurements to verify completion of reaction, potential for
uncontrolled/runaway reactions.

During the conceptual design phase process alternatives are typically evaluated and a single preferred
alternative is selected. Additional data is needed for the selected alternative to develop and optimize
system conceptual design, define the basis for sizing of unit operations, resolve any safety or regulatory
issues, and provide a firm basis for moving into preliminary and detailed design.

For the FROP, most work in the preconceptual and conceptual design phases involves development of a
more complete understanding of chemical and physical phenomenology/behavior of the sludge under
actual process conditions. Unless the project elects to pursue novel remote equipment or facility
concepts, little if any mechanical/equipment oriented testing or development work is expected to be
needed during the preconceptual and conceptual design phases. Possible exceptions are the assay system
used to determine isotope concentrations in the drummed waste, and offgas analysis equipment that may
be considered for verifying completion of reaction. These unit operations are currently not well defined
and may need early equipment oriented testing. Similarly, the drumming system is not currently well
defined. If the selected drumming system design concept incorporates significant novel or untested
features early proof of concept testing will be needed at least for those features.

In the detailed design phase, development activities are expected to primarily focus on design verification
testing. This phase will be primarily equipment oriented and will include testing of individual
components or physical features and testing of integrated systems or subsystems. The following sections
provide a preliminary identification of needed activities, with primary focus on initial or near term
activities.

The following sections provide a preliminary identification of needed activities, with primary focus on
initial or near term activities.

B3.3.1 Critical Near Term Development Activities

A summary of critical near-term development activities is given below. These activities should be
completed in the preconceptual and conceptual design phases.

B3.3.1.1 Chemical and Physical Behavior

e Laboratory process testing with simulants.

- Explore the effect of process variables on reaction performance. Tests should include more
careful control and monitoring of reaction conditions. Alternate additives should also be
considered (e.g. hypochlorite).

- Perform tests and literature reviews to develop a better understanding of reaction chemistry.
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- Provide a more complete material balance, including offgas measurements.
- Determine if U metal is removed as oxide or as fine metal particles.

- Information on effect of FROP chemical additives on sludge physical properties. This should
focus on identifying any problematic behavior. This should include consideration of the post
reaction boil down step.

- Explore the effect of additional sludge components not in the initial simulants tested.

Based in part on results of laboratory testing above, supporting engineering studies, and literature
review, develop a more comprehensive and optimized flowsheet.

Laboratory testing based on defined flowsheets with simulants, and with actual sludge if feasible.

Bench scale process flowsheet testing with simulants. This will typically be performed at 0.5 to 4
liter scale with more prototypic mixing and possibly more prototypic materials of construction.

More comprehensive testing on sludge physical properties/physical behavior under process
conditions: slurry rheology; density, water, and solids content of settled sludge; tendency to
agglomerate or set up; ability to concentrate to target solids concentrations, etc.

B3.3.1.2 Equipment and Materials

Engineering evaluation of materials of construction: Receipt and Reaction Tank, Lag Storage Tank,
agitator, pumps, piping, HVAC, valves, drums, etc.

Materials testing (e. g. for corrosion) if needed per results of work above.

Topical engineering study on immobilization and packaging design concepts to support selection of
the conceptual design system and equipment configuration.

B3.3.1.3 Process Control and Integration

Refinement of process, equipment, and process qualification concepts for the dose-to-curie assay
system. Include evaluation of methods to deal with batch to batch variability of dose-to-curie
relationships.

Perform development testing of assay components and systems.

Evaluate need, costs, and benefits of additional physical sampling of sludge to reduce total
measurement uncertainty.

Topical engineering study on methods for verifying completion of reaction.

B3.3.2 Longer Term Development Needs

The process is expected to use conventional proven commercial equipment with chloride corrosion
resistant materials of construction that are adapted for remote operation and maintenance. Some process
testing will be needed for equipment, such as agitators, pumps, and assay system. Testing and
development work is also expected to be needed for the drumming system and likely some remote
equipment features. This equipment and the required testing and development work are assumed to be
essentially the same as for Warm Water Oxidation (see Appendix A and the Technology Maturation
Evaluation for WWO [11]). This testing will be performed primarily during the preliminary design and
detailed design phases of the project.
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B3.4 Hazard Considerations

A hazard evaluation was completed for the Fenton’s Reagent Oxidation Process in order to provide input
to the cost, schedule, and risk considerations for the continued alternatives selection process. This hazard
evaluation was completed by a team of representatives from Engineering, Industrial Safety, Fire
Protection, RadCon, and Operations [14].

A list of the activities constituting the FROP alternative was compiled. Hazards (or nodes) associated
with each were then identified along with potential engineered and administrative controls. Table B-2
below summarizes the results of the hazards considerations for FROP. The primary hazards identified are
common to all alternatives handling K Basin sludge slurries. No hazards unique to the FROP were
identified that would significantly increase overall hazards as compared to other alternatives.
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Table B-2. FROP Treatment Hazard Considerations

Accident Potential Controls :
Node Type MAR Hazard Engineared ["Administrative Remarks/Assumptions
RET.01 — MOBILIZE, RETRIEVE, TRANSFER STORE AND AGITATE
RET.01.01 Internal Sludge H? accumulation and ignition in Purge system Equipment .
o Explosion contamination STSC headspace Ventilation system | surveillance
Crack leak of slurry being Dsiibis ioitaisd
RET.01.02 Spray Leak Sludge removed from STSC and : — —
: transfer line.
transferred to receiver vessel
Double contained
transfer line
Leak of slurry being transferred ;
RET.01.03 gp:gftzr/ Sludge from the STSC to the receiver | 1ank High Level — —
p vessel Alarm and pump
interlock
Pressure
RETO104 | Gontiocment | Contamination | unfiared releses from tank || Fansmiter © = =
ST o et HEIS slkang 4 monitor the tank
H, accumulates in the receiver Inerting or
Internal Sludge tank headspace and lines,
REFDIER Explosion Contamination | resulting in a deflagration of the A;ttehrnate purge - -
tank headspace or lines palE
Cs-137 release | Backflow of sludge through a Interface system
to water during | line above the STSC, or design (check
RET.01.06 Direct Rad storage or exposure to storage water high valves and system ;I'(r)?]rt]rsgler sghess —
sludge in line in Cs-137 or sludge in STSC pressure), remote
orin STSC due to liquid draw down STSC unloading
Dropping equipment onto the H ;
; anford Site
RET.01.07 | Load Drop MOHE e | L TR o e = Hoisting and =
contamination head or installation of transfer i
= Rigging Manual
system resulting in a leak
REC.01 — RECEIVER VESSEL STAGING AND DEWATERING
Note: this includes the boil down dewatering both before reaction and during/after reaction, and agitation and circulation during staging and reaction.
Note: hydrogen evolution may
Internal Sludge H2 accumulation and ignition in P St Equipment be very rapid following size
REC.01.01 : R ; . L e
Explosion Contamination | tank headspace surveillance reduction, especially if agitation

Ventilation system

is ineffective and the settled
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Node Accident MAR Hazard - Potential Contro!s. - Remarks/Assumptions
Type Engineered Administrative
metal is self heating
Low pressure
. . circulation
REC.01.02 Spray Leak Sludge Circulating sludge spray leak Secondary — —
confinement
REC.01.03 Splash / Sludge Leak from circulating system Secondary — —
Splatter confinement
Pressure
Overpressure Sludae Plugged vent path and transmitter to
REC.01.04 Loss of ge overpressure causes an monitor the tank, — —
. Contamination . .
Confinement unfiltered release from tank pressure relief,
open vent path
Flush water
system design
(check valves and
Sludge in li system pressure),
oru geniine Backflow of sludge through a S};ﬂeldeg recirc )
REC.01.05 Direct Rad £ flush line or in a recycle line, lines — —
xposure to exposure to receiver vessel : .
vessel Shielded receiver
vessel, remote
maintenance for
agitation
Vessel geometry,
. sludge process
REC.01.06 | Criticality — Accumulation of separated limits, sludge —
metal, unsafe geometry .
material final
characterization
Steam . .
aaitation / Steam leak into receiver vessel Steam Jacket
REC.01.07 gital Slurry in tank agitates and volatilizes slurry ; — —
ejection of - design
into off gas system
slurry
Missile or structure failure
REC.01.08 NPH Sludge results in spill / spray and Facility design — —
spread of rad material
. e Materials of
Facility Fire, Facility fire results in failure of construction, Combustibles
REC.01.09 soill Sludge confinement vessel and release . . limits —
P of rad material Fire Protection
System
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Accident

Potential Controls

Node Type MAR Hazard Engineered | Adiiinicthatie Remarks/Assumptions
FRO.02 - FENTON’S REAGENT OXIDATION PROCESS.
H2 accumulation in tank if T
FRO.01.01 Interna_l Sludge_ . ventilation interrupted during Active purge — NOTE: M/n/ma! hydmgen
Explosion contamination production during treatment.
pre-treatment
Fire il exhaust | Slidas Excess oxygen released in Combustible
FRO.01.02 4 - reaction or due to peroxide Active purge control —
system contamination =
decomposition
Loss of
Confinement, Sludge Chloride attack on vessel or Vessel and piping
FRO.01.03 i o : : — —
splash and contamination piping leads to leak materials design
splatter
Sludge characterization
. . indicates minimal probability of
FRO.01.04 Criticality Dlre_ct ; Accumulatlon afseparaiad Ve_ssgl geomely, Feed Controls critical geometry, but batch from
Radiation metal into an unsafe geometry agitation > e
2 STSCs may require explicit
analysis.
TRS.02 —-TRANSFER AND STAGING OF TREATED SLUDGE.
NOTE: Applies to transfer and staging for Alternatives 1, 2, 3, 4, 6
" g . Piping design,
Line failure during pressure secondary piping
transfer results in a release of x
TraDAg ety Laak aludgs radiological material outside of desion, T T
o confinement
the facility .
design
Accumulation of gas in the Ventilation system
TRS.01.02 Overpressure Sludge o |solate.d staging tank results in a - .
Contamination | potential overpressure and Confinement
release of radiological material design
Piping design,
y : : secondary piping
TRS.01.04 Splash / Sludge Transfer Line failure results in a design, . .
Splatter release of slurry
confinement
design
Released Radiological
TRS.01.05 Direct Bad fission Sludge in lines or vessels not Facility design Control .

products or
sludge in lines

adequately shielded

Program access
controls
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Accident Potential Controls :
Node Type MAR Hazard Engineered Adiiinicthatie Remarks/Assumptions
or containers
SSC failure results in spill /
TRS.01.06 Seismic Event | Sludge spray and spread of rad Facility design — —
material
Missile or structure failure
TRS.01.07 Other NPH Sludge results in spill / spray and Facility design — —
spread of rad material
PKG.03 — IMMOBILIZATION AND PACKAGING OF TREATED SLURRY.
Piping design,
Pressure transfer line failure Secondary piping
PKG.03.01 Spray Leak Sludge results in a release of design, — —
radiological material confinement
design
- ; Materials of ;
e e Facility fire results in a release . : Combustibles
PKG.03.02 Facility Fire Sludge of rad miatesial constru.ctlon, Fire coritel —
Protection System
P Seismic forces result in a line i 3
PKG.03.03 Seismic Event | Sludge break and potential release Facility design — —
Piping design,
Splagh / Pressure transfer line failure secondary piping
PKG.03.04 P Sludge results in a release of rad design, — —
Splatter ;
material confinement
design
Relgased Radiological
sl Direct exposure to sludge rad Control
PKG.03.05 Direct Rad products or : Shielding design —
e shine Program access
sludge in lines
! controls
and containers
Missile or structure failure
PKG.03.06 Other NPH Sludge results in spill / spray and Facility design — —

spread of rad material
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Accident

Potential Controls

Node Type MAR Hazard Engineered | Adiiinicthatie Remarks/Assumptions
STG.01 — SHIELDED STORAGE OF TREATED DRUMS.
Handling system o
Container drop resulting in a design, I-_Iogtmg ang Minor release from stabilized
STG.01.01 Load Drop Sludge . rigging controls, :
release of rad material confinement material
; DOE-RL-92-36
design
Load dropped onto container I(;I:Sr}dlrl]ng S Hoisting and Nlifar raleass e stabilized
STG.01.02 Load Drop Sludge resulting in a release of rad an. rigging controls, >
- confinement material
material Hise! DOE-RL-92-36
esign
o Drum drop or fall, missile impact Minor release from stabilized
STG.01.03 Seismic Event oe or structure failure results in Facility design — material
Contamination ot
spread of rad contamination
Siidie Drum drop or fa"’ missile impact Minor_release from stabilized
STG.01.04 Other NPH i or structure failure results in Facility design — material
Contamination =
spread of rad contamination
Radiological
STG.01.05 Direct Rad Sludge i Direct rad exposure to drum Facility design Earnral —
packages Program access
controls
Sludge Fire results in SSC failure and Facility design,
STG.01.06 Facility Fire Ganlatrinaticn impact gf p_ackages, spread of Flre_Protectlon — —
contamination Design
LSC.01 — LOAD SHIPPING CONTAINER. REMOVE FROM ISC, LOAD 72-B LINER, LOAD CASK.
Radiological
= Sludge in : = d Control
LSC.01.01 Direct Rad packages Direct rad exposure to drum Facility design Program access —
controls
; o Hoisting and
Lol Lageid Crap SCIJL:](tjgriination Idrglr‘)naacgtelelgsrgﬁtc o e ((::(;)r?tt:)rln\;gittli?aqion riging conirls, -
DOE-RL-92-36
Sludge Fire results in SSC failure and Bit Brdaatin
LSC.01.03 Facility Fire sortamination impact gf p_ackages, spread of System — —
contamination
SSC failure results in package
LSC.01.04 Seismic Event | Contamination | impactand spread of rad Facility design — —

material
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Node Accident MAR Hazard - Potential Contro!s. - Remarks/Assumptions
Type Engineered Administrative
Missile or structure failure
LSC.01.05 Other NPH Contamination | results in package impact and Facility design — —

spread of rad material

DOE-RL-92-36, 2007, Hanford Site Hoisting and Rigging Manual, Rev. 1, U.S. Department of Energy, Richland Operations Office, Richland, Washington.

FW
HC-2
HEPA
HVAC

facility worker.

Hazard Category 2 (facility).
high-efficiency particulate air (filter).
heating, ventilation, and air conditioning.
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ISC
LFL

MAR
NPH
ssC

interim storage container.

lower flammability limit.

material at risk.

natural phenomenon hazard.
structure, system, and component.
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B3.5 Additional Considerations

This section discusses additional miscellaneous items identified as part of the review which may be
considered in evaluating this alternative.

Some additional industrial safety risks are expected due handling moderately high concentration (30 %)
hydrogen peroxide. This is a relatively common industrial chemical and its properties and safe handling
practices are well known. For example, hydrogen peroxide solution is used as a process chemical
additive at the Hanford 200 Area Effluent Treatment Facility (ETF). Maximum inventory at ETF is
estimated at 2,555 gallons of 50 wt. % hydrogen peroxide solution [8]. The Auditable Safety Analysis for
ETF [8] identified some hazards associated with the 50% hydrogen peroxide but did not identify it as a
major safety concern. During the Ceradyne Layer 1 testing hydrogen peroxide was added to the flask at
more than 200 times the normal rate established in later testing. This resulted in a temperature excursion
(increase) of less than 20° C.

One option is to design the treatment facility for the FROP with WWO as a backup/alternate if problems
develop. If FROP performance is as expected with no major side problems, the operating duration would
be significantly reduced compared to WWO. If problems are found with FROP, the WWO process could
be implemented as a backup. The required equipment is essentially the same for both processes except for
the need to provide an inert gas atmosphere in the RRT for WWO. For processing settler sludge the
required oxidation time with WWO is about 1/10 of that required for the EC sludge. Therefore there is
less benefit from using the FROP rather than the WWO process for the settler sludge. An attractive
approach could be to use the FROP for Engineered Container sludge (floor and pit sludge) and use WWO
for processing Settler Tank sludge using the same equipment.

Upgraded materials of construction that allow dilute chloride solutions and lower pH used in the FROP
may increase flexibility to accept waste streams generated by processing other Hanford Site RH TRU
wastes, e.g. sludge and decontamination solutions from processing solid waste.
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B4 Process Design and Performance Estimates

This section provides a summary of sizing for major process equipment, estimates of the time required to
process all of the K Basin sludge, and facility size information. Because most of the design is expected to
be similar to the WWO option, the presentation herein focuses on differences between FROP and WWO
as given in Appendix A.

B4.1 Process Flowsheet Estimates

In order to compare the various technologies under consideration, normalized flowsheet estimates were
made to evaluate differences in major equipment and facility size, and to estimate potential differences in
sludge processing rate. The normalized flowsheet estimates are based on input from the vendor [1, 2]
with adjustments as needed to assure that all technologies are evaluated on a reasonably consistent basis.
Common process bases and assumptions are summarized in Appendix J. Normalized flowsheet
calculations summarized below are documented in Reference 12.

The flowsheet calculations start by estimating the size of the RRT and LST needed to process the largest
STSCs batches. The batch preparation time is then estimated, i.e. the time to transfer and process an
STSC batch to the point that it is ready for transfer to the assay/drumming system. When batch
preparation is complete and the batch has been transferred from the RRT to the LST the RRT is ready to
begin transfer and processing of the next batch while the batch in the LST is drummed. For the FROP the
base case batch preparation time is estimated at 14.3 days [12].

The time to drum each batch is then estimated. Using base case assumptions for achievable waste loading
per drum and drumming rate (Appendix J) the average drumming time per STSC batch is estimated at 7,
9.4 and 29 days for KE EC, KW EC, and settler tank sludge respectively. Comparing these values with
the estimated 14.3 day batch preparation time indicates that batch preparation is rate controlling for EC
sludge and drum production is rate controlling for settler tank sludge. Based on the rate controlling step
for each sludge type and the assumed number of batches the total processing time for the base case is
estimated at 16 months with 100 % TOE or 23 months assuming 70 % TOE. This is less than 40% of
the required processing duration of 5 years or less, and may be compared to the base case WWO
processing time estimate of 59 months. The much shorter processing time results from the much faster
oxidation step and hence shorter batch preparation time.

The FROP processing time is also less sensitive to retrieval schedule assumptions as compared to WWO.
The ability of WWO to complete processing within 60 months relies on each oxidation batch processing
multiple STSC batches (two for the base case). The estimated processing schedule for the FROP is
largely driven by the processing rate of the drumming system. Therefore, compared to WWO, the
estimated processing schedule of the FROP will be more sensitive to changes in assumptions related to
the drumming. See Appendix I for additional discussion of sensitivity to changes in the base case
assumptions for the FROP and other alternatives under consideration.

The base case process flowsheet estimate indicates that for all waste types the waste loading per drum is
limited by the fissile isotope content (*°’Pu FGE). Within the accuracy of available data there are not
significant differences between the FROP and other alternatives relative to the achievable waste loading
or number of product drums.

B4.2 Major Process Equipment

FROP equipment sizing calculations [12] include only the major process tanks shown on Figure B-1 plus
added cold chemical handling tanks needed for the FROP. Other equipment is assumed to be essentially
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identical to WWO (Appendix A). FROP process tank size estimates are given in Table B-3 for the
nominal base case set of assumptions.

Comparison of Table B-3 with WWO values in Appendix A (19 m® RRT and 9.1 m® LST working
volumes) shows that the estimated RRT and Lag Storage Tank capacities are about 16% and 50% smaller
respectively than the WWO process base case estimate. This results primarily from processing a single
STSC batch per oxidation batch in the FROP base case versus 2 STSC batches per oxidation batch for the
WWO base case estimate. The basic features of the tanks are similar to WWO: steam heating and water
cooling jacket(s) on the RRT, water cooling jacket on the Lag Storage Tank and agitators in both tanks.
The FROP condensate tanks are about 13 % larger than for the WWO base case because of the increased
condensate resulting from chemical additions to the RRT. The FROP also requires additional tanks and
support equipment for preparation and addition of required nonradioactive process chemicals to the RRT.
The FROP does not require nitrogen purge of the RRT, and instead uses air sweep to prevent buildup of
hydrogen in the tank. Other than these items, equipment list and sizing is expected to be identical to that
for WWO.

Table B-3. FROP Base Case Process Vessel Size Estimates

Vessel Working Volume (m3) Gross Volume (m3)

Receipt and Reaction Tank (RRT) 16 20
Lag Storage Tank (LST) 4.5 57
Condensate Tank A 17 20
Condensate Tank B 17 20
Hydrogen Peroxide Day Tank 3.7 4.6
Hydrogen Peroxide Bulk Storage Tank 6 6.8
Ferrous Sulfate Day Tank' 0.57 0.71
Ferrous Sulfate Make-up Tank' 1.0 1.1
Sodium Chloride Day Tank' .016 .019
Sodium Chloride Make-up Tank' 0.4 0.45

'"The Ferrous Sulfate and Sodium Chloride Makeup and Day Tanks can also be used to

add hydrochloric and sulfuric acid respectively if needed.

B4.3 Facility and Equipment Requirements
Separate facility layouts and other facility information were not prepared for the FROP option.

For the purpose of comparative cost estimates it is assumed that equipment and facility is the same as is
the same as WWO (Appendix A) with the exceptions noted below.

B4.3.1.1 Equipment changes from WWO
e RRT gross volume is reduced to 20 m’ from 24 m’ for WWO.

e LST gross volume is reduced to 5.7 m’ from 11.4 m* for WWO.

e  Process Condensate Tank gross volumes are changed to 20 m® for FROP compared with 17 m® for
WWO.
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For conservatism, the preliminary cost estimate for the FROP assumes either Alloy C-276 or Alloy
690 is used for the RRT and LST. These alloys are expected to be suitable for this service; however,
other lower cost options may also be acceptable.

Chemical handling tanks are added for hydrogen peroxide, ferrous sulfate, and sodium chloride
solutions (Table B-3).

B4.3.1.2 Facility changes from WWO

Remote cell space for the RRT and LST are reduced proportional to the reduced tank sizes.
Space for the condensate tanks is increased proportional to the increased/reduced tank sizes.

A larger chemical receipt, makeup, and storage tank area is required for nonradioactive chemicals
identified in Table B-3.

Additional space may be needed for chemical addition day tanks identified in Table B-3.
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B5 Characteristics of the Alternative Relative to Evaluation Criteria
This section provides an evaluation of the process concept relative to the evaluation criteria.

Section B5.1 identifies attributes of the alternative are identified that distinguish the alternative in the
evaluation against other alternatives under consideration. These attributes are categorized as potential
advantages or disadvantages compared to other alternatives. Attributes that are common to all
alternatives are typically not included. In Section B5.2 the identified attributes, advantages and
disadvantages are allocated to the evaluation criteria from the Decision Plan [13].

B5.1 Evaluation Considerations for FROP Relative to Alternatives

The project scope and requirements assume that any alternative must be capable of receiving full STSC
batches of K Basin sludge and processing them to meet criteria for shipment to WIPP. As such, all
alternatives will need certain minimum capabilities and will present minimum safety (public and worker)
and environmental risks, and minimum costs and technical requirements. This section notes
characteristics, advantages, and disadvantages to the FROP alternative that may differentiate it relative to
other alternatives under consideration.

B5.1.1.1 Potential Advantages or Beneficial Attributes of FROP:

e The minimum sized tanks (RRT and LST) needed to accept and process a full STSC batch are
sufficient for use by FROP. Minimizing process tank size also minimizes remote cell space
requirements and presents an easier mixing problem for slurry tanks as compared to alternatives that
require larger process tanks.

e FROP reaction time is relatively short, resulting in relatively short operating duration with a single
process train and minimum tank size (about 2 years versus 5-7 year maximum criteria in the Decision
Plan [13]). This is expected to result in the following beneficial attributes:

- Relatively low overall operating costs due to short plant operating life.

- Short process operating time results in low operating time on agitators, erosion of
agitators and tank walls, and less wear and tear on equipment. This is expected to reduce
maintenance costs, worker exposure to radiation, and secondary radioactive waste
generation compared to alternatives that require longer operating duration.

- Low reaction time results in reduced probability and risk from process failures and less
sensitivity to down time/maintenance of Receipt and Reaction Tank related components.

- FROP processing rate (or processing duration) has less dependence on retrieval schedule
than some alternatives. FROP processing is expected to be limited by drumming rates
much of the time. If there are retrieval delays the FROP treatment process can catch up
with limited impact to the drumming process or overall processing schedule.

- The FROP also requires only a single STSC batch in each oxidation batch. Some
alternatives may require either multiple STSC batches in each oxidation or multiple
oxidation process trains in order to achieve the required total processing times.

e Short reaction times and near ambient temperature make laboratory testing relatively easy and fast.
Reaction tests with maximum U metal particles can be taken to completion in days, as compared to
weeks or months for some alternatives. This allows for a moderate cost and schedule for
development of the technology to the required maturity level.
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The FROP product is expected to be in a high oxidation state. The peroxide used is expected to
oxidize most UO; in the sludge to UO; prior to drumming. This is expected to eliminate the risk
(discussed in Appendix A) of swelling or damaging the drum due to oxidation of the waste after it is
placed in drums. In addition, the UO; may be designated as pyrophoric. Eliminating UO; also
eliminates need to address any concerns related to its phyrophoricity.

Inert gas (nitrogen) blanketing is not required for the Receipt and Reaction Tank (sweep air is
acceptable). Air sweep is expected to have low installation and operating costs compared to nitrogen
blanketing, which may be required for some alternatives. Air sweep also does not result in worker
risk related to oxygen free atmospheres.

Material upgrades to process equipment and additional chemical addition capabilities included in the
FROP alternative also increase flexibility for chemical treatment and processing other future
(undefined) waste streams with a variety of chemical agents.

With minor modifications equipment installed for the FROP can also be used for other process
alternatives, e.g. addition of the inert gas (N,) blanketing capability is the only change expected to use
the WWO process in the FROP system.

B5.1.1.2 Potential Disadvantages and Risks of FROP:

Potential for corrosion problems related to C1™ added.

Limited testing has been completed to date on process chemical and physical behavior.
Potentially complex chemistry and potential for unexpected side reactions.

Additional safety risks and safety controls associated with handling hydrogen peroxide solutions.
Additional tankage is needed for cold chemical handling receipt and storage.

Slightly larger waste water production and commensurate increase in condensate tank volume.

B5.2 Evaluation Considerations for FROP Relative to Decision Criteria

Table B-4 illustrates how the identified advantages, disadvantages, and risks relate to Decision Criteria
identified in the Decision Plan [13].
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Table B-4. Evaluation Considerations for the FROP Alternative

Decision Criteria from Decision Plan [13]

Considerations Related to Decision Criteria

Criteria Goals Measures
Safety Ensure worker safety. Relative ease/difficulty in Advantages
implementing adequate safety o Relatively short operating period.
measures as measured by
number of passive (inherently ¢ Inert gas blanketing not required.
safe) vs. active engineered
safety features. e Minimum material at risk (MAR)/inventory of sludge.
Ensure protection of the nuclear | o No significant safety hazards have been identified
the general public. beyond those typical of all processes that handle
(move, mix, pump, and package) bulk quantities of
the highly radioactive K Basin sludge slurries[14].
Disadvantages
e Use of reactive/hazardous chemical additives (30 %
hydrogen peroxide) is required. Required
chemicals are in use elsewhere at Hanford and for
general industrial use.
Regulatory/ stakeholder Ensure compliance with | Achieve acceptance of Advantages
acceptance. environmental laws and | regulators and other e  Short processing time expected to be viewed

regulations and DOE
orders.

Address sludge
management
concerns in
Comprehensive
Environmental
Response,
Compensation, and
Liability

Act of 1980 record of
decision.

Stakeholders.

favorably by stakeholders.

Disadvantages
. None identified

Technical maturity

Maximize confidence in
process implementation

Projected Technical Readiness
Level (based on technical criteria
only at this stage of the project)

Estimated volume of waste going
to WIPP

Advantages
e  Proof of principle tests successfully demonstrated
process functionality under several conditions.

e  Short reaction times and near ambient temperature
allow substantial risk reduction with a modest
amount of small scale laboratory testing, reducing
cost and schedule for completing the required
testing activities.
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Decision Criteria from Decision Plan [13]

Criteria

Goals

Measures

Considerations Related to Decision Criteria

The FROP product is expected to be fully oxidized
eliminating potential for post drumming expansion
due to oxidation of UO» and eliminating pyrophoric
material.

Modest size slurry tanks. Smaller size tanks
present and easier mixing problem as compared to
processes that require larger tanks.

239
Pu

Estimated volume of waste is expected to be
FGE limited, i.e. the process is not expected to
increase number of drums to WIPP above the

minimum.

Disadvantages

Relatively little process testing has been completed
to date.

Potentially complex chemistry with possibility of side
reactions or other unexpected behavior.

Upgraded materials of construction needed due to
added chloride.

Operability and
maintainability

Maximize operability
Maximize maintainability

Ability for process to be
remotized

Ability to treat and package K
Basin sludge inventory
in 5to 7 years

Acceptability of secondary waste
streams for

disposal at Environmental
Remediation Disposal

Facility (solids) and 200 Area
Effluent Treatment Facility
(liquids)

Advantages

With a single process train and minimum tank size
to accept STSC batches the operating duration
relatively short (<2 years) to process all sludge.

Short process operating time results in low
operating time on agitators, less erosion of agitators
and tank walls, less wear and tear on equipment,
and less sensitivity to down time for maintenance of
Receipt and Reaction tank related components.
Conversely; the short estimated processing time
provides more allowance for downtime process
performance problems and still meet the 5 year
window.

Smaller tanks present an easier mixing problem as
compared to alternatives that require larger tanks.

The FROP product is expected to be in a high
oxidation state, eliminating pyrophoric material and
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Decision Criteria from Decision Plan [13]

Criteria

Goals

Measures

Considerations Related to Decision Criteria

reduced potential for post drumming expansion due
to oxidation of UO,.

e  The treatment system will use proven, familiar,
remote equipment design concepts. No special or
unusual equipment concepts are needed beyond
those typical for handling and processing highly
radioactive slurries. The drumming system is
similar to other alternatives and will use primarily
industrially proven equipment and designs with
some custom features to be developed and proven
for this specific application.

o The FROP equipment is very flexible and can also
be used for several other process options with
minimal modifications.

Disadvantages

o Expected to require upgraded corrosion resistant
materials of construction due to potential corrosion
problems with Cl present.

Life-cycle cost and schedule

Optimize life-cycle costs
for sludge treatment and

packaging facility
Provide acceptable
schedule to
stakeholders

Cost

Cost of maturing technology to
Technology Readiness Level-6
Capital cost

Operating and maintenance cost

Deactivation and
decommissioning cost

Schedule
Facility startup

Complete treatment and
packaging

Advantages
o Relatively small process slurry tanks and short
operating time are expected to result in
relatively low operating costs.

e  Short reaction times and near ambient
temperature allow substantial risk reduction
with a modest amount of small scale laboratory
testing

Disadvantages

o Relatively little process testing has been

completed to date.

o Added chemicals result in increased waste
water and slightly larger (13%) condensate
tanks as compared to processes that do not
require chemical additions.

Potential for beneficial
integration with ongoing STP

Optimize cost or
schedule for STP -

o Potential for integration of
treatment and/or packaging

Advantages
o  Compatible with Phase 1 design concept.
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Decision Criteria from Decision Plan [13]

Criteria

Goals

Measures

Considerations Related to Decision Criteria

- Phase 1 activities

Phase 2

o  Consider co-

location of needed
facilities provided
by STP - Phase 1

with interim storage in T
Plant

Potential for shared
functions with those being
provided by STP Phase 1
Optimization of location of
reduce/eliminate
intermediate shipping or
repackaging of the sludge
material

No identified positive or negative impacts to
currently planned Phase 1 Project activities
Co-location near T Plant is possible, but overall
siting studies have not been completed.

Disadvantages

No significant disadvantages noted

Integration with Site-wide
RH-TRU
processing/packaging
planning, schedule, and
approach

Optimize processes,
equipment, and facilities
for K Basin sludge
treatment and
packaging with other
Hanford Site RH-TRU
waste streams

e  Number of other
Hanford Site RH-TRU
waste streams that can
be treated with
candidate process

e  Number of other
Hanford site RH-TRU
waste streams that can
be packaged with
candidate packaging
process

Advantages

Upgraded material requirements to allow for
moderate chloride levels provide added
flexibility for chemical treatment and processing
other waste streams (sludge, decontamination
solutions, etc.). The process is capable of
process additional K Basins TRU waste
streams that have been identified.

The chemical oxidation system will destroy
many organics, which could be useful in
processing other waste streams.

Other than the additional K Basins wastes, no
specific RH TRU streams have been identified
for integration at this time.

Disadvantages

None noted
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B5.3 Conclusions and Recommendations

B5.3.1.1 Conclusions

Based on successful completion of proof of principle testing the FROP is judged to be a technically
feasible treatment alternative for processing K Basin sludge in STP Phase 2. This conclusion is
further supported by literature information on other chemical oxidation processes that use chloride to
promote reaction rates.

The FROP has expected to have relatively favorable performance in terms of processing duration,
equipment size, complexity, and flexibility.

Product is expected to meet WIPP and transportation requirements

- Hydrogen from U metal reaction eliminated by oxidation of U metal

- Pyrophoric U metal and UO, expected to be eliminated by oxidation reaction
- Free liquids eliminated by in-drum mixing of dry additives

- Gamma radiation assay on concentrated sludge used to determine proper sludge addition per
drum

- Final measurements taken on drum to verify FGE, dose rate, and radiolytic heat generation limits
are met

Based on the Decision Plan evaluation criteria the FROP compares favorably with other alternatives.

In order to finalize definition of the process flowsheet and support final process selection studies
during conceptual design, additional laboratory testing, literature review, and topical engineering
studies should be performed in the near term. Other chloride catalyzed oxidation should be
considered as part of selection and optimization of the final process flowsheet, for example the
hypochlorite process previously developed by DOE [4, 5].
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Appendix C

Evaluation Data for Peroxide and Carbonate Oxidation Process (PCOP) -
(EnergySolutions)
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C1 Introduction

Use of hydrogen peroxide and ammonium carbonate for oxidation of U metal was proposed by
EnergySolutions in response to a formal Request for Information. After further definition of the concept
and approach for testing CHRPC awarded Contract 42106 to EnergySolutions to perform proof of
principle testing and related engineering support work needed to evaluate and define how a Peroxide and
Carbonate Oxidation Process (PCOP) could be implemented. The testing and support work completed to
date indicate that the PCOP is a viable alternative for use in Phase 2 of the STP [1].
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C2 Technology and Flowsheet Summary Description

The unique feature of the PCOP is use of hydrogen peroxide and carbonate to achieve relatively rapid U
metal oxidation at moderate temperatures. The oxidized sludge is concentrated by evaporation and
solidified in drums by use of additives.

The overall process is divided into two major parts:

1. In the treatment process, the sludge is oxidized to eliminate metallic uranium and water is
removed to give the solids concentration desired for the immobilization process.

2. In the immobilization process, the concentrated sludge slurry is assayed, metered into drums,
and converted to a liquid free solid that is sealed in drums for eventual offsite transport and
disposal.

Supporting processes such as vent gas treatment, liquid waste disposal, cooling water and process steam
supply are assumed to be similar to WWO (Appendix A) and are not further discussed for the PCOP
option.

C2.1 Treatment Process

The PCOP as proposed by EnergySolutions is described in Reference 1. The process is illustrated in
Figure C-1. Dilute sludge from an STSC is delivered batch wise to the Receipt and Reaction Tank
(RRT). The RRT is normally maintained at slightly below atmospheric pressure and is agitated
continuously when it contains a batch of sludge. The batch is heated using a steam jacket and
concentrated by evaporating excess water. The batch is then cooled using a cooling water jacket.
Ammonium bicarbonate is added to achieve a nominal 1 molar concentration in the sludge slurry.
Addition of hydrogen peroxide solution (nominal 50 %) is then started at a controlled rate. In the
presence of sludge components the hydrogen peroxide decomposes too fast to allow for a single batch
addition at the start of reaction. Therefore, continuous peroxide addition is maintained through most of
the reaction period. Additional ammonium bicarbonate may also be added as needed to maintain
carbonate concentration as the liquid volume increases due to continuing peroxide addition. When the U
metal oxidation reaction is complete (or nearly complete), peroxide addition is stopped. The batch is then
heated to near the boiling point and is concentrated to the desired solids concentration by evaporation.
The post reaction evaporation step also destroys any residual peroxide. The oxidized and concentrated
sludge batch is then transferred to the Lag Storage Tank (LST).

The LST is continuously agitated when a sludge batch is present, and is cooled with a water cooling
jacket. Concentrated sludge is transferred to the assay and drumming system in smaller batches as
needed. The LST is sized to hold at least a full concentrated batch from the RRT. Once the RRT is
emptied, preparation of the next sludge batch can be started while the previous batch is processed by the
drumming system.

Steam generated during the evaporation step flows first to a demister to remove entrained material and
then to a water-cooled condenser. Non-condensed vent gas is heated and filtered prior to discharge.
Condensate drains to a Condensate Tank. Ammonia driven off during the heating step may accumulate in
the condensate. 1f needed, hydrogen peroxide is added to the condensate to destroy most of the residual
ammonia. Where feasible, clean condensate is recycled for line flushes and for the immobilization step.
Excess condensate is sampled and shipped by truck to ETF for disposal.
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Figure C-1. EnergySolutions Peroxide and Carbonate Oxidation Simplified Flow Diagram

Similar to other oxidation treatment processes, a method is needed to assure that metallic uranium has
been adequately eliminated. For the PCOP a combination of the following methods will be used:

e Process validation. This method involves performing process validation tests which define process
performance sufficiently to provide confidence the process will perform as expected. This can
include both pre-commissioning testing and test data collected during initial hot operations.

e Monitoring of fission product gas. Past work on Warm Water Oxidation of actual spent fuel has
demonstrated that fission product gasses (Kr and Xe) are released when the fuel is oxidized. Release
of fission product gasses has been used in laboratory tests to track the U metal oxidation reaction and
has also been proposed as a potential method of tracking the in-plant Warm Water Oxidation (WWO)
process (Appendix A). This method may be easier to apply to PCOP because the reaction times are
much shorter than for WWO, which is expected to result in a higher fission product gas release rate
producing higher concentrations that are easier to detect.

e Monitoring of hydrogen generation in the RRT. If at the end of the expected reaction period all of the
uranium metal has not been oxidized, hydrogen will continue to be produced by WWO of the reaction
of water with residual U metal during the final concentration step. Monitoring vent gas for hydrogen
content during the water oxidation and concentration steps to detect excess hydrogen could be used to
determine if there is significant residual uranium metal present. A small amount of hydrogen
production will also continue via radiolytic splitting of water, which may reduce the sensitivity for
detecting residual metallic U using this method.

e Monitoring of hydrogen generation in the product drums. Monitoring hydrogen generation rates in
product drums could be used to prove significant U metal is not present in the drums. This would
involve holding selected drums for a period of time at an elevated temperature (60 °C for example)
and measuring the hydrogen evolution rate. A limited number of drums could be tested using a
statistical sampling or process validation approach. An advantage of this method is that it directly
correlates with the applicable hydrogen generation limit from drums during shipping. The
disadvantage is that it will take a substantial amount of time for each test, likely days or weeks.

C2.2 Process Chemistry

The PCOP uses hydrogen peroxide to oxidize uranium metal to U(VI). The U(VI) reacts with carbonate
in solution to form uranium carbonate. The stoichiometry of this reaction is usually represented as:
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U +3H,0, + 3C0" — UOLCO5);" +20H + 2H,0 (Eq. C1)

Peper et al. (2004) observed the reaction proceeding further to produce [(UO»)(COs),], where x and y
depend on the peroxide and carbonate concentrations [2]. As well as being an oxidizing reagent, the
hydrogen peroxide is a good ligand for uranium. Therefore, some uranium may be present after reaction
as a complex with the hydrogen peroxide. A key advantage of this reaction is that no hydrogen is evolved
and no uranium hydride is produced (as it is when uranium reacts with water).

Earlier work by Watts et al. (1999) and Shu-Sung and Gurol (1998) showed that ferric oxide hydroxide
could promote the decomposition of hydrogen peroxide to oxygen gas [3, 4]. Fenton (1894) first
observed the reaction of peroxide with soluble Fe”" to form peroxide radicals (Fenton’s reagent) and the
reaction of peroxide radicals with additional hydrogen peroxide to produce oxygen gas [S]. Therefore,
limiting hydrogen peroxide decomposition was identified early as an overall project objective to minimize
the quantity of reagents needed for implementing the process.

C2.3 Immobilization Process

EnergySolutions proposed use of Portland cement to solidify the oxidized and concentrated sludge,
eliminating free liquids, similar to WWO. However, the assay and drumming equipment concepts
proposed by EnergySolutions [1] are significantly different than what is currently shown for the WWO
design. These differences are unrelated to the EnergySolutions oxidation process proposed for treatment.
Assuming a different assay and immobilization system concept could obscure comparison of the PCOP
with other treatment options. Therefore, for current evaluation of the PCOP, the WWO assay and
drumming approach is assumed for immobilization. Alternate assay and drumming equipment concepts
will need to be evaluated as part of future project activities.

The assumed assay and immobilization approach for PCOP is the same as WWO (Appendix A), and
includes gamma radiation measurements on a recirculation stream from the LST. These measurements
are then used to estimate concentration of fissile isotopes using a dose-to-curie methodology. This data is
in turn used to determine the amount of sludge loaded to each drum. Sludge transfer to the drum is
controlled by a metering pump which draws from the recirculation stream. Sludge and flush water
transferred to the drum are solidified by addition of dry Portland cement-based additives. A “lost paddle”
in-drum mixing technique is used to blend the dry additives with the sludge slurry resulting in a solid
product with no free liquids. Gamma radiation measurements are taken on the finished drum. These
measurements are used to estimate the content of WIPP reportable isotopes is estimated based on a dose-
to-curie methodology. Use of the dose-to-curie methodology will require qualified measurement systems
together with isotopic ratios and dose-to-curie relationships for each type of waste processed. See
Appendix A for additional information on the assay and drumming system concept.
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C3 Technology Development Status

The treatment process is expected to utilize conventional proven commercial equipment adapted for
remote operation, e.g. jacketed tanks with mechanical agitators, demisters, scrubbers, positive
displacement pumps, valves, metal or flexible hoses, and instrumentation. The only identified equipment
that may be novel or near the edge of demonstrated use is the equipment for monitoring of fission product
gasses to support one of the alternative methods identified for demonstrating completion of reaction. Less
mature aspects of the treatment system technology are related to knowledge of chemical and physical
behavior of the actual sludge in the treatment equipment.

As part of the current evaluation, proof of concept tests were completed to validate basic functionality of
the process chemistry and obtain information on reaction rates and reagent requirements needed to
develop a preliminary flowsheet. Process equipment for the treatment system is expected to be nearly
identical to WWO. The immobilization process, facility arrangement, and remote operating and
maintenance features are assumed to be identical to WWO. Therefore the following discussion focuses
on key aspects that are unique to the PCOP and on differences between the PCOP and WWO. The
development status of those aspects is similar to WWO as discussed in Appendix A.

Based on the success of the proof of concept tests and use of commercially proven equipment the overall
process is developed to approximately TRL-3 as defined in DOE G 413.3-4 [10].

C3.1 Chemistry and Phenomenology

Review of prior literature shows that solutions of peroxide and carbonate have been used in the past for
oxidizing uranium oxides to higher oxidation states and for dissolving uranium oxides. Based on this
information it was believed that this combination may also accelerate oxidation of U metal by
continuously removing the oxide film and exposing fresh U metal to a strong oxidant (peroxide). Limited
testing previously performed by Soderquist [6] demonstrated U metal oxidation rates with peroxide plus
carbonate that are substantially faster than rates for WWO. However the Soderquist tests were limited to
about 1 hour duration and no other sludge components were present in the tests. Other previous work
demonstrated that iron oxides can catalyze relatively rapid decomposition of peroxide [3, 4]. Based on
this data, it was uncertain if the increased U metal reaction rates found by Soderquist could be maintained
for the much longer times needed for complete U metal oxidation. It was also not certain if it is practical
to maintain sufficiently high peroxide concentrations in the presence of iron oxide present in the sludge.
Because of the significant improvement in reaction rate compared to WWO, it was decided to proceed
with laboratory scale testing to attempt to identify a practical process approach.

C3.1.1 Summary of Testing Performed

Three sets of U metal oxidation tests were performed to evaluate the PCOP [7]. The tests were performed
at the Oak Ridge National Laboratory. In Task 1, the only sludge simulant components added were U
metal (1/4 inch cubes) and ferrihydrite (FeO(OH)). Based on scoping tests it was determined that batch
addition of the peroxide was not practical because the peroxide decomposes long before the U metal
oxidation reaction is complete. Therefore the tests were performed with essentially continuous peroxide
addition. In Task 1 three samples were tested over a 7 day reaction time. These tests demonstrated that
reasonably high U metal reaction rates could be maintained for the 7 day duration. Required peroxide
addition was relatively high, but was considered to be manageable. Therefore, it was decided to proceed
with Task 2 testing.
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Task 2 included 6 additional tests with a variety of conditions. A more complete simulant was used [9],
which contained mixed uranium oxides and other sludge components in addition to the same ferrihydrite
and U metal cubes used for Task 1. Some Task 2 tests were also extended for up to 10 days total
oxidation time. Task 2 evaluated the effect of varying selected parameters: temperature,
carbonate/bicarbonate concentration, and peroxide addition. In Task 3 the effect of reduced pH was
evaluated in 3 tests, each of which used a different acid for pH reduction.

With the exception of preliminary scoping tests, all reaction tests were performed per the following steps.
See the test report for additional detailed information [7]:

e Sludge simulant or FeO(OH) water slurry, ammonium bicarbonate and dilution water to achieve a
nominal 65 ml total volume were added to a 250 ml flask. Acids were also added to reduce pH for
Task 3 tests only.

e A U metal coupon (¥ inch cube) was added to the flask.
e The flask was sealed with a stopper vented to a gas collection bag.

e The flask was placed on a shaker table and addition of hydrogen peroxide (50 wt. % solution) started
at a controlled rate.

e Temperature was either maintained at ambient or at 10° C using a temperature control enclosure.

e The U metal cube was periodically removed and weighed to determine the amount of metal loss. It
is assumed that the metal removed was oxidized, although it is possible that small metallic particles
could have been removed from the coupon surface.

e For certain tests, additional ammonium bicarbonate or acid for pH adjustment were also added
periodically.

e For certain tests, offgas samples were collected and analyzed.

e Solution samples were obtained periodically and were checked for peroxide concentration and pH.
Some solution samples were also analyzed for dissolved uranium content.

A summary of Task 2 and Task 4 U metal loss rate data is shown in Table C-1. With the exception of
Test 4-2, Test 2-4 demonstrated the highest U metal loss rate (0.0052 mm/hour average over the 10 day
reaction period). This is approximately 5 times the estimated rate for WWO at 95°C. Test 2-4 was used
as the primary basis for flowsheet developed in Reference 1.

Test 4-2 included use of HCI to reduce pH and produced U metal loss rates more than an order of
magnitude higher than any other test, resulting in complete destruction of the U metal cube within 2 days.
The chloride concentration in this test was about 1 mole/liter. Reduction of pH with other acids showed
minimal effect on U metal loss rates. This test showed promise of significantly increasing the U metal
oxidation rate by chloride addition, and thereby reducing the reaction time. However, because there was
only one data point available, and it was not feasible to further investigate chloride addition at the time,
EnergySolutions elected to use the more conservative results of Test 2-4 as the basis for their initial
flowsheet development. Addition of chloride remains a possible optimization approach for further
improving the PCOP. Under a separate testing contract, Ceradyne did a more thorough evaluation of
chloride addition as part of the Fenton’s Reagent Oxidation Process development. They also found a
substantial increase in reaction rate from chloride addition, which is included in their proposed flowsheet
(see Appendix B).
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The PCOP proof of concept tests are considered to be successful in that they demonstrated conditions that
resulted in U metal loss rates at 25°C that are significantly higher than achievable with WWO at near
atmospheric pressure.
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Table C-1. Rate of Uranium Metal Loss in EnergySolutions Task 2 and Task 4 Tests!

Test Temp. NH4HCO3 Acid pH U Metal Test Description
# (M) Loss Rate
mm/hr
21 10°C 2 (initial only) None 8.4 to 0.0015 Peroxide addition at 0.5 ml/hr. Test duration 8 days.
9.2 (average)
2-2 10°C 4 (initial only) None 8.0to 0.0025 Peroxide addition at 0.5 ml/hr. Test duration 8 days.
9.2 (average)
2-3 10°C 4 (initial only) None 9.1 0.0018 Peroxide addition at 0.5 ml/hr. Test duration 8 days.
(average)
24 23-25°C 2 None 7.6to 0.0052 Peroxide addition 7.4 ml/hr first hour then 0.5 ml/hr. Test duration 10 days.
8.8 (average) | NH4CO3 added during test to maintain concentration.
2-5 23-25°C 4 None 7.6to 0.0015 Peroxide addition 7.4 ml/hr first hour then 0.5 ml/hr. Test duration 10 days.
8.8 (average) | NH4COj; added during test to maintain concentration.
2-6 10°C 4 None 7.7to 0.0003 Peroxide addition 7.4 ml/hr first hour then 0.5 ml/hr. Test duration 10 days.
8.7 (average) | NH4CO3 added during test to maintain concentration.
4-1 25°C 2 HNO3 6910 .0032 Peroxide addition 7.4 ml/hr first hour then 0.5 ml/hr. Test duration 11 days.
8.2 (average) | NH4CO3 added during test to maintain concentration. Acid added during
test to maintain pH..
4-2 25°C 2 HCI 7.0to .0895 (first | Peroxide addition at 7.4 ml/ hr first hour then 0.5 ml/hr. U metal coupon
8.2 day) completely gone after 2 days.
4-3 25°C 2 H2SO4 7.0to .0027 Peroxide addition 7.4 ml/hr first hour then 0.5 ml/hr. Test duration 11 days.
8.5 (average) | NH4CO3 added during test to maintain concentration. Acid added during

test to maintain pH.

'See EnergySolutions Task 2 and Task 4 Test Report [7] for additional detail.
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C3.1.2 Technical Issues and Unknowns Related to Chemical and Physical Behavior

There has been limited testing of the PCOP to date, and no testing with actual sludge. Understanding of
process chemistry is therefore incomplete. There are additional components in real sludge that could
cause other side reactions, e.g. other catalytic agents may be present in the actual sludge that could
decompose peroxide even faster than iron and other components included in the simulants tested to date.
Testing to date includes only limited offgas analysis and there is not sufficient data to perform a complete
material balance. Some risk remains that potential other unexpected process behavior may be discovered
as the process is developed and tested in more detail.

The tests performed measured metal removed from a coupon but did not prove the metal removed was
completely oxidized. It is conceivable that fine metal particles were removed from the coupon and
remained suspended in the slurry. However, even if it is found that some fine metallic U metal particles
remain, impacts to the overall process should be minor. After the oxidation step is complete the next step
is to heat the batch to near boiling to decompose residual peroxide and drive off excess water. This step
is expected to result in holding the tank contents near boiling for about 3 days. A three day residence
time at near boiling temperatures should eliminate any U metal particles below about 100 microns
diameter via the WWO reaction. Even if it were found that this time needs to be increased by 200 or
300%, the time cycle impact is relatively small compared to the overall process time cycle. Therefore,
this issue needs to be investigated but is not expected to be a major impact even if some residual metallic
particles are found.

As currently shown, the PCOP uses ammonium bicarbonate as the carbonate source. This is expected to
result in ammonia in the condensate stream, which could exceed the ETF acceptance limits.
EnergySolutions identified peroxide addition to the condensate tank as a method of destroying the
ammonia if needed to meet ETF requirements. If this turns out to be difficult or problematic an alternate
carbonate source can be considered that eliminates the problem, e. g. sodium carbonate or bicarbonate [1].
Addition of sodium carbonate could conceivably increase the volume of waste to be immobilized.

Effects on physical properties (slurry rheology, yield strength, shear strength) have not yet been
measured, although no particular difficulties were noted during the proof of concept testing. These
uncertainties could be substantially reduced with a modest amount of further testing if the PCOP is
selected for further development. It is expected to be relatively easy to perform additional process
chemistry/phenomenology testing on the PCOP due to the relatively short reaction time and low process
temperatures.

C3.2 Technical Issues and Risks Related to Equipment and Process Integration

Due to the faster reaction rate, the RRT and the LST are expected to be modestly smaller for the PCOP
than the WWO process. Other than these relatively minor differences, process equipment for the PCOP is
expected to be essentially identical to the WWO process. Remote equipment technology, remote facility
features, assay, and integration concepts are expected to be the same as for WWO. Methods used to
verify reaction completion are expected to be similar to WWO; however, this problem may be somewhat
easier for the PCOP because of the faster reaction rate.

The acceptable amount of residual sludge in tanks at the end of each batch needs to be better defined in
order to evaluate need for special methods to achieve, measure, and/or verify that acceptable levels have
been achieved.
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C3.3 Technology Development Needs

The PCOP is relatively early in the technology and engineering development life cycle. As such,
relatively little testing or engineering evaluation work has been completed to date. If this option is to be
pursued further a number of initial activities should be performed to better define the process, evaluate
performance, determine if there are unexpected problems or complications related to processing actual
sludge, and provide engineering data to support more detailed engineering studies and eventually design.

Development needs can be considered in terms of the design phases of a project. In the preconceptual
and early conceptual design phases data is needed to verify basic feasibility, understand any complicating
factors (e.g. side reactions or adverse physical property changes), and develop preliminary performance
information. This data needs to be developed to a level of detail sufficient to support engineering studies
used to select the final flowsheet to be used as the basis for conceptual design. In additions, topical
engineering studies/evaluations are needed to better define certain aspects of the process. For example,
the assay system concept, updated estimates of achievable total measurement uncertainty, feasibility of
using fission product gas measurements to verify completion of reaction, potential for
uncontrolled/runaway reactions.

During the conceptual design phase process alternatives are typically evaluated and a single preferred
alternative is selected. Additional data is needed for the selected alternative to develop and optimize
system conceptual design, define the basis for sizing of unit operations, resolve any safety or regulatory
issues, and provide a firm basis for moving into preliminary and detailed design.

For the PCOP, most work in the preconceptual and conceptual design phases involves development of a
more complete understanding of chemical and physical phenomenology/behavior of the sludge under
actual process conditions. Unless the project elects to pursue novel remote equipment or facility
concepts, little if any mechanical/equipment oriented testing or development work is expected to be
needed during the preconceptual and conceptual design phases. Possible exceptions are the assay system
used to determine isotope concentrations in the drummed waste, and offgas analysis equipment that may
be considered for verifying completion of reaction. These unit operations are currently not well defined
and may need early equipment oriented testing.

In the detailed design phase, development activities are expected to primarily focus on design verification
testing. This phase will be primarily equipment oriented and will include testing of individual
components or physical features and testing of integrated systems or subsystems. The following sections
provide a preliminary identification of needed activities, with primary focus on initial or near term
activities.

C3.3.1 Critical Near Term Development Activities

A summary of critical near-term development activities is given below. These activities should be
completed in the preconceptual and conceptual design phases.

C3.3.1.1 Chemical and Physical Behavior

e Complete laboratory process testing with simulants:

- Explore the effect of process variables on reaction performance. Tests should include more
careful control and monitoring of reaction conditions.

- Provide a more complete material balance including offgas volume and composition
measurements.
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- Determine if U metal is removed as oxide or as fine metal particles.

- Obtain scoping information on effect on sludge physical properties. This should focus on
identifying any problematic behavior and should include consideration of the post reaction
boildown step.

- Explore the effect of additional sludge components not in the initial simulants tested.

Based in part on results of laboratory testing above, and supporting engineering studies and literature
review, develop a more comprehensive and optimized flowsheet.

Perform laboratory testing based on flowsheets defined above with simulants, and with actual sludge
if feasible.

Complete bench scale process flowsheet testing with simulants. This will typically be performed at
0.5 to 4 liter scale with more prototypic mixing and possibly more prototypic materials of
construction.

Complete more comprehensive testing on sludge physical properties/physical behavior under process
conditions: slurry rheology; density, water, and solids content of settled sludge; tendency to
agglomerate or set up, ability to concentrate to target solids concentrations, etc.

C3.3.1.2 Equipment and Materials

Engineering evaluation of materials of construction: reaction vessel, agitator, pumps, piping, valves,
drums, etc.

Materials testing (e. g. for corrosion) if needed per results of above.

C3.3.1.3 Process Control and Integration

Refinement of process, equipment, and process qualification concepts for the dose-to-curie assay
system. Include evaluation of methods to deal with batch to batch variability of dose-to-curie
relationships.

Perform development testing of assay components and systems.

Evaluate need, costs, and benefits of additional physical sampling of sludge to reduce total
measurement uncertainty.

Topical engineering study on methods for verifying completion of reaction.

C3.3.2 Longer Term Development Needs

The process is expected to use conventional proven commercial equipment adapted for remote operation
and maintenance. However, some equipment oriented process testing will be needed for equipment such
as agitators, pumps, and assay system. Testing, development, and demonstration work is also expected to
be needed for the drumming system and likely some remote equipment operating and maintenance
features. This equipment and the required testing and development work are assumed to be essentially
the same as for Warm Water Oxidation (see Appendix A and the Technology Maturation Evaluation for
WWO [11]). This testing will be performed primarily during the preliminary design and detailed design
phases of the project.
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C3.4 Hazard Considerations

A hazards consideration was completed for the Peroxide and Carbonate Oxidation Process in order to
provide input to the cost, schedule, and risk considerations for the continued alternatives selection
process. This hazards consideration was completed by a team of representatives from Engineering,
Industrial Safety, Fire Protection, RadCon, and Operations [16].

A list of the activities constituting the PCOP alternative was compiled. Hazards (or nodes) associated
with each were then identified along with potential engineered and administrative controls. Table C-2
below summarizes the results of the hazards considerations for PCOP.
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Table C-2. PCOP Treatment Hazard Consideration

Accident Potential Controls :
Node Type MAR Hazard Engineered Administrative Remarks/Assumptions
RET.01 — MOBILIZE, RETRIEVE, TRANSFER STORE AND AGITATE.
2 2
Internal Sludge H g_ccu_mulahon and Purge system Equipment
BB Explosion contamination RG-S TR Ventilati it surveillance _
p headspace entilation system
Crack leak of slurry
being removed from Double contained
BET 10 Sipray Leak | Rlodge STSC and transferred to | transfer line. T T
receiver vessel
Double contained
transfer line
Leak of slurry being
Splash / transferred from the Tank High Level - -
RET Q109 Splatter Slydge STSC to the receiver Alarm and pump
vessel interlock
Loss of Plugged vent path :
) Sludge : Pressure transmitter
RET.01.04 Confineme Contamination | C2USes an unfiltered to monitor fhis tarik — —
nt release from tank
H, accumulates in the
receiver tank
RET.01.05 Internal Sludge headspace and lines, Inerting or Alternate - .
i Explosion Contamination | resulting in a purge path.
deflagration of the tank
headspace or lines
Backflow of sludge
Cs-137 release | through a line above the | Interface system
to water during | STSC, or exposure to design (check valves
RET.01.06 Direct Rad storage or storage water high in and system L Lt —
i : control
sludge in line Cs-137 or sludge in pressure), remote
orin STSC STSC due to liquid draw | STSC unloading

down
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Accident Potential Controls
N ;
ode Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Dropping equipment
onto the STSC during
RET.01.07 Load Drop Sludge_ _ !'emova! of cask head or . HanfO(d $lte Hoisting .
contamination installation of transfer and Rigging Manual
system resulting in a
leak
REC.01 — RECEIVER VESSEL STAGING AND DEWATERING
Note: this includes the boil down dewatering both before reaction and during/after reaction, and agitation and circulation during staging and reaction.
Note: hydrogen evolution may be
H> accumulation and Purge system : very rapid following size reduction,
REC.01.01 E)t(elr(r)]:ilon ?:I(;jr?tg?nination ignition in tank SEL?rlJ\;girllraennc;te especially if agitation is ineffective
g headspace Ventilation system and the settled metal is self
heating
Low pressure
Circulating sludge spray | circulation
REC.01.02 Leak | Slud — —
C.01.0 Spray Lea udge ke SR eanEaT
confinement
Splash / Leak from circulating Secondary
REL41.08 Splatter Slidge system confinement T _
Overpressu Plugged vent path and Pressure transmitter
re Loss of Sludge overpressure causes an | to monitor the tank,
REC.01.04 - - : — —
Confineme Contamination | unfiltered release from pressure relief, open
nt tank vent path
Flush water system
design (check valves
o and system
Srludge in line Backflow of slud_ge _ pressﬁre),
REC.01.05 | Direct Rad through a flush line or in | gye e recirc lines = =
Exposure to a recycle line, exposure . ;
vessel to receiver vessel Shielded receiver
vessel, remote
maintenance for
agitation
oomutonof | Ve sEeno,
REC.01.06 Criticality — separated metal, unsafe g5 p ’ —

geometry

sludge material final
characterization

C-14




PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Accident

Potential Controls

Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Steam Steam leak into receiver
REC.01.07 aglta_tlon / Slurry in tank vessg_l agiiales a_nd Steam Jacket design — —
ejection of volatilizes slurry into off
slurry gas system
Missile or structure
failure results in spill / iz :
REC.01.08 NPH Sludge spray and spread of rad Facility design — —
material
Facility fire results in Materials of
Facility failure of confinement construction, ; AT
REC.01.09 Fire, spill Sludge e (B Eires Prafaction Combustibles limits —
rad material System
PCO.01 — PEROXIDE AND CARBONATE OXIDATION TREATMENT PROCESS.
H2 accumulation in tank | Active purge £ e
Pco.01.01 | Internal Sludge | i\ entilation interrupted = NOTE: Minimal hydragen
Explosion contamination : production during treatment.
during pre-treatment
Fire in Excess oxygen released :
PCO.01.02 exhaust Sludge_ : in reaction or due to Active purge Gambustibls canirel —
contamination : &
system peroxide decomposition
Direct Relocation of fissile
PCO.01.03 Criticality 2t constituents upon metal | Vessel configuration Feed controls —
Radiation h ;
dissolution
Ammonia
d exhaust ;
PCO.01.04 Ammonia heast s Ammonlla release on Off gas and waste . .
release dewatering water treatment
waste water
contamination
TRS.02 —-TRANSFER AND STAGING OF TREATED SLUDGE
Line failure during Pising dosian
pressure transfer results se?:or?da gi ’in
TRS.01.01 Spray Leak | Sludge in a release of [y pIping — —

radiological material
outside of the facility

design, confinement
design
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Accident

Potential Controls

Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Accumulation of gas in
the isolated staging tank o
TRS.01.02 Overpressu | Sludge results in a potential venklaen syster _ _
o re Contamination | overpressure and 3 :
release of radiological EEniNEEnGpEP
material
Spiash] Transfer Line failure Eé%igr?dieSigimin
TRS.01.04 p Sludge results in a release of ondaly piping - -
Splatter design, confinement
slurry dosi
esign
Released
fission Sludge in lines or Radiological Control
TRS.01.05 Direct Rad products or vessels not adequately Facility design Program access —
sludge in lines | shielded controls
or containers
i SSC failure results in
TRS.01.06 Sludge spill / spray and spread Facility design — —
Event :
of rad material
Missile or structure
TRS.01.07 | Other NPH | Sludge failure results in spill / 1 £aijity design - -
spray and spread of rad
material
PKG.03 — IMMOBILIZATION AND PACKAGING OF TREATED SLURRY.
Pressure transfer line Piping design,
PKG.03.01 Spray Leak | Sludge failure results ina Sec_ondary piping . .
release of radiological design, confinement
material design
PKG.03.02 | Facility Fire | Sludge Facilty fire resuts ina | (818200 £ Combustibles control =
T y 9 release of rad material : ;
Protection System
BTG Se_ismic forces result in N _
PKG.03.03 Event Sludge a line break and Facility design — —

potential release
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Accident

Potential Controls

Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
3 Piping design,
Pressure transfer line e
PKG.03.04 gp::tstzr/ Sludge failure results in a Zecf’”dary ALL = =
P release of rad material ool U
design
Released
fission Difebt axEoalrs 1o Radiological Control
PKG.03.05 Direct Rad | products or e Shielding design Program access =
= sludge rad shine
sludge in lines controls
and containers
Missile or structure
PKG.03.06 | Other NPH | Sludge failure results in spill / 1 £aijity design = =
spray and spread of rad
material
STG.01 — SHIELDED STORAGE OF TREATED DRUMS.
Container drop resulting | Handling system Hoisting and rigging : -
STG.01.01 Load Drop Sludge in a release of rad design, confinement controls, rl\r/l]larlc;rriraellease Lt e
material design DOE-RL-92-36
Load dropped onto Handling system Hoisting and rigging : i
STG.01.02 Load Drop Sludge container resulting in a design, confinement controls, rl\:lllarlc;:iraellease e siatillzed
release of rad material design DOE-RL-92-36
Drum drop or fall, missile Minor release from stabilized
Seismic Sludge impact or structure = y material
STEO1A8 Event Contamination | failure results in spread FREiiydesion -
of rad contamination
Drum drop or fall, missile Minor release from stabilized
Sludge impact or structure = ; material
BIGOLEE e R Contamination | failure results in spread FrElICeRiD T
of rad contamination
. 2 Radiological Control
STG.01.05 Direct Rad Sludge in Direct.rad expusurs o Facility design Program access —
packages drum
controls
Fire results in SSC
STG.01.06 Facility Fire Sludge failure and impact of Facility design, Fire . -

contamination

packages, spread of
contamination

Protection Design
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Accident Potential Controls

Node MAR Hazard | Administrative

Type Engineered Remarks/Assumptions

LSC.01 — LOAD SHIPPING CONTAINER. REMOVE FROM ISC, LOAD 72-B LINER, LOAD CASK.

Sludge in Direct rad exposure to Radiologizal Lontrol

LSC.01.01 Direct Rad packages o Facility design Program access =
controls
Sludge Impact fails package and | Contamination Ristng shd fgaing
L5C.01.02 Leas Drop contamination damages grout control ventilation ganiols, o
ge DOE-RL-92-36
Fire results in SSC
e s Sludge failure and impact of Fire Protection
ESiaiis GeaciligeRia contamination packages, spread of System T -

contamination

SSC failure results in
Contamination | package impact and Facility design — —
spread of rad material

Seismic

LSC.01.04 Event

Missile or structure
failure results in package
impact and spread of rad
material

LSC.01.05 Other NPH | Contamination Facility design — —

DOE-RL-92-36, 2007, Hanford Site Hoisting and Rigging Manual, Rev. 1, U.S. Department of Energy, Richland Operations Office, Richland, Washington.

FW = facility worker. ISC = interim storage container.
HC-2 = Hazard Category 2 (facility). LFL = lower flammability limit.
HEPA = high-efficiency particulate air (filter). MAR = material at risk.
HVAC = heating, ventilation, and air conditioning. NPH = natural phenomenon hazard.
SSC = structure, system, and component.
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C3.5 Additional Considerations

This section identifies additional miscellaneous items identified as part of the review which may be
considered in evaluating the PCOP alternative.

Some additional industrial safety risks are expected due handling high concentration (50%) hydrogen
peroxide. This is a relatively common industrial chemical and its properties and safe handling practices
are well known. For example, hydrogen peroxide solution is used as a process chemical additive at the
Hanford 200 Area Effluent Treatment Facility (ETF). Maximum inventory at ETF is estimated at 2555
gallons of 50 wt. % hydrogen peroxide solution [12]. The Auditable Safety Analysis for ETF [12]
identified some hazards associated with the 50% hydrogen peroxide but did not identify it as a major
safety concern. During the Ceradyne Layer 1 testing hydrogen peroxide was added to the flask at more
than 200 times the normal rate established in later testing. This resulted in a temperature excursion
(increase) of less than 20 C.

One option is to design for the PCOP with WWO as a backup/alternate if problems develop. 1f PCOP
performance is as expected with no major side problems the operating duration would be significantly
reduced compared to WWO. If problems are found with PCOP, the WWO could be implemented as a
backup the required equipment is essentially the same except for the nitrogen sweep gas required for the
WWO RRT. Sensitivity to retrieval schedule and sequence is also reduced with the PCOP since it does
not rely on consolidating multiple STSC batches in a single oxidation batch. For processing settler sludge
the required oxidation time with WWO is about 1/10 of that required for the EC sludge. Therefore there
is less benefit from using the PCOP rather than the WWO process for the settler sludge. An attractive
approach could be to use the PCOP for Engineered Container sludge (floor and pit sludge) and use WWO
in the same equipment for processing Settler Tank sludge.

Addition of chloride to increase the reaction rate could be considered as optimization of the Energy
Solution oxidation process. However, this would make the process similar to the FROP (Appendix B).
Therefore, for the current evaluation addition of chloride is considered to be covered by that alternative.
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C4 Process Design and Performance Estimates

This section provides a summary of sizing for major process equipment, estimates of the time required to
process all of the K Basin sludge, and facility size information. Because most of the design is expected to
be similar to the WWO option, the presentation herein focuses on differences with WWO as given in
Appendix A.

C4.1 Process Flowsheet Estimates

In order to compare the various technologies under consideration, normalized flowsheet estimates were
made to evaluate major equipment and facility size, and to estimate potential differences in sludge
processing rate. The normalized flowsheet estimates are based on input from the vendor [1] with
adjustments as needed to assure that all technologies are evaluated on a reasonably consistent basis.
Common process bases and assumptions are summarized in Appendix J. Normalized flowsheet
calculations summarized below are documented in Reference 10.

The flowsheet calculations start by estimating the size of the RRT and LST needed to process the largest
STSCs batches. The batch preparation time is then estimated, i.e. the time to transfer and process an
STSC batch to the point that it is ready for transfer to the assay/drumming system. When batch
preparation is complete and the batch has been transferred from the RRT to the LST, the RRT is ready to
begin transfer and processing of the next batch while the batch in the LST is drummed. The PCOP base
case batch preparation time is estimated at 50 days for KE and KW EC sludge and 15 day for settler tank
sludge.

The time to drum each batch is then estimated. Using base case assumptions for achievable waste loading
per drum and drumming rate (Appendix J) the average drumming time per STSC batch is estimated at 7,
9.4 and 29 days for KE EC, KW EC, and settler tank sludge respectively. These values indicate that
batch preparation time is rate controlling for EC sludge and drumming time is rate controlling for settler
tank sludge. Based on the rate controlling step for each sludge type and the assumed number of batches
the total processing time for the base case is estimated at 35.1 months with 100% TOE or 50.1 months
assuming 70% TOE. This is about 84% of the required processing duration of 5 years or less, and may
be compared to the base case WWO processing time estimate of 59 months. The shorter processing time
results from the faster oxidation step and hence shorter batch preparation time.

In the base case processing scenario the RRT working volume is set at 16 m® which provides the
minimum operational allowance to accept and process the largest STSC batches. Hydrogen peroxide
must be added over an extended period to complete the reaction resulting in the need for several
intermediate boil downs to provide adequate tank space for continued chemical addition. An alternative
is to provide a much larger RRT (57 m’ working volume) that is sized to hold the sludge plus all chemical
additions, eliminating the need for the intermediate boil downs. A time cycle estimate for this case
reduces the processing time to 28 months at 100% TOE or 40 months at 70% TOE [13]. The base case
and sensitivity case results are summarized in Table C-3.

Table C-3. Estimated Processing Durations-Peroxide and Carbonate Oxidation Process

Sludge Processing Sludge Processing
Case Time at 100% TOE Time at 70 % TOE Comments
Base Case 35 50 16 m> RRT working volume.
Increase RRT size to avoid 3 .
intermediate boil downs 28 40 57 m” RRT working volume.
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The PCOP processing time is also less sensitive to retrieval schedule assumptions as compared to WWO.
Ability of WWO to complete processing within 60 months relies on each oxidation batch processing
multiple STSC batches (two for the base case). See Appendix I for additional discussion of sensitivity to
changes in the base case assumptions for the PCOP and other alternatives that are under consideration.

The base case process flowsheet estimate indicates that for all waste types the waste loading per drum is
limited by the fissile isotope content (**Pu FGE). Within the accuracy of available data there are not
significant differences between the PCOP and other alternatives relative to the achievable waste loading
or number of product drums.

C4.2 Major Process Equipment

PCOP equipment sizing calculations [13] include only the major process tanks shown on Figure C-1 plus
added cold chemical handling tanks needed for the PCOP. Other equipment is assumed to be essentially
identical to WWO (Appendix A). Process tank size estimates are given in Table C-2 for the nominal
base case set of assumptions.

Comparison of Table C-4 with WWO values in Appendix A shows that the estimated RRT and Lag
Storage Tank capacities are about 16% and 50% smaller respectively than the WWO base case estimate.
This results primarily from processing a single STSC batch per oxidation batch in the PCOP base case
versus 2 STSC batches per oxidation batch for the WWO base case estimate. The basic features of the
tanks are similar to WWO: steam heating and water cooling jacket(s) on the RRT, water cooing jacket on
the Lag Storage Tank and agitators in both tanks. The PCOP condensate tanks are about 100% larger
than those for the WWO base case because of the increased condensate resulting from chemical additions
to the RRT. The PCOP also requires additional tanks and support equipment for preparation and
addition of required nonradioactive process chemicals to the RRT. The PCOP does not require nitrogen
purge of the RRT, and instead uses air sweep to prevent buildup of hydrogen in the tank. Other than these
items, equipment list and sizing is expected to be identical to that for WWO.

Table C-4. PCOP Base Case Process Vessel Size Estimates

Vessel Working Volume (m3) Gross Volume (m3)
Receipt and Reaction Tank (RRT) 16 20
Lag Storage Tank (LST) 4.5 5.7
Condensate Tank (CT) A 30 34
Condensate Tank (CT)B 30 34
Hydrogen Peroxide Day Tank 10 12.6
Hydrogen Peroxide Bulk Tank 34 40
Ammonium Bicarbonate Day Tank 1.5 1.8
Ammonium Bicarbonate Makeup Tank 4.2 5.0

C4.3 Facility and Equipment Requirements

Separate facility layouts and other facility information were not prepared for the PCOP option. For the
purpose of comparative cost estimates, it is assumed that the equipment and facilities are the same as is
the same as WWO (Appendix A) with the exceptions noted below.
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C4.3.1.1 Equipment changes from WWO
e RRT gross volume is reduced to 20 m’ for PCOP from 24m’ for WWO.

e LST gross volume is reduced to 5.7 m’ for PCOP from 11.4 m’ for WWO.

e Process Condensate Tank gross volumes are changed to 34 m® for PCOP compared with 17 m® for
WWO.

e Chemical receipt, storage and handling tanks are added for hydrogen peroxide, ammonium carbonate
solutions (Table C-3).

C4.3.1.2 Facility changes from WWO
e Remote cell space for the RRT and LST are reduced proportional to the reduced tank sizes.

e  Space for the condensate tanks is increased proportional to the increased tank sizes.

e A larger chemical receipt, makeup, and storage tank area is required for nonradioactive chemicals
identified in Table C-3.

Additional space may be needed for chemical addition day tanks identified in Table C-3.
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C5 Characteristics of the Alternative Relative to Evaluation Criteria
This section provides an evaluation of the process concept relative to the evaluation criteria.

Section C5.1 identifies attributes of the alternative are identified that distinguish the alternative in the
evaluation against other alternatives under consideration. These attributes are categorized as potential
advantages or disadvantages compared to other alternatives. Attributes that are common to all
alternatives are typically not included. In Section 5.2 the identified attributes, advantages and
disadvantages are allocated to the evaluation criteria from the Decision Plan [14].

C5.1 Evaluation of the PCOP Relative to Other Alternatives

The project scope and requirements assume that any alternative must be capable of receiving full STSC
batches of K Basin sludge and processing them to meet criteria for shipment to WIPP. As such, all
alternatives will need certain minimum capabilities and will present minimum safety (public and worker)
and environmental risks, and minimum costs and technical requirements. This section notes
characteristics, advantages, and disadvantages to the PCOP alternative that may differentiate it relative to
other alternatives under consideration and allocates those to the various decision criteria.

C5.1.1.1 Potential Advantages or Beneficial Attributes of PCOP:

e The minimum sized tanks (RRT and LST) needed to accept and process a full STSC batch are
acceptable for use by PCOP. Minimizing process tank size also minimizes remote cell space
requirements and presents an easier mixing problem for slurry tanks as compared to alternatives that
require larger process tanks.

e The PCOP reaction time is expected to meet the 5 year processing criterion and is moderately lower
than some but not all other alternatives. This is expected to provide several advantages:

- Reduced overall operating costs due to a shorter plant operating life.

- Reduced process operating time results in less operating time on agitators, less erosion of
agitators and tank walls, less wear and tear on equipment. This is expected to reduce
maintenance costs, worker exposure to radiation, and secondary radioactive waste generation.

- Reduced reaction time results in reduced probability of and risk from process failures and less
sensitivity to down time/maintenance of Receipt and Reaction Tank related components.

- PCOP processing rate (or processing duration) has less dependence on retrieval schedule than
some alternatives. The PCOP also requires only a single STSC batch in each oxidation batch.
Some alternatives may require either multiple STSC batches in each oxidation or multiple
oxidation process trains in order to achieve the required total processing times.

e Short reaction times and near ambient temperature make laboratory testing relatively easy and fast.
Reaction tests with maximum U metal particles can be taken to completion in weeks, as compared to
months for some alternatives. This allows for a moderate cost and schedule for development of the
technology to the required maturity level.

e The PCOP product is expected to be in a high oxidation state. The peroxide used is expected to
oxidize most UO; in the sludge to UO; prior to drumming. This is expected to eliminate the risk
(discussed in Appendix A) of swelling or damaging the drum due to oxidation of the waste after it is
placed in drums. In addition, the UO, may be designated as pyrophoric. Eliminating UO, also
eliminates need to address any concerns related to phyrophoricity.
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Inert gas (nitrogen) blanketing is not required for the Receipt and Reaction Tank (sweep air is
acceptable). Air sweep is expected to have low installation and operating costs compared to nitrogen
blanketing, which may be required for some alternatives. Air sweep also does not result in worker
risk related to oxygen free atmospheres.

Equipment installed for the PCOP can also be used for the WWO process (with addition of the inert
gas blanketing capability).

C5.1.1.2 Potential Disadvantages and Risks of PCOP as compared to WWO:

Limited testing has been completed to date on process chemical and physical behavior.
Potentially complex chemistry and potential for unexpected side reactions.

Additional safety risks and safety controls associated with handling hydrogen peroxide solutions.
Additional tankage is needed for cold chemical handling receipt and storage.

Moderately larger waste water production and commensurate increase in condensate tank volume.

C5.2 Evaluation of PCOP Relative to the Decision Criteria

Table C-5 illustrates how the identified advantages, disadvantages, and risks relate to Decision Criteria
identified in the Decision Plan [14].
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Table C-5. Evaluation of PCOP against Criteria, Goals, and Measures

Decision Criteria from Decision Plan [14]

Advantages and Disadvantages of Technology Related to

Criteria Goals Measures Decision Criteria
Safety Ensure worker safety. . Relative ease/difficulty
in implementing Advantages
adequate safety . No significant safety hazards have been identified
measures as beyond those typical of all processes that handle
measured by number (move, mix, pump, and package) bulk quantities of the
of passive(inherently highly radioactive K Basin sludge slurries [16].
safe) vs. active
engineered safety o Moderate operating period.
features.
o Inert gas blanketing not required.
Ensure protection of
the nuclear the general | ¢  Minimum material at risk (MAR)/inventory of sludge.
public.
Disadvantages
e Use of reactive/hazardous chemical additives (50 %
hydrogen peroxide) is required. Required chemicals
are in use elsewhere at Hanford and for general
industrial use.
Regulatory/ stakeholder Ensure compliance with Achieve acceptance of Advantages
acceptance. environmental laws and regulators and other * No significant discriminators noted.

regulations and DOE orders.
Address sludge management
concerns in Comprehensive
Environmental Response,
Compensation, and Liability
Act of 1980 record of decision.

Stakeholders.

Disadvantages
o Concerns regarding the differences in the process for

those discussed in the K Basins ROD. It is not
expected to be difficult to modify the permit to allow
this process since the same function (U-metal
oxidation) is achieved.

Technical maturity

Maximize confidence in process
implementation

e  Projected Technical
Readiness Level
(based on technical
criteria only at this
stage of the project)

o Estimated volume of
waste going to WIPP

Advantages
e  Proof of principle tests successfully demonstrated
process functionality under several conditions.

e  Short reaction times and near ambient temperature
make laboratory testing relatively easy and fast. This
reduces the cost and schedule for completing the
required testing activities.

o The PCOP product is expected to be fully oxidized
eliminating potential for post drumming expansion due
to oxidation of UO; and eliminating pyrophoric
material.

o  Modest size slurry tanks, essentially the minimum
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Decision Criteria from Decision Plan [14]

Advantages and Disadvantages of Technology Related to

Criteria Goals Measures Decision Criteria

required to process full STSC batches. Smaller size
tanks present and easier mixing problem as compared
to processes that require larger tanks.

o Estimated volume of waste is expected to be 29y
FGE limited, i.e. the process is not expected to
increase number of drums to WIPP above the
minimum.

Disadvantages

o Relatively little process testing has been completed to
date.

o Potentially complex chemistry with possibility of side
reactions or other unexpected behavior.

Operability and Maximize operability o  Ability for process to Advantages

maintainability

Maximize maintainability

be remotized

Ability to treat and
package K Basin
sludge inventory
in 5to 7 years

Acceptability of
secondary waste
streams for

disposal at
Environmental
Remediation Disposal
Facility (solids) and
200 Area Effluent
Treatment Facility
(liquids)

Moderately short operating duration (<4 years) to
process all sludge.

Reduced process operating time results in less
operating time on agitators, less erosion of agitators
and tank walls, less wear and tear on equipment, and
less sensitivity to down time for maintenance of
Receipt and Reaction Tank related components.

Smaller tanks present an easier mixing problem as
compared to the larger WWO tanks.

The PCOP product is expected to be in a high
oxidation state, eliminating pyrophoric material and
reduced potential for post drumming expansion due to
oxidation of UO».

PCOP processing rate (or processing duration)
requires only a single STSC batch per oxidation batch.

The treatment system will use proven, familiar, remote
equipment designs concepts. No special or unusual
equipment concepts are needed beyond those typical
for handling and processing highly radioactive slurries.
The drumming system is similar to other alternatives
and will use primarily industrially proven equipment

C-26




PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

Decision Criteria from Decision Plan [14]

Criteria

Goals

Measures

Advantages and Disadvantages of Technology Related to
Decision Criteria

and designs with some custom features to be
developed and proven for this specific application.

e The PCOP equipmentis very flexible and can also be
used for several other process options with minimal
modifications

Disadvantages

More evaporation steps and more condensate produced due to
the relatively large amount of peroxide added.

Life-cycle cost and
schedule

Optimize life-cycle costs for
sludge treatment and packaging
facility

Provide acceptable schedule to
stakeholders

Cost

o Cost of maturing
technology to
Technology Readiness
Level-6

e Capital cost

o Operating and
maintenance cost

e Deactivation and
decommissioning cost

Schedule
o Facility startup
o  Complete treatment
and packaging

Advantages
o Relatively small process slurry tanks and short
operating time are expected to result in relatively low
operating costs.

e  Short reaction times and near ambient temperature
make laboratory testing relatively easy and of
moderate cost.

Disadvantages
o Relatively little process testing has been completed to
date.

o Added chemicals result in increased waste water and
slightly larger condensate tanks as compared to
processes that do not require chemical additions.

Potential for beneficial
integration with ongoing
STP - Phase 1 activities

o  Optimize cost or schedule
for STP - Phase 2

o  Consider co-location of
needed facilities provided by
STP - Phase 1

o Potential for integration of
treatment and/or packaging
with interim storage in T
Plant

e Potential for shared
functions with those being
provided by STP Phase 1

o  Optimization of location of
reduce/eliminate
intermediate shipping or
repackaging of the sludge
material

Advantages
e Process is compatible with Phase 1 design concept.

* No identified positive or negative impacts to currently
planned Phase 1 Project activities

o Colocation near T Plant is possible, but overall siting
studies have not been completed.

Disadvantages
* No significant disadvantages noted

Integration with Site-wide

Optimize processes, equipment,

. Number of other

Advantages
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Decision Criteria from Decision Plan [14] Advantages and Disadvantages of Technology Related to
Criteria Goals Measures Decision Criteria
RH-TRU and facilities for K Basin sludge Hanford Site RH-TRU s  The chemical oxidation system will destroy many
processing/packaging treatment and packaging with waste streams that can organics, which could be useful in processing other
planning, schedule, and other Hanford Site RH-TRU be treated with waste streams.
approach waste streams candidate process e  Other than the additional K Basins wastes, no specific
o  Number of other RH TRU streams have been identified for integration
Hanford site RH-TRU at this time.
waste streams that can
be packaged with Disadvantages
candidate packaging ¢ None noted
process
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C5.3 Conclusions and Recommendations

e Based on successful completion of proof of principle testing the PCOP is judged to be a technically
feasible treatment alternative for processing K Basin sludge in STP Phase 2.

e The PCOP has expected to have performance comparable or slightly better than warm water
oxidation (WWO) in terms of processing duration, equipment size, complexity, and flexibility.
However, performance is significantly less than the Fenton’s Reagent Oxidation Process (FROP)
(much longer processing duration, substantially increased peroxide addition, increased secondary
waste generation, and additional process complexity resulting from ammonia.

e The PCOP is expected to produce a oxidized product waste form that meets all WIPP criteria.

e Based on the Decision Plan evaluation criteria the PCOP is comparable to WWO but less favorable
than the FROP alternatives.

Recommendations

It is recommended that the PCOP not be carried as an alternative into conceptual design for STP Phase 2.
Further work on chemical oxidation processes should focus on chloride catalyzed processes such as
FROP or the hypochlorite based process developed previously by DOE [15] (see also Appendix B).
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Appendix D

Evaluation Data for Size Reduction and Water Oxidation Process (SRWOP)
— (Ceradyne)
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D1 Introduction

Size reduction of U metal prior to oxidation using water was proposed by the Boron Products, LLC
subsidiary of Ceradyne, Inc. (Ceradyne) in response to a formal Request for Information. After further
definition of the concept and approach for testing, CHRPC awarded Contract 42402 to Ceradyne to
perform proof of principle testing and related engineering support work needed to evaluate and define
how this approach could be implemented. The testing and support work completed to date indicate the
Ceradyne Size Reduction and Water Oxidation Process (SRWOP) is a viable alternative for use in Phase
2 of the STP [1,2]. The size reduction step also has potential application as a front end step for other
treatment processes.
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D2 Technology and Flowsheet Summary Description

The unique feature of the SRWOP is use of an immersion mill to reduce size of U metal particles prior to
Warm Water Oxidation. Reduced particle size is expected to substantially reduce the time required to
oxidize the U metal using water.

The overall process is divided into two major parts:

1. Sludge receipt and preparation for immobilization: the sludge batch is received from retrieval,
oxidized to eliminate metallic uranium and water is removed to give the solids concentration desired
for the immobilization process.

2. Inthe immobilization and packaging process, the concentrated sludge slurry is assayed, metered into
drums, and converted to a liquid free solid that is sealed in drums for eventual offsite transport and
disposal.

Supporting processes such as vent gas treatment, liquid waste disposal, cooling water and process steam
supply are assumed to be similar to WWO (Appendix A) and are not further discussed for the SRWOP
option.

D2.1 Sludge Receipt and Preparation for Immobilization

The SRWOP is illustrated in Figures D-1 and D-2. Dilute sludge slurry from an STSC is delivered to the
Milling Tank as a batch with up to 13.2 m’ (3,500 gallons) volume. As shown in Figure D-1, the Milling
Tank is located in the top of the RRT. Another option is to locate it outside but near the RRT. Overflow
from the Milling Tank flows to the Receipt and Reaction Tank (RRT). The liquid up-flow velocity in the
Milling Tank is controlled so that U metal particles above the designated cut size cannot be carried up
into the overflow stream. The U metal cut size has tentatively been set at 100 micrometers (um) diameter
for the current flowsheet evaluation. This U metal particle size has about 4 cm/second settling rate in
water and appears to be a reasonable choice. However, the actual cut size selection is subject to future
optimization. In the Milling Tank the coarse U metal particles are either directed to the inlet of the
immersion mill via a hydrocyclone or funnel, or they may settle to the bottom of Milling Tank.

Settled sludge from the bottom of the Milling Tank is picked up using an eductor and delivered to the
inlet of the immersion mill. As the size reduction proceeds, additional water may be added to the Milling
Tank to flush fine material out via overflow to the RRT. Pumped transfer from the Milling Tank to the
RRT may also be used to empty the Milling Tank when milling of a batch is complete. The liquid up-
flow velocity in the pump suction leg will be controlled to prevent coarse U metal larger than the cut size
from being drawn in. The Milling Tank vents into the RRT freeboard space and any gas and water vapor
generated flow out through the RRT demister and condenser.

The RRT is purged with nitrogen to eliminate oxygen, is normally maintained at slightly below
atmospheric pressure, and is agitated continuously when it contains a batch of sludge. The RRT contents
are heated to near the boiling point of water using a steam jacket. The batch is held at this temperature
until all U metal has been oxidized. Excess water is driven off by evaporation, concentrating the batch to
the desired end point solids concentration. The oxidized and concentrated batch is then cooled and
transferred to the Lag Storage Tank (LST).

The LST is continuously agitated when a sludge batch is present, and is cooled with a water cooling
jacket. Concentrated sludge is transferred to the assay and drumming system in smaller batches as
needed. The LST is sized to receive at least a full concentrated batch from the RRT. Once the RRT is
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emptied, preparation of the next sludge batch can be started while the previous batch is processed by the
drumming system.

Steam generated during the evaporation step flows first to a demister to remove entrained material and
then to a water-cooled condenser. Vent gas from the condenser is heated and filtered prior to discharge.
Condensate drains to a Condensate Tank. Where feasible, clean condensate is recycled for line flushes
and for the immobilization step. Excess condensate is sampled and shipped by truck to ETF for disposal.
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Similar to other oxidation treatment processes, a methodology is needed to assure metallic uranium has
been adequately eliminated. For the SRWOP a combination of the following methods will be used:

e Process validation. This method involves performing process validation tests which define process
performance sufficiently to provide confidence the process will perform as expected. This can
include both pre-commissioning testing and data collection during initial hot operations.




PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

e  Monitoring of fission product gas. Past work on Warm Water Oxidation (W WQO) of actual spent fuel
has demonstrated that fission product gasses (Kr and Xe) are released when the fuel is oxidized.
Release of fission product gasses has been used in laboratory tests to track the U metal oxidation
reaction and has also been proposed as a potential method of tracking the in-plant Warm Water
Oxidation process [3]. This method may be easier to apply to SRWOP because the reaction times are
much shorter than for WWO, which is expected to result in a higher release rate producing higher
fission product gas concentrations that are easier to detect.

e Monitoring of hydrogen generation in the RRT. At the end of the expected reaction period, if all of
the uranium metal has not been oxidized, hydrogen will continue to be produced by WWO of residual
U metal during the final concentration step. Monitoring vent gas for hydrogen content during the
water oxidation and concentration steps to detect excess hydrogen could be used to determine if there
is significant residual uranium metal present. A small amount of hydrogen production will also
continue via radiolytic splitting of water, which reduces the sensitivity for detecting residual metallic
U by measuring total hydrogen generation.

e Monitoring of hydrogen generation in the product drums. Monitoring hydrogen generation rates in
product drums could be used to prove significant U metal is not present in the drums. This would
involve holding selected drums for a period of time at an elevated temperature (60°C for example)
and measuring the hydrogen evolution rate. A limited number of drums could be tested using a
statistical sampling or process validation approach. An advantage of this method is that it directly
correlates with the applicable hydrogen generation limit for drums during shipping. The disadvantage
is that it will take a substantial amount of time for each test, likely days or weeks.

D2.2 Process Chemistry

A review of uranium/water reaction chemistry is given in Reference 4. A brief summary is provided
below. See also Appendix A for additional information.

Uranium metal reacts with anoxic liquid water (i.e. free of dissolved oxygen) in a highly exothermic
reaction to form uranium dioxide (UQO,) and hydrogen gas (H,).

U+ 2H20 - U02+ 2H2 (Eq Dl)

Once a small amount of H; is generated it can react directly with U metal to form uranium hydride (UH3),
which functions as an intermediate by its reaction with water to form UO, and additional hydrogen. The
reaction rate has been studied over a wide range of temperatures [4]. Based on the range of data the
following correlation for reaction under anoxic conditions is defined in sludge Technical Databook [5]:

log;o(base rate) = (9.694-3,565/T) (Eq. D2)
Where,
T = Temperature, Kelvin, and

base rate = the rate that the uranium metal surface is reacted away, producing uranium
oxide, um/hr,

In order to account for the uncertainty in the data, the Technical Databook requires use of a “rate
enhancement factor” that ranges from 1/3 to 3. The indicated base rate is multiplied by the rate
enhancement factor to define the potential range of reaction rates to be considered for design and safety
analyses.
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At relatively low temperatures, oxygen is known to poison the U metal/water reaction resulting in a
reduced overall reaction rate. However, as the temperature is increased to near the boiling point the
poisoning effect is reduced. Use of a nitrogen atmosphere in the RRT has generally been assumed to
avoid poisoning the reaction. For the SRWOP the reduction in reaction rate when air is present may be
acceptable. If so, this would allow the nitrogen purge system to be deleted reducing cost, operational
complexity and industrial hazards to workers related to use of nitrogen.

D2.3 Immobilization and Packaging Process

Ceradyne proposed that either Portland cement-based grout or their proprietary phosphate bonded ceramic
could be used to solidify the oxidized and concentrated sludge, eliminating free liquids [1]. The choice of
phosphate ceramic versus Portland cement for the immobilization process does not affect comparison of
the treatment portion of the process. Therefore, for consistency, the Portland cement option is assumed
for the current evaluation. The WWO assay and drumming approach described in Appendix A is also
assumed for immobilization in the SRWOP. The approach selected for WWO includes gamma radiation
measurements on a recirculation stream from the LST. These measurements are then used to estimate
concentration of fissile isotopes using a dose-to-curie methodology. This data is in turn used to determine
the amount of sludge loaded to each drum. Sludge transfer to the drum is controlled by a metering pump
which draws from the recirculation stream. Sludge and flush water transferred to the drum is solidified by
addition of dry Portland cement-based additives. A “lost paddle” in-drum mixing technique is used to
blend the dry additives with the sludge slurry resulting in a solid product with no free liquids. Gamma
radiation measurements are taken on the finished drum. Based on these measurements, the content of
WIPP reportable isotopes is estimated based on a dose-to-curie methodology. Use of the dose-to-curie
methodology will require qualified measurement systems together with isotopic ratios and dose-to-curie
relationships for each type of waste processed. See Appendix A for additional information on the assay
and drumming system concept.
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D3 Technology Development Status

Immersion mills are available proven commercial technology for size reduction of a variety of materials
[6]. Some modifications to standard features are required for remote operation; however, these are
considered to be relatively straightforward. There are no known commercial applications involving size
reduction of uranium metal or spent fuel. An immersion mill system has been successfully built and
operated for size reduction of coarse material from underground nuclear waste tanks at the Savannah
River Site (SRS) [1,7]. The material processed was coarse solids left in the bottom of SRS Tank 18 and
Tank 19 after retrieval of the bulk of the waste. The SRS immersion mill was located in a waste mixing
chamber (Milling Tank) installed in a 22 inch riser in the receipt tank. Size reduced solids (<38 pm) from
the mill were entrained in the liquid stream that flowed into the receipt tank. Other parts of the sludge
receipt and preparation for immobilization process are expected to utilize conventional proven
commercial equipment adapted for remote operation, e.g. jacketed tanks with mechanical agitators,
demisters, scrubbers, positive displacement pumps, valves, metal or flexible hoses, and instrumentation.
The only other identified equipment that may be novel or near the edge of demonstrated use is the
equipment for monitoring of fission product gasses to support one of the alternative methods identified
for demonstrating completion of reaction. Less mature aspects of the treatment system technology are
related to knowledge of chemical and physical behavior of the actual sludge in the treatment equipment.

Water oxidation of K Basin sludge may be accelerated by reducing the size of the U metal. Based on
Equation D2 a <100 pm diameter U metal particle is expected to oxidize in <3 days at 95° C. Oxidation
of U metal by water has been studied extensively, including limited testing with actual spent fuel from K
Basins [4]. Some testing has been performed on sludge simulants, actual sludge, and actual spent nuclear
fuel (see Appendix A and Reference 4).

As part of the current evaluation, proof of concept tests were completed to validate basic functionality of
the milling process and to develop a preliminary flowsheet. With the exception of the size reduction mill,
process equipment for the treatment system is expected to be nearly identical to WWO. The
immobilization process, facility arrangement, and remote operating and maintenance features are assumed
to be identical to WWO. Therefore the following discussion focuses on key aspects that are unique to the
SRWOP and on differences between the SRWOP and WWO processes.

A formal TRA, as defined in DOE G 413.3-4 [8], has not been performed for SRWOP. Based on the
success of the proof of concept tests and use of commercially proven equipment some aspects of the
primary SRWOP could be considered to be developed to approximately TRL-3 as defined in DOE G
413.3-4 [10]. However, many aspects of the overall process are not yet well defined. The technical
maturity evaluation for the WWO process [10] identified specific areas of further study, testing, and
evaluation that would also be required for development of the SRWOP. Based on results of the
Technology Maturity Evaluation for WWO it is concluded that, the overall development status of the
SRWOP should be considered to be lower than TRL 3. More details on the SRWOP technology
development status can be found in the following subsections, which focus on key aspects that are unique
to the SRWOP and on differences between the SRWOP and WWO. Development status of the many
features that are similar to WWO are discussed in Appendix A and Reference 11.

D3.1 Chemistry and Phenomenology

While immersion mills are available commercial technology, no data was available on performance with
materials that simulate K Basin sludge. Therefore, proof of principle testing was initiated to better
evaluate feasibility for the current application of interest. Measurements show that irradiated uranium
metal (spent fuel) has a hardness rating about double that of non-irradiated uranium; 30=8 compared to



PRC-STP-00465, REVISION 0, VOLUME 2
PHASE 2 TECHNOLOGY EVALUATION AND ALTERNATIVES ANALYSIS

about 15 on the Rockwell “C” Scale [1,9] Furthermore, though the ductility of uranium is significantly
decreased by irradiation the uranium metal in K Basin sludge remains highly resistant to fracture [9].
These unique properties have made past grinding procedures, such as mortar and pestle techniques
unsuccessful [1,9]. DensalloyTM1 SD170 was identified as an available tungsten based alloy with density,
hardness, and toughness properties similar to irradiated U metal. Testing performed under the current
program with Densalloy™ SD170 and K Basin simulants demonstrated Densalloy™ SD170 can be size
reduced successfully using commercially available immersion mill technology.

Particle settling behavior related to the size separation step is well known. Substantial testing has
previously been performed on the Warm Water Oxidation portion of the SRWOP. Therefore, these
aspects of the process were not tested in the current program. Based on visual appearance, there were
noticeable changes in physical properties of the simulant during the milling tests. Size reduction is
expected to have significant effect on physical properties and will need to be investigated in a more
quantitative manner if the SRWOP is pursued further.

D3.1.1 Summary of Testing Performed

Two size reduction tests were performed using a relatively small 2 inch micromill (Figure D-3) at the
equipment vendor (Hockmeyer) test facility [2]. Test objectives were to obtain information on both the
process performance (rate of size reduction) and equipment performance (functionality and wear). In
Test 1 the stimulant was limited to components smaller than 100 pm (Cerium oxide, iron oxide, and
aluminum hydroxide) plus Densalloy™ SD170 with a full range of particle sizes up to 6350 um (Y% inch)
diameter. Test 2 included the Test 1 simulant components plus additional physical stimulant components
with particle sizes up to 6350 um (4 inch) diameter (aggregate, steel grit, sand, zeolite, organic ion
exchange resin, and graphoil). Both tests were run for a nominal 12 hour milling time. A 90 um cut size
was selected for the test. The mass of Densalloy™ in three size ranges > 90 um was measured
periodically during the test. The mass of < 90 um Densalloy™™ could not be directly measured, but was
estimated by difference.

Densalloy ™ size reduction data is summarized in Table D-1 and Figure D-4. The data show that over
70% of the Densalloy™ total mass was reduced to < 90 pm in 2 hours and over 90 % of the total mass
was reduced to <90 um within 4 hours. The coarse material was reduced at a slower rate; however, it
continued to be reduced during the full 12 hour grinding time. Because of the small mill used for the
tests, grinding media size was limited to 1 mm diameter. A prototypic sized mill would use larger
grinding media (up to 10 mm diameter). The larger mill size and larger grinding media are expected to
significantly increase grinding rate, particularly for the coarser material.

The mill tested showed a modest amount of wear after 12 hours operation. However it did not utilize
components with maximum wear resistance. Mills with more prototypic size and materials are expected
to have significantly better performance relative to both grinding rate and mill wear rates [1].

1 Densalloy is a registered trademark of ATl Tungsten Materials, 1 Teledyne Place, La Vergne, Tennessee 37086, a
business unit of Allegheny Technologies Incorporated (ATI); all rights reserved.
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Figure D-3. Immersion Mill, Milling Chamber Configuration
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Table D-1. Size Reduction Test Data

Milling Fine Densalloy™ Medium Coarse Total Densalloy™ | Densalloy™
Test Time
e e T
0 7.53 82.53 5.19 3.32 98.57 7.53 7.6
2 70.66 23.0 217 2.74 98.57 70.66 7.7
1 4 91.38 4.4 0.7 2.09 98.57 91.38 92.7
6 95.54 1l 0.16 1L77 98.57 95.54 96.9
0 7.53 82.54 31 177 94.94 7.53 7.9
2 74.46 16.15 2.67 1.66 94.94 74.46 78.4
2 4 86.57 5.08 1.72 1.57 94.94 86.57 91.2
6 89.11 2.8 1.54 1.49 94.94 89.11 93.9

'Fraction above and below 90 pm determined by mass collected on USS No. 170 Sieve
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Figure D-4. Densalloy™ Size Reduction Data

This figure shows the data from the two milling tests performed. The percent of DensalloyT'VI <90 um
in diameter (as weight percent) was determined by passing the particles through a USS No. 170
sieve (89 ym mesh size).

As part of the testing program Ceradyne also evaluated achievable waste loadings in chemically bonded
phosphate ceramic. These tests demonstrated water loadings above 60 volume % in the finished solid
waste form can be achieved without residual liquid [1]. These tests verified that chemically bonded
phosphate ceramic can achieve waste loadings comparable with Portland cement-based grout
formulations.

D3.1.2 Technical Issues and Unknowns Related to Chemical and Physical Behavior

To date there has been substantial testing of the U metal water oxidation step but limited testing of the
size reduction step. The milling tests demonstrated that material with a harness similar to irradiated U
metal can be successfully size reduced with an immersion mill. However, understanding of chemical and
physical behavior in and after the size reduction step is incomplete. There is therefore potential for other
unexpected process behavior as the process is developed and tested in more detail. Larger scale
equipment oriented testing with K Basin simulants has not been performed and will be needed to verify
functionality and performance.

Effects on physical properties (slurry rheology, yield strength, shear strength) have not yet been
measured. Processing with an immersion mill eliminates the large, fast settling particles. This is
expected to make mixing and pumping significantly easier; however, this remains to be demonstrated.
Uncertainties could be substantially reduced with a modest amount of further testing.
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The need/benefits of using a nitrogen purge of the Receipt and Reaction Tank need further evaluation. At
the expected reaction temperature range (90-100° C) oxygen poisoning of the reaction may not be
sufficient to warrant use of nitrogen.

D3.2 Technical Issues and Risks Related to Equipment and Process Integration

The integrated equipment concept for the Milling Tank and associated equipment needs to be detailed out
and tested. This involves integration of relatively well understood equipment and processes and is
therefore not considered to be a high risk.

Due to the faster reaction rate, the LST is expected to be modestly smaller for the SRWOP than the WWO
process. Elimination of large, fast settling particles is expected to ease agitation, pumping, and
sampling/assay problems. Other than the additional Milling Tank system and these relatively minor
differences, process equipment for the SRWOP is expected to be essentially identical to the WWO
process. Remote equipment technology, remote facility features, assay, and integration concepts are
expected to be the same as for WWO. Methods used to verify reaction completion are expected to be
similar to WWO; however, this problem may be somewhat easier for the SRWOP because of the faster
reaction rate.

Acceptable amounts of residual sludge in Milling Tank, RRT, and LST at the end of each batch need to
be better defined in order to evaluate need for special methods to achieve, measure, and/or verify that
acceptable levels have been achieved.

D3.3 Technology Development Needs

The SRWOP has been added as an option for K Basins sludge processing relatively recently. As such,
relatively little testing or engineering evaluation work has been completed to date. However, use of size
reduction in conjunction with water oxidation is a potentially attractive option based on the testing under
the current program and information on somewhat similar size-reduction systems used at SRS. If this
option is to be pursued further, a number of initial activities should be performed to better define the
process, evaluate performance, determine if there are unexpected problems or complications related to
processing actual sludge, and provide engineering data to support more detailed engineering studies and
eventually design and operation.

Development needs can be considered in terms of the design phases of a project. In the preconceptual
and early conceptual design phases data is needed to verify basic feasibility, understand any complicating
factors (e.g. side reactions or adverse physical property changes), and develop preliminary performance
information. This data needs to be developed to a level of detail sufficient to support engineering studies
used to select the final flowsheet to be used as the basis for conceptual design. In additions, topical
engineering studies/evaluations are needed to better define certain aspects of the process and equipment.
For example, the Milling Tank design concept, the assay system concept, updated estimates of achievable
total measurement uncertainty, feasibility of using fission product gas measurements to verify completion
of reaction, potential for uncontrolled/runaway reactions.

During the conceptual design phase process alternatives are typically evaluated and a single preferred
alternative is selected. Additional data is needed for the selected alternative to develop and optimize
system conceptual design, define the basis for sizing of unit operations, resolve any safety or regulatory
issues, and provide a firm basis for moving into preliminary and detailed design.

For the SRWOP, most work in the preconceptual and conceptual design phases involves development of
a more complete definition of the Milling Tank system concept and understanding of chemical and
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physical phenomenology/behavior of the sludge under actual process conditions. Limited testing of
Milling Tank features is expected to be needed to confirm feasibility and better define performance
characteristics. Unless the project elects to pursue novel remote equipment or facility concepts, little if
any additional mechanical/equipment oriented testing or development work is expected to be needed
during the preconcepual and conceptual design phases. Possible exceptions are the assay system used to
determine isotope concentrations in the drummed waste, and offgas analysis equipment that may be
considered for verifying completion of reaction. These unit operations are currently not well defined and
may need early equipment oriented testing. Similarly, the drumming system is not currently well
defined. If the selected drumming system design concept incorporates significant novel or untested
features early proof of concept testing will be needed at least for those features.

In the detailed design phase, development activities are expected to primarily focus on design verification
testing. This phase will be primarily equipment oriented and will include testing of individual
components or physical features and testing of integrated systems or subsystems.

The following sections provide a preliminary summary of needed activities, with primary focus on initial
or near term activities.

D3.3.1 Critical Near Term Development Activities

A summary of critical near-term development activities is given below. These activities should be
completed in the preconceptual and conceptual design phases.

D3.3.1.1 Chemical and Physical Behavior

e Laboratory/bench scale process testing with simulants.
- Characterize behavior of product slurries produced by size reduction of K Basin sludge.

- Obtain additional data on classification of sludge components by gravity settling and/or
hydrocyclone separation. This work should include development of characterization data on
settling and classification behavior of actual K Basin sludge.

- Provide a more complete material balance for the size reduction process.

- Perform more comprehensive testing on sludge physical properties/physical behavior under
process conditions: slurry rheology; density, water, and solids content of settled sludge; tendency
to agglomerate or set up, ability to concentrate to target solids concentrations, etc. This testing
should include consideration of the physical properties and behavior during and after the
builddown/concentration step.

e Equipment and Subsystems

- Perform topical engineering studies to develop a more complete design concept for the Milling
Tank system.

- Perform size reduction testing with a larger scale mill with more prototypic wear components,
The full scale mill capacity is estimated at 20 L. Engineering scale (about 2 liter capacity) should
be considered for the next round of testing to allow more prototypic configuration, grinding
media, and material of construction for the mill.

- Perform Engineering scale (or potentially full scale) tests of the Milling Tank system. Tests to
include size classification, methods of feeding the mill, pickup of settled material from the tank
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bottom and controlled transfer into the mill, size control of particles in the overflow stream, and
general functionality of the integrated system.

- Define design concepts for remote operation and maintenance of the Milling Tank system. If
novel or untested remote operating and maintenance features are required, perform verification
testing as needed.

- Perform an evaluation of the need for nitrogen purge of the Receipt and Reaction Tank, versus
use of a simple air sweep to prevent hydrogen buildup.

- Based in part on results of work listed above, develop a more comprehensive and optimized
flowsheet.

- Perform topical engineering studies on immobilization and packaging design concepts to support
selection of the conceptual design system and equipment configuration

D3.3.1.2 Process Control and Integration

e Refinement of process, equipment, and process qualification concepts for the dose-to-curie assay
system. Include evaluation of methods to deal with batch to batch variability of dose-to-curie
relationships.

e Perform development testing of assay components and systems.

e Evaluate need, costs, and benefits of additional physical sampling of sludge to reduce total
measurement uncertainty.

e Perform topical engineering study on methods for verifying completion of reaction.

D3.3.2 Longer Term Development Needs

The process is expected to use conventional proven commercial equipment adapted for remote operation
and maintenance. However, some equipment oriented process testing will be needed for equipment, such
as agitators, pumps, mill, and assay system. Testing and development work is also expected to be needed
for the drumming system and likely some remote equipment features. With the exception of the
immersion mill, this equipment and the required testing and development work are assumed to be
essentially the same as for Warm Water Oxidation (see Appendix A and the Technology Maturation
Evaluation for WWO [10]). This testing will be performed primarily during the preliminary design and
detailed design phases of the project.

D3.4 Hazard Considerations

A hazards evaluation was completed for the Size Reduction and Water Oxidation Process in order to
provide input to the cost, schedule, and risk considerations for the continued alternatives selection
process. This hazard evaluation was completed by a team of representatives from Engineering, Industrial
Safety, Fire Protection, RadCon, and Operations [13].

A list of the activities constituting the SRWOP alternative was compiled. Hazards (or nodes) associated
with each were then identified along with potential engineered and administrative controls. Table D-2
below summarizes the results of the hazards considerations for SRWOP. Primary hazards identified are
common to all alternatives handling K Basin sludge slurries. No hazards unique to the SRWOP were
identified that would significantly increase overall hazards as compared to other alternatives.
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Table D-2. SRWOP Treatment Hazard Considerations

Accident Potential Controls :
Node Type MAR Hazard Engineered [ Administrative Remarks/Assumptions
RET.01 — MOBILIZE, RETRIEVE, TRANSFER STORE AND AGITATE.
H? accumulation and :
Internal Sludge P Purge system Equipment
RETS141 Explosion contamination IgIO I STSC Ventilati t surveillance T
p headspace entilation system
Crack leak of slurry
being removed from Double contained
RET 102 SpreyLeak | Bludge STSC and transferred to | transfer line. T T
receiver vessel
Double contained
transfer line
Leak of slurry being
Splash / transferred from the Tank High Level . .
BETI10 Splatter Sluage STSC to the receiver Alarm and pump
vessel interlock
Loss of Plugged vent path :
RET.01.04 Confineme glgr?t%;ination causes an unfiltered ;r?nsggirti:rtigsg :]tlt(er — —
nt release from tank
H2 accumulates in the
receiver tank
RET.01.05 Internal Sludge headspace and lines, Inerting or Alternate - -
= Explosion Contamination | resultingin a purge path.
deflagration of the tank
headspace or lines
Backflow of sludge
Cs-137 release | through a line above the | Interface system
to water during | STSC, or exposure to design (check valves
RET.01.06 Direct Rad storage or storage water high in and system TrnSieracaEss —
o ; control
sludge in line Cs-137 or sludge in pressure), remote
orin STSC STSC due to liquid draw | STSC unloading

down
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Accident

Potential Controls

N ;
ode Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Dropping equipment
onto the STSC during
RET.01.07 Load Drop Sludge removal of cask head or . Hanford Site Hoisting .
contamination installation of transfer and Rigging Manual
system resulting in a
leak
REC.01 — RECEIVER VESSEL STAGING AND DEWATERING.
Note: this includes the boil down dewatering both before reaction and during/after reaction, and agitation and circulation during staging and reaction.
Note: hydrogen evolution may be
H> accumulation and Purge system : very rapid following size reduction,
REC.01.01 E)t(elr(r)]:ilon ?:I(;jr?tg?nination ignition in tank SEL?rlJ\;girllraennc;te especially if agitation is ineffective
g headspace Ventilation system and the settled metal is self
heating
Low pressure
Circulating sludge spray | circulation
REC.01.02 Leak | Slud — —
C.01.0 Spray Lea udge ke SR eanEaT
confinement
Splash / Leak from circulating Secondary
REL41.08 Splatter Slidge system confinement T T
Overpressu Plugged vent path and Pressure transmitter
re Loss of Sludge overpressure causes an to monitor the tank,
REC.01.04 - - : — —
Confineme Contamination | unfiltered release from pressure relief, open
nt tank vent path
Flush water system
design (check valves
o and system
Srludge in line Backflow of slud_ge _ pressﬁre),
REC.01.05 | Direct Rad through a flush line or in | gpig|ye g recirc lines = =
Exposure to a recycle line, exposure . ;
vessel to receiver vessel Shielded receiver
vessel, remote
maintenance for
agitation
oomutonof | Ve sEeno,
REC.01.06 Criticality — separated metal, unsafe 9e p ’ —

geometry

sludge material final

characterization
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Accident

Potential Controls

Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Steam Steam leak into receiver
REC.01.07 aglta_tlon / Slurry in tank vessg_l agiiales a_nd Steam Jacket design — —
ejection of volatilizes slurry into off
slurry gas system
Missile or structure
failure results in spill / iz :
REC.01.08 NPH Sludge spray and spread of rad Facility design — —
material
Facility fire results in Materials of
Facility failure of confinement construction, ; AT
REC.01.09 Fire, spill Sludge e (B Eires Prafaction Combustibles limits —
rad material System
SRO.01 — SIZE REDUCTION WATER OXIDATION PROCESS.
Release of respirable ggpr:gﬁesrﬁce:%?dary
SRO0.01.01 Spray Leak | Sludge sludge from line or fitting e 5 . = —
failure of transfer piping DL IR hsaetion
vessel
: piping secondary
Splash / Release of re-splrable- confinement,
SR0.01.02 Sludge sludge from line or fitting P ; = ==
Splatter : Locate mill in reaction
failure
vessel
Released
fission iving shisidin Radiological Control
SR0.01.03 Direct Rad products or Vessel and piping shine pIRIng SeC1ng, Program access —
s vessel shielding
sludge in line controls
or container
Runaway reaction of
- | - co_llected metal fines in i e Analysis and loading tl:]OTE:/Exp/c:'smn due to runaway
SRO.01.06 nternal udge mill, perhaps dqe t_o charactoristioof approach ermal reaction, over
= Explosion Contamination | collected material if demonstrates loaded | concentration and dry out of

circulating water
shutdown

milling vessel

sludge safety

slurry.
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Accident

Potential Controls

Node Type MAR Hazard Enginsered [ Administrative Remarks/Assumptions
TRS.02 —-TRANSFER AND STAGING OF TREATED SLUDGE.
NOTE: Applies to transfer and staging for Alternatives 1, 2, 3, 4, 6
Line failure during g ;
pressure transfer results Pliping deS|g.n,.
TRS.01.01 Spray Leak | Sludge in a release of secpndary piping — —
X ; : design, confinement
radiological material desian
outside of the facility 9
Accumulation of gas in
the isolated staging tank Ty
TRS.01.02 Overpressu | Sludge results in a potential Viamilation systemn - .
s re Contamination | overpressure and - g
: ’ Confinement design
release of radiological
material
Splash / Transfgr Line failure Eé%lgr?dierysllgir;ing
TRS.01.04 Splatter Sludge results in a release of design, confinement — —
slurry dosi
esign
Released
fission Sludge in lines or Radiological Control
TRS.01.05 Direct Rad products or vessels not adequately Facility design Program access —
sludge in lines | shielded controls
or containers
Seisiiic SSC failure results in
TRS.01.06 E Sludge spill / spray and spread Facility design — —
vent 5
of rad material
Missile or structure
TRS.01.07 | Other NPH | Sludge failure results in spill / 1 £aijity design = =
spray and spread of rad
material
PKG.03 — IMMOBILIZATION AND PACKAGING OF TREATED SLURRY
Pressure transfer line Piping design,
PKG.03.01 Spray Leak | Sludge failure results in a Secondary piping . .

release of radiological
material

design, confinement
design
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Accident Potential Controls .
Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Facility fire results in a haigriae ol
PKG.03.02 Facility Fire | Sludge rolcase.of fad material constru_ctlon, Fire Combustibles control —
Protection System
Spismic Se_ismic forces result in N _
PKG.03.03 Sludge a line break and Facility design — —
Event -
potential release
Sniaai ] Pressure transfer line PlplngddeSIQ!'],.
PKG.03.04 i Sludge failure results in a i i 2 — -
Splatter Z design, confinement
release of rad material :
design
Released
fission T Radiological Control
PKG.03.05 Direct Rad products or L Shielding design Program access —
= sludge rad shine
sludge in lines controls
and containers
Missile or structure
failure results in spill / - 3
PKG.03.06 Other NPH | Sludge spray and spread of rad Facility design — —
material
STG.01 — SHIELDED STORAGE OF TREATED DRUMS.
Container drop resulting | Handling system Hoisting and rigging > -
STG.01.01 Load Drop Sludge in a release of rad design, confinement controls, rl\:lllarlzrriraellease from siabilized
material design DOE-RL-92-36
Load dropped onto Handling system Hoisting and rigging : -
STG.01.02 Load Drop Sludge container resulting in a design, confinement controls, rl\r/I];rlc;rriraellease i el ized
release of rad material design DOE-RL-92-36
Drum drop or fall, missile Minor release from stabilized
Seismic Sludge impact or structure i : material
210189 Event Contamination | failure results in spread Faciliy design T
of rad contamination
Drum drop or fall, missile Minor release from stabilized
Sludge impact or structure - : material
STG:01.04 Gibrar NPH Contamination | failure results in spread Fagilily gesign -
of rad contamination
: 3 Radiological Control
7 Sludge in Direct rad exposure to = ’
STG.01.05 Direct Rad packages driin Facility design Program access —

controls
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Accident Potential Controls :
Node Type MAR Hazard Engineered Adinistiatie Remarks/Assumptions
Fire results in SSC
STG.01.06 Facility Fire Sludge_ _ failure and impact of FaC|I|ty_deS|gn,.F|re - .
contamination packages, spread of Protection Design
contamination
LSC.01 — LOAD SHIPPING CONTAINER. REMOVE FROM ISC, LOAD 72-B LINER, LOAD CASK.
: J Radiological Control
LSC.01.01 Direct Rad S:éige ér; (?:L?T?t radl exposure 1o Facility design Program access —
P 9 controls
Sludge Impact fails package and | Contamination Hoisling and rigging
LEG.a1.02 Leas Drop contamination damages grout control ventilation ganiiols, o
gesil DOE-RL-92-36
Fire results in SSC
e s Sludge failure and impact of Fire Protection
ERS0s Facility Fire | o ntamination packages, spread of System T T
contamination
Seismic SSC failure results in
LSC.01.04 Contamination | package impact and Facility design — —
Event :
spread of rad material
Missile or structure
- failure results in package = v
LSC.01.05 Other NPH | Contamination impact and spread of rad Facility design — —
material

DOE-RL-92-36, 2007, Hanford Site Hoisting and Rigging Manual, Rev. 1, U.S. Department of Energy, Richland Operations Office, Richland, Washington.

FW
HC-2
HEPA
HVAC

facility worker.
Hazard Category 2 (facility).

high-efficiency particulate air (filter).
heating, ventilation, and air conditioning.

ISC
LFL
MAR
NPH
SSC
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interim storage container.

lower flammability limit.

material at risk.

natural phenomenon hazard.
structure, system, and component.
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D3.5 Additional Considerations

This section identifies additional miscellaneous items identified as part of the review which may be
considered in evaluating this alternative.

One option is to design for the SRWOP with WWO as a backup/alternate if problems develop. If
SRWOP performance is as expected with no major side problems the operating duration would be
significantly reduced compared to WWO alone. Sensitivity to retrieval schedule and sequence is also
reduced with the SRWOP. If problems are found with SRWOP, the WWO process could be implemented
without size reduction as a backup. The required equipment is essentially the same. For processing
settler sludge the required oxidation time with WWO is about 1/10 of that required for the EC sludge.
Therefore there is less benefit from using size reduction rather than the direct WWO process for the
settler sludge. One approach could be to use the SRWOP for Engineered Container sludge (floor and pit
sludge) and use WWO without size reduction in the same equipment for processing Settler Tank sludge.

Elimination of the coarse fast settling solids is expected to reduce the potential for segregation of sludge
solids and therefore allow more uniform mixing of the sludge components. Qualitatively it is reasonable
to expect that better uniformity will likely reduce uncertainty in the assay measurements both before
drumming and for the finished drummed sludge. This could materially reduce the number of drums
required. Similarly, a more uniform distribution in the product drum is expected to increase the allowable
B7Cs content of shielded 30 gallon drums, improving overall performance if the shielded 30 gallon drum
is pursued further (see Appendix I). More detailed engineering analyses are needed to evaluate these
topics to determine if the prospective benefits are minor or substantial.

At near ambient temperatures oxygen is known to poison the U metal/water reaction resulting in a
significantly reduced overall reaction rate. However, as the temperature is increased to near the boiling
point the poisoning effect is reduced. Use of a nitrogen atmosphere in the RRT has generally been
assumed to avoid poisoning the reaction. For the SRWOP the reduction in reaction rate when air is
present may be acceptable. If so, this would allow the nitrogen purge system to be removed, reducing
cost, operational complexity and industrial hazards to workers related to use of nitrogen.

The size reduction approach used for the SRWOP could also be considered as a front end pretreatment
step for many other alternative treatment technologies. Elimination of the coarse, fast settling material
should ease problems with agitation, pumping, erosion, and sampling for most of the downstream process
options.
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D4 Process Design and Performance Estimates

This section provides a summary of sizing for major process equipment, estimates of time required to
process all of the K Basin sludge, and facility size information. Because most of the design is expected to
be similar to the WWO option, the presentation herein focuses on differences with WWO as given in
Appendix A.

D4.1 Process Flowsheet Estimates

In order to compare the various technologies under consideration, normalized flowsheet estimates were
made to evaluate differences in major equipment and facility size, and to estimate potential differences in
sludge processing rate. The normalized flowsheet estimates are based on input from the vendor [1, 2]
with adjustments as needed to assure that all technologies are evaluated on a reasonably consistent basis.
Common process bases and assumptions are summarized in Appendix J. Normalized flowsheet
calculations summarized below are documented in Reference 11.

The flowsheet calculations start by estimating size of the Milling Tank, RRT and LST needed to process
the largest STSCs batches. The batch preparation time is then estimated, i.e. the time to transfer and
process an STSC batch to the point that it is ready for transfer from to the assay/drumming system. The
milling time per batch is estimated at 10 hours [1]. The largest batch to be processed contains about
2,100 liters of as-settled sludge, i.e. sludge bulk volume after extended settling (Appendix J). Assuming
about 80% of the sludge solids overflow directly to the RRT and 20% are processed through the mill, the
processing rate through the mill averages about 0.7 liter per minute of as-settled sludge equivalent. The
actual flowing volume will be much larger because of dilution of the as-settled sludge with water. Once
milling is complete the RRT is heated to near boiling to complete the U metal oxidation reactions and to
reduce volume by evaporation of water. When batch preparation is complete and the batch has been
transferred from the RRT to the LST the RRT is ready to begin receipt and processing of the next batch
while the batch in the LST is drummed. For the SRWOP base case, batch preparation time is estimated at
8.9 days.

The time to drum each batch is then estimated. Using base case assumptions for achievable waste loading
per drum and drumming rate (Appendix J) the average drumming time per STSC batch is estimated at 7,
9.4 and 29 days for KE EC, KW EC, and settler tank sludge respectively. Comparison of these values
with the estimated 8.9 day batch preparation time indicates drumming time is rate controlling for settler
tank sludge. For EC sludge the batch preparation and drumming times are roughly balanced. Based on
the rate controlling step for each sludge type and the assumed number of batches the total processing time
for the base case is estimated at 13.3 months with 100 % TOE or 19 months assuming 70 % TOE. This
is less than 1/3 of the required processing duration of 5 years or less, and may be compared to the base
case WWO processing time estimate of 59 months. The much shorter batch preparation and total
processing times result from the much shorter oxidation time required for 100 pm U metal particles
compared to 6350 pm diameter for WWO without size reduction.

The SRWOP processing time is also less sensitive to retrieval schedule assumptions as compared to
WWO. The ability of WWO to complete processing within 60 months relies on each oxidation batch
processing multiple STSC batches (two for the base case). The estimated processing schedule for the
SRWOP is largely driven by the processing rate of the drumming system. Therefore, compared to WWO,
the estimated processing schedule will be more sensitive to changes in assumptions related to the
drumming. See Appendix I for additional discussion of sensitivity to changes in the base case
assumptions for the SRWOP and other alternatives that are under consideration.
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The base case process flowsheet estimates indicate that for all waste types the waste loading per drum is
limited by the fissile isotope content (*°Pu FGE). Based on engineering judgment it is expected that size
reduction may result in some (unquantified) improvement in total measurement uncertainty and hence
achievable fissile isotope content. However, for the current analysis no credit is taken for any such
improvement. Within the accuracy of available data there are not significant differences between the
SRWOP and other alternatives relative to the achievable waste loading or number of product drums.

D4.2 Major Process Equipment

SRWOP equipment sizing calculations [11] include only the major process tanks show on Figure D-1 and
D-2. Other equipment is assumed to be essentially identical to WWO (Appendix A). SRWOP process
tank size estimates are given in Table D-2 for the nominal base case set of assumptions.

Comparison of Table D-3 with WWO values in Appendix A shows that the LST capacity for SRWOP is
about 50% smaller than the WWO process base case estimate. This results primarily from processing a
single STSC batch per oxidation batch in the SRWOP base case versus 2 STSC batches per oxidation
batch for the WWO base case estimate. The Milling Tank and its contained equipment is an addition for
the SRWOP. The Milling Tank is installed in a riser/penetration in the top of the RRT, so the impact on
remote cell space is relatively small. Other than the Milling Tank addition, basic features of the tanks are
similar to WWO: steam heating and water cooling jacket(s) on the RRT, water cooing jacket on the Lag
Storage Tank and agitators in both tanks. The SRWOP condensate tanks are about 17 % larger than the
WWO base case condensate tanks because of the increased condensate resulting from water added to the
eductor. Other than these items, equipment list and sizing is expected to be identical to that for WWO.

Table D-3. SRWOP Base Case Process Vessel Size Estimates

Vessel Working Volume (m®) Gross Volume (m°)
Receipt and Reaction Tank (RRT)1 18.4 25
Lag Storage Tank (LST) 4.5 5.7
Condensate Tank (CT) A 17 20
Condensate Tank (CT)B 17 20
Milling Tank (MT)’ 0.95 1.9

"The Milling Tank is installed inside the top of the RRT.

D4.3 Facility and Equipment Requirements

A separate facility layout and other facility information were not prepared for the SRWOP option. For
the purpose of comparative cost estimates it is assumed the equipment and facility for SRWOP is the
same as is the same as WWO (Appendix A) with the exceptions noted below.

D4.3.1.1 Equipment changes from WWO
e RRT gross volume is increased to 25 m® for SRWOP from 24 m® for WWO.

e A Milling Tank with immersion mill and eductor is added, and installed in the top of the RRT.
e LST gross volume is reduced to 5.7 m’ for SRWOP from 11.4 m® for WWO.

e Process Condensate Tank gross volumes are changed to 20 m® for SRWOP compared with 17 m® for
WWO.
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D4.3.1.2 Facility changes from WWO

e Remote cell space for the LST is reduced proportional to the reduced tank sizes.

e  Space for the condensate tanks is increased proportional to the increased tank sizes.
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D5 Characteristics of the Alternative Relative to Evaluation Criteria
This section provides an evaluation of the process concept relative to the evaluation criteria.

Section DS5.1 identifies attributes of the alternative are identified that distinguish the alternative in the
evaluation against other alternatives under consideration. These attributes are categorized as potential
advantages or disadvantages compared to other alternatives. Attributes that are common to all
alternatives are typically not included. In Section 5.2 the identified attributes, advantages and
disadvantages are allocated to the evaluation criteria from the Decision Plan [12].

D5.1 Evaluation Considerations for SRWOP Relative to Other Alternatives

The project scope and requirements assume that any alternative must be capable of receiving full STSC
batches of K Basin sludge and processing them to meet criteria for shipment to WIPP. As such, all
alternatives will need certain minimum capabilities and will present minimum safety (public and worker)
and environmental risks, and minimum costs and technical requirements. This section notes
characteristics, advantages, and disadvantages to the FROP alternative that may differentiate it relative to
other alternatives.

D5.1.1.1 Potential Advantages or Beneficial Attributes of SRWOP:

e The minimum sized tanks (RRT and LST) needed to accept and process a full STSC batch are
sufficient for use by SRWOP. Minimizing process tank size also minimizes remote cell space
requirements and presents an easier mixing problem for slurry tanks as compared to alternatives that
require larger process tanks.

e  SRWOP reaction time is relatively short, resulting in relatively short operating duration with a single
process train and minimum tank size (about 2 years versus 5-7 year maximum criteria in the Decision
Plan). This is expected to result in the following beneficial attributes:

- Relatively low overall operating costs due to short plant operating life.

- Short process operating time results in low operating time on agitators, erosion of agitators and
tank walls, and less wear and tear on equipment. This is expected to reduce maintenance costs,
worker exposure to radiation, and secondary radioactive waste generation compared to
alternatives that require longer operating duration.

- Low reaction time results in reduced probability and risk from process failures and less sensitivity
to down time/maintenance of Receipt and Reaction Tank related components.

e The SRWOP also requires only a single STSC batch in each oxidation batch. Some alternatives may
require either multiple STSC batches in each oxidation or multiple oxidation process trains in order to
achieve the required total processing times.

e The SRWOP has relatively low sensitivity to uncertainty in the U metal/water reaction rate. The
Technical Databook currently requires consideration of a range of 1/3 to 3 times the nominal or best
estimate reaction rate value. However, because of the relatively small U metal particle size and
reaction time, use of even the most conservative reaction rate assumptions has relatively little impact
on the overall processing time.

e FElimination of large, fast settling particles is expected to ease problems with agitation, erosion,
pumped transfers, sampling, and assay. This may reduce total measurement uncertainty and hence
reduce total drum count, however, this remains to be quantified.
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Short reaction times and near ambient temperature make laboratory testing relatively easy and fast.
Reaction tests with maximum U metal particles can be taken to completion in days, as compared to
weeks or months for some alternatives. This allows for a moderate cost and schedule for
development of the technology to the required maturity level.

Size reduction equipment could increase flexibility for processing other future (undefined) waste
streams.

Equipment installed for the SRWOP can also be used for the WWO process.

D5.1.1.2 Potential Disadvantages and Risks of SRWOP as compared to WWO:

The SRWOP requires addition of the Milling Tank and associated equipment. This includes an
immersion mill that operates at relatively high speed. This equipment may require maintenance of
the contaminated portions during the life of the facility. An educator is also needed along with
pressurized water as the source of motive power.

Less testing has been completed to date on equipment and essentially no testing has been performed
on process chemical and physical behavior.

D5.2 Evaluation Considerations for SRWOP Relative to Decision Criteria

Table D-4 illustrates how the identified advantages, disadvantages, and risks relate to Decision Criteria
identified in the Decision Plan [12].
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Table D-4. Evaluation Considerations for the SRWOP Alternative

Decision Criteria from Decision Plan [12]

Considerations Related to Decision

Criteria Goals Measures Criteria
Safety o  Ensure worker safety. . Relative ease/difficulty in
implementing adequate safety Advantages
measures as measured by * No significant safety hazards have been
number of passive (inherently identified beyond those typical of all
safe) vs. active engineered safety processes that handle (move, mix,
features. pump, and package) bulk quantities of
the highly radioactive K Basin sludge
o  Ensure protection of the nuclear slurries[13].
the general public.
o Relatively short operating period.
e  Minimum material at risk
(MAR)Yinventory of sludge.
Disadvantages
e Use of high speed rotating equipment
(immersion mill). .
o  Use of pressurized water for educator.
Regulatory/ stakeholder ¢  Ensure compliance with Achieve acceptance of regulators and Advantages
acceptance. environmental laws and other e  Short processing time expected to be
regulations and DOE Stakeholders. viewed favorably by stakeholders.
orders.

e  Address sludge
management concerns in
Comprehensive
Environmental Response,
Compensation, and Liability
Act of 1980 record of
decision.

Disadvantages
* No significant regulatory or stakeholder
issues identified.

Technical maturity

Maximize confidence in process | ¢  Projected Technical Readiness Level
implementation (based on technical criteria only at this
stage of the project)

o Estimated volume of waste going to
WIPP

Advantages

e  Proof of principle tests successfully
demonstrated ability to size reduce
simulant with similar hardness and
toughness.
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Decision Criteria from Decision Plan [12] Considerations Related to Decision

Criteria Goals Measures Criteria

e  Short reaction times at moderate
temperature make laboratory testing
relatively easy and fast. This reduces
the cost and schedule for completing
the required testing activities.

o Relatively short Warm Water Oxidation
step (a few days) reduces uncertainties
relative to behavior of sludge on long
term exposure to water at near boiling
(several months for WWO).

o The SRWOP has relatively low
sensitivity to uncertainty in the U
metal/water reaction rate. The
Technical Databook currently requires
consideration of a range of 1/3to 3
times the nominal or best estimate
reaction rate value

o  Modest size slurry tanks, essentially the
minimum required to process full STSC
batches. Smaller size tanks present
and easier mixing problem as compared
to processes that require larger tanks.

o Estimated volume of waste is expected
to be >**Pu FGE limited, i.e. the process
is not expected to increase number of
drums to WIPP above the minimum.
Size reduction could potentially improve
accuracy of assay allowing reduced
drum count.

+ Elimination of large, fast settling
particles is expected to ease technical
problems with agitation, erosion,
pumped transfers, sampling, and assay.

Disadvantages
o Relatively little process testing has been
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Decision Criteria from Decision Plan [12]

Considerations Related to Decision

Criteria Goals Measures Criteria
completed to date.
o  More complex equipment.
Operability and Maximize operability e  Ability for process to be remotized | Advantages
maintainability o  The treatment system will use proven,
Maximize maintainability e  Ability to treat and package K familiar, remote equipment designs

Basin sludge inventory in 5to 7
years

Acceptability of secondary waste
streams for

disposal at Environmental
Remediation Disposal Facility
(solids) and 200 Area Effluent
Treatment Facility (liquids)

concepts. No special or unusual
equipment concepts are needed
beyond those typical for handling and
processing highly radioactive slurries.
The drumming system is similar to other
alternatives and will use primarily
industrially proven equipment and
designs with some custom features to
be developed and proven for this
specific application.

With a single process train and
minimum tank size to accept STSC
batches the operating duration relatively
short (<2 years) to process all sludge.

Short process operating time results in
low operating time on agitators, less
erosion of agitators and tank walls, less
wear and tear on equipment, and less
sensitivity to down time for maintenance
of Receipt and Reaction Tank related
components. Conversely; the short
estimated processing time provides
more allowance for downtime process
performance problems and still meet
the 5 year window.

Smaller tanks present an easier mixing
problem as compared to alternatives
that require larger tanks.

Elimination of large/heavy particles is
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Decision Criteria from Decision Plan [12]

Criteria

Goals

Measures

Considerations Related to Decision
Criteria

expected to reduce erosion of agitators,
pumps, tanks, and piping, and is
expected to allow more uniform mixing.
Could improve assay accuracy.

o  Smaller LST present an easier mixing
problem as compared to the larger
WWO tank.

o  Ability of SRWOP to process all sludge
in less than 5 years is less dependent
on retrieval schedule.

o The SRWOP equipment can also be

used for the WWO process without
modification.

Disadvantages

o  More complex equipment and
operations.

e  Milling Tank equipment may need
increased maintenance.

Life-cycle cost and
schedule

e  Optimize life-cycle costs for | Cost

sludge treatment and .
packaging facility

Cost of maturing technology to
Technology Readiness Level-6
Capital cost

e Provide acceptable e Operating and maintenance cost
schedule to stakeholders e Deactivation and
decommissioning cost
Schedule

Facility startup
Complete treatment and
packaging

Advantages

o Relatively small process slurry tanks
and short operating time are expected
to result in relatively low operating
costs.

o  Short reaction times and moderate
temperature make required testing
relatively easy and of moderate cost.

Disadvantages
o Relatively little process testing has been
completed to date.
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Decision Criteria from Decision Plan [12]

Criteria

Goals

Measures

Considerations Related to Decision
Criteria

e  Added equipment (milling tank system).

Potential for beneficial
integration with ongoing
STP - Phase 1 activities

Optimize cost or schedule
for STP - Phase 2 Consider
co-location of needed
facilities provided by STP -
Phase 1

Potential for integration of treatment
and/or packaging with interim storage
in T Plant

Potential for shared functions with
those being provided by STP Phase 1
Optimization of location of
reduce/eliminate intermediate shipping
or repackaging of the sludge material

Advantages
Process is compatible with Phase 1

design concept.

* No identified positive or negative
impacts to currently planned Phase 1
Project activities

e  Co-location near T Plant is possible, but
overall siting studies have not been
completed.

Disadvantages
* No significant discriminators noted.

Integration with Site-wide
RH-TRU
processing/packaging
planning, schedule, and
approach

Optimize processes,
equipment, and facilities for
K Basin sludge treatment
and packaging with other
Hanford Site RH-TRU waste
streams

e  Number of other Hanford Site RH-
TRU waste streams that can be
treated with candidate process

e  Number of other Hanford site RH-
TRU waste streams that can be
packaged with candidate
packaging process

Advantages
o Availability of size reduction equipment

may increase flexibility for processing
other waste streams (granular
materials, sludge, decontamination
solutions, etc.)

o The process is capable of process
additional K Basins TRU waste streams
that have been identified.

e  Other than the additional K Basins
wastes, no specific RH TRU streams
have been identified for integration at
this time.

Disadvantages
. None noted
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D5.3 Conclusions and Recommendations

D5.3.1 Conclusions

Based on successful completion of proof of principle testing the SRWOP is judged to be a technically
feasible treatment alternative for processing K basin sludge in STP Phase 2.

The SRWOP has expected to have relatively favorable performance in terms of processing duration,
equipment size, complexity, and flexibility.

Product is expected to meet WIPP and transportation requirements
- Hydrogen from U metal reaction eliminated by oxidation of U metal
- Free liquids eliminated by in-drum mixing of dry additives

- Gamma radiation assay on concentrated sludge used to determine proper sludge addition per
drum

- Final measurements taken on drum to verify FGE, dose rate, and radiolytic heat generation limits
arc met

Based on the Decision Plan evaluation criteria the SRWOP compares favorably with other
alternatives.

The additional complexity due to addition of the milling tank system is offset by the much shorter
operating duration and reduced difficulty of handling large fast settling solids in downstream process
steps.

In order to finalize definition of the process flowsheet and support final process selection studies
during conceptual design, additional testing and topical engineering studies should be performed in
the near term. These should focus on verification of immersion mill performance at a larger scale,
better definition of the milling tank design concept.

Use of size reduction as a front end step should be considered for other treatment alternatives.
Elimination of large fast settling solids could significantly benefit other alternatives in addition to
warm water oxidation.
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Appendix E

Evaluation Data for Nitrate Addition Chemical Inhibitor Process (NCIP) -
(PNNL)
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E1 Introduction

Use of chemical inhibitors to reduce production of hydrogen gas from solidified K Basin sludge was
proposed by the Pacific Northwest National Laboratory (PNNL). After initial scoping tests and further
definition of the concept and approach for testing, CHRPC approved a task for PNNL to perform
additional proof-of-principle testing on use of nitrate addition to suppress hydrogen production in the
solidified/drummed waste. The testing and support work completed to date indicates that the PNNL
nitrate addition chemical inhibitor process (NCIP) is a viable alternative for use in Phase 2 of the STP

[1,2].
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E2 Technology and Flowsheet Summary Description

The unique feature of the NCIP is addition of nitrate to the sludge prior to solidification to suppress
hydrogen production. This is expected to reduce or eliminate the need to oxidize metallic uranium prior
to solidification of the sludge. The sludge is mixed with sodium nitrate, concentrated by evaporation and
solidified in drums by use of additives.

The overall process is divided into two major parts:

1. Sludge receipt and preparation for immobilization: the sludge batch is received from retrieval,
sodium nitrate solution is added and water is removed to give the solids concentration desired for the
immobilization process.

2. Inthe immobilization and packaging process,, the concentrated sludge slurry is assayed, metered into
drums, and converted to a liquid-free solid that is sealed in drums for eventual offsite transport and
disposal.

Supporting processes such as vent gas treatment, liquid waste disposal, cooling water and process steam
supply are assumed to be the same as for WWO (Appendix A) and are not further discussed for this
particular option.

E2.1 Sludge Receipt and Preparation for Inmobilization

The NCIP is illustrated in Figure E-1. Dilute sludge from an STSC is delivered batch wise, up to 13.2 m’

(3,500 gallons) per batch to the Receipt, Concentration, and Mix Tank (RCMT). The RCMT is purged
with sweep air to limit hydrogen buildup, is normally maintained at slightly below atmospheric pressure,
and is agitated continuously when it contains a batch of sludge. The RCMT contents are heated to near
the atmospheric pressure boiling point of water using a steam jacket, and water is driven off by
evaporation, concentrating the batch to the desired end point solids concentration. Sodium nitrate
solution is added either during or after the evaporation step. The mixed and concentrated batch is then
cooled and transferred to the Lag Storage Tank (LST).

The LST is continuously agitated when a sludge batch is present, and is cooled with a water cooling
jacket. Concentrated sludge is transferred to the assay and drumming system in smaller batches as
needed. The LST is sized to hold at least a full concentrated batch from the RRT. Once the RRT is
emptied, preparation of the next sludge batch can be started while the previous batch is processed by the
drumming system.

Steam generated during the evaporation step flows first to a demister to remove any entrained material
and then to a water-cooled condenser. Vent gas from the condenser is heated and filtered prior to
discharge. Condensate drains to a Condensate Tank. Where feasible, clean condensate is recycled for
line flushes and for the immobilization step. Excess condensate is sampled and shipped by truck to ETF
for disposal.
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Figure E-1. Nitrate Addition Chemical Inhibitor Proc;s Sim;lified_FIovTDiagram

Similar to oxidation treatment processes, ong issue is verification that hydrogen production has been
adequately reduced. For the NCIP a combination of the following methods may be used:

e Process validation. This method involves performing process validation tests which define process
performance sufficiently to provide confidence that the process will perform as expected. This can
include both pre-commissioning testing and test data collected during initial hot operations. The
testing will need to consider the possibility of extended interim storage prior to shipment to assure
adequate hydrogen mitigation during shipment.

e Monitoring of hydrogen generation in the product drums. Monitoring hydrogen generation rates in
product drums could be a method used to prove that significant hydrogen generation is not continuing
in the drums. This could involve holding selected drums for a period of time at an elevated
temperature (say 60°C) and measuring the hydrogen evolution rate. A limited number of drums could
be tested using a statistical sampling or process validation approach. An advantage of this method is
that it directly correlates with the applicable hydrogen generation limit for drums during shipping.
The disadvantage is that it will take a substantial amount of time for each test, likely days or weeks.

E2.2 Process Chemistry

References [1 and 2] provide a comprehensive review of information on chemically inhibiting hydrogen
generation from U metal/water reaction. Hydrogen suppression by nitrate appears to result primarily from
reaction of the nitrate with nascent hydrogen and highly reactive radicals. By removing these before they
are able to combine, production of gaseous H, is substantially reduced. Nitrate may also reduce the rate
of U metal oxidation but this is a less important secondary contributor. The following overall reactions
observed during testing produce ammonia (NH;) and nitrite (NO,’) respectively, from nitrate chemical
reduction [1,2]:

2U+NO3-+H20—>2U02+NH3+OH- (Equ)
U+2NO; — UO, +2 NOy (Eq. E2)

In the 60°C tests with uranium metal and 0.5 or 1.0 M nitrate solution only (Tests 3 and 4 in Test Series 4,
Table 3.7 of [1]), approximately equal contributions from Equations E1 and E2 are observed such that the
balanced reaction is:
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3U+3 NO3- + HzO —3 UOZ + NH3 +2 NOZ- + OH (Eq E3)

Material balances were not discerned in the full sludge simulant tests because the amounts of UO,
produced by uranium metal corrosion were small compared with the amounts of UO, present in the
simulant [1]. To a first approximation, the reaction is expected to proceed according to the stoichiometry
shown in Equation E3.

Secondary reactions produce small amounts of gasses, e.g., NO, N,O, and N,, and atmospheric oxygen,
0., is consumed [1]. However, because of limited air accessibility, consumption of atmospheric oxygen
gas is expected to be negligible in prospective plant operations.

Nitrate also is known to significantly decrease radiolytic hydrogen generation [1]. The product of the
radiolytic scavenging of hydrogen by nitrate is nitrite [4]. Previous PNNL tests show that nitrite is also
effective in mitigating hydrogen generation from U metal corrosion [1,4]. The radiolytic consumption
rate (G value) for nitrate in water indicates that sufficient nitrate will survive 30-year radiolysis times to
mitigate hydrogen generation from uranium metal corrosion. However, the rates of radiolytic depletion of
nitrate within the sludge or solidified sludge matrices are not known.

E2.3 Immobilization and Packaging Process

For the purpose of the current evaluation, the WWO assay and drumming approach described in
Appendix A is assumed for immobilization and packaging. The approach selected for WWO includes
gamma radiation measurements on a recirculation stream from the LST. These measurements are then
used to estimate concentration of WIPP fissile isotopes using a dose-to-curie methodology. This data is
in turn used to determine the amount of sludge loaded to each drum. Sludge transfer to the drum is
controlled by a metering pump which draws from the recirculation stream. Sludge and flush water
transferred to the drum is solidified by addition of dry additives. A “lost paddle” in-drum mixing
technique is used to blend the dry additives with the sludge slurry resulting in a solid product with no free
liquids. Gamma radiation measurements are taken on the finished drum. Using these measurements, the
content of WIPP reportable isotopes is estimated based on a dose-to-curie methodology. See Appendix A
for additional information on the assay and drumming system concept.
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E3 Technology Development Status

The sludge receipt and preparation for immobilization process steps are expected to utilize conventional
proven commercial equipment adapted for remote operation, e.g. jacketed tanks with mechanical
agitators, demisters, scrubbers, positive displacement pumps, valves, metal or flexible hoses, and
instrumentation. Less mature aspects of the treatment system technology are related to knowledge of
chemical and physical behavior of the actual sludge in the treatment equipment.

Oxidation of U metal by water has been studied extensively, including some limited testing with actual
spent fuel from K Basins. Some testing has also been performed on sludge simulants and actual sludge
(see Appendix A for additional information).

A literature review and screening tests on chemical hydrogen mitigation was previously performed [1].
This work identified nitrate addition as a strong candidate for decreasing hydrogen generation from U
metal reaction with water. Therefore, additional testing was initiated to provide proof-of-concept testing
for nitrate addition.

With the exception of the nitrate addition and elimination of the need for nitrogen blanketing of the
RCMT, the treatment system equipment is expected to be essentially identical to WWO. The
immobilization process, facility arrangement, and remote operating and maintenance features are assumed
to be identical to WWO. The technology readiness of those aspects is similar to WWO; therefore the
technology readiness discussion focuses on key aspects that are unique to the NCIP and on differences
between the NCIP and WWO processes.

A formal TRA, as defined in DOE G 413.3-4 [6], has not been performed for NCIP. Based on the success
of the proof of concept tests and use of commercially proven equipment some aspects of the primary
NCIP could be considered to be developed to approximately TRL-3 as defined in DOE G 413.3-4 [6].
However, many aspects of the overall process are not yet well defined. The technical maturity evaluation
for the WWO process [7] identified specific areas of further study, testing, and evaluation that would also
be required for development of the NCIP. Based on results of the Technology Maturity Evaluation for
WWO it is concluded that, the overall development status of the NCIP should be considered to be lower
than TRL 3. More details on the NCIP technology development status can be found in the following
subsections, which focus on key aspects that are unique to the NCIP and on differences between the NCIP
and WWO. Development status of the many features that are similar to WWO are discussed in Appendix
A and Reference 7.

E3.1 Chemistry and Phenomenology
Questions or issues for the NCIP related to chemistry and phenomenology include the following:
e Understanding the basic chemistry of the hydrogen suppression reactions.

e Understanding side reactions including reactions with other sludge components, buildup of
intermediates, and secondary reaction products.

e Continuing reactions, depletion and buildup of chemical species and related effects of long term
interim storage prior to shipment.

e Effect of temperature cycles, e.g., short term temperature spike during immobilization, temperature
during storage, and temperature during shipment.
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e Effects on sludge physical properties that could affect concentration, mixing, assay and drumming
process steps.

e Effects of radiolysis on nitrate concentration over extended time periods.

Prior literature review and scoping tests [1] verified the ability of nitrate to suppress hydrogen production
from U metal corrosion during short-term but temperature-accelerated tests in solution, sludge
component, simulated sludge, and actual sludge systems. Based on these initial favorable results, the
focus of subsequent testing in the current program was to determine performance with solidified waste
forms and for longer test durations. Some of the questions listed above are not fully addressed by this
testing and will need to be considered in the future if the NCIP is pursued further.

E3.1.1 Summary of Testing Performed

The primary goal of this phase of testing was to evaluate and confirm efficacy of nitrate addition for
hydrogen mitigation in solidified sludge matrices. Specific test objectives:

e Perform tests with full, well characterized sludge simulants.

e Determine product characteristics.

e Evaluate effect of nitrate concentration.

e Evaluate effect of candidate solidifying agents.

e Determine performance over times extended from the usual 4-week duration at 60°C to 8 weeks.
e Evaluate the effect of temperature between 60°C and 95°C.

Tests used K West Container Simulant [3] that contained mixed uranium oxides and uranium metal beads
in addition to other sludge components. About 2.8 g of sludge solids and 2.8 g of solidifying agent
(Portland cement or Aquaset "' clay products) were typically used per test. The sample was placed in a
small glass vial and the gas generated was measured, sampled, and analyzed. To accelerate the
acquisition of test data most tests were performed at 60°C with an initial brief period (~3-4 hours) at
~90°C to overcome the induction time normally observed for uranium metal corrosion in the presence of
anoxic water. The 60°C test temperature corresponds to the maximum temperature expected during waste
for transport to the WIPP. As had been done in most prior testing with aqueous solution and sludge
components, simulants, and actual sludge, most test durations at 60°C were four weeks. Some testing at
cight weeks duration also was performed. Another set of tests using Aquaset I1° clay and the K West
simulant sludge also was performed at 80°C and 95°C with ~10-day and ~4-day durations, respectively.
About half of the mass of the U metal beads would be expected to corrode according to baseline water/U
metal reaction rate equation for the targeted 4-week, 10-day, and 4-day test durations at 60°C, 80°C, and
95°C, respectively.

Measured hydrogen generation rates have been normalized in terms of “attenuation factors.” The
attenuation factor is defined as the ratio of hydrogen generation rate expected from U metal and pure
water, based on the Databook rate equation to the measured hydrogen generation rate. A minimum target
value of 100 is typically used for the attenuation factor, i.e. hydrogen generation rate reduced to 1% or
less of the rate expected with U metal and pure water. Results of the current tests and earlier scoping tests
are summarized in Figure E-2 in the form of attenuation factor versus nitrate concentration. All results

1 Aquaset Il is a registered trademark of Fluid Tech - A Division of IMPACT Services, Inc., 2865 S. Jones Blvd., Suite
200, Las Vegas, NV 89146.
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for nitrate concentrations of 1 M and above show attenuation factors of 100 or more and are above ~1000
for samples solidified with Aquaset I1”, the sepiolite clay powder. Other tests using Portland cement and
Aquaset 11" H (a mixture of Portland cement and sepiolite clay) had hydrogen attenuation factors well
above 1000 at 0.5 and 1 M nitrate but uncertainties about initiation of corrosion exist in those tests.

These results demonstrate that nitrate addition can be effective in dramatically reducing hydrogen
generation. Literature data also shows that nitrate is known to significantly decrease production of
radiolytic hydrogen [1, 4]. Secondary reaction may also produce small amounts of gasses, e.g. NO, N0,
and N, [1].

Uranium metal corrosion rates are decreased moderately by the presence of nitrate. The attenuation
factors observed in the presence of nitrate for aqueous solution, simulated sludge, and simulated sludge
containing Aquaset II” are shown in Figure E-3. It is seen that the attenuation factors are ~10 or less.
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Figure E-2. Attenuation of Hydrogen Production versus Temperature and Nitrate Addition
The attenuation factor used here is defined as the ratio of hydrogen generation rate expected from U
metal and water to the hydrogen generation rate observed. This figure shows the H attenuation factor
versus nitrate concentration, temperature, and type of simulant solution.
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Figure E-3. Attenuation of Uranium Metal Corrosion by Nitrate Addition
The attenuation factor used here is defined as the ratio of uranium metal corrosion rate
expected from U metal and water to the uranium metal corrosion rate observed. This figure
shows the corrosion attenuation factor versus nitrate concentration, temperature, and type of
simulant solution.

E3.1.2 Technical Issues and Unknowns Related to Chemical and Physical Behavior

To date there has been limited short term testing of the NCIP and its product waste form that has
demonstrated large reductions in hydrogen generation. All testing has been done at laboratory scale. The
NCIP will need to be effective for the entire 60 day window typically required for transportation to WIPP,
as well as after an extended interim storage period waiting for shipping to WIPP (possibly 10 years or
more for some containers).

Understanding of chemical and physical behavior in the process and product are incomplete. There is
therefore some potential for other unexpected behavior as the process and product are developed and
tested in more detail. Uncertainties could be substantially reduced with a modest amount of further
testing.

E3.2 Technical Issues and Risks Related to Equipment and Process Integration

Due to the relatively short batch preparation time the RCMT and LST are expected to be modestly
smaller for the NCIP than the WWO process. Other than these relatively minor differences, process
equipment for the SRWOP is expected to be essentially identical to the WWO process. Remote
equipment technology, remote facility features, assay, and integration concepts are expected to be the
same as for WWO. Methods used to verify that hydrogen generation is acceptable at the time of shipment
(after extended storage) have not been fully defined. Some interaction with WIPP is likely to be needed
to determine what would be acceptable to them.
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E3.3 Technology Development Needs

The NCIP is very early in the technology demonstration/engineering lifecycle. As such, only a moderate
amount of testing or engineering evaluation work has been completed to date. However, based on the
testing under the current program and literature information use of the NCIP is a potentially attractive
option. If this option is to be pursued further a number of initial activities should be performed to better
define the process, evaluate performance, determine if there are unexpected problems or complications
related to processing actual sludge, and provide engineering data to support more detailed engineering
studies and eventually design.

Development needs can be considered in terms of the design phases of a project. In the preconceptual
and early conceptual design phases data is needed to verify basic feasibility, understand any complicating
factors (e.g. side reactions or adverse physical property changes), and develop preliminary performance
information. This data needs to be developed to a level of detail sufficient to support engineering studies
used to select the final flowsheet to be used as the basis for conceptual design. In additions, topical
engineering studies/evaluations are needed to better define certain aspects of the process. For example,
the assay system concept, updated estimates of achievable total measurement uncertainty, feasibility of
using fission product gas measurements to verify completion of reaction, potential for
uncontrolled/runaway reactions.

The NCIP appears be outside the range of technical approaches typically used for compliance with
WIPP/TRAMPAC flammable gas generation requirements. Therefore, early agreement with WIPP on the
acceptability and associated requirements are essential for continuing the NCIP alternative past the
conceptual design phase.

During the conceptual design phase process alternatives are typically evaluated and a single preferred
alternative is selected. Additional data is needed for the selected alternative to develop and optimize
system conceptual design, define the basis for sizing of unit operations, resolve any safety or regulatory
issues, and provide a firm basis for moving into preliminary and detailed design.

For the FROP, most testing work in the preconceptual and conceptual design phases involves
development of a more complete understanding of chemical and physical phenomenology/behavior of the
waste form under long term storage and transportation conditions, and of the sludge and under actual
process conditions. Unless the project elects to pursue novel remote equipment or facility concepts, little
if any mechanical/equipment oriented testing or development work is expected to be needed during the
preconcepual and conceptual design phases. Possible exceptions are the assay system used to determine
isotope concentrations in the drummed waste, and offgas analysis equipment that may be considered for
verifying completion of reaction. These unit operations are currently not well defined and may need early
equipment oriented testing. Similarly, the drumming system is not currently well defined. If the selected
drumming system design concept incorporates significant novel or untested features early proof of
concept testing will be needed at least for those features.

In the detailed design phase, development activities are expected to primarily focus on design verification
testing. This phase will be primarily equipment oriented and will include testing of individual
components or physical features and testing of integrated systems or subsystems. The following sections
provide a preliminary identification of needed activities, with primary focus on initial or near term
activities.

The following sections provide a preliminary identification of needed activities, with primary focus on
initial or near term activities.
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E3.3.1 Critical Near Term Development Activities

A summary of critical near-term development activities is given below. These activities should be
completed in the preconceptual and conceptual design phases.

E3.3.1.1 Chemical and Physical Behavior

Laboratory process testing.
- Explore the effect of additional sludge components not in the initial simulants tested.
- Characterize the chemical and physical behavior of product slurries after addition of nitrate.

- Obtain data on hydrogen generation, generation of other gasses, nitrate depletion, and buildup of
secondary or intermediate species under more prototypic temperature cycles and longer interim
term storage conditions.

- Determine effects of radiolysis on nitrate for prototypic sludge/immobilized product
compositions.

- Perform more comprehensive testing on sludge physical properties/physical behavior under
process conditions: slurry rheology; density, water, and solids content of settled sludge; tendency
to agglomerate or set up, ability to concentrate to target solids concentrations, etc.

E3.3.1.2 Equipment and Subsystems

Based in part on results of work listed above, develop a more comprehensive and optimized
flowsheet.

Perform laboratory testing based on defined flowsheets with simulants, and with actual sludge if
feasible.

Topical engineering study on immobilization and packaging design concepts to support selection of
the conceptual design system and equipment configuration.

E3.3.1.3 Requirements Definition

Confirm acceptability to WIPP of the general product concept (residual pyrophoric U-metal plus
nitrate).

Development of methods to verify sufficiently low hydrogen generation rate for the production plant
and waste form.

Better define performance requirements and constraints.

E3.3.1.4 Process Control and Integration

Refinement of process, equipment, and process qualification concepts for the dose-to-curie assay
system. Include evaluation of methods to deal with batch to batch variability of dose-to-curie
relationships.

Perform development testing of assay components and systems.

Evaluate need, costs, and benefits of additional physical sampling of sludge to reduce total
measurement uncertainty.
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E3.3.2 Longer Term Development Needs

The process is expected to use conventional proven commercial equipment adapted for remote operation
and maintenance. However, some equipment oriented process testing will be needed for equipment, such
as agitators, pumps, and assay system. Testing, development, and demonstration work is also expected to
be needed for the drumming system and likely some remote equipment features. This equipment and the
required testing and development work are assumed to be essentially the same as for Warm Water
Oxidation (see Appendix A and the Technology Maturation Evaluation for WWO [7]). This testing will
be performed primarily during the preliminary design and detailed design phases of the project.

E3.4 Hazard Considerations

A hazard evaluation was completed for the Nitrate Chemical Inhibitor Process in order to provide input to
the cost, schedule, and risk considerations for the continued alternatives selection process. This hazard
evaluation was completed by a team of representatives from Engineering, Industrial Safety, Fire
Protection, RadCon, and Operations [9].

A list of the activities constituting the NCIP alternative was compiled. Hazards (or nodes) associated with
each were then identified along with potential engineered and administrative controls. Table E-1 below
summarizes the results of the hazards evaluation for NCIP.

The primary hazards identified are common to all alternatives handling K Basin sludge slurries. No
hazards unique to the NCIP were identified that would significantly increase overall hazards as compared
to other alternatives.
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Table E-1. NCIP Treatment Hazard Considerations

Accident Potential Controls g
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