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EXECUTIVE SUMMARY

BACKGROUND

This Fina Outcomes Report for ERA describes an 18-month, methods-development program to
modify and field-test Minnich and Scotto’ ssoftware packagefor cal culating methane emission rates
from avariety of upstream, ground-based oil-and-gas industry sources (primary project goal). The
end-product was afully integrated, methane emission-rate measurement system (i.e., the* System”)
for use with these source-types, in rea-time. The project included development of a Set of
Specifications for System commercialization.

The secondary project goal, a benefit to the Alberta Climate Change Office, was to apply this
software to calculate fugitive methane and carbon dioxide emission rates from the mine-face and
tailings pond operations at CNRL’s oil-sands facility in Fort McMurray, based on existing data
collected in 2015 and 2016. ACCO identified the following objectives:

To provide best estimates of methane and carbon dioxide emissions, including
discernment of any diurnal trends,

. To develop methane/carbon dioxide emission-ratio profiles;

. To assesswhether upwind sources had asignificant effect upon the reported methane
and carbon dioxide attribution from the mine face and tailings pond; and

. To provide recommendations on the type and quality of data needed to optimize the
future software performance.

The software tested isknown ase-Calc 2. Fieldtesting to support the primary project goa involved
the continual, outdoor release of carefully controlled amounts of methane from simulated, leaking
upstream sources. The metric for evaluating the software’ sperformance washow well the predicted
methane emission rate (P) compared to the controlled (or actual) release rate (A). This P/A
comparison was expressed as a percent ratio, and assessed largely as functions of meteorology.

Field testswere conducted over nine days between August 14 and 23, 2018. A total of 211 daytime
and 16 nighttime, 15-minute-averaged eventswere completed for the four simulated sources. Only
a single source was monitored on any given measurement day. Supporting team members and
responsibilities were:

Innotech Alberta— Controlled methane releases at their R& D facility in Vegreville.

Boreal Laser — Methane measurements using their tunable diode laser (TDL) spectrometer.

ERA Fina Outcomes Report
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Met One Instruments— Design and assembly of a specialized meteorological measurement system.

Loover Partnership — Necessary e-Cal ¢ software modification and statistical consulting.

E-Cac (versons 1 and 2) calculates 15-minute-averaged, mass-per-time emission rates (referred to
as monitoring events) for most ground-level sources, based on source-attribution (downwind
concentration minus the upwind, or background, concentration). Both versions employ inverse
dispersion modeling using AERMOD (the U.S. EPA’s air dispersion model for regulatory
application). Instead of predicting a downwind concentration at a point in space from a known
source emission rate, e-Calc predicts that emission rate from a measured downwind (crosswind),
path-integrated concentration and contemporaneous onsite meteorology. We sought to modify the
software to accommodate a more sophisticated and robust treatment of meteorology for simulating
the vertical wind-speed profile and atmospheric turbulence — critical model input parameters. The
intent wasto eliminate the need for the arduous pre-field tasks and make possible the software suse
during the nighttime.

The four ssmulated sources were:

. abooster station, comprised of acompressor engine and a condensate tank;
. a gas-gathering pipeline assembly;

. agas transmission line; and

. a production pad.

Primary Project Goal

Treatment of background methane required specia attention, as the concentrations were shown to
be variable over each measurement day. The inability to assign an accurate background
concentration to each individual monitoring event adversely affected the P/A ratios, precluding use
of thefull complement of emissionsdatagenerated for System specification development. Wewere
ableto evidencethat the accuracy of certain background measurementswas compromised by having
to initiate them before the methane had completely cleared the downwind TDL beam-path. A
strategy was employed to critically examine all of the background data collected and develop new
background criteriafor monitoring event acceptance in order to minimize this P/A inconsistency.

When the affected monitoring events were removed from further consideration, confidence in the
remaining P/A results was deemed sufficient for (initial) specification development, but the
situations where System applicability still could not be demonstrated were: (a) during nighttime
conditions; and (b) when assessing emissions from the booster-station ssimulation. Nighttime data
werecollected during only one evening for onesource (Day 9, thegas-gathering pipeline), whiledata
for the booster station were collected during only two measurement days (Days 1 and 2). None of
these monitoring events for the two sources met the new methane background criterion.
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We finally developed and applied an approach to reassess System applicability for the booster
station, which allowed us to extend the System specification to include this source. Unfortunately,
we were unable to salvage any of the nighttime data collected during Day 9 for the gas-gathering
pipeline.

Secondary Project Goal

The e-Calc software was shown to be a potentially viable, attractive alternative to the techniques
currently employed during CNRL mine-face and tailings pond operations. It should be noted that
the ACCO datawas collected to satisfy the input requirements of CALPUFF —amodel applied by
CNRL, dsoinitsinverseform. Asit turned out, whilethe ACCO datawas voluminous (more than
2,600 combined methane and carbon dioxide 15-minute-averaged TDL measurements for both
sources over the 2 years), we were able to use only a small subset of it. Still, we were able to
reasonably address ACCO’ s objectives.

FINAL SYSTEM SPECIFICATIONS, RECOMMENDATIONS, AND LIMITATIONS
Table E-1 present the final System component specifications.

TABLE E-1. FINAL SYSTEM COMPONENT SPECIFICATIONS

M anufacturer/

Component Provider M odel No.
Tunable diode laser Boreal Laser GasFinder3-OP
3D ultrasonic anemometer R.M. Young 8100
Ambient temperature sensor Met One 064
Relative humidity sensor Met One 083
Barometric pressure sensor Met One 092
Portable 3m tripod Met One 905
Crossarm assembly Met One 191-1
M eteorological DAS M et One (Climatronics) IM P-865
LoggerNet software M et One (Climatronics) Version 4.5
Tablet computer Dell Inspiron (or equiv.) P24T
Global positioning system Trimble (or equivalent) GEO 5T
Emission-calculation software | Minnich and Scotto e-Calc 2

ERA Fina Outcomes Report
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Table E-2 presents the fina System recommendations and limitations.

TABLE E-2. FINAL SYSTEM RECOMMENDATIONSAND LIMITATIONS

M ethane
Issue Emissions Source Recommendation Limitation
Monitorin Four successive 15-minute Plume meander and other
events g (all) events to form an hourly- short-term effects may adversely
average emission rate impact 15-minute averages
Use e-Calc 2 or modified
version for WS between
- Booster stations 2.0 and 3.0 m/s - Avoid WS less than 2.0 m/s
. Use modified version for
Wind speed . .
WS greater than 3.0 m/s - Use caution with WS greater
than 5.0 m/s

- Gas-gathering pipelines
- Gastransmission lines
- Production pads

Use e-Calc 2 for WS
between 2.0 and 5.0 m/s

If measurements are not
Minimum of six consecutive | consistent, use dual TDL units
measurements (simultaneous upwind /
downwind measurements)

Background (all)

Nighttime @) (none) Nighttime application is not
application supported

TECHNICAL ACCOMPLISHMENTS
Development of e-Calc 2
E-Calc 2 was devel oped and demonstrated as a means of accurately calculating emission rates of
methane from avariety of ground-based O& G industry sources, in rea-time, with only minor pre-
field preparation required.

A modified version of e-Calc 2 wasdevel oped and demonstrated asameansof accurately cal culating
methane emission ratesfrom somewhat el evated O& G sources. Althoughtheneed existsfor further
research concerning the software’ s performance, this technique has the same basic attributes and
capabilitiesas e-Calc 2.

E-Calc 2 Applicability to the Oil-Sands Industry

E-Calc 2 and its attendant GHG measurement technology offers at |east three powerful advantages
over typically employed approaches: (a) superior accuracy afforded by its capability to adequately
address the inherent spatial data-representativeness deficiencies; (b) nomina deployment costs
afforded by the fact that the software is aready developed and fully functional; and (c) real-time
results afforded by minimal labor and CPU-time requirements.
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PATENTING

We are unsure whether we will seek apatent for e-Calc 2, as most of the softwareissimply reverse-
engineered from AERMOD (the coding for which resides in the public domain). Patents for the
TDL components and the meteorological system components are owned by Boreal Laser and Met
One, respectively.

POTENTIAL PARTNERSHIPS

We intend to begin immediately the process of securing an exclusive partnering agreement with a
well-established air quality consulting/engineering firm which has astrong Albertapresence. This
arrangement will allow usto maximizetechnol ogy transfer to Alberta, such that all aspectsof e-Calc
are available to ERA (and other Alberta entities) though a single, high-profile Alberta-based
company. We reasonably anticipate that Minnich and Scotto will grant this company exclusive
licensetoe-Calc, and all of itsderivatives, for usein Alberta(and possibly theremainder of Canada).

We are confident that the short-term actions and long-term plans identified below will keep this
technology relevant and on the forefront in Alberta.

Short-Term Actions

. Secure an exclusive partnering agreement to maximizetechnol ogy transfer to Alberta
. Propose an ERA project for System demonstration at an MSW landfill
. Propose an ERA project for demonstrating a modified System at a tailings pond

Long-Term Plans

. Propose a program to devel op methane emission factors
. Deveop and implement an aggressive marketing plan

ERA Fina Outcomes Report
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SECTION 1-PROJECT DESCRIPTION

Section 1.1 presents an introduction and project background information. Section 1.2 describesthe
technology. Section 1.3 identifies the goals of this project. Section 1.4 presents a work scope
overview.

1.1  Introduction and Background

This Final Outcomes Report describes an 18-month methods-devel opment program, sponsored by
the Province of Alberta and administered by Emissions Reduction Alberta (ERA) as part of their
“Methane Challenge Initiative.” Thetitle of our project was, “ Proof-of-Concept Testing: Software
to Quantify Methane Emission Rates in Real-Time.” The end-product was a fully integrated,
methane emission-rate measurement system (i.e., the “System”), which calculates, in real-time,
methane emission rates from certain oil-and-gas (O& G) industry sources. The project included
development of a Set of Specifications for System commercialization.

The software tested is known as e-Cal ¢ 2 (emissions cal culation, second-generation). Nine days of
successful field testing, carried out during August 2018, involved the continual, outdoor rel ease of
carefully controlled amounts of methane by our project team member, InnoTech Alberta, at their
research facility in Vegreville. Other members of the project team were: Boreal Laser, Inc.
(Edmonton), responsiblefor all methane measurementsusing their tunablediodelaser (TDL) system;
Met One Instruments, Inc. (Happaugue, New Y ork), responsible for the design and assembly of the
specialized meteorological measurement system used in the field; and Loover Partnership
(Morristown, New Jersey), responsible for necessary e-Calc software modification and statistical
consulting.

The first-generation version of this software (e-Calc 1) calculates mass-per-time emission rates
during daytime hours from ground-level sources. E-Calc 1 employs “inverse dispersion modeling
(IDM),” based on AERMOD (American Meteorological Society / EPA Regulatory Model) —aU.S.
Environmental Protection Agency (U.S. EPA) “Guideline” air dispersion model for regulatory
application. Instead of predicting adownwind concentration at apoint in spacefrom aknown source
emission rate (as AERMOD typically does), e-Calc 1 predicts that emission rate from a measured
downwind (crosswind), path-integrated concentration and contemporaneous onsite meteorol ogy.

E-Calc 1 can derive emission rates of methane (or any other measured compound) from most
ground-based sources. Importantly, this software offers the capability of generating such emission
ratesin real-time. However, a significant up-front effort is required, prior to field deployment, to
enable AERMOD (and thus e-Calc 1) to simulate the vertical wind-speed profile and atmospheric
turbulence—critical model input parameters. AERMOD employswhat isknown astheflux-gradient
approach for simulating these input parameters.
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For this project, we sought to modify the software to accommodate a more sophisticated and robust
treatment of meteorology (i.e., to create e-Calc 2 based on anew version of AERMOD — modified
to employ the eddy-correlation approach for simulating the above model input parameters) and,
second, to field-test this second-generation version of the e-Calc software, based on carefully
controlled methane releases from simul ated, | eaking upstream sources. Theintent wasto eliminate
the need for the arduous pre-field tasks and make possible the software’ s use during the nighttime.

The four ssmulated sources were:

. abooster station, comprised of acompressor engine and a condensate tank;
. a gas-gathering pipeline assembly;
. agas transmission line; and

. a production pad.

Only one simulated source wastested on any given measurement day. Asmentioned, all controlled
methane rel eases were conducted by InnoTech Alberta, with all field work performed at InnoTech
Alberta's Vegreville R&D facility. Path-integrated methane measurements were performed by
Boreal Laser using one of their GasFinder TDL spectrometers; all TDL measurements were made
at aheight of 1.0 meters above the ground. All meteorological measurements were made using a
sonic anemometry system designed and assembled by Met One Instruments. The methane source
was compressed natural gas, with a methane concentration of 76.6 percent (760,000 ppmv).

It should be noted that there has never been a performance evaluation of AERMOD based on this
more sophisticated treatment of meteorology, and the U.S. EPA has yet to provide the software
codingfor thismodel option. Intheory, the AERMOD resultsshould beimproved (and, accordingly,
the corresponding e-Calc predictions); however, such results could not be guaranteed.

We know of no other measurement system which can, in real-time, generate accurate estimates of
methane emissions from ground-level sources. It isdifficult for the Province of Albertato enforce
existing methane reduction mandates without an accurate baseline against which to compare. The
rapid and inexpensive means of measuring methane emission rates afforded by the success of this
Project is clearly a disruptive technology.

When used in combination with the TDL system, e-Calc offers a common-sense approach for
prioritizing repairs in the O& G industry, which can reduce product loss while adding bottom-line
profit. By quantifying methane emissions from principal source types within a given industrial
sector, the quality of emissions inventories should be vastly improved, thereby facilitating an
accurate methane baseline against which future reductions can be reliably assessed.
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A second objective of this project, abenefit to the Alberta Climate Change Office (ACCO), wasto
apply e-Calc (both versions) to calculate the fugitive methane and carbon dioxide emission rates
from the Canadian Natural Resources Limited (CNRL) mine-face and tailings pond operations in
Fort McMurray.

Finally, as aluded to above, in addition to leaking upstream process components, target marketsin
Albertafor this System include: (a) municipal solid waste (M SW) landfills; (c) concentrated animal
feeding operations (CAFO) facilities; and (c) major oil-sands sources, consisting of mine faces and
tallingsponds. Infact, thefeasibility of employing e-Calc 2 to assess methane emissionsfrom these
oil-sands sources was demonstrated during the work for ACCO, thereby laying the groundwork for
aproposed field demonstration at atailings pond.
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1.2  Technology Description
Section 1.2.1 presents a brief history of e-Calc 2's development. Section 1.2.2 presents relevant
technical considerations.

1.2.1 Developmental History

Minnich and Scottoisthearchitect of e-Cal c—an emissions-cal cul ation software package devel oped
for generating air pollutant emission rates from awide range of fugitive-type, ground-level sources
(as well as elevated area sources). This Windows-based, client-server software calculates
contaminant emission rates — precise 15-minute-averaged “snapshots’ — from these source types.
E-Calc is suitable for use with a TDL spectrometer, or any other optical remote sensing (ORS)
instrument which generates a path-integrated concentration (PIC). The software can also be used
with a rapid-sampling, mobile point-monitoring device, such as a cavity ring-down spectrometer,
from which a PIC output can be approximated.

E-Cacisalogica extension of our 2004 PICMET (Path-I ntegrated Concentration — M eteorol ogy)
software, created to rapidly assesscompliancewith pre-established action level sat off-sitereceptors
(e.g., residences), primarily during hazardous waste site cleanups. The PICMET software displays
maximum concentrations at user-specified distances downwind of the emissions source, based on
path-integrated measurements and atmospheric stability and transport considerations.

PICMET was employed during active cleanups at former manufactured gas plant (MGP) sitesin
November 2004, and again during December 2006 and May 2007 as part of a 2%2-year applied R&D
study for the Gas Technology Institute (Des Plaines, Illinois). Results from this latter study
demonstrated superior residentia protection when compared to traditional monitoring approaches.

Development work on e-Calc beganin 2008. E-Calc was originally created for use with open-path
Fourier-transforminfrared (FTIR) spectroscopy to help M SW landfill ownerscomply with mandated
emissions reporting and permitting requirements for methane and other greenhouse gases. Based
on AERMOD, the software incorporates the output from the PIC-generating instrument with
coincident onsite meteorological data and other information.

In June 2011, we employed e-Calc to support alegal proceeding by measuring emission rates from
several processsourcesat an Alabamapul p-and-paper mill, including al-square-kilometer polishing
pond. In August 2014, we used it to measure emission rates from the preliminary settling tanks at
alarge New Y ork City municipal wastewater treatment plant. In September 2015, we participated
in an extensive field project for the South Coast Air Quality Management District (SCAQMD), a
Cdlifornia governmental agency, in which we used e-Calc to measure emission rates from 16 oil
production wells and tanks, 17 gas stations, and two cattle farms, all in the Los Angeles basin.

ERA Fina Outcomes Report
July 17, 2019 1-4



We have participated in two third-party e-Calc validation studies, results of which were presented
at the March 2016 “Air Quality Measurement Methods and Technology Conference,” sponsored
jointly by the Air & Waste Management Association (A&WMA) and the U.S. EPA. First, as part
of our project for the SCAQMD (described above), our e-Calc software was validated during a 2-
day, controlled-rel ease experiment (October 12-13, 2015). Over the study, propanewasreleased at
varying emission rates from a scissors-type lift at a pre-designated height of 3 meters (even though
e-Calc was designed for ground-level releases only). Thirteen monitoring events (15-minute-
averaged) were performed on Day 1, with an additional seven on Day 2.

Next, under contract to TexasA&M University (San Antonio, Texas), weperformed a2-day, e-Calc
validation study (November 4-5, 2015), whichinvolved the controlled rel ease of sulfur hexafluoride
(SF,) from ground-level locations simulating a compressor/condensate tank complex (Day 1) and
an assembly of gas-gathering pipelines (Day 2).

Asmentioned, e-Calc 1 employsthe U.S. EPA regulatory version of AERMOD in order to preserve
themodel’ slegal Guideline status. For each monitoring event, the generation of input filesrequires
meteorological data together with emissions-characterization and monitoring configuration data.
Dispersion coefficients under this approach (i.e., flux-gradient) are assigned based on wind speed,
land-use, solar insolation, and statistical data treatments such as the standard deviations of the
horizontal wind direction and vertical wind speed. From this information the friction velocity is
determined, which is used to develop the vertical wind-speed profile. The vertical wind-speed
profile primarily governs the predicted (back-calculated) emission ratein e-Calc 1 (and e-Calc 2).

The flux-gradient approach currently employed in AERMOD has been extensively evaluated in
model-validation studies performed by the U.S. EPA over theyears. Similarly, the performance of
e-Calc 1 was successfully demonstrated during the two validation studies described above.

Theupgraded (second-generation) version of e-Calc (e-Cal ¢ 2) wascreated specifically for thisERA
project, primarily to eliminate the need for relatively labor-intensive pre-field tasks. Asmentioned,
e-Calc 2 employs a more sophisticated means of assigning dispersion coefficients — the eddy-
correlation (or covariance) approach. This approach typically requires wind measurements (using
sonic anemometry) at two heightsabovetheground. Covariance statistics, cal culated fromthelower
of these two sensors, are then used to determine the friction velocity. The U.S. EPA is planning to
update AERMOD to enable application of the eddy-correlation approach, but has yet to release the
software coding for this version.

1.2.2 Technical Considerations

Discussed bel ow is: thedifference between aconcentration and an emissionrate; thedrawbackswith
conventional approaches for deriving emission rates; the benefits of open-path monitoring; and the
area-source technique for measuring emission rates, upon which e-Calc is based (both versions).
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Concentration vs. Emission Rate

The difference between a source emission rate (mass per time) and an ambient air concentration
(mass per volume) isoften poorly understood. Further, few investigatorstruly appreciatethe utility
of the path-integrated concentration when coupled with onsite meteorology and air dispersion
modeling.  When properly applied, open-path spectroscopy eliminates the spatial data
representati veness problem inherent in approacheswhich rely solely on point-sampling techniques.
This“whole-plume” sampling approach offers, perhaps, the only means of complying withthe U.S.
EPA’ sDataQuality Objective (DQO) processwhile measuring emission rates, thereby ensuring that
end-user needs are met.

For point-type monitors, gaseous concentrations are typically reported as the mass of contaminant
per volume of gas, such as micrograms per cubic meter (ug/m®), or the volume of contaminant per
volume of gas, such as parts per billion (ppbv) or parts per million (ppmv). Path-integrated
concentrations, however, are usually reported as parts-per-million times meter (ppm-m). Itisoften
desirableto convert path-integrated concentrationsfrom ppm-m to milligrams-per-cubic-meter times
meter (mg/m?®x m, or mg/m?) in order to avoid having to consider the compound’ smolecul ar weight.

Drawbackswith Conventional Approachesfor Deriving Emission Rates

Emission rates derived from point-monitoring dataare frequently underestimated, asthereisno way
of knowing how far from the plume centerline a hand-held monitor (or Summa canister) might be,
especialy given the fact that wind direction is never constant; in fact, it isgenerally not possibleto
ensure the sample isn't inadvertently collected outside of the downwind plume altogether. This
fundamental sampling design flaw explains, at least in part, the extreme variability in emission rates
reported for most O& G industry process components.

Figure 1-1illustrates how concentration at any point downwind of asource drops off rapidly asone
moves away from the plume centerline.

FIGURE 1-1. CONCENTRATION DROP-OFF AWAY FROM PLUME CENTERLINE
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Benefits of Open-Path Monitoring

An open-path spectrometer collects path-integrated data— meaning that contaminants downwind of
the source are measured aong the entire crosswind dimension of the plume. The spectrometer
essentially counts the molecules of the analyte, thus ensuring that concentrations are not “ missed’
anywhere aong the beam-path.

Figure1-2illustrateshow theentire crosswind plumeissampled with open-path TDL spectroscopy.

FIGURE 1-2. CROSSWIND TDL PLUME SAMPLING
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A principal reason that open-path spectroscopy is still not generally recognized as the powerful tool
that it isfor deriving emission ratesis that the resultant path-integrated datais not of aform which
can be compared directly to ambient air standards (i.e., point concentrations). But as aluded to
earlier, when appropriately coupled with air dispersion modeling, a path-integrated concentration
measurement made downwind of an emitting source contains far more information than any point
measurement (or collection of point measurements) ever could for purposes of assigning a source
emission rate and assessing the resultant downwind impact.

Using dispersion modeling relationships, a source emission rate is “ back-calculated,” based on the
downwind (cross-plume) path-integrated concentration and onsite meteorology. This source
emission rate can best be viewed as a mass-per-time “snapshot” over the 15-minute interval
necessary to yield the measured downwind, path-integrated concentration under the particular
atmospheric dispersion and transport conditions during that precise block of time.

The area-source technique arguably provides the most accurate means of back-calculating this
emission rate (discussed next). E-Calc 2 usesAERMOD initsinverseform, together with the area-
source technique, for this back-calculation, in real-time.
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Area-Sour ce Technique

The area-source technique for emission-rate generation is appropriate for fugitive ground-level and
elevated area sources— both homogeneous (uniformly emitting) and heterogeneous (non-uniformly
emitting). Employing the principle of massbalance, it identifies atime-averaged source attribution
based on a series of downwind path-integrated measurements (1- to 2-meter height), enabling the
subsequent generation of emission rates using AERMOD. AERMOD requires measurement of
coincident onsite meteorological data, from which atmospheric dispersion and transport are
simulated between the source and the beam-path.

The following three-step approach is employed using a TDL spectrometer.

1 Identify Source Attribution

A series of 15-minute-averaged, path-integrated TDL measurements (i.e., monitoring events) are
made immediately downwind of the source, such that the cross-plume mass contained within the
beam-path is maximized. When significant, the upwind path-integrated concentration can be
subtracted from the downwind measurement, thus reducing the conservatism of the source-
attribution calculation.

2. Predict the Unity-Based, Path-Integrated Concentration Along the M easurement Path
AERMOD isused to predict the unity-based, path-integrated concentration (asopposed to the actud
path-integrated concentration) along the downwind TDL measurement path defined in Step 1. This
is accomplished by: (a) predicting the point concentration (mg/m®) at every meter along this path
based on a“unity” emission rate (e.g., 1 mg/s) across the source, and the actual meteorology and
source configuration; (b) determining, via summing each predicted point concentration, the path-
averaged, unity-based concentration along the measurement path; and (c) multiplying this path-
averaged concentration (mg/m?®) by the TDL measurement path length (m).

In cases where the source is unlikely to emit homogeneoudly, individual rectangular emission
“subareas’ must be defined for maximum accuracy to be achieved. The relative source strength of
each subareais expressed in the area-source technique (and, thus, e-Calc) in terms of multiples of
unity, in which the lowest-emitting subarea is assigned a unity emission rate (i.e., 1 mg/s over the
entire rectangle), with higher-emitting (* hot-spot”) subareas expressed as multiples of unity.

For the primary project goal, the unity-based emission rate assumed that emissions were uniform
across the entire source surface (i.e., there were no hot spots), and that only a single source existed.
However, for the secondary project goa, hot spots were represented in the unity modeling by
assigning arelative emission factor to each source subarea.

In this latter case, assignment of relative source strengths was based on results of flux-chamber
sampling performed by CNRL across the surfaces of the mine face and tailings pond.
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3. Scale Unity-Based Modeling Results to Calculate Emission Rate
The actual emission rate, Q,, is calculated in accordance with the following ratio:

Cu/QA=Cy/Qy (Equation 1-1)
where:
Cu = measured path-integrated concentration (attribution) (mg/m?);
Q. = actua emission rate (mg/s);
Cy = predicted unity-based, path-integrated concentration along the measurement
path (mg/m?);* and
Qu = unity-based emission rate (mg/s).

Thisequation describes the inherent rel ationship between: (a) the unity-based dispersion modeling;
and (b) the actual emission rate and downwind measurements. The cornerstone of the area-source
technique, this ratio states that the measured path-integrated concentration (C,,) is to the actua
emission rate (Q,) as the unity-based, path-integrated (modeled) concentration (C,)) is to its unity-
based emission rate (Q,); the only unknown term in this equation is the actual emission rate (Q,).

Plume Capture
Animportant feature of the area-source technique (included in the e-Cal ¢ software) isthe capability

of generating accurate emission rates without capturing the entire downwind cross-plume mass.
Despite measuring only a portion of this mass, employment of the area-source technique allows a
“whole-source” emission rate to be determined. The crosswind plume capture, expressed as a
percentage of the plume mass, is derived in accordance with the following equation:

PC = (C,/C_) x 100 (Equation 1-2)
where, for any given pollutant:
PC = plume capture (crosswind) (%);
C, = predicted unity-based, path-integrated concentration along the measurement
path (mg/m?); and
Cup = predicted unity-based, path-integrated concentration along an extended

measurement path (mg/m?).

The*extended” measurement path includesthe actual TDL beam-path but, for dispersion modeling
purposes, this path is extended laterally (each direction from the actua beam-path endpoints) to
distances beyond which the predicted impacts are essentially zero.

* The predicted unity-based, path-integrated concentration along the measurement path can be thought of as the
concentration the TDL would “see” if the source were emitting at its assigned, unity-based emission rate.
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Meteorological Data

As discussed earlier, coincident onsite meteorological monitoring data is required for simulating
atmosphericdispersion andtransport, asrequiredin AERMOD. Dispersionand transport parameters
are calculated and assigned by e-Calc 2, based on measured and cal cul ated meteorological data.

Required Input Data and Associated Usage
Table 1-1 identifies all input data required to support e-Calc 2. Also depicted is whether each
parameter is measured or calculated.

TABLE 1-1. REQUIRED INPUT DATA TO SUPPORT E-CALC 2

Data Type
Parameter (15-Minute)
(M onitoring Event-Specific) Measured | Calculated
Global Positioning System
TDL beam-path endpoints v
Source location (including source height above grade) v
Tunable Diode L aser System
M ethane attribution (path-integrated concentration) v
Attribution correction (for temperature and pressure) v
Archived data v v
M eteorological Instrumentation
V ector component (u,v,w) wind speed (2m) v
V ector component (u, v) wind speed (5m) v
Horizontal wind speed v
Wind direction v
Standard deviation of the horizontal wind direction v
Standard deviation of the vertical wind speed v
Ambient temperature (2 and 5m) v
Virtual temperature v
Dew-point temperature (2m) v
Relative humidity (2m) v
Barometric pressure (0 to 1m) v
Friction velocity v
M onin-Obukhov length v
Sensible heat flux v
Archived data v v
E-Calc 2 Software
M ethane emission rate (mass-per-time) v
M ethane plume capture v
Archived data (via M S Access Database Software) v v
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Set-up functionsfor e-Calc 2 included the siting of the meteorol ogical tower and TDL system, based
on forecasted conditions, to determine the appropriate upwind-downwind orientation. A GPS unit
was employed to obtain location coordinates for the TDL beam-path endpoints, meteorol ogical
instrumentation, and the suspected emissions-source location.

All monitoring events began precisely on the hour or 15 minutes thereafter (e.g., 8:00, 8:15, etc.).
Raw, path-integrated TDL methane concentrations (unitsof ppm-m) were processed with coincident
temperature and pressure measurements (15-minute-averaged) to convert these concentrations to
units suitable for input into e-Calc 2 (i.e., mg/m?). All TDL data (both measured and calculated),
together with associated diagnostic data, were archived to facilitate independent validation.

The meteorological instrumentation provided direct measurements of 1-second (1 Hz) values,
including vector wind components (u,v,w), temperature, rel ative humidity, and barometric pressure.
These datawere processed to cal cul ate event-averaged meteorol ogical values, including horizontal
wind direction and speed, and standard deviations of the horizontal wind direction and vertical wind
speed. Additionally, representative values of friction velocity, sensible heat flux, and Monin-
Obukhov length were cal cul ated from the appropriate covariance statisti cs between the vector wind
components, and between the temperature and w vector wind component. Event-averaged relative
humidity and atmospheric pressure measurements were also required.

Themeteorological dataacquisition systemwasprogrammed to archiveall meteorol ogical parameter
data (measured and cal culated), together with the back-up values to facilitate QC (quality control)
checks, independent validation, and potential R&D studies.

For each measurement configuration, e-Calc 2 employed the source and measurement-path location
information (assembled during the set-up function), and generated the meteorological control
pathway for retrieval of the surface and profile meteorological data. Upon monitoring event
completion, e-Calc 2 automatically assembled the event-specific “sfc” and “ pfl” datafiles, and ran
AERMOD to predict theunity-based attribution (incorporating auser-specified unity emissionrate).
The software then automatically calculated the actual emission rate by scaling the predicted unity
modeling emission rate based on the measured path-integrated TDL methane concentration (see
Equation 1-1) and associated plume capture (see Equation 1-2).

Results were generated (on-screen and hard copy) within 1 minute of monitoring event compl etion.
For each event, a data-base file was generated to retain all input data and output information,
together withthe AERMOD input and output files supporting the unity-based attribution predictions.
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1.3  Project Goals
Two distinct goalscomprised our ERA project. Theprimary goal was, first, to upgrade the software

to accommodate a more sophisticated and robust treatment of meteorology (i.e., to create e-Calc 2
based on a new version of AERMOD — modified to employ the eddy-correlation approach for
simulating the above model input parameters) and, second, to field-test this second-generation
version of the e-Calc software, based on carefully controlled methane releases from the four
simulated, leaking upstream sources identified earlier. Theintent wasto eliminate the need for the
arduous pre-field tasks and make possible the software use during the nighttime.

The secondary god, a benefit to ACCO, wasto apply e-Calc (both versions) to essentially re-create
the fugitive methane and carbon dioxide emission ratesfrom the CNRL mine-face and tailings pond
operationsin Fort McMurray, asreported in CNRL’ stwo latest (at the time) annual submissionson
facility greenhouse gas (GHG) emissions. Our analysis used onsite, 15-minute-averaged path-
integrated methane and carbon dioxide data, collected across portions of these sourcesin 2015 and
2016 by CNRL using a Boreal Laser TDL spectrometer, together with onsite, coincident
meteorological dataand contemporaneous flux-chamber sampling data. The hope was that e-Calc
would be demonstrated a viable and attractive alternative to the techniques currently employed for
measuring GHG'’ s from the oil-sands sources, and that the time and cost for GHG reporting would
be greatly reduced. These current techniques include backward Lagrangian stochastic (bLS)
modeling, inverse dispersion modeling using CALPUFF, and isolation flux-chamber sampling.
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1.4  Work Scope Overview
Tasks, milestones, deliverables, and timelines are presented below.

Task Descriptions
The following six tasks comprised our Scope of Work:

. Task 1 —Work Plan Preparation

. Task 2 — E-Calc Modification

. Task 3 — Construction and Mobilization

. Task 4 — Data Collection

. Task 5—Data Analysis

. Task 6 — Specification and Report Preparation

Task 1 —Work Plan Preparation

A project work plan was prepared in accordance with the U.S. EPA Data Quality Objective (DQO)
process. Application of thisprocessrepresentsthefirst stepin the successful planning of any project
involving the collection of environmental data. Assuch, thework plan applied only tothe controlled
release portion of the project (the primary project goal).

Thework plan consisted of ameasurement and analysis plan (MAP) and aquality assurance project
plan (QAPP). The MAP addressed all aspects of data collection and analysis. The QAPP described
the specific procedures employed to ensuretheoveral quality of all datacollected inthefield. These
documents consisted the following sections:

MAP

Introduction

DQO Process and Statement of Problem
Objective

Management and Responsibilities
Scheduling and Coordination
Emission-Source Simulation

Data Acquisition

Data Reduction and Analysis
Documentation and Records

Reporting and Specification Preparation

.“3.00.\‘@9":590!\’!—"

o
o

QAPP

A. Introduction
B. QC Organization
C. Measurement Quality Objectives
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Equipment Inventory, Calibration, and Maintenance
Method and Equipment Standard Operating Procedures
Analytical Standard Operating Procedures

Data Control and Validation

Statistical Assessment of Measured Emission Rates

T OMmo

Task 2 — E-Calc Modification

Design Overview

E-Calc is designed for use with any monitoring instrument which generates a path-integrated
concentration, inthiscasean open-path TDL spectrometer. E-CalcemploystheU.S. EPA regulatory
version of AERMOD in order to maintainthe model’ slegal Guidelinestatus. The AERMOD source
code resides in the public domain.

For each 15-minute monitoring event, the generation of input files requires coincident site-specific
meteorological data, obtained via standard cup-and-vane sensors, together with source-attribution
and monitoring configuration data. The TDL spectrometer measures the path-integrated
concentration downwind of the source, along the entire crosswind dimension of the plume. In
essence, the TDL counts the molecules of the pollutant, thus ensuring that concentrations are not
“missed” anywhere along the beam path. Emission rates are cal culated in accordance with the area-
source technique (see Equation 1-1).

For the controlled-rel ease component, the TDL spectrometer generated the measured path-integrated
methane concentration (C,,). AERMOD was configured to yield a predicted concentration at each
meter along the beam path; these predictions were then be summed to derive the predicted unity-
based path-integrated concentration (C). In general, assignment of the unity-based emission rate
(Qu) isaccomplished by simply setting Q,, to unity (e.g., 1 mg/s).

Because the mine face and tailings pond (secondary project goal) were shown not to emit
homogeneously, individual rectangular emission “subareas’ comprising them had to be identified
to the best level possiblefor e-Calc to achieve maximum accuracy. Therelative source strengths of
these subareas were expressed in e-Calc (andin AERMOD) in terms of multiplesof unity, inwhich
the lowest-emitting subarea was simply assigned a unity emission rate (i.e., 1 mg/s over the entire
rectangle), with higher-emitting (*hot-spot”) subareas expressed as multiples of unity. E-Calc can
accommodate atotal of 30 individual subareasand 12 emission regimes (i.e., unigue emission rates
or relative source strengths).

Assignment of relative source strengthswas based, in part, on historical flux-chamber datacollected
across the surfaces of the mine face and tailings pond (to the degree this data was available).
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Current Requirements

The program simulatesthewind profilein the vertical dimension and the atmospheric turbulence by
calculating dispersion coefficients based on wind speed, land-use, solar insolation, and statistical
data treatments such as the standard deviations of the horizontal wind direction and vertical wind
speed. Boundary layer parameters (e.g., friction velocity, sensible heat flux, and Monin-Obukhov
length) arerequired in the surface meteorological fileinput to AERMOD. E-Calc currently derives
these parametersin the AERMET preprocessor based on the flux-gradient approach.

As mentioned earlier, the onsite wind data used in the current version of e-Calc is collected via
standard cup-and-vane sensors. Wind direction, wind speed, sgmathetaor o, (standard deviation
of the horizontal wind direction), and sigmaW or o, (standard deviation of the vertical wind speed)
are collected (or calculated) from an appropriately configured 3-meter meteorological tower. Air
temperature is measured using a portable hand-held instrument, and cloud cover (in tenths) is
observed and recorded; the solar elevation angle is calculated in accordance with the National
Oceanic and Atmospheric Administration (NOAA) Solar Calculator,
https.//www.esrl.noaa.gov/gmd/grad/solcalc/.

The current version of e-Calc cannot be applied at night, as turbulence must be simulated based on
the temperature difference between 2 and 10 meters. This “delta T” method requires a 10-meter
meteorol ogical tower, and such equipment isimpractical for rapid deployment.

Upgrade Modifications

Theuse of dual 3D and 2D ultrasonic anemometers (plus atemperature sensor) was required to run
the upgraded version of e-Calc. The controlled methane releases alowed comparison of the P/A
emission rates under a full range of atmospheric dispersion and transport conditions for the four
simulated sources.

Thismethod of profiling vertical wind speed and atmospheric turbulenceisreferred to as the eddy-
correlation (or covariance) approach; it allows for the direct measurement of boundary layer
parameters, resulting in amore accurate assessment of emission rates—at least in theory. The eddy-
correlation approach also obviates the need for the AERMET preprocessor, thereby simplifying the
e-Calc logic considerably (discussed below). Importantly, this approach enables the rapid
deployment of e-Calc, aswell asits use during the night.

In this approach, the 3D ultrasonic anemometer measures 1-second orthogonal wind vector
components. Together with 1-second temperature measurements obtained from a separate sensor,
these components are used to calculate:
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. Friction vel ocity and M onin-Obukhov length, using the covariance statistic between
the u (east-west) and w (up-down) wind components and the v (north-south) and w
wind components; and

. Sensible heat flux, using the covariance between the w wind component and
temperature measurements.

Sigma theta is calculated from 1-second wind direction data generated by the 2D ultrasonic
anemometer.

Functional Logic

Figure 1-3 presents the functional logic for e-Calc 1. The more sophisticated treatment of onsite
meteorology ine-Calc 2 eliminatesthe need for the labor-intensive simulation of the boundary layer
and surface characterization, aswell astherequisite pre-processing software, all of whichisdepicted
inside the heavy dashed lines.

FIGURE 1-3. FUNCTIONAL LOGIC: E-CALC 1
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Figure 1-4 depicts the software component and system field testing for e-Calc 2. Software to
incorporate the eddy-correlation approach was coded and input by Loover, with subsequent
component functionality testing performed by Minnich and Scotto.
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FIGURE 1-4. SOFTWARE COMPONENT AND SYSTEM FIELD TESTING: E-CALC 2
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Software Component Testing. Proceduresgoverning software component testing involved computer
simulation to assess, over arange of source types and sizes, measurement paths, and meteorol ogical
conditions, whether each software component, by itself, was functional, performing properly, and
generating expected results.

The primary focus was the testing of the algorithms employed to ensure that boundary layer
variables, including friction velocity, sensible heat flux, and Monin-Obukhov length, were being
correctly calculated from the ultrasonic anemometers and ambient temperature sensor.

System Field Testing. System field testing, the heart of this proof-of-concept project, involved the
controlled release of methane, at known emission rates from each simulated source, over arange of
atmospheric dispersion and transport conditions in order to assess the accuracy of predicted e-Calc
emission rates. Where test results indicate statistically valid emission-rate biases, empirical
correction factors were to be developed and incorporated into e-Calc, and the supporting technical
justification provided.
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Task 3 — Construction and Mobilization

InnoTech Alberta constructed reasonable facsimiles of a production pad, gas-gathering pipeline
assembly, gas transmission line, and boosting station (combination compressor engine and
condensate tank). Each simulated source was redlistic with respect to: (a) the methane leak
location(s); and (b) the generation of atmospheric turbulence, caused by the simulated source
structure itself.

Typical locations of methane leaks are:

. production pads — leaks from well head;

. gas-gathering pipeline assemblies — leaks from valves or flanges;
. gas transmission lines — leaks from flanges or pipe ruptures; and
. compressor engines and condensate tanks (boosting stations) — leaks from ruptured

seals (engine), and leaks from thief hatches or pressure relief valves (tanks).

Source construction aso included assembly of two controlled methane-release systems. The first
system — single-point release — was moved from source to source, to ssimulate: (a) ground-level
methane leaks from the production pad (where the pipe emerges from the ground); and (b) near-
ground (elevated) releases from the gas transmission line (1.5 meter above ground) and the two
sourcescomprising aboosting station (compressor engineand condensatetank). Thesecond system,
multipoint release, simulated ground-level methaneleaksfrom the gas-gathering pipeline assembly.

The methane was supplied by a trailer-mounted tank of compressed natura gas, which was
connected, viaa pressure regul ator, to an el ectronic mass-flow controller. A sample of the outflow
gas was analyzed onsite, via gas chromatography, to determine its precise methane content.

The electronic mass flow controller was an Omega system (FMA-1600A Series). All appropriate
calibration certificates remain on file with InnoTech Alberta

Field mobilization included: procurement, set-up, and testing of the TDL and meteorol ogical
monitoring systems; testing of the controlled methane-release systems; arranging for supply of
ancillary equipment (e.g., generator) and consumables when arriving in the field; onsite health and
safety (H& S) training; equipment shipping arrangements; and field personnel transportation (e.g.,
air, vehicle rental) and lodging arrangements.

Task 4 — Data Collection

Minnich and Scotto was responsible for: (a) all data-collection activities; (b) all field decision-
making; and (c) e-Calc and meteorological system operation. All controlled-rel ease measurements
was performed by InnoTech Albertaat their Vegrevillefacility, and all TDL methane measurements
was performed by Boreal Laser.
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Each day's TDL measurement path was about 100 to 200 meters in length, positioned between
approximately 20 and 50 meters downwind of the simulated source, depending on atmospheric
stability considerations. The location of each simulated source (or source group) was fixed for al
measurements, and was such that the TDL system could be configured to accommodate any mean
winddirection, i.e., without encountering objectswhich might affect line-of -sight or theatmospheric
turbulence in the microscal e region between the methane source and the TDL beam. The Met One
meteorol ogical system was appropriately positioned in accordance with applicable U.S. EPA siting
criteria.

A total of eight days of controlled-rel ease measurements was planned. Two full days were allotted
for each of the four sources or (source groups). Additionally, 2-hour nighttime measurement “ add-
ons’ were to beincluded in two of the measurement days.

An average of twenty-four, 15-minute-averaged emission rate “ snapshots’ (i.e., monitoring events)
was expected to be compl eted during each measurement day, for an anticipated project total of 192
daytimesnapshots, i.e., 48 per each source (or sourcegroup). Each nighttime*add-on” wasexpected
toyield an additional eight snapshotsfor two of the sources (or source groups). Selection of sources
for the nighttime “add-ons’ was afield decision.

Two additional daysin the field were budgeted: one day for onsite orientation and health and saf ety
(H&S) instruction, and one moreto allow for field coordination and instrument check-out and field
set-up upon delivery onsite.

Minnich and Scotto provided daily meteorological forecasts to facilitate field decision-making
concerning the next day’ s activities (source designation, TDL positioning, and whether nighttime
measurements will be made).

An e-Calc test report was generated, together with all requisite meteorological data, for each
monitoring event. Every effort wasmadeto demonstratee-Calc’ sapplication over thewidest variety
of meteorological conditions. In order to assess nighttime performance, the work period was to be
shifted to include hours after sunset or before sunrise, for two measurement days.

Task 5 — Data Analysis

Primary Project Goal

E-Calc’'s performance in predicting the controlled methane release rate was assessed, based on
source type and category of meteorological conditions (e.g., day vs. night, strong vs. light winds).

For each source type and set of meteorological conditions, a simple statistical analysis was
performed to determine the degree to which the predicted methane emission rates conform to the
actual or “true” emissions(i.e., thecontrolled emissionrates). Statistical anayseswerea sointended
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to determine the type of probability distribution (e.g., normal, skewed, or random) which best
characterized the predicted data set.

Appropriate correlation tests between actual and predicted source-specific emission rates were
performed to quantify the e-Calc prediction errors as functions of turbulence and the downwind
distance between the source and the TDL beam path. The correlation test results were intended to
facilitateimprovementsto thee-Cal c software, aswell asan understanding of associated limitations.

The intent was to develop source-specific, empirical correction factors, should test results yield
statistically valid, systematic biases in the e-Calc results. These correction factors would then be
incorporated into e-Calc for subsequent re-analysis of all emission-rate snapshots.

Secondary Project Goal
Table 1-2 presents the minimum number of acceptable measurement-event pairs, based upon initial
review of the 2015 and 2016 CNRL data.

TABLE 1-2. MINIMUM NUMBER OF ACCEPTABLE MEASUREMENT-EVENT PAIRS

Mine Face Tailings Pond
Y ear M ethane CO, M ethane CO,
2015 30 20 20 4
2016 30 20 0 0

Individual hard-copy, e-Calc reports were generated for each acceptable monitoring-event pair. As
part of thistask, separate letter reports were prepared and submitted for the existing and upgraded
e-Calc versions (e-Calc 1 and e-Calc 2, respectively). Each report identified the data utilized and
provided adetail ed description of the assumptionsand limitati onsassoci ated with both the cal cul ated
methaneand CO, emission rates and the specific objectives of the ACCO. Thelatter report included
atabular comparison of the e-Calc results (i.e., e-Calc 1 vs. e-Calc 2).

Task 6 — Specification and Report Preparation
A set of gpecifications for a fully integrated methane emission-rate measurement system was
developed and assembled. These specswere of aquality sufficient to facilitate commercialization.

A comprehensive final project report (separate from this Final Outcomes Report) was prepared,
which summarized al field work results, including depi ctions of all experimental designs, statistical
analysisresults, al re-analysis results, and an e-Calc report for each monitoring event.
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Project Milestones and Interim Deliverables
The following Project Milestones were identified:

A — ACCO Mine-Face and Tailings Pond Data Analysis and Reporting (e-Calc 1)
B —Work Plan Preparation
C — E-Cac Modification
D — Construction and Mobilization
E — Controlled-Release Data Collection
F — Controlled Release Data Analysis (e-Calc 2)
G — ACCO Mine-Face and Tailings Pond Data Analysis and Reporting (e-Calc 2)
H— Specification Preparation
| — Final Report Preparation (separate and distinct from this Final Outcomes Report)

Stand-alone, Interim Project Deliverables were submitted upon completion of Milestones A, B, F,
G,H,andl.

Project Timeline
Figure 1-5 depicts the timeline for each milestone identified above.

FIGURE 1-5. PROJECT MILESTONE TIMELINE

Anticipated Schedule
Nov [ Dec [ Jan | Feb [Mar [Apr [May|Jun | Jul [Aug|Sep | Oct [Nov | Dec | Jan | Feb [Mar |Apr [May|Jun | Jul |Aug
Milestone |2017|2017{2018]2018{2018|2018|2018(2018]|2018{2018|2018|2018(2018|2018|2018|2019]|2019{2019|2019|2019|2019]|2019
A
B
C
D
E
F
G
H
|
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SECTION 2-OUTCOMESAND LEARNINGS

Section 2.1 addresses the literature review performed to support both the creation and field-testing
of the e-Calc software design (primary project goal) and the application of e-Calc to the ACCO
mine-face and tailings pond data (secondary project goal). Section 2.2 describes the technology
development, installation, and commissioning. Section 2.3 presents the experimental procedures
and methods. Section 2.4 providesthe modeling details. Section 2.5 presentsthe experimental and
model simulation results. Section 2.6 discusses the project outcomes. Section 2.7 presents an
analysis and discussion of results. Section 2.8 identifies the important lessons |earned.

All of the above sections apply to the primary project goal. However, it is noted that only Sections
2.1 and 2.6 through 2.8 apply to the secondary project goal.

21 Literature Review

During the planning phases of both the primary and secondary project goals, we reviewed all
available U.S. EPA guidance on AERMOD in order to make surethat e-Calc 2 wasfully consistent
with the latest model updates.

For the primary project goal, we aso consulted with Dr. Akula Venkatram, one of AERMOD’s
developers and among the world’'s premier atmospheric science and microclimate researchers,
concerning the optimum wind sensor measurement heights for e-Calc 2’ swind-profile simulation.
Dr. Venkatram isa Professor at the University of California, Center for Environmental Research &
Technology, Riverside, California 92507 (951-827-2195).

Following are the sources reviewed for each project goal.

Both Primary and Secondary Project Goals

AERMOD Implementation Guide. U.S. Environmental Protection Agency, Office of Air Quality
Planning and Standards, Air Quality Assessment Division, AERMOD Implementation Workgroup,
Research Triangle Park, NC; EPA-454/B-16-013; December 2016.

AERMOD Model Formulation and Evaluation. U.S. Environmental Protection Agency, Office of
Air Quality Planning and Standards, Air Quality Assessment Division, Research Triangle Park, NC;
EPA-454/ R-17-001; May, 2017.

AERSURFACE User's Guide. U.S. Environmenta Protection Agency, Office of Air Quality
Planning and Standards, Air Quality Assessment Division, Air Quality Modeling Group, Research
Triangle Park, NC; EPA-454/B-08-001; January 2008 (Revised 01/16/2013).
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A Method for Estimating VOC Emission Rates from Area Sources Using Remote Optical Sensing.
R.L. Scotto, T.R. Minnich; A&AWMA/USEPA International Symposium on the Measurement of
Toxic and Related Air Pollutants; Durham, NC; May 1991.

User’'s Guide for the AMS/EPA Regulatory Model — AERMOD. U.S. Environmental Protection
Agency, Officeof Air Quality Planning and Standards, Air Quality Assessment Division, Air Quality
Modeling Group, Research Triangle Park, NC; EPA-454/B-16-011; December 2016.

Primary Project Goal Only

AERMOD Training, Understanding the Key Surface Characteristics Used by AERMET, a
PowerPoint Presentation (undated). Texas Commission on Environmental Quality;
http://www.cabg.gov/ai rquality/documents/pdf/tceqsf croughnessqui dance.pdf.

A Brief Practica Guide to Eddy Covariance Flux Measurements: Principles and Workflow
Examples for Scientific and Industrial Applications (Version 1.0.1). G. Burba, D. Anderson;
LI-COR Biosciences, Lincoln, NE.

Optimal Sensor Locationsfor the Backward L agrangian Stochastic Techniquein Measuring Lagoon
Gas Emission. K.S. Ro, K.C. Stone, M.H. Johnson, P.G. Hunt, T.K. Flesch; Journa of
Environmental Quality; July 14, 2014.

Uncertainty in Deriving Dispersion Parameters From Meteorological Data. A Report Prepared for
Atmospheric Dispersion Modelling Liaison Committee; V. Auld, R. Hill, T. J. Taylor; Westlakes
Scientific Consulting, LTD; Cumbria, UK; June 2003.

User's Guide for the AERMOD Meteorological Preprocessor (AERMET). U.S. Environmenta
Protection Agency, Officeof Air Quality Planning and Standards, Air Quality Assessment Division,
Air Quality Modeling Group, Research Triangle Park, NC; EPA-454/B-16-010; December 2016.

User’ sGuideto the Building ProfileInput Program. U.S. Environmental Protection Agency, Office
of Air Quality Planning and Standards, Technical Support Division, Research Triangle Park, NC;
EPA-454/R-93-038; October 1993 (Revised April 21, 2004).

Validation Testing of the Area-Source Technique Using EPA Method TO-16. Fina Extended
Abstract # 31; R.L. Scotto, T.R. Minnich, S.H. Perry, O. Pikelnaya, A. Polidori, L. Tisopulos, S.
Stuver, J. Alonzo; Presented at the Conference: Air Quality M easurement M ethods and Technol ogy;
Chapel Hill, NC; March 15-17, 2016.
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http://www.msiair.net

Secondary Project Goal Only

Inverse Dispersion Modelling Data from an Area Fugitive Emission Survey at a Large Oil Sands
Mine: 2015 and 2016 Data Descriptions. Y. Liu; Climate Change Engineer, Compliance and
Regulation, Alberta Climate Change Office, Edmonton, Alberta T5J 1G4; 2015 and 2016 (separate
compilations).

M eteorological Monitoring Guidance for Regulatory Modeling Applications. U.S. Environmental
Protection Agency, Office of Air Quality Planning and Standards; Research Triangle Park, NC;
EPA-454/R-99-005; February 2000.

Quantification of AreaFugitive GHG Emissions at Oil Sands Minesby aNovel Inverse Dispersion
Modelling (IDM) Approach. F.R. Robe, C. Reuten, A.M. Seguin, D. Chadder, N. Veriotes, T.K.
Flesch; CPANS, Edmonton, AB; May 9, 2017.

A User's Guide for the CALMET Meteorologica Model (Version 5). J.S. Scire, F.R. Robe, M.E.
Fernau, R.J. Yamartino; Earth Tech, Concord, MA; January 2000.
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2.2 Technology Development, I nstallation, and Commissioning
Figure 2-1 presents the functional logic for e-Calc 2.

FIGURE 2-1. FUNCTIONAL LOGIC: E-CALC 2

TDL Meteorological
Methane
Concentration | |
Messured Data Pressure | [Temperature, Wind-Vector Source and TDL
& RH Components (2m)| |Beam-Path Locations
Calculated Data Tyrbulepce Wind Speed
Simulation & Direction

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Meteorological Files

AERMOD-Ready -F’rofile -Surface
input Data
Input Data File

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Unity Modeling AERMOD
Measured Predicted

Emission-Rate Source (Unity-Based)

Calculation Attribution Source Attribution

Measured Data
M easured dataconsistsof the TDL methane concentration(s), meteorol ogical parameters, and source
and TDL beam-path locations.

TDL Methane Concentration(s)
These are the measurementsfor determining sourceattribution. Ingeneral, thisrequires subtracting
the downwind, path-integrated concentration from the upwind PIC. However, whenit can be shown
that the upwind PIC isnegligible by comparison, source attribution can be reasonably approximated
simply from the downwind PIC.

M eteorological Parameters

M easured meteorological parameters consist of vector component wind speed (u,v,w), ambient
temperature, relative humidity, and barometric pressure, all from a height of 2 meters (except
pressure, 0 to 1 meter).

Source and TDL Beam-Path L ocations
A GPSisused to determinethe preciselocations of the source, aswell asthedownwind TDL beam-
path endpoints.
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Calculated Data

Thecalcul ated data simul ates the atmospheric turbulencein order for acceptanceby AERMOD (i.e.,
“AERMOD-ready”). As discussed more thoroughly in Section 2.5.5 (subheading “Covariance
Algorithm Confirmation™), e-Calc 2 employs the eddy-correlation (or covariance) approach, which
requires the measurement of wind using sonic anemometry. Covariance statistics are used to
determine the friction velocity. The power-law equation is then used to generate the vertical wind-
speed profileinthelower few meters of the atmosphere, based on the cal cul ated friction vel ocity and
the sonic anemometer wind measurements.

AERMOD-Ready I nput Data
All meteorological data must be in precise formats for AERMOD acceptance. Two types of
AERMOD-ready files are generated: a*“profile” file and a“surface” file.

Profile File

The profilefile (“pfl”) contains the meteorological data necessary to create a vertical wind-speed
profile. This data consists of wind speed and direction, as well as the information to simulate
turbulence. This latter information includes temperature and wind-based statistics to estimate the
fluctuating components of the wind.

Surface File

The surface file (“sfc”) contains standard meteorological surface observations (wind speed, wind
direction, and temperature, all from measurementsat 2 meters), together with turbul ence estimates.
This includes other calculated parameters as discussed in Section 1.2.2.

Unity Modeling
The purpose and procedure for performing the unity modeling in AERMOD is described in Step 2
of the area-source technigue approach (see Section 1.2.2).

Emission-Rate Calculation

Figure 2-2 presents an example Monitoring Event Analysis Screen (actual screen from the field-
testing). The methaneemissionrateiscal culatedin accordancewith Equation 1-1, presented in Step
3 of the area-source technique approach (Section 1.2.2). Review, editing, validation, and printing
of e-Calcresultsareperformed by pressingthe“ Edit/Print Event” button at the bottom of this screen.
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FIGURE 2-2. EXAMPLE MONITORING EVENT ANALYSIS SCREEN

i~ Project Information

Client [ERA Souce [Production Pad Leak Project # [555.01
Event Information Emission Rate
EventDate  |[pgs21/2018 ==  StatTime [15.45 —
Monitaring Day o7 Eventi 10 Calculate Emission Rate ‘
- Measurement Information |
Compound {rnahane Q = Q X (C I C )
ECachputfle [FaTINP v = v
X ¥y
Path Endpoints [m] | r [ sazss i = | 36767 mols C = 2639 mg/m2
to
Concentiation 2639 & mg/m2 . Q‘-': I 15 mos C'z o0 g
M=t lacical Ind. o Ley»el‘t Levelz 1 Plume Capture
Measurement Height [m) 2 | 5
Wind Speed [m/s] [ za3 [ 323 PC=(C /C )1x100%
‘wind Direction [degrees] 2528 | 2647 s =
Temperature [degrees C] 2579 [ 15 PC = 991 %
Sigma Theta (degrees) 223 [ 201s
Sigmaw(m/s)(39891 [ 0333 Roughness Length (m) 33 C = 005 mg/m?
Friction Velocity (m/s) [ 02z Sensble Heat Flux (wim2) [ 1m3 | U
Monin-Obukhoy Len [m E Cloud Ci (0-10) (999
ohin: ovLlen(m) [~ 3578 0vel 1(339) 05 C = 0.07 mg/mz

Relative Hurmidity (%] [599]| 24 Solar Elevation Angle (359) 939 UE
Abada [unithess) l 39 Bowen Ratio (unitless) 99

Pressure [mb] 943

Edit/Print Event ‘ Exit |
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23  Experimental Proceduresand Methods

Section 2.3.1 discussesthe experimental design. Section 2.3.2 identifiesthe data-collection needs.
Section 2.3.3 describes the field logistics and sequence of activities employed. Section 2.3.4
discusses documentation and record-keeping.

2.3.1 Design

Figures 2-3 through 2-6 presented the simulated process sources. These were: a production pad
(well-head leak, where the pi pes emerge from the ground); agas-gathering pipelineassembly (valve
or flange leak); a gas transmission line (flange or rupture leak); and a booster station (ruptured
compressor-engine seal leak or condensate tank thief-hatch or pressure-relief valve leak).

FIGURE 2-3. SSIMULATED METHANE SOURCE: PRODUCTION PAD
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FIGURE 2-5. SSIMULATED METHANE SOURCE: GASTRANSMISSION LINE

FIGURE 2-6. SSIMULATED METHANE SOURCE: BOOSTER STATION

Potential M easurement Configurations

Figure2-7 presentsaschematic illustration of the experimental design. The TDL and retroreflector
were moved, as needed, based on the mean wind direction. The meteorological tower was sited at
a position representative of the plume dispersion and transport conditions between the controlled-
release location and the TDL measurement path, in accordance with applicable U.S. EPA siting
criteria. The distance between the simulated source and the measurement path ranged from 20
meters (Day 1) to 75 meters (Day 2).
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FIGURE 2-7. EXPERIMENTAL DESIGN: SCHEMATIC ILLUSTRATION
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427,100 427,150 427,200 427,250

Sour ce-Receptor I nput Data

Information required for implementing the unity-based modeling included the emission source
(location coordinates, orientation, booster-station dimensions, grade elevation, and release height
above grade) and the measurement path (grade elevation of the TDL beam-path and coordinates of
the beam endpoints).

Overview of the Data-Collection Component

A total of eight days of controlled-release measurements were budgeted. Two full days were
allocated for each of the four sources (or source groups). Additionally, 2-hour nighttime
measurement “add-ons’ (before sunrise or after sunset) were included in two of the measurement
days. Theintent wasto collect, for each source, a sufficient number of measurement eventswithin
both unstable (daytime) and stable (nighttime) atmospheric regimes.

Anaverage of twenty-four, 15-minute-averaged emission rate “ snapshots” (i.e., monitoring events)
was expected to be completed during each measurement day, for an anticipated project total of 192
daytime snapshots; i.e., 48 per each source (or source group). Each nighttime add-on was expected
to yield a additiona eight snapshots.

ERA Fina Outcomes Report
July 17, 2019 2-9



2.3.2 Data-Collection Needs

Measured Data

Table2-1identifiesal datawhich weremeasured directly. Thepath-integrated TDL measurements
were collected and generated as 1-second averages. A uniform methane mass flow rate was set for
each measurement day (unknown to the e-Calc operator), and was checked for drift (and recorded)
approximately every hour. The meteorological measurements were generated both as 1-second
values and 15-minute block averages.

TABLE 2-1. DATA MEASURED DIRECTLY

M easur ement

Path-Integrated M easurements

methane

M ass-Flow M easurements

methane

Direct M eteorological M easurements

wind speed vectors u, v, and w at 2 meters

wind speed vectors v and w at 5 meters

ambient temperature at 2 and 5 meters

atmospheric pressure at 2 meters

Reduced Data
Table 2-2 identifies the meteorological parameters needed to support e-Calc. These input
parameters were derived from measurements made directly in the field.

TABLE 2-2. DERIVED METEOROLOGICAL PARAMETERSAND ASSOCIATED RAW MEASUREMENTS

Derived 15-M inute Parameter for E-Calc Input
Horiz.
Wind Rough- |Sensible| Monin- | Témperature
(Speed |Sigma [Sigma | Friction [ ness Heat | Obukhov 2-5m Raw 1-Second
& Dir.) [Theta| Phi |Velocity | Length | Flux Length |Amb.| Profile M easur ement
X X X X 2m u-comp. 3D wind vector
X X X X 2m v-comp. 3D wind vector
X X X X 2m w-comp. 3D wind vector
X X X 5m v-comp. 2D wind vector
X X X 5m w-comp. 2D wind vector
X X X X 2m ambient temperature
X 5m ambient temperature
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2.3.3 Field Logisticsand Sequence of Activities

The start-time for each monitoring event was synchronized with the clock governing collection of
the meteorological data. All monitoring events began precisely at the quarter hour; i.e., at the top
of the hour or 15, 30, or 45 minutes past. All meteorological datawas recorded onto a datalogger
which was periodicaly downloaded onto a flash drive (memory stick) in order to minimize the
chances of dataloss.

The sequence of each day’ sfield activities was:

1. Select Measurement Configuration and Perform Equipment Set-Up and Start-Up

Finalize the go/no-go decision; if ago, continue

Determine the source location and measurement configuration

Provide the monitoring event identification sequencing numbers for the day
Perform meteorological system check-out and start-up

Set up the controlled release apparatus, and site and power-up the TDL system

2. Conduct Data Collection

Commence data collection, once the TDL and controlled release systems have
stabilized (uniform controlled release rate for each field day)

Perform documentation of all data-collection activities, including anything which
may affect data quality

3. Perform Post-Data-Collection Tasks

Electronically back up all TDL and meteorological data, using high-capacity memory
sticks

Prior to equipment shut-down and/or breakdown, identify and document any issue
or concern potentially adverse to the quality of the data collected

Review al documentation

4, Conduct Planning Meeting for Next Day’ s Activities

Review meteorol ogical forecast to support a go/no-go decision

Select the source type to be monitored

Identify any technical and logistical problems, either having occurred or anticipated,
and a plan of action for their resolution

Decide whether to perform nighttime testing
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Figure 2-8 presents the field data-collection form filled out by the Field Manager after each
monitoring event.

FIGURE 2-8. FIELD DATA-COLLECTION FORM

PROOF-OF-CONCEPT E-CALC TESTING
VEGREVILLE, ALBERTA

FIELD-DATA COLLECTION FORM

Event No.
Date / /18
MO DAY YR
Start Time (MDT)
Simulated Source O Production Pad 0 Gas-Gathering Pipeline Assembly
O Gas Transmission Line O Compressor Engine
Beam Orientation to degrees
TDL Path Length m
Downwind Distance m

MEASURED VALUES

2m Height Sm Height Temperature
Methane Ambient | Ambient | Dew Pt.
Conc. u WS v WS w WS v WS w WS 2m Sm 2m Pressure
(mg/m?) (m/s) {m/s) (m/s) (m/s) (m/s) {("K) ("K) ("K) (mm Hg)

CALCULATED VALUES

Wind Speed Sigma
Wind Monin-
Direction| | Theta Phi Rough. | | Friction | | Sensible | [Obukhoyv
2Zm Sm Sm (5m) (2Zm) RH Length Velocity | [Heat Flux Length
(m/s) (m/s) (degrees)| |(degrees)| (m/s) (%) (m) (m/s) (W/m?) (m)
Comments
Sign-Off Date

Minnich and Scotie
ERA Project
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2.34 Documentation and Record-Keeping
The documentation and records generated in the field were sufficiently comprehensiveto ensurethe
technical validity of the datacollected, and to support independent validation of the project findings.

M eteor ological M easur ement System

M eteorol ogical datawas collected, processed, and stored using aMet One IMP-865 programmable
datalogger. Thedatalogger had the capability of storingthedirectly measured, 1-second (1 Hz) raw
values, together with internally tabulated, 15-minute-averaged measured and derived values. All
datawas stored in a ASCII CSV text file format.

Tunable Diode Laser System

Path-integrated methane datawas col lected each second. The datawas processed on aninternal data
logger (4 GB capacity), designed to allow for data transfer and downloading as needed. Stored as
1-second raw valuesin ASCII CSV format, all datawas copied daily onto aflash drive for transfer
to aseparate field PC, from which 15-minute values were tabulated for each monitoring event.

Controlled-Release System

A spreadsheet detailing all controlled-rel easerate datawas prepared. Thisincludedthemeanrelease
rate for each monitoring event, together with all supporting QC information, including tabulation
of the total precision and accuracy (i.e., the mass flow controller plus the natural gas composition
analysis) for each release rate.
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24  Modding Details

The essence of this project was to test the e-Calc 2 software for application to leaking upstream
process sources in the O& G industry. Both e-Calc versions (e-Calc 1 and e-Calc 2) are based on
AERMOD, the U.S. EPA’s Guideline air dispersion model.

The reader isreferred to Section 1 of this Final Outcomes Report (especially Sections 1.1 and 1.2)
for acomprehensive, detailed description of all aspects of the modeling performed.
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25  Resultsof Experiments and Model Simulations

The metric for evaluating the performance of e-Calc 2 in addressing the primary project goal was
how well the predicted methane emission rate compared to the controlled (or actual) release rate.
This P/A comparison is expressed throughout as a percent ratio, and assessed largely as functions
of meteorol ogy.

Table 2-3 presents a summary of the field testing each measurement day. Tests were conducted
between August 14 and 23, 2018. A tota of 211 daytime and 16 nighttime, 15-minute-averaged
monitoring events were completed for the four simulated sources.

The controlled emissionswere constant over each measurement day (oneexception), but at differing
rates as selected by InnoTech Alberta.

TABLE 2-3. SUMMARY OF DAILY FIELD TESTING

Release
Ht. Above # of Valid Events # of
Date | Day of the Grade Background
Day | (2018) W eek Simulated Source (m) Daytime | Nighttime | Readings

1 |Aug. 14 |Tuesday booster station (BS) 3 29 0 2
2 |Aug. 15 |Wednesday |booster station 3 26 0 4
3 |Aug. 16 |Thursday gas-gathering pipeline (GGP) 1 26 0 6
4  |Aug. 17 |Friday gas-gathering pipeline 1 24 0 6
5 |Aug. 18 |Saturday gas transmission line (GTL) 0.4 24 0 4
6 |Aug. 20 |Monday gas transmission line 0.4 25 0 6
7 |Aug. 21 |Tuesday production pad (PP) 0.4 23 0 8
8 |Aug. 22 |Wednesday |production pad 0.4 20 0 8
9 |Aug. 23 |Thursday gas-gathering pipeline 1 14 16 10
Total 211 16 54

Section 2.5.1 addresses assignment of the methane background values. Section 2.5.2 presents
composite results for the entire nine-day measurement program. Section 2.5.3 presents the results
by simulated source. Section 2.5.4 presents preliminary conclusions from this data analysis.
Section 2.5.5 describes an initial set of supplemental analyses performed to address a significant
source of P/A error; none of these analyses was envisioned in the original Work Scope (see Section
1.4). Section 2.5.6 provides an assessment of whether a single wind sensor could be considered
satisfactory. Section 2.5.7 describesthefina analysis performed —arefined assessment to address
the booster station (a source previously dismissed from further consideration).

ERA Fina Outcomes Report
July 17, 2019 2-15



251 Assignment of Methane Background Values

E-Calc (versions 1 and 2) predicts an emission rate based on the attribution from afugitive ground-
level source. Ingeneral, source attribution isdetermined by subtracting the background (or upwind)
concentration from the downwind concentration for each monitoring event — 15 minutes, inthiscase.
When the background concentration isnegligible, the source attribution can be ascribed solely to the
downwind value (i.e., background measurements are not required).

For this project, however, treatment of the background methane concentration required special
attention, asthe background was shown to be: (a) variable over the measurement day; and (b) quite
significant, relativeto the sourceattribution. Several-minute background measurementswere made
immediately before and after each data “block,” in which a block was defined as a continuous
(uninterrupted) series of monitoring events. The background value assigned to each monitoring
event was then linearly interpolated between the two actual measurements.

Table 2-4 presents the background methane concentrations assigned to each monitoring event over
the entire nine days of measurements. Also depicted are the measurement day and date, the
simulated source, and the local end-time of each event. The bolded numbers represent background
values, measured during timeswhen the controlled methane-rel ease system wasturned off. All other
numbers (i.e, not bolded) represent the interpolated background values, as discussed above.

The greatest source of analysis uncertainty (and, therefore, potential error) was the inability to
“ground-truth” these interpolated background methane concentrations. In general, the confidence
in the background val ue assigned to any particular monitoring event was roughly proportional both
to the rate of change of the interpolated value from one event to the next, and to the closeness
between the event and the nearest background measurement (i.e., forward or backward in time).

ERA Fina Outcomes Report
July 17, 2019 2-16



TABLE 2-4. BACKGROUND METHANE CONCENTRATIONSFOR EACH BLOCK OF DATA (ppm)

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 8
End-Time Aug. 14 Aug. 15 Aug. 16 Aug. 17 Aug. 18 Aug. 20 Aug. 21 Aug. 22 Aug. 23

(Local) BS BS GGP GGP GTL GTL PP PP GGP

9.00 2.136

915 2.149

9,30 2,161

.45 |z

10:00 1.976 2188

10:15 1.972 2,199 ' ' 2.201

10030 1.068 2181

10:45 1,065 2161

11:00 1,961 2141

1115 1.857 2121 1.834

11:30 1.963 210 1.832

11.45 1,849 2.090 2 081 1,830

12:00 1.945 L2087 ]| =zoe 1.827 2.049

12:15 1,942 2077  2.084/2056| 2041 1,825 2.042

12:30 1.938 2.071 2.040 2021 1.823 2035

12:45 1934 || 2088 2024 2.001 1888 | 1821 1.947 | 2027

13:00 1.930 2.080 2.008 1.981 1.887 1.818 1.941 2.020

1315 1.928 2085 1992 | 1.961 16886 |1.816/1.808| 1934 2.013

13:30 1.822 2049 1.960  1.941/1.908 | 1885 1.810 1628 2.008

13.45 1.819 2043 1.860 1.812 1.883 1.811 1.921 1 998

14.00 1,815 2038 1959 1816 1,882 1,813 1915  1.991/1.993

14:15 1.811 2032 1.859 1.818 1.881 1.814 1.998

14:30 1,907 2027 1 958 1.923 1.880 1,816 1.726 2.003 2.728
14:45 1.903 202 1.958 1.926 1.872 1.817 1.723 2.0081.928 | 2557 |
15.00 1,889 2015 1957 1.830 1878 1.819 1.720 1.028 2.386
1515 1.896 2.010 1.957 1.933 1877 1.820 1.717 1.923

15:30 1.892 2004 1958 1.915 1876 |1.822/1.818| 1.715 1.921

15:45 1.888 1.998 1,956 1.934 1.874 1.820 1712 || 1918

16:00 1.884 tees ) 1955 1858 || 1873 1820 f| 1708 1918 2446
16:15 1.880 1.987 1955 1872 1.872 1.821 1706 || 1913 2361
16:30 1.876 1982 1.954 1.892 1.87111.873 1.822 1.706/1.7086 1.811 22786
16:45 1.873 1.976 1.954 2.011 1874 1.822 1.705 | 1.908/.908 219
17:00 1.869 1.970 1,953 2030 1.875 1.823 1.704 1915 2.106/2096
17:15 1,865 1 985 1953 2.049 1875 1,823 1,702 1923 2107
17:30 1.861 1.859 1.852 1876 1.824 1.701 1.932 2108
17.45 1,954 1952 1877 1,825 1.700 1.940 2110
18:00 1.948 1951 1678 1.825 1.698 1.949 2111
18:15 1.951 1879 1.826 1,687 2112
18:30 1.950 1.880 1.696/1.694 2113
18.45 1.950 1.880 1.701 2115
19:00 | 1948 1.881 ' 1.708 2116
19:15 _ 1.949 1.882 1.715 2.117/2.109
19:30 B T ' T ) 1721 | 2110
16:45 1728 2111
20:00 1.735 2112
200115 2113
20:30 2115
20:45 2118
21.00 2117
21:15 2118
21:30 _ , _ , 2.119/2.114
21:45 3 ' 2113
22:00 ; 2112
22:15 2111
22:30 2110
22:45 2109
23:.00 2108
2315 2108
23:30 2107
23:45 2106
0:00 2105
015 2.104

ERA Fina Outcomes Report
July 17, 2019 2-17



25.2 Composite Results

In this section, the predicted-to-actual emission rates are shown for the nine days of measurements,
asawhole. The statistics presented are: P/A relative standard deviation (RSD) vs. block number,
wind speed, and standard deviation of the horizontal wind direction (sigmathetaor o,); and P/A bias
vs. block number. The P/A statistics are analyzed in greater detail, on a source-by-source basis, in
Section 2.5.3.

Table 2-5 presents an overall statistical analysis summary. For each measurement day, presented
arethesimul ated source, the databl ocksand associated monitoring events (datablocksarenumbered
sequentially), and, for each block, the closest separation between the controlled release and the
downwind TDL beam. Also presented for each datablock arethe predicted and actual emissionrates
(mg/s), as well as the statistics identified above. In general, the P/A bias and relative standard
deviation were determined to be the best measures of assessing the block-to-block e-Calc 2
performance.

TABLE 2-5. OVERALL STATISTICAL ANALYSISSUMMARY

Separation | Predicted | Actual 2m Wind | 2m Sigma
Data Distance (P) (A) Bias | RSD | Speed Theta

Day Source Block | Events {m) (mgls) (mals) | (%) (%) (m/s) (degrees)
1 | Booster Station 1 | 129 20.4 6665 | 4034 | 652 | 250 | 345 13.08
Py [ —— 2 14 204 16589 | 3227 | 4141 3640| 1.16 19.72
3 | 526 23.1 480.3 | 3227 | 488 | 654 | 270 1141
) 2 1 425 5066 | 4437 | 142 | nia 250 12.23
3 Gas;@g:,he“"g 5 | 24 425 3470 | 4437 | 218 | 144 | 173 22.49
peline 5 | 526 225 4751 | 4437 | 71 | 290 | 322 13.49
, 7 | 1-12 296 560.4 | 4034 | 389 | 11.8 | 3.21 14.59
4 Gaigz:,ﬂg'”g 8 | 13-18 296 5300 | 4034 | 338 | 92 | 321 15.02
i 9 | 1924 296 290.8 | 4034 | 21.7 | 125 | 2.98 18.04
5 | Gas Transmission |_10_| 1-14 75.0 7545 | 6454 | 160 | 244 | 6.79 12.46
Line 11| 15-24 75.0 8346 | 6454 | 293 | 204 | 491 1212
pr——— T 54.5 5348 | 7260 | 263 | 216 | 262 30.52
6 e 13 | 815 54.5 6506 | 7260 | -10.4 | 236 | 3.33 2358
14 | 16-25 545 7093 | 7260 | 23 | 249 | 267 22.93
15 | 14 43.9 2632 | 3630 | 275 | 290 | 257 25.71
7 | Production pag 16| 511 23.2 3621 | 3630 | 03 | 17.7 | 280 26.89
17 | 12-18 430 3864 | 3630 | 65 | 1774 | 233 21.30
18 | 1923 432 4028 | 3630 | 110 | 293 | 125 10.23
19 | 17 576 3911 | 4840 | 192 | 19.1 | 202 17.01
o N T 576 4568 | 4840 | 56 | 390 | 326 15.60
21 | 10-16 31.0 5053 | 4840 | 44 | 111 | 323 11.65
22 | 17-20 3.0 6316 | 4840 | 305 | 104 | 1.30 12.88
23 1 520 22568 | 16134 | 399 | n/a 2.98 13.91
T 24 | 24 311 13245 | 7260 | 824 | 9.0 525 12.08
9 Fipeline 25 | 512 311 11935 | 7260 | 644 | 132 | 549 9.90
26 | 1320 311 13591 | 7260 | 872 | 122 | 434 12.91
27 | 21-30 311 1154.7 | 7260 | 590 | 27.2 | 382 9.16
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Figur e 2-9 presentsthe P/A relative standard deviation vs. block number over all nine measurement
days. Excluded from this graph are Block 2 (booster station, Day 2), Block 4 (gas-gathering
pipeline, Day 3), and Block 23 (gas-gathering pipeline, Day 9). Block 2 was designated a statistical
outliner in this and the three subsequent figures (discussed in Section 2.5.3). Blocks4 and 23 each
consisted of a single monitoring event, thereby precluding calculation of the relative standard
deviation.

In general, the P/A relative standard deviation decreased with increasing block number, asindicated
by the best-fit line. This improvement over time was likely due to the increased number of
background measurements with latter measurement days, as can be seen from Table 2-3.

FIGURE 2-9. P/A RELATIVE STANDARD DEVIATION VS.BLOCK NUMBER
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Figure 2-10 presents the P/A bias vs. block number over the nine measurement days. Except for
Block 1 (booster station, Day 1), Block 3 (booster station, Day 2), and Blocks 24 through 27 (gas-
gathering pipeline, Day 9), the bias was within about 40 percent (+/-) for al of these 20 remaining
blocks, and within about 20 percent for 13 of those.

FIGURE 2-10. P/A BIASVS. BLOCK NUMBER
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Figure2-11 presentsthe P/A relative standard deviation vs. wind speed at 2 meters. There appeared
to be little correlation between the P/A relative standard deviation and mean 2-meter wind speed,
asindicated by the best-fit line and a correlation coefficient (r?) of 0.013 (not shown).

FIGURE 2-11. P/A RELATIVE STANDARD DEVIATION VS. WIND SPEED (2m)
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Figure 2-12 presents the P/A relative standard deviation vs. sigmathetaat 2 meters. The standard
deviation of the horizontal wind direction is generally a measure of atmospheric stability, whereas
the lower the value, the less horizontal dispersion and the greater stability. While one might expect
adirect correlation between sigma theta and the P/A relative standard deviation, such was not the
case (r* = 0.005). Thelikely reason for this lack of correlation was the fact that the plume capture
was generally at (or close to) 100 percent for most monitoring events, indicating that the horizontal
dispersion was properly accounted for in the e-Calc software.

FIGURE 2-12. P/A RELATIVE STANDARD DEVIATION VS. SIGMA THETA (2m)
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25.3 Resultsby Simulated Source
Analysisresults for the four ssmulated sources are summarized in this section.

. Booster Station
The simulated booster station, awooden box (length 16.5 meters, width 3.1 meters,
and height 3.0 meters), was constructed to represent atypical enclosure which might
house a compressor engine within a condensate-tank complex. The controlled
methane was released via Tygon tubing which extended the height of the enclosure,
centered on the rooftop.

. Gas-Gathering Pipelines
The gas-gathering pipeline leaks were simulated using a small, rectangular lattice-
type array of 2.5-centimeter-diameter copper piping. The pipes were pierced with
about 70 or 80 small holesin order to distribute the methane flow to the ambient air.
The piping array was about 1.8 meters by 0.9 metersin size, and was positioned 1.0
meters above the ground.

. Gas Transmission Line
An underground gas transmission line leak was simulated by placing a bucket (0.4
meters tall and 0.4 meters in diameter) placed on the ground, and introducing the
methane into the center of the bucket bottom. The overlying soil through which the
methane had to flow to escape through the top of the bucket was simulated by adding
some 200 small, cylindrical stainless steel pall rings (height and diameter
approximately 2.5 centimeters), filling the entire bucket.

. Production Pad
A production pad will typicaly leak at the well head. This type of leak was
simulated using an empty bucket (0.4 meterstall and 0.4 metersin diameter) placed
on the ground, and introducing the methane into the center of the bucket bottom.
This approach was similar to the underground gas transmission pipeline simulation
(Days 5 and 6), except that the bucket remained empty.

For each measurement day, atablewas prepared which detail ed, for each monitoring event: the TDL
attribution; the predi cted e-Cal c 2 methane emission rate and the associ ated plume capture; theactual
(or controlled) methane release rate; the 2- and 5-meter meteorological sensor height information
(wind speed, wind direction, actual temperature, and sigma theta); the turbulence parameters
consisting of the standard deviation of the vertical wind speed, friction velocity, Monin-Obukhov
length, and sensible heat flux; the relative humidity; and the atmospheric pressure. Thesetablesare
not reproduced herein.
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Booster Station —Days 1 and 2

Figure 2-13 presents, for Day 1, the P/A biasvs. event end-time for the booster station simulation.
From Table 2-5, the Day 1 actua emission ratewas403.4 mg/s, and the mean P/A biasfor the Block
1 (Events 1 through 29) was +65.2 percent.

FIGURE 2-13. DAY 1-BOOSTER STATION: P/A BIASVS. EVENT END-TIME
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Figure 2-14 presents, for Day 2, the P/A bias vs. event end-time for the booster station simulation.
From Table 2-5, the Day 2 actua emission rate was 322.7 mg/s, and the mean P/A biases were:
Block 2 (Events 1 through 4), +414.1 percent; and Block 3 (Events 5 through 26), +48.8 percent.

FIGURE 2-14. DAY 2-BOOSTER STATION: P/A BIASVS. EVENT END-TIME
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Gas-Gathering Pipeline—Days 3, 4, and 9
Figure 2-15 presents, for Day 3, the P/A bias vs. event end-time for the gas-gathering pipeline
simulation. From Table 2-5, the Day 3 actua emission rate was 443.7 mg/s, and the mean P/A
biases were: Block 4 (Event 1), +14.2 percent, Block 5 (Events 2 through 4), -21.8 percent, and
Block 6 (Events 5 through 26), +7.1 percent.

FIGURE 2-15. DAY 3—-GAS-GATHERING PIPELINE: P/A BIASVS. EVENT END-TIME
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Figure 2-16 presents, for Day 4, the P/A bias vs. event end-time for the gas-gathering pipeline
simulation. From Table 2-5, the Day 4 actua emission rate was 403.4 mg/s, and the mean P/A
biases were: Block 7 (Events 1 through 12), +38.9 percent; Block 8 (Events 13 through 18), +33.8
percent; and Block 9 (Events 19 through 24), +21.7 percent.

FIGURE 2-16. DAY 4—-GAS-GATHERING PIPELINE: P/A BIASVS. EVENT END-TIME
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Figure 2-17 presents, for Day 9, the P/A bias vs. event end-time for the gas-gathering pipeline
simulation. From Table 2-5, the Day 9 actua emission rate was 1,613.4 mg/s for Block 23, and
726.0 mg/s for Blocks 24 thorough 27. The mean P/A biases were: Block 23 (Event 1), +39.9
percent; Block 24 (Events 2 through 4), +82.4 percent; Block 25 (Events 5 through 12), +64.4
percent; Block 26 (Events 13 through 20), +87.2 percent; and Block 27 (Events 21 through 30),
+59.0 percent. Thefina 16 events (beginning with the end-time of 20:00) werethe only eventsable
to be performed during nighttime conditions for the entire study.

FIGURE 2-17. DAY 9-GAS-GATHERING PIPELINE: P/A BIASVS. EVENT END-TIME
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GasTransmission Line—Days5 and 6

Figure 2-18 presents, for Day 5, the P/A bias vs. event end-time for the gas transmission line
simulation. From Table 2-5, the Day 5 actual emission rate was 645.4 mg/s, and the mean P/A
biases were: Block 10 (Events 1 through 14, end-times 13:00 — 16:15), +16.9 percent; and Block
11 (Events 15 through 24, end-times 16:45 — 19:00), +29.3 percent.

FIGURE 2-18. DAY 5—GASTRANSMISSION LINE: P/A BIASVS. EVENT END-TIME
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Figure 2-19 presents, for Day 6, the P/A bias vs. event end-time for the gas transmission line
simulation. From Table 2-5, the Day 6 actual emission rate was 726.0 mg/s, and the mean P/A
biases were: Block 12 (Events 1 through 7, end-times 11:30 through 13:00), - 26.3 percent; Block
13 (Events 8 through 15 end-times 13:30 — 15:15), - 10.4 percent; and Block 14 (Events 16 through
25, end-times 15:45 — 18:00), - 2.3 percent.

FIGURE 2-19. DAY 6 - GASTRANSMISSION LINE: P/A BIASVS.EVENT END-TIME
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Production Pad —Days 7 and 8

Figure 2-20 presents, for Day 7, the P/A biasvs. event end-time for the production pad simulation.
From Table 2-5, the Day 7 actual emission rate was 363.0 mg/s, and the mean P/A biases were:
Block 15 (Events1through 4, end-times 13:00—13:45), - 27.5 percent; Block 16 (Events 5 through
11, end-times 14:45 — 16:15), -0.3 percent; Block 17 (Events 12 through 18, end-times 16:45 —
18:15), +6.5 percent; and Block 18 (Events 19 through 23, end-times 18:45 — 19:45), +11.0 percent.

FIGURE 2-20. DAY 7-PRODUCTION PAD: P/A BIASVS. EVENT END-TIME
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Figure2-21 presents, for Day 8, the P/A biasvs. event end-time for the production pad simulation.
From Table 2-5, the Day 8 actual emission rate was 484.0 mg/s, and the mean P/A biases were:
Block 19 (Events 1 through 7, end-times 12:15 — 13:45), - 19.2 percent; Block 20 (Events 8 and 9,
end-times 14:15—14:30), - 5.6 percent; Block 21 (Events 10 through 16, end-times 15:00 — 16:30),
+4.4 percent; and Block 22 (Events 17 through 20, end-times 17:00 — 17:45), - 30.5 percent.

FIGURE 2-21. DAY 8 - PRODUCTION PAD: P/A BIASVS. EVENT END-TIME
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2.5.4 Preiminary Conclusions

The primary project goa was generally achieved, based on the original Work Scope (see Section
1.4). An exception, however, was that we were unable to develop source-specific empirical
correction factors despite the fact a general systematic bias was observed in the P/A results. The
large scatter of the P/A dataand the confounding issue concerning assignment of monitoring event
background values precluded our ability to develop these empirical adjustmentsto e-Calc 2.

Background issuesnotwithstanding, the statistical performance of e-Calc 2 in addressing the project
goal wasstill somewhat disappointing overall. Althoughamajor reason for theless-than satisfactory
P/A results was the inability to assign an accurate methane background concentration to each
monitoring event, it was evident there were other factors at play as well. Presented next are
considerations with respect both to the model (i.e., AERMOD), and to the interpolated background
methane concentrations.

AERMOD Considerations

For the booster-station simulation, e-Calc 2 clearly over-predicted during Day 1, likely owing to the
establishment of a“rotor” downwind of thissomewhat elevated source. On the other hand, oncethe
TDL beam was moved further downwind on Day 2 (Block 3), the software performed quite well.
The exception to this, however, was when the wind was very light (less than about 1.4 m/s at 2
meters), resulting in methane pooling which, in turn, led to a breakdown of the model and
anomalously high emission-rate predictions. It should be noted that the AERMOD Implementation
Guide cautionsmodel usersabout predictioninaccuraciesunder very light wind conditions (lessthan
1 m/s at aheight of 10 meters), due to plume meander.

Another problem primarily affecting the booster station wasthefact that, for small, slightly elevated
non-buoyant sources such asthis, under most conditions, the model holds constant the elevation of
the plume centerline within about 50 meters downwind of the source (beyond which it tends to mix
uniformly in the vertical dimension). In this case, therefore, the model positioned the plume
centerlineat thebooster station’ smethanerel ease height (3 meters abovethe ground). However, we
were able to demonstrate that for these days (Days 1 and 2), the plume centerline, in actuality, was
brought closer to the ground (to within about 1 or 1.5 meters, depending on the data block) before
reachingthe TDL beam-path. Insummary, themodel “thought” that the plume centerlinewashigher
than it actually was and, accordingly, the concentration measured at the beam-path height (1 meter)
was less than the predicted concentration. The result, therefore, was that the model erroneously
corrected (i.e., over-predicted) the subsequent emission rate.

For the other simulated sources, (the gas-gathering pipeline, gastransmission line, and production
pad), the biggest problem appeared to be associated with emission-rate over-predictions as the
atmosphere became more stable during the late afternoon. Thiswas especially evident during Day
3 (gas-gathering pipeline), and to alesser degreeto Day 5 (gas transmission line). It appeared that
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the eddy-correlation (or covariance) approach employed in the new AERMOD version (and,
therefore, e-Calc 2), under these conditions, was unableto properly simulatethe vertical wind-speed
profile below the height of the lowest wind-speed measurement, i.e., 2 meters.

Background Methane Consider ations

As discussed in Section 2.5.1, background methane was shown to be variable over each
measurement day, and quite significant relative to the sourceattribution. Thevalue assigned to each
monitoring event was derived by linear interpolation based on the two actual background
measurements made just prior to and after each block of data.

Table 2-6 presents, for each data block, the mean interpolated background methane concentration
(IB), the mean methane source attribution (SA), and the ratio of these values (IB/SA). Source
attribution wasderived by subtracting the mean background concentration from the mean downwind
concentration for each data block (in much the way it was derived for the individual monitoring
events). These ratios illustrate the necessity of having an accurate background concentration to
assign to each monitoring event.

TABLE 3-6. RATIO OF INTERPOLATED BACKGROUND METHANE SOURCE ATTRIBUTION

Mean Methane Concentration
(ppm)
Interpolated Source
Data Background | Attribution Ratio
Day Source Block | Events (IB) (SA) (IB/SA)

1 | Booster Station | 1 | 1-29 1.919 0.333 58
_ 2 | 14 2.168 17193 18

2 Booster Station 3 T 5013 0587 =0
. 4 1 2,087 0.338 6.2

3 G“F;_Gaf_he”"g 5 | 24 2.024 0.285 7
Ipeline 6 | 526 1955 0.284 6.9

. 7 | 1-12 2.071 0.371 56

4 Gas;:;zf:g'"g 8 | 13-18 1021 0377 51
9 | 1924 1982 0.355 56
5 Gas Transmission 10 1-14 1.880 0.154 12.2
Line 11 15-24 1.878 0.208 9.0

Gas Transmission 12 Ll 1.625 0.185 94

6 lice 13 | 815 1815 0.206 838
14 | 1625 1823 0.282 65

15 | 14 1.931 0.148 13.1

. 18 | 51 1715 0.360 48

7| ProdudtionPad  —=——r e —— =3 0.463 37
18 | 1923 1715 1.286 13

19 | 17 2.020 0.471 43

; 20 | 89 2,001 0.201 99

% | FroduslonPad. =23 T8 1918 0670 29
22 | 17-20 1928 2.051 0.9

23 1 2.557 1.152 22

5 24 2-4 2.276 0.783 29

9 Gasggaf,he”"g 25 | 512 2112 0.697 30
ot 26 | 13-20 2114 0.917 23

27 | 21-30 2109 0.901 23
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Although not of use directly in this project, we chose to plot the entire set of measured background
readings (all days) asafunction of the time of day, in order to explore the premise that background
concentrations are higher in the morning due to nighttime temperature inversions.

Figure 2-23 depicts the measured background (methane) concentration vs. the time of day for all
measurement days (total of 54 readings per Table 2-3).

Figure 2-24 depicts the same information except for elimination of the Day 9 results (due to
anomal ousatmospheric conditions). Thebest-fit curveillustrateshow the background concentration
was generally highest in the early part of the day, then leveled off or slowly declined asthe day wore
on (r*= 0.418). Webelieve, in general, that the higher concentrations earlier in the day wereindeed
the result of temperature inversions (normally occurring during many nights), acting to inhibit
vertica dispersion and henceserved asamethane“lid.” Theseinversionsthen dissipated duringthe
daytime under the destabilizing influence of the sun.

FIGURE 2-23. MEASURED BACKGROUND CONCENTRATION VS. TIME (ALL DAYYS)
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FIGURE 2-24. MEASURED BACKGROUND CONCENTRATION VS. TIME (DAYS1-8 ONLY)
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The periodic background methane measurements evidenced that the background was generally
changing over the course of each measurement day. Although alinear interpolation wasjudged the
best means of assigning a background value to each monitoring event, there was no assurance that
this assumption reflected readlity. In fact, there was no way of knowing whether some of these high
P/A biases weren't caused by a background spike at some point during a particular data block.

Similarly, from Table 2-6, since the mean background concentration was generally quite large
compared to the mean source attribution there was apractical limit in our ability to discern, for any
given monitoring event, how much of the P/A bias could be attributed to the performance of e-Calc
2 (as opposed to the error in the assigned background value).

255 Initial Set of Supplemental Analyses

The practical implications of the background methane issue notwithstanding, further examination
of the program resultsled usto believe that we had i solated a significant source of P/A error, related
to employment of the eddy-correl ation (or covariance) approach. Asmentioned above, we suspected
that the model, as configured, was unable to properly simulate the vertical wind-speed profileinthe
lowest few meters of the atmosphere. The eddy-correlation approach constructs this profile based
solely on wind-sensor measurements at two heights. For this project, these heights (2.0 and 5.0
meters) were selected based on an exhaustive literature survey and on recommendations from one
of theleading researchersinthefield (see Section 2.1). Initial examination confirmed that the lower
height (2 meters) was not ideal, and that model performance would likely be improved if the wind
sensor were lowered.

The following subsequent analyses were performed prior to finalizing the System specification:

. Confirmation of the covariance algorithm employed; and
. A morerefined treatment of background methane data to assess the acceptability of
the original positioning of the bottom sensor.

The analysis approach developed and implemented to address these issues was both focused and
technically sound, and was successful in removing much of the P/A emission-rate inconsistency.
Extensive additional dispersion modeling employing both e-Calc 1 and e-Calc 2 was performed.

Anoverview of each subsequent analysisis presented next, followed by adetail ed description of the
methods employed and the resultant conclusions.

. Analysis#1: Covariance Algorithm Confirmation
The purpose of thisanalysiswasto confirm that the covariance a gorithms empl oyed
to support the eddy-correlation approach were correctly implemented in the field.
Before beginning additional background variability work (whichwould reduce even
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further the amount of data upon which to base the specifications), an approach was
designed to verify that these algorithms were implemented correctly. Thelogic was
that if there had been a problem, the P/A results would have been compromised,
irrespective of the background issues.

. Analysis #2: Further Treatment of Background Data
Through further examination of the background data, the purposeof thisanalysiswas
toimprovetheP/A emission-rateratiosuntil therewas sufficient confidencein these
results to: (a) justify moving forward with the specification development; and (b)
confirm the origina positioning of the bottom wind sensor (2-meter height).

Covariance Algorithm Confirmation

E-Calc 2 employs the eddy-correlation (or covariance) approach, which typically requires the
measurement of wind at two heights above the ground — in this case, 2 and 5 meters. Covariance
statistics, calculated from the lower of these two sensors, are then used to determine the friction
velocity. Friction velocity (units of meters-per-second) is a stability parameter used in AERMOD
to characterize atmospheric turbulence. It isameasure of mechanical effectsalone, i.e., wind sheer
at ground-level.

In the flux-gradient approach (e-Calc 1), friction velocity is calculated from the surface roughness
length, which characterizes the roughness of the terrain. The roughness length is obtained from
published tablesaspart of thepre-field activities. AERM OD usesthefriction vel ocity, together with
surface characterization pre-processing software and a wind measurement from a single height, to
generate the vertical wind-speed profile, which primarily governs the predicted (back-cal cul ated)
emission ratein e-Calc 1 (and e-Calc 2).

In the eddy-correlation approach (e-Calc 2), the friction velocity is instead derived using the time-
averaged fluctuations of the horizontal and lateral vectors from the lower of the two wind sensors.
The power-law equation is used to generate the vertical wind-speed profile based on the cal culated
friction velocity and the wind measurements from both sensor heights.

The current version of AERMOD employs the flux-gradient approach to cal cul ate friction vel ocity.
This approach has been extensively evaluated in model-validation studies performed by the U.S.
EPA over the years. Asmentioned in Section 1.2, the U.S. EPA is planning to update AERMOD
based on the eddy-correlation approach, but has yet to release the software coding for thisversion.

We ultimately concluded that the most viable means of determining whether the eddy-correlation
approach had been correctly implemented in the field was to repeat the e-Calc 2 modeling using e-
Calc 1, and then comparethefriction-vel ocity values cal cul ated as part of thetwo softwareversions.
The closetracking of thesetwo friction-vel ocity depictions (graphs not reproduced herein) provided
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ample evidence that the covariance algorithms employed to support the eddy-correl ation approach
were correctly implemented, and we were able to move forward with the next analysis.

Further Treatment of Background Data

Thebackground methane concentrati ons assigned to each monitoring event were presented in Table
2-4. In each case, this value was derived by linear interpolation of the actual background
measurements made just prior to and after each block of data. While this approach for assigning
background concentrations to individual monitoring events appeared sound, the results were only
marginally satisfactory. Therefore, we had to acknowledge the likelihood that there were other
factors governing the quality of the interpolated background data, which needed to be explored.

In order to identify an additional criterion for background “acceptance,” we focused on those
situations where two consecutive background measurements were made. The logic was that the
quality of the background depictionwould bein question if thesereadingsvaried too much, asit was
unlikely that the actual background concentration would change significantly over such a short
duration. From Table 2-4, it can be seen that consecutive background readings were taken a total
of 15 times over the nine days of measurements. In 13 of these instances, the measurements
comprising these background “pairs’ were taken at the beginning and end of a single 15-minute
period; in the remaining two instances, they were taken over consecutive 15-minute periods.

Theadditional criterion wasthat any set of consecutive background readings had to bewithin 3 parts
per billion (ppb) of each other, or the adjacent blocks of datawere rejected. Only five such sets of
background datamet this 3-ppb threshold: one each on Days 3, 5, and Day 6, andtwoon Day 7. We
accepted interpol ated concentrations from amaximum of four eventseither side of each acceptable
background pair, as long as the per-event rate of change of the interpolated value was less than 2
ppb. For example, on Day 7, both consecutive background readings met the 3-ppb threshold, but
the per-event rate of change for the final block of data was more than 6 ppb (due to the high final
background measurement for the day), thereby causing elimination of the entire block.

Table 2-7 presentstheinitial universe of acceptable monitoring events based on the above refined
background criteria. The mean 2-meter wind speed, the actual and predicted emission rate, and the
P/A bias are shown for each of the 31 eventsidentified. The mean P/A biasesfor the seven groups
of continuous events ranged between 2.4 and 22.9 percent. By comparison, theU.S. EPA considers
any emission-rate measurement system to be excellent if it can consistently be within 30 percent of
the actual emissions.

Because of random phenomena affecting short-term application of AERMOD, the initial System
specification included the recommendation that an average of four successive measurements
(monitoring events) be used to create an hourly emission rate.

ERA Fina Outcomes Report
July 17, 2019 2-32



As to the suggestion that the P/A results might have been improved had the bottom sensor been
repositioned lower, we believe that the Table 2-7 results based on the 2-meter sensor height were

sufficiently acceptable. Thisissue, however, is one of severa which might merit consideration in
any future field-testing studies.
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TABLE 2-7. INITIAL UNIVERSE OF ACCEPTABLE MONITORING EVENTS
Emission Rate
M onitoring Event | Mean 2m (mg/s)
End-Time |Wind Speed Actual Predicted P/A Bias
No. (MDT) (ml/s) (A) (P) (%)
Day 3 (August 16, 2918) — Gas-Gathering Pipeline
5 13:45 2.74 443.7 256.2 -42.3
6 14:00 2.77 443.7 383.0 -13.7
7 14:15 2.82 443.7 383.7 -13.5
8 14:30 2.57 443.7 399.7 -9.9
M ean 2.73 443.7 355.7 -19.9
Day 5 (August 18, 2018) — Gas Transmission Line
11 15:30 7.23 645.4 720.0 11.6
12 15:45 6.36 645.4 1,087.7 68.5
13 16:00 6.33 645.4 695.0 7.7
14 16:15 6.03 645.4 670.9 3.9
M ean 6.49 645.4 793.4 22.9
15 16:45 6.09 645.4 724.8 12.3
16 17:00 5.05 645.4 679.1 5.2
17 17:15 5.51 645.4 798.1 23.7
18 17:30 5.53 645.4 774.0 19.9
M ean 5.55 645.4 744.0 15.3
Day 6 (August 20, 2018) — Gas Transmission Line
12 14:30 3.75 726.0 843.4 16.2
13 14:45 3.06 726.0 672.1 -7.4
14 15:00 3.36 726.0 926.2 27.6
15 15:15 3.15 726.0 661.6 -8.9
M ean 3.33 726.0 775.8 6.9
16 15:45 2.74 726.0 384.2 -47.1
17 16:00 2.75 726.0 811.6 11.8
18 16:15 3.23 726.0 949.5 30.8
19 16:30 2.97 726.0 690.6 -4.9
M ean 2.92 726.0 709.0 -2.4
Day 7 (August 21, 2018) — Production Pad
8 15:30 3.17 363.0 394.8 8.8
9 15:45 3.02 363.0 424.3 16.9
10 16:00 291 363.0 367.7 1.3
11 16:15 2.85 363.0 379.5 4.6
M ean 2.99 363.0 391.6 7.9
12 16:45 2.18 363.0 270.9 -25.4
13 17:00 2.51 363.0 411.8 134
14 17:15 2.61 363.0 330.5 -9.0
15 17:30 2.48 363.0 447.3 23.2
16 17:45 2.38 363.0 427.5 17.8
17 18:00 2.13 363.0 394.1 8.6
18 18:45 2.00 363.0 423.1 16.6
M ean 2.33 363.0 386.5 6.5
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2.5.6 Assessment of Whether a Single Wind Sensor is Satisfactory

Upon completion of thisinitial set of supplemental analyses, there was an additional opportunity to
explore whether and to what degree these results would be compromised should the meteorological
instrumentation requirements of e-Calc 2 be simplified by eliminating the upper-most wind sensor
(5-meter height). Specifically, we explored the possibility of whether satisfactory P/A resultscould
be obtained using a single wind sensor (3D sonic anemometer), positioned at a height of 2 meters.
If successful, the System specifications and field logistics would be simplified (i.e., the 5-meter
sensor would no longer be required).

E-Calc 2 was re-run using the meteorol ogical data from the single sensor (2-meter height) for the
P/A resultsremaining from Analysis#2 inthe prior section, and theseresultswere compared to those
for the same data set using both sensors (2- and 5-meter heights).

Table 2-8 presents, for the 31 high-quality monitoring events from Analysis #2 (Section 2.5.5), a
comparison of the e-Calc 2 P/A emission rates with both wind sensors vs. the single wind sensor.
Shown for each monitoring event are:

. the event number and end-time;

. the mean 2-meter wind speed;

. the actual emission rate;

. the predicted emission rate and the relative difference (both sensor scenarios); and
. the P/A bias and the arithmetic difference (both sensor scenarios).

The thick horizontal lines separating monitoring events (Days 5, 6, and 7) signify the 15-minute
period during which the dual background measurements were made (see Table 2-4).

In general, the consistency between the two wind-sensor scenarios was judged excellent, and
provided ample justification for preparing the System specifications based on the single-sensor
scenario.

These results appeared to be somewhat dependent upon wind speed, in which slightly higher (or
more conservative) emissionsrateswere predicted for Days5 and 6 under the single-sensor scenario,
when the wind speed was generally greater than 3 m/s. On the other hand, on Day 7 when the wind
speed was generally less than 3 m/s, the predicted emission rates for single-sensor scenario were
slightly lower (or lessconservative). Still, for purposesof devel oping the System specification, these
differences are extremely minor and are of largely academic interest only.
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TABLE 2-8. E-CALC 2 COMPARISON: TWO WIND SENSORSVS. A SINGLE WIND SENSOR

M onitoring ER
Event M ean Emission Rate (ER) (mg/s) Relative P/A Bias (%)
End-Time| 2m WS Predicted | Predicted | Difference Difference
No. | (MDT) (m/s) Actual 2 Sensors | 1 Sensor (%) 2 Sensors| 1 Sensor (2-1)
Day 3 (August 16, 2018) — Gas-Gathering Pipeline
5 13:45 2.74 443.7 256.2 279.3 (9.0) (42.3) (37.1) (5.2)
6 14:00 2.77 443.7 383.0 415.0 (8.4) (13.7) (6.5) (7.2)
7 14:15 2.82 443.7 383.7 432.0 (12.6) (13.5) (2.6) (10.9)
8 14:30 2.57 443.7 399.7 423.2 (5.9) (9.9) (4.6) (5.3)
Daily M ean 2.73 443.7 355.7 387.4 (9.0) (19.9) (12.7) (7.2)
Day 5 (August 18, 2018) — Gas Transmission Line
11 15:30 7.23 645.4 720.0 744.6 (3.4) 11.6 154 (3.8)
12 15:45 6.36 645.4 1,087.7 1,107.5 (1.8) 68.5 71.6 (3.2)
13 16:00 6.33 645.4 695.0 708.7 (2.0) 7.7 9.8 (2.2)
| 14 16:15 6.03 645.4 670.9 684.3 (2.0) 4.0 6.0 (2.0)
15 16:45 6.09 645.4 724.8 759.6 (4.8) 12.3 17.7 (5.4)
16 17:00 5.05 645.4 678.9 699.6 (3.0) 5.2 8.4 (3.2
17 17:15 5.51 645.4 798.1 815.4 (2.2) 23.7 26.3 (2.6)
| 18 17:30 5.53 645.4 774.0 798.0 (3.1) 19.9 23.6 (3.7)
Daily M ean 6.02 645.4 768.7 789.7 (2.8) 19.1 22.4 (3.2)
Day 6 (August 20, 2018) — Gas Transmission Line
12 14:30 3.75 726.0 843.4 851.1 (0.9) 16.2 17.2 (1.0
13 14:45 3.06 726.0 672.1 673.6 (0.2) (7.4) (2.2) (5.2)
14 15:00 3.36 726.0 926.2 931.6 (0.6) 27.6 28.3 (0.7)
| 15 15:15 3.15 726.0 661.6 665.1 (0.5) (8.9) (8.4) (0.5)
16 15:45 2.74 726.0 384.2 386.5 (0.6) (47.1) (46.8) (0.3)
17 16:00 2.75 726.0 811.6 819.5 (1.0 11.8 12.9 (1.2)
18 16:15 3.23 726.0 949.5 950.8 (0.2) 30.8 31.0 (0.2)
| 19 16:30 2.97 726.0 690.6 703.1 (1.8) (4.9) (3.2 (1.7)
Daily M ean 3.13 726.0 742.4 747.7 (0.7) 2.3 3.6 (1.3)
Day 7 (August 21) — Production Pad
8 15:30 3.17 363.0 394.8 407.4 (3.2) 8.8 12.2 (3.4)
9 15:45 3.02 363.0 424.3 402.6 5.1 16.9 10.9 6.0
10 16:00 291 363.0 367.7 366.1 0.4 1.3 0.9 0.4
| 11 16:15 2.85 363.0 379.5 382.0 (0.7) 4.6 5.2 (0.6)
12 16:45 2.18 363.0 270.9 265.7 1.9 (25.4) (26.8) 1.4
13 17:00 251 363.0 411.8 415.6 (0.9) 134 14.5 (1.2)
14 17:15 2.61 363.0 330.5 327.2 1.0 (9.0) (9.9 0.9
15 17:30 2.48 363.0 447.3 443.4 0.9 23.2 22.2 1.0
16 17:45 2.38 363.0 427.5 426.9 0.1 17.8 17.6 0.2
17 18:00 2.13 363.0 394.1 392.1 0.5 8.6 8.0 0.6
| 18 18:15 2.00 363.0 423.1 422.8 0.1 16.6 16.5 0.1
Daily Mean | 2.39 363.0 385.6 384.5 0.4 6.2 5.9 0.3
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2.5.7 Booster-Station Analysis

Oncewe determined that asinglewind sensor would be satisfactory for e-Calc 2, it became apparent
that valid results could be obtained for the booster station (previously dismissed from further
consideration).

Situation Recap

Asarecap, significant temporal variability in the measured background methane concentrationsled
toalack of consistency in the P/A ratios derived from the controlled-rel ease results (Section 2.5.4).
This prevented us from developing the System specifications based on the full complement of
measured data. Wetherefore committed to perform the additional critical examination and analysis
of the background data necessary to remove most of this P/A inconsistency, and to move forward
with this effort. In the end, we were able to sufficiently evidence that the accuracy of certain
background measurements was compromised, largely by initiating these measurements before all
of the methane had completely cleared the TDL beam-path.

When the affected monitoring events were removed from further consideration, confidence in the
remaining P/A results was deemed sufficient for (initial) specification development, but the
situations where System applicability still could not be demonstrated were: (a) during nighttime
conditions; and (b) when assessing emissions from the booster-station ssmulation. Nighttime data
were collected only during Day 9 (gas-gathering pipeline), and booster-station data were collected
only during Days 1 and 2. None of monitoring events during these three days passed the new
methane background criterion.

However, we committed to reassess System applicability for the booster station. As shown below,
we were able to distill some meaningful results from this analysis, and extend the System
specification to include the booster station. Unfortunately, we were unable to salvage any of the
nighttime data collected during Day 9.

Presented next are: the analysis objective and the method employed; the new scheme devel oped for
treatment of background methane; and the results of this final supplementa analysis.

Objectiveand Method

The objective of thisanalysiswasto reassess P/A emission-rate resultsfor the booster station, based
on an alternative source treatment method for simul ating the methane rel ease from atop the building
enclosure,

Thefirst such option examined involved modeling the source as a point release, using AERMOD’ s
building-downwash pre-processing program. It was hypothesized that this method would more
realistically simulate plumedispersion downwind of thissomewhat el evated source (3-meter height).
However, because the extent of the downwind cavity regionisafunction of wind speed, theresults
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under the particular conditions observed were actually worse than originally obtained.

The next option examined involved modeling the booster station as avolume sourcein AERMOD,
with the controlled rel ease assumed to be non-buoyant (i.e., the methane temperature the same as,
or colder than, the ambient air). Assuming no plumerise, the entire plume masswill descend from
thebuilding’ sdownwind roof-top edgeinto the building-wake or cavity-recircul ation region (volume
source), immediately adjacent to, and to the lee of, the building. This simulation, judged the most
realistic for this elevated source, necessitated the modification of e-Calc 2 (hereafter referred to as
the modified e-Calc 2 version) for use with the booster station, and other similarly elevated sources.

New Schemefor Background Methane Treatment

Becausetherefined Milestone H background analysisfailed to yield acceptabl e background datafor
any of the booster-station monitoring events, we needed to develop and apply a new background
scheme to retain some of the results from these days (Days 1 and 2).

Day 1
Upon yet further consideration, we concluded there was no reason to reject the initial measured

background concentration of 1.976 ppm during Day 1, despite concernsabout thefinal concentration
(1.861 ppm; refer to Table 2-4). Therefore, we choseto accept thefirst four monitoring eventsfrom
thisday’ s block of data. However, because of uncertainty in the final measured concentration, we
elected to hold the background concentration constant at 1.976 ppm for all four events.

Day 2
Whilethe samelogic as above might be applied to thefirst block of datafor thisday (Table 2-4), we

chose not to accept any of these monitoring events. Because the final measured methane
concentration for this block was greater than any interpolated value, the argument that the methane
had not cleared the TDL beam-path could not be supported and, therefore, there was evidence that
the actual background was changing over this data block.

Asfor the second block of datafor Day 2, we concluded thefirst group four monitoring events was
acceptable, based on the same logic applied to the Day 1 analysis. The background concentration
was held constant at 2.077 ppm for these four events.

Results

Table 2-9 presents, for the booster station, a comparison between the results from e-Calc 2 (area
source) and the modified e-Calc 2 version (volume source), based on assignment of a constant
methane background concentration for each block of data as discussed above. Predicted, event-
specific emission rates are shown for both source-type simulations, with the P/A biases cal culated
for each. Themeasured wind speedsarealso shown. A singlevolume sourceisassumed, and plume
parameters are estimated using U.S. EPA’s suggested procedure as described in the AERMOD
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User’'s Guide.

Thelateral dimension was estimated by dividing the structure width (10 feet, or 3.05 meters) by 4.3,
which yields 0.71 meters.

Thevertical dimension was estimated by dividing the structure height (also 10 feet, or 3.05 meters)
by 2.15, which yields 1.42 meters.

The volume source height above grade was assumed equal to one-half the structure height, height
of the adjacent building, 1.52 meters.

TABLE 2-9. BOOSTER-STATION ANALYSIS: AREA-SOURCE VS. VOLUM E-SOURCE SIMULATIONS

Event Area-Source Volume-Source
End- Prediction Prediction Actual P/A Bias
Time TDL Methane Emission| Plume ||Emission| Plume Emission Area Volume Wind
Event | (MDT) Attribution Rate (P) | Capture || Rate (P) | Capture Rate (A) Source Source Speed
No. |(hh:mm)|| (ppm-m) \ (mg/m2) || (mg/s) {%) | _(mgls) (%) (mg/s) (%) (%) (mis)
Day 1 (August 14, 2018)
1 10:15 55.46 34.15 734.3 100.0 438.8 98.8 403.2 82.1 8.8 3.549
2 10:30 51.55 3172 739.4 100.0 407.8 98.8 403.2 83.4 1.1 3.708
3 10:45 51.08 31.40 695.3 100.0 416.8 99.1 403.2 72.5 34 3.909
4 11:00 46.31 2841 677.8 100.0 386.6 99.1 403.2 68.1 -4.1 4.005
Mean 711.7 412.5 76.5 2.3 3.793
Day 2 (August 15, 2018)
5 12:30 70.60 43.58 329.2 90.8 312.0 86.9 322.7 2.0 -3.3 2.099
6 12:45 50.59 31.19 238.0 B7.3 239.0 83.4 322.7 -26.3 -25.9 2.080
T 13:00 69.09 42.57 328.2 97.3 2896 95.5 3227 1.7 -10.3 2.337
8 13:15 43.96 27.06 234.6 93.2 2135 90.8 3227 -27.3 -33.9 2.458
Mean 282.5 262.5 -12.5 -18.3 2.244

The modified e-Calc 2 version (volume-source simul ation) shows a marked improvement over the
area-sourcesimulation for thefirst block of data(Day 1, Events 1-4), asdetermined by the cal cul ated
P/A biases. For the second block of data (Day 2, Events 5-8), the area-source simulation yields
slightly better results, although the difference is judged not significant.
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26  Project Outcomes

Asdiscussed in Section 1.3, the primary goal of this project was to create an upgraded emissions-
calculation software package (e-Cal ¢ 2), appropriate for real-time use with upstream O& G industry
sources. Thelong-term objective remains the commercialization of the System, with all aspects of
component design and specification included as part of the project itself.

The secondary goal of this project was to assess the application of e-Calc (both versions) to CNRL
mine-face and tailings pond operations.

Sections 2.6.1 and 2.6.2 present the outcomes for the primary and the secondary project goals,
respectively.

2.6.1 Primary Project Goal

System Overview

Figure 2-25isa System block diagram. Measured datafrom the TDL spectrometer, the GPS unit,
and the meteorological instrumentation feed into a data-processing computer. The processed data
streams then feed into the e-Calc 2 software, and the 15-minute-averaged methane emission rates
are generated, in real-time.

FIGURE 2-25. SYSTEM BLOCK DIAGRAM
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The System is comprised of the following components:

. e-Calc2

. Boreal Laser GasFinder3-OP TDL system

. Met One Instruments meteorol ogical system
. global positioning system

. data acquisition and processing
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E-Cac?2
Thee-Calc 2 softwareis supported by aPC with aWindows 10, 7, or X P operating system, on which
Microsoft Visual Basic, Microsoft Access Database, and Seagate Crystal Report Professional are
installed. The PC has a 64-bit operating system (at a minimum), 1.50 GHz processor, and 4.0 GB
of RAM.

Boreal Laser GasFinder3-OP TDL System
Components for the TDL system include a spectrometer, a retroreflector, and a PC containing the
manufacturer’s DAS and reporting software.

Met One Instruments M eteorological System

TheMet One meteorol ogical systemisaspecially designed collection of components, some of which
arefrom other manufacturers. Thesecomponentsinclude: anRM Y oung ultrasonic 3D anemometer;
Met One's sensors to measure temperature, relative humidity, and barometric pressure; and a
Climatronics Corporation datalogger. (It should be noted that Climatronics Corporation iswholly
owned and operated by Met One Instruments, Inc.)

Global Positioning System
A Trimble GPS (or equivalent) is required.

Data Acquisition and Processing
Figur e 2-26 depicts a System data-acquisition and processing diagram, as originally envisioned.

FIGURE 2-26. SYSTEM DATA ACQUISITION AND PROCESSING

SOFTWARE PROGRAMS
- e-Calc 2
- GasViewMP
- LoggerNet

\/
MET. DATA SYSTEM CONTROL GPS LOCATIONS
(accessed from [ COMPUTER | - emissions source

data logger) (inside TDL) S o Z;i?;;ﬁa'h

Y

EMISSION-RATE
OUTPUT

All data-acquisition activities and e-Calc 2 applications are controlled by the System Control
Computer located inside the Boreal TDL. This PC contains the e-Calc 2 software, the LoggerNet
4.5 (or equivalent) software for meteorological system operation, and the existing GasvViewMP
softwarefor TDL system operation. Manual GPS entry of all location coordinatesisrequired for the
emissions source, the TDL beam-path end-points, and the meteorological system.
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The GasViewMP program is used to control and operate the TDL, and to generate the methane
attribution measurement in aform suitablefor input to e-Calc 2. This program also facilitates data
storage (including supporting QC information) and data-generation results (in this case, text or
CSV), suitable for automated polling by the e-Calc 2 software.

A dedicated datalogger for the Met One system (separate from the System Control PC) isemployed
for assembly of all measured data, and for calculation and assembly of all other data, in forms
suitablefor input toe-Calc 2 (text or CSV). Automated communication between the datalogger and
the System Control PC is accomplished via direct cable connection (RS232/USB) or viawireless
communication technology. Set-up, control, and management of al data-logger operations is
accomplished via speciaized LoggerNet software, including uploading of programs, data polling,
and data storage.

From the System Control PC, e-Calc 2 generates real-time, event-specific results, once automated
access to the TDL and meteorological datais established. Results can be presented on-screen, as
well asin hard-copy reports.

System Components

Table2-10depictsthefinal System component specifications. Thisitemizationincorporatesresults
from the Mgor Deliverables for Milestone B (Field-Work Planning), Milestone F (Controlled-
Release Program), Milestone H (Initial System Specification), and Milestone | (Supplemental
Booster Station Analysis).

TABLE 2-10. FINAL SYSTEM COMPONENT SPECIFICATIONS

M anufacturer/

Component Provider M odel No. Purpose
Tunable diode laser Boreal Laser GasFinder3-OP | M ethane measurement
3D ultrasonic anemometer R.M. Young 8100 WS, WD, 0, u*, z5, H, L
Ambient temperature sensor Met One 064 H, L, wind profile
Relative humidity sensor Met One 083 L
Barometric pressure sensor Met One 092 Concentration correction, L
Portable 3m tripod Met One 905 Sensor mounting
Crossarm assembly Met One 191-1 Sensor mounting
M eteorological DAS M et One (Climatronics) IM P-865 M eteorological data processing
LoggerNet software M et One (Climatronics) Version 4.5 M eteorological data processing
Tablet computer Dell Inspiron (or equiv.) P24T QC, internet access for forecasting
Global positioning system Trimble (or equivalent) GEO 5T UTM coordinate measurements
Emission-calculation software | Minnich and Scotto e-Calc 2 Ground-level emissions
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System Recommendations and Limitations
Table 2-11 presents asummary compilation of thefina System recommendations and limitations.

TABLE 2-11. FINAL SYSTEM RECOMMENDATIONSAND LIMITATIONS

M ethane
Issue Emissions Source Recommendation Limitation
o Four successive 15-minute Plume meander and other
M onitoring
events (all) events to form an hourly- short-term effects may adversely
average emission rate impact 15-minute averages
Use e-Calc 2 or modified
version for WS between
- Booster stations 2.0 and 3.0 m/s - Avoid WS less than 2.0 m/s
. Use modified version for
Wind speed . .
WSS greater than 3.0 m/s - Use caution with WS greater
than 5.0 m/s

- Gas-gathering pipelines
- Gastransmission lines
- Production pads

Use e-Calc 2 for WS
between 2.0 and 5.0 m/s

If measurements are not
Minimum of six consecutive | consistent, use dual TDL units
measurements (simultaneous upwind /
downwind measurements)

Background (all)

Nighttime @l) (none) Nighttime application is not
application supported

2.6.2 Secondary Project Goal

E-Calc was applied (both versions) to re-create fugitive methane and carbon dioxide emission rates
from the CNRL mine-face and tailings pond operations in Fort McMurray. The intent was to use
onsite, 15-minute-averaged path-integrated methane and carbon dioxide data, collected across
portions of these sources in 2015 and 2016 by CNRL using a Boreal Laser TDL spectrometer,
together with onsite, coincident meteorol ogical and flux-chamber data (also collected by CNRL).
All datawas provided by ACCO; accordingly this datais hereafter referred to as the ACCO data.

ACCO identified four specific objectives, achievement of which would be of considerable value:

. To provide best estimates of methane and carbon dioxide emissions, including
discernment of any diurnal trends,

. To develop methane/carbon dioxide emission-ratio profiles;

. To assesswhether upwind sources had asignificant effect upon the reported methane
and carbon dioxide attribution from the mine face and tailings pond; and

. To provide recommendations on the type and quality of data needed to optimize e-

Calc performance in the future.
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Results of these analyses are presented in Section 2.7.2. 1t should be noted that the ACCO datawas
collected to satisfy the input requirements of CALPUFF —amodel applied by CNRL, aso in its
inverse form. Asit turned out, while the ACCO data was voluminous (more than 2,600 combined
methane and carbon dioxide 15-minute-averaged TDL measurementsfor both sources over thetwo
years), wewere ableto use only asmall subset of it. Still, we were ableto reasonably address these
objectives.
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2.7  Analysisand Discussion of Results

As stated in Section 2.6, the primary goal of this project was to create an upgraded emissions-
calculation software package (e-Cal ¢ 2), appropriate for real-time use with upstream O& G industry
sources, with all aspects of System component design and specification for eventua
commercialization included as part of the project itself. The secondary goal of this project was to
assess the application of e-Calc (both versions) to CNRL mine-face and tailings pond operationsin
order to support ACCO needs.

Sections 2.7.1 and 2.7.2 present analysis and discussion of the primary and the secondary project
goals, respectively.

2.7.1 Primary Project Goal

Asdetailedin Section 2.5.4, the primary project goa was generally achieved, based on the original
Work Scope. However, we were unable to develop source-specific empirical correction factors,
despite the fact a general systematic bias was observed in the P/A results. The large scatter of the
P/A dataand theissue concerning assignment of monitoring event background val ues precluded our
ability to develop these empirical adjustmentsto e-Calc 2.

These factors necessitated performance of a series of supplemental analyses outside our original
Work Scope (described in Sections 2.5.5 through 2.5.7). Results of the original controlled-release
study combined with these supplemental analyses demonstrated that the System was appropriatefor
real-time use with upstream O& G industry sources. The results also led to the development of
detailed specifications to support System commercialization.

System component specificationswerepresented in Table 2-10, while System recommendationsand
limitations were detailed in Table 2-11. This latter table addresses the minimum number of
successive monitoring events recommended to form an hourly methane emission rate, as well as
criteria for acceptable wind-speed ranges and collection of background methane concentrations.
Unfortunately, results of the original Work Scope and the supplementa analyses were unable to
support System application during nighttime hours — one of the project’s intended objectives.

2.7.2 Secondary Project Goal

Table 2-12 presentsthe e-Cal c-derived mean methane and carbon dioxide emission rates, in metric
tons per year (mT/yr) by source and year, as well asthe ratio between carbon dioxide and methane
(CO,/CH, ratio). In genera, carbon dioxide emissions were much greater than methane for both
sources. In each year, e-Calc 1 predicted significantly greater emission rates than e-Calc 2 for the
mine face (both compounds), but similar emission ratesto e-Calc 2 for the tailings pond.
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TABLE 2-12. MEAN E-CALC EMISSION RATESBY SOURCE AND YEAR

Emission Rate
(Metric Tons per Year)
Mine Face Tailings Pond
2015 2016 2015 2016
Compound e-Calcl | e-Calc2 | eCalcl | e-Calc2 | e-Calcl | e-Calc 2 e-Calc 1 e-Calc 2
M ethane 38,449 26,676 3,745 2,284 3,446 3,357 1,431 7,350
Carbon Dioxide [1,579,038 [ 924,074 (3,889,824 (2,718,214 | 145,592 | 158,738 | 12,969,006 | 13,693,825
|(302/CH4 Ratio 41 35 1,039 1,190 42 47 9,063 1,863

Observations

Thefirst observation wasthat the mean 2016 carbon dioxide emissionsweremuch greater than those
for methane (both sources), while this difference was more than 3 orders of magnitude for each
source (both e-Calc versions). Andyetin 2015, thee-Calc 1 and e-Calc 2 carbon dioxide emissions
were only 41 and 35 times greater, respectively, for the mine face, and 42 and 47 times greater,
respectively, for thetailings pond. Not being privy to any data except the raw results as described
herein, we were unable to specul ate on any physicochemical reasons as to why this might be so.

The second observation concerned the variability about the mean emission rates, asdiscussed above.
Empirically, we would normally be inclined to assign a higher quality to those emissions datawith
less variability. This would lend the most credence to the mine-face data. While it might be
tempting to conclude, based on this observation, that the mine-face emissions datawere of aquality
higher than the tailings pond data, we do not believe that such was the case. Instead, on a more
fundamental level, we believed this observation (and the overal lack of reproducibility in the
individual events) weredue primarily to insufficient TDL path-lengths, and that inadequate relative
source-strength apportionments and likely problems with the TDL instruments (or their operation)
only served to exacerbate the situation.

Thethird observation wasthelack of consistency in the overal emissions behavior between thetwo
years (both sources). For example, the mean mine-face methane emission rate was 10.3 times
greater in 2015 thanin 2016 for e-Calc 1, and 11.7 times greater for e-Calc 2. Conversely, for the
tailings pond, the mean carbon dioxide emission rate was 89.1 times greater in 2016 than in 2015
for e-Calc 1, and 86.3 times greater for e-Calc 2.

For each source (both years), in the context of e-Calc input needs, two basic factors significantly
affected thequality of the ACCO data. Thesefactors precluded achievement of the minimum spatial
data-representativenesscriteriafor both: (a) determination of sourceattribution (thedownwind TDL
path-lengths); and (b) identification and quantification of therel ative source-strength apportionment
(the flux-chamber sampling configurations).
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Despite these limitations, we concluded that enough usable data still remained to infer some
meaningful results with respect to the ACCO objectives (discussed below). It should be noted that
little can be said whether employment of e-Calc 2 resulted in amaterial improvement over e-Calc
1 in achieving the ACCO objectives, as the quality issues associated with the ACCO data (with
respect to e-Calc needs) were overriding.

Achievement of ACCO Objectives

Downwind TDL Path Lengths

Thefirst (and primary) quality-affecting issuewasthat the downwind TDL path-lengths, inall cases,
were far too short relative to the downwind source dimensions, thus significantly compromising
accuracy in the predicted e-Calc emission rates.

Ideally, the path-integrated concentration should be measured along the entire crosswind dimension
of the source plume. In this case, the downwind measurement paths spanned distances of some 3.5
kilometers for the mine face and 7 kilometers for the tailings pond. Even the longest path-lengths
(474 meters for the mine face and 267 meters for the tailings pond) were only a small fraction of
these distances, resulting in very small plume-capture percentages. Accordingly, our confidencein
the overall quality of the e-Calc results was substantially compromised.

Flux-Chamber Sampling Configurations

The second quality-affecting issue was that the flux-chamber data was too sparse to be able to
confidently assessthe rel ative source strength across each source subarea. Although especially true
for the mineface, thisfactor wasjudged overal to be not nearly asimportant asthe downwind TDL
path-lengths.

Emission Rates and Ratios

In the Milestone G Interim Project Report, atotal of 28 individual graphs compared and contrasted
the carbon dioxide and methane emission rates and emission ratios for the mine face and tailings
pond (not reproduced herein). All emission rates were plotted from daily means based on the event
emission rates. Generally, the mine face emissions rates and emissions ratios (both compounds)
tracked fairly well between e-Calc 1 and e-Calc 2. Therewaslittle consistency betweentheemission
rates and ratios, however, on a day-to-day or even an event-to-event basis.

Diurnal Emission Trends

No diurnal emission trends could be discerned, asthe only valid nighttime ACCO datain terms of
e-Calc was limited to four tailings pond events, and then only for e-Calc 2. It isinteresting to note
that the CO,/CH,, ratio wasreasonably uniform during thesefour events, but that was about all which
could be said for this extremely limited set of nighttime data.
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Impacts of Upwind Sources
Following is a discussion on whether there were upwind sources which could have had an effect
upon the reported carbon dioxide and methane attributions.

. Carbon Dioxide
Asdiscussed in Section 2.4, because all upwind carbon dioxide TDL measurements
for the tailings pond were anomalously high in 2016, we believed it reasonable to
conservatively assign the upwind concentrations (both sources and years) a fixed
value of 402.8 ppm as measured by the CRDS instrument, consistent with the
regional ambient background for this non-reactive compound.

We re-examined the upwind carbon dioxide TDL datafor all valid MEP sin light of
the possibility that these upwind readings were red (i.e., there were no instrument
problems), caused by a source further upwind. However, the only source-year
combination where the data suggests there could have been an upwind attribution of
carbon dioxide was the tailings pond in 2016.

The upwind TDL for the tailings pond in 2016 was located on the southwest shore
(Southwest Pond site in Figure 3-4); the upwind TDL value was greater than the
corresponding downwind vaue for al seven valid measurement event pairs.
Assuming the TDL was operating properly, this evidencesthe possibility of anearby
upwind interfering carbon dioxide source, likely originating along or just inland of
the southern-most portion of the tailings pond western shoreline.

. Methane
Upwind TDL concentrationsof methane, onthe other hand, werereasonably uniform
for the duration of each measurement day for both sources (i.e., no anomal ously high
readings). In our opinion, the event-to-event differences in upwind concentrations
were consistent with the spatial and diurnal variability in ambient background levels
typically associated with this compound. Therefore, no upwind source of methane
was evidenced for either source.

Recommendations for Future Use of E-Calc

Following are specific recommendations concerning data collection for future e-Calc use at very
large sources, such mine faces and tailings ponds. If these recommendations were to be followed,
we stated confidently that accurate emission rates could be generated in a highly cost-effective
manner with minimal difficulty.
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Source-Attribution

The path-length necessary to capture a sufficient portion of the downwind plumeis
greater than can be achieved by a TDL (or any other optical remote sensing
instrument). This does not even consider the insurmountable problems caused by
measurement-path obstructions, especially for sources with complex terrain such as
amine face.

The only practical means of measuring the downwind plume for such sourcesis a
rapid-sampling, point-monitoring system configured to generate path-averaged
concentrations. A continually sampling CRDS system, driven aong the downwind
source perimeter at a uniform speed, is ideal for generating such data, and was
strongly recommended.

Relative Source-Strength Apportionment

Onemeans of determining rel ative source-strength apportionment acrossamineface
or atailings pond is by collecting samples at the center points of uniformly spaced
grids, immediately above the source surface. It is feasible to collect such data by
directing a drone (close to the surface during calm or light winds), upon which is
mounted a real-time sampling device (such as a closed-cell TDL), and to transmit
these results, together with sample coordinates, to an onsite command center.

Perhaps an easier approach isto employ amotor boat for collecting the hot-spot data
viaahand-held instrument positioned just abovethe pond surface during reasonable
calm conditions. These readings would be taken at the center-point of each subarea
determined by a similar grid to be established atop the source. A total of about 24
sguare subareas should be sufficient to provide areasonablelevel of model accuracy.
|deally, the emi ssions-characteri zation study should be performed twice: prior toand
upon completion of all monitoring events. However, in this case, for a source this
large, once was judged satisfactory.

Meteorological Measurements

E-Calc 1. E-Calc 1 simulates the wind profile in the vertical dimension and the
atmospheric turbulence by cal culating dispersion coefficients based on wind speed,
land use, solar insolation, and statistical data treatments, such as the standard
deviations of the horizontal wind direction and vertical wind speed. Boundary layer
parameters(e.g., friction vel ocity, sensibleheat flux, and M onin-Obukhov length) are
required in the surface meteorological file input to AERMOD. E-Calc 1 simulates
these parametersinthe AERMET preprocessor based on theflux-gradient approach.
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The onsite wind data used e-Calc 1 is collected via standard cup-and-vane sensors.
Wind direction, wind speed, sigmatheta or o, (standard deviation of the horizontal
wind direction), and sigma W or o,, (standard deviation of the vertical wind speed)
arecollected (or cal culated) from an appropriatel y configured 3-meter meteorol ogical
tower. Airtemperatureismeasured using aportable hand-heldinstrument, and cloud
cover (in tenths) is observed and recorded; the solar elevation angle is derived in
accordance with the U.S. National Oceanic and Atmospheric Administration
(NOAA) Solar Calculator. E-Calc 1 cannot be applied at night without a 10-meter
meteorological tower.

E-Cac 2. E-Cac 2 employs dua 3D and 2D ultrasonic anemometers (plus a
temperature sensor) at two heights. This method of profiling wind speed and
atmospheric turbulence, referred to as the eddy-correlation (or covariance)
approach, allowsfor the direct measurement of boundary layer parameters, resulting
in amore accurate assessment of emission rates— at least in theory. This approach
also obviatestheneed for the AERMET preprocessor, thereby simplifyingthee-Calc
logic, and can be applied at night.

In this approach, both the friction velocity and the Monin-Obukhov length are
calculated using the covariance statistic between the u (east-west) and w (up-down)
wind componentsand thev (north-south) and w wind components; sensible heat flux
is calculated using the covariance between the w wind component and the
temperature. The 3D ultrasonic anemometer and temperature sensor measures 1-
second orthogonal wind and temperature, from which the covariance values are
generated. Sigmathetais calculated from wind direction data generated by the 2D
ultrasonic anemometer. (It should be noted that a simpler meteorological
configuration is described in Section 2.5.6.)

ERA Fina Outcomes Report

July 17, 2019

2-50



2.8 Important Lessons L earned
Sections 2.8.1 and 2.8.2 identify the important lessons learned while addressing the primary and
secondary project goals, respectively.

2.8.1 Primary Project Goal
Following are important lessons learned concerning the System proof-of-concept:

. Success in Demonstrating System Applicability
The overarching lesson learned from this proof-of-concept demonstration was that
the methane emission-rate measurement system is appropriate for application to
upstream O& G sources, and that the meteorol ogical component of the System design
could actually be simplified with no attendant loss of accuracy.

. Treatment of Background Methane
In order to accurately calculate the methane attribution from a given source, it is
imperative that the background methane behavior be understood and accounted for
during System application. Dua TDL units are recommended for simultaneous
upwind and downwind methane measurements during each monitoring event if
background concentrations cannot be shown in advanceto be sufficiently consistent.

. Modified e-Calc 2
For the simulated booster station, a volume-source treatment was shown to be
superior to the area-source treatment (upon which e-Calc 2 is based). Thisled to
creation of the modified e-Calc 2 version, suitable for use with booster stations and
other similarly elevated sources; i.e., sources with methane release heights on the
order of 3 meters above grade.

2.8.2 Secondary Project Goal
Following are important lessons learned concerning application of e-Calc to the CNRL mine-face
and tailings pond GHG data (methane and carbon dioxide):

. Technical Viability
Based on mine-face and tailings pond GHG datafrom CNRL (2015 and 2016), both
versions of e-Calc (e-Calc 1 and 2) were shown to be potentially viable, attractive
aternatives to the techniques currently employed at this oil-sands facility (bLS
modeling, inverse dispersion modeling using CALPUFF, and flux-chamber
sampling).

. Cost Advantage
Thetime and cost for GHG reporting at these (and similar) oil-sands sources can be
greatly reduced).
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SECTION 3-GREENHOUSE GASAND NON-GHG IMPACTS

Therewill be no GHG reduction resulting from the compl eted project per se, asthe Systemisstrictly
limited to thereal-time cal cul ation of methane emission ratesfrom upstream O& G industry sources.
By quantifying methane emission rates in real-time, however, it may be expected that a common-
sense approach to prioritizing leaking pipelines, valves, and flanges may be implemented, thus
reducing methane emissions. Further, there is no reason to believe that such a methane-reduction
strategy will be limited to this particular industry, as this project has shown that GHG emissions
from sourcesin Albertaaslarge asminefacesand tailings ponds can enjoy asimilar benefit. Finally,
MSW landfills and CAFO facilities are two more industry sectors for which the System will be
applicable.
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SECTION 4-OVERALL CONCLUSIONS

Primary Project Goal

The successful testing of the e-Calc 2 software for quantifying methane emission rates from
upstream O&G industry sources was achieved. This success led to development of a Set of
Specifications for afully integrated system for commercialization. The System — consisting of a
Boreal Laser TDL unit, requisite Met One meteorol ogical monitoring equipment, and the e-Calc 2
software — is capable of generating emission rates under most daytime meteorological conditions
from these (and other) methane sourcesin real-time, every 15 minutes, with only amodicum of up-
front (pre-field) preparation.

Secondary Project Goal

The e-Calc software was shown to be a potentially viable, attractive alternative to the techniques
currently employed during CNRL mine-face and tailings pond operations. Tothisend, asdiscussed
in Section 6.2.1, weintend to propose another ERA project to demonstratetheviability of amodified
System for measuring methane and CO, emission rates from an active tailings pond.
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SECTION 5-SCIENTIFIC ACHIEVEMENTS

Section 5.1 addresses the status of the System patenting. Section 5.2 addresses publications and
conference presentations. Section 5.3 describes several technical accomplishments arising from
completion of our ERA project.

51  Patent Status

We are unsure a thistime whether we will seek a patent for e-Calc 2 (or for the modified e-Calc 2
version), asmost of the softwareissimply reverse-engineered from AERMOD (the coding for which
resides in the public domain). More germane to this issue, however, is the history in the United
States concerning the patenting of air measurement software which hasthe same basi c objective and
intended applicability as e-Calc. The downside of patenting generally tranglates into less user-
acceptance, which may outweigh the IP protection benefit. We suspect thisto bethe reason that the
WindTrax bLS software is offered free of charge by Thunder Beach Scientific (see
http://www.thunderbeachsci entific.com/).

While patent protection may beinapplicableto the Softwareitself, patentsfor the TDL components
and the meteorologica system components are owned by Boreal Laser and Met One, respectively,
thus providing further IP protection when used in collaboration with e-Calc.
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5.2  Publications and Conference Presentations

There have been no publications or conference presentations based on results of our ERA project.
However, we are planning to present project resultsat aU.S. EPA air dispersion modeling specialty
conference to be held in early 2020, and possibly at the 2020 A& WMA Annua Conference to be
held in San Francisco, California (June 29 - July 2). We may also elect to present at severa
Canadian conferences over the next year or two (such as any organized by ERA or COSIA),
especially should some of the proposed short-term actions be realized (Section 6.2). We shall seek
approval from ERA for these (and any other) presentations well in advance of the respective
conferences.
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5.3  Technical Accomplishments
Following are several technical accomplishments arising from completion of our ERA project.

Development of e-Calc 2 for Ground-Based M ethane Sour ces

E-Calc 2 has been successfully demonstrated as ameans of accurately cal cul ating emission rates of
methane from avariety of ground-based O& G industry sources, in real-time, with only minor pre-
field preparation. There are simply no other techniques with these capabilities on the market today.

Development of the Modified e-Calc 2 Version for Elevated M ethane Sour ces

The modified e-Calc 2 version employs the volume-source algorithmsin AERMOD for accurately
cal cul ating methane emission ratesfrom somewhat €l evated O& G sources. Althoughtheneed exists
for further research concerning the software’s performance, this technique has the same basic
attributes, capabilities, and market advantages as e-Calc 2.

E-Calc 2 Applicability to the Oil-Sands I ndustry

Methaneand CO, emissionsfrom minefacesand tailingspondsaretypically assessed usingisolation
flux chambers. This method, however, has serious limitations from a data-representativeness
perspective, despite thefact that flux chambers are the approved emissions measurement technique
for these sources. Recently, inverse dispersion modeling using CALPUFF has been employed in an
attempt to address this data-representativeness deficiency. While an accurate approach in theory,
input to CALPUFF requires highly sophisticated and expensive pre-processing of complex, onsite
meteorol ogical datawhich, for the oil-sands sources, has historically taken weeksto perform —thus
rendering this method infeasible for real-time application.

E-Calc and its attendant GHG measurement technology offers at least three powerful advantages
over theflux-chamber and/or other IDM approaches: (a) superior accuracy afforded by itscapability
to adequately address the spatial data-representativeness deficiency inherent in the use of flux
chambers; (b) nominal deployment costs afforded by the fact that the softwareis already devel oped
andfullyfunctional; and (c) real -timeresultsafforded by minimal |abor and CPU-timerequirements.

The analyses we performed for ACCO in achieving the secondary project goa led directly to the
conceptualization and design of a detailed approach to demonstrate the utility of the e-Calc 2
software for application at atailings pond. A costed proposal entitled, “Field Demonstration of a
Real-Time, Software-Based System to Quantify Fugitive Methane Emissions From a Typical Oil-
Sands Tailings Pond” was submitted to ACCO on October 10, 2018 for consideration (moreonthis
in Section 6.2).
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SECTION 6 —NEXT STEPS

Section 6.1 presents the next steps for the technology and innovation. Section 6.2 discusses the
short-term actionsand long-term plan with respect to System commercialization (i.e., TDL, meteor-
ological, and e-Calc 2 components). Section 6.3 details the potential partnerships currently under
devel opment.

The System is fully functiona now, in conformance with the hardware specifications set forth in
Section 2.6.1 (see Table 2-10).

6.1  Technology and Innovation

The emission-rate measurement System (as demonstrated in our ERA project) has immediate
application for determining methane emission rates from a number of Alberta industry types, as
discussed in thissection. The market initially identified for System commercialization wasleaking
process components in upstream sources in the O& G industry. This market was expected to be
viable as long as: (&) methane continued to be recognized for its role in climate change; and (b)
domestic oil and gas production continued to remainin Canada snational interest. Therecent repeal
of Alberta’s*“carbon tax” has, in our estimation, reduced the market potential for the System — at
least for the O& G industry intheshort-term. However, thefederal government intendstoimplement
anationa levy on carbon emissions in the coming year, which would essentially negate the effect
of the provincial carbon tax repeal on the overall market in the O& G industry.

Asfar aswe know, the Provinceis still committed under the Climate Leadership Plan to achieving
a45 percent reduction in methane emissions from O& G operations by 2025. The improvement of
measurement techniquesisacknowledged as one component to hel p achievethisgoal, asan accurate
methane emissions baseline can be established, against which future reductions can be reliably
assessed.

We also believe there is a market for System application to other Alberta industries. Broadly
speaking, thismarket isany entity with aneed or desireto quantify methane emissionsfrom ground-
level sources— national carbon levy notwithstanding. Two additional industries having sourcesfor
which the existing System could be applied are MSW landfills and CAFO facilities.

MSW Landfills

In 2015, there were 35 MSW landfills in Alberta. In addition to providing an emissions
baseline, accurate measurement of landfill methane emissions would be integral in assessing
thefeasibility and/or effectiveness of methane-recovery systemsfor beneficial reuse or energy
generation.
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CAFO Facilities

As of January 2018, Alberta had nearly five million head of cattle, with 151 feedlots
comprised of 1,000 head or more. Alberta hasthe most cattle in Canada, accounting for 42%
of the national herd in 2016. The ability to accurately measure methane emission rates from
cattle feedlots could be useful in developing feeding strategies (higher quality feed with
bal anced nutrient ratios) to reduce the generation of methane. Methane emissionsfrom other
types of CAFO facilities, such as large hen houses, are also a concern and represent another
System application.

A potential market also exists for oil-sands sources — specifically mine faces and tailings ponds —
to support annual GHG (methane and CO,) reporting requirements (see Section 5.3). Most of
Alberta’s oil production comes from its enormous oil-sands deposits (11 currently operating oil-
sands mines), placing Canada third in the world for the largest total oil reserves, behind only
Venezuelaand Saudi Arabia.

Two proposed follow-up ERA projects are described in Section 6.2.1.
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6.2  System Commercialization

Inthe context of our ERA project, acomponent of System commercialization involved ahigh degree
of automation to be accomplished by having the e-Calc software controlled by Boreal Laser’s
operating system computer housed inside the TDL unit, thereby enabling the System to operate
largely unattended. Although this level of automation was not achieved, the project has clearly
demonstrated that the System is market-ready with no barriers to inhibit commercialization.

Despitee-Calc 1 dready being fully functional beforethe project began, the Technology Readiness
Level at that time could be viewed aslow as TRL 4, asthe software which describes the theoretical
equations governing simulation of the wind profile and the atmospheric turbulence had to be
developed and integrated, and ultimately shown to work. Regardless, upon project completion we
would view the readiness level as TRL 9.

6.2.1 Short-Term Actions
The following short-term actions are envisioned:

. Securean exclusive partnering agreement to maximizetechnology transfer to Alberta
. Propose an ERA project for System demonstration at an MSW landfill
. Propose an ERA project for demonstrating a modified System at a tailings pond

Secur e an Exclusive Partnering Agreement to Maximize Technology Transfer to Alberta

A short-term action that we plan on initiating immediately is to secure an exclusive partnering
agreement with a well-established air quality consulting/engineering firm (and possibly with a
premier air monitoring firm) having a strong Alberta presence. The purpose is to maximize
technology transfer to Alberta, asitisclear that ERA’ sinterests are best served by having all aspects
of e-Calcavailabletothem (and other Albertaentities) though thissingle, high-profile Alberta-based
firm.

Propose an ERA Project for System Demonstration at an M SW L andfill

Together with the above partner and the owner of an operating MSW landfill, we intend to propose
an ERA project which would demonstrate System viability for measuring methane emission rates
from such asource, in real-time. Results of this project would support evaluation of the feasibility
and/or effectivenessof methane-recovery systemsfor beneficial reuseor energy generation. It would
also support the long-term plan concerning emission-factor development (see Section 6.2.2).

Propose an ERA Project for Demonstrating a Modified System at a Tailings Pond

As discussed earlier, the System (with some modification) is applicable for measuring emissions
from the principal GHG emittersin the oil-sandsindustry: mine facesand tailings ponds. Together
with the above partner and the owner of an operating oil-sandsfacility, weintend to propose another
ERA project (or possibly acombined landfill/tailings pond initiative), which would demonstrate the
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viability of amodified System for measuring GHG emission rates (methaneand CO,) from an active
tailingspond. Asdiscussedin Section 2.7.2, the magnitude of the required downwind measurement
path precludesuse of aTDL system for making these measurements. A continually sampling CRDS
system, driven along the downwind source perimeter at auniform speed, is currently envisioned as
the meansto generate this data (also discussed in Section 2.7.2). This proposed ERA project will
be similar to the one described to ACCO in our October 2018 proposal (see Section 5.3).

6.2.2 Long-Term Plans
The following long-term plans are envisioned over the next two years:

. Propose a program to develop methane emission factors
. Develop and implement an aggressive marketing plan

Propose a Program to Develop M ethane Emission Factors

Inthe U.S., amajor element of the Clean Air Act (Section 112 — National Emissions Standards for
Hazardous Air Pollutants) requires that sources of hazardous air pollutants (HAP) must achieve
“Maximum Achievable Control Technology,” or MACT, whichisdefined (for existing sources) as
“no less stringent than the average emission limitation achieved by the best performing 12 percent
of the existing sources. ..” Thisregulation has proven to be a highly effective means of reducing
human exposure to a wide range of HAP. As of this writing, we are unsure whether a similar
program existsin Albertawhich could be extended to methane; if so, this could be avaluable means
of reducing emissions from industries with large methane emissions, carbon tax notwithstanding.

Based on future discussion with Alberta Innovates, we could prepare a costed proposal to expand
upon such a MACT-based approach for controlling methane emissions. If implementation of a
similar program appears to be viable, the hope would be that funding could be obtained to perform
afield-measurement program to derive emission-factor rangesfor representative M SW landfillsand
CAFO facilities (and possibly even individual O&G industry process sources). In this way,
companies could choose to default to generic emission factors instead of conducting their own
measurements, in much the sameway that the U.S. EPA alowsuseof AP-42 emissionfactorstoday.

Depending on how the carbon tax plays out in the coming months and years for the oil-sands
industry sources, there would be nothing to prevent extending this MACT-based concept to mine
faces and tailings ponds, thus reducing (or possibly eliminating) the need for assembling annual
GHG emissionsinventories.

Develop and I mplement an Aggressive Marketing Plan

Together with our exclusive air quality consulting/engineering partner (Section 6.2.1), we will
devel op and implement an aggressive plan to market the (modified) Systemto entitiesin Albertaand
elsewhere in Canada and the U.S. Thiswill include extensive conference participation, including
System demonstrations at trade-shows (see Section 7).
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6.3  Potential Partnerships Under Development

Integral to our overall business-development plan, we intend to begin immediately the process of
securing an exclusive partnering agreement with awell-established air quality consulting/engineering
firm which has a strong Alberta presence. As discussed in Section 6.2.1, the purpose of this
arrangement will be to maximize technology transfer to Alberta such that all aspects of e-Calc are
availableto ERA (and other Albertaentities) though asingle, high-profile Alberta-based company.

We anticipate that Minnich and Scotto will grant this company exclusive licenseto e-Calc, and all
of its derivatives, for use in Alberta (and possibly the remainder of Canada). For future proposed
ERA projects (Section 6.2.1), we envision that all System-related field work will be performed by
this company, but that Minnich and Scotto will maintain administrative project responsibility
working closely with ERA, similar to this current ERA project.

We will continue to cultivate the partnerships which have been in place since project conception.
These include InnoTech Alberta, Boreal Laser, Met One, and Loover Partnership.
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SECTION 7—-COMMUNICATIONSPLAN

Theoverall planfor communicating information about the System to third-partiesconsistsof severd

components:

Conference and Trade-Show Presentations and Exhibits

As discussed in Section 6.2.2, we will develop and implement an aggressive plan
with an exclusive partner to market the System to entities in Alberta and elsewhere
in Canada and the U.S. This will include extensive conference participation,
including System demonstrations at trade-shows and selected conference exhibits
over the next few years. At thistime, we envision that presentations will be given
at those conferences organized by ERA and COSIA in Alberta, and by the U.S. EPA
and A&WMA in the United States.

Corporate Promotion from Exclusive Partner

Corporate promotion from our exclusive partner will be an effective means of
communicating information about the (modified) System. Of the firms we have
identified to pursue regarding the partnering agreement, one has been involved in
IDM studies at mine-face and tailings pond operations and is widely acknowledged
asamajor forcein this marketplace.

System Marketing via Boreal Laser

Boreal will continue discussion about e-Calc with their leak-detection distributers
and customers, and will follow up with us should an opportunity arise for System
deployment.
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Please Refer to ERA’s Website For the Quantification Methodologies
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