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ABSTRACT

Controlled, fully-blinded methane releases and ancillary on-site wind measurements were performed during a
separate airborne survey of active oil and gas facilities to quantitatively evaluate the capabilities and potential
utility of the Bridger Photonics LiDAR-based airborne Gas Mapping LiDAR™ (GML) methane measurement
technology under realistic field conditions. Importantly, although Bridger Photonics knew there was a ground
team working in the area to deploy wind sensors as part of the broader survey of facilities, they had no
knowledge whatsoever that controlled releases were taking place and were not informed of this until all data
processing was complete. Thus, the presented data allow a true, fully-blinded assessment of the airborne tech-
nology’s ability to both detect and locate unknown methane sources within active oil and gas facilities, as well as
to quantify their release rates. Results were used to derive a lower-sensitivity limit threshold as a function of
wind speed, which matches well with the broader field survey results. Comparison of measurement results with
and without the benefit of on-site wind data reveal that uncertainty in the GML source quantification is a direct
linear function of the uncertainty in the wind speed. Quantification uncertainties (1c) of +31-68% can be ex-
pected for sources near the sensitivity limit. The derived sensitivity limit function was incorporated into
exploratory simulations using the Fugitive Emissions Abatement Simulation Toolkit (FEAST), which suggest that
the Bridger GML technology has comparable performance to optical gas imaging (OGI) camera surveys both in
terms of fraction of total emissions detected and anticipated net mitigation. The relative performance of the
Bridger GML technology would be expected to improve or worsen as the assumed underlying distribution of
source magnitudes becomes more or less positively skewed (i.e. more or less dominated by larger sources such as
tank vents). Overall, the Bridger GML technology is shown to be capable of detecting, locating, and quantifying
individual sources at or below the magnitudes of recent regulated venting limits. The presented detection
sensitivity function will be useful for modelling potential alternate leak detection and repair strategies and
interpreting future airborne measurement data.

1. Introduction

regulations (ECCC, 2018a; US EPA, 2016) as part of meeting stated
policy objectives of reducing oil and gas sector methane emissions by

Methane is a potent greenhouse gas with a global warming potential
many times stronger than that of CO,. Combined with its comparatively
short atmospheric lifetime (~9 years, Myhre et al., 2013), methane is
thus a vital target for immediate-term reductions as part of overall ob-
jectives of holding planetary warming to <1.5-2 °C (IPCC, 2018). The
oil and gas sector is broadly understood as a principal source of
anthropogenic methane emissions (IEA, 2020), and recent studies using
a range of approaches suggest its contribution to the global balance is
underestimated (Alvarez et al., 2018; Hmiel et al., 2020).

Both the United States and Canada have developed methane
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40-45% by 2025 (Trudeau et al., 2016). Specific regulatory measures
vary among provinces and states, (e.g., AER, 2020; BCOGC, 2020;
DPHE, 2020; Johnson and Tyner, 2020) but generally include re-
quirements to limit direct venting of methane as well as conduct peri-
odic inspections for fugitive emissions sources (i.e., unintentional
venting sources and leaks). Monitoring compliance and tracking the
overall impact of regulations toward policy objectives pose a number of
technical challenges. Ultimately, these may require one or more of a
suite of measurement technologies that together can achieve large-scale
aggregate regional emissions measurements, quantification of

Received 23 December 2020; Received in revised form 8 March 2021; Accepted 23 March 2021

Available online 31 March 2021

0034-4257/© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Matthew.Johnson@carleton.ca
www.sciencedirect.com/science/journal/00344257
https://www.elsevier.com/locate/rse
https://doi.org/10.1016/j.rse.2021.112418
https://doi.org/10.1016/j.rse.2021.112418
https://doi.org/10.1016/j.rse.2021.112418
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2021.112418&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.R. Johnson et al.

individual site emissions, measurement of emissions from major
equipment (e.g. storage tanks, compressor builds, dehydrators, etc.),
and measurement of individual emitting components (e.g. pneumatics,
valves, fittings, etc.). Several technologies are emerging to meet these
needs (Fox et al., 2019; Ravikumar et al., 2019) and recent successful
deployments include airborne measurements to quantify “basin-level”
emissions from aggregated facilities (e.g. Johnson et al., 2017; Karion
et al., 2015; Peischl et al., 2016; Smith et al., 2017), airborne mea-
surement of “facility” or “site-level” emissions (e.g. France et al., 2021;
Golston et al., 2018; Gorchov Negron et al., 2020; Mehrotra et al., 2017;
Yang et al., 2018), and truck-mounted technologies to screen for emit-
ting sites and/or estimate total site emissions (e.g. Albertson et al., 2016;
Atherton et al., 2017; Baillie et al., 2019; Caulton et al., 2019; O’Connell
et al., 2019; Rella et al., 2015; Roscioli et al., 2018; Zavala-Araiza et al.,
2018). However, for screening potential sources within a facility, optical
gas imaging (OGI) via hand-held infrared cameras to reveal otherwise
invisible hydrocarbon plumes remains the default approach.

Regulations in several jurisdictions now mandate the use of OGI
cameras as part of leak detection and repair (LDAR) programs that are
performed at prescribed frequencies ranging from 1 to 12 times per year
(AER, 2020; BCOGC, 2020; DPHE, 2020; US EPA, 2016). Recent field
research testing the effectiveness of OGI-based LDAR programs, in
repeated surveys at the same set of facilities, has affirmed the need for
“frequent, effective, and low-cost LDAR surveys” to identify leaks and
account for new leaks that occurred between surveys (Ravikumar et al.,
2020). However, the overall cost of frequent OGI-LDAR can become
quite significant when large numbers of facilities are involved (e.g.
ECCC, 2018b). Ravikumar et al. (2020) also found that overall emissions
were dominated by intentional or designed releases from sources classed
as “vents”, especially liquid storage tank vents, rather than those typi-
cally classed as fugitive leaks, suggesting a parallel “need for targeted
inspections of tanks”.

One promising approach for improving efficiency and reducing costs
of OGI-LDAR surveys is through the combination of rapid screening
approaches with follow-up close-range methods (e.g. Fox et al., 2019;
Kemp et al., 2016). Airborne measurement technologies, with the ability
to rapidly cover many sites per day, may be especially well-suited to this
approach (Schwietzke et al., 2019). Among these, airborne light detec-
tion and ranging (LiDAR) technology, which has the potential to detect
and quantify major sources within a facility, could be especially ad-
vantageous. Recent simulations have shown that airborne LiDAR tech-
nology applied with optimized routing could lower inspection costs by
up to a factor of six while achieving comparable effectiveness (Rashid
et al.,, 2020). A key aspect of this however is the sensitivity of the
measurement system. Simulations using the Fugitive Emissions Abate-
ment Simulation Toolkit (FEAST) suggest that a detection limit between
0.1 and 1 kg/h is sufficient to capture all significant leaks (Ravikumar
et al., 2018), where sources below this limit have negligible impact on
total emissions. Because surveys are periodic and leaks are dynamic with
positively skewed distributions, the fraction of detected emissions
“saturates” at a sensitivity of approximately 0.1 kg/h. Thus, depending
on the sensitivity of the LiDAR, it may be possible to minimize the need
for LDAR inspections, while potentially also targeting the more signifi-
cant contributions of venting sources noted in recent field work (Rav-
ikumar et al., 2020). The ability to quantify detected sources could also
have advantages in assessing compliance with various regulated venting
limits (e.g. AER, 2020; ECCC, 2018a) or in jurisdictions where quanti-
fication of detected fugitive sources is required (e.g. BCOGC, 2020).

The objective of this paper was to evaluate the performance of new
airborne LiDAR technology developed by Bridger Photonics Inc., and in
particular, to complete fully-blinded field tests to investigate real-world
sensitivity and detection limits. The presented experiments were con-
ducted under cover of a parallel airborne survey of active oil and gas
facilities in Northern British Columbia, Canada. As an acknowledged
component of this survey, a ground team moved beneath the plane
deploying and redeploying wind sensors at a subset of sites with a stated
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objective of collecting supplementary wind data to assist with the
analysis of survey results. However, unbeknownst to Bridger Photonics,
the ground crew was also able to perform controlled methane releases at
several sites, providing a true, blinded assessment of the sensitivity of
the Bridger technology under real-world, oil and gas sector survey
conditions. Critically, this enabled a quantitative and fully transparent
evaluation of the technology’s ability to find sources without knowing
where to look or even that an evaluation was underway. These data give
unique insight into the current real-world performance of the Bridger
system and provide invaluable objective data for understanding the
potential utility of this or similar airborne measurement technology.
Considering ongoing regulatory development seeking to employ these
types of approaches (e.g. AER, 2021), the presented results provide
much needed scientifically rigorous data to assist in policy decisions
about alternative technologies for finding methane sources, in meeting
regulatory requirements, and most importantly, in interpreting field
measurement data to develop better inventories and drive mitigation.

2. Methodology

Under the direction of the British Columbia Oil and Gas Research and
Innovation Society (BC OGRIS), Bridger Photonics was contracted to
complete an aerial survey of 167 oil and gas sites in Northern British
Columbia, Canada in September 2019. A research team from the Energy
& Emissions Research Lab (EERL) at Carleton University was invited to
work in parallel with the aircraft, with goals that included under-
standing and quantitatively evaluating the capabilities of the airborne
measurement system.

2.1. Bridger Photonics airborne measurement technology

Bridger Photonics Inc. Gas Mapping LiDAR™ (GML) technology is an
airplane mounted scanning sensor that combines spatially-scanned
range-finding and gas-absorbing lasers, a colour frame camera, and a
Global Navigation Satellite System - Inertial Navigation System (GNSS-
INS) to detect and produce geo-located imagery of methane plumes
(Hunter and Thorpe, 2017). Wavelength modulation spectroscopy
(WMS) measurements, similar to the technique described in (Iseki et al.,
2000), are performed on the methane absorption line at 1651 nm to
determine the path-integrated methane concentration between the
aircraft and the ground-based topographic backscatterer. The path-
integrated methane concentration measurements, derived from the
WMS signals, depend on the local atmospheric pressure and tempera-
ture, which are measured onboard the GML sensor, the laser modulation
parameters, which are calibrated by Bridger Photonics Inc. and verified
prior to each flight, and the methane absorption line spectroscopic
properties, which are derived from the HITRAN spectroscopic database
(Gordon et al., 2017). A model of the WMS LiDAR measurement, similar
to the model described in (Iseki et al., 2000), is used to determine the
ground reflectivity and the concentration measurement SNR for each
measurement. Under nominal operating conditions the path-integrated
methane concentration measurements have less than 10% 1o uncer-
tainty. The range measurement uses frequency-modulated-continuous-
wave (FMCW) topographic LiDAR to measure the distance between
the aircraft and the ground along the direction of the methane concen-
tration LiDAR measurement (Bridger Photonics, 2021). The topographic
LiDAR measurements are combined with the GNSS-INS data to geo-
register the topographic and methane concentration LiDAR measure-
ments to a common global coordinate system.

The lasers are rapidly swept in a conical patter which creates an
overlapping ellipsoidal pattern on the ground as the airplane flies. For
this survey, the GML sensor was deployed on a Cessna 172 and flown
with a nominal flight speed of 160 km/h. The sensor field of view was
31° and the nominal flight altitude was 230 m above ground level (AGL);
in this configuration, the system measures an approximately 128-m wide
LiDAR swath on the ground in a single pass of the airplane. The position
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of forward- and backward-looking gas measurements acquired during
the flyover are used to determine the plume height, typically to within 2
m. The height-corrected, path-integrated methane concentrations
within the laser swath are combined to produce 2D imagery of detected
plumes. The spatial resolution of the plume is a function of flight altitude
and speed of the aircraft (Hunter and Thorpe, 2017) and was 2 m in the
present work. Bridger uses 3D information of the gas plume along with
wind speed and other topographic information on the ground to
compute the source methane emission rate with an associated 16 un-
certainty of +30% under typical measurement conditions. The wind
speed estimate (See Section 2.2.1) is typically the dominant source of
uncertainty in GML emission rate estimates.

Actual in-field site measurement coverage may be impacted by
groundcover conditions, e.g. wet soil or standing water which attenuates
the LiDAR return signal, or flight path characteristics (e.g. heading,
aircraft roll, banking, etc.) during the measurement. Geo-located flight
paths and LiDAR return signal coverage, the true laser swath, were
provided by Bridger Photonics Inc. allowing an assessment of each site’s
true measurement area. This was particularly important for analyzing
missed controlled releases (see Fig. 2). For locations with detected
methane emissions, Bridger Photonics Inc. supplied: i) high resolution
site imagery obtained during the survey from an aircraft mounted
camera, ii) geo-located methane plume detection imagery from each
individual measurement pass, and iii) where possible a plume source
location(s) and emission rate(s) in liters per minute (Ipm) of methane (at
15°C and 101,325 Pa). In two cases where a controlled release source
was measured in two successive and partially overlapping passes of the
airplane, the average was used.

2.2. Ground measurements

A ground team of EERL personnel working in 5 trucks was deployed
to Northern BC to work concurrently with the airplane. The team’s
stated goals were to deploy and re-deploy eleven tripod-mounted wind
anemometers at as many of the measurement sites in the airborne survey
as possible while the plane worked overhead. These data were used to
understand the influence of uncertain wind data on the airborne mea-
surement results. However, each truck was also equipped with equip-
ment to perform controlled methane releases enabling independent and
objective evaluation of the lower detection limits and measurement
uncertainty of Bridger’s LiDAR technology. All controlled releases were
performed in a true blinded fashion such that Bridger Photonics Inc. had
no knowledge that controlled releases were occurring during their
separately organized survey of oil and gas facilities in the region, and
they were not informed of this until after all data processing was com-
plete. Overall the EERL team was able to catch up with the plane at 48
unique sites completing 65 wind measurements (some sites were visited
again by the aircraft on subsequent days) as well as 29 controlled
methane releases at 22 distinct sites during the 5-day aerial survey.

2.2.1. Wind data and sensors

Wind data at the source plume height are a necessary component of
any source emission rate quantification system and a limit of any remote
measurement system. Even at low aircraft altitude, atmospheric effects
are such that aircraft measured wind speed and direction can be notably
different than those at the plume height (which in the near field, where
measurements occur, is generally much closer to the source level on the
ground). Typically, when on-site wind measurements are not available,
Bridger Photonics Inc. uses interpolated hourly meteorological station
data provided by Meteoblue (https://www.meteoblue.com/) to derive
local wind information and calculate emission rates from measured
methane plume concentrations (ppm'm). The wind speed, u, provided at
areference height of 21=10 m, is scaled to the measured plume height z,
via Eq. (1) assuming a standard logarithmic wind profile with a specified
zero-displacement plane, d, of 0.066 m and a ground roughness, z;, of
0.01 m representative of the graded areas around oil and gas
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infrastructure.

In((z2 — d)/z0)
In((z1 —d)/z0)

To evaluate the uncertainties associated with interpolating local
wind speed data from available station data as mapped by Meteoblue,
emission rate calculations were completed twice — with and without the
benefit of site-specific wind speed and direction measurements acquired
by the EERL field team. After initial emission calculations were
completed by Bridger using interpolated station data, geo-located wind
data (speed, direction, sensor height, and location) averaged on 10 s
intervals were compiled by EERL and provided to Bridger Photonics and
emission results were re-processed.

On-site wind speed and direction data were measured at 1 Hz using
tripod-mounted ultrasonic wind sensors. Specifically, a combination of
six Anemoment TriSonica Mini Wind and Weather Sensors and five 2D
Onset HOBO S-WCG-MO003 ultrasonic anemometers were used in the
field. Wind sensors were distributed by a ground team of 8 people in 5
trucks equipped with mobile controlled methane release equipment
each morning prior to aerial measurements. Typically, an Anemoment
sensor (0.1 m/s resolution, +0.1 m/s accuracy for wind speeds in the
0-10 m/s range) accompanied each mobile methane release while the
extra Anemoment and less sensitive Onset sensors (0.4 m/s resolution,
max of +0.8 m/s or 4% of the reading accuracy) were simultaneously
deployed at nearby sites. At each location the anemometer was leveled,
geo-located by GPS coordinates, positioned at a target height of ;=3 m
above the ground (actual installed heights varied between 2.2 m and 3.6
m to ensure stability for local ground and wind conditions), and orien-
tated to magnetic north using a handheld compass (data were later
corrected using a magnetic correction of 17.5 degrees east). The heading
and orientation of the Anemoment sensors were additionally checked
against internal compass and tilt readings using a laptop and LabVIEW
serial interface. As aerial measurements were completed, wind sensors
and mobile releases were re-deployed by each truck team ahead of the
plane’s location as permitted by the daily flight plan.

@

u(z2) = u(z1)

2.2.2. Mobile controlled methane releases

Methane controlled releases were performed without the knowledge
of Bridger Photonics to enable a fully-blinded assessment of the mea-
surement technology near its nominal theoretical lower detection limit
of 10 lpm (Hunter and Thorpe, 2017). Controlled releases were
completed using calibrated thermal mass flow controllers (Bronkhorst),
which we calibrated with bottled methane prior to deployment using a
DryCal primary flow calibrator (Mesa labs) with a reference accuracy of
0.15% over a range of 0-50 Ipm (0-2 kg/h). In the field, each controlled
release was setup alongside an Anemoment wind sensor to log local
wind data. Methane release points were geo-located by GPS and
installed at a target height between one and two meters above the
ground (working height of typical on-site infrastructure). Release
flowrates were chosen between 30 and 50 lpm and were continuously
monitored by ground personnel allowing visual confirmation of airplane
arrival and departure times.

3. Results and discussion
3.1. Influence of wind error on quantified emission rates

The ground team completed 65 separate wind measurements at 48
unique sites, where some sites with detected emissions were revisited on
a second day by both the airplane and the ground team. Fig. 1a compares
the site-measured wind data with interpolated data derived from
Meteoblue. All data are corrected to a common standard height of 3 m.
While there is considerable scatter in the data, the on-site results are
symmetrically distributed about the 1:1 correspondence line as should
be expected. One reason for the large amount of scatter is the difference
in the underlying time resolution of the two wind data sets. Meteoblue
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Fig. 1. (a) Comparison of interpolated hourly-averaged Meteoblue wind data with on-site wind anemometer measurements (b) Correspondence between differences
in input wind data and calculated emission rates as reported by Bridger indicating a linear dependence of measured emission rate on input wind speed.

data are available as hourly-averaged wind values, which in the present
case, Bridger interpolates to derive an average wind speed over a 6-min
interval at the time of the aircraft measurement (from 3 min before to 3
min after the flyover time). The EERL on-site wind measurements were
provided to Bridger as much higher resolution 10-s averaged data,

which Bridger then processed to produce similar 3 to 6-min averages
when computing emission rates (i.e. from 3 min before arrival of the
plane to the 3 min after or the time data collection was stopped after the
plane passed overhead). Thus, the on-site data with an effective reso-
lution of 3-6 min should be expected to capture a much higher level of

0 20 40 80 Meters

ﬁ Controlled Release
J_; Wind Anemometer
-$ Bridger Detection

~———— Flight Path

Laser Swath

Fig. 2. Examples showing possible outcomes of blinded controlled methane releases as seen by the aerial survey. (a) Controlled release plume is visible (blue) and an
emission source (number 45 in this example) is correctly identified and quantified near the release location (star). A second emission plume from infrastructure at the
site (number 44) is clearly distinguishable from the controlled release plume (b) Controlled release plume is not detected despite confirmation that the plane passed
over the source (white lines) and the plume would have been well within the laser swath (pink shading) (c) Controlled release location at the periphery of the facility
was at the edge of the laser swath. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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wind variability than the interpolated hourly-averaged Meteoblue data.

Perhaps the more important observation is how changes in input
wind speed influence the derived emission rates. For the subset of oil and
gas sites where emissions were detected during the broader survey of
facilities in Northern BC (filled symbols), Bridger was asked to reprocess
their measurements using the site-measured wind data that were sub-
sequently provided by the authors / EERL. Fig. 1b shows the correlation
between changes in input wind speed and changes in the derived
emission rate of the detected sources. The correspondence is almost
perfectly 1:1 suggesting that overall quantification uncertainty is
directly proportional to the uncertainty of the available wind data. The
data in Fig. 1b also suggest a slight negative bias (underestimate) in the
calculated emission rate when using hourly averaged data, with a higher
proportion of points falling in the lower-left quadrant of the plot. The
distribution of relative wind error is discussed in further detail in Section
S1 of the Supplementary Information (SI). The accuracy of the Bridger
technology in quantifying the magnitudes of the controlled releases is
separately discussed below.

3.2. Controlled release results

To assess whether a controlled release had a fair potential to be
detected and quantified by the airplane, release locations, plume im-
agery, detected source locations, flight paths, and GML laser swath
coverage were overlaid with satellite imagery in an ArcGIS environment
and individually inspected. Controlled releases were classified into three
categories: (i) detected and quantified (11 releases), (ii) missed (10 re-
leases), and (iii) other (8 releases) as explained below.

Fig. 2a shows an example of a successful detection of a controlled
release. As in each of the 11 successful detections, the controlled release
point (gold star) was well-aligned with Bridger’s geo-located detected
plume imagery (blue), and was also closely aligned with a Bridger
quantified source (labelled as source location 45 in this image). In
addition, the controlled release plume was visually distinct from other
on-site sources, where in this specific example there was also a detected
emission from the facility, labelled as source location 44.

Controlled releases classified as missed had no corresponding plume
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or detection data but were confirmed to be within the laser swath (i.e.
the area with a measurable return signal as indicated by the pink
shading). Missed releases were assigned an aerial measurement of 0 kg/
h. For the example shown in Fig. 2b, the controlled release location is
clearly within the laser measurement swath associated with the three
flight passes indicated by the white lines. For missed releases the ground
team logs were further checked to verify visual confirmation of the flight
passes during the release.

The eight controlled releases falling into the other category included:
i) four that were located on the edge of laser swath and where wind
conditions at the time of the flight directed the plume outside of the
aerial field of view, ii) three release plumes were obscured by other
methane plumes being emitted at the site, and iii) one release missed
because of an airborne measurement computer malfunction during the
flyover. These eight tests were considered as null results and omitted
from further analysis. The latter test could arguably have been consid-
ered a miss by Bridger, however the airplane was able to reset the system
and fly the same site later on. The ground crew had necessarily moved
on by this point, so there was no controlled release present during the re-
attempt. Similarly, the four missed plumes at the edge of the laser swath
(e.g. Fig. 2c) were a result of the ground team not being permitted to
access some sites and having to perform releases at the edge of the
survey region; this issue is precluded in typical surveys since measure-
ment swaths from different passes overlap within the facility (if more
than one pass is necessary).

Fig. 3 compares the controlled methane release rates [kg/h] via the
calibrated thermal mass flow controllers (crosses) with the measured
rates reported from the aerial survey (circles) for the twenty-one “fair-
test” releases (i.e. excluding the eight null releases as described above).
The release indices are ordered by increasing controlled release rate and
colored by wind speed (corrected to a standard height of 3 m), which
varied from 0.5-6.2 m/s across the tests.

In general, the aerial measurements show a clear sensitivity to wind
speed and potentially a slight negative bias. The wind speed categori-
zations in Fig. 3 suggest a course detection break point of approximately
3 m/s (for this range of controlled release rates, but not for the broader
survey data as shown in Fig. 5), above which none of the controlled
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Fig. 3. Comparison of controlled release rates (crosses) with Bridger reported emissions estimates (circles) colored by wind speed. Release indices 11 and 12 are an

average of measurements on 2 overlapping airplane passes.
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releases were detected. Two 1.6 kg/h releases below 3 m/s were missed,
indices 9 and 13, with average wind speeds of 2.0 m/s and 2.7 m/s
respectively. A review of ground team logs, wind data, aerial imagery,
flight times, and laser return signal imagery confirmed index 9 was a
true miss. However, for controlled release index 13, the unaveraged 1 Hz
wind data recorded a large gust up to 5.8 m/s with an average of 3.8 m/s
in the preceding 10 s before the flyover time, which suggests that the
effective wind speed may have been higher than indicated and the
plume may not have had time to re-establish during the aerial mea-
surement time.

3.3. Lower sensitivity limits and associated quantification accuracy

An initial estimate of the quantification uncertainty of the Bridger
technology near its sensitivity limit was also explored as shown in Fig. 4
and discussed in further detail in the SI. The percent difference between
the actual mass flow control release rate and the quantified release
emission rate derived using either on-site wind (orange dots) or
Meteoblue wind data (blue triangles) is shown on the vertical axis. Note
that controlled releases 2 and 8 do not have available ground-team
measured wind data—a problem was identified early in the campaign
where the memory cards within the data logger could become unseated
during transport, which resulted in the loss of on-site wind data for these
sites. Releases 1 and 5 had a similar issue but it was possible to

/Quantification Accuracy Near Detection Limit
@ Measurement error using on-site wind [%)]
= = Mean meas. error (bias) using on-site wind [%]
1o measurement error using on-site wind [%]
/\ Measurement error using Meteoblue wind [%]

= = Mean meas. error (bias) using Meteoblue wind [%]
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Fig. 4. Error in the Bridger estimates of the controlled release rates (at or near
the Bridger sensitivity limit) with and without the benefit of on-site wind
measurements.
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determine wind data from a nearby anemometer.

From the results of Fig. 4, when using the coarser Meteoblue derived
wind estimates a 16 measurement uncertainty of approximately +68%
(blue shading) could be expected for sources at or near the Bridger
sensitivity limit. The corresponding dashed line suggests there is also a
modest positive bias (overestimation) of +20%. The uncertainties near
the sensitivity limit improve when using available on-site wind data,
with a 1o variation of +31% (orange shading), with a slight negative
bias of —8%. These results are discussed in more detail in the SI, which
derives probability density functions (Fig. S1) of the expected source
quantification error when using either on-site or interpolated Meteoblue
wind data to facilitate detailed uncertainty analysis in future measure-
ment surveys. The difference in the two data sets is directly attributable
to differences in available wind data uncertainty (bias and precision),
which would directly influence the overall measurement uncertainty
based on the linear scaling trend of Fig. 1b. The present difference be-
tween results with on-site wind and results with interpolated Meteoblue
data may also be exacerbated by the challenging terrain in the parts of
the measurement region, especially northwest of Fort St. John, BC in the
Peace River valley area adjacent to the Rocky Mountains. Moreover,
although the sample size of quantified controlled releases is small, these
data near Bridger’s lower detection limit are useful as a worst case
bound for the quantification uncertainty. Measurement uncertainties for
larger sources could be expected to be similar or better, up to a point
where a plume might be sufficiently optically dense to affect the laser
signal.

To further investigate the real-world sensitivity limits of the Bridger
technology, the controlled release results of Fig. 3 were recast as a
function of windspeed (corrected to a standard height of 3 m) and
plotted as blue and red crosses (corresponding to detected or missed
releases) in Fig. 5. On their own, these data are sufficient to imply a
linear relation between measurement sensitivity (i.e. lower dection
limit) and wind speed, especially over the 1.5-3.5 m/s range of wind
speeds. However, the broader linear trend becomes much more clear
when other data are also considered. The red and blue triangles show
further controlled release test data as reported in (Bridger Photonics,
2018) from prior open-field tests. These additional data (conducted at
wind speeds between 1 and 2.8 m/s align very well with the present data
and implied sensitivity function. From these combined data, a detection
sensitivity function was derived using binomial (binary) regression as
implemented in Matlab. Several candidate linking functions (i.e. logit,
probit, and complementary log-log) were considered and all were sta-
tistically justified over a null model (p value <0.05) with nearly iden-
tical results. The probit model yielded the minimum deviance and is
plotted on Fig. 5. Confidence in this model is further increased when
comparing this result with measurements from the parallel survey of
active facilities that was the cover for the controlled release
experiments.

The grey dots in Fig. 5 correspond to individually quantified methane
detections at oil and gas facilities (i.e. non-controlled release sources)
within the present northern BC measurement region. (Note: additional
detected sources above 7 kg/h are not shown on the plot.) The measured
sources similarly align well with the implied sensitivity function, espe-
cially at low wind speeds. Although there were three reported sources at
higher wind speeds that fell below the suggested sensitivity line; the
relative difference for at least two of these points is likely within
Bridger’s quantification uncertainty. Ideally, further field tests at higher
wind speeds could further constrain this new field-derived sensitivity
function.

4. Implications

The field-derived detection limit function in kg/h presented in Fig. 5
is the key result for enabling modelling of the effectiveness of a Bridger
survey in the context of other or combined approaches to detecting
methane sources and/or regulatory limits. For example, newly enacted
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Fig. 5. Field-derived sensitivity limit function of the Bridger GML technology overlaid with the present fully blinded controlled release data, previous release data
(Bridger Photonics, 2018), and detected and measured non-controlled released sources from the 167 sites in the northern BC survey.

regulations in Alberta, Canada (AER, 2020) specify and overall site vent
gas limit (OVG) of 12.3 kg/h of methane (specified in the regulation as
both 9000 kg/mo of methane or 15,000 m3/mo of gas). For new sites,
there is a separate “defined vent gas” (DVG) limit of 2.46 kg/h (written
as 1800 kg/mo of methane or 3000 m®/mo of gas). The derived sensi-
tivity function shown in Fig. 5 suggests the current iteration of the
Bridger technology is sufficient to assess both these limits (notwith-
standing additional considerations of survey frequency as also disussed
below). Similarly, regulations in U.S. states such as Oklahoma, Kanasa,
Wyoming, and Utah (Kansas, 2015; Oklahoma Register, 2020; Utah,
2020; WOGCC, 2016) permit venting at the well head of up to 20-60
mcfd (equivalent to ~14-42 kg/h of methane), which again is much
higher than the derived sensitivity limit. Alternatively, Canadian federal
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regulations (ECCC, 2018a) specify a site venting limit of 15,000 m>/yr
(which excludes some sources captured in Alberta’s OVG, Johnson and
Tyner, 2020). Assuming the same implicit gas composition as in the AER
regulations, this is equivalent to approximately 1.03 kg/h, which may be
just beyond the capabilites of the current Bridger system except at low
ground wind speeds or with possible compromises on flight speed,
altitude, and laser swath coverage. It should also be noted however, that
through approved or pending equivalency agreements, the ECCC regu-
lations are currently superseded by provincial regulations in Alberta,
British Columbia, and Saskatchewan, which in 2019 were collectively
reponsible for 98% of all onshore oil and 100% of all gas production in
Canada (CER, 2020a, 2020b).

Finally, preliminary simulations were performed using the FEAST
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Fig. 6. Reference case FEAST simulation results comparing the performance of standard OGI surveys with the Bridger airborne technology incorporating the derived
sensitivity limit function of Fig. 5. The reader is reminded that these reference simulations are based on default values in FEAST 2.0 for a gas field in Texas and results
would be expected to vary as the underlying distribution of sources and leak occurrence rates changes. (a) Fraction of total methane emissions that are detected with
either approach (b) Modelled expected emissions reductions relative to the Null-repair scenario in FEAST. Vertical error bars indicate the 95% confidence intervals of

the simulation results.
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2.0 simulation toolkit (Kemp et al., 2016) to model the potential utility
of the Bridger technology based on the field-derived sensitivity function
of Fig. 5. The simulations were run using the default leak generation and
wind data for the Fort Worth, Texas area. The gas field simulated is
composed of 100 gas well sites with an average of 650 components per
site. No parameters were changed from the default settings with the
exception of reducing the duration of each simulation from 10 years to 8
years similar to the procedure followed in Ravikumar and Brandt
(2017). A custom leak detection program module was added to simulate
the Bridger technology. Default wind data within FEAST are at 2-m
height and the same log-profile function (1) was used to convert these
to wind speeds at 3-m height (corresponding to the sensitivity function
of Fig. 5) within the code. Fig. 6 compares simulated performance of the
Bridger technology with standard OGI camera surveys at frequencies of
1-4 times per year.

The proportion of detected emissions using either the OGI or Bridger
aproaches (Fig. 6a) are comparable in these simulated scenarios, with
substantial overlap of the 95% confidence intervals of the individual
realizations within the simulation as indicated by the vertical error bars.
However, in this default scenario, a majority of the detected emissions in
either case are attributable to normal maintenance and operational
practices. As expected, increased survey frequency results in a greater
proportion of emissions being detected whether it is for the OGI camera
or the Bridger technology survey.

Fig. 6b shows the modelled emissions reductions that could be ex-
pected at different survey frequencies. The difference between Fig. 6a
and b is due to the reoccurrence or occurence of new leaks in the sim-
ulations and highlights the importance of more frequent surveys in
reducing emissions (e.g. Ravikumar et al., 2020; Ravikumar and Brandt,
2017). Although OGI achieves up to 6% greater reductions in this
reference scenario, there is again significant overlap in the 95% confi-
dence intervals of the two techologies. The relative performance of the
Bridger technology is dependent on the assumed simulation parameters
and would be expected to improve or worsen if the assumed underlying
source distribution was more or less positively skewed. Stated another
way, the relative performance of the Bridger technology would be ex-
pected to improve in scenarios where emissions are more dominated by
larger unmeasured vented sources such as liquid storage tanks. In this
context, recent long-duration measurements at 36 natural gas facilities
in Alberta, Canada, found that “tanks are the largest single emission
source” with a mean emission rate of 52 kg/day and a 90% cut-off at 25
kg CH4/d (Ravikumar et al., 2020). The majority of these sources would
be well above the field-derived sensitivity limit of approximately 1 kg/h
derived in the present work. Using a different aerially guided leak
detection approach (Schwietzke et al., 2019) observed “that fixable CHy4
emissions per O&G production facility determined from the aerial
approach are up to an order of magnitude greater compared with
ground-based detects”. Overall, the present results suggest that airborne
LiDAR measurements could be a valuable tool in mitigating oil and gas
sector methane emissions and the field-derived sensitivity limit function
should be valuable in future measurement and modelling efforts.

5. Conclusions

Fully-blinded controlled release tests in conjunction with a parallel
airborne survey of active oil and gas facilities were used to evaluate the
performance of the Bridger Gas Mapping LiDAR™ technology in both
detecting and locating unknown methane emissions sources within
active oil and gas facilities as well as quantifying emission rates. Results
were used to derive a wind-speed dependent lower sensitivity limit
function that will be valuable for interpreting field measurement data as
well as modelling of the GML technology as part of alternate leak
detection and repair strategies. The field-derived sensitivity limit of
approximately 1 kg/h depending on conditions is comparable or lower
than venting limits put forward in recent methane regulations. Quanti-
fication uncertainty is revealed to be a direct function of the uncertainty
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in available wind speed data, where 16 uncertainties of +31-68% can be
expected for sources near the sensitivity limit. Preliminary FEAST sim-
ulations incorporating the sensitivity limit function suggest that the
Bridger technology could perform comparably with OGI surveys at
equivalent frequencies. However, the relative performance should be
expected to vary with changes in the underlying model assumptions
about source distributions. Most importantly, the presented results and
sensitivity function can be used to interpret future field measurement
data using this technology and should enable renewed model assess-
ments under a range of scenarios as understanding of oil and gas sector
emissions patterns continues to evolve.
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