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Abbreviations/Acronyms/Definitions
APR air-purifying respirator 
COPC chemical of potential concern 
DOC diesel oxidation catalyst
DOE U.S. Department of Energy 
DPF diesel particulate filter 
DRE destruction removal efficiency 
DRI direct-reading instrument 
ES&H environment, safety, and health 
FID flame ionization detector 
FIO For Information Only 
FTIR Fourier Transform Infrared
FY fiscal year 
HEPA high-efficiency particulate air 
HMI human-machine interface
IOPS Integrated Operations System 
M&TE measuring and test equipment 
MERSORB® trademark of NUCON International, Inc. for an adsorbent used for removing mercury 

from gases 
NUCON NUCON International, Inc. 
OEL occupational exposure limit (specifically for Hanford tank farms)
PAPR powered air-purifying respirator 
P&ID piping and instrumentation diagram 
PID photo-ionization detector 
PNNL Pacific Northwest National Laboratory 
ppb parts per billion 
PPE personal protective equipment 
ppm parts per million 
QA quality assurance 
SA Settlement Agreement 
SST single-shell tank 
SUMMA® genericized trademark that refers to electropolished, passivated stainless steel 

vacuum sampling devices (i.e., an evacuated canister) 
TOS thermal oxidation system 
VOC volatile organic compound 
WRPS Washington River Protection Solutions, LLC 
WWFTP WRPS Waste Form Testing Program 
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1.0 Purpose 

1.1. Historical Background 

The NUCON International, Inc. (NUCON) thermal oxidation system (TOS) is planned to be 
tested in three phases.  The first two of these phases – prototype (Phase 1) and pilot testing 
(Phase 2) – have already been completed.  The third phase, on-site testing in the Hanford tank 
farm, will be conducted under this Test Plan.  NUCON developed a prototype of the proposed 
TOS and conducted proof-of-concept tests at the NUCON facility in Ohio.  Phase 2 testing at the 
pilot scale was conducted between May and June 2018 at the Pacific Northwest National 
Laboratory (PNNL) in Richland, Washington.  The third phase of testing will be conducted at the 
Hanford Site 241-BY Tank Farm, tank BY-108. 

To treat vapors, the NUCON design uses a combination of thermal oxidation, carbon adsorption, 
and catalytic conversion to capture or destroy tank vapor constituents, referred to as chemicals of 
potential concern (COPCs).  Prior to pilot testing, the TOS fuel source was changed from propane 
to diesel fuel due to the explosive properties of propane and safety requirements at the Hanford 
Site.  Phase 3 of testing will focus on evaluating the unit under actual field conditions.  The 
testing is scheduled to last 6 to 10 weeks, with an overall objective to evaluate the effectiveness in 
a controlled operational environment at the Hanford Site.   

The Phase 2 testing was conducted by selecting 11 COPC surrogates (out of 61 identified COPCs 
in total) and quantitatively measuring them at various points in the TOS.  These measurements 
were performed using both online instruments and grab samples. A key element of the NUCON 
TOS is the MERSORB® bed which is intended to remove mercury from the vapor stream.  It was 
not tested in Phase 2 and instead was deferred to subsequent testing.  The Phase 2 testing program 
and results are described in Rappe et al. (2019). 

1.2. Description of Phase 3 Testing 

The Phase 2 TOS testing concluded that most of the 11 COPCs were successfully removed to the 
target criterion (95% destruction) and all but one could be detected down to 10% of the 
occupational exposure limit (OEL).  However, the testing did not involve complex mixtures of 
COPCs (as would be found in Hanford tank headspaces) or attempt to demonstrate successful 
operation of the MERSORB® bed.  Based on that information, Washington River Protection 
Solutions, LLC (WRPS) decided to proceed with conducting a Phase 3 test to be performed in the 
Hanford tank farm. 

Planning for Phase 3 testing began with an assessment of historical vapor headspace data 
collected from the Hanford tank farms. This assessment suggested that BY-108 was a good 
candidate for a demonstration test because it contains many of the highest concentrations of 
COPCs across all the single-shell tanks (SSTs) (Mendoza and Wilson 2018).  After selection of 
BY-108, WRPS commissioned a detailed design in fiscal year (FY) 2019 that achieved 90% 
completion by fiscal year end.  The FY19 design planned to transport BY-108 vapors from a BY-
108 riser via ductwork to outside the BY-farm fence line, where the NUCON TOS and supporting 
systems would be located.  After a review of the cost and schedule to construct and implement 
that design, it was decided to streamline the design to make the system more economical to 
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fabricate, install, and test.  The FY20 re-design for the Phase 3 test system is ongoing and 
occurring concurrently with the generation of the test methodology described in this document.  
The re-design of the TOS will be described conceptually in this document using best available 
information, but the Test Plan may need to be revised later should the final re-design require 
adjustment of the objectives, methods, success criteria, or test conditions. 
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2.0 Performance Standards (Success Criteria) 

Performance standards for the NUCON TOS during Phase 2 testing were established in the Settlement 
Agreement (SA)1, but are not explicitly defined for Phase 3 testing.  Phase 3 testing will adopt a similar 
set of performance standards modified to reflect the composition of BY-108, utilize best available 
measurement methods, and retain the intent of the Phase 2 criteria.  The performance standards for Phase 
3 testing are proposed as follows: 

1. At the point of emissions from the NUCON TOS, select COPCs2 will individually3 have a 95% 
destruction (as measured by destruction removal efficiency [DRE]).  DRE will be determined 
using inlet and exhaust sorbent tube or SUMMA® canister samples with approved analytical 
methods at certified laboratories. 

2. At the point of emissions from the NUCON TOS, volatile organic compounds (VOCs) measured 
in aggregate will have a collective concentration of less than 500 ppm as determined using: 

a. Summation of analytical results from sorbent tube and SUMMA® canister samples for 
calibrated compounds and approved methods (VOCs, aldehydes, nitrosamines), and 

b. A commercial photo-ionization detector (PID). 

3. At the point of emissions from the NUCON TOS, select COPCs will have individual 
concentrations of  10% of their Hanford tank farm OELs. 

a. Whenever the detection method makes it possible, the concentration will be quantified 
and compared to the target level of 10% of the OEL concentration for that COPC. 4

1 Described in Section II.C.2.b in the Settlement Agreement (“Settlement Agreement” or “Agreement”) made by and 
between Hanford Challenge, the United Association of Plumbers and Steamfitters Local Union 598 (collectively, 
“Hanford Challenge/Local 598”), the State of Washington (“State”), the United States, on behalf of Rick Perry, in 
his official capacity as Secretary of the United States Department of Energy, and the United States Department of 
Energy (collectively, Secretary Perry and the Department of Energy are referred to as “DOE”), and Washington 
River Protection Solutions LLC (“WRPS”). 
2 Select COPCs are chemicals of potential concern measured above 1% OEL in BY-108 headspace and listed in KJ 
Way’s September 21, 2017 letter titled “Tank Operations Contractor – Chemicals of Potential Concern” Rev. 1, 
WRPS-1604188.1. Washington River Protection Solutions, Richland, Washington. 
3 The reasons for the proposed deviation from the Settlement Agreement language for this criterion are as follows: 

An aggregate DRE criterion ignores the relative toxicities of each of the COPCs and favors the COPC with 
the highest concentration.  It is theoretically possible to satisfy the criterion while having all but one COPC 
above their respective OELs in the exhaust.  
Using a bulk measurement device like a PID to measure a DRE across the system is not really measuring a 
DRE, since VOCs are generated in the engine.  It is expected that this type of measurement and calculation 
will yield a negative DRE as it did in Phase 2 testing (-1,580% to -4,200% destruction).   
A PID cannot truly measure a destruction efficiency of a mixture since every component has its own 
response factor and the response factor of the mixture changes as the makeup of the mixture changes.  

4 It will be assumed during the comparison that the “10% of the OEL” criterion is met if the detection limit is below 
10% of the OEL and the results are below the detection limit.  Data that is below the analytical detection/reporting 
limits as established by the measuring laboratory will not be quantified. 

3 The reasons for the proposed deviation from the Settlement Agreement language for this criterion are as follows:

An aggregate DRE criterion ignores the relative toxicities of each of the COPCs and favors the COPC withgg g g
the highest concentration.  It is theoretically possible to satisfy the criterion while having all but one COPC g y
above their respective OELs in the exhaust.  p
Using a bulk measurement device like a PID to measure a DRE across the system is not really measuring ag y y g
DRE, since VOCs are generated in the engine.  It is expected that this type of measurement and calculation , g g p yp
will yield a negative DRE as it did in Phase 2 testing (-1,580% to -4,200% destruction).  y g g ( )
A PID cannot truly measure a destruction efficiency of a mixture since every component has its own y y y p
response factor and the response factor of the mixture changes as the makeup of the mixture changes.  

hl individually3 h
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b. For any offline analyses with a detection or reporting limit greater than 10% of the OEL, 
the concentration in the TOS exhaust will be quantified and reported as a percentage of 
OEL.5

4. The TOS is demonstrated to operate reliably and achieve a nominal steady-state while interacting 
with the BY-108 headspace vapors.  Based on Phase 2 testing, the best real-time proxy for 
assessing steady state is a catalytic converter temperature of at least 660 °F that is not changing 
rapidly over a period of approximately 5 minutes.

5 Based on Phase 2 data, this is anticipated to be only a small percentage of analytes.  Of the 11 COPCs tested in 
Phase 2, 9 of 11 were detected at or below 10% of the OEL in the exhaust using offline sampling techniques (Rappe 
et al. 2019).  
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3.0 Test Objectives 

The primary goal of the Phase 3 demonstration and test effort is to evaluate the efficacy of the TOS vapor 
treatment on an actual Hanford waste tank involving complex mixtures and in a tank farm operational 
environment.  The test objectives were developed in consultation with WRPS by examining requirements 
outlined in various requirements documents (see Exhibit A, which contains a matrix of these requirements 
and their source documents) and drawing on testing experience from Phase 2.  Phase 3 test objectives are 
as follows: 

1. Complete a performance test of the full NUCON TOS (including the MERSORB® bed) for 
destruction of COPCs from the BY-108 headspace.  BY-108 is a challenging6 Hanford waste tank 
because: 

a. The BY-108 waste tank has relatively high levels of furan(s); 

b. The BY-108 waste tank has measurable concentrations of mercury7 (which was not tested 
during Phase 2 testing);  

c. The BY-108 waste tank has above-average concentrations of ammonia.8

2. Measure select VOCs9, in aggregate, and determine if the system meets the performance 
standards established in Section 2.0.   

3. Execute offline sampling methods for measuring select COPC concentrations in the diesel 
exhaust with ambient air intake to the TOS to establish the baseline emission profile for these 
COPCs. 

6 Section 8.1 provides the longer-term and recent vapor analysis history of Hanford waste tank BY-108, which 
highlights the very challenging nature of the COPC vapors in this tank (especially for furan and ammonia). 
7 As discussed in Freeman et. al. 2019, the highest headspace concentration for elemental mercury in all tanks is 
0.456 mg/m3 (0.0556 ppm) or 1824% of the OEL (AN Exhauster). The OEL for elemental mercury is 0.025 mg/m3

(0.00305 ppm). The highest headspace concentration for dimethyl mercury (DMHg) in all tanks is 0.000173 ppm or 
14.2% OEL (702-AZ Exhauster in Nune et. al 2017b). The OEL for dimethyl mercury is 0.01 mg/m3 as Hg (0.00122 
ppm of DMHg). Since the BY-108 concentration is 7% of the OEL for elemental mercury, the term “measurable 
concentrations” has been used in the objective. 
8 The maximum recent cartridge testing inlet concentration for ammonia was 1915% of the OEL (479 ppm) (Nune 
et.al. 2018). 
9 The select VOCs for this testing are those VOCs on the Chemical of Potential Concern List established in KJ 
Way’s September 21, 2017 letter titled “Tank Operations Contractor – Chemicals of Potential Concern” Rev. 1, 
WRPS-1604188.1. Washington River Protection Solutions, Richland, Washington. 
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4. Demonstrate proper operation of the TOS when connected to BY-108 headspace and characterize 
elements of its performance: 

a. Operate the NUCON MERSORB® bed, diesel engine, and catalytic converter to reach an 
operating steady state (this presumably has steady-state TOS exhaust vapors).  Ideally, 
this would include saturating the MERSORB® bed with organic constituents so the true 
performance of the TOS will be measured.10

b. If test operation permits, estimate the operating volumetric flow rate of the NUCON TOS 
during steady-state operation.11

5. Determine if the TOS maintains a negative pressure on the BY-108 headspace for a period of 
sustained operation.  Furthermore, over this same period, perform measurements to determine if 
COPC TOS inlet concentrations are reduced over time.12

6. During steady periods of TOS operation: 

a. Execute the sampling methods that will collect the necessary data to determine the 
efficacy of the TOS MERSORB® bed, e.g., measure the mercury concentration before 
and after the bed. 

b. Execute the offline sampling methods to collect data for measuring the impact of TOS 
operation on select COPC concentrations via samples collected prior to the TOS and at 
selected points after the TOS (minimally the exhaust).  

7. Support test objectives with online instrumentation (optional, only as available) in the mobile 
laboratory or other available direct-read instrumentation. 

8. Calculate the destruction removal efficiency for each measured select COPC and mercury 
using the data generated from the relevant sampling methods.  Estimate the approximate 
uncertainty in the DRE calculation based on known analytical uncertainties, if available. 

The methodology to test these objectives is described in Section 4.0; note that the success criteria against 
which these objectives are measured were previously described in Section 2.0. 

10 It is expected that the TOS will have a start-up phase where the constituents in the vapor phase are equilibrating 
with the MERSORB® bed.  During the initial operation of the TOS, data will be collected to establish that bed 
equilibration has or has not occurred.  However, even if it is determined that it has not (or the data are 
indeterminate), samples will also be collected after the MERSORB® bed (prior to the engine) to establish the true 
abatement performance of the TOS.  The MERSORB® bed can be bypassed but will not be unless dictated by the 
test conditions. 
11 Not explicitly tied to a success criterion – this is opportunistic operating data. 
12 A sustained negative pressure on the tank headspace demonstrates the ability of the TOS to prevent headspace 
vapors from being released through the passive breather filter or other fugitive emission points during TOS 
operation, thus protecting workers and potentially eliminating the need for respiratory protection and personal/area 
monitoring for COPCs.  The BY-108 TOS was sized for a single SST and not for a series of SSTs connected in a 
cascade as is believed to be the case for BY-108.  The SST cascade introduces the possibility that this test will not 
be successful.  However, it is important to know if the TOS will reduce headspace concentrations in SSTs over time 
(presumably to an equilibrium level) where the COPC generation rate is equal to the COPC TOS removal rate (flow 
rate × concentration). 
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3.1. Test Planning Objectives 

In addition to the test objectives listed in Section 3.0, the following planning objectives were also 
an important part of the test planning process and integral to the definition of the testing 
methodology: 

1. Designate a set of offline sampling methods tailored to collect accurate quantitative 
measurement of the select COPCs and a sampling manifold design effective at executing 
those methods.

a. The designated offline methods must be performed with the appropriate EPA and/or 
Hanford site requirements and pedigree.   

b. The sampling manifold design will be part of a gas sample cabinet/enclosure that will 
be effective at executing the offline sampling methods for collection of planned 
samples, as well as providing vapors to any direct-reading instruments that will be 
used in the field (as necessary). 

2. Consider (and potentially implement) injection of additional COPCs to the TOS feed stream 
which are either: 

a. Not above the 1% OEL threshold in BY-108, or 

b. Present at significantly higher concentration in another Hanford waste tank. 

Injecting COPCs that meet either of these criteria could widen the range of Hanford waste 
tanks that are bounded by the Phase 3 testing. 
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4.0 Methodology 

This section discusses three main elements of the Phase 3 test program as follows:   

1. Overview of the system and test approach (Section 4.1) 

2. General approach to sampling during TOS testing (Section 4.2) 

3. Data analysis approach and consideration of uncertainty (Section 4.3) 

4.1. Phase 3 System Overview 

The NUCON TOS will be tested by physically linking the system to the BY-108 headspace 
through a riser and pipe and drawing gas from the headspace through the system.  The Phase 3 
TOS design is in preparation (by NUCON and their subcontractors) and is not complete as of this 
writing.  The design is modular with two skids (filtration and TOS) and is installed and removed 
with minimal construction.  A general schematic reflecting the major system components is 
shown in Figure 4.1.  The design will include similar functionality to the TOS tested in Phase 2, 
with the addition of front-end equipment to remove radioactive particulate from the BY-108 tank 
vapor.  The pretreatment equipment includes a demister, prefilter, heater, high-efficiency 
particulate air (HEPA) filters, and a continuous radiological monitoring system.  The filtration 
skid is intended to mitigate radiological hazards, provide a vapor stream that has low relative 
humidity, and achieve a temperature that is conducive to the operation of the MERSORB® bed. 

Figure 4.1. General System Diagram of the NUCON TOS to be installed on  
Hanford Single-Shell Tank BY-108. 
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The vapor stream is drawn through the system using a booster blower operating at a nominal 
discharge flow rate of 50 cubic feet per minute.  The blower discharges the heated vapor stream 
(approximately 110 to 120 °F) into a packed vessel known as the MERSORB® bed.  The bed 
contains sulfur-impregnated carbon that is selective for mercury capture.  Other organic species 
will also be adsorbed by the bed but are expected to quickly reach an equilibrium state where the 
incoming and outgoing organic concentrations are equal.  The equilibrium is likely dynamic and 
an examination of the equilibrium loading of organic compounds will need to be performed in the 
field.  Monitoring MERSORB® bed inlet and outlet concentrations during testing will be 
conducted at a frequency needed to establish the state of equilibrium; refer also to the discussion 
in Section 7.3.  Downstream of the MERSOB® bed, the vapor stream is cooled (removing the 
heat of compression created by the blower) to bring the gas to an acceptable diesel engine inlet 
temperature.  The stream then enters the TOS, which includes a diesel engine, generator with load 
bank, catalytic converter, and diesel particulate filter (DPF).  The TOS is similar to the one 
specified in Rappe et al. 2019.  After the TOS, the treated vapor stream is vented to the 
atmosphere in a 20-foot-high exhaust stack.   

The NUCON TOS will be operated during the Phase 3 test to assess its performance, and general 
observations about its operation as a field-deployed unit in BY farm will be collected, including 
any pertinent observations regarding reliability, availability, maintainability, and inspectability 
(as feasible13).  Operational data of interest are listed in Table 4.1, along with the general category 
of instruments that will be read in the field and recorded manually.  Only a few of these 
measurements are designated as quality-affecting where (1) a certified instrument calibration will 
be performed and (2) other quality assurance requirements will be imposed; the remainder are 
considered “For Information Only” (FIO). 

Table 4.1. Operational Data Requirements for Phase 3 Testing. 

Operational Data Approach/Instrument Data Pedigree 
BY-108 Headspace 
Pressure 

Differential pressure instrument installed near 
interface between TOS and BY-108 riser NQA-1, calibrated instrument 

Inlet Vapor Stream 
Flow Rate Flow instrument at booster blower suction For Information Only 

Blower Discharge 
Pressure 

Pressure instrument installed downstream of the 
blower For Information Only 

Engine/Generator 
Performance 

Human-machine interface (accessed remotely): 
runtime, load, power, etc.  For Information Only 

Thermal Steady-State 
Temperature measurements at locations after 
the MERSORB® bed, engine, and diesel 
oxidation catalyst (DOC). 

NQA-1, calibrated instrument 
near/after the DOC; others are 
For Information Only 

Fuel Consumption 
Gauges/sensors on diesel tank and 
commercially calibrated meters on fuel delivery 
trucks 

For Information Only 

Phase 2 testing used injection of specific COPCs in air to assess the TOS.  In contrast, Phase 3 
will test operation using the BY-108 vapor stream.  The BY-108 stream is a complex mixture of 

13 Information of this type may be captured in operations logs, test documentation, or noted in Test Instructions. 
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compounds, and testing will need to measure the destruction efficacy of the TOS for several 
compounds simultaneously.  Whereas the predominant assessment tool in Phase 2 testing was 
online analytical instrumentation, the predominant tool in Phase 3 testing will be samples 
collected and sent for analysis.  Direct-reading instruments (DRIs) will likely be used periodically 
for a limited set of compounds and are planned to be incorporated into the sampling system.  The 
use of other online instrumentation may supplement the planned sample measurements if 
manageable within the test budget.  Online measurements are considered optional due to 
uncertainty regarding the mobile lab (PTR-MS) availability, test budgets, and other competing 
project expenses.  

In Phase 2, measurements were performed to isolate the performance of various elements of the 
TOS by collecting data at multiple sampling locations.  Phase 3 testing will primarily assess only 
the overall TOS performance.  Thus, Phase 3 sampling will be constrained to primarily inlet 
samples (prior to the MERSOB® bed) and exhaust samples (downstream of the entire TOS) to 
estimate overall COPC DREs.  A third sampling location will be used downstream of the 
MERSORB® bed to measure mercury removal performance of the bed (an element that was not 
examined in Phase 2) and assist with estimating the organic loading that occurs. 

The sampling techniques planned for Phase 3 testing are important as they represent the major 
data source for the TOS performance assessment.  A general description of the elements of the 
sampling system and the types of samples that will be collected follows.  A parallel effort is 
currently being performed by PNNL (not yet complete) to define the functions, requirements, 
specifications, and layout of the sampling system.  Upon completion of that activity, Test Plan 
references to the sampling system may be updated or refined to be consistent with the planned 
design features of the sampling system.

For more detailed information on the selection of COPCs in BY-108 to analyze during testing, 
specific test sequences to collect data, and test conditions of the Phase 3 testing, refer to 
Sections 7.0 and 8.0.  Note that as of this writing, specific identifiers for valves, sample and 
injection ports, measuring and test equipment (M&TE), and reference drawings are not finalized 
due to the NUCON TOS design being in progress.  The Test Plan will be revised to incorporate 
this information as it becomes available.14

4.2. Sampling Approach for COPCs 

This section includes a general description of how the sampling is intended to be performed 
during Phase 3 testing.  For more information on specific analysis techniques and instruments, 
refer to Section 8.0. 

Assessment of TOS performance will be conducted primarily using gas stream samples that are 
collected while the system is actively operating on the BY-108 vapor stream.  As shown in 
Figure 4.1, the sample points are just prior to the MERSORB® bed (considered the inlet sample), 
just after the MERSORB® bed (for determining organic equilibrium of the bed and mercury 
removal performance), and near the muffler (the exhaust sample).  Samples will be drawn by 

14 In some places were information is still forthcoming, specific identifiers are called out in yellow highlight to 
indicate items that are expected to be updated in a future revision. 
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vacuum pump (as necessary) to a climate-controlled cabinet (target temperature range of 65 to 
90 °F) through a manifold of sorbent tubes chosen for specific COPCs.  Each sorbent tube can be 
isolated and has a target flow rate that will be metered by a mass flow controller.  The gas stream 
leaving the sorbent tube manifold will be vented or returned to the TOS.  The pressure, 
temperature, and relative humidity of the sample streams will be monitored to guide the sample 
collection process. 

The inlet (pre-MERSORB® and post-MERSORB®) sample lines may need insulation or heat 
trace to maintain the temperature near approximately 100 °F (for moisture control) before they 
enter the manifold.  The exhaust sample line will need heat trace and insulation to maintain the 
sample temperature above ~200 °C (392 °F), which is a best practice based on Phase 2 testing 
experience.  Prior to sample collection, the exhaust gas in the sample line will be diluted with 
nitrogen gas at nominally a 3:1 (nitrogen to exhaust gas) ratio in order to reduce moisture.  
Because of the dilution, the exhaust sample collection time will be approximately four times the 
inlet sample collection time for sorbent tubes. 

In addition to sorbent tubes, the sampling system will permit collection of SUMMA® canister 
and Tedlar bag samples.  Direct-reading instruments will be used for the measurement of mercury 
and VOCs from the sample stream.  As an option, other analytical instruments can be interfaced 
with the sample manifold (as available).  Detailed information regarding the specification of 
equipment and configuration of the sample manifold and cabinet will be provided in a future 
revision of this Test Plan.  Table 4.2 outlines the data requirements for the sample data collected 
in the field and from subsequent analyses.  Since data from the Phase 3 samples comprise the key 
data collected to assess COPC destruction performance, the data are all considered quality-
affecting.

Table 4.2. Sample Data Requirements for Phase 3 Testing 

Sample Data Approach/Instrument Data Pedigree 

Exhaust Flow Rate(a)

[OPTIONAL] Methane tracer and SUMMA® canister sample 
NQA-1, calibrated 
instruments and certified lab 
analysis 

Sample Temperature/ 
Relative Humidity Instrument(s) on sample line at manifold NQA-1, calibrated 

instrument(s) 
Sample Pressure Instrument on sample line at manifold NQA-1, calibrated instrument 

Sample Flow Rates Mass flow controllers with four-channel 
controllers 

NQA-1, calibrated 
instruments(b)

Nitrogen Dilution 
Flow Rate Mass flow controller NQA-1, calibrated 

instruments
Bypass/Sweep Flow 
Rate Mass flow controller/mass flow meter NQA-1, calibrated 

instruments

Sample Analysis Sorbent tubes, SUMMA® canisters, Tedlar bags, 
DRIs, or analytical instruments (optional) 

NQA-1, procedures and 
certified laboratory analyses 

(a) A field measurement of the exhaust flow rate would be needed if targeted COPC injections are 
performed (see Section 8.11); otherwise, this is an optional measurement. 

(b) Calibration may be performed by user in the field, in which case NQA-1 calibrated mass flow 
generators would be needed to meter known flows through the mass flow controllers. 
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The remainder of this section describes the expected high-level sequence of steps that will be 
executed to collect the appropriate sample information during Phase 3 testing for DRIs, 
SUMMA® canisters, and sorbent tubes.  The approach will vary depending on whether only 
DRIs are used (Section 4.2.1), only SUMMA® canisters are used (Section 4.2.2), or a full suite of 
samples are taken (Section 4.2.3). 

4.2.1. DRI-only Sample Method 

Performing DRI-only measurements is accomplished by turning on the primary sample 
loop flow, allowing it to stabilize, and recording DRI measurements.  This is 
accomplished as follows: 

a. Turn on the sample pump and the primary sample loop MFC#. 

b. Open the primary sample-loop ball valves V#. 

c. Allow MFC# to stabilize. 

d. Turn on the DRI and open DRI isolation valve V#.  

e. Record DRI reading as many times as necessary to support goals of the test. 

f. Close DRI isolation valve V# and turn off DRI. 

g. Close the primary sample-loop ball valves V#. 

h. Turn off the primary sample loop MFC# and the sample pump. 

4.2.2. SUMMA® Canister-only Sample Method 

Capturing SUMMA® canister only samples is accomplished by labeling a canister and 
connecting it to the sample loop, turning on the primary sample loop flow and allowing it 
to stabilize, and opening the canister to the sample flow for a designated duration.  This is 
accomplished as follows: 

a. Label and record the SUMMA® canister sample number as described in the 
appropriate Test Instructions. 

b. Connect the canister to SP# in the sampling manifold. 

c. Turn on the sample pump, the primary sample loop MFC#.  

d. Open the primary sample-loop ball valves V#. 

e. Allow MFC# to stabilize. 

f. Operate for at least 5 minutes. 

g. Open valve V# to SP#; open the canister valve. Allow to fill <for # minutes, or 
until a certain pressure is reached> 

h. Close the canister valve. Close valve V# to SP#. 

i. Close the primary sample-loop ball valves V#. 

j. Turn off the primary sample loop MFC# and the sample pump. 

k. Disconnect the SUMMA® canister from the manifold. 
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4.2.3. Full Set of COPC Sample Methods 

Capturing the full set (DRIs, canister, and sorbent tube) samples is accomplished by 
labeling the canisters and sorbent tubes, connecting them to the sample loop, turning on 
the primary sample loop flow and allowing it to stabilize, and cycling through the DRI, 
canister, and tube manifold (exposing each to the appropriate sample flow) for a 
designated duration.  This is accomplished as follows. 

a. Turn on the sample pump, the primary sample loop MFC#, and the media bypass 
MFM# (for TOS exhaust sampling only). 

b. Open the primary sample-loop ball valves V#.  

c. For TOS exhaust samples, turn on the primary sample loop dilution: 
1. Open N2 diluent gas bottle manifold valve V#. 
2. Open N2 diluent injection valve V#. 
3. Turn on N2 diluent MFC#.  Allow to stabilize. 

d. Allow MFC#, MFM# (exhaust samples) to stabilize. 

e. Take DRI readings. 
1. Turn on the DRI and open DRI isolation valve V#. 
2. Record DRI reading as many times as necessary to support goals of the 

test.
3. Close DRI isolation valve V# and turn off DRI. 

f. Acquire SUMMA® canister samples: 
1. Label and record canister sample numbers as described in the 

appropriate. test instructions. 
2. Connect the canister to canister sample port SP# in the sampling 

manifold.
3. Open valve V# to SP#; open the canister valve.  Allow to fill for 60 

minutes, or until the pressure gauge on the canister reads approximately 
zero.

4. Close the canister valve.  Close valve V# to canister sample port SP#. 
5. Disconnect the SUMMA® canister from the manifold. 
6. Repeat for additional SUMMA® canister sample. 

g. Acquire media samples: 
1. Label and record sorbent tube or sample media numbers as described in 

the appropriate Test Instructions. 
2. Connect the # media samples to media sample ports SP# through SP# in 

the sampling manifold; see Figure 8.1 and Figure 8.2 for additional 
configuration detail. 

3. For each media sample, open the isolation valves and then turn on the 
MFC. Record the time.

4. Allow each media sample to run for the period identified in Table 8.4. 
5. When the sample duration for each media sample is complete, turn off 

the MFC, close the isolation valves, and disconnect the media samples 
from the sample ports.  
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h. For TOS exhaust samples, turn off primary sample loop dilution: 
1. Turn off MFC#. 
2. Close N2 diluent injection valve V# and gas bottle manifold valve V#. 

i. Close the primary sample-loop ball valves V#. 

j. Turn off the primary sample loop MFC#, the media bypass MFM#, and the 
sample pump. 

4.3. Data Analysis and Uncertainty 

During Phase 3 testing, two significant metrics will be used to assess TOS performance on COPC 
mitigation to satisfy the objectives.  The first will be a comparison of the exhaust concentration of 
species i (Ci,exhaust) against the 10% OEL for each measurable (above the reporting organization’s 
detection/reporting limits) COPC.  The Hanford tank farm OEL values for the entire set of 
COPCs are given in Exhibit B in this Test Plan for reference.  Trending of COPC concentrations 
may also be performed to assess if TOS operation is changing concentrations with time; for 
example, the inlet concentration of species i (Ci,inlet) may be compared against earlier 
measurements of the inlet concentration.  In the case of trending, the concentrations are not being 
compared to any set value but only to prior measurements made on the same basis. 

Assigning an uncertainty or confidence level to a single concentration measurement of a species 
presents some challenges.  In prior work that used a similar sampling approach (see Exhibit C), 
PNNL has estimated that the relative uncertainty may range from 6.2 to 45.3%; the lower bound 
of this range is recommended as the starting point for an estimate of the analytical and 
measurement uncertainty.  This recommendation will be used as a starting point for assessing the 
uncertainty in the NUCON system measurements absent other statistical information. 

The second TOS performance metric is determination of the destruction removal efficiency 
(DRE).  DRE will be calculated on the actual exhaust profile from the TOS, as it was in Phase 2.  
The DRE is calculated nominally without subtraction of the target compound even if it is present 
in the baseline air or in the baseline exhaust.  The DRE is calculated as follows: 

 1 , ,
Note that for mercury, the “exhaust” sample may be collected at the post-MERSORB® location 
instead to isolate the MERSORB® DRE for that compound.  The DRE is typically multiplied by 
100, e.g., represented as a percentage. 

DRE as calculated does not compensate for compounds that are produced from the engine during 
TOS operation, nor does it compensate for COPCs present in the baseline air.  Thus, this may 
potentially result in an apparent lower destruction efficiency if the COPC is formed by the engine 
in combustion.  In extreme cases, this could result in a negative DRE. 

The uncertainties in the measured concentrations are governed by the analytical uncertainties 
reported by the entities performing the sample analysis.  PNNL has also estimated replicate 
uncertainties for multiple sample measurements of the same compound from other, similarly 
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collected data for some of the compounds of interest in Phase 3 testing (see Cullinan et al. 2019a, 
2019b).  These replicate measurements are expected to be a more robust statistical measure of the 
total sample measurement uncertainty than the analytical uncertainty reported by the measuring 
laboratory; consequently, the uncertainties provided in Cullinan et al. 2019a will be applied to 
appropriate concentration data.  Note that not all species present in BY-108 were measured in 
replicate during the analysis described in Cullinan et al. 2019a; assigning uncertainty to these 
species will default to using the recommended uncertainty described in Exhibit C. 

In order to apply uncertainty estimates to the DRE calculation, either the reported analytical 
uncertainties or PNNL-estimated uncertainties will be used.  The method that will be used to 
propagate uncertainty approximates the DRE defined above as: 1
where R is the ratio of concentrations given previously.  The variation of DRE is proportional to 
the variance of R.  Thus, the standard deviation can be approximated as: 

,, ,,
where  denotes the standard deviation of the various quantities.  This approach will be applied to 
the reported DRE values and expressed as a percentage to be on the same basis.  A simple 
extension of the R/R expression could be adapted to calculate estimates of uncertainty at other 
significance levels, i.e., the 95% confidence level (nominally 2 R) or other multiples of R.



TP-TOSP3-001, Rev. 0.0 
Page 20 of 56 

5.0 Environment, Safety, and Health (ES&H) 

The testing described in this Test Plan will occur inside the BY tank farm boundary.  Operations in that 
location are directed by WRPS and not conducted by PNNL staff; as such, the activities will be subject to 
the ES&H requirements and guidelines of BY tank farm, its operations staff, and WRPS.  The primary 
roles of PNNL staff during the Phase 3 testing are expected to be technical oversight and data collection.  
Therefore, PNNL staff members are anticipated to have minimal interaction with any hazards present.  
However, if interaction with a hazard is necessary, staff will work to the requirements of WRPS as 
outlined in the relevant documents (safety/hazards assessment and Work Packages) governing the work or 
as directed by the 241-BY tank farm operations staff. 

To support the testing, PNNL staff will likely perform work off-site (outside the boundary of the PNNL 
campus).  PNNL’s “Experimental or Field Work Off Site or Outside IOPS Controls” HDI work control 
will be followed for these activities, as well as the “Access and Work Requirements at the Hanford Site” 
exhibit.15  An off-site risk management plan is expected to be required before work can begin. 

PNNL staff may perform supporting work in laboratories in advance of Phase 3 testing in BY tank farm.  
If on-site work is conducted, an appropriate Lab Assist activity will be written and approved in advance 
of the work.  The Lab Assist activity controls, as well as any relevant Integrated Operations System 
(IOPS) safety controls, will establish the requirements for performing the work in laboratory spaces.  All 
PNNL staff must also be approved in IOPS and Lab Assist prior to conducting any work. 

For completeness, Table 5.1 identifies several potential safety hazards and mitigating actions for the 
Phase 3 testing activities.  Most of the hazards are not expected to be present in PNNL laboratory spaces; 
all the hazards may be present in BY tank farm during testing.  Mitigations described in the table are 
recommendations only for PNNL staff; tank farm procedures and safety protocols will take precedence as 
defined in the off-site work plan. 

15 Refer to the document at https://hdi.pnl.gov/HDI/product/exhibits/accessreqbyloc.doc for more information. 
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Table 5.1. Potential Hazards and Mitigating Actions 

Hazard Mitigating Action* 

Lifting/Material Handling 
If container is too heavy or awkward to handle by one staff member, help will be 
available.  No individual shall move materials or equipment that is beyond the 
individual’s capabilities. 

Leaks or Spills Barriers will be in place to contain spills.  Be cautious of potential slippery 
conditions. 

Chemical Hazards Proper personal protective equipment (PPE) as defined in the governing work 
documents will be worn when working with any chemical hazards. 

Radiological Hazards 
The test system will be attached to a Hanford waste tank and there is a potential for 
radiological release or exposure.  Use proper PPE, including dosimetry, and follow 
relevant BY tank farm procedures. 

Inhalation Hazards 
The work involves testing the destruction of toxic vapor compounds using a diesel 
engine.  These compounds and diesel emissions may be present at the test site in 
detectable quantities and appropriate respiratory protection shall then be used. 

Heat/Cold Stress and Weather 
Hazards 

Testing may occur in environmental conditions that exceed a heat index of 80 °F or 
an equivalent chill temperature less than 40 °F.  Follow the graded approach in the 
Thermal Stress in Work Environment HDI work control. Note also the potential for 
environmental hazards such as wind, rain, snow, or other similar events. 

Hot Surfaces 
The diesel engine heats the vapor stream to temperatures in excess of 50 °C, and 
portions of the system may be uninsulated.  Caution should be exercised around the 
TOS and sampling systems when it is, or has recently been, in operation. 

Noise Hazard 
Operation of the TOS and auxiliary equipment may generate significant noise.  A 
graded approach such as described in the Noise in Work Environment HDI work 
control shall be applied to determine the need for PPE and administrative controls. 

Compressed Gas 

Cylinders of compressed nitrogen will be used as a dilution agent in the TOS 
sampling system.  Other gases (methane, for example) may be injected into the TOS 
to perform various quantitative assessments of performance.  If used on-site, gas 
cylinders shall be operated in accordance with the Compressed Gas Supply Systems
HDI work control. 

Electrical Shock All cords should be kept clear of wet areas.  Any extension cords used shall be rated 
for the required power load and have ground fault circuit interruption. 

* Safety glasses are always required in PNNL laboratory spaces; other PPE may be required for work at off-site (BY 
tank farm) locations. 
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6.0 Quality Assurance 

Work performed by PNNL staff involved with NUCON Phase 3 testing will be in accordance with the 
WRPS Waste Form Testing Program (WWFTP) QA program (QA-WWFTP-001, Rev. 3).  PNNL 
selected the Applied Research level as the basis for performing any quality-affecting work.  The WWFTP 
QA program uses implementing procedures that are based on the requirements of NQA-1-2008, Quality
Assurance Requirements for Nuclear Facility Applications, and NQA-1a-2009, Addenda to ASME 
NQA-1–2008 Quality Assurance Requirements for Nuclear Facility Applications, graded on the approach 
presented in NQA-1-2008, Part IV, Subpart 4.2, “Guidance on Graded Application of Quality Assurance 
(QA) for Nuclear-Related Research and Development”.  The WWFTP also conforms to QA requirements 
in DOE Order 414.1D, Quality Assurance, and 10 CFR 830, Subpart A, Quality Assurance Requirements.

As described previously, the NUCON TOS will not be hosted at PNNL during Phase 3 testing.  
Therefore, calibrations of measuring and test equipment (M&TE) that are performed outside of PNNL’s 
control must be evaluated by PNNL to determine whether the associated M&TE can be used to collect 
quality-affecting data.  PNNL work-control documents may be used to specify test activities needed for 
data integrity and traceability (for example, Test Instructions), and will be developed to integrate with the 
operating documents needed to conduct the work in and around BY tank farm.  These topics, as well as 
sample identification and data management, should also be addressed in the off-site work plan. 

Table 6.1 lists the implementing procedures identified in the WWFTP QA program (QA-WWFTP-001, 
Rev. 3) that could govern the PNNL work conducted under this Test Plan.  Below is a summary of key 
procedures.

1. All PNNL staff members contributing to the work specified in this Test Plan will have received 
proper technical and quality assurance training prior to commencing quality-affecting work in 
accordance with QA-NSLW-0201, Training.

2. The planned studies will be conducted in accordance with QA-NSLW-1102, Scientific 
Investigation for Applied Research.

3. The studies will be planned and conducted in accordance with QA-NSLW-1104, Test Plans, and 
QA-NSLW-1107, Test Instructions.

4. Test materials and samples will be identified and controlled in accordance with QA-NSLW-0801, 
Item Identification and Sample Control.

5. Measuring and testing equipment used to generate quality-affecting data will be properly 
procured, controlled, calibrated, handled, and maintained in accordance with QA-NSLW-1201, 
Calibration and Control of M&TE.

6. The development, control, and use of software used to collect and record data during testing will 
be validated and verified in accordance with QA-NSLW-302, Software Control (SCP) – Applied 
Research.

7. All data and calculations used in any report will be reviewed in accordance with QA-NSLW-
1108, Data Entry and Data Review, QA-NSLW-0301, Management of Electronic Data, and 
QA-NSLW-0304, Calculations.



TP-TOSP3-001, Rev. 0.0 
Page 23 of 56 

8. Technical reports will be generated in accordance with QA-NSLW-1109, Reporting, and will be 
peer reviewed in accordance with, and QA-NSLW-0601, Document Preparation and Change,
and QA-NSLW-0603, Independent Technical Review.
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Table 6.1. QA Implementing Procedures that Govern NUCON TOS Phase 3 Activities Performed by 
PNNL Staff Members under this Test Plan (from QA-WWFTP-001, Rev. 3)

Document Number Title 
QA-NSLW-0201 Training
QA-NSLW-0202 Surveillance
QA-NSLW-0203 Management Assessments
QA-NSLW-0301 Management of Electronic Data
QA-NSLW-0302 Software Control (SCP) – Applied Research
QA-NSLW-0304 Calculations
QA-NSLW-0305 Software Grading
QA-NSLW-0401 Control of Procurements
QA-NSLW-0501 QA Implementing Procedures
QA-NSLW-0601 Document Preparation and Change
QA-NSLW-0602 Document Control
QA-NSLW-0603 Independent Technical Review
QA-NSLW-0801 Item Identification and Sample Control
QA-NSLW-0901 Special Processes
QA-NSLW-1001 Inspections
QA-NSLW-1102 Scientific Investigation – Applied Research
QA-NSLW-1104 Test Plans
QA-NSLW-1106 Operating Procedures
QA-NSLW-1107 Test Instructions
QA-NSLW-1108 Data Entry and Data Review
QA-NSLW-1109 Reporting
QA-NSLW-1110 General Documents
QA-NSLW-1111 Qualification of Existing Data 
QA-NSLW-1201 Calibration and Control of M&TE
QA-NSLW-1301 Handling and Storage
QA-NSLW-1401 Status and Tagging
QA-NSLW-1501 Nonconformances
QA-NSLW-1502 Deficiency Reporting
QA-NSLW-1601 Significant Quality Issues
QA-NSLW-1602 Trending
QA-NSLW-1701 Record System
QA-NSLW-1801 Project Audits
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7.0 Testing 

This section describes the sequence of testing elements that are planned to satisfy the objectives of 
Phase 3.  For more details of the sampling effort, refer to Section 8.0.  The testing is divided into four 
stages, as discussed in the following sections: 7.1) collecting baseline information (could be performed 
prior to installation in the BY tank farm), 7.2) assessing the impact of continuous operation on the BY-
108 headspace, 7.3) measuring MERSORB® bed mercury removal performance, and 7.4) measuring 
TOS COPC destruction performance.  A high-level diagram of how these stages are planned to occur is 
shown in Figure 7.1.  Note that as of this writing, specific identifiers for valves, sample and injection 
ports, M&TE, and reference drawings are not finalized due to the NUCON TOS design being in progress.  
The Test Plan will be revised to incorporate this information as it becomes available.16

16 As mentioned earlier in Section 4.1: in some places were information is still forthcoming, specific identifiers are 
called out in yellow highlight to indicate items that are expected to be updated in a future revision. 
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Figure 7.1. Anticipated Timeline for NUCON Phase 3 Test Stages.

7.1. TOS Baseline/Shakedown 

The first stage in the Phase 3 NUCON TOS test sequence is collecting baseline performance 
information on the system in the absence of the BY-108 headspace stream; this also provides an 
opportunity to shakedown the TOS prior to use in the BY tank farm.  Baseline performance 
information will include flow rates, temperatures, and TOS-generated COPC exhaust 
concentrations.  To do this, the system will be configured to pull ambient air into the engine and 
the TOS will be brought to steady-state operating condition; in Phase 2 testing this was typically 
established by monitoring the temperature at or just after the diesel oxidation catalyst (DOC).  
The inlet air flow rate will be recorded, and the TOS exhaust flow rate will be estimated via 
calculation or methane dilution, i.e., tracer injection and measurement.  For the methane dilution 
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approach, a CH4 gas stream of a known concentration [CH4]tr is injected into the TOS exhaust at a 
measured flow rate (Qtr) to target an approximate CH4 exhaust concentration [CH4]ex.  The inlet 
air flow Qair can be used as an approximation for the exhaust flow in order to calculate the 
appropriate tracer injection rate based on the analytical accuracy of the methane sample 
measurements: CHCH
The methane tracer samples will be collected using a SUMMA® canister and analyzed as 
described in Section 8.6. 

Then, baseline COPC levels will be measured in the TOS exhaust by COPC offline sampling.  
The general sequence of steps to collect NUCON TOS baseline performance information would 
be exercised as follows:  

a. Configure the TOS to pull ambient air into the engine post-MERSORB® bed by closing 
BY-108 headspace intake valve V# and opening air intake valve V# shown on piping and 
instrumentation diagram (P&ID) FN-101-02.  

b. Turn on TOS and allow it to run idle for # minutes.  

c. Set TOS to the target speed / load condition for testing and operate to steady-state: 
1. Set the TOS generator speed to 3500 RPM in the NUCON human-machine 

interface (HMI).
2. Set the TOS generator load to ## kVA in the <insert description>.  
3. Allow to run for ## hours continuously.  

d. Steady-state condition is then evaluated: 
1. Monitor and average the temperature out of the DOC by averaging over a 

15-second period. 
2. Let the system continue to run for a minimum of 5 minutes. 
3. Repeat 15-second average DOC temperature.  
4. If the difference between the two measurements is <10 °C, then steady state has 

been reached and proceed to the next step.  
5. If the difference is 10 °C, then steady state has not been reached.  Steady state 

condition should be re-evaluated after 15 minutes of continued TOS operation by 
repeating this sequence of operations.  

e. Measure the inlet and exhaust flow rates: 
1. The inlet mass flow rate is measured by reading its value on the NUCON HMI. 
2. The exhaust flow rate is estimated by injecting a known quantity of methane into 

IP# and measuring its concentration at SP#: 
i. Ensure the methane gas bottle valve is open, the methane regulator is set 

to deliver 60 psig pressure, and the supply valve V# is open.  
ii. Open valve V# to access IP #.  

iii. Turn on MFC#, set its setpoint to 50%, and start the MFC flow. 
iv. Let it run for a minimum of 5 minutes.  
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v. Collect a TOS exhaust SUMMA® canister sample for methane analysis: 
a. Open valve V# to access TOS tailpipe sample port SP #.  
b. Collect a SUMMA® canister sample from SP# using the 

procedure described in Step 3.#.# of Section 3.1, “Test Planning 
Objectives”. 

c. Label the sample as described in Table ## row #.  
vi. Close valve V#.  Close valve V#.  Turn off methane MFC# and close 

methane supply valve V# and close the methane gas bottle valve. 

f. Measure the baseline COPC levels in the TOS exhaust by executing the COPC offline 
sampling methods a total of # times over a #-hour period of continuous TOS operation: 

1. Open V# to access the TOS tailpipe sample port SP# for offline sampling.  
2. Execute COPC offline sampling for TOS exhaust using complete set of 

procedures described in Step 3.# of Section 3.1, “Test Planning Objectives”. 
3. Label the samples as described in Table ## row #.  
4. Repeat the prior step at least 2 additional times, approximately every ## minutes.  

Label the samples as described in Table ## rows # through #. 
5. Close valve V# to TOS tailpipe sample port SP#.  

g. Turn off the TOS and close the ambient air intake valve V#. 

7.2. BY-108 Impact Assessment 

The second stage in the Phase 3 NUCON TOS test sequence is assessing the impact of the TOS 
operation on the BY-108 tank when pulling gas from the BY-108 headspace.  This includes both 
BY-108 headspace pressure and COPC concentrations entering the TOS over time.  To 
accomplish this, BY-108 headspace will be introduced to the TOS and the system will be 
operated in steady-state fashion continuously for a minimum of 5 days, or, if continuous 
operation is not allowed per regulatory permits, five periods of operation spanning at least 40 
hours in total (approximately 5 sequential days of 8 to 24 continuous hours per operating day).  
BY-108 headspace pressure is to be measured and recorded continuously during the test.  The 
headspace pressure shall not exceed the maximum allowable vacuum for BY-108; WRPS will 
establish the allowable limit and test operations will be discontinued if it is reached during 
testing.

At the same time, BY-108 headspace COPC concentrations will be measured six times during the 
test (at start of test and end of each day) to measure the decay of COPC concentrations within the 
headspace.  The full set of COPCs may not be measured all six times and DRI instruments will be 
used to supplement sorption tube samples.  Perform the following general steps to determine the 
impact of NUCON TOS operation on BY-108 headspace:  

a. Configure the TOS to pull BY-108 headspace gases into the engine by closing air intake 
valve V# and opening BY-108 headspace intake valve V# (see P&ID sheet ##).  

b. Configure the TOS with the MERSORB® bed IN-LINE by closing MERSORB® bypass 
valve V# and opening MERSORB® isolation valves V# and V#.  

c. Turn on TOS and allow to run idle for # minutes.  
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d. Set TOS to the target speed / load condition for testing and operate to steady state by 
following the procedures in Section 7.1, Step (c). 

e. Evaluate steady-state condition by following the procedures in Section 7.1, Step (d). 

f. Measure and record BY-108 headspace pressure by <insert instructions>. 

g. Measure the inlet and exhaust flow rates by following the procedures in Section 7.1, 
Step (e). 

h. Measure the COPC levels in the TOS pre-MERSORB® inlet by executing the COPC 
offline sampling methods a minimum of two times over the continuous TOS operation: 

1. Open V# to access the TOS inlet sample port SP# for offline sampling.  
2. Execute COPC offline sampling for TOS inlet using the complete set of 

procedures described in Step 3.# of Section 3.1, “Test Planning Objectives”. 
3. Label the samples as described in Table ## row #.  

i. Repeat the prior step at least once, at a time interval to be decided in the 
field.  Label the samples as described in Table ## rows # through #. 

ii. Close valve V# to sample port SP#.  

i. Measure and record BY-108 headspace pressure continuously, supplementing with 
occasional manually recorded measurements. 

j. Turn off the TOS and close the BY-108 headspace intake valve V#. 

7.3. Measuring MERSORB® Bed Efficacy 

The third stage in the Phase 3 NUCON TOS test sequence is determining the MERSORB® bed 
efficacy for mercury removal.  This stage will likely be performed concurrently with the steps 
discussed in Section 7.4; the measurements collected during the testing described in Section 7.2 
will assist in determining if there is a need for measuring MERSORB® bed performance 
separately (not anticipated).  However, mercury removal can be measured separately by 
exercising these steps.  If organic saturation or equilibrium of the bed is a concern, it will be 
determined by a VOC DRI at the post-MERSORB® sample port or by a full suite of sorbent 
tube/SUMMA® canister samples.17  To perform a measurement on the MERSORB® bed, the 
TOS will be operated in steady-state fashion, pulling BY-108 headspace gases through the TOS.  
Mercury concentration will be measured during stable periods (post-MERSORB® bed 
temperature is not changing rapidly over a five-minute period) to support an assessment of the 
removal efficiency of the bed and will occur on an approximately weekly basis.  The general 
approach will include the following steps:  

a. Configure the TOS to pull BY-108 headspace gases into the engine by closing air intake 
valve V# and opening BY-108 headspace intake valve V# (see P&ID sheet ##).  

b. Configure the TOS with the MERSORB® bed IN-LINE by closing MERSORB® bypass 
valve V# and opening MERSORB® isolation valves V# and V#.  

17 Periodic checks of the VOC concentration by DRI may be required to establish if the bed’s equilibrium with non-
mercury organic compounds is affected by changes in ambient or headspace vapor inlet conditions.  Mercury DRI 
measurements should be performed concurrently with noted shifts in VOC equilibrium to establish if mercury 
removal performance is impacted. 
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c. Turn on TOS and allow to run idle for # minutes.  

d. Set TOS to the target speed / load condition for testing and operate to steady state by 
following the procedures in Section 7.1, Step (c). 

e. Evaluate steady-state condition by following the procedures in Section 7.1, Step (d). 

f. Operate the TOS at steady state until the MERSORB® bed is saturated with non-mercury 
organic contaminants:

1. <insert steps for how we are going to evaluate the saturation of the MERSORB® 
bed with non-mercury organic> 

g. Measure the mercury concentration before and after the MERSORB® bed no fewer than 
# times over ## hours of continuous TOS operation: 

1. Open V# to access the pre-MERSORB® TOS inlet sample port SP#.  
2. Using the procedure described in Step 3.#.# of Section 3.1, “Test Planning 

Objectives”, record mercury concentration by the mercury DRI. 
3. Close V# to SP# and open V# to the post-MERSORB® TOS inlet sample port e.  

Repeat DRI measurement. 
4. Record pre- and post-MERSORB® mercury concentrations from DRI no fewer 

than # times over # hours.  
5. Close valve V# to sample port SP#.  

h. Turn off the TOS and close the BY-108 headspace intake valve V#. 

7.4. Measuring TOS Efficacy 

The fourth and final stage in the Phase 3 NUCON TOS test sequence is determining the TOS 
efficacy for COPC destruction.  To accomplish this, the TOS will be operated in steady-state 
fashion pulling BY-108 headspace gases.  The system has been designed to operate in a 
MERSORB® bed bypass mode to provide flexibility during testing if it is determined that the 
MERSORB® bed has not yet achieved a saturation loading of organic compounds.  However, the 
post-MERSOB® sample measurements are expected to provide the data needed to measure the 
true organic destruction performance of the TOS.  The MERSORB® bed is not likely to be 
bypassed unless testing needs dictate; if that is the case, the TOS will be operated in bypass for a 
duration of no less than two hours prior to any measurements.  If the bypass is not in use, the 
steps in Section 7.3 and this section will overlap.   

During this test period, the efficacy of the TOS for destroying or removing BY-108 headspace 
COPCs will be evaluated approximately weekly by measuring COPC concentrations via offline 
sampling at both the TOS inlet and the TOS exhaust (tailpipe).  The general steps of this process 
are listed below:  

a. Configure the TOS to pull BY-108 headspace gases into the engine by closing air intake 
valve V# and opening BY-108 headspace intake valve V# (see P&ID sheet ##).  

b. Configure the TOS with the MERSORB® bed INLINE by confirming the isolated valves 
V# and V# are open and the bypass valve V# is closed.  If the bed needs to be 
BYPASSED, then confirm the MERSORB® isolation valves V# and V# are closed and 
open MERSORB® bypass valve V#. 
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c. Turn on TOS and allow to run idle for # minutes.  

d. Set TOS to the target speed / load condition for testing and operate to steady state by 
following the procedures in Section 7.1, Step (c). 

e. Evaluate steady-state condition by following the procedures in Section 7.1, Step (d). 

f. Measure the COPC levels in the TOS inlet (both pre- and post-MERSORB®) and the 
TOS exhaust by executing the COPC offline sampling methods together at each location 
a nominal total of six times over the total test period of continuous TOS operation:18

1. Open V# to access the TOS tailpipe sample port SP# for offline sampling.  
2. Execute COPC offline sampling for TOS exhaust using the steps described in 

Section 4.2.3.  Label the samples as described in the relevant test instruction.  
3. Close V# to tailpipe sample port SP# and open V# to inlet sample port SP#. 
4. Execute COPC offline sampling for the TOS inlet, cycling through the pre-

MERSOB® and post-MERSORB® sample locations using the steps described in 
Section 4.2.3.  Label the samples as described in the relevant test instruction.  

5. Close V# to TOS inlet sample port SP#.  
6. Perform the above sampling sequence no fewer than six times during continuous 

TOS operation, e.g., weekly for six to eight weeks.

g. Turn off the TOS and close the BY-108 headspace intake valve V#. 

7.5. Measuring and Test Equipment 

As described earlier (see for example, Section 4.1) both the NUCON TOS and the sampling 
manifold are still in design and in many cases the instrument or equipment has not yet been 
selected or specified.  Only the types of measurements planned for use in Phase 3 testing have 
been finalized.  Therefore, a complete M&TE list may not be available until the design process is 
completed, at which time the information can be tabulated in this section in a future revision of 
the Test Plan.  At present, the measurement techniques and associated equipment that are planned 
to be used to accomplish test objectives are provided in several places in this document: 

Table 4.1: NUCON TOS instruments 
Table 4.2: sample system manifold instruments 
Table 8.4: sorbent tubes planned for analysis 
Section 8.6: SUMMA® canister and Tedlar bag samples 
Section 8.7: direct-reading instruments for mercury and VOCs 
Section 8.8: on-line analytical instruments (optional) 

18 Note that the inlet and exhaust sample lines are expected to be separate and dedicated to their respective sample 
collection manifolds.  However, if a single sample line needs to be used, it should be flushed for enough time to 
clear the line after being switched between manifolds. 
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8.0 Sorption Tubes and Sampling 

This section covers additional details on the sorption tubes and sampling techniques planned for use in 
Phase 3 testing.  Additional details are also provided on the sampling basis, needs, and operations. 

8.1. BY-108 Historical Results 

The most recent historical review of BY-108 vapors was documented in the report Analysis of 
Air-Purifying Respirator (APR) and Powered Air-Purifying Respirator (PAPR) Cartridge 
Performance Testing on Hanford Tanks BY-108 and BY-110 (see Nune et. al. 2018).  By 
evaluating all the historical vapors data by the maximum % of OEL measured, we find that 29 
COPCs have been measured19 at above 1% of the compound’s OEL.  Table 8.1 presents those 29 
COPCs, sorted by the maximum % of OEL that has been measured.  For completeness, Table 8.2 
shows the balance of COPCs (the other 32 compounds) that have been detected in BY-108 below 
the 1% of OEL threshold (or have not been detected historically). 

19 Measured means an analysis where the results were above the laboratory’s Analytical Reporting Limit. 
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Table 8.1. Historical COPC Measurements in BY-108 (Including Cartridge Tests) where the Maximum 
Measured COPC Concentration was above 1% of the Compound’s OEL.  Data is For 
Information Only (FIO). 

COPC/Compound Name OEL Units 

All Historical 
Measured

Maximum as 
%OEL

APR/PAPR
Cartridge 
Measured

Maximum as 
%OEL

Combined 
Measured

Maximum as 
%OEL

Furan 1 ppb 54700% nm 54700% 
2-Heptylfuran 1 ppb 6120% nm 6120% 

Ammonia 25 ppm 4560% nm 4560% 
NDMA 0.3 ppb 2063% nm 2063% 

Nitrous Oxide 50 ppm 1662% nm 1662% 
2-Fluoropropene 0.1 ppm 530.0% nm 530% 

1,3-Butadiene 1 ppm 338.0% nm 338% 
1-Butanol 20 ppm 317.5% nm 318% 

NMEA 0.3 ppb 7.97% 252% 252% 
Acetonitrile 20 ppm 94.0% nm 94.0% 

2,3-Dihydrofuran 1 ppb 0.0% 74.5% 74.5% 
Mercury(a) 0.025 mg/m3 68.0% nm 68.0% 

2,5-Dihydrofuran 1 ppb 0.0% 43.8% 43.8% 
Benzene 0.5 ppm 37.8% nm 37.8% 

NDEA 0.1 ppb 8.09% 34.5% 34.5% 
3-Buten-2-one 0.2 ppm 0.0% 23.5% 23.5% 

N-Nitrosomorpholine 0.6 ppb 8.03% 18.3% 18.3% 
Pyridine 1 ppm 14.7% nm 14.7% 

2-Methylfuran 1 ppb 0.0% 12.3% 12.3% 
Acetaldehyde 25 ppm 11.3% nm 11.3% 
2-Propylfuran 1 ppb 0.0% 11.1% 11.1% 
Formaldehyde 0.3 ppm 5.67% 8.56% 8.56% 

Butanal 25 ppm 6.48% nm 6.48% 
Methanol 200 ppm 4.52% nm 4.52% 

Butanenitrile 8 ppm 4.46% nm 4.46% 
6-Methyl-2-heptanone 8 ppm 4.29% nm 4.29% 

Ethylamine 5 ppm 0.0% 3.63% 3.63% 
2-Pentylfuran 1 ppb 0.0% 3.57% 3.57% 

2-Hexanone 5 ppm 3.50% nm 3.50% 

ppm = parts per million, ppb = parts per billion, nm = not measured or the historical values were higher than values 
measured during cartridge testing 

(a) See Table 8.2 for the maximum concentration of dimethylmercury only. 
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Table 8.2. Historical COPC Measurements in BY-108 where the Maximum Measured COPC 
Concentration was less than 1% of the Compound’s OEL (or undetectable).  Data is FIO. 

COPC/Compound Name OEL Units 

All Historical 
Measured

Maximum as 
%OEL

APR/PAPR
Cartridge 
Measured

Maximum as 
%OEL

Combined 
Measured

Maximum as 
%OEL

Propanenitrile 6 ppm 0.83% nm 0.83% 
2,4-Dimethylpyridine  0.5 ppm 0.80% nm 0.80% 

Pentanenitrile 6 ppm 0.77% nm 0.77% 
Hexanenitrile 6 ppm 0.72% nm 0.72% 

4-Methyl-2-hexanone 0.5 ppm 0.40% nm 0.40% 
Dimethylmercury 0.0115 mg/m3 0.00% nm 0.00% 

Biphenyl 0.2 ppm 0.00% nm 0.00% 
3-Methyl-3-butene-2-one 0.02 ppm 0.00% nm 0.00% 

2-Methyl-2-butenal 0.03 ppm 0.00% nm 0.00% 
2-Ethyl-hex-2-enal 0.1 ppm 0.00% nm 0.00% 

2-Propenal 0.1 ppm 0.00% nm 0.00% 
2,5-Dimethylfuran 1 ppb 0.00% nm 0.00% 

2-Ethyl-5-methylfuran 1 ppb 0.00% nm 0.00% 
4-(1-Methylpropyl)-2,3-dihydrofuran 1 ppb 0.00% nm 0.00% 

3-(1,1-Dimethylethyl)-2,3-dihydrofuran 1 ppb 0.00% nm 0.00% 
2-Octylfuran 1 ppb 0.00% nm 0.00% 

2-(3-Oxo-3-phenylprop-1-enyl)furan 1 ppb 0.00% nm 0.00% 
2-(2-Methyl-6-oxoheptyl)furan 1 ppb 0.00% nm 0.00% 

Diethylphthalate 5 mg/m3 0.00% nm 0.00% 
Heptanenitrile 6 ppm 0.00% nm 0.00% 

2-Methylene butanenitrile 0.3 ppm 0.00% nm 0.00% 
2,4-Pentadienenitrile 0.3 ppm 0.00% nm 0.00% 

Tributyl phosphate 0.2 ppm 0.00% nm 0.00% 
Dibutyl butylphosphonate 0.007 ppm 0.00% nm 0.00% 

Chlorinated Biphenyls 1 mg/m3 0.00% nm 0.00% 
Methyl nitrite 0.1 ppm 0.00% nm 0.00% 

Butyl nitrite 0.1 ppm 0.00% nm 0.00% 
Butyl nitrate 2.5 ppm 0.00% nm 0.00% 

1,4-Butanediol, dinitrate  0.05 ppm 0.00% nm 0.00% 
2-Nitro-2-methylpropane 0.3 ppm 0.00% nm 0.00% 

1,2,3-Propanetriol, 1,3-dinitrate 0.05 ppm 0.00% nm 0.00% 
Methyl Isocyanate 0.02 ppm 0.00% nm 0.00% 

ppm = parts per million, ppb = parts per billion, nm = not measured or the historical values were higher than values 
measured during cartridge testing 
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8.2. Sorption Tube Selection 

The data from the BY-108 historical evaluations, i.e., the data shown in Table 8.1, can be further 
focused to examine only the COPC concentrations measured by any method since 2005.20  If only 
this data is considered, there are twenty-one COPCs) that were measured above 1% of each 
compound’s respective OEL.  Table 8.3 highlights these compounds and the list of sorption tubes 
necessary to sample for each of them.  For additional details on the sorption tubes listed, refer to 
Section 8.4.  

20 The assumption being that the pre-2005 data do not represent what is currently present in BY-108’s headspace 
and thus are not directly relevant to the Phase 3 testing. 



TP-TOSP3-001, Rev. 0.0 
Page 36 of 56 

Table 8.3. Sorption Tubes Required for Sample Analysis of COPC Compounds (and NDBA) that have 
been Measured Post-2005 (Including Cartridge Tests) in BY-108 above 1% of the Compound’s OEL.  
Note “nm” indicates not measured or the historical values were higher than values measured during 

cartridge testing.  Data is FIO. 

COPC/Compound 
Name 

Post-2005 
Measured

Maximum as 
%OEL

APR/PAPR
Cartridge 
Measured

Maximum as 
%OEL

Combined 
Measured

Maximum as 
%OEL

Required Sorption Tube or 
Canister 

Ammonia 2576% nm 2576% Anasorb 747 (sulfiric acid), SKC-
226-29 

NDMA 2063% nm 2063% Thermosorb/N 
Furan 1840% nm 1840% Carbotrap 300 TDU VOA 

1,3-Butadiene 338% nm 338% Charcoal SKC-226-37 (Parts A 
and B) 

NMEA 7.97% 251.9% 251.9% Thermosorb/N 

Acetonitrile 94.0% nm 94.0% Charcoal Tube, SKC-226-09 and 
Carbotrap 300 TDU 

2,3-Dihydrofuran 0.00% 74.5% 74.5% TDU Tenax 
Mercury 68.0% nm 68.0% Anasorb C300, SKC-226-17-1A 

2,5-Dihydrofuran 0.00% 43.8% 43.8% TDU Tenax 
NDEA 8.09% 34.5% 34.5% Thermosorb/N 

3-Buten-2-one 0.00% 23.5% 23.5% Carbotrap 300 TDU VOA 
1-Butanol 21.6% nm 21.6% Carbotrap 300 TDU VOA 

N-Nitrosomorpholine 8.03% 18.3% 18.3% Thermosorb/N 
2-Methylfuran 0.00% 12.3% 12.3% Carbotrap 300 TDU VOA 

Acetaldehyde 11.3% nm 11.3% DNPH Treated Silica Gel, SKC-
226-119 

2-Propylfuran 0.00% 11.1% 11.1% Carbotrap 300 TDU VOA 

Formaldehyde 5.67% 8.56% 8.56% DNPH Treated Silica Gel, SKC-
226-119 

Ethylamine 0.00% 3.63% 3.63% XAD-7 (NBD) Chloride), SKC 
226-96 

Nitrous Oxide 3.60% nm 3.60% SUMMA® Canister 
2-Pentylfuran 0.00% 3.57% 3.57% TDU Tenax 

Benzene 2.00% nm 2.00% Carbotrap 300 TDU VOA 



TP-TOSP3-001, Rev. 0.0 
Page 37 of 56 

8.3. Nitrogen Dilution of Exhaust 

The NUCON TOS Phase 2 testing identified that the high moisture levels in the diesel exhaust 
were outside of the sorbent tube manufacturer’s specifications for use and could fill the sorption 
tubes with water and cause problems during exhaust sample collection.  The approach used in 
Phase 2 testing to mitigate this was to dilute the exhaust gas samples with nitrogen gas.  Inlet 
samples, which contain significantly less water, were within the sorbent tube manufacturer’s 
specifications and did not require nitrogen dilution. During the Phase 2 testing, exhaust 
temperatures after the catalytic converter (DOC) were measured at 715 to 780 °F.  Sample lines 
were heat-traced at 200 °C (392 °F) to the online instruments, which measured moisture levels at 
up to 8%.  

The Phase 3 testing will adopt this approach by using a 3 parts nitrogen to 1 part exhaust gas 
dilution ratio (targeting nominally 2% H2O in a sample); the relative humidity will be ~ 48% at a 
30 °C sample temperature and ~64% at a 25 °C sample temperature.  This, in part, drives the 
requirement to climate control the sample manifold cabinet between ~18 °C (65 °F) and 32 °C 
(90 °F) so the gas does not fall below its dew point. 

8.4. Sorption Tube Selection and Operation 

Table 8.4 lists the sorption tubes that have been selected and the compound families (analyte 
categories) for each tube collected.  Sorption tube samples will be collected from the inlet both 
before and after the MERSORB® bed (but not simultaneously) and after the exhaust (near the 
muffler), which is the outlet.  Unless a significant change21 in the total “non-mercury” COPC 
concentration across the MERSORB® bed is observed, the pre-MERSORB® sample and exhaust 
sample data will provide an overall TOS performance measure for the entire system.  If analysis 
of the post-MERSORB® data shows significant change in total organic concentration, then the 
performance of the MERSORB® bed and the remainder of the TOS may be reported separately 
to examine if TOS performance changes with time or concentration. 

Table 8.4 has proposed analytical methods and the laboratories that conducted sample analysis 
during the 2017 BY-108 PAPR Cartridge testing, as well as operational metrics such as flow 
rates, nitrogen dilution ratios, and the sampling durations for both inlet and outlet samples.  The 
two-hour inlet sampling duration and the listed flow rates are based on the successful 2017 BY-
108 PAPR Cartridge testing campaign.  Due to the 3:1 nitrogen dilution requirement, the exhaust 
samples will need to be collected for 4 times as long (8 hours) as the inlet samples (2 hours).  The 
sample collection time for the exhaust samples are based on recent PNNL experience in both 
Phase 2 TOS testing and several dozen respirator cartridge tests. 

The sorbent tube Charcoal, SKC-226-37 is of special note.  The tube is divided into Parts A and B 
due to prior experience; thus, there are two tubes in series for which the masses of 1,3-butadiene 
will need to be combined. 

21 A significant change in this instance is at least a 20% change in concentration, which is on the order at which 
differences in measured concentrations are distinct from the measurement uncertainty.  If the concentration is not 
measured using a DRI or on-line instrument, then the significance of any difference will not be known until sample 
analyses are reported after the testing is conducted. 
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8.5. Sorption Tube Quality Items 

For each test evolution there will be a traveler tube and a blank tube for each type of sorption 
tube.  The traveler tube will not be opened at the test site and will be analyzed as a quality 
control.  Because the traveler tube does not have contact with any analytes of interest, results 
from the traveler give an indication of the method’s detection level.  The blank tube will be 
opened to ambient air at the test site for around 10 minutes to provide a measurement of 
concentration levels of analytes that are part of the ambient air background at the test location. 

Additionally, there are multiple spare ports on the inlet and the exhaust sampling manifold 
planned in the current design.  At minimum, two spare ports should always be available for 
selected replicate/duplicate sampling.  If these ports are designated Spare 1 and Spare 2 for the 
inlet and exhaust locations, for each use, the chosen tube type for the inlet samples for both 
Spare 1 and Spare 2 will match the exhaust tube type. 

The port Spare 1 will be randomly selected from the following sorption tube types: 

Anasorb 747 (sulfuric acid), SKC-226-29 – ammonia  
Carbotrap 300 TDU – VOCs, furan, 2,5-dihydrofuran, 2-methylfuran 
Thermosorb/N – nitrosamines 
DNPH Treated Silica Gel, SKC-226-119 – aldehydes
Anasorb C300, SKC-226-17-1A – mercury  

The port Spare 2 will be randomly selected from all the sorption tubes in Table 8.4.  If the 
randomly selected tube type is the same as the Spare 1 tube, the random selection will be repeated 
until a Spare 2 sorption tube is selected that is different from Spare 1.  Additional spares may be 
collected as the sampling manifold and data needs dictate.   These replicate samples will be 
collected in the same manner as Spares 1 and 2: same tube type for inlet and exhaust, randomly 
selected from all possible tube types, and distinct from other spare samples collected at the same 
time. 

8.6. SUMMA® Canister and Tedlar Bags 

SUMMA® canisters will be used during shakedown and the test sequences described in 
Section 7.0 to collect VOC gas samples from the inlet before the MERSORB® bed and after the 
exhaust (near the muffler).  Methane is a contributor to the total VOC concentration in the tank 
headspace but is expected to be small relative to the total VOC success criteria at the point of 
emission (500 ppm).  Depending on the effort required to develop a measurement method at 222-
S, methane-specific samples may be collected using SUMMA® canisters.  Alternatively, a 
baseline methane sample could be measured at the start of testing as a bounding value that would 
be applied to the total concentration.  These samples may be used to help determine the 
concentrations of total VOCs and the destruction ratio of total VOCs but are not required to 
satisfy the success criteria because methane is not currently a calibrated compound in the 222-S 
VOC analytical method. 
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The SUMMA® canisters may also be used in the measurement/calibration of the exhaust gas 
flow rates from the NUCON TOS.  During the measurement steps described in Sections 7.1 and 
7.2, methane may be injected after the DPF and sampled-for after the exhaust. 

The SUMMA® canisters are expected to be Entech Instruments Inc. six-liter Silonite Cans 
(revision 1 design) with one-hour flow restrictors.  Note that with the flow restrictors the canisters 
can fill in 35 to 60 minutes, allowing for a more representative sample.  

An optional Tedlar bag sampling capability will allow for rapid results during testing.  The Tedlar 
bag samples will collect VOCs to be measured via a WRPS person-portable HAPSITE22® gas 
chromatography/mass spectrometry instrument to provide indications of system performance that 
would be considered For Information Only (as the results will not be NIOSH or EPA certified).  
Tedlar bags can be used during shakedown testing to collect VOC gas samples from the inlet 
before the MERSORB® bed and after the exhaust (near the muffler). 

The Tedlar bag samples may also be useful in evaluating the stability of VOCs coming off the 
MERSORB® bed to establish if organic adsorption onto the bed media reaches an equilibrium 
during exposure of the BY-108 vapor stream.  The bags would collect VOC gas from the inlet to 
(pre-MERSORB®) and the outlet from (post-MERSORB®) the bed. 

8.7. Direct-Reading Instruments 

Direct-reading instruments will be considered for the measurement of mercury performance 
across the MERSORB® bed and for measurement of VOCs across the TOS.  The sampling 
manifold will be configured to accommodate DRI measurements of both types, which can be 
used as needed during any test sequence. 

8.7.1. Mercury DRI 

Feedback on Phase 2 testing was provided from WRPS in its response to the State of 
Washington qualified technical person’s “Review of the NUCON Thermal Oxidation 
System Phase II Test Report”. 

The MERSORB® unit is critical to system performance yet has not been tested in the 
vapor treatment train. It was stated during Phase II test that if the decision to 
continue testing is made, the next phase of testing (Phase III) will be the technology 
field demonstration.  During this demonstration, the entire VAU system, including the 
MERSORB® filter, will be tested in field conditions with actual tank vapors.  
Extensive sampling and analyses will be performed to verify operation of the system 
and all critical components should Phase III testing occur. 

It will certainly be an important piece of the Phase III testing to assess the 
MERSORB® mercury removal performance in the presence of other species in the 
vapor phase and evaluate its impact on COPCs. 

22 HAPSITE Chemical Identification System is a portable gas chromatograph/mass spectrometer (GC/MS) designed 
for on-scene detection, identification, and quantitation of toxic industrial chemicals. 
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The testing of the elemental mercury and mercury compounds (e.g. 
Dimethylmercury) and the MERSORB® performance was to be part of the Phase 3 
testing.

The use of a mercury DRI would provide specific data to resolve the concern.  The 
Mercury DRI would collect gas from the inlet before the MERSORB® bed and a sample 
port after the MERSORB® bed.  The data would be obtained directly and recorded in the 
field.

Key to evaluation of potential DRI usage is the expected mercury concentrations from 
BY-108.  In the most recent BY-108 (Nune et al. 2018) cartridge testing (over a 32-hour 
sampling period), inlet elemental mercury concentrations from the tank headspace ranged 
from 3.1 to 6.8 g/m3.  Prior BY-108 (Nune et al. 2017a) cartridge testing had an 
elemental mercury range of 10.5 to 13 g/m3.

To show a greater than 95% DRE, a mercury concentration of 0.15 g/m3 would have to 
be quantified for the lowest BY-108 (Nune et al. 2017a) concentrations.  For the Phase 3 
testing, a mercury sensitivity of 0.1 g/m3 should be adequate.  The OEL for elemental 
mercury is 25 g/m3 (see Exhibit A). 

An instrument with data logging capability would alleviate the need to manually record 
readings in the field.  This would also permit the collection of data over a longer period 
such as an eight-hour sample evolution.  For the inlet tank vapors both before and after 
the MERSORB® filter, the following DRI meets those criteria (though it would need a 
pump attachment to overcome the negative inlet pipe pressures).  Arizona instruments 
Jerome J505 mercury vapor analyzer features: 

a. 0.05 to 500 g/m3 measurement range in ambient air (accuracy of ±10% between 
1 and 100 g/m3)     

b. 1 liter/min sampling flow rate 

c. Built-in data logger for up to 10,000 data points (using the 1-minute sampling 
interval would only use 480 data points in eight hours) 

d. 10-hour battery life 

e. Meets and exceeds EPA and ATSDR standards for industrial and residential 
remediation actions as well as OSHA, NIOSH, ACGIH, and MSHA action 
levels.  The instrument also has an established NIST calibration method using 
traceable permeation tubes. 

f. Uses a measurement principle based on atomic fluorescence spectroscopy, which 
eliminates most interferences. 

8.7.2. Volatile Organic Compound DRI 

A total Volatile Organic Compound (VOC) DRI will be used during shakedown and 
performance testing to collect VOC data from the inlet and the exhaust sample lines.  The 
data will be used to help determine the concentrations of total VOCs and the destruction 
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ratio of total VOCs.  The DRI used to perform this measurement should be available from 
in-house instruments at WRPS or PNNL.  A likely candidate is an AreaRAE gas detector 
commonly used by WRPS in the field, but the precise VOC DRI instrument has not yet 
been identified. Another option would be to use a flame ionization detector (FID). 

8.8. Fourier Transform Infrared Spectrometry 

For optional real-time data collection, a Fourier Transform Infrared (FTIR) spectrometer can be 
connected to one of the sample manifold spare ports.  This would allow the inline monitoring of 
ammonia, nitrous oxide, and moisture to help provide current performance feedback during 
testing.  The FTIR could be used during shakedown and performance testing to collect data from 
both the inlet and the exhaust. 

Note that the FTIR must be able to operate at 200 °C (392 °F) so that it can be used with the 
exhaust gas sampling system.  During Phase 2 testing, the MKS MultiGas™ 2030 FTIR worked 
very well with the diesel exhaust at similar conditions.  An additional mass spectrometry-based 
option for emission characterization that provides sub-ppb detection without the expense and 
challenges of PTR-MS deployment is an IMR-MS.  The AirSense© Ion-Molecule Reaction Mass 
Spectrometer (IMR-MS) Process Mass Spectrometer Automotive Application (produced by V&F 
Analysis-Und Masstechnik GmbH) can measure atomic mass units from 7 to 519 in diesel 
exhaust gases. 

8.9. Sample System Manifold Conceptual Diagrams 

In Figure 8.1 and Figure 8.2, the conceptual configurations of the sorption tube, SUMMA® 
canister, Tedlar bag, spare ports, and DRIs are shown for the pre-MERSORB®/post-
MERSOBR® (inlet) and exhaust (outlet) sampling systems, respectively.  Note that the inlet 
system will be able to be swapped between pre- and post-MERSORB® but will not be capable of 
measuring at these locations simultaneously – it is an either/or configuration.  The conceptual 
diagrams also show other major elements of the sampling systems, including: 

Mass flow controllers (MFCs) with approximate volume flow rate ranges 

MFCs needed assuming 4-channel controllers 

Isolation valves 

Heat trace/insulation on sample lines 

Vacuum pump to draw samples, vented or returned to the TOS 

Nitrogen dilution system and flow metering (EXHAUST ONLY) 

A more detailed design of the sampling systems is in progress and will include additional 
information about equipment, specifications, and configuration. 
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8.10. Lessons Learned Regarding Offline Sampling and Analysis 

Offline sampling and analysis for the Phase 2 testing generated five lessons learned to improve 
the data collected by offline methods.  These are included below with the intended Phase 3 
mitigations immediately following each item: 

1. Ammonia was sampled using the wrong type of Anasorb 747 tube that was not coated 
with sulfuric acid, which acts as a capture assist agent for ammonia.  Care should be 
taken in future testing to ensure that Anasorb 747, SK-226-29 tubes be used for ammonia 
sampling, which have the proper coating. 

Addressed by incorporation of administrative controls during Phase 3 testing. 

2. In Phase 3 testing, the DNPH Treated Silica Gel, SKC-226-119 sample tubes should be 
isolated from the SUMMA® canister sample collection process. 

The isolation will be enforced by the check valve shown in the conceptual 
diagrams in Figure 8.1 and Figure 8.2. 

3. 2,4-dimethylpyridine was sampled in a SUMMA® canister and analyzed per EPA 
method TO-15, which did not yield any detectable quantities.  In future testing, 
alternative sampling methods (e.g., sorbent tubes) should be explored for 2,4-
dimethylpyridine. 

2,4-dimethylpyridine falls below the 1% OEL threshold in BY-108 and therefore 
TOS performance will not be assessed for it. 

4. Methyl nitrite was observed via total inorganic carbon (TIC) analysis to be a component 
of the TOS exhaust that potentially approaches its OEL value, and should be added to the 
formal, calibrated analyte list in future testing. 

Under consideration as an analyte, though not explicitly sampled-for.

5. Given the variety of samples and media types (tubes, canisters, cartridges) and their 
connections, each unique sampling strategy and media type should be practiced during 
shakedown/dry-run testing. 

Addressed/tested during the sequence of activities described in Section 7.1. 

8.11. Injection of Additional COPCs 

While BY-108 is a very challenging Hanford tank for many of the COPCs, there are some SSTs 
that have slightly or significantly higher COPC concentrations for individual compounds.  To 
explore whether Phase 3 testing can inject a limited set of additional COPCs to extend the 
applicability of the results to a wider array of SST conditions, this section will consider which 
compounds would be candidates for injection.  The injection of additional COPCs would add 
additional complexity to the NUCON TOS; consequently, this exercise captures only the 
assessment of which COPCs could be injected and does not consider implications for test 
approach, sampling system design, and TOS design. 

In Phase 2 testing, the maximum concentrations for COPCs in SSTs were evaluated by PNNL 
and provided in a published report (Mahoney et. al. 2018).  A summary of the maximum 
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concentration data from Mahoney et. al. 2018 is compared against the concentrations tested in 
Phase 2 testing as given in Table 8.5.  Candidates for vapor injection were selected when either 
the Phase 2 testing concentration or the measured concentrations in BY-108 (focusing only on 
post-2005 data) had not reached the maximum SST concentration for that COPC as reported in 
Mahoney et. al. 2018. 

Based on that analysis, of the original Phase 2 COPCs, only furan and ammonia meet the 
threshold for injection during the Phase 3 testing.  The injection of formaldehyde may also be 
necessary to provide a quality assurance spike to check destruction performance of the TOS given 
experience with that compound during Phase 2 testing (Rappe et. al. 2019). 

Table 8.5. Evaluation of Possible COPC Injection Candidates against Phase 2 and BY-108 Maximum 
Concentration Data. 

COPC Name CAS 

Max Conc. 
SWIHD 
/TWINS

[COPC or 
Surrogate] 

(ppm) 

BY-108 
Maximum SST 
Concentration

Measured
Since 2005a

(ppm) 

Maximum 
Tested
During 
Phase 2 
(ppm) 

Is the 
COPC 

bounded by 
BY-108 or 
Phase 2? 

Candidate 
for COPC 
Injection 

Acetaldehyde 75-07-0 39 2.82 50 Yes 
Acetonitrile 75-05-8 18.8 18.8 40 Yes 

1,3-Butadiene 106-99-0 3.38 3.38 3.4 Yes 
Propanenitrile 107-12-0 0.78 0.029 12 Yes 

Benzene 71-43-2 0.189 0.01 1 Yes 
Formaldehyde 50-00-0 0.157 0.017 0.6 Yes 

2,4-Dimethylpyridine 108-47-4 0.147 0.004 1 Yes 
N-Nitroso-dimethylamine 62-75-9 0.0621 0.00619 0.062 Yes 

Furan 110-00-9 0.721b 0.0184 0.017b No Yes 
Ammonia 7664-41-7 2502c 644 630 c No Yes 

Nitrous Oxide 10024-97-2 831 1.80 831 Yes 

(a) Includes the Respirator Cartridge Testing. 

(b) The furan maximum concentration of 0.721 ppm is associated with tank BY-107, which is in the same cascade 
as BY-108, the tank selected for the Phase 3 field demonstration (i.e., their headspaces are connected by an 
overflow line).  For comparison, the highest concentration of a furanic compound in BY-108 was 0.547 ppm of 
furan on 10/27/1994.  Destruction efficiencies of this high furan concentration will be evaluated during the field 
demonstration.

(c) The new ammonia maximum concentration of 2502 ppm is associated with a U Farm tank.
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9.0 Reporting 

The testing described in this Test Plan, including actual test conditions and results, will be communicated 
in one or more PNNL technical report(s).  During the drafting of technical reports, the testing data and 
results will be subject to technical review under the QA program described in Section 6.0.  Depending on 
the needs of the NUCON project or WRPS for early information, data may be reviewed with results that 
are preliminary and have not been subject to the final QA review.  Data that is preliminary and 
unreviewed under the PNNL QA procedures will be marked as such (typically “Preliminary Unreviewed 
Data” or “For Information Only”) until it has been subjected to a complete technical review. 
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10.0 Deviations from Statement of Work 

No deviations from the Statement of Work (WRPS Requisition #331681, Revision 0, “PNNL Support for 
NUCON Thermal Oxidation System Phase 3 Testing”, dated September 12, 2019) or subsequent revision 
(WRPS Requisition #331681, Revision 1, date April 9, 2020) were identified during the development of 
this Test Plan. 
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Exhibit A: Requirements Traceability Matrix 

Exhibit B: Hanford Tank Farm COPCs and Associated Hanford Tank Farm OELs 

Exhibit C: Uncertainty Analysis Discussion 
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Exhibit C. Uncertainty Analysis Discussion from SY-102 Cartridge Report (Excerpt adapted from 
Appendix G) by Nune et al. (2020). 

The discussion provided below is an excerpt adapted from an appendix in a cartridge testing report (Nune 
et al. 2020).  The cartridge testing sampling approach has strong similarities with the proposed NUCON 
sample collection methods; in many respects the NUCON approach was developed because the approach 
has been successful for cartridge testing data collection.  Therefore, the discussion and its initial 
conclusions are relevant to the NUCON sorption tube sampling methods and will be the major source of 
performance data for the system.  Assessing the uncertainty in the absorbent tube measurements is 
challenging due to the multiple sources of error which can be difficult to accurately estimate and the 
(generally) limited number of samples that are collected. 

Excerpt from Appendix G 

Concentrations measurements of tank farm vapors, for quantifying the respirator cartridge effectiveness, 
are assumed to have errors arising from three major sources of variability. These three sources are as 
follows:

1.  is the uncertainty due to the laboratory analytical error (typically reported by the laboratory); 

2.  is the uncertainty due to the particular type of collection tube being used; 

3.  is the uncertainty due to field work variability. 

The three sources of uncertainty are considered as relative standard deviations. The combined relative 
uncertainty of a measurement error  is calculated as follows: 

The expected ranges of values for each of the input terms, as well as the combined uncertainty, are shown 
in Table C.1. 

Table C.1. Measurement Error Uncertainty Budget 

Laboratory Analytical 
Error ( )

Collection Tube 
Variability ( ) Field Work Error ( )

Combined Relative 
Uncertainty ( )

5% to 7% 2% to 40% 3% to 20% 6.2% to 45.3% 

The values used in the above calculations represent initial estimates of the corresponding uncertainties. 
Lower and higher values were considered as a bounding case, a possible lower and upper limit on a 
specific uncertainty source. The calculation of combined relative uncertainty will change as input values 
are updated, or if results are desired for more specific combinations of input values. 

The relative uncertainty value of 6.2% (above) is assumed to be appropriate for the measurement of the 
primary COPC vapors of interest. With combined relative uncertainties and the assumption of a 
multiplicative measurement error structure, the two-sigma uncertainty limits of a measurement  are , .
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The combined relative uncertainty described above does not include actual variation in concentration of a 
specific COPC; it represents analytical and measurement uncertainty only. The multiplying factor of two 
mentioned above relative to the two-sigma uncertainty limits is a commonly used multiplier for forming 
estimation intervals. Its basis is an assumption of approximate normality for the response variable 
(concentration), and it represents an approximate 95% confidence level. The value of the multiplying 
factor could be updated as additional sample data are analyzed and the normality assumption is assessed, 
or if different confidence levels are desired. 
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