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ABSTRACT

The GreenLITE™ emission monitoring system detected, located, and quantified methane (CHa)
emissions from a series of single-blind controlled releases with no prior knowledge of timing,
locations, or release rates. System performance was evaluated against metrics defined in the
Continuous Monitoring Protocol established by the Methane Emissions Technology Evaluation
Center (METEC) at Colorado State University. This protocol allows more direct comparison of
system performance between disparate measurement technologies. This experiment differs from
similar tests where releases were conducted from equipment units at METEC by instead
conducting releases at random locations anywhere within the central 0.18 km? of a 0.35 km? test
site. The releases were much shorter in duration than those conducted in similar testing at METEC.
GreenLITE™ detected 25 of 42 releases, which ranged in metered rate from 0.17 to 2.15 kg/h.
The minimum detected emissions rate was 0.22 kg/h. GreenLITE™ demonstrated a 100%
detection rate for releases >0.65 kg/h and average wind speed <5 m/s. The test site was subdivided
into 20 boxes (109 x 83 m each), and the correct release box was identified in 9 cases, another 9
detections were localized to an adjacent box, and the remaining 7 were attributed elsewhere within
the field. The average estimated emission rate bias was -6.1%. The 90% detection limit was 0.89

kg/h, while the wind-normalized detection limit was 0.44 (kg/h)/(m/s).

INTRODUCTION

Methane (CHa) is the primary constituent of natural gas, a major source of heating and electricity
generation around the world. CHy is also a potent greenhouse gas with a global warming potential
72 times that of carbon dioxide over a 20-year period. The largest industrial sources of CH4 in the
United States are oil and natural gas systems, which produced 32% of U.S. CH4 emissions in

2020.! Accurate characterization of CH4 emissions in complex environments, such as many oil



and gas facilities, is a challenging measurement problem due to limited access, potentially high
emission rates, safety concerns, a large number of potential emission locations, and high
spatiotemporal variability in emissions.>® In such environments, emissions can occur at many
locations and at any time of day and year. Periodic leak detection and repair programs utilizing
handheld or airborne optical gas imaging sensors may be effective at finding strong, persistent
leaks in expected locations, but they do not adequately address the problems of relatively small
leaks, intermittent leaks that may not be emitting at the time of the leak survey, or leaks occurring
in unexpected locations that may be omitted from the survey area.*>® Additionally, high-emitting
sources have significant temporal variability that cannot be accurately quantified by periodic
survey methods.” Furthermore, leaks may persist for weeks or months before being detected by
the next periodic survey, potentially resulting in significant total emissions of CHs and prohibiting
the quantification of such emissions due to the uncertainty in duration. Continuous, wide-area
monitoring over entire facilities has the potential to overcome these measurement gaps and to
provide rapid detection of leaks with more accurate estimates of total gas emissions from oil and
gas production, distribution, and storage facilities.

In this single-blind study, a continuous monitoring approach was evaluated based on its ability
to detect, locate, and quantify CH4 emissions with no prior knowledge of emission location, time,
rate, or duration. The GreenLITE™ gas concentration measurement system employs a continuous
laser-absorption-spectroscopy-based, open-path, integrated column measurement in conjunction
with an inverse dispersion model to locate and estimate CH4 emission rates. While other open-path
continuous monitoring methods require specific knowledge of potential leak locations to pre-
position equipment such as reflective targets,® the GreenLITE™ system utilized in this study is

capable of identifying and localizing emissions from anywhere within the monitoring area. The



ability of GreenLITE™ to detect, locate, and quantify CH4 emissions was evaluated through the
use of a set of performance metrics defined in the Continuous Monitoring Protocol’ (CMP)
developed under the Advancing Development of Emissions Detection'® (ADED) program run by
the Methane Emissions Technology Evaluation Center (METEC) at Colorado State University,
Fort Collins, CO. By focusing on top-level metrics such as probability of detection and accuracy
of localization and quantification rather than sensor-specific metrics such as concentration
sensitivity and signal-to-noise ratio, the CMP aims to provide a means for regulatory agencies and
oil and gas operators to directly compare the utility of different monitoring solutions.

Evaluation of other continuous monitoring solutions has been performed at the METEC facility,
designed and built specifically for evaluation of CH4 leak detection and quantification systems.
The facility contains decommissioned oil and gas equipment representative of conventional and
small non-conventional gas production facilities, namely wellheads, separation equipment, and
small liquid storage tank batteries. While METEC provides realistic site topography, experimental
design is still critical in evaluating the long-term expected performance of monitoring solutions at
operational oil and gas facilities. For example, in prior experiments conducted at METEC in 2018
and described in Alden et al.,® for any given test, the pad containing the controlled emission was
known to the sensing system operators, and the sensing system only needed to determine which
equipment within the pad the emission source was located on. A total of 17 releases were
performed, each lasting between 1.5 and 5.5 hours, with the release beginning and end times
known by the sensing system operators. If considering a “pad-level” detection, then emission rate
and location within the pad were the sole blind aspects of these tests. A single test was performed
in which false positive detections were possible. No CH4 was released for a period of no more than

4.25 hours, during which time the sensing system produced no false positive detections. All other



results provided were from known controlled releases, limiting assessment of the actual false
positive detection performance of the system being tested. More recent testing at METEC utilizing
the CMP has addressed many of these methodological issues, with participating solutions fully
blind and greater numbers of controlled releases.'!

The GreenLITE™ experiment detailed here allowed for releases anywhere within 20 grid boxes
covering a total area of over 0.18 km? at any time within a 12-hour daily window on any of 27
days. The longest release lasted one hour, and the average release was 22.8 minutes in duration.
The GreenLITE™ system operated for more than 314 hours, with releases being conducted during
only 5.1% of that time, leaving the rest of that time available for the possibility of false positive
detections. This experimental design allowed for a more representative assessment of full-time
continuous emissions monitoring capabilities over a wide monitoring area potentially including
multiple operational oil and gas production facilities or representing a much larger single facility

such as a refinery or tank farm.
MATERIALS AND METHODS

Measurement System. GreenLITE™ is a laser absorption-based gas measurement system that
consists of one or more optical transceiver units and some number of retroreflectors arranged such
that a clear line of sight exists between each transceiver and each reflector. Backend processing
and analytics convert measured optical depth values to gas concentrations in near-real time and
generate 2-D distributions of CHa4 concentrations.'>!*!* GreenLITE™ measurements are
interfaced with an inverse dispersion model (IDM) to estimate CH4 emission rates and locations.
The measurement approach and emission retrieval scheme are described in detail in Pernini et al.'®

While GreenLITE™ may be used to measure the concentration over a single atmospheric path,

the more common system configuration involves the transceiver scanning to multiple reflectors to



measure an area. The transceiver optical head is pointed at each reflector for a period that typically
spans 10 to 30 seconds depending on the application, measuring the path-integrated concentration
of the target gas along the straight-line path (“‘chord”) from the transceiver to the reflector. If two
transceivers are arranged such that their measurement chords intersect one another (as seen in
Figure 1, for example), a 2-D reconstruction of the distribution of the gas concentration over an
area that can span up to 25 km? can be obtained using a sparse tomographic approach.'>!* Example
2-D reconstructions of concentration and emissions can be found in the Supplemental Information
(SI) section S1.

Prior to this experiment, GreenLITE™ has previously been tested and deployed in several
environments for CO2 and CH4 monitoring,!3!415-16.17.18
Measurement Site. The experiment detailed in this paper was designed to simulate the area of a
typical oil and gas storage tank farm. Testing at METEC was considered, but GreenLITE™ is
capable of and well suited for monitoring areas much larger than the ~0.03 km? METEC site. To
test over an area more representative of a theoretical GreenLITE™ deployment which could
monitor multiple oil and gas production sites or a much larger single facility such as a refinery or
tank farm, this experiment was performed at an operational farm near New Haven, IN. Testing
followed the ADED CMP, developed at METEC but transferrable to any potential test center. See
SI Section 2 for a more detailed description of the measurement site and testing conditions.
System Installation and Setup. GreenLITE™ was setup at the farm test site as shown in Figure
1. The layout included two GreenLITE™ transceivers and 29 retroreflectors arranged to provide
54 measurement chords covering an area of 0.35 km?. All chord endpoints (transceiver optical
heads and retroreflectors) were two meters above ground level. Measured chords ranged in length

from 216 m to 817 m. The measurement area was subdivided into 44 potential emission location



boxes. Releases could be conducted in any location other than the outermost boxes (for a total of
20 potential release boxes equaling 0.18 km?). The buffer boxes around the perimeter ensure that
emissions within the site are not missed regardless of wind direction. While GreenLITE™ is able
to monitor much larger areas, the area monitored in this experiment was primarily limited by
property lines. Testing was performed in the time period from January to April, 2022, over a range
of weather conditions. Local meteorological data were provided by an onsite weather station

installed near transceiver TO1 (green marker near lower left of Figure 1).

Google Earth

Figure 1. Layout of GreenLITE™ system at the test site. TO1 and T02 are the two transceiver
locations along the southern edge, yellow markers are the reflector locations, green lines are the

chords measured by TO1, and blue lines are the chords measured by T02. The red boxes are used



as bounding boxes for computing emissions and providing an estimated location of the emission.

Blind controlled release locations are marked with red and black bullseye symbols.

The system was installed in a non-permanent manner to avoid disruption to ongoing farming
activities. Consequently, frequent ground freeze-thaw cycles experienced throughout the winter-
spring testing period impacted optical alignment between the transceivers and reflectors. This was
expected but unavoidable given the installation constraints. Regular realignment was performed
via the system’s remote interface on all testing days, including both days when releases were
performed and days when no releases were performed.

Unblind Release Testing. A set of unblind releases was conducted in mid-January to evaluate the
release procedure and verify expected performance. High-purity gas consisting of 99-99.5% pure
CHa4 was used for all releases. SI Section 2 contains more information about the release system.

A second round of unblind releases was conducted in late-January, providing guidance as to
what range of release rates should be used for the ensuing blind release tests. These unblind
releases were performed at rates ranging from 0.17 to 2.15 kg/h. While storage tanks are known to
be frequent emitters of CHa,' very little literature exists regarding true leak emission rates from
oil and gas storage tanks due to the challenges associated with direct measurement of such leaks.?°
The release rates tested in this experiment are expected to be smaller than true emission rates from
storage tanks and serve as an evaluation of the lower detection thresholds for the GreenLITE™
system.

Prior to conducting any blind releases, the test plan and test setup were audited onsite by a
representative from METEC, whose recommendations were incorporated into the final test and

execution.



Blind Release Testing. Recent evaluation of continuous monitoring systems at METEC included
hundreds of individual releases, some lasting up to 8 hours, at emission rates up to 6.39 kg/h.!! In
this study, releases were limited to rates < 2.15 kg/h and durations < 60 minutes. Initial unblind
test results indicated that high release rates were not needed to identify the minimum detection
threshold and that short durations would provide ample information on detection thresholds. Blind
releases ranged in duration from 12 minutes to one hour, with the average release lasting 22.8
minutes.

Personnel involved in this experiment were split into two groups: the test center team,
responsible for planning, executing, and documenting the controlled releases; and the performer
team, responsible for maintaining system operation and identifying, locating, quantifying, and
reporting emission events. The test center team provided no information to the performer team
regarding test days, times, durations, locations, or emission rates. This arrangement ensured that
the performer team remained fully blind to the release schedule and details to allow for an unbiased
assessment of the emission detection, localization, and quantification capabilities of GreenLITE™.
For each release event, the test center team recorded all relevant information about the release.
Releases occurred on six separate days dispersed over a six-week period containing 27 potential
release days — 30 weekdays minus 2 days for power outage and 1 day for equipment maintenance.
All releases occurred between 8:00 AM and 6:00 PM local time to ensure system alignment and
to minimize the impact of frost heaving. Releases were conducted at 10 unique locations indicated
in Figure 1, with releases being repeated at two of those locations on different.

A histogram of the releases as a function of release rate is provided in Figure S4. More releases

were performed at lower emission rates to improve confidence in the probability of detection



evaluated at those rates, and higher emission rates were conducted for shorter release periods to
limit gas consumption.

If any emission events were detected, emission rates and locations were estimated for each
detection or group of detections. All detections, localization and quantitative estimates were
computed by the single-blind performer team at that time and reported for comparison to the test
center team release record upon completion of blind testing.

Detection of Emission Events. The chord concentration measurements were passed through a
detection algorithm to identify likely emission events. The median of all chord concentration
measurements over a rolling time window was used to correct for natural variations in atmospheric
background CH4 concentration. Median chord-to-chord differences were removed through a flat-
fielding correction prior to identification of chord concentration measurements exceeding the
detection threshold. For each detection, the sample time, chord ID, and measured chord
concentration were recorded in the detections file for that day.

Emission Localization and Quantification. The integrated column concentration measurements
were combined with local wind information to create 2-D estimates of concentrations within the
plane defined by the chords and their intersecting horizontal area. The 2-D concentration field is
modeled as either set of rectangular subregions (“boxes”) or a collection of Gaussian plumes.
Further information about the 2-D concentration reconstruction process can be found in SI Section
3.

The approach adopted in this study was to combine box retrieval data with a standard emissions
modeling framework called Second-order Closure Integrated puff model with Chemistry
(SCICHEM).?! In this application, SCICHEM is used in an iterative scheme to provide emission

estimates in the box sectors depicted with red lines in Figure 1.
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Detection times were used to determine which time periods to process for emissions estimation.
Emission rates and locations were computed for each 10-minute time period in which an emission
event had been identified by the detection algorithm. Since the concentration values associated
with the 2-D box reconstructions are used in the iterative IDM emission retrieval scheme, emission
locations were estimated to the fidelity of the red boxes shown in Figure 1, with each emission
event assigned to a numbered box. Emissions for each reconstruction box were computed, and the
largest emission value in a non-edge box was provided as the estimated emission rate and the box
as the emission location. The estimated emissions results, including the time window, emission
rate, emission location, and average wind speed and direction over the time window, were recorded
in the emissions file for that day. Emission rates were estimated in units of grams per hour (g/h)

as per the CMP, but results are presented here in kg/h.

RESULTS AND DISCUSSION

Protocol Metrics and Results. Upon completion of all controlled releases, the reported

detections and emissions results were compiled and compared to the test center release log data.
Performance metrics were computed as defined in the CMP. SI Section 4 contains the full results
from each blind controlled release.
Detection Results. The primary CMP metrics related to detection are Probability of Detection
(PD), False Positive Fraction (FPF), False Negative Fraction (FNF), and Detection Time (DT). PD
is simply the number of true positive (TP) detections divided by the sum of the number of true
positive and false negative (FN) detections. PD represents the fraction of emission events that were
correctly identified.

The distribution of releases and detection as a function of release rate is shown in Figure S5. A

logistic regression is used to create a smooth, continuous PD curve from the discrete data samples,
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while a bootstrapping technique provides an indication of uncertainty in the result if experiments
were repeated. Figure 2 shows bootstrapped logistic-regression PD curves based on all detections
from each release. This approach considers the number of releases at a given rate and the length
of the releases. The bootstrapping technique envelopes the expected detection performance of the
system under test and is performed by randomly selecting N detection samples out of N actual
detections (with replacement) prior to performing the logistical regression. This process is repeated
100 times to build the grey curves seen in the left panel of Figure 2, and the blue curve is the

logistic regression fit to the estimated emissions.
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Figure 2. Left - Probability-of-detection curves (blue — fit to data, grey — bootstrapping iterations)
as a function of release rate; Right — Probability of detection versus release rate and binned by

wind speed. The left plot shows a 90% detection limit of 0.89 kg/h.

The right panel of Figure 2 shows the PD curves, binned by average wind speed during the
release, using a logistic regression without bootstrapping of the data. Note that the binning was
chosen due to the limited number of samples at lower and higher wind speeds. The right panel of
Figure 2 indicates that one of the primary drivers of uncertainty in the PD curve is wind speed. To

evaluate this further, a logistic regression with bootstrapping was performed using the release rate
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1.22 1.23

normalized by wind speed, consistent with analysis by Bell et al.”* and Sherwin et al.’ in the

evaluation of other remote sensing systems. The result is illustrated in Figure 3 and shows a

narrower confidence interval seen as a tighter grouping of the 100 bootstrap results.
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Figure 3. Logistic regression with bootstrapping using release rate normalized by wind speed,

showing a 90% detection limit of 0.44 (kg/h)/(m/s).

Not captured in the previous figures is the number of false positive (FP) detections and the FPF.
FPF is the number of FP detections divided by the total number of reported detections. By
definition, a FP detection is a reported detection that occurred at a time when no controlled release
was being conducted. However, due to the uncontrolled nature of the test site and the fact that it is
surrounded by a variety of potential CH4 sources (e.g., homes, farms, forest, roads and highways,
railroad tracks, shopping centers), a reported detection outside of a controlled release time may in
fact be a detection of a true elevated CH4 concentration from a source outside the monitored area.
SI Section 5 contains details about two days on which off-site emissions sources were observed.

The total number of reported FP detections during the 6-week testing period was 31. These 31

FP detections occurred during a total non-release monitoring time of 298 hours and 17 minutes.
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The breakdown of FP detections between days with and without controlled releases (Table S3)
shows no significant difference in FP rate between release and non-release days.

The CMP defines FPF as the number of FP detections divided by the total number of reported
detections (FP + TP). The drawback to this definition is that the FPF is influenced as much by the
number of releases and resulting TP detections as it is by the number of FP detections. A test
consisting of many controlled releases and a short time period in which no releases are conducted
will result in a lower FPF than one in which only a few releases are performed over a long period
of operational time (as in the case of this experiment).

As defined by the CMP, the GreenLITE™ FPF for this single-blind test was 0.261 (31 FP/ 119
total reported detections). Computing FPF in a manner similar to how FNF is computed may be
more meaningful. FNF is defined as the number of FN detections divided by the number of
controlled releases, which represents the fraction of controlled release periods containing at least
one TP detection. Alternatively, dividing the number of FP detections by the number of non-
release periods represents the fraction of non-release periods containing at least one FP detection.
We define this alternative metric as FPF’. A non-release period is defined as a period of time equal
to the average duration of all controlled releases but containing no controlled release.

The average release duration for this experiment was 22.8 minutes. The total non-release time
divided by the average release period yields 785 time periods of 22.8 minutes during which no
controlled releases were conducted and results in a FPF’ of 0.039.

The FNF for this experiment is 0.40 for all release rates. Note that the FNF is influenced by the
distribution of emission rates included in the experiments and its therefore more meaningful when
considered as a function of release rate, as shown in Figure S8. With the objective being to

characterize the low-end sensitivity of the GreenLITE™ gsystem, the vast majority of releases that
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did not produce detections were at relatively low rates (< 0.65 kg/h). The single FN detection at a
rate greater than 0.65 kg/h was associated with a 16.7-minute release at 1.51 kg/h during which
the average wind speed was 5.6 m/s (the highest of all controlled releases).

Detection Time (DT) is defined as the elapsed time between the start of a release and the time

when the release is first reported. DT values in this experiment ranged from 46 seconds to just
under 23 minutes and exhibited an inverse relationship with metered release rate. Detailed DT
results are given in SI Section 6.
Emissions Localization Results. The primary metrics related to emission localization defined by
the CMP are Localization Precision (LP) and Localization Accuracy (LA). The CMP requires that
a detection report specify the emission location by identifying the Equipment Unit ID to which the
emission is attributed. If an emission is believed to have originated from outside the testing area,
it may be classified as Off Facility and excluded from the calculation of metrics. Because this
experiment was performed in an agricultural setting and not on an operational or simulated oil and
gas production facility, the test site included no equipment to which emissions could be attributed.
Instead, each grid box (see Figure 1) was assigned a unique identifier to represent the Equipment
Unit ID for an emission event believed to have originated from within that area. The boxes
immediately adjacent to a given box were defined as the Equipment Group. Each detected emission
location was reported to the Unit level (i.e., to a specific box), and the reported locations were then
compared to the true locations to compute the localization precision and accuracy metrics.

LP is simply a count of the number of detected releases that were identified to the correct Unit,
Group, and Facility levels. Of the 25 detected blind controlled releases, 9 were correctly localized
to the Unit level (box), 9 others to the Group level (adjacent box), and the remaining 7 to the

Facility level (elsewhere within measurement footprint). A subset of the Group level detections
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included true release locations that were near the box boundary of the nearest downwind
neighboring box. For these releases, wind likely carried the gas plume to a downwind measurement
chord that passed through the neighboring box which was subsequently estimated to be the release
box. In future work, both the proximity of the chord for which a detection occurred to respective
box boundaries as well as wind speed/direction will be accounted for when localizing leaks, which
should improve localization accuracy.

The LA metric represents the fraction of detections that were correctly identified at the Unit,
Group, and Facility levels of precision. A detection correctly localized to the Unit level also counts
as a detection at the correct Group and Facility levels. The GreenLITE™ LA results for the Unit,
Group, and Facility levels are 0.16, 0.32, and 0.45, respectively. LA metrics were also calculated
with FP detections omitted (since the number of FP detections is a function of total monitoring
time rather than the number of releases), improving the results to 0.36, 0.72, and 1.00 for Unit,
Group, and Facility, respectively. The LA results are presented in Table S4 in the SI.

Emissions Rate Quantification Results. A secondary metric of the CMP is emission rate
quantification accuracy. Emission rate quantification accuracy typically benefits from the
averaging that longer release durations permit, whereas the short releases executed in this
experiment presented a highly challenging scenario with little to no opportunity to average
emissions estimates. The overall results of estimated emissions versus metered rates are provided
in Figure 4. Horizontal error bars represent the standard deviation of the metered release rate as
measured throughout each release. The figure depicts the overall fit between the estimated and
metered emission rates for each release. These results indicate a bias of -6.1% from the linear fit
with a fixed zero intercept. Relatively high variability is seen for release rates that were repeated

multiple times, which may be due to a number of factors including wind conditions and proximity
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of release location to the nearest downwind measurement chord. Quantification error of individual
rate estimates ranges from -89% to +263% of the metered release rate, with 80% of estimation

errors falling between -67% and +67%.
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Figure 4. Estimated emission (red) vs. metered release rates (blue) for all detections. This plot
illustrates the relationship between metered and estimated rates for the entire set of detections
achieved during this testing as well as for the detections separated by release type. Linear fits with
no intercept indicate bias of +7.2% and -17.6% for diffuse (orange) and point (green) releases,

respectively.

The quantification results presented here are representative only of the limited range of emission
rates included in this experiment, which were selected to develop confidence in the PD curve as
opposed to confidence in the quantification estimates over a much broader operational range.
Quantification performance may be better or worse at higher emission rates, and further testing is

required to determine the quantification accuracy of GreenLITE™ for larger emission events.
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Operational Factor. The last primary metric defined by the CMP is Operational Factor (OF),
which represents the fraction of time a system is operational relative to the total planned testing
time. The total planned testing time was 345.4 hours, while the operational time totaled 314.2
hours, for an OF of 0.910. Causes of down time included fog, heavy rain, failure of a component
power supply, and operator error. This calculation does not include the two periods of time when
power to the equipment was disrupted due to a local power outage.

Potential Future Improvements. The GreenLITE™ emission detection algorithm can be
modified to apply a temporal requirement such that multiple detection events must occur within a
specified time window before a detection is reported. This change will result in a reduction in FP
detections and increase confidence that reported detections are TP detections. Due to the relatively
short duration of releases included in this experiment, a quantitative analysis of the potential
improvement was not conducted.

Emissions localization and quantification may be improved by more fully utilizing measured
wind speed and direction as well as the proximity of measurement chords to box boundaries.
Additionally, a localization constraint limiting possible predicted leak locations to boxes that fall
on or upwind of detection chords may further improve localization performance. Emission
localization and quantification accuracy may also be improved by using the existing plume
reconstruction approach with the emission source modeled as a point emission in the IDM rather
than the box reconstruction with area emission sources. This is supported by the quantification
estimates separated by release type, shown in Figure 4, which show better agreement between

estimated rates for diffuse releases than for point releases.

Results Summary and Implications. The results from this single-blind study show that, with no

prior knowledge of potential leak locations, rates, times, or durations, GreenLITE™ can detect
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CH4 emissions as small as 0.22 kg/h and that, for the 22 controlled releases with average wind
speeds <5 m/s, it demonstrated a 100% detection rate for leaks > 0.65 kg/h. Of the 42 releases in
total, 25 were detected as emission events. For localization, the correct release box (Unit) was
determined for 9 of the detections, an adjacent box (Group) was identified in 9 of the detections,
and the remaining 7 were localized elsewhere within the field (Facility). Quantification of the 25
detected emissions exhibited a bias of -6.1%. These results demonstrate feasibility of the
GreenLITE™ system to offer continuous monitoring of relatively large oil and gas facilities to
identify, locate, and quantify CH4 emission sources, including those from arbitrary locations at

random times.

Possible additional testing to further assess the capabilities of GreenLITE™ for use in
monitoring oil and gas facilities may include the presence of multiple emissions sources, allowed
(known or expected) emission events, and higher emissions rates.

While the CMP metrics are a useful framework for providing a method to compare the key
characteristics of continuous monitoring systems that are most of interest to oil and gas operators
and regulators, our work illuminates some refinements that could be made to further increase the
utility of the metrics. Limitations of the CMP methodology to perform classification of detections

as TP or FP detections have been identified in other testing programs,!!

suggesting a need to
consider the application or use case of the continuous monitoring system under evaluation and to
tailor the methodology as appropriate. Defining FPF such that it is not dependent on the number
of controlled releases would allow more meaningful comparison between systems tested under
very different experimental designs. One such solution would be to compute FPF as the number

of FP detections reported per 24-hour period of system operation. A modified LA metric that does

not utilize the Unit/Group/Facility classification method would provide more consistency across
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monitoring systems intended for different use cases. The experiment detailed here was intended to
evaluate the ability of GreenLITE™ to detect, quantify, and localize leaks from oil and gas storage
tanks rather than from well pads. Thus, an equipment Unit was defined to be much larger in size
than it would have been if attempting to localize a leak to a specific valve or compressor.
Determination of LA using some distance-based measure would allow better comparison of results

from testing performed at facilities of different scales.
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Supplemental Information

1 MEASUREMENT SYSTEM

The GreenLITE™ optical depth measurements are uploaded to a cloud-based processing,
storage, and display framework in real time, where concentrations and 2-D distributions of
concentration and emission are computed. Past examples of 2-D reconstructions of concentrations

and emissions are shown in Figure S1.

Figure S5. Example 2-D reconstructions of CHs4 concentration (left) and emissions rate (right)

computed from GreenLITE™ measurements made over an open-pit oil sands mine in Alberta,

Canada, in 2019.!

2 MEASUREMENT SITE DETAILS AND TEST CONDITIONS

The farm test site was located in a rural area at the edge of a more suburban area. The site was
mostly flat with few obstructions. While no known sources of CH4 were present in the immediate
vicinity of the test site, highways, shopping centers, housing developments, railroad tracks, and
several active farms were present within a 2-km radius. Meteorological data were provided by an
onsite ATMOS 14 (measuring temperature, pressure, and relative humidity) and an ATMOS 22

(measuring wind speed and direction) from METER Group. Average temperatures during the test
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period ranged from -6 °C in Jan/Feb to +15 °C in April. Average wind speed for the test period

was 3.2 m/s, with the prevailing wind out of the southwest and west, as shown in Figure S2.

Wind Rose

N

Wind Speeds in m/s|

Figure S6. Wind rose depicting distribution of wind direction and speed during blind testing period

(15 Mar — 26 Apr, 2022).

The controlled release system consisted of a pressurized cylinder containing of 99-99.5% pure
CH4, a single-stage regulator, an Omega FMA-1609A mass flow meter (2.15 kg/h max), a
computer with custom software for logging the flow meter output, a 15-meter vinyl hose, and a 3
m X 3 m PVC pipe diffuser (optionally attached for “diffuse source” releases). A diagram of the

release system is shown in Figure S3.
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Figure S7. PVC disseminator assembly for producing diffuse gas releases with release setup. Point

releases were produced directly from vinyl hose without PVC structure.

A histogram of the releases as a function of release rate is shown in Figure S4 (left). The right
plot of Figure S4 shows the number of GreenLITE™ scans as a function of release rate, which
considers the duration of the release and the instrument scan rate. A complete scan producing
concentration measurements on all 54 chords took approximately four minutes. More releases were
performed at lower emission rates to improve confidence in the probability of detection evaluated
at those rates, and higher emission rates were conducted for shorter release periods to limit gas

consumption.
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Figure S8. Left — Distribution of the 42 releases as a function of release rate; Right — Distribution
of 4-minute GreenLITE™ scans as a function of release rate (accounts for release duration at each

rate).

3 2-D CONCENTRATION AND EMISSIONS ESTIMATION

The 2-D concentration field estimates are produced using a sparse tomographic approach that
minimizes the error between an analytical model of the field and the observed chord values. The
model field is composed of a set of background terms and either a set of rectangular subregions
(“boxes™) or a collection of parameterized Gaussian plumes. Using the rectangular subregion
approach, the number of subregions is held fewer than the number of measurement chords. Using
the parameterized plumes approach, up to four dispersion-based plumes are simulated. The wind
direction and speed are used to constrain the direction and strength of dispersion, and the chord
intersect values aid in the first guess choice of subregion or plume parameters. Finally, the 2-D
concentration fields are combined with local weather data (wind, air temperature, air pressure,
relative humidity) and coincident atmospheric state variables extracted from publicly available
Numerical Weather Prediction model data (e.g., vertical temperature and pressure profiles) to

estimate ambient flux and leak rate/emissions.
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This study used the box retrieval data with the Second-order Closure Integrated puff model with
Chemistry (SCICHEM)? modeling framework. The SCICHEM model incorporates complete gas
phase, aqueous, and aerosol phase chemistry model elements within a state-of-the-science
Gaussian puff model called Second-order Closure Integrated Puff (SCIPUFF). SCICHEM is used
in this study to calculate the impacts of several emission sources on observed concentration values.
Initial emission estimates were used as inputs to SCICHEM along with coincident weather
information to predict the observed chord concentration. The differences between the modeled and
observed concentrations were then used to inform the input flux estimates until the model
concentrations matched the observed within an error tolerance, thus converging on an estimated

emission rate.
4 FULL RELEASE RESULTS

Tables S1 and S2 contain results from the blind controlled release testing and related definitions.

Table S1. Definitions of columns in summary of results in Table S2.

rellD first number is release location designator; second number is sequential release
number at that location

det binary value of a detection during the release (1 = detected, 0 = not detected)

relScans number of sensor scans completed during release period

detScans number of sensor scans resulting in detection during release period

relBox grid box where release was conducted

emisBox box identified by analytics as the emission location

locPrecision | Unit: emissionBox equal to releaseBox;
Group: emissionBox adjacent to releaseBox;
Facility: emissionBox not equal or adjacent to releaseBox

relRate metered release rate in grams per hour

emisRate estimated emissions rate in grams per hour

quantAccAbs | emissionRate — releaseRate in grams per hour

quantAccRel | quantAccAbs/releaseRate

detTime time between a detection and the last data point needed to establish that detection
(HH:MM:SS)
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Table S2. Results for all blind releases. Emission rate and location information are only present in

the table for those releases which were positively detected. Releases with releaseID values

beginning with digits less than 05 were unblind releases and are not presented in these results.

rellD |det |relScans | detScans | relBox | emisBox | locPrecision |relRate |emisRate |quantAccAbs | quantAccRel | detTime
05-01| 1 8 1 1-3 5-1 FACILITY 215.1 72 -143.1 -0.665 08:41:21
05-02| 1 4 3 1-3 1-4 GROUP 1290.6 4680 3389.4 2.626 07:23:00
05-03 | 0 7 0 1-3 430.2 ] -430.2 -1 00:00:00
06-01| 1 4 2 2-2 3-1 GROUP 8604 576 -284.4 -0.331 03:58:50
0e-02| 1 3 2 2-2 2-2 UNIT 2151 1404 -747 -0.347 03:20:24
06-03 | 1 4 3 2-2 3-5 FACILITY 860.4 2160 1299.6 1.51 02:31:33
07-01| 1 3 2 4-5 4-5 UNIT 2151 1152 -939 -0.464 09:02:58
07-02| 1 3 3 4-5 4-5 UNIT 1720.8 1728 7.2 0.004 08:28:24
07-03| 0 7 0 4-5 215.1 0 -215.1 -1 00:00:00
08-01| 1 4 3 4-1 5-2 GROUP 860.4 1440 579.6 0.674 06:47:26
08-02| 1 8 2 4-1 4-1 UNIT 430.2 376 145.8 0.339 05:09:42
08-03| 1 4 4 4-1 5-2 GROUP 1075.5 2484 1408.5 1.21 04:14:53
0s-01| 1 8 5 1-1 1-1 UNIT 860.4 504 -356.4 -0.414 09:50:00
03-02| 0 53 0 1-1 322.65 ] -322.7 -1 00:00:00
10-01| 0O 7 0 4-3 322.65 ] -322.7 -1 00:00:00
10-02| 1 3 2 4-3 4-2 GROUP 2151 972 -1179 -0.548 05:49:00
10-03 | 1 4 1 4-3 5-1 FACILITY 645.3 240 -105.3 -0.163 05:10:10
10-04 | 1 3 4 4-3 4-3 UNIT 1075.5 648 -427.5 -0.397 04:07:52
11-01 | O 3 0 2-4 172.08 ] -172.1 -1 00:00:00
11-02| 1 5 1 2-4 1-4 GROUP 645.3 72 -573.3 -0.888 09:10:41
11-03 | 0 4 0 2-4 430.2 0 -430.2 -1 00:00:00
12-01| 1 8 3 3-3 3-4 GROUP 344.16 468 123.8 0.36 07:45:44
12-02 | 1 7] 3 3-3 3-3 UNIT 989.46 1008 18.5 0.019 06:56:13
13-01| O 7 1] 2-1 430.2 ] -430.2 -1 00:00:00
13-02 | 1 7 1 2-1 4-5 FACILITY 645.3 1080 434.7 0.674 04:28:55
13-03 | 1 3 1 2-1 -5 FACILITY 817.38 288 -329.4 -0.648 03:40:15
14-01 | 1 3 4 3-5 -5 UNIT 774.36 792 17.6 0.023 10:35:26
14-02| 1 7 1 5-5 5-5 UNIT 645.3 3a0 -285.3 -0.442 09:30:06
15-01| O 15 0 3-3 172.08 0 -172.1 -1 00:00:00
15-02 | 0 7] 0 3-3 322.65 ] -322.7 -1 00:00:00
15-03 | 0 8 0 3-3 559.26 ] -359.3 -1 00:00:00
15-04 | 1 5 3 3-3 5-5 FACILITY 1075.5 1008 -67.5 -0.063 11:03:50
15-05| 0 4 0 3-3 215.1 0 -215.1 -1 00:00:00
15-06 | O 4 0 3-3 430.2 ] -430.2 -1 00:00:00
15-07 | 1 7] 3 3-3 4-4 GROUP 1505.7 1476 -29.7 -0.02 08:27:57
15-08| 0O 7 1] 3-3 430.2 ] -430.2 -1 00:00:00
15-09 | 0 7 0 3-3 645.3 0 -645.3 -1 00:00:00
16-01 | O 7] 0 1-1 430.2 ] -430.2 -1 00:00:00
16-02 | 1 4 3 1-1 1-4 FACILITY 860.4 1872 1011.6 1.176 04:21:17
16-03 | 1 4 2 1-1 2-1 GROUP 2151 972 -1179 -0.548 03:38:09
16-04 | O 4 0 1-1 430.2 0 -430.2 -1 00:00:00
16-05 | O 4 0 1-1 1505.7 ] -1505.7 -1 00:00:00

Figure S5 shows the distribution of releases and detections as a function of release rate. Due to the

relatively small number of releases conducted at discrete rates, a plot of PD as a function of release

rate produced directly from the data in Figure S5 is not smooth and continuous.
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Figure S9. Distribution of total (blue) and detected (orange) releases as a function of release rate.

5 DETECTION OF OFF-SITE EMISSIONS SOURCES

On the morning of March 17, there were 105 detections in a span of about 80 minutes during
which time no controlled releases were conducted. A nearby Picarro G2301 sampling ambient air
located slightly south of the southern edge of the monitored area showed an elevated background
CH4 concentration. Figure S6 shows the GreenLITE™ detections and the concentration measured

by the Picarro.

31



3/17/2022 GreenLITE™ Detections and Background CH,,
\ | | | | | \

* Detections
Picarro -

N T .

M | r .k 1
\ \ |\h~‘ %”\ﬂmwwwr—rm L B e Mmti—

2
12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
Mar 17, 2022

Figure S10. A large cluster of GreenLITE™ detections (red stars) coincides with elevated
background concentration measured by a nearby Picarro G2301 (blue line, location indicated by

black star near bottom of Figure S7) on March 17.
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Figure S11. 2-D reconstruction of CH4 emissions during period of frequently occurring detections
showing evidence of an offsite source southwest of the monitored area. Wind direction at this time
was from the southwest at 218°. The black star near the bottom indicates the location of the Picarro

ambient CH4 sensor.
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The 2-D reconstruction of the concentration as measured by GreenLITE™ and shown in Figure
S7 indicates an offsite source blowing into the monitored area. The wind direction during the time
period in which the cluster of non-controlled-release detections occurred ranged from 210 to 240
degrees (south-southwest to southwest). A very similar event occurred on March 21, with 93
detections occurring in 104 minutes. Because the detections in these time periods were caused by
an outside source, and because the CMP states that detections identified as “OFF FACILITY” are
not classified as FP detections, they have not been counted as FP detections in these metrics or

included in the calculation of FPF.

6 DETAILED METRICS AND RESULTS

The breakdown of False Positive (FP) detections between days with and without controlled
releases is given in Table S3 and shows no significant difference between release and non-release
days.

Table S3. Breakdown of FP detection frequency on days with and without controlled releases.

# Days # FP Detections FP/Day
Days with Release 6 8 1.33
Days without Release 21 23 1.10

Figure S8 depicts the GreenLITE™ False Negative Fraction as a function of methane release
rate. The single FN detection at a rate greater than 0.65 kg/h was associated with a 16.7-minute
release at 1.51 kg/h during which the average wind speed was 5.6 m/s (the highest of all controlled

releases).
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Figure S12. False negative fraction as a function of release rate.

Figure S9 shows the DT as a function of release rate. As expected, DT trends toward shorter
times as release rates increase. At the time the test plan was audited by the METEC representative,
the real-time detection algorithm was not fully implemented. In following the audited test plan,
DT results reported to EPA were generated with data analyzed for detections at the end of each
test day and ranged from 6 hours, 19 minutes to 11 hours, 4 minutes (equal to the elapsed time

from the chord measurement indicating a detection to the end of the daily collection period).

Detection Time vs Release Rate for Real-Time Detections
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Figure S13. Detection times as a function of release rate using real-time detection algorithm,

shown with power fit.
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Table S4 contains the LA metrics as defined by the CMP as well as with FP detections omitted,
since the number of FP detections is a function of total monitoring time rather than the number of
releases.

Table S4. Localization Accuracy metrics as defined by the CMP and with FP detections omitted.

Unit Group Facility
As Defined by CMP 0.161 0.321 0.446
With FP Detections Omitted | 0.360 0.720 1.000
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