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STANDARD DOUBLE NEEDLE REMOTE SAMPLING PROTOCOL 

 

1.0 Air Sparge Vessel Prior to Sampling 1 

1.0.1 Air sparge the vessel for a specified time or per Shift Supervision instructions. 2 

1.1 Sample Solution Using the Double-Needle Sampling Method 3 

1.1.1 Open the following valves: 4 

A. sample liquid discharge valve 5 
B. sampler jet air valve 6 
C. sampler supply valve. 7 

1.1.2 Lower the sampler bottle lift mechanism and remove and save the drip bottle. 8 

1.1.3 Prepare sampler. 9 

1.1.3.1 Place sample bottle in holder. 10 

1.1.3.2 Move the bottle lift mechanism into its full up position. 11 

1.1.3.3 Visually ensure that the needles have pierced the septum and that the bottle is 12 
seated against the needle block stop gasket. 13 

1.1.4 Open the appropriate jet pressure control valve, adjusting the valve until the appropriate 14 
psig is obtained. 15 

1.1.5    If applicable, open the airlift flow control valve and set the rotameter as indicated.  16 

1.1.6 Recirculate the solution through the sample bottle. 17 

1.1.7 Visually ensure the solution is recirculating through the bottle. 18 

1.1.8 Recirculate the solution for the minimum of 20 minutes for the first bottle and 5 minutes 19 
for the subsequent bottle(s). 20 

1.1.9 Shut off the airlift and jet valves in the sampling corridor. 21 

1.1.10 Ensure the sample vial is at least seventy-five percent (75%) full when the sample will be 22 
analyzed for organics. 23 

1.1.11 Repeat steps 1.0.1 through 1.1.10 for additional samples. 24 

1.1.12 Shut off valves opened in step 1.1.1 A, B, and C and airlift when sampling is complete. 25 

1.1.13 Replace the saved drip bottle and raise the sampler bottle lift mechanism. 26 

1.1.14 Transport sample from the cubicle to the lab using appropriate methods. 27 
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JUSTIFICATION FOR A MERCURY FEED CONCENTRATION LIMIT OF 
3000 PPM FOR ETS 

 
A risk-based mercury (Hg) feed limit for ETS can be determined by evaluating the sampling 
results from NWCF ETS Offgas Emissions Inventory issued in February 2002 (INEEL/EXT-02-
00198)1.  These results showed that an ETS Hg feed concentration of 149 ppm resulted in an 
offgas Hg concentration of 39 ug/dscm (dry standard cubic meter) (Figure S-3 in reference 1) 
and an offgas Hg emission rate of 1.3E-5 g/s.  The hazard quotient (HQ) calculated for this Hg 
emission rate at the off-site location of maximum impact was 7.56E-7 (pg. 80, reference 1).  The 
mercury hazard accounted for 12% of the total ETS hazard index (HI) of 6.2E-6 from all 
contaminant emissions.  The total HI for all contaminants was a very small fraction (2.48E-5) of 
the target HI of 0.25 typically used for RCRA combustion source risk assessments. 
 
Mercury offgas emissions from the ETS will be a function of ETS process conditions, primarily 
temperature, redox chemistry, and waste feed rate.  If these process conditions remain essentially 
the same, as they have since the time the emissions sampling was conducted, then Hg 
fractionations to offgas should remain relatively constant.  Since process condition for the ETS 
have remained relatively unchanged, the Hg concentration in the offgas should be directly 
proportional to the Hg feed concentration.  This also means that for a given waste feed rate, the 
Hg offgas emission rate will be directly proportional to the Hg feed concentration.  For example, 
if the Hg feed concentration was increased from 149 ppm to 1490 ppm (factor of ten increase), 
then ETS emissions should increase from 1.3E-5 g/s to about 1.3E-4 g/s. 
 
The human health and environmental impacts from ETS pollutant emissions were calculated 
using the models and equations in EPA’s Human Health Risk Assessment Protocol for 
Hazardous Waste Combustion Facilities.2  These models assume that downwind concentration 
and deposition rate are directly proportional to the pollutant’s emission rate.  Pollutant impacts 
(risk, hazard) are then calculated by multiplying the receptor concentration by a number of 
exposure scenario factors.  This means that downwind impacts for a specific pollutant from a 
particular source are directly proportional to the emission rate of that pollutant (i.e., a factor of 
10 increase in emissions will increase the calculated risk or hazard by a factor of 10).   
 
Given these conditions, the new offgas emissions rate and resulting HQ for a proposed ETS Hg 
feed concentration limit of 3000 ppm can be estimated by multiplying the Hg emissions rate and 
HQ determined in the ETS offgas emissions inventory1 by the ratio of the proposed Hg feed 
concentration limit (3000 ppm) to the feed concentration that existed during the offgas sampling 
(149 ppm): 
 
New ETS emission rate = 1.3E-5 g/s x (3000 ppm/149 ppm) = 2.6E-04 g/s 

 
and 

 
New ETS HQ = 7.56E-7 x 3000 ppm/149 ppm = 1.5E-05 
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This is a factor 20.1 increase (3000 ppm/149 ppm) in the Hg emission rate and HQ but is still a 
very small fraction of the RCRA HI target criteria of 0.25.  It should be noted that ETS Hg feed 
concentrations may often be less than the 3000 ppm limit, and, when this occurs, Hg emissions 
and hazard will decrease proportionately. 
 

TOTAL MERCURY EMISSIONS AND HAZARD FROM ILWMS 
OPERATIONS 

Table 1 lists the hazard quotients and total hazard index for all emitted pollutants from all 
emission sources within the INTEC Liquid Waste Management System (includes LET&D, 
PEWE, and ETS) as calculated in the ILWMS risk assessment3.  The proposed 3000 ppm Hg 
ETS feed concentration does not significantly increase the total ETS hazard nor does it increase 
the total hazard ILWMS source emissions. 
 
Table 1.  Hazard quotients (HQs) and hazard index calculated for all ILWMS sources. 

             Non-cancer Hazard Quotients/ Hazard Index 

Process Anions Metals SVOCs VOCs Total 

LET&D 6.6E-03 1.6E-03 8.2E-05 5.8E-07 8.3E-03 

PEWE 2.0E-03 4.8E-04 2.5E-05 1.7E-07 2.5E-03 

ETS 4.1E-07 
7.6E-07a 

3.9E-06 1.2E-08 6.5E-06 1.5E-05b 

Total 8.6E-03 2.1E-03 1.1E-04 7.7E-07 0.011 
    Target 0.25 

a. Based on 149 ppm Hg feed concentration for ETS from reference 
3. 

b. New HQ estimated for 3000 ppm Hg feed limit for ETS. 
 
 

COMPARISON TO NWCF MERCURY EMISSIONS 

The Hg emissions measured from the New Waste Calcining Facility (NWCF) during the Phase 
IV offgas emission testing ranged from 1.1E-03 g/s (test 4) to 3.2E-03 g/s (tests 1-3)4.  The 
estimated Hg emission rate from ETS at the proposed 3000 ppm Hg feed concentration limit is 
2.6E-04 g/s or about 8 to 23% of the NWCF measured Hg emissions. 
 

COMPARISON TO IDAHO DEQ TOXIC AIR POLLUTANT EMISSION 
LIMITS 

The estimated ETS Hg emission rate at the 3000 ppm feed concentration (2.6E-04 g/s or 2.1E-3 
lb/hr) is about 30% of the Idaho DEQ Toxic Air Pollutant Emission Limit (EL) for inorganic Hg 
emissions (7E-3 lb/hr) specified in Section 585 of IDAPA 58.01.01. 
 
 



 ETS Mercury Concentration Justification 
INL HWMA/RCRA INTEC Liquid Waste Management System Permit  Appendix V 
Volume 14  Effective Date: November 20, 2014 
 

3 

REFERENCES 

 
1. Boardman, R.D., Lamb, K.M., Matejka, L.A., Nenni, J.A., NWCF Evaporator Tank System 

2001 Offgas Emissions Inventory, INEEL/EXT-02-00198, February 2002. 
 
2. Human Health Risk Assessment Protocol for Hazardous Waste Combustion Facilities, 

EPA530-D-98-001A, July 1998. 
 
3. Human and Ecological Risk Assessment of Air Emissions from the INTEC Liquid Waste 

Management System, ICP/EXT-04-00399, May 2004. 
 



 
 

 
 

A
PPEN

D
IX VI - IW

TU
 

PILO
T PLA

N
 R

EPO
R

T 
(R

T-ESTD
-PM

R
-001) 

 
 

 
 



 

 
 

RCRA PERMIT  
 

FOR THE 
 

IDAHO NATIONAL LABORATORY 
 
 
 
 
 
 

Volume 14 
INTEC Liquid Waste Management System 

 
 

Appendix VI 
 

Pilot Plant Report for Treating 
Sodium Bearing Waste Surrogates 

Carbonate Flowsheet 
 

(Document Number RT-ESTD-PMR-001) 
 
 
 
 
 
 

 
 

Effective Date: November 20, 2014 
 
 
 
 



 

 

 

Idaho Cleanup Project 

Integrated Waste Treatment Unit 

PROJECT NUMBER 28276 

DOCUMENT NUMBER RT-ESTD-PMR-001 

Revision 0 

Pilot Plant Report for Treating 
Sodium-Bearing Waste Surrogates 

Carbonate Flowsheet

October 2006 

Prepared for 

CH2M-WG Idaho, LLC

by 

THOR Treatment Technologies, LLC,  

and 

Washington Group International 
7800 E. Union Ave., Suite 100 

Denver, Colorado 80237 

 





  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001 

Revision 0

 

 

 



  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001 

Revision 0

 

 iii 

 
ABSTRACT

Approximately one million gallons of hazardous, radioactive, 
sodium-bearing liquid waste is currently stored in stainless-steel tanks at the 
Idaho Nuclear Technology and Engineering Center at the Idaho National 
Laboratory Site. Treatment and disposal of this waste is a top priority of the 
Department of Energy Idaho Operations Office. The Department of Energy has 
selected the THOR® steam reforming process as the means to treat and prepare 
this tank waste for disposal as remote-handled, transuranic waste at the Waste 
Isolation Pilot Plant in New Mexico. 

Pilot plant testing of the THOR® steam reforming process was conducted 
at the Hazen Research facility in Golden, Colorado in a two-phase demonstration 
program. Phase 1 SBW carbonate testing (CP1) was performed during the period 
November 2005 through February 2006 and Phase 2 SBW carbonate testing 
(CP2) was during the period May 2006 through June 2006. During the CP1 and 
CP2 test program, approximately 7,900 gallons (~89,000 pounds) of simulated 
sodium-bearing waste were successfully processed into a dry, granular, solid 
product using a dual fluidized bed steam reforming system. A total of 
approximately 16,200 pounds of solid product was produced. 

The simulated waste stream used in the testing program consisted of the 
principal chemical constituents found in the INL waste tanks including nitric 
acid, soluble metal nitrate salts, insoluble minerals, heavy metals, and radioactive 
surrogates. An organic constituent was also added to the waste stream in order to 
determine the organic destruction removal efficiency of the system. 

Primary objectives of the testing program were to demonstrate that 
integrated operation of the treatment process confirms key design and operating 
parameters for the full-scale treatment process, and provides process off-gas data 
to support environmental permitting of the full-scale process. These test 
objectives were successfully accomplished. 
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EXECUTIVE SUMMARY 

The THOR® fluidized bed steam reforming technology was selected by the Idaho Cleanup Project 
(ICP) to treat the approximately one million gallons of sodium-bearing waste (SBW) in storage at the 
Idaho Nuclear Technology and Engineering Center (INTEC) at the Idaho National Laboratory (INL) Site. 
The Integrated Waste Treatment Unit (IWTU) will house the processing system that will convert the 
SBW into a granular waste product suitable for disposal at the Waste Isolation Pilot Plant (WIPP), 
following regulatory approval. 

Numerous bench-scale tests have been conducted over the last several years that have shown the 
THOR® steam reforming technology capable of processing non-radioactive liquid waste simulants into a 
solid waste form. Tests conducted at the STAR Center in Idaho Falls, Idaho, demonstrated the ability of 
the process to treat an SBW simulant. The shortcomings of these tests were two-fold. First, they did not 
combine all the major unit operations and equipment necessary for a complete processing system into a 
single integrated unit. Second, the small size of the fluidized beds used in the bench scale tests could not 
fully represent the operation of production scale units. 

To demonstrate the integrated process and gather necessary technical data for IWTU design and 
operation, an engineering-scale pilot plant was needed. This was realized with the Engineering Scale Test 
Demonstration (ESTD) unit that was built and operated at the Hazen Research facility in Golden, 
Colorado. The ESTD is a one-tenth-scale version of the IWTU SBW treatment system that includes all 
unit operations present in the full-scale unit, excluding the product packaging equipment. 

The ESTD was designed, constructed, and functionally tested between June and November 2005 
using rigorous engineering and quality control practices, as described in the THOR® Treatment 
Technologies, LLC (TTT) Quality Assurance Plan, Project Quality Procedures, and Engineering 
Procedures. Rigor remained during testing operations with a robust system of operating documents and 
conduct of operations practices. A core team of technical professionals, the Joint Test Group (JTG), 
oversaw all testing activities and results. The JTG reviewed all test iterations and specified the details of 
each day’s testing work, within the framework of the formal test plan and other controlling documents.  

Scoping tests were conducted in December 2005 and January 2006. The scoping tests familiarized 
the operating and technical teams with process operations and established essential operating parameters 
for the follow-on production tests. Taken together, the production and scoping tests achieved a large 
number of specific test objectives, described in detail in Table 10-1. Key among these objectives was to: 

� Establish target steady-state system operating conditions 

� Demonstrate integrated operation of the entire SBW treatment process, including serial operation 
of the DMR and CRR 

� Demonstrate and confirm long-term system operability with respect to process chemistry, material 
flows, mass and energy balance (MEB), equipment durability, and particle size control 

� Establish key operating parameters for the full-scale IWTU process 

� Obtain operational data to confirm IWTU design parameters 

� Gather off-gas emissions data for purposes of environmental permitting 
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� Confirm solid product data for requesting Waste Isolation Pilot Plant (WIPP) transportation and 
disposal. 

During January and February of 2006, a series of production run tests was completed. These were 
the Carbonate Phase 1 (CP1) tests. The CP1 test series consisted of a matrix of variable operating 
conditions that included feed composition, feed rate, DMR temperature, and CRR temperature. During 
the CP1 production tests, 5,450 gallons (~61,000 pounds) of SBW simulant were processed into 
~11,500 pounds of granular solid product during 334 hours of “feed-on” operation. The key results from 
the CP1 tests are as follows: 

� The safe, long-term operation of the process and key components was demonstrated. 

� Emissions of potential pollutants were shown to be within regulatory limits. 

� The solid products generated from the process were shown to meet the chemical and physical 
requirements for disposal at WIPP. 

� Particle size control of the DMR bed was achieved for feed liquids that included undissolved solids 
(UDS). 

� Technical data and operational parameters critical to the design of the full-scale IWTU process 
system were developed or confirmed and provided to the IWTU design team. 

Following the completion of the CP1 tests, IWTU project management elected to conduct an 
additional series of tests to address some technical issues that remained or were identified during the 
scoping and CP1 tests. These issues were: 

� Control of DMR bed particle size in the absence of UDS in the SBW simulant 

� Further definition of the mercury removal performance of the granular activated carbon (GAC) unit 

� Improved temperature control and oxidation efficiency in the CRR 

� Evaluation of an improved DMR feed nozzle design 

� Continued metallurgical evaluation of the sintered-metal filters used in the process. 

In May and June 2006, eleven additional days of testing were accomplished at process conditions 
similar to those used during CP1. This test series, the Carbonate Phase 2 (CP2) tests, addressed the issues 
listed above and provided necessary additional information to the IWTU technical team. The CP2 tests 
processed an additional 2,450 gallons (~28,000 pounds) of SBW simulant into ~4,700 pounds of granular 
solid product during 164 hours of “feed-on” time. Process parameters and equipment operability 
considerations from the CP1 tests were reconfirmed, adequate particle size control in the DMR without 
UDS in the simulant feed or the addition of seed particles was demonstrated, and excellent control of 
CRR temperatures in an automatic control mode along with excellent oxidation efficiency was 
demonstrated. Gaseous emissions from the CP2 tests were, again, shown to be within regulatory limits.  

The ESTD clearly demonstrated the capability of the integrated THOR® steam reforming process 
to convert SBW simulant in a variety of formulations, including heavy metals, UDS, and organic 
contaminants, into a granular solid product in a safe and efficient manner. Gaseous emissions from the 
process were found to be within regulatory limits and the solid products generated during the testing 
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displayed none of the characteristics that would preclude disposal at WIPP. Operational and design 
parameters critical to the development of the full-scale IWTU facility were either developed or confirmed 
and a number of lessons-learned necessary to enhance the design of the major IWTU unit operations were 
developed. 

There were no recordable injuries during the entirety of the pilot plant construction, testing, and 
operation. 
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Pilot Plant Report for Treating 
Sodium-Bearing Waste Surrogates 

Carbonate Flowsheet 
1. INTRODUCTION 

1.1 Background Information 

Sodium-bearing waste (SBW) is an acidic tank waste stored at the Idaho Nuclear Technology and 
Engineering Center (INTEC) at the Idaho National Laboratory (INL) Site. It consists primarily of waste 
from processing spent nuclear fuel, decontamination activities, and laboratory wastes. SBW contains high 
concentrations of nitric acid, alkali, and aluminum nitrates, with minor amounts of many inorganic 
compounds including radionuclides, mainly cesium and strontium. 

The patented Thermal Organic Reduction (THOR®) steam reforming waste treatment technology 
has been selected as the technology of choice for treatment of the SBW for the Idaho Cleanup Project 
(ICP). The THOR® steam reforming process will convert the SBW into a dry, granular, solid product. 
SBW treatment will take place within the Integrated Waste Treatment Unit (IWTU), a new facility that 
will be located at INTEC. 

1.2 Purpose and Scope of Testing 

A pilot plant testing program using SBW simulants and the THOR® dual fluidizing bed steam 
reforming system was conducted. The primary purpose of the testing was to provide data to support the 
full-scale process system design, optimization, validation, permitting, and operational planning. Testing 
was performed at the Hazen Research, Inc. facility in Golden, Colorado, during the period 
November 2005 through February 2006 (Carbonate Phase 1 [CP1]). Following CP1 testing it was 
determined that a second phase of SBW carbonate testing (CP2) was needed. The second phase of testing 
was performed during the period May 2006 through June 2006.  

A one-tenth scale (based on throughput) pilot plant of the IWTU production process was designed 
and constructed at Hazen Research using both existing and new equipment. A one tenth scale pilot plant 
was used because the operation of its key equipment items was determined to accurately reflect that of the 
full-scale plant, while still being of small enough scale to be economical to construct and operate, and had 
been previously used and successfully scaled up to full production scale at the Studsvik Processing 
Facility located in Erwin, TN. 

Following construction of the pilot plant, the system was thoroughly tested through component and 
functional system tests. Following this, scoping tests were conducted to establish operating parameters for 
subsequent productions tests. The production tests operated the system at a wide variety of process 
conditions (e.g., reformer temperatures and liquid feed rates), during which numerous process off-gas 
samples were obtained to confirm compliance with Maximum Achievable Control Technology (MACT) 
and other emissions regulations, and solids samples were obtained to verify general suitability of the 
product materials for disposal at the Waste Isolation Pilot Plant (WIPP). During the scoping and two 
phases of production tests numerous specific test objectives were achieved (See Section 10). 

This document describes the testing program and its results. 
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1.3 Overview of the Thor® Steam Reforming Process 

SBW at the INL Site consists of radioactive, aqueous solutions with high concentrations of nitric 
acid, nitrates, alkali metals, aluminum, and a wide variety of other inorganic oxides. The THOR® steam 
reforming process destroys nitric acid, nitrates, and organic materials present in the SBW, and produces a 
dry, granular, solid product. The steam reforming process has been tested with smaller scale process 
equipment and shown to effectively handle, process, and immobilize the radionuclides, sodium, 
potassium, sulfate, chlorides, fluorides, and non-volatile heavy metals into a solid matrix 
[R1,2,3,4,5,6,7,8,9]. The process converts nitric acid, nitrates, and nitrites directly to nitrogen gas in the 
steam reformers. Any organic material in the SBW is converted to carbon dioxide and water vapor by a 
combination of steam reforming and oxidizing reactions. The THOR® process flow diagram for 
treatment of SBW is provided in Section 2.1. 

The SBW tank waste feed is introduced into the first steam reformer, the Denitration and 
Mineralization Reformer (DMR). The bed particles in the steam reformer are fluidized by introduction of 
low-pressure superheated steam and a measured quantity of oxygen. The oxygen, present in the DMR in a 
sub-stoichiometric concentration, reacts with granular carbon that is metered into the DMR to create a 
chemically reducing environment and process energy. In the first steam reformer, liquids are evaporated; 
the vast majority of organics, nitric acid, nitrates, and nitrites are destroyed; and the reactive chemicals in 
the waste feed are converted to a solid waste product. The second reformer, the Carbon Reduction 
Reformer (CRR), serves to further reduce any NOX gases from the first reformer and oxidize residual 
organics to carbon dioxide and water vapor. The gases (mainly carbon dioxide, nitrogen, and water vapor) 
from the process are filtered through sintered metal filters, baghouse filters, and a mercury adsorber. They 
are then vented to the atmosphere through a monitored stack.  

1.4 Test Objectives 

The principal, overall objectives of the SBW testing program [R10] were to: 

� Establish target steady-state system operating conditions 

� Demonstrate integrated operation of the entire SBW treatment process, including serial operation 
of the DMR and CRR 

� Demonstrate and confirm long-term system operability with respect to process chemistry, material 
flows, mass and energy balance (MEB), equipment durability, and particle size control 

� Establish key operating parameters for the full-scale IWTU process 

� Obtain operational data to confirm IWTU design parameters 

� Gather off-gas emissions data for purposes of environmental permitting 

� Confirm solid product data for requesting WIPP transportation and disposal. 

A complete listing of the test objectives and the level of achievement of these objectives is 
provided in Section 10. 
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2. STEAM REFORMING SYSTEM DESCRIPTION 

2.1 Process Flow Description 

The process flow description identifies each of the major THOR® system components employed 
for this test program. The major components include the Surrogate Liquid Waste Preparation and Feed 
System, the Fluidizing Gas (FG) Supply System, the DMR, the Product Receiver (PR), the 
High-temperature Filter (HTF), the CRR, the Off-gas Treatment System, and the Data Acquisition and 
Control System (DACS). These components are discussed below. 

2.2 Additive and Process Streams 

In addition to the major components of the THOR® system, the system included the additive and 
process streams used to treat the SBW simulant during the pilot scale testing. The scrubber system was 
bypassed (Stream 11 routed directly to the reheater) and the mercury adsorber was on line for the majority 
of the CP1 production tests (Stream 22a routed to stack via Stream 22b and the Off-gas Blower B407). 
Table 2-1 contains the data for most of the active streams in the process flow system for a specific feed 
condition for CP1. The table is based on a calculational model of the Mass and Energy Balance (MEB) 
for the system. It was updated to reflect actual operating conditions and stream flow rates and is expected 
to be correct to within 10%. The model conditions are considered baseline and represent the most 
common feed stream for the actual plant; specifically, SBW liquid (no significant Undissolved Solids 
[UDS]) fed at 0.25 gallons per minute (gpm), the DMR operating at 640ºC and the CRR operating at 
950ºC. A stream name, stream number, pressure, temperature, and various flows are given for each 
stream. There are many unnumbered nitrogen streams in the process flow system; these streams are 
grouped together by unit operation. For example, most nitrogen flowing to the DMR, mostly line purges, 
is given the stream name DMR-N2. 

2.3 Liquid Simulant Preparation and Feed System 

The liquid surrogate waste preparation and feed system included the following major components: 

� A 1,600-gallon (gal) stainless-steel surrogate, Waste Holdup Tank with mixer (T-100) 

� Surrogate Waste Feed Transfer Pump (P-100) 

� Two parallel 500-gal plastic, surrogate waste feed tanks with mixers (T-101 A&B) 

� Two surrogate waste feed tank recirculation pumps (P-101 A&B) 

� Feed Solids Addition Mix Tank and Pump (T-102 and P-102) 

� Principal Organic Hazardous Constituent (POHC) Tank and Pump (T-103 and P-205)  

� Peristaltic surrogate waste feed pump, 0.10 to 0.40 gpm (P-200) 

� Surrogate waste feed injectors (2), one in operation at a time. 
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Table 2-1. Mass and energy balance at CP1 Test baseline conditions 0.25 gpm SBW liquid feed, 640°C in 
DMR, 950°C in CRR. 

Stream Summary Mass Flowrates 
P 

(psia) 
T 

(C) ACFM SCFM gpm 

solid/ 
particulate

(lb/hr) lb/hr 
Waste Feed Stream 1 15.59 10 0.00 0.00 0.25 0.00 169.15 
N2 DMR-N2 15.59 20 16.96 18.00 0.00 0.00 78.50 
NAR Stream 2 15.59 10 10.95 12.03 0.00 0.00 54.04 
FG Water Stream 39 15.59 20 0.00 0.00 0.26 0.00 96.06 
FG N2 Stream 41 15.59 20 0.00 0.00 0.00 0.00 0.00 
FG O2 Stream 40 15.59  20 1.60 1.69 0.00 0.00 8.44 
FG Stream 42 

(39,40,41) 
15.59  600 100.88 35.94 0.00 0.00 104.50 

Bed Stream 32 11.95  20 0.00 0.00 0.00 0.00 0.00 
Charcoal Stream 33 11.95  20 0.00 0.00 0.00 25.81 33.07 
N2 3-PN2 15.59  20 3.86 4.10 0.00 0.00 17.88 
Additives Stream 3 

(32,33,PN2) 
15.59  20 5.25 5.58 0.00 25.81 50.95 

DMR Outlet Gas and 
Fine Solids 

Stream 4 17.25  590 295.23 117.71 0.00 8.87 438.59 

DMR Solid Bed Product Stream 27 18.94  500 0.00 0.00 0.00 18.55 18.55 
N2 PF Backpulse and 

Product Purge  
15.59  20 2.22 2.36 0.00 0.00 10.29 

N2 PF-N2 15.59  20 0.40 0.42 0.00 0.00 1.83 
PF Gas Stream 5 14.12 590 369.18 120.49 0.00 0.01 441.86 
PF Solid Stream 28 14.12 320 0.00 0.00 0.00 8.86 8.86 
Bed Media Stream 34 11.95 20 0.00 0.00 0.00 0.60 0.60 
Carbon Stream 35 11.95 20 0.00 0.00 0.00 19.83 20.22 
Clay Stream 36 11.95 20 0.00 0.00 0.00 0.02 0.02 
N2 6-PN2 15.59 20 8.48 9.00 0.00 0.00 39.25 
Additives Stream 6 

(34,35,36,PN2) 
15.59 10 8.19 9.00 0.00 20.45 60.09 

Oxygen/Air and Cooling 
Water/N2 

Stream 7/8/45 15.59 10 23.75 26.09 0.00 0.00 127.29 

N2 CRR-N2 15.59 20 9.64 10.23 0.00 0.00 44.62 
CRR Outlet Off-Gas Stream 9 11.90 780 733.85 165.40 0.00 1.66 673.85 
CRR Solid Stream 29 12.90 950 0.00 0.00 0.00 0.00 0.00 
OGC Quench 
Water/Atomizing Gas 

Stream 10 16.90 10 16.80 20.00 0.41 0.00 296.94 

OGC gas Stream 11 11.90 185 500.34 259.23 0.00 1.66 970.79 
N2 OG-N2 15.59 20 0.07 0.07 0.00 0.00 0.31 
OG gas Stream 22A 11.70 120 436.77 259.30 0.00 0.01 969.45 
OG solid Stream 31 11.90 120 0.00 0.00 0.00 1.65 1.65 
Hg Adsorber Outlet Stream 22C 11.79 125 438.93 259.30 0.00 0.01 969.45 
Stack Stream 24 12.15 120 420.54 259.30 0.00 0.01 969.45 
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All of the equipment items listed above, as well as the interconnecting piping, valves, and 
instruments, were resistant to nitric acid corrosion. 

The Waste Holdup Tank (T-100) was used to make up and mix the surrogate waste feed liquids 
prior to addition of UDS or heavy metals. The holdup tank was provided with a mixer capable of 
maintaining the liquids well-mixed and providing agitation required to mix and dissolve solid reagents. 
The transfer pump (P-100) was used to help mix the surrogate feed solution and transfer the waste 
surrogate solutions from the holdup tank to one of the two Waste Feed Tanks (T-101 A or B), as needed. 
If UDS and/or heavy metals were to be included in the feed solution for a particular test, they were 
pre-mixed in the Feed Solids Addition Mix Tank (T-102). The resulting slurry was then combined with 
the surrogate waste solution in the waste feed tanks. Both feed tanks were equipped with mixers and 
recirculation pumps to ensure that the UDS remained suspended in the solution. 

The feed solution in each of the Waste Feed Tanks was continually recirculated to maintain the 
UDS in suspension. Valves were provided to allow either pump to recirculate or transfer to either tank so 
that the solution could be recirculated even if one of the pumps required maintenance. 

A peristaltic feed pump (P-200) was used to draw off a small portion of the contents of the feed 
tank recirculation loop and continuously meter the liquid surrogate into the DMR through one of two 
atomizing feed nozzles, only one of which was operated at a time. A standby waste feed pump was 
provided as a backup in the event of a failure of the primary feed pump. A coriolis type mass flow meter 
was used to measure and record the density and mass injection rate of the surrogate feed into the DMR. 
An auxiliary organic liquid metering pump (P-205) and tank (T-103) were used to meter the POHC into 
the process feed line at a rate of approximately 0.33 kilograms per hour (kg/hr) so that the Destruction 
and Removal Efficiency (DRE) of the POHC, chosen to be conservatively representative of the organics 
present in the actual SBW, could be determined during a portion of the test program. 

2.4 Fluidizing Gas System 

A mixture of steam and oxygen was used to fluidize the DMR during normal operations. Steam 
reacted with carbon in the bed to produce a small quantity of carbon monoxide and hydrogen that reduced 
nitrates in the waste feed stream to nitrogen gas. Oxygen also reacted with the carbon and hydrogen to 
generate process heat and carbon dioxide and water vapor. The actual sequence of reactions is more 
extensive and is described in other reports [R8]. During startup, the system was fluidized with nitrogen or 
a mixture of nitrogen and oxygen. 

A steam generator (H-104) was used to provide the steam for the FG. The steam generator was 
capable of providing up to 500 pounds per hour (lb/hr) of low-pressure steam; however, typically only 
70 to 200 lb/hr were required during the SBW tests. The steam generator was equipped with an automatic 
temperature controller, an isolation ball valve, and a pressure regulator valve.  

The FG flowed through two electric superheaters in series (H-105 A and B) to increase the gas 
temperature to ~600°C before the steam and oxygen mixture was introduced into the FG distributor 
located at the bottom of the DMR. The superheaters also were used to heat nitrogen as the fluidizing gas 
during the DMR preheating (heat-up) operation. The major heat load for the superheater occurred during 
the initial heat-up of the reformers to the initial operating temperature because no external fluidized bed 
vessel heaters were provided. During initial startup and preheating of the DMR, the superheaters were 
capable of heating the fluidizing nitrogen to 700°C. 

The combined power rating for both superheaters was 70 kW (35 kW each, 480 VAC, 3-phase). 
The superheaters were provided with a stainless-steel shell and Inconel heating elements. The steam and 
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oxygen supply lines included isolation ball valves to provide positive manual oxygen and steam isolation. 
The FG system downstream of the superheaters was fabricated from stainless steel to prevent corrosion 
from the steam/oxygen mixture at the high temperatures used in the FG system. 

Automated control valves and flowmeters were used to control and monitor the amounts of oxygen 
and steam fed to the DMR during simulant treatment operations. During the CP1 test, the operator set the 
desired FG flow rate, and the control system automatically adjusted the steam flow rate (subtracting the 
fluidizing oxygen flow rate) to maintain a constant total flowrate in the bottom of the DMR. 

The CP1 test results had shown that the oxygen concentration in the fluidizing gas could become 
excessively high during process upsets. Hence, the fluidizing gas control scheme was changed for the 
CP2 test to allow use of a constant steam flow rate in the fluidizing gas. The operator would set the 
desired fluidizing steam flow rate and the control system automatically maintained this flow rate. 

The Superficial Space Velocity (SSV) given by the FG flowrate was controlled within an 
operator-selected range that always exceeded the minimum fluidizing velocity for the bed average particle 
size. The minimum fluidizing velocity was determined using the Wen and Yu correlation [R11] that 
accounted for the operating temperature and pressure, the FG composition, the bed particle density, and 
the average particle size. 

2.5 Denitration and Mineralization Reformer 

The DMR (T-200) was a fluidized bed vessel designed to operate in an autothermal steam 
reforming mode to evaporate water; reduce nitrates to nitrogen; volatilize and reform organics; convert 
alkali and alkaline earth metals into non-agglomerating solid products; and capture sulfur, fluoride, 
chloride, and phosphate compounds in the solid product. Non-volatile heavy metals, other metals, and the 
non-radioactive radionuclide surrogates (i.e., cerium and cesium) were also captured in the solid product. 

The DMR was an existing 15-in. inside diameter by 96-in. high, carbon steel, refractory-lined 
vessel. The top 23-in. of the vessel expanded to 21-in. in diameter. The DMR was insulated with 4.5-in. 
each of Kasto-Lite-22 and Lo-Abraid refractory for a total refractory thickness of 9-in. A new bottom 
section for the DMR was fabricated to provide ports for the fluidizing nozzles, solids removal auger, and 
auxiliary FG nozzle. This new section was also insulated with Kasto-Lite-22 and Lo-Abraid refractories. 
Figure 2-1 is a photograph of the DMR (to the left). 

The DMR vessel was modified to provide continuous, metered, solid additive injection of 
particulate carbon reductant and recycled bed material or other solid additives (if desired). Solid additives 
were introduced into the DMR through two independent solid feeders. The feeders discharged into a small 
chamber bounded by two valves that operated sequentially to form a lock hopper or shotpot. A nitrogen 
gas purge on the hopper discharge pipe excluded atmospheric air from the process and provided some of 
the motive force needed to inject the lightweight carbon reductant into the DMR bed. An automatically 
controlled vibratory feeder with a weight scale was used to monitor and control the feed rate of carbon 
reductant into the DMR. Figure 2-2 shows the carbon used in the DMR. The system was calibrated for the 
specific carbon reductant used, and the Data Acquisition and Controls System (DACS) controlled the 
carbon reductant feed rate at the desired value. The second solids feeder was a manually controlled auger 
that was used to add recycled bed material or other solid additives to the DMR.  
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Figure 2-1. Denitration and Mineralization Reformer and High-temperature Filter. 
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Figure 2-2. General Carbon Corporation “GC-CRB.” 

As solid product was generated, it accumulated in the DMR bed and was periodically removed to 
maintain a fluidized bed depth of approximately 36 to 42 in. The DMR vessel included a bottom solids 
removal auger for periodic batch draining of solid product materials to control the bed level within a 4-in. 
to 6-in. band. A nitrogen jet below the auger transferred the hot bed solids pneumatically to the product 
receiver vessel. A manually operated, pneumatically actuated, full port, rotating disk valve installed on 
the outlet of the auger assembly isolated the solids transfer system nitrogen jet eductor from the bottom of 
the DMR. Grab samples of the DMR bed material were acquired periodically through a sample line and 
valves located on the side of the vessel. 

The DMR was connected to the Emergency Shutdown System (ESS) for the facility. Upon 
activation of the ESS or on loss of power to the process control system, the flow of fluidizing steam and 
oxygen to the DMR was switched to 100% nitrogen. A limiting flow orifice controlled the flowrate of the 
nitrogen if the ESS were ever activated. 

A pair of two gas atomizing liquid feed nozzles was installed to introduce the SBW simulant 
liquid/slurry into the DMR fluidized bed reactor as an atomized droplet spray via a feed port on the side 
of the vessel. Only one feed nozzle was in use at any time. Valves were provided to allow easy switching 
from one nozzle to the other during operation. The feed nozzle that was not in use was purged to prevent 
bed solids from entering the nozzle orifices and plugging them. The atomizing gas flowed through an 
annulus to atomize the feed liquid into appropriately sized droplets for reaction in the DMR bed. The flow 
rate of the atomizing gas was set and automatically controlled with an integrated mass flow 
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meter/controller. Usually air was used as the atomizing gas; however, pure nitrogen and a mixture of air 
and nitrogen were also used as the atomizing gas at different times during the tests. 

The oxygen introduced via the atomizing nozzle and FG distributor generated heat within the DMR 
by reacting with the added carbon reductant and with the carbon monoxide and hydrogen produced in the 
bed by the steam reforming reactions. Oxygen flow was adjusted to maintain the DMR temperature 
within the desired range, typically 600°C to 670°C, for production of a sodium carbonate-based product. 
Several thermocouples were used to monitor temperatures throughout the DMR. Typically, the DMR bed 
temperature was maintained within ± 10°C of the desired setpoint by automatically controlling the 
fluidizing oxygen flow rate. Typical residence time of the gas in the DMR was 2.0 to 2.5 seconds. 

The DMR operated in a strongly reducing mode in order to ensure nearly complete conversion of 
nitrates directly to nitrogen gas, although a small oxidizing zone existed in the immediate vicinity of the 
point of oxygen injection into the vessel. The DMR operated at a slight positive pressure (typically 2 to 
4 pounds per square inch gauge [psig]) because of backpressure from the CRR FG distributors and the 
CRR fluidized bed pressure drop. The DMR flanges and nozzle connections incorporated qualified 
gaskets and flanges in order to prevent leakage of process gases to the building area. Prior to operation, 
and after any shutdown for system maintenance, the entire pilot plant system was pressure tested to verify 
leak tightness. 

The DMR, its FG lines, and its process gas outlet line were well insulated to minimize heat losses. 
Multiple thermocouples and pressure differential transmitters were used to provide real-time operating 
data. The differential pressure transmitters (PTs) were equipped with nitrogen purge lines to prevent 
moisture condensation in the sensing lines and plugging of the sensing lines with bed solids. The DACS 
provided remote readouts and trending for the thermocouples and differential pressure transmitters so that 
bed temperatures and pressure drops could be monitored continuously. 

The DMR was provided with an external cyclone to help retain the solid bed particles within the 
vessel. When operating properly, the cyclone returned an estimated 90% of the particulates elutriated 
from the DMR back to the bed. Solids collected from the cyclone were returned directly to the bed of the 
DMR through an internal return line downcomer that extended into the DMR bed. Three nitrogen 
pulsejets were used to keep the downcomer clear from plugging. The 21-in. diameter disengagement 
section of the DMR also served to reduce the gas velocity and aid in the reduction of particulate material 
carried over to the cyclone. 

2.6 Product Receiver 

The PR (T-201) was used to collect high-temperature, granular bed product solids pneumatically 
transferred from the DMR. The PR was a vertical, cylindrical filter vessel, 12-in. in diameter with a 
conical bottom. It was fitted with four sintered metal, candlestick filters on a metal tube sheet. A manually 
actuated nitrogen gas pulse-back manifold was used to clean the filter elements when on-line or off-line. 
An automated pulse back system was not required because the PR filter was normally not on-line and was 
used only to receive occasional solids transfers from the DMR. When the fluidized bed height increased 
above ~42-in. in the DMR, operators would batch transfer a quantity of the bed media to the PR. A 
differential pressure gage, with sensing ports in the vessel and in the off-gas line downstream of the 
vessel, was used to determine the pressure drop across the filters and, in turn, alert the operator that the 
filters needed to be cleaned. External electrical heaters (H-201) were provided to maintain the filter 
elements and the vessel above ~120°C during operation to prevent condensation. 

The outlet of the PR vented to the freeboard of the DMR so that gases removed from the solid 
auger were reintroduced to the DMR. Hence, the PR operated at the same pressure as the freeboard of the 
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DMR. The PR was provided with a product draining system incorporating a single high-temperature, 
manually-operated, full-port ball valve and 5-gallon stainless-steel metal collection vessels for periodic 
batch draining of product material. The product collection vessels provided residence time for the product 
solids to cool before being bagged, labeled, and placed into standard carbon steel 55-gal drums for 
storage. The drain valve and collection vessels were designed to contain solids with temperatures of up to 
400°C. The collection vessels were provided with a nitrogen purge to displace process gases from the 
filter to ensure that moisture did not condense in the collection vessel, drain port, or valve. Periodic grab 
samples were taken of the cooled solids in the collection vessel prior to the solids being placed into the 
carbon steel drums for storage. 

During liquid feed processing operations, the inorganic components in the feed stream surrogates 
formed granular product solids that accumulated in the DMR. As described above, these accumulated 
solids were transferred periodically to the PR for collection and packaging into drums. Figure 2-3 shows a 
20-power enlargement of representative DMR product material. The option to recycle some of the bed 
product particles back into the DMR to maintain the required particle size range in the DMR was 
incorporated into the operating philosophy of the test program. An off-line vibratory screen was provided 
for the separation of the larger particles from the smaller granules in the cooled solids. If required, the 
different size fractions of the bed product could be returned on a semi-continuous basis to the DMR bed 
through the solids additive auger feeder and airlock. During CP2, solids larger than 12-mesh (primarily 
carbon) were removed from the PR solids and returned to the DMR during this test. The recycled carbon 
was returned on a semi-continuous basis to the DMR bed through the carbon feed hopper, vibratory 
feeder, and airlock. 

 
Figure 2-3. Representative Sample of DMR product material (20x). 
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2.7 High-Temperature Filter 

The HTF is shown on the right in Figure 2-1. The HTF (T-202) was a filter vessel that received the 
process gases and entrained fines from the DMR. The purpose of the HTF was to remove and collect the 
finely divided solids—predominately sodium carbonate product material and carbon reductant fines—
elutriated from the DMR. Figure 2-4 shows a 20-power enlargement of representative HTF product 
material. 

 
Figure 2-4. Representative HTF product material (20x) taken during the CP1 Test. 

The HTF was a 24-in. diameter, vertical, cylindrical filter vessel modified to accommodate 
eighteen 3 to 5-micron, sintered metal or silicon carbide, candlestick filters. An automated nitrogen gas 
pulse-back manifold with four nitrogen pulse-back valves was used to clean the filter elements while they 
were on-line. The difference between two PTs, with sensing ports in the vessel and in the gas outlet line 
downstream of the vessel, gave the pressure drop across the filters. When the pressure drop exceeded the 
setpoint, the DACS automatically actuated the pulse-back function. External electrical heaters (H-202) 
were provided to maintain the filter elements and filter vessel at 400°C during operation. 

The HTF incorporated a product solids drain and collection system similar to that described for the 
PR. The system consisted of a single, high-temperature, manually-operated, full-port ball valve with 5-gal 
metal collection vessels for periodic batch draining of product material. The product collection vessels 
provided residence time for the fine product solids to cool before being bagged, labeled, and placed into 
standard carbon steel 55-gal drums for storage. The collection vessels were designed to contain up to 
10 psig, as the pressure in the HTF was typically between 1 and 3 psig during normal operation. The drain 
valve and collection vessel were designed to contain solids with temperatures of up to 400°C. The 
collection vessels were provided with a nitrogen purge to displace process gases from the filter to ensure 
that moisture did not condense in the collection vessel, drain port, or valve. Periodic samples were taken 
from the cooled collection vessel solids prior to being placed into the carbon steel drums for storage. 
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2.8 Carbon Reduction Reformer 

The CRR (T-300) was a fluidized bed vessel operated in series with the DMR. The hot process gas 
from the DMR was filtered through the HTF, which removed essentially all of the product solids and 
carbon fines elutriated from the DMR. The filtered DMR process gas then consisted mainly of water 
vapor, nitrogen, carbon dioxide, carbon monoxide, hydrogen, methane and other short-chain organics, and 
small amounts of acidic gases such as hydrochloric acid and sulfur dioxide. This process gas mixture was 
introduced at the bottom of the CRR and fluidized the bed media. An oxygen/air mixture was injected 
through a second set of gas distributors positioned above the CRR FG distributors. The oxygen/air 
injection distributors created an oxidizing steam reforming environment in the upper section of the 
fluidized bed and in the CRR freeboard. A second set of auxiliary oxygen injectors located above the bed 
during CP1 and high in-bed during CP2 was used to inject additional oxygen into the CRR freeboard to 
fully react any carbon monoxide that might be generated from the steam reforming of carbon fines in the 
freeboard area. The CRR fully oxidized the hydrogen, carbon monoxide, and organics from the DMR, 
converting them to carbon dioxide and water and generating heat in the process. 

The CRR was an existing, carbon steel, refractory-lined, fluidized bed vessel modified to provide 
for initial and periodic batch injections of bed media, supplemental carbon, and a solid phase mineralizing 
additive such as clay. The initial bed media consisted of alumina beads with a mean particle size of 
approximately 1,000 microns for CP1 and 400 microns for CP2. The pre existing portion of the CRR had 
a 24-in. inside diameter (ID), was 175 in. high, and was lined with Kasto-Lite-22 and Lo-Abraid 
refractory. A 3.5-in. thick liner, made from Ultragreen 45 refractory reduced the inside diameter in the 
bottom 30 in. of the CRR to 17 in. Figure 2-5, Figure 2-6, and Figure 2-7 show the top, middle and 
bottom views of the CRR. 

 
Figure 2-5. Carbon Reduction Reformer vessel top. 
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Figure 2-6. Carbon Reduction Reformer vessel middle. 

 
Figure 2-7. Carbon Reduction Reformer vessel bottom. 
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A new bottom section for the CRR was fabricated to have ports for the FG distributor, 
thermocouples, and differential pressure probes. The inside diameter of the new section was 17-in. and it 
was lined with Kasto-Lite-22 and Ultragreen-45 refractory. The new section also was provided with a 
high-temperature-rated, pneumatically-actuated, full-port, rotating-disk valve, and a nitrogen purge to 
allow the bed to be drained as needed to adjust the operating bed level or at the end of a process run. The 
only solids introduced into the CRR were bed media to replace bed media lost to attrition and elutriation, 
supplemental carbon that was converted in large part to carbon dioxide, and the mineralizing additive, 
which was added to combine with any sodium carbonate product carried over from the HTF to prevent it 
from melting and agglomerating the bed media. 

Carbon was introduced into the CRR through a vibratory feeder, while the mineralizing additive 
was introduced through a motor-driven auger feeder or was added by a manual batch addition to the 
airlock chamber. A third feed hopper was provided that could be used to add or replenish bed media. All 
three feeders discharged solids into a small airlock chamber bounded by two valves that operated 
sequentially to form a lock hopper or shot pot. A nitrogen gas purge on the hopper discharge pipe 
excluded atmospheric air from the process and provided some of the motive force needed to inject the 
solids into the CRR. The carbon feeder was calibrated for the specific carbon reductant used, and the 
DACS controlled the carbon feed rate at the desired value. The CRR bed level was operated at a height of 
26 to 36 in. 

For the CP1 test, two gas distributors were installed in the CRR bed, and one was installed above 
the bed. The lowest distributor consisted of a three-point injector nozzle to provide uniform fluidization of 
the bed using the filtered process gas from the DMR. The middle, in-bed oxygen distributor consisted of a 
single distributor pipe above the FG distributor for injection of oxygen/air into the bed. A third inlet, 
above the level of the bed, was used to introduce additional oxygen into the vessel to ensure complete 
oxidation of carbon monoxide to carbon dioxide. The oxygen flow rate to the in-bed oxygen distributor 
was automatically controlled to maintain the CRR bed temperature within ± 10°C of the bed temperature 
setpoint. The oxygen flow above the bed was automatically controlled during operation to maintain a set 
outlet oxygen concentration in the CRR off-gas, typically 2% to 10% by volume. Typical gas residence 
time in the CRR was 2.5–3.0 seconds. 

The configuration of the CRR oxygen distributor was modified for the CP2 test. The upper 
autothermal gas (ATG) nozzles were above the distributor in the upper portion of the CRR bed or in the 
“splash zone” (the interface between the fluidized bed and freeboard region of the CRR) depending on the 
bed depth in the CRR. The oxygen/nitrogen mixtures and flowrates to the lower two sets of ATG nozzles 
were automatically controlled by the DACS to maintain the desired CRR bed temperature. The 
oxygen/nitrogen mixture and flow to the upper nozzle set was controlled to achieve the desired level of 
oxygen in the CRR off-gas, and hence the required destruction of CO and total hydrocarbons (THCs). 

The CRR bed temperature was maintained at approximately 850 to 1,050°C by adjusting the in-bed 
oxygen distributor flow rate. A ratio controller added air to the oxygen to maintain a desired nitrogen 
concentration (typically 25 or 50% depending on the test) in the in-bed oxygen/air distributor to help 
maintain the oxygen input jets cooler than they would be with 100% oxygen. 

The oxygen input rate to the above-bed oxygen distributor was automatically controlled by the 
DACS to maintain the desired excess oxygen concentration in the CRR process outlet gas, which in turn, 
controlled the CO level in the process off-gas stream. The operator utilized the human machine interface 
(HMI) to set the desired excess oxygen level and the DACS automatically adjusted oxygen input to the 
upper distributor to maintain the desired oxygen level in the CRR off-gas.  
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During start-up, the initial energy for heating up the CRR was provided by hot nitrogen from the 
DMR FG superheaters without any bed material in the DMR or CRR. When the temperature in the CRR 
was above 125°C, the bed media was added to the CRR, and heat-up continued using the FG 
superheaters. In order to fully heat up the CRR in as short a time as possible, a natural gas fired burner 
was inserted into the CRR near the top of the bed. This supplemental heating capability was not used 
during process operations. Once the CRR bed temperature was above about 350°C, a wood-based carbon 
was added to the bed to provide a fuel source in the CRR and a small (~5 scfm) oxygen flow was initiated 
in the in-bed oxygen distributor. When the CRR bed temperature reached ~550°C, petroleum coke was 
used instead of the wood-based carbon, and the bed heat-up continued until the desired bed temperature 
was reached. As the CRR bed temperature increased, the amount of gas required to fluidize the bed 
decreased and the operators would reduce the flow manually as needed to maintain the desired SSV in the 
CRR. At any time after the CRR bed temperature was above ~850°C, the FG flow was reduced and bed 
material was added to the DMR. Once the bed material had been added to the DMR, the FG flow was 
again increased. The heat-up of both reformers continued until the desired operating temperatures were 
reached in both.  

To decrease the CRR temperature slowly over a period of time, the carbon feed rate and oxygen 
injection rate to the CRR were reduced. To provide a faster temperature response in the CRR, water could 
be injected directly into the CRR bed through a manually controlled service water injector in the bed. 
Manual flow control valves and a rotameter were provided to monitor the service water flow to the CRR. 
During operations, the bottom zone of the CRR fluidized bed (below the oxygen/air distributors) operated 
under strongly reducing conditions to facilitate additional NOX conversion. Above the in-bed oxygen/air 
distributor(s), the CRR operated in an oxidizing mode to convert carbon monoxide, hydrogen, and 
organics from the DMR to carbon dioxide and water vapor.  

The pilot plant had an emergency shutdown capability that could isolate the oxygen and gas flow to 
the CRR upon activation of an emergency shutdown signal or upon loss of power to the plant. The 
oxygen and air supplies also were provided with emergency isolation manual ball valves to provide 
positive isolation of oxygen from the process. Nitrogen purges were provided to prevent plugging of the 
in-bed nozzles during these shutdowns. 

2.9 Off-Gas Cooler 

The Off-gas Cooler (OGC) (T-400) consisted of a direct contact, deionized water spray, 
air-atomizing nozzle inserted into a 24-in. diameter × 96-in. tall vessel downstream of the CRR. The OGC 
was designed to reduce the temperature of the CRR product gas to as low as 130 to 180°C in a fraction of 
a second. The water supply was provided with an automated flow control valve that could maintain the 
off-gas temperature typically within a 130 to 180°C range. The flow rate of cooling water was 
automatically controlled by the DACS, but the flow rate of atomizing air was controlled manually. 
Thermocouples, with readouts on the DACS, were placed upstream and downstream of the OGC. The 
downstream thermocouple indication automatically controlled the flow of water to the OGC via the 
DACS. 

2.10 Quencher/Scrubber System 

The off-gas from the CRR could be directed to a Quencher/Scrubber (Q/S) system for purposes of 
removing acid gases from the CRR process gas stream. However, early in the test program, the Joint Test 
Group (JTG), which monitored and controlled testing activities, determined that the Q/S system was not 
needed during the SBW testing because acid gas formation from SBW feed was very low. Consequently, 
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all SBW scoping and production run tests were performed without the use of the Q/S system. A 
description of the Q/S system is included here for completeness. 

The Q/S system consisted of existing venturi and packed bed scrubbers at the Hazen facility. A 
new pad-type mist eliminator was installed at the top (downstream side) of the packed bed scrubber. The 
scrubbers could be used to remove any acid gases from the off-gas, neutralizing them by injection of 
sodium hydroxide solution to yield sodium salts (e.g., NaCl and Na2SO4). The rate of NaOH injection 
could be controlled by an automated system that monitored the pH of the scrubber solution and added 
NaOH to maintain a preset solution pH. 

The venturi scrubber (T-401) could be operated so as to concentrate the scrubber solution from 
20% to 25% by weight of dissolved and suspended solids to minimize the amount of solution generated. 
A recirculation pump was provided to recirculate the neutralizing solution through the scrubber. In order 
to concentrate the scrubber solution, the venturi scrubber could be operated at the saturation temperature 
at the system pressure. The spent scrubber solution, if generated, would have been placed into plastic 
drums and stored.  

The packed bed scrubber (T-402) was also intended to be operated at the saturation temperature 
and system pressure, preventing water vapor in the off-gas from condensing in the packed bed. An 
external electric heater was provided to heat the scrub solution to the desired operating temperature for 
the packed bed scrubber system. A recirculation pump was provided to recirculate the packed bed 
scrubber solution. The rate of NaOH injection into the packed bed scrubber could be controlled by an 
automated system that monitored the pH of the scrubber solution and added NaOH to maintain a preset 
solution pH. The mist eliminator at the outlet of the packed bed was provided to capture and remove any 
mist carryover from the scrubbers.  

A NaOH addition capability was provided to both scrubber units to allow for independent pH 
control. Two pH meters provided the means to continuously monitor scrubber pH. Two caustic addition 
pumps were provided to meter caustic on a continuous basis at variable rates into the two scrubbers, as 
required. 

A scrubber by-pass line was installed from a point immediately downstream of the OGC to the 
inlet of the off-gas reheater. Bypassed gases passed through the reheater and entered the inlet of the 
Process Baghouse Filter (PBF). During all the scoping and production runs (CP1 and CP2) the process 
was operated with the Q/S system off-line. 

2.11 Off-Gas Reheater 

The off-gas exiting the OGC was saturated with water vapor (up to 70 vol%). To prevent moisture 
from condensing and damaging downstream off-gas equipment, an electric reheater (H 403) was used to 
raise the off-gas temperature to well above the dew point. This reheater raised the off-gas temperature 
from ~95°C from a minimum of 120°C to a maximum of 190°C. The 480VAC/3-phase reheater was rated 
at 25kW. A silicon-controlled rectifier was used to maintain the reheater at the desired power level and to 
prevent excessive temperature buildup in the heater elements. 

2.12 Process Baghouse Filter 

The PBF (T-406) was installed downstream of the Off-gas Reheater. Figure 2-8 shows the process 
baghouse filter, one of three off-gas blowers, and the mercury adsorber. The purpose of the PBF was to 
remove and collect any fine solids elutriated from the CRR during processing. 
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Figure 2-8. Hazen Process Baghouse Filter, Off-gas Blower, and Mercury Adsorber Systems. 

The PBF was a vertical, rectangular vessel designed to hold high-temperature-rated, bag-type filter 
elements. The filter bags were Teflon-coated fiberglass felt rated for 250°C. An automated instrument air 
pulse-back manifold was used to clean the filter elements with the filters on-line. The difference between 
two PTs, with sensing ports in the vessel inlet and in the gas outlet line downstream of the vessel, gave 
the pressure drop across the filters. When the pressure drop exceeded the setpoint, the DACS 
automatically actuated the pulse-back function. 

External electrical heaters (H-406) were installed to maintain the filter elements and vessel above 
the gas dew point to prevent moisture condensation on the filter media during normal operations and 
during start-up and shutdown periods. The PBF was provided with a product draining system using a 
full-port ball valve and a sealed canister with a 5-gal capacity. 

2.13 Mercury Adsorber 

A sulfur-impregnated Granular Activated Carbon (GAC) bed (T-408) was provided in the off gas 
system downstream of the PBF. The purpose of the GAC bed was to remove elemental mercury from the 
gas stream during processing. The GAC unit was a three-stage bed with sampling capability downstream 
of Stage 1 and downstream of Stage 2. Additional mercury analyses were performed in the stack as part 
of the total metals analysis in the stack emissions off-gas monitoring system. Thermocouples and 
temperature alarms were incorporated into the design of the GAC adsorber to identify transient 
temperature excursions that might occur. A high temperature alarm would invoke an emergency 
shutdown of the process and trigger the emergency shutdown system, which would purge the GAC vessel 
with nitrogen from high pressure nitrogen gas bottles. External electrical heaters (H-408, -409, and -410) 
were installed to maintain the GAC vessel above the gas dew point to prevent moisture condensation on 
the GAC media during all periods of operation. 

For the CP2 test, The GAC unit was modified to provide additional gas sampling capability 
upstream of the entire unit, as well as between each of the three stages.  
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2.14 Off-Gas Blowers 

Three Off-gas Blowers (OGBs) (B-404, B-407 and B-409) provided airflow and process vacuum 
for the DMR, HTF, CRR, and the downstream off-gas treatment equipment. The three OGBs were 
located upstream of the PBF, downstream of the PBF, and downstream of the GAC bed. Multiple OGBs 
were required to minimize the vacuum in the PBF and the mercury adsorber, as well as to provide the 
necessary gas flow rate. The freeboard vacuum of the CRR was maintained at -10 to -30 in. water column 
(WC). The off-gas was discharged through a monitored exhaust stack in compliance with State of 
Colorado environmental laws. 

2.15 Process Data Acquisition And Control System 

The test system Data Acquisition and Controls System (DACS) used National Instruments 
Programmable Automation Controllers (PACs) for control and data acquisition. The PAC architecture is a 
combination of LabView software, Fieldpoint Controllers, and I/O Modules. LabView software was 
utilized to monitor and control operations of the process from two or more human-machine interfaces 
(HMIs) running on Personal Computers (PCs) located in a control room adjoining the process equipment 
area. Additional PCs were available for monitoring only (no control allowed) from three remote locations. 
The Fieldpoint Controllers contained real-time (RT) programs that ran independently of any PC. These 
RT programs ran the primary control algorithms for the process. The Fieldpoint I/O Modules were the 
means of acquiring signals from and transmitting signals to field devices and sensors to be used in the 
DACS.  

The process control functions included automatic and/or manual control of the following primary 
process loops: 

� Superheater #2 Temperature Control 

� DMR Fluidizing Temperature Control 

� DMR Bed Fluidizing Flow 

� DMR Temperature Control 

� DMR Simulant Feed Control 

� DMR Atomizing Control 

� DMR H2 Control 

� DMR Carbon Feedrate Control 

� DMR Shotpot Control 

� Cyclone Timer Control 

� HTF Temperature Control 

� HTF Blowdown Timer Control 
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� CRR Temperature Control 

� CRR O2 Control 

� CRR N2 Control  

� CRR Shotpot Control 

� CRR Carbon Feedrate Control 

� OGC Temperature Control 

� Reheater Temperature Control 

� PBF Temperature Control 

� PBF Blowdown Timer Control 

� GAC Temperature Control 

� Blower Control. 

The HMIs for the system showed the status of components, provided a control interface for the 
operators, and displayed readings from all the instrumentation in numerical and graphical trend form. In 
addition, the HMI performed NOX destruction calculations and displayed the calculated results on the 
HMI. 

The data acquisition system utilized National Instrument’s proprietary Citadel database for 
electronically archiving data as it was monitored. Each day, data was transformed from the Citadel 
database to an SQL database where it could be exported to an Excel spreadsheet for analysis. Each record 
in the database included the tag name for the data-point, the description, the value, the units, and a 
time-stamp. 
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3. MEASUREMENTS, SAMPLE COLLECTION, 
AND SAMPLE ANALYSIS 

3.1 Process Measurements 

Key process data were recorded during the scoping and production runs. Many other parameters 
and calculations, including the CEMS data, were automatically logged. Additional parameters, such as 
purge-gas flow rates, measured using rotameters, were logged manually. 

Process data logged by the DACS database was done according to appropriate deadband settings. A 
deadband is the minimum percentage of a given range by which a measured value must vary in order for 
the DCS to register a change. For example, if a DACS channel reading pressure is ranged 0-100 PSI and 
the channel “update” deadband is set to 1%, then the pressure from the device must vary by at least 1 PSI 
in order for the DACS to realize a change of value.  

The two main deadbands that control logging resolution were as follows: 

� Update deadband. This parameter dictated the threshold that a value must change by before a new 
value is registered in the tag engine for update on the HMI. 

� Logging deadband. This parameter dictated the threshold that a value must change by before it is 
actually logged in the Citadel database. 

The deadband setting that was of most concern was the logging deadband. In this DACS, the 
update deadbands were always set equal to or smaller than the logging deadbands. This allowed the 
DACS to update sensor/device values at least as frequently as it logged those values. 

Process data that were not electronically logged by the DACS system was recorded manually on 
operator data sheets. Manual control of certain process parameters was also done according to operator 
discretion and the test plan. The measured data are provided in subsequent sections of the report. 

3.2 Continuous Process Monitoring System  

Continuous monitoring of process gas streams and gaseous emissions provided real-time off-gas 
composition measurements for process control, safety, air emissions measurements, and mass balance 
calculations such as NOX destruction determinations. Continuous process gas measurements were made at 
the outlet of the HTF and immediately downstream of the CRR. The concentrations of the individual gas 
stream components were logged into the DACS. 

At the outlet of the HTF downstream of the DMR, the continuous process monitoring system 
(CPMS) monitored for O2, CO2, CO, NO, NO2, NOX, H2, and total hydrocarbons (THC). The THC, 
carbon monoxide, and hydrogen measurements provided an indication of the extent of reducing 
conditions existing in the DMR. Measurements of nitrogen oxides indicated the extent of nitrate 
conversion to nitrogen gas in the DMR. The amount of carbon reductant added to the DMR to maintain 
adequate reducing conditions was controlled by monitoring the hydrogen concentration in the DMR 
process outlet gas. 

At the second CPMS location, downstream of the CRR, O2 was the only gaseous constituent 
measured. Output from the oxygen analyzer controlled the amount of excess oxygen in the CRR and was 
used to determine if an adequate oxidizing environment existed in the CRR to ensure oxidation of carbon 
monoxide.  
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Table 3-1 identifies the types of analyzers and their relevant analytical capabilities used at the two 
sampling locations. The analyzers listed in Table 3-1 were used in conjunction with sample conditioning 
equipment that included sample probes, heated sample lines running from the sample point to the 
instrument location, filters, condensers, pumps, manifolds, and calibration gases. The analyzers were 
calibrated with calibration gases typically before, during, and after each series of tests. The actual 
calibration frequency was determined by consideration of the calibration error and calibration drift that 
the CPMS incurred during each test, as well as consideration of when the analyzers needed to be on-line 
for key test periods. The entire suite of process gas analyzers was typically calibrated at least once per 
operating day. The CPMS data were adjusted for calibration error, drift, linearity, interferences, or bias, as 
necessary, following the test. 

3.3 Continuous Emissions Monitoring System 

The continuous emissions monitoring system (CEMS) was used to generate emissions data to be 
used for environmental permitting and risk assessment activities. The CEMS sampling ports were located 
at the inlet of the carbon bed and in the exhaust stack immediately downstream of Blower B-409. The 
CEMS monitored for CO2, CO, O2, NO, NO2, total NOX, SO2, THC, and Hg. The Hg CEMS was 
provided for CP2 (it was not used during CP1) by ADA Technologies, Inc., and was operated by Hazen 
personnel. The other CEMS, which contained all the other instruments, was provided and operated by Air 
Pollution Testing, Inc. (APT). All activities associated with the operation of the CEMS were in 
accordance with the appropriate, applicable Environmental Protection Agency (EPA) Methods. Table 3-2 
lists the specific analytes of interest, the reference EPA method, and the specifications for the instruments 
used in the APT CEMS. 

Sulfur dioxide (SO2) was measured at the stack sample location along with the other gas species for 
both CP1 and CP2. SO2 was also measured during two short CP2 periods upstream of the mercury 
adsorber, after testing indicated that the carbon bed tended to release small amounts of SO2, which added 
to the process SO2 that was measured at the stack. The S measured upstream of the carbon bed did not 
include any SO2 that evolved from the carbon bed, providing a more direct measurement of the process 
SO2 emissions during those time periods. 

The Hg CEMS was separate from the other CEMS and was used only during CP2. An inadvertent 
bypass of off-gas around the carbon bed during CP1 resulted in stack gas Hg concentrations higher than 
would have occurred, had all the off-gas passed through the carbon bed when Hg was included in the 
simulant feed. This Hg contaminated piping and equipment downstream of the carbon bed during CP1. 
The Hg CEMS was used during CP2 to determine if continued Hg emissions from the residual 
contamination were: (a) significantly higher than the HWC MACT standard for Hg such that the test 
would not be able to demonstrate MACT Standard compliance, and (b) high enough that continued 
operation might exceed the state of Colorado emission limit for the test program of 10 lb total Hg.  

The Hg CEMS included a sample probe, particulate filter, thermo-electric gas cooler to condense 
moisture from the sample gas, a sample pump, and the analyzer. The analyzer was an Ohio Lumex RA 
915+ atomic absorption unit with Zeeman correction. The full-scale range was 0–7,200 �g/m3. This 
analyzer was rangeable down to about 0–100 �g/m3. The analyzer detection limit was about 10 �g/m3 or 
higher. This sensitivity was sufficient for the test objectives, but was not sensitive enough to use the Hg 
CEMS to determine reliably if the stack Hg levels were within HWC MACT limits. 
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Table 3-1. Analyzers used in the CPMS. 

Acceptance Limits 
(% of Full Scale) 

Gas Species Instrument Detection Principle Range Calibration Drift Linearity Bias Reference Method 

HTF Outlet: 

CO CAI*, Model 100 NDIR 0–10% 5 10 2 — 40 CFR 60 App. A 
Method 10 

CO2 Nova, Model 4230 NDIR 0–100% 2 3 4 5 40 CFR 60 App. A 
Method 3A 

**NO, NO2, NOX CAI*, Model 400CLD Chemiluminescence 0–3000 ppm  2 3 4 5 40 CFR 60 App. A 
Method 7E 

**NO, NO2, NOX TECO Model 42C Chemiluminescence 0–500 through 
0–5,000 ppm 

2 3 4 5 40 CFR 60 App. A 
Method 7E 

H2 Nova, Model 4230 Thermal conductivity 0–20% — — — — — 

THC TECO***, Model 51 FID 0–10,000 ppm 5 3 — — 40 CFR 60 App. A 
Method 25A 

O2 Horiba PMA 200 Paramagnetic 0–2% 
0–25% 

2 3 4 5 40 CFR 60 App. A 
Method 3A 

CRR Outlet: 

In situ O2  Teledyne 9060UH-HT Zirconium oxide 0–25%,  
0–100% 

2 3 4 5 40 CFR 60 App. A 
Method 3A 

Two CO2/H2 monitors were used. Each of these monitors measured CO2 and internally performed a pre-calibrated correction for the interference from CO2 on the H2 measurement.  

*California Analytical Instruments, Inc. 
**Two NOX monitors were used. The TECO was on loan form Air Pollution Testing. 
***Thermo Electron Corporation 

FID = Flame ionization detection 
NDIR = Nondispersive Infrared 
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Table 3-2. Analyzers used in the APT CEMS. 

Acceptance Limits 
(% of Full Scale) 

Gas Species Instrument Detection Principle Range Calibration Drift Linearity Bias Reference Method 

CO TECO Model 48H Gas Filter Correlation 
IR 

0–100 through 
0–500 ppm,  

5 10 2 — 40 CFR 60 App. A 
Method 10 

CO2 Servomex Series 1400 NDIR 0–25% 2 3 4 5 40 CFR 60 App. A 
Method 3A 

NO, NO2, NOX TECO Model 42C Chemilumi-nescence 0–500 through 
0–5,000 ppm  

2 3 4 5 40 CFR 60 App. A 
Method 7E 

SO2 Western Research Model 
721M 

UV 0–10 through 
0–1,000 ppm 

2 3 — 5 40 CFR 60 App. A 
Method 6C 

THC JUM Model VE-7 FID 0–20 through 
0–10000 ppm 

5 — — — 40 CFR 60 App. A 
Method 25A 

O2  Servomex Series 1400 Para-magnetic 0–25%  2 3 4 5 40 CFR 60 App. A 
Method 3A 
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3.4 Periodic Manual Stack Gas Sampling 

Supplemental sample points were provided in the off-gas line for the purpose of obtaining manual 
samples for subsequent off-site analysis. These sampling stations were used to collect process grab 
samples in order to support the environmental permitting process, risk assessment development, and the 
design of the GAC mercury adsorber for the full-scale treatment facility. Manually obtained gas samples 
were analyzed for metals, particulate matter, hydrochloric acid, chlorine, dioxins, furans, polychlorinated 
biphenyls, volatile organic constituents, semi-volatile organic constituents, and total organics. As part of 
these methods, the gas flow rates (velocity traverses), carbon dioxide, oxygen, and moisture content of the 
exhaust gases were also determined. In each case, an appropriate EPA Method was used to acquire, 
analyze, and report the result of those analyses.  

The schedule of manual sampling for CP1 is shown in Table 3-3. The scope of manual gas 
sampling during CP2, shown in Table 3-4, was more limited, consistent with the CP2 test objectives. 

The primary location of the sampling stations was in the vertical exhaust stack immediately 
downstream of Blower B-409. A seven-foot straight section of duct was provided between the nearest 
upstream flow disturbance (elbow) and the first of three pairs of sample ports. The three pairs of ports 
were separated by a distance of about 28 in., slightly greater than four duct diameters. Three sample 
locations were provided so that multiple sample acquisition events could be performed simultaneously. 
The sampling ports consisted of 2-in. diameter pipe nipples welded to the 6-in. diameter exhaust stack. 
These sampling ports were capped when not in use. The manual stack gas sampling ports were in addition 
to the ports utilized for the CEMS instrumental analyses described in Section 3.3.  

Manual sampling (for Hg only) was also performed at the outlet of the mercury adsorber 
Stages 1 and 2 during CP1, and at the outlet of all three carbon bed stages during CP2. The purpose of 
these additional samples was to determine the effectiveness of each stage of the GAC adsorber to remove 
mercury from the gas stream. The metals analysis samples taken from the stack sampling ports also 
determined the mercury concentration. 

Isokinetic and extractive samples taken at all locations were collected in impingers, filters, 
absorbents, and Tedlar bags for subsequent laboratory analysis. Sample acquisition was performed in 
accordance with the appropriate EPA Method by APT. Sample analyses were performed by Severn Trent 
Laboratories. All samples withdrawn from the process were carefully collected, individually packaged, 
recorded, and archived. Chain of custody documentation was prepared for all samples taken for 
environmental permitting purposes. 

3.5 Periodic Process Liquids and Solids Sampling 

Samples of process additives, including the waste feed simulant solutions, and the solid products 
from the PR, HTF, and PBF were collected and analyzed during each operational test phase. Solid 
product sampling and analyses were performed for mass balance purposes and to establish the 
acceptability of the material for ultimate disposal at WIPP. Solid products were also analyzed for physical 
and chemical properties such as particle size distribution, particle density, bulk density, mineralogy, and 
individual chemical constituents. 

The chemical characteristics of the material generated by this pilot plant testing are expected to be 
similar to those of the IWTU facility when treating actual SBW. As such, a determination of whether or 
not the pilot plant product exhibited the characteristics that would preclude its acceptability at WIPP was 
relevant. Such analysis would also provide data that would eventually support the development of 
Acceptable Knowledge/Process Knowledge characterization information with respect to the IWTU waste. 
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Table 3-3. Off-gas manual sampling train schedule. 

Analyte 

Total Organics 

Hg GAC 
#1 

Hg GAC 
#2 Metals 

PM/ 
(HCl+Cl2) 

Dioxins/ 
Furans/ 
PCBs VOCs SVOCs 

Field Gas 
Chromatograph 

(FGC) 

Total  
Chromatographable 

Organics/Gravimetric 
(TCO/Grav) Production 

Test 
Number 

Planned 
Duration, 

hr EPA 29 EPA 29 EPA 29 EPA 5/26A EPA 0023A EPA 0031 EPA 0010 EPA 0040 EPA 0010 
Total 
Trains 

1 36   1 1  1 1 1 1 6 

2A 24   1 1      2 

3B 24 1 1 1 1      4 

4A-1 24 1 1 1 1 1 1 1 1 1 9 

4A-2 24 1 1 1 1 1 1 1 1 1 9 

4A-3 24 1 1 1 1 2* 2* 2* 2* 2* 14 

4A-4 24 1 1 1 1 1 1 1 1 1 9 

4A-5 24 1 1 1 1 1 1 1 1 1 9 

4A-6 24 1 1 1 1 1 1 1 1 1 9 

5 24 1 1 1 1      4 

6 24 1 1 1 1      4 

Total trains 9 9 11 11 7 8 8 8 8 79 
* Due to a process upset, these sample trains were repeated on the following day of operation.  
Hence, duplicate runs are indicated. 
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Table 3-4. CP2 stack gas particulate matter and hazardous metals concentrations and emission rates.

Sample Location 

Carbon Bed Outlet 

1 2 3  Stack 

Date Test Period Test OHM OHM OHM  Method 29 

1-Jun-06 1550-1910 1 x x x  x 

3-Jun-06 1150-1550 2 x x x  x 

5-Jun-06 1110-1440 3 x x x  x 

6-Jun-06 1040-1415 4 x x x  x 

7-Jun-06 0950-1310 5 x x x  x 

7-Jun-06 1745-2110 6 x x x  x 

OHM (Ontario Hydro Method) 

(cp2 off-gas emissions aug 8.xls) scope of manual tests 
 

It was expected that the product would not meet Toxicity Characteristic Leaching Procedure 
(TCLP) standards due to the presence of certain heavy metals that would likely not be immobilized by the 
carbonate-based product solid matrix. Although it is not necessary to meet TCLP standards to dispose of 
waste at WIPP, it was necessary to demonstrate that the solid products (material from the PR and HTF), 
did not exhibit other characteristically hazardous properties such as corrosivity, explosivity, reactivity, 
ignitability, or pyrophoricity. It is also necessary to demonstrate that the product contains no detectable 
liquids, which can be formed in the steam reformer process only if the product is deliquescent. 
Corrosivity is not an issue for the SBW solid product because WIPP considers non-liquid products to be 
non-corrosive by definition. (See Remote-Handled Transuranic Waste Acceptance Criteria for the Waste 
Isolation Pilot Plant, [R12]). 

Table 3-5 presents a summary of the liquid and solid sampling and analyses performed for this test 
program that is representative, but not all-inclusive. Examples of liquid and solid sampling that are not in 
Table 3-5 include several samples that were obtained and were not scheduled, other laboratories that were 
employed, and some different analytical methods that were employed for special situations. 

Table 3-5. Process liquids and solids sampling and analysis summary.

Sample Location Sample Frequency 
Analytical 
Laboratory Analyses/Data Required 

SBW Surrogate Solution Once every makeup 
batch or as requested  

Hazen Lab Batch volume, concentration of each 
constituent in Table 3-6, %UDS if used 

DMR Startup Bed Material Bulk material and at 
beginning of each test 

Hazen Lab Concentration of each constituent in 
Table 3-6 

DMR Carbon Additive Bulk material and 
beginning of each test, 
at end, and composite 
of material fed 

Hazen Lab Ash constituents including constituents in 
Table 3-6.  
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Sample Location Sample Frequency 
Analytical 
Laboratory Analyses/Data Required 

DMR Active Bed Sample Once every 4 hours or 
as requested 

Hazen Lab,  
Chilworth Lab 

Each event: total mass, particle size 
distribution (PSD), bulk density, particle 
density, wt% carbon. From Chilworth: 
reactivity, ignitability, pyrophoricity, 
explosivity, deliquescence. As Requested: 
wt% of each constituent in Table 3-6.  

PR Solids Product Once every 8 hours 
during scoping tests 
and once per day or as 
requested during 
production runs 

Hazen Lab,  
Chilworth Lab 

Each event: total mass, particle size 
distribution (PSD), bulk density, particle 
density. From Chilworth: reactivity, 
ignitability, pyrophoricity, explosivity, 
deliquescence. As Requested: wt% of each 
constituent in Table 3-6.  

HTF Solids Product  Once every 8 hours 
during scoping tests 
and once per day or as 
requested during 
production runs 

Hazen Lab,  
Chilworth Lab 

Each drain: total mass. From Chilworth: 
reactivity, ignitability, pyrophoricity, 
explosivity, deliquescence. As Requested: 
Malvern PSD, bulk density, particle density, 
wt% of each constituent in Table 3-6.  

CRR Starting Bed Material Bulk material and at 
beginning of each test 

Hazen lab As Requested: Concentration of each 
constituent in Table 3-6 

CRR Carbon Additive Bulk material and 
beginning of each test, 
at end, and composite 
of material fed 

Hazen Lab As Requested: Analyze for ash constituents 
including constituents in Table 3-6.  

CRR Mineralizing Additive Bulk material and 
beginning of each test, 
at end, and composite 
of material fed 

Hazen Lab As Requested: Analyze for constituents in 
Table 3-6.  

CRR Active Bed Sample Every 8 hours or as 
requested 

Hazen Lab Each Drain: total mass, PSD, bulk density, 
particle density, wt% of each component in 
Table 3-6.  

PBF Solids  
Product 

Once every 8 hours or 
as requested during 
production runs 

Hazen Lab, 
Chilworth Lab 

Each Drain: total mass. From Chilworth: 
reactivity, ignitability, pyrophoricity, 
explosivity, deliquescence. As Requested: 
Malvern PSD, bulk density, particle density, 
wt% of each constituent in Table 3-6.  

GAC Filter Media (Each of 
Three Stages, Multiple 
Samples from Each Stage) 

At end of each test 
sequence/program 

Hazen Lab Mercury, sulfur, and chlorine content and 
mercury TCLP 

CPMS and CEMS 
Condensates 

Daily or as requested Hazen Lab pH, nitrate, nitrite, sulfate, NH4
+, CN-, Hg, 

TIC, TOC 

CPMS carbon filter media Weekly Hazen Lab Chloride, nitrate, nitrite, sulfate, HCN, NH3, 
TGA or proximate analysis 
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Table 3-6. Analytes requested in liquid and solid sample analyses. 
Cations Cations Anions Other 

Al As1 Cl Total C 
B Ce F  
Ca Cr1 NO3  
Fe Cs PO4  
K Hg1 SO4  
Mg Ni CO3  
Mn Pb1   
Na Zn   
Si    
Zr    

Notes: 
1 As, Cr, Hg, and Pb are RCRA heavy metals 

 

The majority of the analyses were performed at an on-site laboratory at Hazen Research, Inc. 
Duplicate analyses of process solid grab samples, where needed to confirm WIPP acceptability, were 
performed by an independent, off-site laboratory (Chilworth Lab). Chain of custody documentation was 
prepared for all samples that were transferred to an off-site laboratory for analysis.  

Results and discussion of the analyses of the samples obtained are presented in Section 7.  

3.6 Metallurgical Analysis  

The THOR® process utilizes moderate temperature thermal treatment to convert sodium-bearing 
liquid wastes into carbonate-rich solid products. Operation of the treatment equipment subjects the 
materials of construction to potentially corrosive environments. In order to verify the most suitable 
materials of construction and to determine acceptable corrosion allowances for the selected metal alloys 
for the full-scale production plant, it was necessary to install coupons of selected metal alloys into the 
process equipment for the duration of the test program. The coupons were subjected to thermal and 
chemical environments typical of the IWTU process operating conditions. Upon completion of the test 
program, the coupons, along with certain process equipment components (specifically, the HTF elements) 
were destructively examined to determine the extent of corrosion or wear. Corrosion mechanisms were 
identified and corrosion rates estimated. 

Table 3-7 provides a list of metal coupons that were installed in each selected part of the process 
system for both the CP1 and CP2 demonstrations. Specific locations and the number of coupons at each 
location were identified. Prior to installing the coupons in the process equipment, each coupon was 
measured. Two coupons of each material were installed in the equipment prior to the start of the CP1 
operations where one coupon was to be archived for future comparison with post-test coupons for the CP1 
demonstration. At least one coupon of each metal was installed in the CP2 demonstration to serve as a 
confirmatory check on the corrosion that occurred during the shorter duration CP2 demonstration. The 
CP1 demonstration ran for a substantial period of time such that corrosion mechanisms and rates could be 
reliably determined. Material certificates of analysis were archived for all coupons. Coupons included a 
full penetration weld. In addition to coupons fabricated from candidate HTF filter materials, actual filter 
elements were fabricated from selected alloys or ceramics and installed in the HTF during testing. 



  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001 

Revision 0

 

 
 

3-10 

Table 3-7. Corrosion coupons. 

Process Location 
Qty for 

CP1 
Qty for 

CP2 Alloy 

2 1 Haynes 556 

2 1 Haynes HR-160 

2 1 Inconel 230 

DMR – In bed above liquid 
waste feed injector 

2 1 316L SS 

2 1 Haynes 556 

2 1 Haynes HR-160 

2 1 Inconel 230 

2 1 316L SS 

 1 Inconel 601 – wire 

 1 Inconel 617 – wire 

 1 Inconel 625 – wire 

 1 Haynes 556 – wire 

 1 Haynes HR-160 – wire 

 1 Alloy X – wire 

DMR – Freeboard above bed 

 1 Alloy 693 – wire 

2 1 Haynes 556 

2 1 Haynes HR-160 

2 1 Inconel 230 

HTF – On dirty side of filters 
suspended from inlet diffuser 

 1 316L SS 

  Microfiltrex/Porvair 

2  Inconel 601 –Metal Fiber 

2  Alloy VDM – Metal Fiber 

 9 316L SS – Metal Powder 

2  Mott/Bekaert 

2  Inconel 601 – Metal Fiber 

  Alloy HR – Metal Fiber 

2  Pall 

  Inconel 601 – Metal Fiber  

 5 Alloy X – Metal Powder 

HTF Filter media:  

Sintered metal 

Nominal 3-5 micron 

 4 Silicon Carbide - Ceramic 
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Process Location 
Qty for 

CP1 
Qty for 

CP2 Alloy 

2 1 Haynes 556 

2 1 Haynes HR-160 

CRR – In bed above process FG 
distributors 

2 1 Inconel 230 

2 1 Haynes 556 

2 1 Haynes HR-160 

CRR – In bed above air/oxygen 
distributors 

2 1 Inconel 230 

2 1 Haynes 556 

2 1 Haynes HR-160 

CRR – Freeboard above bed 

2 1 Inconel 230 

2  Hastelloy C-22 

2  Hastelloy C-276 

2  Hastelloy C-2000 

QS – Submerged in tank 

2  AL6XN 

2 2 316L SS 

2 2 317 SS 

2 2 AL6XN 

 1 C-2000 

 1 C-276 

PBF – On upstream side of 
filters 

 1 C-22 

  Microfiltrex/Porvair PBF – Filter Element 

2 2 Inconel 601 –Metal Fiber 

 1 316L SS 

 1 317 SS 

 1 AL6XN 

 1 C-2000 

 1 C-276 

PBF – Downstream side of 
filters 

 1 C-22 
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Upon completion of the test program the coupons were removed from the process equipment and 
shipped to a qualified metallurgical lab, Savannah River National Laboratory (SRNL), for analysis. Each 
coupon was measured and visually inspected by the lab. One of the two coupons of each material in each 
process location was destructively examined to identify the corrosion mechanism and extent of corrosion. 
An estimate of the extent of corrosion and corrosion rate was made for each coupon examined. A second 
metallurgical professional independently examined the results of the analyses and evaluations. 

Two sets of corrosion coupons were prepared and evaluated, one set exposed during the CP1 
operations and a second confirmatory set during the CP2 operations.  

The detailed Metallurgical Plan GWI 1.5 provides details on the metallurgical evaluation plan for 
the corrosion coupons for both the CP1 and CP2 tests. Results of the metallurgical evaluation of the CP1 
and CP2 corrosion coupons are discussed in Section 9. 
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4. SIMULANT COMPOSITIONS 

Aqueous solutions of various metal salts in combination with organic constituents were prepared 
for use in the pilot plant test program. The non-radioactive simulants used are listed in Table 4-1.  

Table 4-1. Composition of non-radioactive simulants. 

Simulant 
Number Composition 

1 Baseline SBW supernatant solution to simulate the composition of actual SBW liquid decanted from 
the INL waste tanks.  

2 Baseline SBW solution plus a quantity of UDS simulating fully mixed SBW slurry.  

3 Fully mixed SBW slurry, plus the addition of selected heavy metals and radionuclide surrogates. 

4 Fully mixed SBW slurry, plus selected heavy metals/radionuclide surrogates, plus one POHC. 

5 Fully mixed SBW slurry (with heavy metals and radionuclide surrogates) but with a higher UDS 
loading, simulating a worst-case UDS concentration. 

6 Very dilute SBW solution (including heavy metals and radionuclide surrogates) with a high UDS 
loading to simulate a water washdown of INL waste tanks to remove residual UDS sludge once the 
majority of the SBW liquid has been removed.  

7 Baseline SBW supernatant solution plus selected heavy metals/radionuclide surrogates to simulate 
the composition of actual SBW liquid decanted from the INL waste tanks. 

 

CP-1 testing used Simulants 1-6 while CP-2 testing used Simulants 1 and 7 only. Testing 
accomplished with Simulant 4 represented, as closely as is feasible in a pilot plant setting, the worst-case 
composition of the combined INL SBW liquid waste streams, with nominal UDS. Simulants 5 and 6 
represented worst-case UDS loadings, and were intended to challenge the operability of the liquid feed 
and atomization system of the DMR. Simulant 7 represents the INL waste tank supernates, which will be 
the majority of the tank waste that will be processed through the IWTU.  

The type and concentration of the components of the supernatant solution, the UDS, the 
appropriate heavy metals, and POHCs were derived from INEEL/EXT-2000-01378, “Feed Composition 
for the Sodium-Bearing Waste Treatment Process,” Revision 4, June 2004 [R13]. The composition of 
Tanks WM-187, -188, and -189 was considered in arriving at a baseline composition of the individual 
components of the feed materials. The compositions of the various components of the different types of 
feed liquids are discussed in the following sections. 

4.1 SBW Supernatant Solution 

Scoping Tests S-2 through S-8, and CP-1 Production Tests P-1 and P-2A used the surrogate 
materials and concentrations identified in the Table 4-2 baseline supernatant solution simulant. In most 
cases, the concentration value shown in the table represents the worst-case (highest) concentration found 
in the three tanks of interest or in the projected newly-generated liquid waste (NGLW) that is separate 
from the waste currently stored in WM-187, -188, and -189. For iron and manganese, which may have a 
beneficial catalytic effect on the process, the lowest concentration of the three tanks was used. The 
threshold concentration value used to determine whether cationic or anionic species were to be included 
in the formulation was 10-2 M. Species that were more dilute than 10-2 M were considered minor 
contributors and were not included in the baseline formulation. Neither surrogates for radionuclides nor 
heavy or toxic metals were included in the formulation of the baseline supernatant solution. The 
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concentration of the various constituents is given in both moles per liter (moles/L) and in parts per million 
(ppm) (by weight) assuming a specific gravity of the solution of 1.3. For the CP2 test, the concentration 
of phosphate was decreased to 0.005 moles/L to better reflect the concentration of phosphate in the SBW 
at the INL. 

Table 4-2. Composition of baseline supernatant simulant solution (without heavy metals). 

CP1 CP2 

Component Reagent 
Conc. 

(moles/l) 
Conc. 
(ppm) 

Conc. 
(moles/l) 

Conc. 
(ppm) 

Acid HNO3 (See Nitrate) 3.06   3.06  

Aluminum Al(NO3)3
.9H2O 0.719 14,900 0.719 14,900 

Boron H3BO3 0.0217 180 0.0217 180 
Calcium Ca(NO3)2

.4H2O 0.0731 2,250 0.0731 2,250 
Iron Fe(NO3)3

.9H2O 0.0217 932 0.0217 932 
Magnesium Mg(NO3)2

.6H2O 0.0257 480 0.0257 480 

Manganese Mn(NO3)2 
(50 wt% sol’n, �=1.54) 

0.0152 642 0.0152 642 

Potassium KNO3 0.225 6,770 0.225 6,770 
Sodium NaNO3 2.20 38,900 2.20 38,900 

Anions in Solution 

Chloride NaCl 0.0334 912 0.0334 912 
Fluoride HF (28.9 M sol’n) 0.0506 740 0.0506 740 

Nitrate HNO3 

(69 wt% sol’n, �=1.41) 
7.53 359,000 7.53 359,000 

Phosphate Na3PO4
.12H2O 0.0138 1,000 0.005 362 

Sulfate Na2SO4 0.107 8,070 0.107 8,070 
 

Four batches of simulant were made for the scoping tests and ten for the production tests. Eight 
batches were made for the CP-1 testing and two batches were made for the CP-2 testing. The batches 
were produced using the procedure defined in Attachment A of OI 1.3, “Sodium Bearing Waste Pilot 
Plant Normal Operations” [R14]. 

Table 4-3 provides the as-analyzed chemical makeup of the SBW supernatant solution surrogates 
(without heavy metals) used in the CP1 and CP2 test programs. Samples of the feed solutions were 
acquired in accordance with OI 1.5, “Sodium-Bearing Waste Pilot Plant Solids and Liquid Sampling” 
[R15]. Several of the sample results exceeded the target composition by >20%. Since the elements that 
have discrepancies with the target are minor components of the simulant there is little effect to the process 
chemistry. The composition is reasonably close to actual SBW and representative of how SBW will be 
processed through the IWTU and how elements will interact and flow through the plant. The actual 
concentration of the feed is important to mass balance and the analytical results were used except where 
there was reason to use another concentration (see Section 7.8). 
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Table 4-3. CP1 chemical analysis of baseline simulant solutions (without heavy metals). 

 
CP1 

Batch #1 
CP1 

Batch #2 
CP1 

Batch #3 
CP1 

Batch #4 
CP1 

Batch #5 
CP1 

Batch #6 
CP1 

Batch #10 
CP1 

Batch #14 
CP2-1 
TK100 

CP2-2 
TK 100 

Batch Date 11/15/2005 11/16/2005 12/5/2005 1/6/2006 1/16/2006 1/22/2006 1/31/2006 2/3/2006 5/15/2006 6/3/2006 
Batch Volume 26.4 gal 449.1 gal 1500 gal 1175 gal 1500 gal 1500 gal 1500 gal 1500 gal 1500 gal 1500 gal 
Specific Gravity N/A N/A N/A 1.31 1.32 1.34 1.32 1.3 1.34 1.34 

Component 

Desired 
Concentration 

(g/l) 
Conc. 
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Conc.  
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Conc. 
(g/l) 

Cations in Solution  
Acid as HNO3 195 190.00 190.00 167.00 161.00 162.00 174.00 162.00 151.00 1441 1471 

Aluminum 19.4 11.401 11.401 18.00 20.80 17.70 18.50 17.40 16.90 21.9 21.1 
Boron 0.235 0.23 0.23 0.21 0.19 0.22 0.112 0.26 0.25 0.224 0.244 
Calcium 2.93 3.23 3.23 3.43 2.87 2.73 2.94 2.64 2.59 3.14 3.17 
Iron 1.21 1.27 1.27 1.551 1.24 1.22 1.41 0.99 1.12 1.35 1.27 
Magnesium 0.625 0.871 0.871 0.921 0.761 0.72 0.841 0.62 0.60 0.7641 0.586 
Manganese 0.835 0.73 0.73 1.302 0.81 0.67 0.84 0.79 0.68 0.858 1.442 

Potassium 8.81 N/M N/M 8.91 8.43 8.17 8.83 8.86 8.42 10.2 10.71 

Sodium 50.6 52.30 52.30 44.70 49.30 46.60 51.50 48.80 45.50 56.7 56.4 
Anions in Solution 

Chloride 1.19 2.022 2.022 1.601 1.761 1.631 2.012 1.691 1.721 2.002 2.032 

Fluoride 0.961 0.052 0.052 0.85 N/M N/M 0.95 0.79 0.72 0.85 0.97 
Nitrate 467 456.00 456.00 459.00 469.00 487.00 440.00 472.00 430.00 529 521 
Phosphate CP-1 = 1.31 

CP-2 = 0.475 
1.42 1.42 1.17 1.20 1.27 1.24 1.28 1.35 0.504 0.503 

Sulfate 10.5 11.90 N/A 10.70 9.38 10.70 10.60 11.10 12.00 12.1 11.2 
Notes: 
1. Composition varies from the target by greater than 20%. 
2. Composition varies from the target by greater than 50%. 
N/A = Not Available 
N/M = Not Measured 
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4.2 Undissolved Solids And Heavy Metals Simulants 

The purpose of adding UDS to the feed mixture was to establish whether or not a slurry with the 
composition of a fully-mixed waste tank, specifically WM-187, that contains the majority of the UDS, 
can be accommodated by the design of the feed system and feed nozzle, and whether the system can 
process the feed simulant containing the UDS. 

The composition of the UDS added to the supernatant solution to produce a combined 
supernate/UDS feed slurry is shown in Table 4-4. The third column of the table shows the concentration 
of the particular component in question; whereas, the fourth column shows the concentration of the 
reagent containing that component, e.g., the dry mixture of UDS consisted of 40.6 wt% Zr(HPO4)2, which 
resulted in a zirconium concentration in the mixture of 13.1 wt% and a phosphate concentration (as PO4

-3) 
of 27.2 wt%. 

Table 4-4. Composition of the UDS Added to the Supernatant Solution. 

Component Reagent 

Component 
Concentration  

(wt%) 

Reagent 
Conc. 
(wt%) 

Aluminum Al2O3
.2SiO2 (kaolin) 2.2 8.9 

Iron Fe2SiO4 2.6 4.7 

Amorphous Silica 22.9 Silicon 

Ground Quartz 
24.3* 

22.9 

Zirconium 13.1 

Phosphate 
Zr(HPO4)2 

27.2 
40.6 

* Percentage shown includes the silicon contribution from both the kaolin and iron silicate 
 

The particle size distribution of the UDS used for the test program matched that of the UDS in the 
INL waste tanks, i.e., 1-100 microns with a mean particle size of 10 microns. However, the zirconium 
phosphate received for use in the test program had a sizable (<5%) fraction of particles that exceeded 
600 microns in size, which led to the following: 

� A batch of UDS-bearing feed with the improper size distribution zirconium phosphate was made 
up. The processing of this surrogate batch led to plugging of the small (1/4 in.) tubing feed lines 
from the makeup feed tanks to the DMR and the waste feed injector. Processing of this batch of 
feed was successfully completed with installation of filters/strainers on the feed lines to remove 
oversize particles.  

� The zirconium phosphate was sieved through a 30-mesh screen (595 micron) to separate the 
oversize particles from the feed. 

� A second batch of UDS-bearing feed was made up where a portion of the zirconium phosphate 
used during makeup process was from the oversize portion of the screened zirconium phosphate. 
This led to a repeat of the plugging problems. This batch of feed was wet-sieved to remove the 
oversized zirconium particles and used in later testing. 
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The target concentration of UDS in the feed slurry was 93 grams per liter (g/L), which represented 
the expected UDS concentration found in Tank WM-187 if well mixed, which in turn, represented the 
worst case expected UDS loading in well mixed Tanks WM-187, -188, and -189. However, 14% of the 
mass of the UDS is water of hydration. Therefore, the net amount of insoluble materials with no waters of 
hydration to be added to the supernatant solution was 80 g/L. As the testing progressed, calcined kaolin 
clay was replaced by hydrated clay as the calcined clay was suspected of contributing to undesirable 
reactions in the DMR. When this change was made, the UDS from the clay was increased to meet the 
93 g/L target stated above. 

Batches of simulant solutions with 80 g/L unhydrated (93 g/L hydrated) UDS were generated using 
the procedure defined in Attachment C of OI 1.3, “Sodium Bearing Waste Pilot Plant Normal Operations” 
[R14]. To facilitate mixing and transfer of the UDS, four batches of UDS laden material were mixed in a 
small batch tank and then transferred to the feed tank.  

Table 4-5 shows the as-added UDS content of the feed for the CP1 UDS production runs P-2A 
through P-4A-6. 

CP1 production run P-2A involved the use of SBW with the addition of UDS only, without heavy 
metals and POHC. CP1 production runs P-3B through P-4A-6 included the addition of UDS and heavy 
metals, POHC, and radionuclide surrogates to the feed slurry. The reason for excluding these materials 
from scoping tests, CP1 production test P-1, and CP2 test DMR-1 was that a significant portion of the 
testing program could be accomplished without the added burden of industrial hygiene, waste disposal, 
and off-gas monitoring requirements attendant to using these hazardous materials. The additional metal 
salts included in the supernate/UDS/ heavy metal feed materials were derived from 
INEEL/EXT-2000-01378, Revision 4 [R13].  

Chromium, arsenic, lead, mercury, nickel, cerium, cesium, and zinc were the selected metal salts 
added to the feed mixture for the heavy metal mixture (note that only chromium, arsenic, lead, and 
mercury are RCRA-listed heavy metals), and, in the case of these metals, the 10-2M threshold criterion 
was not considered. Beryllium, cadmium, silver, and selenium were not included in the heavy metal 
additive mix because of one or more of the following:  

1. They have an extremely low concentration in the SBW tanks. 

2. Their presence in the feed mixture would impose engineering controls and industrial hygiene 
requirements not available or feasible at the pilot plant facility. 

3. Their chemistry in the DMR parallels, and was represented by, similar elements that were included 
in the feed mixture (e.g. cadmium was not include because it is chemically similar to zinc.). 

Cerium was included in the mix as a surrogate for actinides expected to be present in the SBW 
tanks. Non-radioactive cesium was added to represent radioactive cesium isotopes known to be 
constituents in SBW. The expected concentrations of these two elements in the SBW tanks was very low 
(10-6 to 10-5 M), so their concentrations in the surrogate feed mixture were increased by a factor of 1,000 
during CP1 and 100 during CP2 to increase their detectability in the solid products generated by the 
process. 
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Table 4-5. Production run UDS additions. 

Batch # 
5A 1 

Batch # 
7 

Batch # 
8  

Batch # 
9 

Batch # 
11 

Batch # 
12 

Batch # 
13 

Batch # 
15 

Component Reagent 

Reagent 
Conc. 
(wt %) 

Reagent 
Weight 
Needed 

(kg) 

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg)  

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg) 

Reagent 
Weight 
Added 
(kg) 

Aluminum Al2O3
.2SiO2 

(kaolin) 
8.9 12.8 11.3 12.8 12.8 12.8 12.8 12.8 12.8 12.8 

Iron Fe2SiO4 4.7 6.8 6.0 6.8 6.8 6.8 6.8 6.8 6.8 6.8 

Amorphous 
Silica 

22.9 32.8 29.1 32.8 32.8 32.8 32.8 32.8 32.8 32.8 Silicon 

Ground 
Quartz 

22.9 32.8 29.1 32.8 32.8 32.8 32.8 32.8 32.8 32.8 

Zirconium 
Phosphate 

Zr(HPO4)2 40.6 58.4 51.8 58.4 58.4 58.4 58.4 58.4 58.4 58.4 

Notes: 

1. Batch 5A based on a 1600 liter final batch. 
2. All UDS weights based on an 1800 liter final batch, except where noted. 
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Tests in which heavy metals and radionuclide simulants were used employed a supernatant solution 
similar to that shown in Table 4-2, but with additional cations included. Table 4-6 shows the target 
composition of the supernatant solution that included the heavy metal and radionuclide surrogates. 
Table 4-7 and Table 4-8 show the analytical composition of heavy metal batches from CP1 and CP2 
testing respectively. Several of the sample results exceeded the target composition by >20%. Since the 
elements that have discrepancies with the target are minor components of the simulant there is little effect 
to the process chemistry. The composition is reasonably close to actual SBW and representative of how 
SBW will be processed through the IWTU, and how elements will interact and flow through the plant. 
The actual concentration of the feed is important to mass balance and the analytical results were used 
except where there was reason to use another concentration (see Section 7.8). 

Table 4-6. Desired composition of the simulant solution (with heavy metal and radionuclide surrogates). 
CP-1  CP-2 

Component Reagent 
Concentration

(M/l) 
Concentration

(ppm)  
Concentration 

(M/l) 
Concentration

(ppm) 

Cations in Solution 
Acid HNO3

 (See Nitrate) 2.88   2.88  
Aluminum Al(NO3)3

.9H2O 0.719 14,900 0.719 14,900 
Arsenic H3AsO4

.0.5H2O 0.000492 28.4 0 0 
Boron H3BO3 0.0217 180 0.0217 180 
Calcium Ca(NO3)2

.4H2O 0.0731 2,250 0.0731 2,250 
Cerium Ce(NO3)3

.6H2O 0.0483 5,210 0.00483 521 
Cesium CsNO3 0.0353 3,610 0.00353 361 
Chromium Cr(NO3)3

.9H2O 0.00569 228 0.00569 228 
Iron Fe(NO3)3

.9H2O 0.0217 932 0.0217 932 
Lead Pb(NO3)2 0.00134 214 0.00134 214 
Magnesium Mg(NO3)2

.6H2O 0.0257 480 0.0257 480 
Manganese Mn(NO3)2  

(50 wt% sol’n, �=1.54) 
0.0152 642 0.0152 642 

Mercury Hg(NO3)2
.2H2O 0.00713 1,100 0.00713 1,100 

Nickel Ni(NO3)2
.6H2O 0.00255 115 0.00255 115 

Potassium KNO3 0.225 6,670 0.225 6,670 
Sodium NaNO3 2.20 38,900 2.20 38,900 
Zinc Zn(NO3)2

.6H2O 0.00498 250 0.008 402 
Anions in Solution 

Chloride NaCl 0.0334 912 0.0334 912 
Fluoride HF (28.9 M sol’n) 0.0506 740 0.0506 740 
Nitrate HNO3  

(69 wt% sol’n, �=1.41) 
7.59 362,000 7.59 362,000 

Phosphate Na3PO4
.12H2O 0.0138 1,000 0.005 362 

Sulfate Na2SO4 0.107 8,070 0.107 8,070 
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Table 4-7. Chemical analysis of CP1 simulant solutions (with heavy metals). 

 
Batch #7 
T-101B 

Batch #8 
T-101A 

Batch #9 
T-101B 

Batch #11 
T-101A 

Batch #12 
T-101A 

Batch #13 
T-101B 

Batch #15 
T-101A 

Test P3B P-4A1 P-4A2 P-4A3 P-4A4 P-4A5 P-4A6 
Batch Date 1/28/2006 1/29/2006 1/30/2006 2/1/2006 2/2/2006 2/3/2006 2/4/2006 
Batch Volume 1,800 liters 1,800 liters 1,800 liters 1,800 liters 1,800 liters 1,800 liters 1,800 liters 
Batch Specific Gravity 1.37 1.38 1.39 1.37 1.35 1.37 1.33 

 

Component 
Desired Concentration 

(g/l) 
Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Cations in Solution  
Acid 181 159.00 160.00 163.00 154.00 149.00 152.00 138.00 
Aluminum 19.4 17.00 17.40 17.70 17.90 19.90 19.70 18.40 
Arsenic 28.4 ppmw 24.00 ppmw 19.50 ppmw 21.50 ppmw 298.00 ppmw2,3 41.80 ppmw1 22.90 ppmw 24.60 ppmw 
Boron 0.235 0.27 0.25 0.24 0.23 0.16 0.18 0.28 
Calcium 2.93 2.82 2.80 2.91 2.59 2.62 2.67 2.54 
Cerium 6.77 4.22 4.04 4.42 3.082 2.072 4.01 4.11 
Cesium 4.69 6.471 6.401 6.601 4.06 2.86 6.071 6.091 

Chromium 0.296 0.23 0.24 0.25 0.23 0.112 0.22 0.23 
Iron 1.21 2.632 2.842 3.572 3.632 1.631 2.342 2.652 

Lead 0.278 0.26 0.26 0.26 0.25 0.24 0.26 0.24 
Magnesium 0.625 0.69 0.75 0.781 0.63 0.68 0.67 0.63 
Manganese 0.835 0.73 0.76 0.77 0.73 0.73 0.73 0.61 
Mercury 1,059 ppmw 1,280 ppmw1 1,300 ppmw1 1,320 ppmw1 1,390 ppmw1 1,320 ppmw1 1,310 ppmw1 1,340 ppmw1 

Nickel 0.15 0.16 0.17 0.17 0.16 0.15 0.15 0.16 
Potassium 8.8 8.82 9.45 9.11 8.78 8.45 8.81 7.73 
Sodium 50.6 47.40 49.40 48.90 46.40 45.80 45.90 42.70 
Silicon 19.4 19.20 20.00 20.30 20.10 17.70 21.20 20.90 
Zinc 0.326 0.32 0.30 0.32 0.30 0.30 0.32 0.35 
Zirconium 10.5 6.17 3.172 6.53 7.81 3.912 5.48 4.922 
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Component 
Desired Concentration 

(g/l) 
Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Anions in Solution 
Chloride 1.18 0.72 0.79 0.84 1.10 1.15 1.21 1.07 
Fluoride 0.961 0.84 0.83 0.89 0.78 0.72 0.75 0.60 
Nitrate 471 526.00 475.00 473.00 462.00 463.00 462.00 382.00 
Phosphate 23.07 17.50 20.30 23.40 27.50 15.70 21.20 28.501 

Sulfate 10.3 10.28 10.35 10.70 10.28 10.30 N/A 9.46 
Notes: 

1. Composition varies from the target by greater than 20%. 
2. Composition varies from the target by greater than 50%. 
3. Batch #11 arsenic high due to incorrect addition of arsenic acid during batch makeup (900 ml added instead of 90 ml). 

N/A = Not Available 
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Table 4-8. Chemical analysis of CP2 simulant solutions (with heavy metals). 

  
CP2-M1 
TK 101B 

CP2-M2 TK 
101A 

CP2-M3  
TK 101B 

CP2-M4 TK 
101A 

Batch Date 6/3/2006 6/4/2006 6/5/2006 6/6/2006 

Batch Volume 1800 liters 1800 liters 1800 liters 1800 liters 

Batch Specific Gravity 1.35 1.36 1.36 1.36 

Component 
Desired Concentration 

(g/l) 
Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Conc.  
(g/l) 

Cations in Solution  

Acid 181 149 144 145 144 

Aluminum 19.4 21.6 21.7 21.1 21.6 

Arsenic 0 N/M N/M N/M N/M 

Boron 0.235 0.225 0.257 0.229 0.238 

Calcium 2.93 3.03 3.09 3.23 3.03 

Cerium 0.677 0.5191 0.5081 0.4911 0.5071 

Cesium 0.469 0.402 0.417 0.420 0.426 

Chromium 0.296 0.252 0.244 0.240 0.245 

Iron 1.21 1.29 1.30 1.33 1.30 

Lead 0.278 0.242 0.256 0.265 0.266 

Magnesium 0.625 0.7731 0.609 0.603 0.570 

Manganese 0.835 0.808 1.382 1.372 1.402 

Mercury 1059 ppmw 1111 ppmw 1103 ppmw 1103 ppmw 1118 ppmw 

Nickel 0.15 0.141 0.146 0.145 0.148 

Potassium 8.8 10.2 10.1 10.1 10.3 

Sodium 50.6 52.9 53.5 55.5 58.0 

Silicon 0 N/M N/M N/M N/M 

Zinc 0.523 0.522 0.524 0.523 0.522 

Zirconium 0 N/M N/M N/M N/M 

Anions in Solution 

Chloride 1.18 1.431 1.481 1.541 1.471 

Fluoride 0.961 0.93 0.93 0.92 0.94 

Nitrate 471 524 488 545 544 

Phosphate 0.475 0.562 0.5721 0.5821 0.5721 

Sulfate 10.3 10.9 11.0 12.1 11.6 
Notes: 

1. Composition varies from the target by greater than 20%. 
2. Composition varies from the target by greater than 50%. 

N/A = Not Available 
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For the CP2 test it was decided, as written in the test plan, to modify the composition of the heavy 
metal SBW simulant. The following changes were made to the heavy metal surrogate target 
concentrations: 

� The cesium and cerium target concentrations were reduced by a factor of 10. The concentrations 
used during CP1 testing were a factor of 1000 greater than the concentrations in of actual SBW for 
detectability. However, CP1 testing indicated that cesium and cerium would be detectable at a 
concentration 10x less than was used. 

� Arsenic was not added to the heavy metal surrogate during CP2 testing. CP1 testing showed that 
the arsenic is captured in the solid product and not released in the process off-gas. Arsenic is not 
expected to influence DMR bed particle size since it is only present at very low concentrations and 
due to the industrial hygiene challenges associated with arsenic it was decided not to include 
arsenic in the surrogate. 

� The phosphate target concentration was reduced from 0.138 M to 0.005 M to better reflect the 
concentration of the SBW at the INL. 

� The zinc target concentration was increased to 0.008 M to represent the total concentration of zinc 
plus cadmium in the SBW on a mass basis rather than on a molar basis. Zinc and cadmium are 
chemically similar and therefore can be used to determine the fate of cadmium, which is a concern 
to industrial hygiene in the IWTU. 

Batches of simulant solutions with heavy metal and radionuclide surrogates were generated using 
the procedures defined in Attachments B and C of OI 1.3, “Sodium Bearing Waste Pilot Plant Normal 
Operations” [R14]. Table 4-7 and Table 4-8 provide the desired and as-analyzed chemical makeup of the 
SBW supernatant solution simulants (with heavy metals) used in the CP1 and CP2 tests respectfully. 

CP1 Production Test P-5 was run at a higher UDS loading to represent a more concentrated INL 
tank slurry, i.e., one in which some of the solution is decanted from the tank, but where the remaining 
solids and liquids are fully mixed. In this case, the concentration of UDS was 120 g/L unhydrated 
(140 g/L hydrated), a 50% increase over the UDS composition of Tank WM-187. This surrogate was 
produced in the same manner as the UDS and heavy metal additions above, with the exception that the 
higher level of UDS was added in a total of six additions instead of four. Table 4-9 and Table 4-10 show 
the UDS additions and SBW simulant analyses for CP1 Production Test P-5. 

Production Test P-6 was conducted at the 120-g/L level of UDS unhydrated (140 g/L hydrated), 
but with a supernatant solution at only 10% of the concentration of that expected in Tank WM 187. This 
test simulated a concentrated UDS sludge being rinsed out of the tank with a dilute supernate solution or 
with water. This surrogate was produced using Attachments C and F of OI 1.3, “Sodium Bearing Waste 
Pilot Plant Normal Operations” [R14]; Table 4-9 and Table 4-11 show the UDS additions and SBW 
simulant analyses for Test P-6. 
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Table 4-9. Reagent additions for CP1 production runs 5 and 6 with 120 g/L UDS. 
Batch #16 Batch #17 
2/5/2006 2/10/2006 

 

CP-1 Test P-5 CP-1 Test P-6 

Component Reagent 
Reagent Conc. 

(wt %) 

Reagent Weight 
Needed  

(kg) 

Reagent Weight 
Added  
(kg) 

Reagent Weight 
Added  
(kg) 

Aluminum Al2O3
.2SiO2 

(kaolin) 
13.4 19.2 19.2 19.2 

Iron Fe2SiO4 7.0 10.2 10.2 10.2 
Amorphous Silica 34.4 49.2 49.2 49.2 Silicon 
Ground Quartz 34.4 49.2 49.2 49.2 

Zirconium 
Phosphate 

Zr(HPO4)2 60.9 87.6 87.6 87.6 

 
Table 4-10. Chemical analysis of simulant solutions for CP1 Run 5 (with heavy metals, 120 g/L UDS).

 
Batch #16 
T-101A 

Batch Date 2/5/2006 
Batch Volume 1800 liters 
Batch Specific Gravity 1.36  

Component 

Desired 
Concentration 

(g/L) 
Conc. 
(g/L) Component 

Desired 
Concentration 

(g/L) 
Conc.  
(g/L) 

Cations in Solution 
Acid 181 140.001 Magnesium 0.625 0.63 
Aluminum 19.4 18.90 Manganese 0.835 0.611 

Arsenic 28.4 ppmw 24.30 ppmw Mercury 1059 ppmw 1400.00 ppmw1 

Boron 0.235 0.19 Nickel 0.15 0.16 
Calcium 2.93 2.48 Potassium 8.8 7.70 
Cerium 6.77 6.23 Silicon   29.902 

Cesium 4.69 4.45 Sodium 50.6 41.30 
Chromium 0.296 0.231 Zinc 0.326 0.33 
Iron 1.21 3.012 Zirconium   8.982 

Lead 0.278 0.25   
Anions in Solution 

Chloride 1.18 1.06 Phosphate 1.31 25.802 

Fluoride 0.961 0.611 Sulfate 10.3 10.60 
Nitrate 471 411.00   

Notes: 

1. Composition varies from the target by greater than 20%. 
2. Composition varies from the target by greater than 50%. 
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Table 4-11. Chemical analysis of 10% SBW simulant solutions for CP1 Run 6 (with heavy metals, 
120 g/L UDS). 

 Batch # 17 

Batch Volume 1800 liters 

Batch Specific Gravity 1.12 

  

Component 

Desired 
Concentration 

(g/L) 
Conc.  
(g/L) Component 

Desired 
Concentration 

(g/L) 
Conc.  
(g/L) 

Cations in Solution 

Acid 18.1 121 Magnesium 0.0626 0.067 

Aluminum 1.94 14.82 Manganese 0.0835 0.0561 

Arsenic 2.84 ppmw 0.45 ppmw Mercury 105.9 ppmw 87.2 ppmw 

Boron 0.0235 <0.06 Nickel 0.015 0.0221 

Calcium 0.293 0.2241 Potassium 0.88 0.5711 

Cerium 0.677 0.5381 Silicon 19.44 11.51 

Cesium 0.469 0.1232 Sodium 5.06 3.491 

Chromium 0.0296 0.0221 Zinc 0.0326 0.034 

Iron 0.121 0.3142 Zirconium 0.12 0.672 

Lead 0.0278 0.0221   

Anions in Solution 

Chloride 0.118 0.1 Phosphate 0.131 6.322 

Fluoride 0.0961 0.09 Sulfate 1.03 0.791 

Nitrate 47.1 1142   
Notes: 

1. Composition varies from the target by greater than 20%. 
2. Composition varies from the target by greater than 50%. 

 

The POHC chosen for the DRE phase of the testing was monochlorobenzene, a Class 1 POHC 
from the Dayton List. The POHC selection was based on criteria recommended in reference and guidance 
documents [R16, 17, 18, 19].  

Monochlorobenzene was selected as the best POHC for the pilot-scale tests, as it is a liquid at room 
temperature and ranked 20th on the thermal stability index (TSLoO2, Thermal Stability Low O2). The 
thermal stability ranking is based on the temperature required to destroy at least 99% of the compound in 
2 seconds at the test conditions (T99(2)). The T99(2) for monochlorobenzene is 990°C, higher than any 
other organic species identified in SBW sample analyses except for benzene (1,150°C). As a chlorinated 
aromatic compound, monochlorobenzene is a conservatively representative organic simulant, which is 
chemically similar to the very small quantity of difficult-to-destroy compounds detected in the SBW. 
Small quantities of oxygenated compounds like phthalates and nitrated compounds like nitrobenzene have 
been detected in the SBW, but these compounds tend to be easier to destroy in thermal processes 
according to their relative thermal stability rankings. 
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4.3 Principal Organic Hazardous Constituent 

CP1 Production Tests P-4A-1 through P-4A-6 incorporated the metered injection of a POHC into 
the feed line from the liquid waste feed tank (T-101-A or T-101-B) to the DMR. The POHC injection rate 
was at a much higher concentration in the total simulant feed than the combined total of all potential 
organics in the actual SBW, in order to achieve detection limits needed to provide data on organic DRE in 
the steam reforming process. The POHC was metered into the feed stream rather than mixed with the 
remainder of the feed slurry so that a very accurate measurement could be made of the amount fed to the 
DMR for purposes of determining the DRE. 
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5. TEST PROGRAM DESCRIPTION 

The overall test program was conducted in four discreet phases: (1) equipment checkout and 
functional testing, (2) the hydrogen/oxygen safety test, (3) scoping tests, and (4) production tests. The 
first three phases of testing were performed in order to complete all preparations necessary for the 
conduct of the production runs. The production tests were performed in two phases, noted as Carbonate 
Phase 1 (CP1) and Carbonate Phase 2 (CP2). 

5.1 Equipment Checkout and Functional Testing 

The primary purpose of equipment checkout and functional testing was to verify that all hardware 
was correctly installed and that the individual components operated properly and safely. The checkout 
tests verified the readiness of all systems, equipment, safety shutdowns, interlocks, and instrument 
calibrations. 

Checkout testing was conducted in accordance with General Work Instruction (GWI) 1.3, 
“Pre Start and Checkout of Pilot Plant Equipment” [R20]. GWI 1.3 included pre-developed checklists for 
the testing of each piece of equipment, as determined by the testing management team. Each piece of 
equipment was tested to a predetermined set of parameters that were listed on each testing checklist. In 
addition to the testing of each individual piece of equipment, the entire system was pressure tested to 
ensure that piping and vessels would perform per their design requirements and that the system would be 
free of leaks. All results were documented on the appropriate forms, reviewed, approved and filed for 
future reference. 

In addition to functional testing, specific items of equipment, such as pressure gauges, feeders, 
flow meters, and thermocouples, were calibrated to verify input–to-output performance. Some equipment 
was received with manufacturer’s calibrations and others were calibrated on-site in accordance with 
GWI 1.2, “Calibration and Control of In-Process Instruments” [R21]. 

Functional tests and calibrations were used to verify many functions, such as superheater 
temperature, system flow capacities, valve timing and orientation, feeder speed control for solid additives, 
waste feed flow rates, cooling water control, blower performance, and DMR auger operation. 

Functional testing and calibration allowed for the performance of logic checks assuring that the 
output of all equipment was coordinated with the DACS that was required to operate the pilot plant in an 
automated mode. This activity was important, as automatic control of the pilot plant functions allowed for 
more consistent responses of the operating system, such as the coordination of the DMR and CRR 
temperature controls as related to the input of oxygen, steam, or carbon. 

Emergency shutdown tests were performed, overall system performance was determined, and 
operating limits were set for process temperatures, flows, and additive addition rates. Operating 
procedures were validated and updated as required. 

The implementation of the requirements of GWI 1.3 and GWI 1.2 ensured the proper manual and 
automated operation of all equipment to achieve consistent and reproducible results. At the completion of 
the checkout and functional tests, the integrated DMR/CRR process system was ready for the next phase 
of testing. 
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5.2 Hydrogen/Oxygen Safety Test 

Following the completion of the pilot plant test plan, a question was raised as to whether 
potentially explosive mixtures of hydrogen and oxygen could accumulate in the DMR. In the water gas 
reaction, carbon and steam react to form hydrogen and carbon monoxide. This reaction can be significant 
at temperatures below the auto-ignition temperature of hydrogen in air, which can range from 400–650ºC, 
depending on conditions. If the reaction rate of hydrogen with oxygen in the DMR process gas were low, 
it was thought that hydrogen and oxygen might both accumulate in the DMR process gas, which could 
lead to a rapid uncontrolled reaction (deflagration) in the presence of an ignition source. 

A series of tests were conducted in which the temperature of the DMR was varied between 500ºC 
and 650ºC, the expected range of DMR startup and normal operating temperatures. At each temperature, 
steam, carbon, and oxygen were introduced into the DMR, and the concentrations of hydrogen, oxygen, 
carbon monoxide, and carbon dioxide in the DMR off-gas were monitored as a function of time. The 
results of the hydrogen/oxygen safety test are discussed in Section 7.2. The tests demonstrated that 
hydrogen and oxygen are not present in quantities above 1% at the same time in the DMR, and that the 
concentration of hydrogen and oxygen are safely and passively limited by thermodynamics.  

5.3 Scoping Tests 

At the completion of the hydrogen/oxygen test, a series of scoping tests was performed in order to 
establish the limitations of the integrated DMR/CRR system and determine the range of test parameters 
that would be evaluated in the production run tests. The primary purposes of the scoping tests were: (1) to 
verify proper integrated system operation; (2) to optimize the waste feed injection rate and atomizing gas 
rate to produce minimal fines carryover and to control particle size in the DMR; (3) to select an 
acceptable carbon reductant for use in the DMR and to optimize the carbon feed rate to maximize nitrate 
destruction, minimize generation of gaseous NOX, and minimize the quantity of residual carbon in the 
final product solids; (4) to establish the effective range of liquid waste feed rates that can be 
accommodated by the system, while still achieving target emissions goals; and (5) to confirm various 
other target operating conditions for the production runs.  

The initial conditions describing the anticipated process parameters for the scoping tests were first 
defined in the pilot plant testing sequence document [R22]. Prior to the start of the tests defined in the 
sequencing document, considerable effort was expended in adjusting key operating parameters, operating 
with different bed media and additives, and tuning the process control system. Once the system was 
determined to be functional within the desired ranges of operating conditions, a total of eight discreet 
scoping tests were conducted. 

Initial operating experience with the process parameters shown in the sequence document led to 
subsequent changes in those parameters, which in turn, resulted in revisions to the sequence document. 
The actual conditions under which the eight structured scoping tests were conducted are shown in 
Table 5-1. In all cases, the feed material to the DMR was either water or the SBW supernatant solution 
without heavy metals or radionuclide surrogates. No UDS or POHCs were employed during the scoping 
tests. Neither the quencher/scrubber (Q/S) system nor the GAC Hg adsorber was used during any of the 
scoping tests. Two different types of feed nozzles were evaluated during the scoping tests designated as 
the E-1 and M-1 nozzles.  



  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001

Revision 0

 

 

5-3 

Table 5-1. Scoping test conditions. 

Test 
Number Feed 

Feed Rate 
(gal/min) 

Feed 
Nozzle 

DMR 
Startup Bed 

Media 
DMR Carbon 

Reductant 
DMR 

Additive 

DMR 
Temp 
(ºC) 

CRR Bed 
Media 

CRR 
Carbon CRR Additive

CRR Temp 
(ºC) 

S-1 Water 0.1 E-1 Alumina Berger Bros P-6 None 650 Alumina DeSulco Mulcoa 850 

S-2 SBW1 0.1 E-1 Alumina Berger Bros P-6 Metakaolin 600 Alumina DeSulco Mulcoa 1,050 

S-3 SBW 0.25 E-1 Alumina Berger Bros P-6 Mulcoa 640 Alumina DeSulco Mulcoa 1,050 

S-4 SBW 0.2 E-1 Alumina GC-CRB Mulcoa 620 Alumina DeSulco Mulcoa 1,050 

S-5 SBW 0.2 M-1 Alumina GC-CRB Mulcoa 650 Alumina DeSulco Mulcoa 850 

S-6 SBW 0.2 E-1 Alumina GC-CRB Mulcoa 600 Alumina DeSulco Mulcoa 850 

S-7 SBW 0.2 E-1 Alumina GC-CRB Mulcoa 670 Alumina DeSulco Mulcoa 850 

S-8 SBW 0.3 E-1 Alumina GC-CRB Mulcoa 670 Alumina DeSulco Mulcoa 950 
Notes: 

1. SBW composition per Table 4-1, Composition of Baseline Simulant Solution (Without Heavy Metals) 
 



  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001

Revision 0

 

 5-4 

Based on preliminary evaluations of DMR bed media and the observation that granular sodium 
carbonate was unsatisfactory as a start-up DMR bed media, alumina (AGSCO 46 and 80) was determined 
to be the best startup bed for the DMR and was used in all eight scoping tests. Both Berger Brothers P-6 
carbon and General Carbon Corporation GC 4X6 mesh CRB granular, carbonized, non-activated carbon 
(GC-CRB coal) were evaluated as the carbon reductant in the DMR. The P-6 was chosen as the startup 
carbon for the DMR (and CRR) because of its low ignition temperature. The GC-CRB coal was chosen 
for routine DMR operation because of its low calcium content. A high calcium level in the carbon was 
found to be associated with an increased potential for bed defluidization. DeSulco petroleum coke was 
used as the supplemental fuel in the CRR. Calcined clay and hydrated clay evaluated as additives to 
prevent bed agglomeration in both the DMR and CRR during CP1. Aluminum hydroxide was evaluated 
during CP2 for the CRR. 

5.4 Carbonate Phase 1 (CP1) Test 

Once the scoping tests were completed and the operating parameters under which the DMR/CRR 
system could be expected to operate effectively were determined, the CP1 production tests were initiated. 
As was the case with the scoping tests, early results from the initial production run tests dictated changes 
in the proposed operating parameters for the subsequent tests.  

The most significant change from the original test plan involved deletion of the tests using the 
Q/S system. Preliminary results from the stack gas sampling tests for chlorine and hydrochloric acid 
indicated a chloride level of less than 1 ppm in the stack, more than an order of magnitude less than the 
current MACT emission level standard of 21 ppm. This result was consistent with the results from 
previous SBW test programs. As a result of the low measured HCl concentrations in the stack, the six 
originally scheduled production run (CP1) tests with the Q/S system on line were deleted. 

Other minor modifications incorporated into the revised test plan were adjustments to the DMR 
and CRR temperatures, changes in the estimated number of hours of operation for certain tests, and a 
re-ordering of some tests so as to affect more expeditious changeover in conditions from one test to the 
next. The matrix of test conditions for the CP1 production run tests actually performed is shown in 
Table 5-2. 

The liquid feed to the DMR followed the sequence defined in the initial SBW test plan. Test P-1 
used supernatant SBW solution without heavy metals, UDS, or POHC. Tests P-2A through P 4A-1 each 
incorporated a single change to the feed liquid to afford an opportunity to assess the impact of each 
change on both system operation and off-gas emissions. The water-cooled M 2 feed nozzles used in these 
tests were a new design that proved to be more successful than the previous designs. Tests P-1 through 
P-3B were performed at the nominal DMR and CRR operating temperatures of 670°C and 950°C, 
respectively. In Tests P-4A-1 through P-4A-4, the DMR and CRR were operated at various combinations 
of high and low temperature extremes. Tests P-4A-5 and P-4A-6 duplicated the low/low and high/high 
DMR and CRR temperature tests from P-4A-2 and P-4A-4, but with a higher feed rate of 0.35 gpm. The 
combinations of temperatures and feed rates were intended to bracket system operating condition ranges 
and to assist in the preparation of environmental operating permits for the full-scale IWTU processing 
system. 

 



  
Pilot Plant SBW  

Carbonate Flowsheet Report 
RT-ESTD-PMR-001

Revision 0 
 

 

5-5 

Table 5-2. CP1 production run test conditions. 

Test 
Number Feed 

Feed Rate 
(gal/min) Feed Nozzle 

DMR Bed 
Media 

DMR 
Carbon 

Reductant 
DMR 

Additive 

DMR 
Temp 
(ºC) 

CRR Bed 
Media 

CRR 
Carbon 

CRR 
Additive 

CRR Temp 
(ºC) 

P-1 SBW1 0.25 E-1 (0.120” dia) Product GC-CRB None 640 Alumina DeSulco Mulcoa clay 950 
P-2A SBW + 80 g/L UDS2 0.25 M-2 (0.120” dia) Product GC-CRB None 640 Alumina DeSulco Mulcoa clay 950 
P-3B SBW3 + 80 g/L 

UDS + Heavy Metals 
0.25 M-2 (0.120” dia) Product GC-CRB None 640 Alumina DeSulco Mulcoa clay 950 

P-4A-1 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.25 M-2 (0.120” dia) Product GC-CRB None 670 Alumina DeSulco Mulcoa clay 850 

P-4A-2 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.25 M-2 (0.120” dia) Product GC-CRB None 600 Alumina DeSulco Mulcoa clay 850 

P-4A-3 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.25 M-2 (0.120” dia) Product GC-CRB None 600 Alumina DeSulco Mulcoa clay 1,050 

P-4A-4 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.25 M-2 (0.120” dia) Product GC-CRB None 670 Alumina DeSulco Mulcoa clay 1,050 

P-4A-5 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.35 M-2 (0.180” dia) Product GC-CRB None 670 Alumina DeSulco Mulcoa clay 1,050 

P-4A-6 SBW + 80 g/L 
UDS + Heavy Metals 
+ POHC 

0.35 M-2 (0.180” dia) Product GC-CRB None 600 Alumina DeSulco Mulcoa clay 850 

P-5 SBW + 120 g/L 
UDS + Heavy Metals 

0.25 M-2 (0.180” dia) Product GC-CRB None 640 Alumina DeSulco Mulcoa clay 950 

P-6 10% SBW3 + 120 g/L 
UDS + Heavy Metals 

0.25 M-2 (0.180” dia) Product GC-CRB Al(NO3)3 600 Alumina DeSulco Mulcoa clay 950 

Notes: 
1. SBW composition per Table 4-2, Composition of Baseline Simulant Solution (Without Heavy Metals). 
2. UDS composition per Table 4-4, Composition of the UDS Added to the Supernatant Solution. 
3. SBW composition per Table 4-6, Composition of Simulant Solution (With Heavy Metals and Radionuclide Surrogates). 
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Tests P-5 and P-6 were performed to evaluate the process at higher UDS loadings (120 g/L versus 
80 g/L). In all previous tests with UDS, the UDS simulated a fully-mixed slurry originating in liquid 
waste tank WM-187, the INL tank having the highest average UDS concentration. Increasing the UDS 
loading to 120 g/L for Test P-5 was intended to simulate a condition where some of the solution is 
decanted from WM-187, but the remaining supernatant and UDS are fully mixed before being pumped to 
the DMR. Test P-6 simulated the condition where a UDS heel in a waste tank was re slurried with either 
dilute supernatant solution or water. In this case, the UDS concentration was also 120 g/L, but the 
concentration of the supernatant solution was only 10% of previous values. 

5.5 Carbonate Phase 2 (CP2) Test 

After the completion of the CP1 tests and an initial analysis of data, it was determined by project 
management that a second phase of production tests (CP2) was needed. This second phase of production 
tests was performed to provide additional confirmatory data in the following areas:  

� Production testing of SBW feed without UDS raised concerns about the particle size of the product 
materials. The CP2 tests were to evaluate the usage of alumina grit and possibly a clay slurry to 
provide seed particles for maintaining particle size control in the DMR when SBW without UDS is 
processed. 

� Confirm product mass and density when processing SBW without UDS. Test data were to provide 
input to the IWTU project team to develop a more reliable estimate of waste canister count when 
processing SBW without UDS. Mass and density estimates were to be performed for product 
material that had been screened to remove carbon particles, which were to be recycled back into the 
process. 

� Evaluate modified operations of the CRR intended to reduce the formation of small agglomerates 
in the CRR bed and to optimize NOX, THC, and CO destruction. The configuration modifications 
include relocation of existing oxygen distributors, provision of three oxygen input distributors, and 
use of aluminum hydroxide as the CRR additive to replace the granular clay used in the scoping 
and production tests. 

� Evaluate the operation of the CRR at varying bed depths and autothermal gas distribution 
configurations. 

� Evaluate the overall performance of the GAC bed and the performance of individual stages with an 
increased level of both instrumental and manual sampling.  

The general conditions under which the CP2 tests were to be conducted are identified in Table 5-3, 
Carbonate Phase 2 Test Sequence. Table 5-4, Off-gas Measurements, identifies the off-gas sampling 
points and means of analysis for mercury, other metals, and other gaseous constituents. Table 5-5, DMR 
Particle Size Control and CRR Temperature Control Measures, details the conditions under which the 
DMR and CRR were to be operated in order to achieve the desired results as a function of elapsed testing 
time. The DMR particle size control measures are consistent with those shown in Table 5-3. The CRR 
temperature control measures reflect bed heights of 32–34 in., 29–31 in., 26–28 in., and 35–37 in. as well 
as the location and the composition of the autothermal gas mixture (relative O2 and N2 concentrations). 
The fourteen options for the autothermal gas mixture injection points include the lower and middle gas 
distributors alone and the combined lower and middle distributors where the middle distributor flow rate 
is modulated for purposes of temperature control. In these cases, the non-controlling (lower) distributor 
would be fed a constant, pre-set flow of the autothermal gas mixture.  
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Table 5-3. Carbonate Phase 2 test sequence. 

Test Number 
Test 
Day Feed 

Feed Rate 
(gal/min) 

DMR Bed 
Media 

DMR 
Carbon 

DMR 
Additive

DMR Temp 
(ºC) 

DMR 
Seed 

Material 

CRR 
Bed 

Media 
CRR 

Carbon 
CRR 

Additive 
CRR Temp 

(ºC) 

Preheat 1 None 0 Alumina3 GC-CRB None Heat Up to 640 None Alumina5 DeSulco6 None Heat Up to 950 

Preheat 2 None 0 Alumina3 GC-CRB None Heat Up to 640 None Alumina5 DeSulco6 None Heat Up to 950 

CP2-1 3 SBW1 0.25 Carbonate 
Product & 
Alumina 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-1 4 SBW1 0.25 Carbonate 
Product & 
Alumina 

GC-CRB  None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-1/ CP2-2 5 SBW1,2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-2 6 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-2 7 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-2 8 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-2 9 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-34 10 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 None Alumina5 DeSulco6 Aluminum 
Hydroxide7

950 

CP2-44 11 SBW2 0.25 Carbonate 
Product 

GC-CRB None 640 Alumina4 Alumina5 DeSulco6 Aluminum 
Hydroxide7 

950 

Notes: 

1. SBW supernate per Table 4, SBW Test Plan, amended for CP2 testing as described in Section 3.5. No heavy metals for initial 60 hours of operation. No UDS. 
2. SBW supernate per Table 6, SBW Test Plan, amended for CP2 testing as described in Section 3.5. No UDS.  
3. AGSCO alumina, #46 and #80 
4. AGSCO Alumina #150 
5. AGSCO Alumina, #30 and #46 
6. DeSulco 9005 petroleum coke. 
7. MPSI Code 650 hydrated alumina, 85 micron.  
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Table 5-4. CP2 Off-gas measurements.

Off-Gas Measurements 

GAC Stage 1 Outlet GAC Stage 2 Outlet GAC Stage 3 Outlet Stack 

Test Number 
Test 
Day 

Ontario 
Hydro Hg CEMS1

Ontario 
Hydro Hg CEMS1

Ontario 
Hydro Hg CEMS1 Method 29 Hg CEMS1 CEMS2 

Preheat 1        X X 

Preheat 2         X 

CP2-1 3 X  X  X  X X X 

CP2-1 4         X 

CP2-1/CP2-2 5 X  X  X   X X 

CP2-2 6 X  X  X  X  X 

CP2-2 7       X X X 

CP2-2 8         X 

CP2-2 9 X  X  X  X X X 

CP2-3 10 X  X  X    X 

CP2-4 11 X  X  X  X X X 
Notes: 

1. Continuous instrumental monitor specific for mercury. 
2. Continuous emissions monitoring system for oxygen, carbon dioxide, carbon monoxide, nitrogen oxides, sulfur dioxide, and total hydrocarbons (THC). 
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Table 5-5. CP2 DMR particle size control and CRR temperature control measures. 

Elapsed Time  
(Hours) Key Operating 

Parameter 
Modifications 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

DMR PARTICLE SIZE CONTROL 

Dry Alumina Seed                

SBW w/o Heavy 
Metals 

               

SBW w/ Heavy 
Metals  

               

CRR TEMPERATURE CONTROL 

32-34” CRR Bed 
Height 

               

1
Mid 50/50 (O2/N2) 

               

2 
Mid 75/25 

               

3
Low 75/25

               

4
Low 50/50

               

5
Both/Mid 50/50 

               

29-31” CRR Bed 
Height 

               

6
Both/Mid 50/50  

               

7
Mid50/50 

               

8
Low 50/50 

               

26-28” CRR Bed 
Height 

               

9
Low 50/50 

               

10
Mid 50/50 

               

11
Both/Mid 50/50 

               

35-37” CRR Bed 
Height 
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Elapsed Time  
(Hours) Key Operating 

Parameter 
Modifications 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

12
Both/Mid 50/50 

               

13
Mid 50/50 

               

14
Low 50/50 

               

15
Mid 75/25
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6. QUALITY ASSURANCE/QUALITY CONTROL 

The Quality Assurance Program implemented for the pilot plant testing program was in accordance 
with TTT Quality Assurance Plan, Project Quality Procedures, and the TTT Quality Assurance Project 
Plan, QAPP 1.1.[R23] These documents are based on ASME NQA-1 2000, Quality Assurance 
Requirements for Nuclear Facility Applications, DOE Order 414.1C Quality Assurance and 10 CFR 
830.120. Personnel performing work at the pilot plant were trained to these documents and other 
implementing procedures and instructions to ensure that work was performed safely and in a consistent 
manner. Records for each individual were documented and maintained in the project training file.  

The design and fabrication of the treatment system were conducted in a prescribed and controlled 
manner. The design documents for the system were generated in accordance to the THOR® engineering 
procedures and approved by the TTT Testing Manager, TTT Chief Engineer, and the TTT QA Manager. 
Numerous procedures and work instructions were generated for the project and were controlled through 
the TTT Document Program. Records resulting from the project activities are retained temporarily onsite 
at Hazen or in the TTT Document Control System. Upon completion of all records, they shall be turned 
over to TTT Records Management for storage, archival, and will be submitted to the client, as defined in 
the records submittal schedule. Archived records shall be maintained by WGI as defined in the TTT Final 
Disposition of Project Documents and Files procedure.  

Items procured for the project followed the TTT and Hazen procurement procedures and processes. 
Receipt and inspection of these items were conducted at Hazen and logged upon receipt. During testing 
(CP1 and CP2) trained personnel performed verification of material, and 13 nonconforming items were 
identified, documented on a TTT Non-Conformance Report (NCR), dispositioned, and closed. Table 6-1 
identifies the NCRs and the actions taken for closure. All NCRs issued for the project have been logged, 
validated, closed, and are kept in Washington Group International (WGI) records storage. One Deficiency 
Report (DR) for material control and two Corrective Action Reports (CARs) for design control of the 
waste feed nozzles and the hot spot that initiated in the mercury adsorber GAC bed were also issued. The 
CAR-004 for the GAC bed is still open pending final Root Cause Analysis. There were no impacts to the 
test results or operation of the facility.  

To ensure that the operations conducted at the Hazen facility seven surveillances were performed 
as identified in Table 6-2. All issues identified have been closed. Six Management Assessments were also 
conducted as listed in Table 6-3 and are closed. The Hazen facility and project personnel were made 
aware of all issues identified in the surveillances and management assessments. There were no impacts to 
the overall operations and samples collected that would jeopardize the final results or inputs to the design 
of the IWTU. 

Data generated for the program were documented on data sheets, in logbooks, and electronically by 
the Data Acquisition and Control System (DACS) managed with LabView 7.0 software. Logbooks were 
controlled through Document Control and were issued to technical personnel for the project. Personnel 
documented their observations and activities in the logbooks, and initialed and dated each entry. Various 
data sheets were also used throughout the project to capture operational information and results and were 
maintained in binders. Upon final use of these data sheets, they will be turned over to Records 
Management for storage, archival, and submittal to the client as defined in the approved submittal 
schedule.  
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Table 6-1. Issued TTT non-conformance reports. 

NCR No. Description Actions Status 

NCR-THOR-001 Pressure gauge #7116-G200 Spirahelic (0-200 psi) – 
needle on gauge floats and currently reads 70 psi in the 
box. 

Upon inspection, the package was marked “BAD” and the 
gauge was returned to the supplier. 

Closed 9/9/05 

NCR-THOR-002 The Stainless steel tank fabricated by Dairy Engineering 
was not welded to any defined welding procedures or 
directions in the sketch. 

Welds evaluated buy a Certified Weld Inspector and 
found to be acceptable for the intended use. 

Closed 10/12/05 

NCR-THOR-003 Corrosion Coupons received at Hazen did not have 
dimensional measurement welding information as 
required in the procurement specifications. 

Hazen performing dimensional measurements with a 
calibrated caliper. Welding requirements are being 
requested from the vendor. 

Closed 12/0505 

NCR-THOR-004 Waste Feed Nozzles were not concentric as required by 
the engineered drawings. 

Returning to vendor for re-work. Closed 10/14/05 

NCR-THOR-005 Tank T-100 Waste Feed Tank was determined to be 
incompatible with the proposed mixture and molar 
content of the acidic material to be processed through the 
system 

The tank was removed from the facility and a new 
stainless steel tank, compatible with the waste feed, has 
been ordered and be used for the process. No further 
actions are required.  

Closed 11/16/05 

NCR-THOR-006 Three areas on the DMR were identified as having 
cracked welds that subsequently leaked during the leak 
testing activity of the system performed on  
11/10–11/11/05. The leaks were identified at 2 nozzle 
locations that are flanged off and on the DMR Sample 
Port. 

Repairs were made to the flanged off nozzle locations that 
were not being used on the system by cutting out one 
nozzle and replacing it with a patch and the other cracked 
nozzle was ground down to clean metal and repaired. 

The cracked weld on the DMR Sample Port was ground 
down to clean metal and then repaired by a qualified 
welder. 

All welds were leak tested again and found to be 
acceptable. 

Closed 11/16/05 

NCR-THOR-007 Instrument #AE-700-004, California Analytical Model 
400 CLD, NOX Analyzer may have a leak in the pump 
and the ozone generator is not functioning properly. 

The instrument was sent back to the supplier. Closed 12/21/05 
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NCR No. Description Actions Status 

NCR-THOR-008 Monohydrate Mercuric Nitrate was specified on the 
Purchase Requisition PR-034. Dihydrate Mercuric 
Nitrate was listed on the Purchase Order and received at 
the plant. The Certificate of Analysis that was received 
from the vendor was conflicting as to the form shipped 
listing both Dihydrate and Monohydrate 

Obtain a corrected Certificate of Analysis from the 
supplier. Make adjustments during batch make-up to 
allow for Dihydrate in lieu of Monohydrate. 

Certificate of Analysis was received and the material 
verified as Dihydrate.  

Closed 2/07/06 

NCR-THOR-009 The 1000 kg of Zirconium Phosphate ZR(HPO4)2 was 
requisitioned on PR-034 with the requirement for 
particle size from 0.5-100 microns with a median particle 
size of 10 microns. The size of the material that was 
received at the Pilot Plant contained product that was 
greater that the required <100 micron size limit. PO-034 
did not indicate the requirement for the Zirconium 
Phosphate 

The material was used as-is and screened from –28 to -40 
mesh before use. 

Closed 2/07/06 

NCR-THOR-010 4 buckets containing 8 samples of waste product each 
were sent from Hazen Research to Chillworth 
Technology Inc. The Chain of Custody (COC) form 
associated with these samples did not list all samples 
accurately, and 1 sample was broken upon arrival, as 
notified by Chillworth.  

1. Bucket 2, 1 of 2 Samples of 1667 PBF was received 
broken. 

2. Bucket 3, The COC listed 3 Samples for 1774 PBF. 
Only 2 of these samples were received. Another 
sample not listed on the COC was labeled 1736 PBF. 

3. Bucket 4, Samples labeled 1821PBF, 1822 HTF, & 
1827 PR were received. The COC listed samples 
1802 PR, 1803 PBF & 1805 HTF. 

Item 1: Hazen Research will send Chillworth another 
sample from the same sampling event to replace the 
broken sample. Chillworth will return the contents of the 
broken sample back to Hazen for proper disposal. 

Item 2: Sample 1736 PBF is part of the same batch from 
the PBF and is acceptable for use with sample 1774 PBF. 
Hazen Research will properly correct a copy of the COC 
to reflect the proper identification of samples sent and 
forward it to Chillworth to ensure the correct sample and 
analysis are performed and to maintain the integrity of the 
sampling event. 

Item 3: The samples received by Chillworth 1821 PBF, 
1822 HTF, and 1827 PR are from the same process 
batches, (4A-6-1 & 2). Guidance was provided to 
Chillworth to use these samples as received and Hazen 
will properly correct the copy of the COC to reflect the 
proper identification of samples sent to the laboratory and 
will be forwarded to Chillworth to ensure the integrity of 
the samples is maintained. 

Closed 2/22/06 
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NCR No. Description Actions Status 

NCR-THOR-011 During the dismantlement of equipment after the initial 
test runs of the pilot plant were complete, it was 
identified that valve HV407-001 was in the opened 
position as opposed to being closed during part of the 
testing, which resulted in process off -gases, containing 
mercury, bypassing the mercury absorber and being 
vented to the environment via the stack. 

Item 1: Complete evaluations of the actuator for valve 
HV407-001, correct the configuration of the valve relative 
to the actuator, and verify that the actuator and valve 
properly operate. The actuator 407-001 number 
ST-U22-SR-5 was listed in the purchase order as fail open 
and upon evaluation and verification from the supplier, 
item was identified that the actuator was actually shipped 
fail closed, thus causing the valve to open incorrectly.  

Item 2: Physically mark the valve to ensure that the disc 
is in the correct orientation. The valve will then be 
installed and the valve position and actuator alignment 
will be verified and pressure tested. 

Item 3: Evaluate the amount of off-gas mercury emitted 
up the stack. Evaluate this relative to Hazen's release 
limits and ensure any necessary reports are made to the 
regulator. Determine the impacts of the release on 
additional IWTU testing activities. 

Item 4: Perform configuration verification and pressure 
check on all off-gas system valves to ensure the 
installation is correct. For valves that are not clearly 
identifiable as to whether they are open or are closed, they 
shall be properly marked and verified. 

Closed 5/2/06 

NCR-THOR-012 Manual air samples collected for laboratory analysis 
using analytical methods EPA-0031, Sampling Method 
for Volatile Organic Compounds and EPA-0040, 
Sampling of Principal Organic Hazardous Constituents 
From Combustion Sources Using Tedlar Bags, for Test 
Runs 4A-5 and 4A-6 were inadvertently left on the APT 
laboratory sample receiving shelf and exceeded their 
holding times prior to shipment for analysis. 

Item 1: Personnel will determine which samples were 
impacted to ensure the results are not inadvertently 
utilized. 

Item 2: Results of the data were evaluated and reported as 
exceeding holding times. 

Closed 5/10/06 
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NCR No. Description Actions Status 

NCR-THOR-013 Ceramic Tips required for the CRR ATG nozzles were 
received with cracks. Inconel nozzles are to be glued into 
the ceramic tips. 

12 tips have been received (20 ordered) 

2 are acceptable 

9 contain cracks (1 also is out of tolerance which has the 
ID bore out of round) 

1 is out of dimensional tolerance (too large of ID bore 
and not centered) 

Use the tips with cracks and glue in the nozzles. (high 
strength/temperature glue). Scrap the tips that are out of 
tolerance. 

The ceramic tips were glued in place and heat cycled in a 
muffle furnace without degradation. 

Closed 5/19/06 
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Table 6-2. Surveillances. 

Surveillance No. Description Issues Status 

THOR-05-05 PQP 5.1 – Instructions, Procedures, Drawings – Hazen 
Facility 

None Closed 10/05/05 

THOR-05-06 Weld Inspection of Hazen Facility None Closed 10/14/05 

THOR-05-07 EP 1.0 - Equipment, Drawings and Specifications – 
Preparation Review and Approval – Hazen Facility 

None Closed 10/18/05 

THOR-05-09 Documentation and M&TE Hazen Facility None Closed 11/14/05 

THOR-05-11 Document Control and Records Logbooks were not completed with the initials of the 
individual documenting the days activities or signing and 
dating at the end of the day. Personnel went back and 
signed and verified entries and were retrained. 

Closed 12/28/05 

THOR-05-12 APT Air Sampling – Hazen Facility None Closed 2/06/06 

THOR-06-03 APT Air Sampling - Hazen Facility Follow up COCs did not physically accompany the samples from the 
project site to the Lab. Verification of the control of the 
samples were performed and found to be in control at the 
lab. Personnel were briefed on the error. No impact to the 
sample integrity. 

Closed 6/7/06 
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Table 6-3. Management assessments. 

Management  
Assessment No. Description Issues Status 

THOR-MA-001 Project Status None Closed 9/28/05 

THOR-MA-002 Operator Aides and Procedures Operator Aides were not properly posted. Corrected. 

APT procedures or paperwork was not On-Site. Corrected 

Closed 1/24/06 

THOR-MA-003 Completion and Adequacy of Forms The replacement of TAG 8A corrosion Coupon was not 
properly documented. Corrected. 

Closed 1/24/06 

THOR-MA-004 APT Sampling None Closed 2/03/06 

THOR-MA-005 Hazen Sampling None Closed 6/03/06 

THOR-MA-006 TTT Pilot Plant Tests on SBW at Hazen Research Personnel were not properly trained with respect to safety 
during the pre-start operations of the pilot plant. Actions were 
taken to train personnel prior to the start of operations and 
found acceptable.  

Closed 11/28/05 
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The majority of the data collected for the testing and operations of the pilot plant were collected 
through the use of LabView 7.0. The data were automatically backed up daily to ensure no loss of 
information. The software was subjected to various tests to ensure that it functioned properly on the 
various computer systems. The General Work Instruction (GWI) 1.6, “LabView Developer Suite 
Software Qualification Plan,” [R24] provided the testing, verification and validation of the system 
software used for the operations. The data collected by the system will be copied to electronic media, 
stored, archived, and submitted to the client. 

Off-gas and solids sampling conducted during pilot plant testing was performed by trained and 
qualified personnel to prescribed procedures and methods as defined in the SBW Test Plan and the 
QAPP. Instrumentation used to capture data and perform measurements was calibrated in accordance with 
GWI 1.2, “Calibration and Control of In-Process Instrumentation” [R21]. Functional tests of these 
instruments and systems were performed prior to startup to ensure that the data generated would be 
acceptable and usable to meet the objectives of the tests. 

Air Pollution Testing, Inc. (APT), the contractor hired to acquire these samples, collected samples 
for air emissions testing from the stack. APT also performed off-gas monitoring using the CEMS. All 
samples were drawn in compliance with the applicable EPA methods for each analyte.  

Hazen personnel collected additional samples as described in Section 3.5. Samples shipped off site 
for analysis utilized a chain-of-custody form to ensure that they were not compromised and were under 
control through analysis at the specified laboratory. A validation of the off-gas sample analysis data was 
performed in accordance with applicable procedures. The results of the validation are summarized in 
Appendix A. 
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7. TEST OBSERVATIONS AND RESULTS 
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7.1 Functional/Preparatory Tests 
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7.2 Hydrogen/Oxygen Safety Tests 
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7.4.2 CP1 Operating Conditions 
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7.4.3 Carbonate Phase 2 (CP2) Tests 
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7.4.4 CP2 Operating Conditions 
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7.5 System Performance 

7.5.1 Fluidized Bed Performance 
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7.5.2.3 Scoping Tests 2 and 3. 
-������$/�&�"#�
� ! �>��"��?�,�)��&�)*�)����
��/��+�)��:H�>11B�!-)��#-�I�"��)%�@H�>11@H�,�!-���+)��G�*)�����/��+�)�>>�!-)��#-�I�"��)%�?�
. �����#�)��:0�E2;�
-�� % !���,� �/�"*�#�)���*�)��&�)�!��"��"��-��!�&��"���/��+�)��BH�+�!� �����!���
$���*����,� �"�!� !�)!����"!�����/��+�)��:;�
-��/�)+�"�)���/!�"!�� ���*�)�!-� �!� !�,� ���)#�)��)�!-�) �
,���0+� ����0@�/�)+�";���!-�!� ! �� ��� �����!���$���*���� ���!��"�!-�!�����"�!��"/������"%�
�"��  ��3��� ���� H�-��3%���!���/��&��"� H��)����;

�����G���3���&����"�!-���F��� !)�+�!�)�*��"#���*!�)��+��!����-��) ��*��&�)�!��"�,�!-� �����!���
$���*���;��!�!-�� ����!���H�!-��!��&�)�!�)� ��"�!-��������3��!��H��"��/�!�"#�!-�!�!-��+���,� �
��*�����C����"�!-����)"�"#��*���/��+�)��D;�



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�:0�D�

�
��#�)��:0�E;�$/�&�"#�
� ! �>��"��?4������3�)�#��+���&�)!�/��� �C�;�

	!�,� �*��"��!-�!�����)#��*)�/!��"��*�!-������+���-���*�)�����"!���"��##����)�!��.M �"�/� !��N2�
*�)��!��"�!-�!�,� �-�)���"��#-�!��/�� ��!-��+���!����*�����C�H�+�!� �*!��"��#-�!-�!��!�+)�G��,�!-�#�"!���
��/-�"�/���&)�  �)�;�
-��/�� ���*�!-�����G��"�!-���F��� !)�+�!�)�,� ���!�)��"���!��+����*����)���*�!-��
*��"#��#� G�! ��!�!-��-�#-�!��&�)�!�)� ��"�!-���F� % !��;��!�!-��!���H��!�,� �!-��#-!�!-�!�!-��
��*�����C�!��"���%�-�3��+��"�/�� ���+%�!-���"�3�"�#� ��� !)�+�!��"��"�!-��+���/�� ���+%�!-���F�
�� !)�+�!�)�*��"#�����G;�	!�,� �&� !���!���!-�!�!-� ����G���%�-�3��/�� ���!-��+��� ���� �/�� ��!��!-��*����
"�CC���!��+�/���� �!�)�!���,�!-�*���H������"#�!��!-����*�����C�!��"��3�"!;�
-���" ���!��"��)��"��!-���F�
 % !���*��"#� �,� �)���3��H��"��!-��#� G�! �)�&��/���,�!-�#� G�! �!-�!�,�)�� ��!�+���*�)�!-��-�#-�
!��&�)�!�)���"��/-���/���/��&� �!��"�. !�����"���'%#�"2��*��F;����)��*�!-���F��� !)�+�!�)�)�����)�*�/� �
.!,���"���/-�)���2�,�)��,������ -�!�!���"/)�� ��!-��3���/�!%��*�!-���F��"!��!-��+��;�
� !�"#�!��!-� �&��"!�
-����"��/�!���!-�!�!-��*�����C�"#�#� �*��,�)�!���"�!-����������"�!�"����!��+��� �-�#-�� ��)�#�"���%�
�"!�/�&�!����"�!-���� �#";��


-�� % !���,� �&��/���+�/G��"!���&�)�!��"��"���/��+�)�>���"��!� ! �/�"!�"�����"!���!-����
�-���
)��/-����1�-��) ��"���/��+�)�>>�,-�"��� /-������� -�!��,"�*�)�!-��-�����%�+)��G�,� ��"�!��!��;�
�"�!-�)���3��!��"��"�!-��+���!��&�)�!�)� �,� ��+ �)3�����)�"#��&�)�!��" ��"���/��+�)�>�H��"��/�!�"#�
&�)!������*�����C�!��"��*�!-������+��H�+�!�)�&���)� &�" ��+%�!-���&�)�!�) �!�� -�!��**�*�����"���"/)�� ��
"�!)�#�"�&�)#� ��"�!-��+������/G�%�+)��#-!�!-� ��!��&�)�!�)� �+�/G��"���"�H��"��*����,� �)� !�)!����*!�)�
�+��!�>�-��) ;�
-� � �!��!��"��"��/�!���!-�!�!-��&)�3��� �/�"/�� ��"�!-�!������ !)�+�!��"��*�!-���F�/�� ���
!-��+�����*�����C�!��"�,� ��"/�))�/!;�
-���3�)�#������+���&�)!�/��� �C����)�"#�!-� �&�)�����*��&�)�!��"�
�"/)�� ���*)���>D��!������_����)�"#�>E;:B�-��) ��*��&�)�!�"#�!���;��



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�:0�E�

�3�)�!-��-�����%�+)��GH�!-�� % !���,� ��� �  ��+���H�/���"����"�����"!�"�"/��,�)G�,� �
&�)*�)���;�
-��/%/��"����,"/���)�,� �*��"��!��+��&��##��H��"��,� �/���"��;�
-�� % !���,� �
)��  ��+�����"��&)�  �)��!� !��;�

�&�)�!��" �,�)��)� ������*!�)�!-��-�����%�+)��G��"�I�"��)%�?H�>11@H�,�!-�*���� !�)!����"�
I�"��)%��;���)�"#�!-��-��!�&H�!-��&�)!�/��� �C����/)�� ��� ��#-!�%�!��?DE�_�H�+�!�)�&���#)�,!-��"�&�)!�/���
 �C�� ��"�)� �����,-�"�*����,� �)� !�)!��H�,�!-�!-���3�)�#��&�)!�/��� �C��)��/-�"#�@BD�_���*!�)�V� !�
�E;D�-��) ��*��&�)�!��";��*!�)����� !�>1�-��) ��*��&�)�!��"H��&�)�!�) ��+ �)3����"�!-�)���3��!��"��"�!-��
����+���!��&�)�!�)� ��"����/)�� ���"�!�!���+���&)�  �)���)�&��"��/�!�"#���*�����C�!��"��*�!-��+��;�
�-���/����"��% � ��*�!-����*�����C�������+�����!�)���� -�,����!�!��-�3��)���!�3��%�-�#-�����"! ��*�
/��/���H�� &�/����%��!�!-���"!�)*�/��+�!,��"��##����)�!���&�)!�/�� ;�.$����;��;�I�"!C�"���!!�)�)�&�)!�!���;�
�� �"H�$���0�$�0>11@0111��H���3;��H�M�-�)�/!�)�C�!��"��*��C�"�����!�$/��������" !)�!��"��� !��
��)���)���/! H��##����)�!� H��"��$/���HN���)/-�>1H�>11@�O�>:P;2�
-�� ��)/���*�!-� �/��/����,� �!-��
� -�*)���!-����)#�)��)�!-�) �,���0+� ���/-�)/����� ���� ���)���/�"#��#�"!��"�!-�����;�� ���)� ��!��*�
!-� �*�"��"#H�!-��I
F���/�����!��� ��F�0����/��/�"���/����� �!-��)���/�"#��#�"!��"�!-�������"���� ��!��
����/��/�"��������!��!��!-��+���!��-��&�!����&��"%���,0���!�"#���!�/!�/ �!-�!���%�-�3��*�)�����"�!-��+��;�

-��+)�G�"��&�+�����!�)����*)���!-������,� � /)��"���!-)��#-����>��� -� /)��"��"��!-�� �����)�
*)�/!��"�)�� ����"�!-������*�)�!-�� /�&�"#�!� ! �,-�/-� !�)!����"�I�"��)%�D;�

7.5.2.4 Scoping Tests 4 through 8. <"!���!-��+�#�""�"#��*�!-��$/�&�"#�
� !����"�
I�"��)%�DH�>11@H�!-������+���!��&�)�!�)��-���+��"�/�"!)������+%�3�)%�"#�!-��/�)+�"�*���)�!��!��!-������
�"��� �"#�!-���"0+����'%#�"��� !)�+�!�)�!�����"!��"�!-����!��!��'%#�"�/�"/�"!)�!��"��"�!-�������**0#� ;�
�,�3�)H�+�/�� ��!-�)��,� ��+��!���>1���"�!����#�+�!,��"�!-��!����,-�"�/�)+�"�,� �*���!��!-�������"��
��/-�"#���"�!-������+���!��&�)�!�)��,� ��+ �)3��H�!-� ���!-���)� ��!����"�!-������+���!��&�)�!�)��
/�"!)���+��"#�T�B1R��!���11R��*)���!-���� �)��� �!&��"!;�
-���&�)�!��"��*�!-������,� �����*����!��� ��
!-���"0+����'%#�"�*��,�)�!��!��/�"!)���!-��+���!��&�)�!�)�H�,-�/-�� �!-�� �����&�)�!�"#���!-���� ����"�
!-�����;��!�!-�� ����!���H�!-���3�)0+����'%#�"�*��,�,� �� ���!��/�"!)���!-��������!��!��**0#� ��'%#�"�
/�"/�"!)�!��";���!-��*�!-� ��,�)�� �!��&�!��+��/�"!)��������!���!�/���%;�
-��/�)+�"�*���)�!��,� �
/�"!)��������"����%��!���*�'���)�!��!-�!����"!��"�����/�" !�"!�+���-��#-!��"�!-�����;�
-� ���!-����*�����
+�����3����"���'%#�"�/�"!)���,�)G���3�)%�,����!��/�"!)���!��&�)�!�)���"��+�����3����"�!-�������!� !�+��H�
/�" � !�"!���3�� ;

$/�&�"#�
� !���+�#�"��"�I�"��)%�DH�>11@�� �"#�F�0����/�����"�!-������� �!-��/�)+�"�)���/!�"!�
�"������"#�/��/�"��������!��!��!-��+���!��!����&��"%���!�/!�/ �!-�!���%� !����+��&)� �"!��"�!-��+��������;�
$-�)!�%��*!�)�!-��+�#�""�"#��*�$/�&�"#�
� !����"�I�"��)%�DH�!-���������*����"�CC��� !�)!���!�� -�,� �#" ��*�
&��##�"#L�;�;H��"/)�� ���+�/G0&)�  �)���"�+�!-�!-����������"���!���C�"#���)�*��� �!��!-��"�CC����"��
��/)�� ���*���)�!�;�F�"!���!�&&�"#��"�!-��*����"�CC��� ������!��-��&�!-��&)�+���H�,�!-�!-��&)�  �)� �
*����"#�)�&���%��"��!-��*��,�)�!���"/)�� �"#;��,�3�)H�!-��/%/���,�����!-�"�)�&��!��"��,�����)����)��
!�&&�"#��"�!-��"�CC����3�)%�BJ�B���"�!� �!��/���)�!-��&��#;�
-� �/�"!�"����!-)��#-��!�$/�&�"#�
� ! ��JD;�
��� -�"#�,�!-�,�!�)��"��+��,�"#���!�!-��"�CC���,�!-�"�!)�#�"� ������!��-��&�*�)��� -�)!�!���H�+�!�"�!-�"#�
,� �� � �//�  *���� �#�"!���!�&&�"#��"�!-��"�CC���� �"�����;���!-�!-���0���"���0��"�CC�� ��'&�)��"/���
!-� �&��##�"#H���!-��#-�!-���0��"�CC����3�"!����%�&��##��� ��/��&��!��%�!-�!��!�/�����"����"#�)�+��� ��H�
�"��!-��)� !��*�!-� �� /�&�"#�!� ! �,�)��&�)*�)����� �"#�!-���0��"�CC��;�


-��!� !�/�"��!��" �*�)�!-�� /�&�"#�!� ! ��)�� -�,"��"�
�+���B0�;�
-��!� ! �&)�/�������"� /-������
!-)��#-�!-����������*�$/�&�"#�
� !�B�,-�"�!-��!�+�"#�!��!-��*����"�CC���/)�/G��H�/�� �"#��� ��������G��*�
!-��*���� ���!��";�
-�� % !���,� � -�!��,"H�!-��+���,� ��)��"���*)���!-�����H��"��!-��*����"�CC���
)���3��H�)�&��)��H��"��)�0�" !�����;�
-�� % !���)� !�)!����*!�)���E;>B�-��)�+)��G;�
-���&&�)�"!�/�� ���*�
!-��/)�/G�,� ��" !����!��"��*���&"����!�/�3�+)�!�)��"�!-��*������"��!��&)�3�"!�&��##�"#��*�!-��*����"�CC��;�

-��-�#-0*)����"/%�3�+)�!��"�/�� �����!���*�!�#����"�!-��!�+�"#�,-�)���!��"!�)����� ,�#���*�!!�"#;�
-� �
��!���*�!�#����3�"!����%�/�� ���!-��!�+��!��/)�/G�!-)��#-;�



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�:0B1�


-��/�� ���*�!-��"�CC���&��##�"#�,� ��3����!���+%� ,�!/-�"#�!������"�C���,�!�)�*����*�)���&�)����
�"���+ �)3�"#�!-��+�-�3��)��*�!-��"�CC���+�/G�&)�  �)� ;��*!�)�!-��*����,� � ,�!/-���!��,�!�)H�!-��
&)�  �)���"�+�!-�!-��#� ��"��������� �C��#)������%���/)�� ���!��+� ���"����3�� ;�$,�!/-�"#�+�/G�!��$���
*����/�� ���!-��&)�  �)� �!���"/)�� ���"/���#��"��"!���!-��"�CC���&��##��;��)���!-� ��+ �)3�!��"��!�,� �
/�"/������!-�!�!-��/�� ���*�!-��"�CC���&��##�"#�,� �!-��-��!�"#��"��&�)!�����3�&�)�!��"��*�*����,-�����!�
,� � !�����"�!-��"�CC��;�
-� �/�� �����  ��3��� ���� ��"�!-��*����!��&)�/�&�!�!����!��*� ���!��"H�/�� �"#�!-��
&)�  �)���"�!-��"�CC���!���"/)�� ���"!����!�&��##��;�
-���0��"�CC�� �,�)�� �+ ����"!�%�����*����!��������
/����"#�V�/G�!��)��"��!-����! �����*�!-���!���C�"#���)�!�+�H�,-�/-�)���/��H�+�!�����"�!������"�!�H�!-��
&��##�"#�&)�+���;�


-�� /�&�"#�!� ! �,�)��*�"� -����"�I�"��)%��?H�>11@�,-�"��� /-������� -�!��,"�,� ��"�!��!��;�
��)�"#�!-�� /�&�"#�!� !H�!-���3�)�#��&�)!�/��� �C���"�!-������,� �#�"�)���%�>B1J�B1�_��
. �����#�)��:0>12;���!��!-�!�!,���3�)�#��&�)!�/��� �C� ��)�� -�,"��"�!-� �*�#�)�H��"��,�!-�!-��� �)�/��3���
��!���"��!-���!-�)�,�!-�!-��#)��!�)�!-�"�D��� -�*)�/!��"�)���3��;�
-��F�0����/��/�"���/����,� �
#�"�)���%�*��"���"�!-��#)��!�)�!-�"�D��� -�*)�/!��"��*�!-��+�����!�)���;�
-� �/�)+�"� G�,���!-��)� ��! ��*�
!-��&�)!�/��� �C���� !)�+�!��"��"��% � H�� &�/����%�,-�"�!-�)��,� �����)#������"!��*�/�)+�"��"�!-��+���
.�;#;H�!-�� ��&����!�1D11��"�I�"��)%�E2;�����3����*�!-��#)��!�)�!-�"�D��� -�*)�/!��"�#�3����+�!!�)�
�"��/�!��"��*�!-��/�)+�"�!��+���&)���/!�&�)!�/��� �C��-� !�)%�*�)�!-� ��!� ! ;�

0

200

400

600

800

1000

1/8/2006 1/10/2006 1/12/2006 1/14/2006

Date and Time

A
ve

ra
ge

 B
ed

 P
ar

tic
le

 S
iz

e 
[m

ic
ro

ns
]

As-received data
+8 Mesh fraction removed

Start of Test S-4
Start of Test S-6

Start of Test S-7

Start of Test S-8

Start of Test S-5

Feed nozzle tube cracks
Unscheduled shutdown

Repaired feed
nozzle installed
Operations resume

End of Scoping Tests
Scheduled shutdown

�
��#�)��:0>1;������3�)�#��+���&�)!�/��� �C��I�"��)%�DJ�?H�>11@;�



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�:0B��

7.5.2.5 CP1 Production Tests. 
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7.5.3 DMR Product Densities 
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7.5.5 Temperature Control of the DMR and the CRR 
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7.5.6 System Pressure Control and Performance 
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7.5.7 Filter (HTF and PBF) Performance 
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7.5.8 Data Acquisition and Control System Performance 
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7.6.1 DMR/PR Bed Product  
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7.6.2.1 CP1 Test Solids Analysis. 
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7.6.2.2 CP2 Test Solids Analysis. 
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7.6.2.3 HTF Solids Particle Size Analysis. 
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7.6.3 PBF Solids 
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7.6.3.1 CP1 Test Pbf Solids Analysis.�
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7.6.3.2 CP2 Test PBF Solids Analysis. 
-������ ���� �/��&� �!��"���)�"#�!-����>�!� !�,� �
&)���)��%������"���"��/�)+�"�. �����#�)��:0B�2;�
-��/�)+�"�/�"/�"!)�!��"��"�!-������ ���� �*�)�!-���"!�)��
!� !��3�)�#���:D;ES;��*!�)�!-��+���-��#-!��"�!-������,� ��"/)�� ���!��?@��"/-� ��"��!-��/�)+�"��"3�"!�)%�
�"�!-������+���,� �)���/���.)� ��!�"#��"�-�#-�)�������!��!��>�/�"/�"!)�!��" 2H�!-�������"��
/�"/�"!)�!��"��"�!-������ ��&�� ��"/)�� ���*)����"��3�)�#���*��;@S�!���D;>S;�
-��/�)+�"�/�"/�"!)�!��"�
��)�"#�!-��*�) !�&�)!��*�!-��!� !�.+�*�)��!-������+���-��#-!�,� ��"/)�� ��2��3�)�#���DE;@SH�,-����!-��
/�)+�"�/�"/�"!)�!��"��3�)�#���B:;:S��*!�)�!-������+���-��#-!�,� ��"/)�� ��;�

7.6.4 DMR Wall Scale 
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7.7 Process Gas And Stack Gas Measurements  
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7.7.2 CPMS (DMR Process Gas) Data 
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7.7.3 CEMS (Stack Gas) Data 
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7.7.4 NOX Destruction, CO, and THC Emissions 
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7.7.6 Manual Sample Train Measurements 

��"���� ��&��"#�!)��" �,�)��&�)*�)����!����� �)��!-��/�"/�"!)�!��" ��"�����  ��" ��*�3�)��� �
&����!�"!� &�/�� �!-�!�,�)��"�!�/�"!�"��� �%���"�!�)�����)�"#������"����>;�
-� �� ��&���!)��" �,�)��
&�)*�)����� � ����!�"��� �%�� �&)�/!�/�����)�"#� &�/�*����?J��-��)� ��&���&�)��� ��"���/-�!� !�/�"��!��";�
�)�/�  ��&�)�!�"#�/�"��!��" �,�)��-����/�" !�"!�.!��!-����#)���!-�!�,� �&)�/!�/��2���)�"#�!-� �� ��&���
!��� ;��&�)�!�"#�/�"��!��" ���)�"#�!-� �� ��&���&�)��� �,�)��#�"�)���%�!-���� !� !�+����"��/�"!)������
/�"��!��" ��*���/-�!� !�/�"��!��";�
�+���:0?E��"��
�+���:0�1� -�,� ����)�� ��*�G�%��&�)�!�"#�/�"��!��" �
��)�"#�!-�� !�/G���"���� ��&���&�)��� �*�)������"����>;��

��3�����!��"�,� �&�)*�)�����"� !�/G� ��&����"��% � ���!��#�"�)�!���+%�!-�� ��&���!)��"�
��� �)���"! ���)�"#����;�
-����!��,�)��3�����!����"��//�)��"/��,�!-�!-���&&��/�+���&)�/���)� �*�)�
&�)*�)��"#��"��%!�/�����!-�����!��3�����!��"H�!-��$���
� !����"�O��1PH��"��h����!%��  �)�"/���)�V�/!�
���"��;��.h���2�O�>�P;��� ����)%��*�!-����!��3�����!��"�� ��"/������� ��&&�"��'���!��!-� ���/���"!;�

-��/��&��!�� �!��*���!��3�����!��"�)�&�)! �� ��3����+���*)���!-����!-�) ��*�!-� �)�&�)!��*�"�����;�

7.7.7 Stack Gas Temperature, Moisture, and Flow Rate 
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7.7.7.1 Production Test P-1. 
-��*���� ���!��"�*�)��0��/�" � !����"�%��*�!-��$��� �&�)"�!�"!�
 ���!��"�,�!-��!�-��3%���!�� H�� ��� /)�+����"�
�+����0�;�
-���"�%�&�!�"!���� ��)/���*��)#�"�/ ��"�!-��
 !�/G� !)����,� �!-��/�)+�"�������!��+�!-�!-�������"��!-�����;���/�� ���!�,� �"�/�  �)%�!��G"�,�!-��
+� ���"��/�"!)�+�!��"��*�!-��/�)+�" �!��!-��/�"/�"!)�!��"��*��)#�"�/ ��"�!-�� !�/GH� �&�)�!��!)��" �*�)�
������!-���11�1�.*�)�+�!-�#)�3���!)�/��"��#� �/-)���!�#)�&-�/�*)�/!��" ��"��*�)�!�!���$��� 2H�
��!-���11?��*�)���� H��"����!-���11�1�*�)�!-���F��*)�/!��" �,�)����&��%��;�	"�����!��"H���
��!-���>E�!)��"�,� �� ���!����!�)��"����!�� ����  ��" H��"����/��+�"�����!-���B=��!-��>@��!)��"�
,� �� ���!����!�)��"����)!�/���!����!!�)�.��2��"��-%�)�/-��)�/��/��=/-��)�"��#� H�)� &�/!�3��%;���/�� ��
!-�)��,�)��"��-��3%���!�� �������!��!-��*���� !)���H� ��&��"#�!)��" �,�!-�"�!-��F����� �)+�)�,�)��"�!�
� ��;�
-����!-���11>?��!)��"�,� � �����)�%�"�!�� ���+�/�� ��!-�)��,� �"������������!��!-��*����
 !)���;

��"�����**0#� � ��&��"#�!��G�&��/���!�*�3�� �&�)�!����/�!��" ��"�!-�� !�/G;�$��&��"#�!-�!�)����)���
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-� ��
&�)! �,�)��� ����"�%�*�)�!-����!�)��"�!��"��*���)/�)%��"�!-���**0#� ��!�!-����!��! ��*�F������ ����"��>H�
�"��"�!�*�)�&�)&� � ��*�&)�3���"#�)�#���!�)��%��)�3�"����  ��" ���!�;��

�� �#"�*�/�"!�&)�����"�)%�)� ��!��+!��"���*)���!-����"���� ��&��"#��*� !�/G�#� ����  ��" �*)���
�0��,� �!-����3����*�/-��)�"�����  ��" ;��"�� !���!���*�!�!���/-��)�"��.�"�!-��*�)���*�����"����>2�,� �
1;D�&&�H�,-�/-�,� ���  �!-�"�!-��/�))�"!�������
� !�"��)��*�)�/-��)�"���*�>��&&�;��� ����"�&�)!��"�
!-� �*�"��"#H�!-��I
F���/�����!������!��!� !�)�" �!-�!�,������!���C��!-��h=$� % !��;�����&)���/!��"�!� ! �
,�)���//��&�� -���,�!-�!-��h=$� % !����**0��"�;�
-��/�"/�))�"/���*�!-����	��"#�"��)�"#���"�#�)��"��
�)�V�/!���"�#�)�,� ��+!��"���*�)�!-� ���/� ��";�

7.7.7.2 Production Test P-2A. 
-��*���� !)����*�)��0>��/�" � !����*�!-�� ���� �&�)"�!�"!�
 ���!��"�� �� ����"��0�H�+�!�,�!-�!-������!��"��*�<�$;�
-���"�%���**�)�"/���"�!-��/��&� �!��"��*�!-��#� �
 !)����!-�!�/�����+���!!)�+�!���!��!-��<�$�,�����+���"�!-����!�� �/�"/�"!)�!��"��"��!-��&�)!�/���!��
�����"#X�-�"/�H�!-���"�%� ��&���!)��" �� ����"��0>��,�)��!-����!-���>E��"����!-���B=>@��!)��" ;�
-��
)���!�3��&�)/�"!���**�)�"/��*�)�/��&�)�+��� !�/G�#� �&�)���!�) �,� ���  �!-�"��SH��"��"����3�) ��
 ��&��"#��"������ �,�)��"�!���*�)�!-� �!� !;

7.7.7.3 Production Test P-3B.�	"��0?�H���"�)���!�� �,�)��������!��!-�� �&�)"�!�"!� ���!��";�
$��&���!)��" �*�)���!-���>E��"����!-���B=>@��,�)��)�"�!����!�)��"���*�!-������!��"��*�!-����"�)���!�� �
�**�/!���!-�� !�/G�#� �/�"/�"!)�!��" ��*�!-� ����!�� ;�	"�����!��"H��"!�)���%�)����!-��� ��&���!)��" �*�)�
!-����!�)��"�!��"��*���)/�)%��/)�  �!-��F����� �)+�)�,�)��� ��;�����!-�)� ��&��"#��"������ �,�)��
"�!��;

7.7.7.4 Production Test P-4A-1. 	"��0��0��.�"���"������*�!-��!� ! ��"� �)�� ���2H�!-��*����
/��&����"!��*� �&�)"�!�"!� ���!��"H�-��3%���!�� H�<�$H��"��������/��&)� ���!-��*���� !)���X�
/�" ����"!�%H�!-��*���� ��!���*�"�"����**�)�"!� ��&���!)��" �,� �� ����"��)��)�!���+!��"���/��&��!��&)�*����
�*�!-���**0#� �/��&� �!��";�
-�� ��&��"#�,� �/��&��!�����)�"#��� �"#��� -�*!;�������� �)��� !�/G�#� �
&�)���!�) �-�����)���!�3��&�)/�"!���**�)�"/���*���  �!-�"��SH��"������� �G�"�!�/� ��&���!)��" �,�)��,�!-�"�
!-��E1J��1S�)�"#���*��//�&!�+���!%;��"���"����%��//�))�����)�"#�!-��/�"��/!��*�!-����!-���11�1�
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,� ���!�)��"���!��"�!�-�3���� �#"�*�/�"!���&�/!��"�!-��$������� �)���"!;

7.7.7.5 Production Test P-4A-2. 
-��*���� ��!���*�"�"�� ��&���!)��" �,� �)�"�*�)�
� !��0��0>;�
$��&��"#��//�))���,�!-��!��"/���"!;�	 �G�"�!�/�)�" �,�)���//��&�� -���,�!-�"�!-��E1J��1S�����,�+���
)�"#�H��"��/��&�)�+��� !�/G�#� �&�)���!�) �-�����)���!�3��&�)/�"!���**�)�"/���*���  �!-�"��+��!�>S;�

7.7.7.6 Production Test P-4A-3. �0��0?�,� �+�#�"��"�I�"��)%�?�H�+�!�,� � � &�"�����"��)�"�
�#��"��"���+)��)%��;�����!����-�#-�)�!-�"��'&�/!������ !�)��/�"!�"!��"�!-�� !�/G�#� H�!-��,�!�)�/����/!�"#�
��&�"#�) �*�������&�&)���!�)��%��"�!-����!-���11�1��"����!-���11>?��!)��" ;�� ���/�" ����"/�H�!,���*�
!-��!-)���!)�3�) � �,�)����! ����!-��E1J��1S�� �G�"�!�/�)�"#�;�$��&�� �*)���!-� ��!)��" �,�)���� /�)����
�"��!-��!� !�&�)����,� �)�&��!����"�!-��*����,�"#���%;�
-����!�� ��"��&�)!�/���!��!)��" �,�)��)�"�*�) !��"�
!-��*����,�"#���%�,�!-�!-���)#�"�/� ��&��"#�!)��" �)�&��!���!-�!��*!�)"��";�	"!�)��!!�"!�*�����"!�))�&!��" �
��)�"#�!-�� ��&��"#�!��� �)� ��!����"�����!-)����)#�"�/� ��&��"#�!)��" �+��"#���! �����*�!-��E1J��1S�
� �G�"�!�/�)�"#�;���))�/!��" �!��!-��!)��"�)� ��! �����!��!-� ����3��!��" �,�)��������//�)��"#�!��!-��
�����!%��  �)�"/��&��";���)�!-��"�"��!)��" �)�"��"���+)��)%��H�!-��)���!�3��&�)/�"!���**�)�"/���"���� �)���
 !�/G�#� �&�)���!�) �,� ���  �!-�"�>S;��!-�)�!-�"�!-��&)�+��� �"�!����+�3�H�"���!-�)� ��&��"#�
�"!�))�&!��" ��//�))��;

7.7.7.7 Production Test P-4A-4. $��&��"#�*�)��0��0��,� ��//��&�� -���,�!-��!��"/���"!��"��
,� �/��&��!���,�!-�"��"���#-!�-��)�!����&�)���;������ �G�"�!�/�)�" �,�)��,�!-�"�!-��E1J��1S�)�"#�H��"��
/��&�)�+��� !�/G�#� �&�)���!�) �-�����)���!�3��&�)/�"!���**�)�"/���*���  �!-�"��+��!�>S;���� ��&��"#�
�"������ �,�)��"�!��;

7.7.7.8 Production Test P-4A-5. �0��0B�)����)��� �3�)���-��) ��*���V� !�"#�*����)�!� ��"��#� �
*��,�)�!� �!���/-��3�� !���%0 !�!��/�"��!��" ��!���-�#-�*����)�!���*�1;?B�#&�;���" ����"!�%H� !�/G�#� �
 ��&��"#�,� ��"�!��!�����!���"�!-�� -�*!��"��,� �/�"!�"�����"�!-��*����,�"#���%;�$��&��"#�,� �/��&��!���
,�!-��!��"/���"!;������ �G�"�!�/�)�" �,�)��,�!-�"�!-��E1J��1S�)�"#�H��"��!-��)���!�3��&�)/�"!���**�)�"/��
�*�/��&�)�+��� !�/G�#� �&�)���!�) �,� �,�!-�"��S;

7.7.7.9 Production Test P-4A-6. �0��0@�,� ��"�!��!����"���+)��)%��H��!�,-�/-�!����!-��*�) !�*��)�
��"���� ��&��"#�)�" �,�)��/�"��/!��;�����!����"��+�)��*��&�)�!��"���&)�+��� H��"/����"#��'-�� !��"��*�
!-�� �&&�%��*�F������/�����"������ �)��!���" &�/!�+�!-�!-�������"������+�� H�!-�� % !���,� � -�!�
��,"��"!�����+)��)%�:;��"/��!-�� % !���,� �-��!���+�/G��&�!��!��&�)�!�)���"��-����/-��3��� !���%� !�!��
/�"��!��" �.�"���+)��)%�D2H�!-��)����"�"#� !�/G� ��&��"#�!��G�&��/��,�!-��!��"/���"!;������ �G�"�!�/�)�" �
,�)���//��&�� -���,�!-�"�!-��E1J��1S�����,�+���)�"#�H��"��!-��)���!�3��&�)/�"!���**�)�"/���*���� �)���
 !�/G�#� �&�)���!�) �,� ���  �!-�"�?S;

7.7.7.10 Production Test P-5. 
-���������*����*�)��0B�/�" � !����*��"�%� �&�)"�!�"!� ���!��"H�<�$H�
�"��-��3%���!�� H� ����"���� ��&��"#��*�!-�� !�/G�#� �*�)��)#�"�/�/�" !�!��"! �,� �"�!�/�"��/!��;�
$��&��"#�,� �/�"��/!����"�%�*�)�&�)!�/���!����!!�)H�/-��)��� H���!�� ��"�!-�� !�/GH��"����)/�)%��"�!-��
F����� �)+�);���!-�!-����!-���B=>@���"����!-���>E�!)��" �,�)��,�!-�"�!-��E1J��1S�� �G�"�!�/�)�"#�H�
�"��!-��)���!�3��&�)/�"!���**�)�"/���*�/��&�)�+��� !�/G�&�)���!�) �,� ���  �!-�"�>S;����� !�/G����  ��" �
 ��&�� �,�)��/����/!����3�)����0-��)�&�)���;

7.7.7.11 Production Test P-6. 
-���������*����*�)��0@�-���!-�� ����/�" !�!��"! �� ��"��0BH���!-��#-�
�"���**�)�"!�/�"/�"!)�!��" H� ��!-�� ����*��)� ��&���!)��" �,�)��� ��;�
-�� ��&��"#�+�#�"��!�1E1B��"�
��+)��)%��1H��"��,� �"�!����"�!-���)�*!�����%� ����)%� -��!;��&�)�!�)���# ��"��/�!��!-�!� ��&��"#�,� �
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-��� �G�"�!�/� ��&��"#�)�!��,� �,�!-�"�!-��E1J��1S�)�"#���"��!-��)���!�3��&�)/�"!�
��**�)�"/���*�/��&�)�+��� !�/G�#� �&�)���!�) �,� ���  �!-�"�:S;

7.7.8 Manual Sample Train Measurement Results 

���� !�/G�#� ����  ��" �,�)��,�!-�"��&&��/�+���)�#���!�)%�����! � �/-�� �!-��������
�
 !�"��)� ;��

7.7.8.1 HCL and CL2. ���  ��" ��*�����"����>�,�)����� �)�����)�"#�����.+�!�"�!���)�"#���>2�
�"���)�� -�,"��"�
�+���:0??;����+�"�������"����>���3�� �.)�&�)!����!�!�!�����2��3�)�#����+��!�>1S�
�*�!-��������
� !�"��)���*�>��&&��.�)%�g�:S��>2�*�)�"�,�*�/���!�� ;�
�!�����=��>��3�)�#����+��!�
1;@�&&�3�.�)%H�/�))�/!���!��:S��>2���)�"#�!� ! ��0�H��0>H��"���0?�,-�"�!-������,� �"�!� &�G����"��"��
/-��)�"�!����)#�"�/ �,�)���"�!-��*���;�
�!�����=��>���)�"#�!� ! �,-�"�!-������,� � &�G����3�)�#���
�+��!�D�&&�3�.�)%H�:S��>2;���>�,� �"�!���!�/!����!�!-����!�/!��"�����!��*��+��!�1;1B�&&�3H�� �,� �
�'&�/!���*�)�!-� �!%&���*�&)�/�  ;�


-�������"/)�� ���!-�� !�/G������3��H�� �,� ��'&�/!��H�+�!� !����!-��!�!�����=��>�*�)�!-��!� ! ��"�
,-�/-�!-������,� � &�G���,� ��+��!�?1S��*�!-��������
�����!;�
-��!�!���*���)�!���*����*)���!-��
������)�"#�!-� ��!� ! �,� �-�#-�)�!-�"�!-���'&�/!������*���)�!��*)���!)�/���)#�"�/ ��"�!-���/!����$��H�
 ����=��>����  ��" �*)���!-��	�
<� -�����+����  �!-�"�D�&&�3H��*������� ��� ������;�
-��	�
<�-� �!-��
�&!��"��*���=��>�/��&���"/��+� ����"�!-��/�"/�"!)�!��"� !�"��)�H��)�+� ����"�)� G��  �  ��"!H�� ��� ��
����,���+%����
H�,�!-��!����/�"!)��� �/-�� �,�!� /)�++�"#;�

7.7.8.2 PM and Non-Mercury Hazardous Metals. 
�+���:0�?��"��
�+���:0��� -�, � !�/G�#� �
&�)!�/���!����!!�)�.��2��"����!���/�"/�"!)�!��" ��"�����  ��"�)�!� �*�)������"����>;���)!�/���!����!!�)�
/�"/�"!)�!��" ��3�)�#���+���,�?1S��*�!-��������
� !�"��)���*�?;���#=� /��.�)%�g�:S��>2�*�)�"�,�
*�/���!�� ;


-���C�"�!� !� % !���� �"�!�����*��!�)��;�����*��!)�!��"��"�!-��	�
<�� ��'&�/!���!��
 �#"�*�/�"!�%���,�)�!-� ����3�� H�&)�+�+�%�!����3�� �+���,�/�))�"!�%��3����+�����!�/!��"�����! �� �"#�
 !�"��)����!-�� ;�

�C�)��� ���!�� �!-�!�,�)���"/�������"�!-�� �����"!�*����,�)���+H�� H��"���);�a"�,� �� ���� ���
 �))�#�!��*�)���H�,-�/-�� ���-�C�)��� ���!���G"�,"�!��+���"�!-��$��H�+�!�,-�/-�,� ��'/������*)���!-��
!� !�"#�+�/�� ���! ��"�� !)����-%#��"��/�"/�)" ��'/������!-��3������*��"/����"#��!;��!-�)�-�C�)��� ���!�� �
�"/����"#���H�� H��"�����,�)���"/�������"�!-�� !�/G� ��&����"��% � �!��/�"*�)����!�/!��"�����! ��"��!��
��!�)��"���*��"G"�,"���3�� ��*�!-� ����!�� �,�)���"�!-�� �����"!�*���;����,� ���!�/!����"��"�%��"��
 ��&����!�����3���,�!-�"�!-��)�"#���*���!�!�+���!%;�a"H��+H��"���)�,�)��������!�/!����"����� ��&���!)��" ;�� �
�"�����,�)��"�!���!�/!����"��"%� ��&���!)��" ;�


-��/�"/�"!)�!��"��*�!�!��� ���3���!������!�� �.���]��+�]�a"�O �))�#�!�P2��3�)�#����+��!�BBS��*�
!-��������
� !�"��)���*��1��#=� /��.�)%�g�:S��>2�*�)�"�,�*�/���!�� ;�
-��/�"/�"!)�!��"��*�!�!���
��,�3���!������!�� �.� �]����]��)2��3�)�#����+��!��>S��*�!-��������
� !�"��)���*�>?��#=� /��
.�)%�g�:S��>2�*�)�"�,�*�/���!�� ;�
-���C�"�!� !� % !���� �"�!�����*��!�)��;�����*��!)�!��"��"�!-��
	�
<�,����&)�+�+�%���,�)�!-� �����  ��"���3�� ;�

$% !���)���3����**�/��"/�� �,�)��/��/���!���� �"#�!-�� !�/G�#� ���  ����  ��"�)�!� �*�)�-�C�)��� �
��!�� ��"��!-���"&�!�*���)�!� ��*�!-� ����!�� ;�$% !���)���3����**�/��"/�� �*�)�a"H��+H�� H��"���)�)�"#���
+�!,��"�EE;EES��"��EE;EEEES;�����*��!)�!��"��"�!-��	�
<���#-!��"/)�� ��!-� ��)���3����**�/��"/�� �
�*�!-�� !�/G�#� ���!�/!��"�����! �/�"�+����,�)���,-�"�!� !�"#�!-��	�
<� !�/G�#� �*�)���!�� �!-�!�,�)��"�!�
��!�/!����"�!-�� !�/G�#� ���)�"#�!-���C�"�!� !�"#;�
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�+���:0�?;����� !�/G�#� �&�)!�/���!����!!�)��"����!�� �/�"/�"!)�!��" ��"�����  ��"�)�!� ;�
��"/�"!)�!��" H��)%�

.g:S��>2�
��  ����  ��"�)�!� �

.�+=-)2�

$���3���!������!�� �
.�#=� /�2�

��,�3���!���!%���!�� �
.�#=� /�2���!�� �

���
.�#=� /�2� ���a"� �+� 
�!��� � � ��� �)� 
�!��� ��� ���a"� �+� � � ��� �)�

��!��
� !� ��)���� 
� !� �>@�� �>E��>E� �>E��>E��>E��>E� �>E� �>E� �>@�� �>E� �>E��>E��>E��>E��>E�

�D0I�"01@��:?1J>�1:� �H���%��� 1;>:� 1;�?1� 7.3 0.60 8.1 1;>@��1;�>E� 1.68 2.1 >;��01��E;@�01D� 5.3E-06 4.4E-07 >;1�01:�E;@�01D� 1.2E-06

�E0I�"01@� �111J�??1� �H���%�>� L� L�L� L�L� L�L� L�L� L� L� — L�L�L�L�

>:0I�"01@��111J�?�1� >�� 1;>B� 1;��D� 4.1 0.54 4.7 1;>?E�1;��D� 1.52 1.63 >;��01��E;@�01D� 3.9E-06 4.4E-07 >;1�01:�E;@�01D� 1.2E-06

>D0I�"01@��>?1J�@�1� ?�� 1;@B� 1;1BB� 3.2 0.25 3.5 1;����1;1BB� 0.71 0.76 D;��01��@;1�01D� 3.3E-06 2.8E-07 �;>�01:�@;1�01D� 7.7E-07

>E0I�"01@��1�1J��>@H�
�@11J�E?1�

��0��1;?B� 1;1BE� 3.5 0.10 3.7 1;��:�1;1BE� 0.34 0.40 ?;��01��B;D�01D� 3.4E-06 1.0E-07 �;��01:�B;D�01D� 3.3E-07

?10I�"01@��1>BJ���BH�
�@>1J�EB1�

��0>�1;:@� 1;1@E� 4.4 0.12 4.6 1;�?@�1;1@E� 0.39 0.46 :;>�01��B;D�01D� 4.1E-06 1.0E-07 �;��01:�B;D�01D� 3.3E-07

?�0I�"01@� ���1J�B>B� ��0?H���%��� L� L�L� L�L� L�L� L�L� L� L� — L�L�L�L�

�0��+01@��1�BJ�??BH�
�@11J>1>1�

��0?H���%�>� 1;D>� 1;1E1� 9.9 0.11 10.1 1;1E@�1;1�E� 0.38 0.43 E;B�01���;1�01:� 4.2E-06 1.3E-07 �;��01:�B;B�01D� 4.3E-07

>0��+01@��1�BJ�?�1H�
��B1J�D�1�

��0���;�@� 1;1B:� 3.5 0.13 3.7 1;��>�1;1B:� 0.66 0.72 �;��01?�B;B�01D� 3.4E-06 1.2E-07 �;��01:�B;B�01D� 6.4E-07

?���+�1@� �?BBJ�:>1� ��0BH���%��� 1;?>� 0.087 4.6 0.22 4.9 1;�1>�1;1B1� 13.50 13.55 ?;B�01�� 9.2E-08 5.0E-06 2.3E-07 �;��01:�B;?�01D� 1.4E-05

�0��+01@� 1E?BJ�?B�� ��0BH���%�>� L� L�L� L�L� L�L� L�L� L� L� — L�L�L�L�

�0��+01@��D1BJ>>1B� ��0@H���%��� ?;>?� 1;1:�� 4.8 0.13 5.0 1;�BB�1;1:E� 2.39 2.47 >;?�01?�B;B�01D� 3.5E-06 9.8E-08 �;>�01:�B;E�01D� 1.8E-06

D0��+01@� ��11J�:>>� ��0@H���%�>� L� L�L� L�L� L�L� L�L� L� L� — L�L�L�L�
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7.7.9 Mercury Control, Emission Measurements, and Spent Granular Activated Carbon 
Leachability 
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7.7.10 GAC Bed Thermal Event 
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7.7.11 VOC Emissions and POHC Destruction 
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7.8 Mass Balance 
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7.8.1 Methodology 
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7.8.1.1 Elemental Solid/Liquid Flows. ��!�)��"�"#�!-�������"!�����  �+���"/���"3��3� �
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-��*����,�"#�� �
!-����!-�����#%�� ���*�)���!�)��"�"#�!-��!�!��������"!�����  �*�)���/-� !)���;

$�����"!�*����)�!��,� ���� �)���� �"#�*��,���!�)��
0>11011�;�
-� �*��,���!�)���� �)� �����
�������*����*��,�!��!-�������"/����"#�+�!-� �����"!�*�����"��*�� -0,�!�)�*���;�
-��!��� �,-�"�
*�� -0,�!�)�,� �+��"#�*���,�)����!�)��"���*)���!-���&�)�!�)���# ��"���//��"!���*�)��"�!-����  �+���"/��
/��/���!��" ;��

$�"/��!-��*�� -0,�!�)�,� �����"�C��H�!-��/�"/�"!)�!��"�,� ��  �����!��+���111�#=��&�)��,�!�);�

-���"��%!�/���/��&� �!��"�)� ��! �*�)� �����"!�*����3�)���� �+ !�"!����%�!-)��#-��!�!-������!� !� ��!-��
 ��&����� !�)�&)� �"!�!�3���*�!-��!� !�"#�!����&�)����,� �� ���*�)�!-����)�!��"��*���/-�!� !�&�)����
.�;#;H�*�)�!� !��0��0?�!-���"��%!�/���)� ��! �*�)�+�!/-����,�)��� ���*�)�!-��/�"/�"!)�!��"��*�!-�� �����"!�
*���2;���)�"#���>�!� !�"#H��"�%�$��� �����"!�,�!-��!�-��3%���!�� ��"��$��� �����"!�,�!-�-��3%�
��!�� �,�)��*���!��!-�����;�$�"/��!-���"��%!�/���)� ��! �*�)���/-�!�"G��*�$��� �����"!�,�!-��!�-��3%�
��!�� �����"�!�3�)%���/-��"��!-��$��� �����"!�,�!-�-��3%���!�� �����"�!�3�)%���/-H�!-���3�)�#��
/�"/�"!)�!��"�*�)���/-�!%&��,� �� ���*�)�!-����)�!��"�.� �)�/�)�����"�!-���&�)�!�)���#�+��G2��*�!-�!�!%&���*�
*���;�
-����$�*��,�,� ����!�&�����+%�!-��/�"/�"!)�!��"��*�!-��*����!����!�)��"��!-��!�!��� �����"!�*����
!��!-�����;�


-��!�!�����  ��*�/���H�/�G�H�/��%H��"���!-�)�����!�3� �!��!-�������"������,�)���+!��"���*)���
!-���C�"�*������# ;�
-��!�!�����  ��*���/-�����!�3��,� ����!�&�����+%��! ������"!���/��&� �!��"�� �#�3�"�
�"� ��&���)� ��! ��)�*)���3�"��)���!��!����!�)��"��!-��!�!��������"!�����  ��"���/-�*���;���)�"#���>�
!� !�"#H�&�)!�/�� �*)���!-�����!-�!��'/�������>��� -��"� �C��.&)���)��%��"+�)"���/�)+�"2�,�)��)�/%/����
+�/G�!��!-������,�!-�!-��*����/���;�$�"/��!-��/��&� �!��"��*�!-� �)�/%/����/����,� �"�!���� �)����"��
 �3�)���/��&� �!��"������ �)���"! ��*�!-�� /)��"������ ��&���,�)������H��!�,� ���!�)��"���!��� ��!-��
�" /)��"����"��%!�/���)� ��! ��"�!-������"!��*����&)���/!���  �!-�"��>��� -;��� �H�!-������"!��*�&)���/!�
#)��!�)�!-�"��>��� -�,� � �+!)�/!���*)���!-��/�)+�"�������!��!-�����;�


-��/��&� �!��"��*�!-����H����H�
�H����H��"������ ���� �,� ��"��%!�/���%���!�)��"���+%�!-��
�C�"��"��%!�/�����+�)�!�)%;�
-���C�"�)� ��! �,�)��!-�"�/-�)#��+���"/����  ���"#�!-�!��"%���"�"�!�
�  �/��!���,�!-���/�)+�"�!�H� ��*�!�H�&-� &-�!�H��)�-���#�"�,�����+���  �/��!���,�!-��"��'�����"��";�
-� �
��  ��*��'����,� � ������,�!-�!-����  � ��*� &�/�� � &�/�*�/���%��"��%C���*�)H�!����!�)��"���*�!-��!�!���
��  ��*���!�)�����"���/-� ��&��� ������!���11�,!S;���!-�!-���'��������!��"H�!-��!�!�����  ��*�
�"��%!�/���%���!�)��"��� &�/�� ��"����� !����� ��&�� �!-�!�-�����/�)+�"���� �)���"!� ������!��+�!,��"�
E1J��1SH�,-�/-�,� �/�" ���)���!��+���"��//�&!�+���)�"#��/�" ���)�"#�)�� �"�+��� ��&���
)�&)� �"!�!�3�"�  ��"���"��%!�/����))�);��

��)�!-� �� ��&�� �!-�!�����"�!�-�3������)�/!�/�)+�"��"��% � H���/�)+�"�/��&� �!��"�,� �/��/���!���
.+%���**�)�"/�2�!���/-��3��U�11S���  �+���"/��*�)�!-�� ��&��;�
-��)����)���/�)+�"�/��&� �!��"�!��
�/-��3����  �+���"/���"�!-� �� ��&�� �,� � �����)�!��!-����� �)���/�)+�"��"��!-�)� ��&�� ��"��,� �
!-�)�*�)��/�" ���)�����#����� !���!��*�)�!-��/�)+�"�/��&� �!��"��"� ��&�� �*�)�,-�/-�!-��/�)+�"�/�"!�"!�
,� �"�!���)�/!�%���� �)��;��

$�3�"� ��&�� �.����H������H��"��>�
�2�����"�!��/-��3����)�� �"�+�����  �+���"/��.+�!,��"�
E1��"����1�&�)/�"!��*�!-����  ��//��"!���*�)2��"��/�!�"#�!-�!��"���)���)���*�!-�������"!����"��% � �,�)��
"�!��//�)�!�;�	!�� �!%&�/���!��+��&)�3����� ������&)�/� ����!��,-�"�,-�"� �3�)��������"!����"��% � ��)��
&�)*�)���;�
-��)�� �"�*�)�&�)*�)��"#�!-���"��3������ ��&���+���"/� �� � ��!-�!��+3��� �&)�+�����"��% � �
/�"�+���'/�����;�
-�� �3�"� ��&�� �!-�!�����"�!��/-��3�� ��&�����  �+���"/��,�)���� /�)�����"��"�!�
� ����"�!-��&���!�&��"!���  �+���"/����!�)��"�!��";�
-���3�)�����**�/!��*�!-����  ��*�!-� ��*�,� ��&�� �� �



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�:0�@��

 ������ �!-�)��,�)��������!��"��+�) ��*� �����)� ��&�� �!������,�*�)�!-����  �+���"/�;�	"�����!��"�!��!-��
 �3�"� ��&�� H�����!-��������� �)���"! �*�)���0>�!� !�"#��"��!-���� !�@�������� �)���"! �*)���!-��
��0>�!� !�. ��&�� �>>?�H�>>:�H�>?�:H�>?��H��"��>?@?2�����"�!��/-��3�� ��&�����  �+���"/�;�
-������
��� �)���"! �*�)���0>�,�)��� ����3�"�!-��#-�!-�%��"�%��//��"!���*�)�:1JD1S��*�!-��!�!�����  ;�	!�� �
+����3���!-�!�!-�������"���,� ���� �)�����,��"��!-�)�*�)��!-�������"���/�"/�"!)�!��"��"�!-������-� �
+��"��"/)�� ���!���/-��3����  �+���"/��/�� �)���*�!-�� ��&����"��%!�/���)� ��!;��� �H�� � !�!����+�3�H�!-��
�"��%!�/���)� ��! �*�)�!-�� /)��"������ ��&�� �,� �� ���*�)���!�)��"�"#���  �+���"/�;��

7.8.1.2 Elemental Gaseous Flows. 
-�������"!�����  �+���"/� �*�)��'%#�"H�"�!)�#�"H�M,�!�)HN�
/�)+�"��"�� ��*�)H��"3��3� �!)�/G�"#���"%�#� ��� �*��� ��"���� /-�)#� ;��� !��*�!-��#� ��� �*��� ��"��
�� /-�)#� ��)����� �)��X�-�,�3�)H�!-�)���)����*�,� �#"�*�/�"!�#� ��� � !)��� �!-�!��)��"�!���� �)��;�
-��
�"��� �)�����  � �-���!��+��� !���!��;��� ����)%��*�!-��#� ��� �*��� ��"���� /-�)#� ��"��-�,�!-�%�
,�)�����"!�*����� � -�,"��"�
�+���:0BE;���)��� !� !)����*��,�)�!� H�!-����!-����*����"!�*�/�!��"�,� ���
��"�!�0+%0��"�!����� �)���"!�+%�*��,��!�) H���!���!�/���%���##���+%�!-����!���/��� �!��"��"����"!)���
$% !��;���)��� ���!-�� �,�)��� ���*�)����"!�*�/�!��"��*�!-���"��� �)���#� ��� � !)��� ;�
-� ��
��!-�� ��)���� /�  ����"���!�����"�!-��*����,�"#�&�)�#)�&- ;


�+���:0BE;�$����)%��*�#� ��� �*�����"���� /-�)#�� !)��� L��!-����*�*��,�)�!�����"!�*�/�!��";�

���&�"�"!��"��$!)����
��� �)���

.�� ��)���2�
� !���!��"���!-����"�������"! �

.�*�"�!���� �)��2�

���� � �

������C�"#�#� � !���� �� � �

������C�"#�#� ��'%#�"� �� � �

������C�"#�#� �"�!)�#�"� ��� ���,�)�!���+!��"���*)����&�)�!�)���# �

��!)�#�"�&�)#� � �� � �

��)+�"�����!��"�"�!)�#�"�
!)�" *�)�#� �

��� � !���!���+� ����"�/�)+�"�����!��"� % !����� �#"�"��+�)�
�*� % !���/%/�� �

�)���/!�!)�" *�)�"�!)�#�"� ��� � !���!���+� ����"��&�)�!�)���# H� % !����� �#"��*�!)�" *�)�
��"�H��"��!��&�)�!�)��/-�"#� ��"�!)�" *�)���"��.�"��"��/�!��"�
�*���!-��&)� �"/���*�"�!)�#�"�!)�" *�)�#� 2�


�� � �

��!)�#�"�&�)#� � �� � �

���!�)�+�/G0&�� ��"�!)�#�"� ��� � !���!���+� ����"�+�/G0&�� �� % !����� �#"�

���� � �

��!�0!-�)����#� ��'%#�"� ��)!����%� �"���'%#�"� !)����,� ��"��� �)�����)�"#����H��!�,� �
� !���!���+� ����"��&�)�!�)���# ��*���!�)�*��,��"��
��," !)����&)�  �)��

��!�0!-�)����#� �"�!)�#�"� �� � �

��!)�#�"�&�)#� � �� � �

��)+�"�����!��"�"�!)�#�"�
!)�" *�)�#� �

��� � !���!���+� ����"�/�)+�"�����!��"� % !����� �#"�"��+�)�
�*� % !���/%/�� �



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�


�+���:0BE;�./�"!�"���2;�

�:0�@>�

���&�"�"!��"��$!)����
��� �)���

.�� ��)���2�
� !���!��"���!-����"�������"! �

.�*�"�!���� �)��2�

�F�� � �

�!���C�"#���)� �� � �

�����"#�,�!�)�.�������� �
�&&� ���!��#� ��� �*���2�

�� ��

���� � �

��!)�#�"�&�)#� � �� � �

���!�)�+�/G0&�� ��"�!)�#�"� ��� 
-� � % !��� �������&�)�!����"��!-��/�"!)�+�!��"�,� �
"�#��#�+���

��)/�)%��� �)+�)� � �

��!)�#�"�&�)#� � ��� � !���!���+� ����"� % !����� �#"��"���"��&�)�!�)���# ;�

$!�/G� � ��"/�"!)�!��" ��"��*��,�)�!� ��*���"�)�/�" !�!��"! �.��(H�
$�>H���H��"��
��,�)����� �)���+�!�,�)��"�!� �#"�*�/�"!�
!���3�)���������"!�����  �+���"/�2;�


�!��� �� � �� ����� �)���+%� �&�)�!���" !)���"!�!��"���)�"#��**0#� �
 ��&��"#;�

�'%#�"� �� � ��!�)��"���� �"#�!-����� �)���S��)%�/�"/�"!)�!��"��"��!-��
 !�/G��>�*��,�)�!��/��/���!���*)�������!-��&)�/�  ��>��"&�! H�
�  ���"#�!-�!�!-���"�%� �#"�*�/�"!��)%� !�/G�#� �/�" !�!��"! �
,�)���>H���>H��"���>;�

��)+�"����'���� �� � ��!�)��"���� �"#�!-����� �)���S��)%�/�"/�"!)�!��"��"��!-��
 !�/G��>�*��,�)�!��/��/���!���*)�������!-��&)�/�  ��>��"&�! H�
�  ���"#�!-�!�!-���"�%� �#"�*�/�"!��)%� !�/G�#� �/�" !�!��"! �
,�)���>H���>H��"���>;�

��!)�#�"� ��� ���/���!���*)�������!-��&)�/�  ��>��"&�! �+%���**�)�"/��
+� ����"�!-���  ��&!��"�!-�!�"�!)�#�"H��'%#�"��"��/�)+�"�
���'�����)��!-���"�%� �#"�*�/�"!�/�"!)�+�!�) �!��!-��S��)%�
/�"/�"!)�!��";�

��!�)� �//� ��"���%� � !���!���+%���**�)�"/��*)���!-��!�!��� !�/G�#� �*��,�)�!��
�"��!-��!�!���/��/���!���*��,�)�!���*��>H���>H��"���>;�
-��
�//�)�/%��*�!-� �� !���!��,� �3�����!���+%�/��&�)� �"�!��
.�2� !�/G�#� �,�!�)�*��,�)�!����!�)��"���*)���!-�� ����*�����
&)�/�  ��"&�!�,�!�)H��"��.+2�!-��,�!�)�/�"/�"!)�!��"�
��� �)�����)�"#���"���� !�/G�#� � ��&��"#;�

$��*�)����'���� �� � ��� �)���S��)%�/�"/�"!)�!��"��"��*��,�)�!��0�"�!� �#"�*�/�"!�
!���3�)���� !�/G�*��,H�+�!� �#"�*�/�"!�!�� ��*�)�+���"/�;��

�'/�&!��" =���G � � �

<"��"�!�)���,�!�)�!������
.�������� ��&&� ���!��#� ��� �
*���2�

��� � !���!���+� ����"���  �+���"/� ��"���"�,�!�)���� �)����"�
 !�/G���)�"#��**0#� �!� !�"#H��"�%��**�/!�������J�!-�����G�
)�!��,� ���� �)����"/����)�"#��� -�!��,"�/�"��!��";�

<"��"�!�)�����)����G��"!��
�**0#� �+��,�) �

��� � !���!���+� ����"���  �+���"/� ��"���"�!�!���#� ���� �)���
�"� !�/G���)�"#��**0#� �!� !�"#�J��"�%��**�/!�����>;�

�



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�
�

:0�@?�

�� !��*�!-��"�!)�#�"�*��� �,�)����)�/!�%���� �)��;�
-���'/�&!��" ��"/�����!-��/�)+�"�����!��"�
!)�" *�)�"�!)�#�"H�!-��&)���/!�!)�" *�)�"�!)�#�"H�!-��*��!�)�+�/G0&�� ��"�!)�#�"H�!-����)/�)%��� �)+�)�&�)#��
"�!)�#�"H�!-������*�����C�"#�"�!)�#�"H��"��!-��"�!)�#�"��  �/��!���,�!-�!-��+��,�)����G���)�"#���>;�
-��
&)���/!�!)�" *�)�"�!)�#�"�,� �� !���!����!�>1� /*��,-�"��!�,� �+��"#�� ��;�
-��>1� /*��� �+� ����"�
�� �#"��*�!-��"�!)�#�"�!)�" *�)� % !����"���"�!-��*��, ���##���+%�!-���&�)�!�) �� �)�����"�����/���
*��,��!�);�
-��!��� ��!�,-�/-�!-�� % !���,� ��"�� ��/�"�+��� !���!���*)���!-����"�!�0+%0��"�!��
!��&�)�!�)��&)�*��� ��"�!-��&)���/!�!)�" *�)���"��J�)�&���/����"#��)�-��!�"#��"��/�!� �� ���*�!)�" *�)�
"�!)�#�";�F�"�)���%H�!-��!)�" *�)�"�!)�#�"�,� �� ���*�)��1�!��>1���"�!� ���)�"#���/-�!)�" *�);�
-��
� !���!���!)�" *�) �,�)��������!��!-����  �+���"/���"��!-��!�!����**0#� �*��, �,�)��/-�/G���!��/�"*�)��
!-�!�!-���'&�/!���)� &�" ��,� �+��"#� ��";��


-������*�����C�"#�"�!)�#�"�*��,�)�!��,� �)�/�)�����"�!-���&�)�!�)���# ;�
-��)�/�)����)�!� �,�)��
������!��!-����  �+���"/�;��"/���#��"H�!-��!�!����**0#� �*��, �,�)��/-�/G���!��/�"*�)��!-�!�!-���'&�/!���
)� &�" ��,� �+��"#� ��";�


-����)/�)%��� �)+�)�&�)#��*��,���)�"#����H�+� ����"� % !����� �#"��"���&�)�!�)���# H�,� �
"�#��#�+����"��3�)�#��+��"#���  �!-�"�1;�S��*�!-��#� ��� �"�!)�#�"�*�� ;����� �#"�/-�"#��+�!,��"�����
�"����>�)� ��!����"���-�#-�)���)/�)%��� �)+�)�&�)#��*��,;���)�"#���>H�!-����)/�)%��� �)+�)�&�)#��� �
�"��/�!����"�����/���*��,��!�)��"��� ���##����+��!���#-!�!��� �����%H�,� �/�" !�"!��!�>� /*�;���)+�"�
!)�" *�) ���)�"#�+�!-�!� ! ��//�))����!�)�#���)��"!�)3�� H��&&)�'���!��%��"/������"�!��!-)��#-0��!�����
!� !�"#H��"��,�)��� !���!���+� ����"� % !����� �#"��"��*)����"/%��*�� ��!��+���"�%��� �����/�"!)�+�!��"�J�
�+��!�1;�S��*�!-��#� ��� �"�!)�#�"�*��� ;�


-��*��!�)�+�/G0&�� ��"�!)�#�"�,� �� !���!���!��+���+��!�B� /*�&�)�&�� ��/%/��;���� ��/%/�� �
�//�))����!��))�#���)��"!�)3�� ���)�"#�!� !�"#H�3�)%�"#�*)�����*�,�!��� ��"�-��)�!��"��)�%�/�"!�"��� �
.?1�!��@1�!��� �&�)�-��) 2;�
-� H�!-��"�!)�#�"�*��,�)�!��3�)����*)���+��"#�"�#��#�+����&�!��B� /*�;�


-��+��,�)���)����G�,� ��� /�3�)�����)�"#���>�,-�"��!�,� �*��"��!-�!�!-��S���� !�)���"�!-��
�**0#� �,� ���,�)�!-�"��'&�/!����"��!-�!�!-����  �*��,�)�!��,� ���)#�)�!-�"��'&�/!��;�$�+ ����"!�
�"3� !�#�!��"��"��/�!���!-�!�!-���'%#�"��"��"�!)�#�"��&&��)���!��+��-�#-�)�!-�"��'&�/!��H��"��"��/�!��"��*�
�"���)����G� ���,-�)���"�!-���**0#� � % !��;���/��&�)� �"��*�!��&�)�!�)���)�& ���� �)����"������"��
��>��**0#� �/��&�"�"! ��"��/�!���!-�!�!-�)��,� ����"/)�� ����)�&�+�!,��"�!-����)/�)%��+ �)+�)���!��!�
�"�� !�/G;���/����"3� !�#�!��"��*�!-���"!�)���**0#� � % !���*��"��!-�!�!-�)��,� ��"���)����G��"!��!-�� % !���
�)��"��!-��+��,�)� -�*!�*�)�!-��+��,�)�+�!,��"�!-����)/�)%��+ �)+�)��"��!-�� !�/GH�,-�/-�/�"*�)����!-��
��� �)���*�"��"# ;�	"��/�!��" ��)��!-�!�!-� ���)��"0���G�#��,� ��"�%� �#"�*�/�"!���)�"#���>�!� !�"#;�

�� !��*�!-���"��� �)���"�!)�#�"� !)��� �,�)��� !���!���� ���/�" !�"!�3�����*�)�!-���"!�)����>�!� !�
�)�� ���*�,�/�" !�"!�3���� �*�)�!-������!� !;�
-��/�" !�"!�3������"/������!-��"�!)�#�"��  �/��!���,�!-�!-��
��)/�)%��� �)+�)�&�)#�H�!-��/�)+�"�!)�" *�)�"�!)�#�"H��"��!-����)��"0���G�#��"�!)�#�";�
-��&)���/!�!)�" *�)�
"�!)�#�"��"��!-������*�����C�"#�"�!)�#�"�,�)��"�!��"/������� �!-� ��3���� �,�)�� &�/�*�/���%��//��"!���
*�)�� ��� /�  ����+�3�;���)���>H�!-��/�" !�"!�3�����,� �� !���!���!��+���@� /*�;�
-� �3�����,� �/-� �"�
� ��!�)� ��!����"�����"�!�0+%0��"�!���'%#�"H�/�)+�"����'���H��"��,�!�)�/��&� �!��"�!-�!���!/-���!-��
��� �)���"! ��������)�"#�!-�� �'� �&�)�!��&�)��� ��*��**0#� �!� !�"#�&�)*�)����+%���
;�	"�����!��"H�!-��
�  ��&!��"��*��@� /*��!�!����"��� �)���"�!)�#�"�)� ��!����"���&)���/!���,�!�)���  �*��,�)�!���"�!-��
�**0#� �!-�!���!/-���!-�!�&)���/!���+� ����"� ����"#�!-��3�)��� �,�!�)�*��� �!��!-�� % !���.*�����C�"#�
 !���H�,�!�)��"�!-��,� !��*���H��"���F��/����"#�,�!�)2;�	"��!-�)�,�)� H�!-�)��,�)��!-)��� �&�)�!��
��!-�� �� ���!����!�)��"��!-�!��@� /*��,� ���)�� �"�+���� !���!���*��"��� �)���"�!)�#�"�!��!-�� % !��;�



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�
�

:0�@��

�� �����)��&&)��/-�,� �� ���*�)����;��,�3�)H�!� !�/�"��!��" �,�)��3�)������)��,����%���)�"#�
�����"���� �"#���"�!)�#�"����G�3�����,� ��&&�����!����/-���V�)�!� !��"�!H��" !�����*�!��!-��!�!���!� !;�
-��
/�" !�"!����G�#��"�!)�#�"��&&�����!����/-�!� !�3�)����+�!,��"�1��"��B� /*�;�
-������!� !�3���� �,�)��
��,�)�+�/�� ��!-�)��,� �"��+��,�)���)��"0���G�#����)�"#�!-������!� !;�


-���� /-�)#��"�!)�#�"�,� �"�!���� �)��;��-�!�,� ��3����+����"�����"�!�0+%0��"�!��+� � �,� �!-��
�� /-�)#����  �*��,�)�!���"��!-��&�)/�"!�#���)%�/�"/�"!)�!��" ��*�/�)+�"����'�����"���'%#�"�. ��*�)�
���'���H�!�!���"�!)�#�"��'��� H��"��/�)+�"���"�'����,�)���� ����� �)���+�!�,�)���"�%�&)� �"!��!�&&��
��3�� 2;�F�3�"�!-�!��3�)�EES��*�!-���)%�/��&�"�"! �/�" � !����*��'%#�"H�/�)+�"����'���H��"��"�!)�#�"H�
�)%�"�!)�#�"�,� ���!�)��"���� �*����, 4��

>>> ���)%S��)%S�11��)%S ��� ��;�

�'&�/!���"�!)�#�"���  �*��,�)�!��,� �/��/���!���*)�������!-����� �)���"�!)�#�"�*��� H��"/����"#�
!-��"�!)�#�"�*)���"�!)�!� ��"�!-��,� !��*�����"��!-��"�!)�#�"�*)���!-��� !���!����"��� �)���"�!)�#�";�
K"�,�"#�!-����  �*��,�)�!���*�"�!)�#�"��'&�/!����"�!-���**0#� ��"������!-��&�)/�"!�#� �*�)��'%#�"H�/�)+�"�
���'�����"��"�!)�#�"H�!-����  �*��,�)�!���*��'%#�"��"��/�)+�"����'����,�)��!-�"�/��/���!��;�

� � >>>> ��)%S��)%S=�)�!�*��,��  �)�!�*��,��  �� ��;�

� � >>>> ��)%S��)%S=�)�!�*��,��  ��)�!�*��,��  �� ��;�

��"���%H�#�3�"�!-�!��3�)�EES��*�!-��!�!����**0#� �/�" � !����*��'%#�"H�/�)+�"����'���H�"�!)�#�"H��"��
,�!�)H�!-��,�!�)�,� �/��/���!���+%� �+!)�/!�"#�!-��/��/���!�����  �*��,�)�!� ��*��'%#�"H�/�)+�"����'���H�
�"��"�!)�#�"�*)���!-����� �)��!�!�����  �*��,�)�!�;�

��  �*��,�)�!��>��J�
�!�����  �*��,�)�!��J���  �*��,�)�!����>�J���  �*��,�)�!���>�J���  �
*��,�)�!���>��;�


-���'&�/!�����  �*��,�)�!���*�,�!�)�/�"��� ��+��/��/���!���*)���!-��G"�,"�*��� �. !���H�,�!�)��"�
!-��,� !��*���H��"���F��/����"#�,�!�)2;�
-� ���!-����*�/��/���!�"#�,�!�)���  �*��,�)�!��,-�"�/��&�)���
!��!-���+�3����!-����*�/��/���!��"�)� ��!����"��"��3�)�#����"�!�0+%0��"�!����**�)�"/���*���  �!-�"��S;�
�� !�!���� ��"�����!��"H�!-��*����,�"#�,� �*��"�4�

��\���"�!�0+%0��"�!��,�!�)�� !���!���+%� ����"#������"&�!�,�!�)� !)��� ��;�

��\���"�!�0+%0��"�!��,�!�)�� !���!���+%� �+!)�/!�"#�"�!)�#�"H��'%#�"H��"��/�)+�"����'����*)���
!�!���*��,��;�

$���*�)��"!�)��!� !��*�m.�0�2=�2n�c�S�*�)���>��;�


-�)��,� ��"������!��"����"G"�,"�*��,�!-�!�"������!��+��� !���!���!��&�)*�)��/��/���!��" ���)�"#�
!-������!� !;�	!�,� �*��"����)�"#��**0#� � ��&��"#�!-�!�!-����� �)������ !�)���"��!-��!�!����**0#� �*��,�
,�)��+�!-�-�#-�)�!-�"��'&�/!���+� ����"�G"�,"�*��� ;�	!�,� �� !���!���!-�!�>1�!��B1� /*���*��'!)��,�!�)�
,� �&)� �"!��"�!-���**�#� ;�	!�,� ���!�)�*��"�H���)�"#��� -�!��,"H�!-�!�!-��,�!�)� &)�%�� ���!��/����!-��
������)�"#� % !��� !�)!�&�,-������V� !�"#�/�)+�"�*����)�!� �-���+��"���*!��"���)�"#�!� !�"#;�
-��*��,�
)�!����� �)�����)�"#�!-�� -�!��,"�,� �����3���"!�!��>D� /*�;�	"��3��������  �+���"/� �&�)*�)����
��)�"#���/-���V�)�!� !� �/!��"��*������"��)��)�!����!/-���
���� �)������ !�)��&�)/�"!�#� ��"��!�!���
*��, ��#��" !�/��/���!���3���� �)� ��!����"�,�!�)� &)�%����G�� !���!� ��*�>D�!���E� /*�;�
-��� !���!� ��*�
,�!�)� &)�%����GH�!-��1�!��B� /*��� !���!� ��*��"��� �)���"�!)�#�"H�!-��� !���!� �*�)�*�����C�"#��"��



Pilot Plant SBW
Carbonate Flowsheet Report

RT-ESTD-PMR-001 
Revision 0

�

�
�

:0�@B�

&)���/!�!)�" *�)�"�!)�#�"H��"��!-����� �)�����"�!�0+%0��"�!��*��, �,�)��� ���!��/��/���!��!-���**0#� �
*��, �� ��� /�  ���&)�3��� �%;���!��!-�!��"/���#��"H�!-���3�)�#����"�!�0+%0��"�!����**�)�"/��+�!,��"�!-��
,�!�)�/��/���!���+%�����"#�����!-��G"�,"��"��� !���!���*��� �,� ��"��'/����"!��#)����"!�.��  �!-�"�>S�
��**�)�"/�2�,�!-�!-��,�!�)�/��/���!���*)���!-��!�!�������#� �*��, ��"��!-���**0#� �"�!)�#�"H��'%#�"��"��
/�)+�"����'���;��

��\���"�!�0+%0��"�!��,�!�)�� !���!���+%� ����"#������"&�!�,�!�)� !)��� ;�

��\���"�!�0+%0��"�!��,�!�)�� !���!���+%� �+!)�/!�"#�"�!)�#�"H��'%#�"H��"��/�)+�"����'����*)���
!�!���*��,;��

$���*�)��"!�)��!� !��*�m.�0�2=�2n�c>S�*�)����;�

7.8.2 Elemental Mass Balance Results 

7.8.2.1 CP-1 Mass Balance. 
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DMR Solids 2.4% 59.3% 90.9% 90.7% 94.5% 94.5% 91.3% 83.9% 90.0% 91.5% 91.2% 0.0% 91.8% 82.2% 91.6% 82.6% 90.7% 89.0% 84.8% 88.9% 0.0% 0.0% 10.6% 7.7% 8.1%

Total Al B Ca Ce Cs Cr Fe Pb Mg Mn Hg Na Ni K Si Zn Cl F PO4 H2O N S C O
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8. SOLID PRODUCT EVALUATION OF SUITABILITY FOR DISPOSAL 

8.1 Primary Process Solids 

� ��� /�  ����"�$�/!��"�?;BH� ����� ��&�� �*)���!-���C�"�!� ! �,�)��/����/!����"���"��%C���!��
��!�)��"��!-��)�&�!�"!�����//�&!�+���!%�*�)��� &� ����!��	��;�
-���"��% � �,�)��&�)*�)����!����!�)��"��
!-��&)� �"/���)��+ �"/���*�/�)!��"�/-�)�/!�)� !�/ �!-�!�,�����&)�/������	����� &� ����*�	�
<�&)���/!�
��!�)���;�
-� ��/-�)�/!�)� !�/ ��"/�������'&�� �3�!%H�&%)�&-�)�/�!%H��#"�!�+���!%H�)��/!�3�!%H��"����!�/!�+���
������ ;���!-��#-�!-�)��� �"���"!�"!��"��*� �"��"#�!-����!�)����*)���!-���C�"�!� ! �!���	��H��"��% � ��*�
!-� ���!�)����,����&)�3�����"*�)��!��"�!-�!�,����/�"!)�+�!��!��!-���//�&!�+���K"�,���#�=�)�/�  �
K"�,���#��*�)�!-��	�
<�,� !��&)���/! �!-�!��� !�+�������*����*�)��� &� ����!��	��;�

$��&�� �,�)��/����/!���*)���!-�����H���H�
�H��"������� �!-��&)���)%� ��)/� ��*�&)���/!�
��!�)����*)���!-��$���!)��!��"!�&)�/�  ;��-��,�)!-���+�)�!�)�� ��"�����" +�)�H���,�I�) �%H�,� �
 ���/!���� �!-����+�)�!�)%�!��/�"��/!�!-��)����)����"��% � ;��-��,�)!-�� ��"�	$�=	����:1>B��//)���!���
��+�)�!�)%�,�!-��'&�)��"/���"�!-���"��% � ��*��"�)#�!�/���!�)��� ;�
-�%�,�)���&&)�3���+%�!-��
����

)��!��"!�
�/-"���#�� H�����.


2�h����!%��  �)�"/����"�#�)�!��/�"��/!�!-� ���"��% � ;�


,�"!%0�"��&)���/!� ��&�� �,�)���+!��"���*)�������
� ! ���0��!-)��#-���0@H�,-�/-�,�)��!-��
!� ! ��� !�)�&)� �"!�!�3���*�!-���"!�"�����&�)�!�"#�/�"��!��" �*�)�!-��*���0 /����	�
<�&)�/�  ;�
-���������
*����*�)�!-� �� �'�!� ! ��"/������!-�� �&�)"�!�"!� ���!��"H�-��3%���!�� H�<�$H��"�����;�$��&�� �*)���
!-�� �'�!� ! �,�)��/����/!���&�)����/���%H�&�/G�#��H���+����H���/���"!���,�!-��-��"��*��� !��%�*�)� H�
�"�� �"!�!���-��,�)!-�*�)��"��% � ;�

8.1.1 Explosivity 

�//�)��"#�!���E������:?;B:�O�?DPH�����!�)����� �/�" ���)����'&�� �3���*��!�*��� ��"%��*�*��)�
��**�)�"!�!� ! 4�!-���)�&����#-!�	�&�/!�$�" �!�3�!%�
� !�.
� !���!-���?.�2.�22H�!-���)�/!��"�$�" �!�3�!%�

� !�.
� !���!-���?.+2.���22H�!-��
-�)����$�" �!�3�!%�
� !�.
� !���!-���?./22H��"��!-��$����0$/����
��)"�"#�
� !�.
� !���!-���?.�2.�22;�
-� ��!� !���!-�� ��)���� /)�+����"�$�/!��"��?��*�
M<����/����"��!��" ��"�!-��
)�" &�)!��*���"#�)�� �F��� H���"�����*�
� ! ��"���)�!�)��HN����)!-�
��3� ������!��"H�>11��O�?EP;�


-���)�&����#-!�	�&�/!�$�" �!�3�!%�
� !�)����)���!-��� ���*�����)�����*��'&�� �3� ���&�/!�
��/-�"�H�,-�/-�/�� �����?;@?�G#�,��#-!�!��*)���*�����1�/���"!�����1��#� ��&����*�!-����!�)����!��+��
!� !��;��"%��+ �)3�!��"��*� ��G�H�*����H��)�����+���)�&�)!�,� ��"��"��/�!��"��*� -�/G� �" �!�3�!%;�
-��!� !�
,� �)�&��!���!�"�!��� �,�!-�!�"���**�)�"!� ��&�� ;���&� �!�3��)� ��!�. ��G�H�*����H��)�����+���)�&�)!2��"��!�
��� !�B��*�!-���1�!)��� �,������"��/�!��!-�!�!-����!�)����� �!�����"#�)�� �!��!)�" &�)!;���"���*�!-��
>�� ��&�� �!� !���,�)��&� �!�3��*�)��'&�� �3�!%�*)���!-���)�&����#-!�	�&�/!�$�" �!�3�!%�
� !;��


-���)�/!��"�$�" �!�3�!%�
� !�)����)���!-��� ���*���&�"������*)�/!��"�!� !��&&�)�!� ;�
-��!� !�,� �
)�"��"�!,�"!%0*�3��>10�#� ��&�� ;��3���"/���*��'&�� ��"�,� ���!�)��"����*���*�� -H�+�)"H��)�����+���
)�&�)!�,� ��+ �)3��;�
-�� ��&����� !�-�3�� -�,"���"�#�!�3��)� ��!��"�����!,�"!%0*�3��!)��� �*�)�!-��
��!�)����!��+��/�" ���)��� �*��*�)�!)�" &�)!;�����>B�!)��� �*�)�����>�� ��&�� �,�)��"�#�!�3��*�)�*)�/!��"�
 �" �!�3�!%;�


-��!-�)���� !�+���!%�!� !�)����)���!-��� ���*��"��'&�� ��"0&)��*��3�";���B10#� ��&����*�!-��
��!�)����,� �&��/����"�!-���3�"��"��-��!���!��:B���*�)���&�)�����*��D�-��) ;�	*�!-�)��,�)��"���'&�� ��"��)�
�#"�!��"��"��"���3���"/���*�!-�)�����" !�+���!%H��;#;H�*������)�*���"#H�!-�"�"��*�)!-�)�!� !�"#�,� �)����)��;�
	*�!-�)��,�)���3���"/���*�!-�)�����" !�+���!%H�!-�"�!-���" !)���"!���!� !�,� �/�"��/!��;�	*��'&�� ��"H�
�#"�!��"H��)� ��*0-��!�"#�#)��!�)�!-�"�?o��,�)���+ �) 3�����)�"#�!-���" !)���"!���!� !H�!-�"�!-����!�)����
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,-�"��'&� ���!���"����3�!���!��&�)�!�)���*�:B��;�


-�� ����0 /����+�)"�"#�!� !���!�)��"���!-��)� &�" ���*�!-�� ��&���!��*�)�;�
-��!� !�,� �&�)*�)����
!,�/��,�!-����10#� ��&����"��!,�/��,�!-����110#� ��&��;�
-��!� !�,� �/�" ���)���&� �!�3���*��"%�
�"��/�!��"��*��'&�� ��"��//�))��;���)��/��+� !��"��*�!-�� ��&�������"�!�/�" !�!�!����&� �!�3��)� ��!;�����
>�� ��&�� �����"�!��'&������)���!�"�!��,-�"��'&� ���!��*�)���"��,�)�H�!-�)�*�)�H�"�#�!�3�;�

8.1.2 Pyrophoricity 

$����� ��&�� �,�)��!� !���*�)�&�!�"!����&%)�&-�)�/�!%�� �"#�����$�0D�@���!-����1B1H�M
� !�
��!-�� �!����!�)��"��$�+ !�"/� ���G��%�!��$&�"!�"��� �%����+� !N�O��1P;��"�%�
� !���!-�����,� �
/�"��/!��;����J>�#� ��&����*�!-����!�)����,� �&��)���*)�����-��#-!��*�����!�)��"!����"�"�/��+� !�+���
 �)*�/�;�	*� ��G�H�*����H��"/�"�� /�"/�H��)��!-�)��3���"/���*�/��+� !��"�,�)���+ �)3���,-����!-��
��!�)����,� �+��"#�&��)����)�,�!-�"�*�3����"�!� ��*� �!!��"#��"�!-��"�"�/��+� !�+��� �)*�/�H�!-�"�!-��
��!�)����,� �/��  �*����� �-�3�"#�&%)�&-�)�/�&)�&�)!�� ;�
-��!� !�,� �)�&��!���*�3��!��� �,�!-�*�3��
��**�)�"!� ��&�� ��)��"!�����&� �!�3��)� ��!�,� ��+!��"��;�����>�� ��&�� �,�)��"�#�!�3��*�)�&%)�&-�)�/�!%;�

8.1.3 Ignitability 

�"/���!�,� ���!�)��"���!-�!���#�3�"� ����� ��&�������"�!��'-�+�!�!-��/-�)�/!�)� !�/ ��*���!-�)�
�'&�� �3�!%��)�&%)�&-�)�/�!%H�!-���#"�!�+���!%��*�!-����!�)����,� ���!�)��"��;��"��#"�!�+���!%�!� !��"�H��*�
"�/�  �)%H���+�)"�"#�)�!��!� !H�,� ��//��&�� -���� �"#�����$�0D�@���!-����1?1H�M	#"�!�+���!%��*�
$���� ;N�O��1P���&)�����"�)%� /)��"�"#�!� !�,� �&�)*�)����!����!�)��"���*���/-� ��&���,� ��!�����
�#"�!�+���,�!-�"�!-��!,����"�!��!� !�&�)�����"�H��*� �H�,-�!-�)�/��+� !��"�&)�&�#�!���!��!-��>11����
��)G��"�!-��!� !��&&�)�!� ;����� �����&)���/!� ��&�� �,�)��/�" ���)���� �"�"0��!����/��"�"�!�)�;�	*�!-��
,� !��&)�&�#�!���+�)"�"#��*�>11�����)���)���*�!-��!� !� !)�&�,�!-�"�!,����"�!� H�!-�"�!-�� ��&���,� �
�3����!���+%�!-��+�)"�"#�)�!��!� !;�	*�!-��+�)"�"#�)�!��!� !���!�)��"���!-�!�*�����&)�&�#�!����!���)�!���*�
>;>���= �/��)�#)��!�)�!-)��#-�!-��!� !� ��&��H�!-�"�!-����!�)����,� �/�" ���)���!��!� !�&� �!�3��*�)�
�#"�!�+���!%;���"���*�!-��>�� ��&�� �����" !)�!�����+�)"�"#�)�!���*�#)��!�)�!-�"�>;>���= �/��"��,�)�H�
!-�)�*�)�H���!�)��"���!��+��"�#�!�3��*�)��#"�!�+���!%;�

8.1.4 Reactivity 


-����!�)��"�!��"��*�!-��/-�)�/!�)� !�/��*�)��/!�3�!%�,� ������!�!�3��)�!-�)�!-�"����"!�!�!�3�H�� �
!-�)��� �"��/�))�"!�������!-���!��� !�+�� -�)��/!�3�!%;���)!��"�� &�/! ��*�)��/!�3�!%�,�)����!�)��"���
!-)��#-�!-��!� ! ��� /)�+����+�3��*�)��'&�� �3�!%H�&%)�&-�)�/�!%H��"���#"�!�+���!%;�����!�)����� �/�" ���)���
)��/!�3���*4�.�2��!�� �"�)����%��" !�+����"��)�����%��"��)#�� �3����"!�/-�"#��,�!-��!���!�"�!�"#X�.>2��!�
)��/! �3����"!�%�,�!-�,�!�)X�.?2��!�*�)� �&�!�"!����%��'&�� �3����'!�)� �,�!-�,�!�)X�.�2�,-�"���'���,�!-�
,�!�)H��!�#�"�)�!� �!�'�/�#� � H�3�&�) ��)�*��� ��"������"!�!%� �**�/��"!�!��&)� �"!�����"#�)�!��-���"�
-���!-��)�!-���"3�)�"��"!X�.B2��!�� ���/%�"�����)� ��*����+��)�"#�,� !��!-�!H�,-�"��'&� ���!��&�/�"��!��" �
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8.1.5 Detectable Liquids 
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9. METALLURGICAL ANALYSIS AND EVALUATION 
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10. COMPLETION OF TEST OBJECTIVES 
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Establish target steady-state system operating conditions 
�; ��)�*%��"�!����/-�)/���=/�)+�"� ���/!��" �*�)�

�����"������. !���%���!�!-�)����&)�/�  �
�&�)�!��"�� ����"!��"��2;�
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Objective was achieved 
$!���%���!�!-�)�����&�)�!��"��*�!-�������"������,� �
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)� &�/!�3��%;�
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Objective was achieved 
$/�&�"#��"���"�!����&)���/!��"�!� ! �)� ��!����"�!-�� ���/!��"��*���
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?; ��)�*%�������/%��*�����+���������.+������ �
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� ��+ �)3��2;�

� ��"�!�)�"#��*�!-�)��/��&�� ��"����;�
� ��"�!�)�"#��*�����+���&�)!�/���
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Objective was achieved  
��!-�!-����)+����)���/ ��"���F$��������"�� !�)!�"#�+���
��!�)��� �&�)*�)����,����,�!-���"�����/�))%�3�)��"��"��
 �#"�*�/�"!��##����)�!��" ;�.��*4�$�/!��"�:;��W�:;B2�

�; �&!���C��/-�)/��������!��"�)�!��!������
.���"!��"���!�!-�)����&)�/�  ��&�)�!��"�,-����
���"!��"�"#�����(�/�"/�"!)�!��"�cB11�&&���!�
!-���'-�� !� !�/G��"��cB�,!�S����"� �����
&)���/!2;�

� ��"�!�)�"#��*�/-�)/���=/�)+�"�!%&� ��"��
����!��"�)�!� ;�

� ���$�#� ���"�!�)�"#��!�-�#-0!��&�)�!�)��
*��!�)���!��!;�

� ��"�!�)�"#��*�,� !�� �����"!�*����)�!�;�
� �'%#�"� �" �)��!�����#� ���!��!;�
� ���$���"�!�)�"#��!� !�/G;�

Objective was partially achieved 
$� !��"��� !���%���!�!-�)�����&�)�!��" ��"��/�!��!-�!���(�
��3�� ���!��*� !�/G�/�"�+�����"!��"����!�cB11�&&��!�!�����(;�
�3�)�#���**0#� ���(���3�� ���  �c�111�&&��/�"�+���� ��%�
 � !��"���,�!-���)������)�!��/�)+�"��"��-%�)�#�"���3�� ��"�
!-�����;�U�1�,!S�/�)+�"��"�!-��&)���/!�/�"�+���/-��3���,�!-�
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� ��"�!�)�"#��*������"������+���&�)!�/���
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� ��"�!�)�"#��*�,� !�� �����"!�*����)�!�;�
� �'%#�"� �" �)��!�����#� ���!��!;�
� ���$���"�!�)�"#��!� !�/G;�
� ���,�/�"!)����) �*�)�#� H��'%#�"H��"��
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Objective was achieved  
����" !)�!���/�" � !�"!H�)����+�����!�!-�)����!��&�)�!�)��
/�"!)����"�!-�������"������+%���!���!�/�/�"!)����*�!-��
�'%#�"��"&�!�!����/-�)�*�)��);�����/�����"������/�G��
����!��"�)�!� �,�)����"����%���V� !���!��&)�3������ �)���
�"3�"!�)�� ;������"������+���!��&�)�!�)� �,�)�� !�+���
,�!-�"��&�)�!�"#�#������"� ��3�)���)�"#���*�,� !��*����)�!� �
�"/����"#�1;>B�!��1;?B�#&�;�����!�)#�!�!��&�)�!�)��,� �
/-�"#���!��EB1����"��!-���"�!��&�)�!���,�����!�!-� �!��&�)�!�)�;�
.��*4�$�/!��"�:;B2�

@; �/-��3����H�>H��"���"+�)"���-%�)�/�)+�"�
#��� �. ���+���,2��"�#� ���," !)�����*�����
+%��&!���C�"#���)=�'%#�"��"V�/!��"�)�!��!�����;�

� ��"�!�)�"#��*�,� !�� �����"!�*����)�!�;�
� �'%#�"� �" �)��!�����#� ���!��!;�
� ���$���"�!�)�"#��!� !�/G;�
� ���,�/�"!)����) �*�)�#� H��'%#�"H��"��

,�!�)��"V�/!��";�

Objective was achieved 
����" !)�!���/�" � !�"!�/�"!)����*�!�!���-%�)�/�)+�"�.
�2�
�"��������  ��" ���)�"#�&)���/!��"�!� ! ;�
����3�� ��3�)�#���
��  �!-�"�1;��&&��.�)%H�/�))�/!���!��:S��>2��"�������3�� �,�)��
)�����%�/�"!)������,�!-�"�)�#���!�)%�����! �+%���V� !�"#��'%#�"�
�"&�!�!��!-�����;�.��*4�$�/!��"�:;:2�

:; � !�+�� -�,�!�)�*��,0)�!��!���**0#� �/����)�
"�/�  �)%�!���/-��3���"��**0#� �!��&�)�!�)���*�
��10�@1R����," !)�����*�!-��/����);�

� ��"�!�)�"#��*�!-�)��/��&�� ��"������"��
���;�

� ��"�!�)�"#��*�,� !�� �����"!�*����)�!�;�
� ���,�/�"!)����) �*�)�#� H��'%#�"H��"��

,�!�)��"V�/!��";�

Objective was achieved 
����" !)�!���/�" � !�"!H�)����+���/�"!)����*��**0#� �!��&�)�!�)��
� �"#�!-��,�!�)� &)�%����"/-�);�
��&�)�!�)��/�"!)���,� �
,�!-�"�BR���*� �!�&��"!;�
-� � �!�&��"!�,� �� !�+�� -����!�
�:10�D1���*�)��&!������**0#� � % !����&�)�!��";�
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Demonstrate integrated operation of the entire SBW treatment system, including serial operation of the DMR and CRR 
D; ����" !)�!��!-�!�!-���&�)�!��"��*�!-�������"��

����/�"�+�� �*��%��"��/�" � !�"!�%�
/��)��"�!��H�,-����!-�����H����H��"���**0#� �
 % !�� �/�"!�"���!��&�)*�)��!-��)��"!�"����
&)�/�  �*�"/!��" ��!�����!� !�/�"��!��" � -�,"��"�

�+�� �D��"���1�.�"�!-��!� !�&��"2;�

� ��"�!�)�"#��*�����&)�/�  ��" !)���"!�
�"��/�!��" �*�)�!-�����H����H��"��
�**0#� � % !�� �!���/-��3���"�� � !��"�
 !���%�&)�/�  ��&�)�!��" ;�

� ��"�!�)�"#��*�&)�/�  �&�)���!�) �!��
/�"*�)���"!�"����&)�/�  ��&�)�!��"H�
� &�/����%��'���!��"��*�-%�)�#�"H�/�)+�"�
��"�'���H��"���)#�"�/ ��"��)���/!��"��*�
"�!)�!� �!��"�!)�#�"�#� ;�

Objective was achieved 
����" !)�!��� �*���"��)����+����"!�#)�!����&�)�!��"��*�!-��
���H����H�*��!�) H��"���**0#� � % !���/��&�"�"! ;�
-��F���
+����'&�)��"/�����-�#-�!��&�)�!�)���'/�) ��"���)�"#� !�)!0�&��*�
��>�!� !�"#;�
-� ��3�"!�� � !�����"��)��"3� !�#�!��"H�+�!�!-��
/�� � �,�)��/�"��!��" �!-�!��//�))�����)�"#� !�)!0�&H�"�!�
"�)����!� !�/�"��!��" ��"��"�!��"��)�/�"��!��" �!-�!�,������'� !�
�"�!-��*���0 /����&��"!;�$�//�  *���/�))�/!�3���/!��"�,� �!�G�"��"�
!-�!�!-�� !�)!�&� ����"/��,� �����*����!��� ���!��!-��F���+���
��)�"#� !�)!0�&;�$!�)!0�&��"���&�)�!��"�,�!-�!-��F���+���,�!-�"�
/�"!)������!��&�)�!�)������! �,� �����" !)�!�����)�"#������"��
��>;�.��*4�$�/!��"�:;:2�

E; �/-��3��������+����!!)�!��"�)�!���*���  �!-�"�
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�"+�)"���-%�)�/�)+�"�/�"/�"!)�!��" ��!�
�//�&!�+�����3�� ;�

� ��"�!�)�"#��*�����&)�/�  ��" !)���"!�
�"��/�!��" �*�)�!-�����H������"���**0#� �
 % !�� �!���/-��3���"�� � !��"� !���%�
&)�/�  ��&�)�!��" ;�

� ��"�!�)�"#��*�����&)���/!��"��/�))%�3�)�
!��/�"*�)���!!)�!��"�)�!��� ��//�&!�+��;�

� ��"�!�)�"#��*�&)�/�  �&�)���!�) �!��
/�"*�)���"!�"����&)�/�  ��&�)�!��"H�
� &�/����%��'���!��"��*�-%�)�#�"H�/�)+�"�
��"�'���H��"���)#�"�/ ��"��)���/!��"��*�
"�!)�!� �!��"�!)�#�"�#� ;�

Objective was achieved 
����" !)�!�����,��!!)�!��"��"��/�))%�3�)��*�����+���
.c�S=��%2H�,-�������"!��"�"#�����"��
���!��//�&!�+���
��3�� ;�
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 !���%�&)�/�  ��&�)�!��" ;�
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"�!)�!� �!��"�!)�#�"�#� ;�

Objective was achieved  
��!-�!-����&����"!�!��"��*�/�))�/!�3���/!��" ��"�)� &�" ��!��
�&�)�!�"#��  �� H���"#0!�)���"!�#)�!����&�)�!��"��*�!-�����H�
���H�*��!�) H��"���**0#� � % !���/��&�"�"! �,� �����" !)�!���
��)�"#�!-��&)���/!��"�)�" H�,�!-��!�&)�/�  � -�!��,"��3�"! H�
�))�/�3�)�+���&)�/�  ���"��+��/G�#� H�+�����*�����C�!��" H��"��
!��&�)�!�)���'/�) ��" ;�
-�)��,�)��"���))�/�3�)�+���&)�/�  �
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Gather off-gas emissions data for purposes of environmental permitting 
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:S��>2;�

>E; $�>4��
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���!��"!�!-�!�)���!� �!-��!�!���!�'�/�!%��*�����!-��
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Objective was achieved 
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Confirm solid product data for requesting WIPP transportation and disposal.  
?�; $�����&)���/! ����!�/-���/���/��&� �!��"�

)����)���"! �*�)� -�&��"!�!���"���� &� ����!�
�	��;�

� �"��% � ��*� �����&)���/! �*�)��'&�� �3�!%H�
&%)�&-�)�/�!%H��#"�!�+���!%H�)��/!�3�!%H��"��
��!�/!�+��������� ;�

Objective was achieved 
�"��%!�/���!� ! ��"� �����&)���/!� ��&�� �*)���!-�����H�
�H�
�"������,�)��/��&��!��;��� ����"��"��%!�/���)� ��! ��"��
&)�/�  �G"�,���#�H�!-��&)���/! ����"�!��'-�+�!��"%��*�!-��
/-���/���/-�)�/!�)� !�/ �&)�-�+�!���+%��	��;�.��*4�$�/!��"�D;12��

Minimize solid product carbon content and fines generation 
?B; ��)+�"�/�"!�"!��*� �����&)���/! �)����" �+���,�

B,!S;�
� ��)+�"��"��% � ��*������"������

&)���/! ;�
Objective was not achieved 

-��/�)+�"�/�"!�"!��"�!-������&)���/!�#�"�)���%��'/������!-��
�+V�/!�3��/)�!�)��;�
-� �� �����!��!-��&)� �"/���*���)#�0 �C���/����
#)�"��� �!-�!�,�)��)���3���,�!-�!-��+���&)���/!�,-�"�!-��+���
 ���� �,�)���)��"���*)���!-�����;��-�"�!-�����&)���/!�,� �
 /)��"���!����  �!-�"��>0�� -�!��)���3��!-����)#�)�/�)+�"�
#)�"��� H�!-���3�)�#��/�)+�"�/�"!�"!��*�!-�����&)���/!�,� �
U�1S;�$����!������"�!-� �!�+���*�)���)���� /�  ��";�
.��*4�$�/!��"�:;@2�

Confirm high retention of inorganic feed constituents in bed product and removal of nitrates, nitrites, water, and organics in the solid products; generate acceptable 
bulk and true density data 
?@; �-��)���H� ��*�!�H��"��"�"03���!����-��3%���!�� �

�"��**0#� ����!��+�3�����  ��" �#��� ;�
� �-���/����"��% � ��*�&)���/!� ���� ��"��

�**0#� � !)���;�
Objective was achieved 
� ��"��/�!����+�3�H� !�/G� ��&�� ��"��/�!��!-�!�/-��)���H�
 ��*�!�H��"��-��3%���!�� ����  ��" �,�)��,�!-�"��//�&!�+���
)�"#� ;�.��*4�$�/!��"�:;:2�
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Objective was achieved 
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$���� � ��&����"��% � ��"��/�!��!-�!�&)���/!�+��G���" �!�� �,�)��
,�!-�"�!-���+V�/!�3��)�"#���"��3�)����*)����;1>EJ�;B@1�#=/�?;�
�� ��! �*)��� ���� � ��&����"��% � ��"��/�!���!-�!�U:BS��*�!-��
&)���/!�&�)!�/�����" �!�� ��)��,�!-�"�!-���+V�/!�3��)�"#���*��
�;DJ>;D�#=/�?;�
-��)����"��)��*�!-��&�)!�/�����" �!�� �3�)����!��
��-�#-��*�U?;D�#=/�?�.����!��!-��&)� �"/���*� !�)!0�&�+���
��!�)���2H�,-�/-�� �/��&��!��%��//�&!�+��;�.��*4�$�/!��"�:;B2��

Demonstrate acceptable material balance closure for major and minor constituents 
��; ��!�)����+���"/��/�� �)���*�T��1S�*�)���V�)�

/�" !�!��"! �.��H���H���?
0H��!/;2;�

� �"��% � ��*�+��� ��&�� H�*���� ��&�� H�
*�"� � ��&�� H��"�� /)�++�)� ���!��" �&�)�
 ��&���/����/!��"���#� -��!;�

� �**0#� ���� �)���"! ��"���"��% � ;�

Objective was achieved 
��!�)����+���"/��/��/���!��" �,�)��/�� ���,�!-�"�!-���+V�/!�3��
/)�!�)���*�)�������V�)�/�" !�!��"! ;�.��*4�$�/!��"�:;D2�

�>; ��!�)����+���"/��/�� �)���*�T?1S�*�)���"�)�
/�" !�!��"! �.KH���H��H���H����!/;2;�

� �"��% � ��*�+��� ��&�� H�*���� ��&�� H�
*�"� � ��&�� H��"�� /)�++�)� ���!��" �&�)�
 ��&���/����/!��"���#� -��!;�

� �**0#� ���� �)���"! ��"���"��% � ;�

Objective was achieved with two exceptions 
��!�)����+���"/��/��/���!��" �,�)��/�� ���,�!-�"�!-���+V�/!�3��
/)�!�)���,�!-�!-���'/�&!��"��*�/��/�����"��/�)����*�)����;�
-��
/��/������  ���+���"/���*�?1;BS�,� ���G��%�����!��-�#-�
3�)��+���!%��*�!-��� -�/��&� �!��"��*�!-������/���;�
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Demonstrate ability to process surrogates with varying concentrations of constituent chemicals and UDS 
�?; �)�/�  ��&�)�!��"�/�"!�"�� �,�!-��!�&��##�"#�

�)�&)�/�  ��& �!��!�3�)%�"#�<�$�/�"/�"!)�!��" �
."��&)�/�  ��& �! �����!���!���C�)�&��##�"#��!�
��'�����<�$�/�"/�"!)�!��"2;�

� ��"�!�)�*���� % !���&)�  �)��
��� �)���"! ��"��*����*��,�)�!� ;�

� ��"�!�)�&)���/!�&�)!�/��� �C���� !)�+�!��";�

Objective was achieved  
����" !)�!���)����+���,� !��*�����"V�/!�)��"���3�)����&)�/�  �
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� ��"�!�)�*���� % !���&)�  �)��
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� ��"�!�)��**0#� ����$��"��#)�+� ��&���

)� ��! ;�
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Objective was achieved 
����" !)�!���)����+���&)�/�  ��&�)�!��" �,�!-��!�&)�/�  ��& �!�
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11. CONCLUSIONS AND RECOMMENDATIONS 

11.1 Lessons Learned  


-��
��`�*�����C���+��� !����)�*�)��"#�.��$�2�&)�/�  � % !����" !�������"���&�)�!����!��C�"�
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-��
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<�&)�/�  �"#�
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*��,��"��!-�)����/-�)�/!�)� !�/ ��"��*�"/!��"���)����)���"! ��*�!-��	�
<� ��!-�!�!-�� % !����"��
/��&�"�"!�&�)*�)��"/���"���&�)�!�"#�/-�)�/!�)� !�/ �,�)�� �����)H�/��&�)�+��H��"�� /���+���+�!,��"�!-��
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���"��!-��	�
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*���0 /����	�
<�*�/���!%� ��� �&)�+�+���+�/�� ���*�!-��&)�3��� � �//�  *��� /���0�&�*)���!-�� �����C�"�
!� !�-�)�,�)��!��!-��/����)/����%� �//�  *���$!�� 3�G��)�/�  �"#���/���!%���/�!����"��),�"H�
�;�
-��
����" !)�!��� /���0�&�*)���!-���C�"��B0�";��" ���������!�)�������$�� % !���!��!-��$!�� 3�G�
�)�/�  �"#�*�/���!%����"�)�*�)��)�.�" ���������!�)��*��B��";2�,� ���*�/!�)��*��4EH� ��!-��	�
<� /���0�&�
�*��4�1�� �����#�/����'!�" ��"��*�&)�3��� � �//�  *���,�)G;�


-��&�)&� ���*�!-����  �" ����)"��� �/!��"�� �!���3����!��!�/-"�/����"��&�)*�)��"/�� �//�  � ��"��
�  �� ��"/��"!�)�����)�"#�!-��&���!�&��"!� /�&�"#��"��&)���/!��"�!� ! ;�	  ���)� ���!��" ��)���� /�  ��;�
��/-���V�)�&)�/�  ��"�!��&�)�!��"H���/-�"�/�������&��"!�/��&�"�"!H��"��!-�����$��)���3����!��H��"��
�� /�  ��"�� �&)�3������ �!��,-�!�,�)G���,���H�,-�!�"��� ���&)�3���"!H�,-�!���&)�3���"! �-�3��
��)���%�+��"�����H�,-�!�,�)��!-��)� ��! ��*�!-������*���� % !����)�/��&�"�"!H��"��,-�!�����!��"���
!� !�"#�� �)����)���&)��)�!�� �!���//�&!�"/��!� !�"#�.$�
2��*�!-��	�
<�&)�/�  ;��� �#"��"��&�)*�)��"/��
��&�/! ��"������*�/�!��" �!��!-��	�
<� % !�� ��"��/��&�"�"! ��)���� /�  ��;��

11.1.1 Integrated THOR® Process System 
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11.1.2 Waste Feed System 


-��,� !��*���� % !���*�)�!-���$
�� % !����"/�������� �)�� ��*���'�!�"G H�&��& H�!)�" *�)�&�&�"#�
�"��!�+�"#H�*��,�/�"!)�� H��"��!,���" !����������,� !��*�����!���C�"#��"V�/!�) ;��"��,� !��*�����"V�/!�)�
,� ��"0��"����)�"#�,� !��*�����&�)�!��" ��"��!-���!-�)�,� ��**0��"��,�!-�"�!)�#�"�&�)#���"�!�����"!��"�
*��,�&�!- �/���);�
-����V�)�!%��*��&�)�!��"�����**�/��!�� ���)�"#�!-�� /�&�"#��"��&)���/!��"�!� ! H�
�;#;H�&��##�����"� H���  ��*�,� !��*���H��!/;H��//�))����"�!-��,� !��*���� % !��;��

��!�!����*�*��)�,� !��*�����"V�/!�)��� �#" �,�)���!���C�����)�"#�!-��&�)*�)��"/���*�!-���C�"�
 /�&�"#��"��&)���/!��"�!� ! ;�
-���"�!����!-)���,� !��*�����"V�/!�)��� �#" �,�)��+� ����"�!-�� �//�  *���
�"V�/!�)��� �#" �� �����)�"#�&)�3��� �$
�����"!�)�!� !�&)�#)�� ;�
-��*�) !�!-)���,� !��*�����"V�/!�) �
�!���C����� �����+�)��,� !��*����!�+���"!�)"���!��!-���"V�/!�)�,�!-���)���/����" ���������!�)�!�&�!-�!�
�//���)�!� �!-��,� !��*���� ���!��"�� ��!��"!�) �!-������+��;���" ���)�+�����**�/��!%�,� ��"/��"!�)���
� �"#�!-� ��)���/���!�&� �C���"V�/!�) ���)�"#�!-�� /�&�"#�!� ! ;�
-�����"�&)�+����,� �&��##�"#��*�!-��
 ����0+�)��!�&�,�!-� ���� ���)�"#�,� !��*�����&�)�!��" ;�
-��)���/���!�&� �C���"V�/!�) �*������!��������!��%�
&�  �!-��$��� ���!��"�,-�"�!-��<�$�,� �������!��!-�� �))�#�!�;�
-�� % !���,� �!-�"� -�!��,"��"����
*��)!-�,� !��*�����"V�/!�)��� �#"�,� �*�+)�/�!��;�
-��*��)!-� �!��*�,� !��*�����"V�/!�) ��!���C��������!�&���
!�+���"�!�+���'�����  ��+�%�!-�!��� ��&)�3������"��" ���!����"��,�!�)0/������V�/G�!�"��)�!-��!�&��*�!-��
�"V�/!�);�
-��/�"!)���,� !��*����!�+���" ����!-���"V�/!�)�,� ��� !)��#-!�!�+��,�!-�"��*��,�)� !)�/!��" ;�
-� �
 �!��*��"V�/!�) �,� �� ���*�)��� !��*������"�������*���>;�	!��&&��)���!-�!�!-� � !)��#-!�!�+���  ��+�%�
 ��3���!-���"V�/!�)�!�&�&��##�"#�&)�+���H���!-��#-��//� ��"���)���!��%��"�!��!���,�!�)�*�� -�"#��*�!-��
,� !��*�����"V�/!��"�!�+�"#��"���"V�/!�)�,� �)����)��;��,�3�)H��!-�)�,� !��*����!)�" *�)� % !���
/��&�"�"! ��"�� �����+�)��!)�" *�)�!�+�"#������'&�)��"/��)�&�!�!�3��&��##�"#���)�"#� �3�)���&)���/!��"�
)�" H�����!��!-��&)� �"/���*�!-��<�$��"�!-��*���H�� &�/����%���)�"#�*����!�"G��"��&��&� ,�&��3���!��" ;��

��)�"#����H��"���*�!-��,� !��*�����"V�/!�) �-����'/�  �3���)� ��"��!�!-��!�&�,-�)��!-���!���C�"#�
#� ��� /-�)#� ;��'���"�!��"��*�!-���)� ��"�&�!!�)"��!�!-� ���/�!��"��"��/�!���!-�!�!-�� �/�"��)%�#� �&�)#��



� �
Pilot Plant SBW  

Carbonate Flowsheet Report�
RT-ESTD-PMR-001 

Revision 0

�

���0?�

.�""��� �+�!,��"� �/�"���"��!-�)��/�0�'����!�+� 2�/�� ���+��� ���� �!����&�/!�!-��&�)!��*�!-��,� !��*����
�"V�/!�)�!-�!��'!�"����&� !�!-��#� �&�)#��!�&;�
����"���C��!-� ��)� ��"� ��)/�H�!-��#� �&�)#��*��,�,� �
�����"�!���*)���!-����&)�3����!-�#�"�)�!��"�,� !��*�����"V�/!�) �� �����)�"#���>;�
-� ��)� ��"�&�!!�)"�
,� ��� �� ��"��"��"����)���)�3�) ��"�,� !��*����"�CC�� �,-�)��!-��"�CC����'!�"����!���*�)�+�%�"��!-��
�!���C�"#�#� ��� /-�)#����/�!��";�	" &�/!��"��*�!-��,� !��*����.��2��"V�/!�)�*����,�"#���>��&�)�!��" �
�"��/�!���!-��&)� �"/���*���"�)��)� ��"��!�!-���!���C�"#�#� �!�+���� /-�)#����/�!��";�
-�������"�!��"��*�
!-�� �/�"��#� �*��,�-� �-��&���!����"���C���)� ��"��!�!-���!���C�"#�#� �!�+��!�&;�


-����V�)�!%��*�!-��,� !��*����&��##�"#�&)�+��� ��//�))����"�!-�� �����+�)��.�=���";2�!�+�"#�!-�!�
 �&&�����$��� �))�#�!��*)���!-��
0�1����"��
0�1�����'�!�"G �!��!-������,� !��*�����"V�/!�) ;�
�)����"!�&��##�"#��*�!-��!�+�"#��"��&�)� !��!�/�!�+�"#�&��& ��//�))�����)�"#�!-���"�!�����&�)�!��" �,-�"�
*����"#�$���,�!-�<�$���)�"#����;��3����!��"��*�!-��&��##�"#�&)�+������!�)��"���!-�!��"���*�!-��<�$�
/�" !�!��"! �,� � �&&�����,�!-��� �����&�)/�"!�#���*���)#���3�) �C��&�)!�/�� �!-�!�,����� �!!�����!��"�=�)�
+)��#���"�!-�� �����!�+�"#��"��&��#�!-����"� ;��� !)��"�)�,� ��" !������+�!,��"�!-��!,����'�!�"G ��"��!-��
!�+�"#��"��,� !��*����&��&�!��)���3��!-����)#� !�*)�/!��"��*�!-���3�) �C����!�)��� ;�$�+ ����"!�+�!/-� �
�*�<�$� �))�#�!��,�)��&)�&�)���� �"#�&)�0 /)��"�����!�)��� H�,-�/-�#)��!�%�)���/�����"��&��##�"#;�

11.1.2.1 Recommendations for Additional Testing. �������!��"���!� !�"#�� �)����)���*�)�!-�����
�"V�/!�) ��)��!-�)�*���� % !���/��&�"�"! �*�)�!-��/�)+�"�!��*��, -��!�� �"#�!-��&���!�&��"!� % !��;��"�
��&)�3�������"V�/!�)��� �#"�� �)�/����"����*�)�� ���"�!-��	�
<�!-�!�,�����"/�������&)�3�����!�)��� �
,�!-�-�#-�)��)� ��"�)� � !�"/���"�!-������#� �!�+��!�&��"��!-�������"�!��"��*�,�!�)�/����"#;�
-��	�
<�
��/G0�&�!� !�&)�#)���,����!� !��"���3����!����!�)"�!�3���)� ��"�)� � !�"!�"�CC���!�&���!�)��� � �/-�� �
/�)���/ ��"���%"� �����%�>B�!-�!�-�3��+��"�� ��� �//�  *���%��"�!-�����������"V�/!�) �!���'!�"��
 �)3�/����*��+%���)��!-�"���%��);

	!�� ��� ��)�/����"����!-�!�!-��*���0 /����	�
<�����"V�/!�) �+���"��&�"��"!�%��3����!����"��
!� !���&)��)�!��� ���"�!-��	�
<H��"/����"#�!-��*����,�"#�!� ! 4��

� ��)*�)��!-�)�����"��% � ��"���/!����-�!�*�)"�/��!� !�"#��*�-��!�!)�" *�)�/-�)�/!�)� !�/ �!����!�)��"��
!-���� !��**�/��"!���!-�� �!��G��&�!-��!�& �/����,�!-��!�!-��� ���*�,�!�)�/����"#�

� 
� !�"�CC�� ��**0��"��!����!�)��"���!���C�!��"�&�!!�)" H�&)�  �)���)�& H��"�� ���/!��!���C�!��"�)�!� �
�"��*��, �� ���*�"/!��"��*�����"V�/!��"�)�!� �

11.1.2.2 Impact on IWTU. 
-��*���� % !����!���C���*�)�!-���$
��� �"�!�!%&�/����*�!-��	�
<�,� !��
*���� % !�������!��!-��&)�&�)!��"�!��%� �����)�!�+�"#�� ���*�)�!-���$
��/��&�)���,�!-�!-���=>��";�&�&�"#�
!-�!�,����+��� ����!�!-��	�
<;�
-����  �" ����)"���*)���!-���$
��!� !�&)�#)���!-�!�-�3��+��"�
�"/�)&�)�!����"�!-��	�
<��� �#"��"/����4�

� 	" !������ !)��"�)��"�!-��,� !��!)�" *�)� % !���!��&)�3�"!��3�) �C���&�)!�/�� �*)����"!�)�"#�!-��	�
<�
,� !��*���� % !��;�

� 	" !������-�#-�&)�  �)��"�!)�#�"�&�)#���"����-�!�,�!�)��"���/���*�� -�/�&�+���!%��"�+�!-�!-��*����
�!���C�"#�#� ��"��,� !��*�����"V�/!�)�*��,�&�!- ;�

� $&�/�*%�&�&�"#�!����"���C��������"�� �C��/-�"#� H�,��� H��!/;H��"�!-��,� !��*����!)�" *�)���"� �!-�!�
/����� �)3��� �+)��#���"�!��!�) ;��



� �
Pilot Plant SBW  

Carbonate Flowsheet Report�
RT-ESTD-PMR-001 

Revision 0

�

���0��

� $&�/�*%�*��,�3���/�!�� ��"���"� �!��&)�3�"!�*�"�� ���� �*)����)�&&�"#���!��"�� �!!��"#��"���,�)�*��,�
3���/�!%��)�� H��"��&)�3����!-�)��#-�*�� -�/�&�+���!%;�
-��*������"� ��"�!-��	�
<��)���'&�/!���!��
+���=>0�";� /-������D1�&�&� ;�
-��*������"� ��"�!-�������,�)���=>0�";�$/-������D1�&�&���"������
"�!��'&�)��"/��*������"��&��##�"#H��3�"�!-��#-�!-��/��/�"�)�� �������,0&)�  �)��#)�3�!%�*����
 % !����"��-��� ���� ������"#�������!���)�#)��!�)�!-�"�,-�!�!-��	�
<�,�����'&�)��"/��,-�"�
&)�/�  �"#�$��;��

� 	" !������&)�3���,� !��*�����"V�/!�) �!-�!�&)�3������ �"#����!���C�"#�#� �*��,��""��� H�*�� -�
�'!�" ��"��*�!-���!���C�"#�#� ��"��,� !��*����!�+��!�& �!����"���C���)� ��"��*�!�& H� !)��#-!�!�+���"�
,� !��*����+�)��!��&)�3�"!� ���� �+)��#�"#��"�!�&H��"���/!�3��/����"#��"���" ���!��"��"�!-���"���*�!-��
�"V�/!�)�!��&)�3�"!�!-�)����)���!���/�G�"#��!�!-��"�CC���!�&;�

� 	" !������!���!�/�,� !��*������"��"�!)�#�"�&�)#��!��G��&�+��� ���� ���!��*�!-��,� !��*�����"V�/!�)�
!�& ���)�"#�&�)��� �,-�"�,� !��*����*��,� !�& ��)�*��/!��!� ;��

� 	" !����,� !��*����*��,��!�) ��"�3�)!�/���*��,0�&�&� �!��"�!���"-�"/����)�+�++���)���� �;�

� 	"/�)&�)�!���������  �" ����)"����"�,� !��*�����"V�/!�)�!��&)�3������&)�3���"! ����"!�*����
��)�"#�!-��!� !�&)�#)��4��

0 �� !��*�����"V�/!�) �,����+���� �#"���*�)�)���!��)�&��/���"!;��

0 $�//�  *�����!-�� �� ���!�����"!��"��"���"&��#�!-�������/��/�"�)�"�CC�� �,����+��
�"/�)&�)�!����"�!-��	�
<�,� !��*�����"V�/!�) ;�
-�������/��/�"�)�"�CC���-�"����� ���� �
�����"#�������!���)�#)��!�)�!-�"�,�����//�)��"�!-��	�
<�$���&)�/�  �"#;����/�"�)�"�CC���
�"&��##�"#���!-�� ��"/�������!���!�/�,�!�)�&�)#� ��"��!-���+���!%�!��� ��-�#-0&)�  �)��
,�!�)��"�=�)��/���,-�"�"������!��/���)���!�"�CC�� ;��

11.1.3 Denitration and Mineralization Reformer 
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11.1.4 High-Temperature Filter 
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11.1.5 Carbon Reduction Reformer 
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11.1.6 Off-Gas Cooler 
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11.1.7 Off-Gas System 
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11.1.7.2 Impact on IWTU. 
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11.1.8 Continuous Emissions Monitoring  
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11.1.9 Data Acquisition and Control System (DACS) 
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11.3 Recommended Path Forward 
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11.3.1 Testing Needs Prior To Integrated Process System Acceptance Test 
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Enclosed are the revised “clean copy” pages for the Volume 14 Hazardous Waste Management 
Act/Resource Conservation and Recovery Act Storage and Treatment Permit for the Liquid Waste 
Management System at the Idaho Nuclear Technology and Engineering Center on the Idaho National 
Laboratory, Revision Date: November 30, 2015. 
 
This transmission contains e l e v e n  ( 1 1 )  drawings a n d  t w o  ( 2 )  which the applicant asserts 
contain confidential business information ("trade secrets") and requests that the information not be 
made available to the public pursuant to 40 CFR Part 2 Subpart B, Idaho Code Title 9, Chapter 3, 
IDAPA 58.01.05.997 and IDAPA 58.01.21.  Each page subject to this classification is labeled with 
the word "Official Use Only" and "Proprietary" and is pulled out as a separate attachment (Appendix 
VII).  The applicant is not asserting a trade secret claim for any of the pages or information that is 
not marked as described above.  The term "Official Use Only" is a Department of Energy term that 
is used internally to assist the Department and its contractors in correctly identifying and controlling 
certain classes of information.  This notification is considered to be in accordance with IDAPA 
58.01.21.12.  The applicant requests that the pages labeled "Official Use Only" and "Proprietary" be 
handled in accordance with the Idaho Public Records Law, Idaho Code§§ 9-337 through 9-350. 
 
The eleven drawings and two data sheets are submitted as confidential business proprietary information 
because they contain detailed instrument and control information for the denitration demineralization 
reformer, carbon reduction reformer, off-gas system, and off-gas cooler and the operation of the process 
system.  These components are part of the steam reforming process patented by THOR Treatment 
Technologies, LLC (TTT).  This detailed design information is suitable for fabrication of these 
components thus it derives independent economic value, actual or potential, from not being generally 
known to, and not being readily ascertainable by proper means by other persons who can obtain economic 
value from its disclosure or use.  This information has been licensed by TTT to CH2M-WG Idaho, LLC 
at a substantial licensing fee for use in performing a U.S. Department of Energy contract at the Idaho 
National Laboratory.  Public release of the information would unfairly affect TTT’s ability to further 
exploit this technology by licensing it to others.  This information is the subject of efforts that are 
reasonable under the circumstances to maintain its secrecy.  TTT takes reasonable steps internally to 
prevent the release of the trade secrets, requires the execution of nondisclosure agreements before 
releasing these trade secrets to third parties, and requires a technology license with substantial fees before 
allowing the use of the technology by third parties.  The “Official Use Only” and “proprietary information 
is contained in Appendix VII of the hard copy Permit. No “Official Use Only” and “Proprietary” 
information is contained in this electronic copy. 
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E. GROUNDWATER MONITORING 1 

[IDAPA 16.01.05.008; 40 CFR 264.90 through 264.101] 2 

 3 

The groundwater monitoring requirements under IDAPA 16.01.05.008; 40 CFR 264.90 through 4 

264.101 are not addressed in this permit since the permitted waste management units are not surface 5 

impoundments, landfills, or land treatment units.  The waste piles addressed in this application are 6 

located inside a building, which prohibits wastes from contacting ground water.  Therefore, this 7 

section does not apply.8 
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J. CORRECTIVE ACTION FOR SOLID WASTE MANAGEMENT UNITS 1 

[IDAPA 16.01.008; 40 CFR 264.101] 2 

 3 

 Corrective action for waste management units at the Idaho National Laboratory is addressed in a 4 

Federal Facility Agreement and Consent Order (FFA/CO), commonly know as an interagency 5 

agreement, involving the Environmental Protection Agency, the State of Idaho, and the Department 6 

of Energy. Corrective action is also addressed in the current Volume 18 HWMA Storage and 7 

Treatment Permit for the INTEC and the ARP on the INL, Permit Module VIII – Corrective Action.8 
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K. OTHER FEDERAL LAWS 1 

[IDAPA 16.01.05.012; 40 CFR 270.14(b)(20), 270.3] 2 

 3 

 The subject of other federal laws applicable to waste management units at the Idaho National 4 

Laboratory (INL) is addressed in Section K of the Hazardous Waste Management Act 5 

(HWMA)/Resource Conservation and Recovery Act (RCRA) Part B Permit Application for the INL, 6 

Volume 3 – General Information for INL Waste Management Units.7 
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SECTION L.  CERTIFICATION 1 

[IDAHO 16.01.05.012; 40 CFR.270.11 (d)] 2 

 3 

 See contractor (CH2M-WG Idaho, LLC) certification pages and Department of Energy Idaho 4 

Operations Office (DOE-ID) certification pages that follow this page. 5 





EPA ID NO. 104890008952 OMB#: 2050-0024 Expires 12/31/2014 

12. Notification of Hazardous Secondary Material (HSM) Activity 

Are you notifying under 40 CFR 260.42 that you will begin managing, are managing or will stop 
YO N IRl managing hazardous secondary material under 40 CFR 261.2(a)(2)(ii), 40 CFR 261.4(a)(23), (24), or 

(25)? 

If "Yes", you must fill out the Addendum to the Site Identification Form: Notification for Managing 
Hazardous Secondary Material. 

13. Comments 

14. Certification. I certify under penalty of law that this document and all attachments were prepared under my 
direction or supervision in accordance with a system designed to assure that qualified personnel properly gather 
and evaluate the information submitted. Based on my inquiry of the person or persons who manage the system, or 
those persons directly responsible for gathering the information, the information submitted is, to the best of my 
knowledge and belief, true, accurate, and complete. I am aware that there are significant penalties for submitting 
false information, including the possibility of fines and imprisonment for knowing violations. For the RCRA 
Hazardous Waste Part A Permit Application, all owner(s) and operator(s) must sign (se 40 CFR 270.1 O(b) and 
270.11). 

Signature of legal owner, operator, or an Name and Official Title (type or print) Date Signed 
authorized representative (mm/ddlyyyy) 

~~.J-".1"1 v 
--~ 

K. W. Daniels, Vice President, CH2M- a0,Ve.t_, 
/1 "'P'Y I WG, Idaho, LLC. 

~ ) Q v R. B. Provencher, Manager, Department 

- of Energy Idaho Operations Office '"/ /IJ. It.., (' .-' 
I I 
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REGULATORY CERTIFICATION [IDAPA 58.01.05.012; 40 CFR 270.11(d) and 270.30(k)] 

Volume 14 HWMA/RCRA Storage and Treatment Permit Reapplication for the Liquid 
Waste Management System at the Idaho Nuclear Technology and Engineering Center 

on the Idaho National Laboratory 

Apri12014 

The undersigned certifies as required per 40 CFR 270.11(d) and 270.30(k) as follows: 

I certifY under penalty of law that this document and all attachments were prepared under my 
direction or supervision according to a system designed to assure that qualified personnel properly 
gather and evaluate the information submitted. Based on my inquiry of the person or persons who 
manage the system, or those persons directly responsible for gathering the information, the 
information submitted is, to the best of my knowledge and belief, true, accurate, and complete. I am 
aware that there are significant penalties for submitting false information, including the possibility of 
fine and imprisonment for knowing violations. 

Department of Energy Idaho Operations Office 
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