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DISCLAIMER

This report was prepared for the United States Department of Energy under Contract 
No. DE-AC09-09SR22505 and is an account of work performed under that contract.  
Reference herein to any specific commercial product, process, or service does not 
necessarily constitute or imply endorsement, recommendation, or favoring of same by 
Savannah River Remediation LLC or by the United States Government or any agency 
thereof.  The views and opinions of the authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency thereof.
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Executive Summary

The mercury levels within the Liquid Waste System are higher than previously predicted.  
As part of an overall strategy to reduce the HLW System mercury level, a team was 
chartered to conduct a Systems Engineering Evaluation (SEE) to investigate a method to 
re-establish the capability to remove mercury from within the Defense Waste Processing 
Facility (DWPF) process stream.

The SEE process used for this evaluation was a structured alternative analysis with 
weighted evaluation criteria.  33 potential options were initially identified to remove 
mercury from the DWPF process stream.  The 33 options were subsequently reduced to 14 
options through a screening process.  The evaluation of the 14 final options resulted in the 
following: a recommendation to deploy the two highest ranking options concurrently, 
monitor the DWPF recycle stream, and develop add on enhancements to be selected and 
ready for deployment if the desired mercury removal capability is not being observed.  
The two highest ranking options from the SEE were:

• Raise pH in SMECT to minimize mercury solubility, and collect Mercury 
primarily in the SMECT sump then pump out (repair or replace SMECT mercury 
Pump)

• Re-establish existing system for mercury removal and purification

This report documents in detail the activities and recommendations of the team.
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1.0 Background

The mercury levels within the Liquid Waste System that are being encountered are higher 
than previously predicted. This may be attributed in part to ineffective removal of mercury 
from the waste streams being processed.

DWPF was initially designed with a mercury purge point which is no longer functional, 
and as part of an overall strategy to reduce the HLW System mercury level, a method of 
removing mercury from the DWPF process stream must be re-established.

Although flowsheet evaluations have indicated several areas related to mercury behavior 
requiring further study, it is clear that both the Liquid Waste Flowsheet and the DWPF 
process will benefit from a method that removes mercury from the process.

Mercury continues to be a difficult constituent in the DWPF flowsheet. Ineffective 
removal of mercury as defined by the current technical baseline has led to facility issues 
(e.g. PVV system performance) as well as downstream issues (e.g., increased saltstone Hg 
inventory). 

A team was subsequently chartered to perform a SEE to identify and examine options for 
the removal of mercury from the DWPF process and provide a recommendation for 
implementation of a preferred option(s).  This report documents the activities and 
recommendations of the team.

2.0 Process

The process used for this evaluation was a structured alternative analysis with weighted 
evaluation criteria. The team used alternative study methods defined in E7 Manual 
procedure 2.15 (Reference 5.2) and Alternative Studies and System Engineering 
Methodology Guidance Manual, WSRC-IM-98-000033, Appendix A (Reference 5.3).  
This methodology is commonly used to select an alternative from two or more options 
which would be available to meet specific functions, selection criteria, and requirements.

The SEE process is shown in Figure 2-1 and is described in detail within the following 
sections.
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Figure 2-1: Study Process
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2.1 Selection of Study Team Members

The initial activity of the study was to identify SEE team members and resources.  SEE 
Team members were selected for their experience, expertise, and history in the operation 
of DWPF and the Liquid Waste Program at SRS.

The following functional areas will be represented within the Team:

 Operations
 Maintenance
 Engineering
 SRNL
 Waste Characterization
 Nuclear Safety
 Flowsheet Development

The list of SEE team members is shown in Table 2.1-1:

Table 2.1-1: Team Members

Name Organization

Patrick Toohey DWPF Operations/Maintenance

Jeremiah Ledbetter DWPF Engineering

Steve Strohmeier DWPF Engineering
Azadeh Samadi-Deffouli DWPF Engineering

Jonathan Bricker DWPF Engineering

Dan Lambert SRNL

Andy Sudduth DWPF Engineering

Andy Tisler Project Engineering
Bob Petras Env. & Waste Characterization
Aaron Staub Facility Engineering
Aston Thompson Engineering
Caitlin Wood SRNL
David McGuire SRNL
George Weeks SRNL
Jeffrey Coughlin SRNL
John Gregory Ops & Facility Management
John McCrary DWPF Engineering
John Neuville DWPF Engineering
John Occhipinti Closure Engineering
Jonathan Townsend Nuclear Safety
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Pedro Flores DWPF Engineering
Gavin Winship Risk Management
Richard Player Engineering
Samuel Youmans DWPF Operations/Maintenance
Terri Fellinger Flowsheet Development

2.2 Problem and Mission Statement

The initial step of this SEE was to identify and succinctly state the problem and define a 
mission and goal for the study.  To ensure these perquisites were accepted by the facilities, 
management and engineering, a Charter was developed and approval obtained (Reference 
1).  Within this Charter the problem statement was defined as:

“A greater than planned level of mercury exists in the HLW 
System processing streams due to currently ineffective removal 
techniques.”

From this the team developed the following mission statement:

“As part of reducing the level of mercury in the HLW processing 
streams, re-establish the capability to remove mercury within the 
DWPF process stream.”

2.3 Brainstorming

Using the Problem and Mission/Charter statements, the team performed brainstorming to 
identify potential options.  33 potential options were identified (see Table 2.4-1) to remove 
mercury from DWPF.  A brief description of these initial options is presented in Appendix 
A.

2.4 Screening

Screening criteria were developed by the team based on the desired function to remove 
mercury from DWPF and the constraints within which the mercury removal must be 
performed.  As with the Problem and Mission statements these screening criteria were 
included in the Charter (Reference 1) and approved by management, facilities and 
engineering.  The following screening criteria were developed:

 All removed mercury shall be either disposed of through existing waste 
disposal paths or captured and held for further treatment prior to final 
disposal.

 Option shall not constrain planned canister production.
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 Option shall not result in any significant changes to current or planned 
Alternate Reductant flowsheets.

 Option shall not result in negatively impacting purge requirements.

After applying the above screening criteria to the 33 options identified during 
brainstorming, 14 options were screened out.  The results of initial brainstorming and
screening are shown below in Table 2.4-1:

Table 2.4-1: Brainstorming and Screening Results

#
Option Screening 

Results Remarks

1 Pump out SMECT and accumulate in MWWT 
and remove to MAWT (Re-establish existing 
system without purification)

N/A Combine with Option 2.

2 Reestablish existing system Pass

3 Pump from SMECT to MAWT Pass

4 Pump from MWWT to SMECT then SMECT 
to MAWT

Pass

5 Pump from MWWT to SRAT (Clean MWWT 
and use existing system)

N/A Combine with Option 2.

6 Routing SRAT Condensate to SMECT then 
pump SMECT mercury to MWWT

Pass

7 Develop a new dip/scoop to pull out of 
SMECT

Pass

8 Use Centrifugal Separator Pass

9 Use Electrostatic means (Anode) Fail Cannot be deployed without evaluation of 
significant flowsheet changes.

10 Dissolve mercury in SMECT using pH change 
(with acid) and remove dissolved mercury 
using mercury resin

Pass

11 Collect elemental mercury in SMECT using 
pH change (increase) and pump  (to 
purification, storage or amalgamation)

Pass

12 IX column at SMECT sample loop Pass
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#
Option Screening 

Results Remarks

13 Change pH in MWWT by adding sodium 
hydroxide prior to each SRAT batch

Fail Cannot be deployed without evaluation of 
significant flowsheet changes.

14 Install organic strip system prior to MWWT Fail Cannot be deployed without evaluation of 
significant flowsheet changes.

15 Redesign MWWT to a strip system Fail Cannot be deployed without evaluation of 
significant flowsheet changes.

16 Add coalescer to MWWT Pass

17 Reflux at beginning of boiling in SRAT Pass

18a Sparge the MWWT to remove sludge N/A Note 1; Already included in Options 2 and 3.

18b Replace the jumper between the SRAT 
condenser and the MWWT.

N/A Note 1; Not a solution.

18c Use a continuous gravity Hg decanter 
instead of the MWWT Hg transfer pump

Pass Note 1

18d Use a continuous gravity Hg decanter as a 
direct feed to a small columns for Hg 
purification based on disposal requirement

N/A Note 1; Moved to disposal options.

18e Replace SRAT Condensation Bell  N/A Note 1; All indications to date show this is not 
required.

19 Add more acid in SRAT Pass
This is a flowsheet change for current 
flowsheet, however should be noted in the 
report that this could be considered for the 
Alternate reduction flowsheet.

20 Add a reductant to the SMECT Fail Cannot be deployed without evaluation of 
significant flowsheet changes.

21 Use mercury removal resin in RCT Pass

22 Use amalgam N/A Moved to disposal options.

23 Convert organic to elemental for easier 
collection

Fail No practical conversion method unless major 
flowsheet changes occur.

24 Passive decanter as part of SME overheads Pass

25 Install settling tank (after pumping out of 
SMECT)

Pass

26 Filtration and IX after RCT Pass

27 Change operating mode of RCT to allow 
decanting

Pass

28 Utilize Jet Eductor and Temporary Bucket Pass
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#
Option Screening 

Results Remarks

29 Install Filtration/IX at LPPP Fail Cannot be deployed without evaluation of 
significant flowsheet changes.  However during 
discussion the concept of utilizing Building 
512-S was identified as a potential for 
consideration for deployment after SWPF 
became operational.  The evaluation of such 
an option is beyond the Charter of this team 
but the concept will be identified in the final 
report.

2.4 Develop Evaluation Criteria

Evaluation criteria were developed based on those specific attributes that the team 
considered critical to mission success and of specific interest to stakeholders.  The 
evaluation criteria were also considered to be discriminating between options in that each 
option would vary in how well they perform against each criterion.  The evaluation criteria 
developed by the team and topics associated with the criterion were as follows:

Mercury Removal Capability
Options with greater mercury removal were considered more favorable than options with 
lesser mercury removal capability.

Ease of Disposal
The more easily the form of mercury captured is to dispose of, the more favorable the 
option.  (e.g. clean elemental mercury is preferable). 

Operability
Options with the least operator dependability (e.g. fewer operations or fewer actions) were 
more preferable than options that were operator intensive.

Maintainability
Systems that are easier to maintain (e.g. no moving parts, long component design life) are 
preferred options from a maintainability perspective.

Deployment Schedule
The shorter the duration from receiving notice to proceed to complete deployment, the 
more preferable.

Outage Window Duration
The shorter the outage window needed to deploy the option, the more preferable.

Technical Maturity
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The more technically mature options were the more preferred the option.

2.5 Data Development

After the development of evaluation criteria, the final options that passed screening were 
investigated further and matured to provide an understanding of how they would perform 
for each of the evaluation criteria.  The final options and developed data are presented in 
Appendix B.

2.6 Evaluation

A software package specifically designed for alternative analyses was used to perform the 
evaluation.  The software, Expert Choice Pro© provides an analytical platform capable of 
recording data in the form of weighted criteria and scoring and performing a synthesis of 
these data to arrive at rankings.  Secondary features are the ability to modify criteria 
weights and show in real time, ranking changes. Using the data developed for each option 
and weighted criterion, the options were scored, ranked, and a sensitivity analysis 
performed.  After interpreting the results, options were determined not to be mutually 
exclusive, so a grid was prepared to optimize the solution.  Risks were assessed for top 
option(s) as discussed below.

2.6.1 Criteria Weighting
The analysis hierarchy was developed using Expert Choice Pro© and a pair-wise 
comparison of criteria performed to establish weights based on preference judgements.  
The resulting hierarchy and criteria weights are shown in Figure 2.6.1-1:

Figure 2.6.1-1: Analytical Hierarchy and Criteria Weights

As expected the capability to remove mercury was weighted highest as it is essentially the 
mission of the preferred option.  Operability, then maintainability (both less than half the 
weight of capability to remove mercury) were the next heavily weighted criteria, as the 
team considered once the capability was deployed, it would be a long term burden on the 
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facility if the option were difficult to maintain.  Technical maturity was next which was 
considered more important than outage window or deployment schedule as once the 
option was deployed, it would be in place for the life of DWPF; whereas a technically
immature option could prove difficult to mature and may not be as successful at meeting 
the mission goal as was envisioned during the analysis. 

2.6.2 Scoring
To facilitate assigning a numerical value to the team assessment of how an option would 
perform relative to a specific criterion, a guide scale was developed as shown in Table 
2.6.2-1:

Table 2.6.2-1: Scoring Guide Scale

Excellent 1

Very Good
0.75

Good

Acceptable 0.5

Marginal
0.25

Poor

Very poor 0

The team then proceeded to apply a score to each criterion for each option.  The results of 
the scoring are shown in Appendix C.

2.6.3 Ranking
After the scoring had been completed the software program synthesized the results by 
multiplying the score by the weighting factor for each criterion and totaling the score for 
each option to arrive at a ranking.  Figure 2.6.3-1 shows the ranking score results for all
options.
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Figure 2.6.3-1: Results

As can be seen from Figure 2.6.3-1, Option 11 (Raise pH in SMECT, collect in SMECT 
then pump out), and Option 2 (Re-establish existing system) were the highest ranking 
options. 

2.6.4 Sensitivity Analysis
A model’s results are considered robust if evaluation criteria weights can be altered by ± 
10% and the top ranking option is not displaced.  A sensitivity analysis was performed by 
increasing and decreasing the weight of a particular criterion, resulting in the increase or 
decrease being proportionally distributed to the other criteria.  This changed the scores of 
the options.  It was observed that in no case did this degree of change displace the top two 
options.  The criteria generally had to be changed upwards of 30% to change position and 
in many cases drastic decreases or increases in selected criteria did not displace the top 
two options.  This model and result were therefore considered robust and valid.

2.6.5 Solution Optimization
Unlike most evaluations of this type, the majority of options were not mutually exclusive, 
i.e. if one were deployed the others could not.  This gave the team the opportunity to select 
the top two ranking options for deployment, with the possibility of having additional “add-
on” options deployed to further optimize the solution.  To enable this optimization, a grid 
of compatibility was developed focusing on the “add-on” options that could be used with 
the top two options and is presented within Appendix D.

2.6.6 Risk Assessment
A premortem process was used to identify risks and opportunities associated with the top 
two options from the SEE.  The risks/opportunities identified and their associated handling 
strategies are presented in Appendix E.  The two highest risks identified were:
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1. Achieving desired mercury removal capacity
 Handling strategies include sampling RCT stream to Tank Farm to 

confirm satisfactory mercury removal; phased deployment of add-
ons to enhance mercury removal system capacity to meet target

2. Equipment reliability, functionality, failures, maintenance, replacement, 
obsolescence

 Handling strategies included mockup and testing, identification and 
redesign of obsolete components, optimization of process steps, 
development of cleaning options

3.0 Discussion of Results

The evaluation results show that Option 11 (Raise pH in SMECT, collect in SMECT then 
pump out), and Option 2 (Re-establish existing system) were the highest ranking options 
that could be deployed in concert.  The sensitivity analysis demonstrated this to be a 
robust model and ranking.  The risk assessment further showed that although risks did 
exist, they were considered manageable. The deployment of the top two options had a 
high confidence of success and as they did not exclude many of the other lower-ranked 
options, these too could be candidates for future deployment.

4.0 Recommendation

It is the recommendation of the team that Option 11 (Raise pH in SMECT, collect in 
SMECT then pump out), and Option 2 (Re-establish existing system) be deployed.  With 
the additional recommendations that:

1. Begin monitoring RCT transfer mercury level to confirm satisfactory 
mercury removal is taking place

2. Develop the remaining options/add-ons for use in combination to increase 
the mercury removal capability should monitoring indicate the need for an 
enhanced capability:

• Reflux at beginning of boiling in SRAT 
• Passive decanter as part of SME overheads
• Pump from SMECT to MAWT
• Pump from MWWT to SMECT then SMECT to MAWT
• Routing SRAT condensate to SMECT then pump SMECT 

mercury to MWWT
• Filtration and IX after RCT
• Use mercury removal resin in RCT
• IX column at SMECT Sample Loop
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• Utilize jet eductor and temporary bucket
• Add coalescer to MWWT
• Use centrifugal separator and return to SMECT sump

3. Provide screened out options to other teams for consideration:

• Use electrostatic means to separate mercury (e.g. anode)
• Change pH in MWWT by adding sodium hydroxide prior to 

each SRAT batch
• Install organic strip system prior to MWWT
• Redesign MWWT to a strip system
• Add reductant to SRAT
• Install filtration /IX at LPPP
• Install filtration/IX at 241-96H if no MST strike is used for 

MCU processing or deploy after MCU shutdown
• Install filtration/IX at 512-S after MCU shutdown

5.0 References

5.1 SRR-WSE-2015-00035, Removal of Mercury from DWPF Vessels/Process, 
Evaluation Team Charter, July 21, 2015.

5.2 Manual E7, Procedure 2.15, Alternative Studies.

5.3 Systems Engineering Methodology Guidance Manual, WSRC-IM-98-00033, 
Appendix A.

6.0 Appendices

Appendix A – Initial Option Descriptions
Appendix B – Final Option Description and Data
Appendix C – Option Scoring
Appendix D – Compatibility Grid
Appendix E – Premortem Results
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Appendix A – Initial Options
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Appendix B – Final Option and Data
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Appendix C – Option Scoring
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Appendix D – Compatibility Grid
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Appendix E – Risk Assessment Premortem Results

Risk ID Risk Handling Strategy

1 Mercury Pump may not lift from SMECT (if 
severe, buildup of mercury in SMECT could 
cause structural issues)

 Mock up Test
 Identify design 

improvements (e.g. 
educator, scoop etc.)

 Obtain uncontaminated 
pump and hands on test 
(e.g. Salt Cell pump)

2 Purification System clogs  Optimize operations 
(steps)

 Examine system to 
identify what is causing 
this issue (ongoing)

 Identify options for 
cleaning system

 Review other options 
(add ons) that may help

3 No antifoam allowed (reduces efficiency)  Accept
4 Equipment is obsolete (breaks and no 

replacement is available)
 Perform RAMI
 Identify obsolete 

parts/design review
 Redesign as needed
 Work with testing and 

mockup
5 Sludge Batch chemistry not compatible  Factor into Sludge Batch 

preparation and planning
 Factor into Sludge Batch 

qualification
6 Mercury still goes to Tank Farm (e.g. 

increasing pH does not precipitate sufficient 
mercury or organic mercury is not captured or 
other phenomena)

 Investigate/deploy RCT 
options

 Investigate options 
downstream

 Monitor
7 Reflux does not precipitate  Accept
8 Reflux causes carryover (potential for larger 

SRAT batch size in future)
 Operational changes to 

improve (without 
impacting throughput)

9 Mercury Pump/Line plugs  Evaluate and if 
necessary re-design and 
incorporate in testing 
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Risk ID Risk Handling Strategy

and mockup
 Incorporate identified 

design improvements
 Have spares available

10 Impacts processing time/throughput  Evaluate other add on 
options not employed 
and mature and deploy 
those showing promise

11 Scrubber operation is impacted (e.g. raising 
pH causes ammonium nitrate to collect in 
header)

 Limit pH as practical
 Implement Alternate 

Reductant flowsheet 
early

12 pH increase causes unforeseen chemistry 
impact

 Factor into Sludge Batch 
preparation and planning

 Factor into Sludge Batch 
qualification

13 Existing system cannot be recovered  Determine early if 
existing system cannot 
be recovered and 
repair/re-
design/procure/install 
equipment as necessary

14 Frequent equipment failure is encountered  Mock up
 Provide spare parts
 Minimize operating 

impacts
15 Purification System overfills (5 gals max)  Ensure alternate 

storage/disposal is 
available

16 Mercury (e.g. dirty mercury) does not migrate 
to sump (if not removed could also cause 
pumps and jumpers to plug)

 Identify options that 
could help mitigate, e.g. 
slope of trough/scoop 
options

17 Captured mercury has no disposal path  Accept and if 
encountered develop a 
new disposal strategy

18 Lack of agitation in SMECT impacts mercury 
removal (mixing)

 Accept- Current sample 
indicates this is not a 
problem


