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Abstract

Optical gas imaging (OGI) is a commonly utilized leak detection method in the upstream and 

midstream sectors of the U.S. natural gas industry. This study characterized the detection efficacy 

of OGI surveyors, using their own cameras and protocols, with controlled releases in an 8-acre 

outdoor facility that closely resembles upstream natural gas field operations. Professional 

surveyors from 16 oil and gas companies and 8 regulatory agencies participated, completing 488 

tests over a 10 month period. Detection rates were significantly lower than prior studies focused on 

camera performance. The leak size required to achieve a 90% probability-of-detection in this study 

is an order-of-magnitude larger than prior studies. Study results indicate that OGI survey 

experience significantly impacts leak detection rate: Surveyors from operators/contractors who had 

surveyed more than 551 sites prior to testing detected 1.7 (1.5–1.8) times more leaks than 

surveyors who had completed fewer surveys. Highly experienced surveyors adjust their survey 

speed, examine components from multiple viewpoints, and make other adjustments that improve 

their leak detection rate, indicating that modifications of survey protocols and targeted training 

could improve leak detection rates overall.

Introduction

Driven by improvements in production methods, the production and use of natural gas in the 

U.S. has grown rapidly.(1) While natural gas produces lower combustion carbon dioxide 

emissions than coal, methane, the primary constituent of natural gas, has a higher global 

warming potential (≈84 times CO2 over 20 years) leading to an interest in reducing CH4 

emissions,(2) and therefore in natural gas leak detection methods. This study presents recent 

tests of the detection efficacy of one of the most popular leak detection technologies used in 

mid- and upstream sectors of the natural gas industry: optical gas imaging (OGI). OGI 

surveys have also been extensively utilized for leak detection in recent studies of production,

(3,4) gathering,(5,6) transmission,(7,8) and distribution systems.(9,10) Therefore, the 

efficacy of the method is of both policy and research interest.

Emissions of CH4 and volatile organic compounds (VOCs) from leaking industrial process 

equipment have traditionally been controlled through leak detection and repair (LDAR) 

programs using U.S. Environmental Protection Agency (EPA) Method 21 (M21), which 
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employs a portable hydrocarbon (HC) probe to directly inspect each component.(11) M21 is 

sensitive and relatively precise, but is resource intensive since the leak surveyor must 

individually document, physically touch, and thoroughly inspect the entire leak interface of 

each component. Next generation approaches, such as OGI, operate some distance away 

from the inspected component (without physical contact) and offer advantages over M21 

regarding ease of use and higher spatiotemporal coverage, while still obtaining component-

level information. However, OGI, like other next-generation methods, is also affected by a 

much larger range of factors than M21, such as environmental conditions, operating 

distance, and interfering sources. OGI is the only EPA-approved alternative to M21 for use 

in refineries,(12) and is the primary LDAR method for management of VOC leaks (CH4 is 

treated as a coemitted gas) in U.S. oil and gas (O&G).(13)

This study focuses on the dominant type of OGI system used in O&G LDAR applications: A 

video camera using a cooled detector filtered to the 3.2 to 3.4 μm spectra band where 

normally invisible HC emissions absorb light.(14–16) In practice, both the HC emission 

plume and the background scene (e.g., equipment, sky, or ground) absorb and emit infrared 

radiation in the spectral window of the camera. If enough image contrast exists between the 

HC plume and the background scene, the emission can be detected by the OGI surveyor.(17) 

While other OGI cameras are available, all surveyors in this study used the FLIR GF320 

(GF320) camera (FLIR Inc., North Billerica, MA).

OGI leak detection capability is affected by instrument performance, environmental use 

conditions, and human factors, with the last being the primary focus of this study. OGI leak 

detection sensitivity cannot be expressed by a single number, but creates a detection 

threshold (DT) band, within which there is a variable probability of detection. Instrument 

detection limit studies in controlled conditions show that OGI is capable of detecting CH4 

leaks in the 1–4 g·hr–1 range, with many HCs exhibiting better detection sensitivity than 

CH4 due to higher integrated absorption strength in the observed spectral band.(14–21) Prior 

studies have identified several physical and environmental factors that affect the active DT 

and can result degradation of detection sensitivity by orders of magnitude. Observation 

distance, atmospheric dispersion of the emitted plume (e.g., wind speed), and the apparent 

temperature difference between the emitted gas and background scene (ΔT), which includes 

both ambient temperature blackbody radiation and direct solar reflection, are significant 

determining factors in OGI detection performance.(17–23) Whereas instrument and 

environmental factors affecting OGI detection sensitivities are becoming better understood, 

human and method protocol effects, such as the difference between proximate high-dwell 

observations of specific components versus more routine LDAR scanning leaks surveys are 

just beginning to be studied.(24–27) A limited number of studies have compared OGI, M21-

type detections, and emission rate measurements on O&G sites, documenting the sensitivity 

advantage of hand-held M21 probes in detection of small emissions but also noting the 

fundamentally different aspects of the approaches and the types of emissions found. 

Previous field work on O&G sites indicates the ability of OGI to detect small emissions 

(e.g., <1.5 standard cubic feet per hour (scfh) or ≈30 g·h–1) under favorable conditions, but 

also to miss larger emissions under unfavorable conditions.(24–27)
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In addition to the detection capability of the camera (e.g., noise floor), cameras include 

software enhancements that assist human operators by increasing the contrast of the 

emission plume. The GF320, for example, can be operated in a normal (auto adjusting) gray 

scale imaging mode—where the equipment imaged in the scene is easily recognized—or in 

a high sensitivity mode (HSM) that uses image differencing to enhance the visibility of 

small emissions. The HSM is less intuitive but is often preferred by experienced surveyors. 

Although the HSM can enhance detections, it can also increase the likelihood of false 

positives, and may have difficulty with scenes that include a large temperature range 

(Supporting Information (SI) Videos 1 and 5).

The OGI detection threshold (DT) band is also impacted by the surveyor’s experience, 

training, facility conditions, and weather conditions. OGI surveys are conducted in a wide 

variety of facilities, ranging from well pads to gas processing plants, with component counts 

ranging across several orders of magnitude. (“Components” includes all constituent parts at 

a facility, including valves, piping couplers, controllers, actuators, etc.) While protocols vary 

between companies, a typical protocol requires a surveyor to image each component to look 

for a visible plume.

Prior studies have focused on camera performance, typically using tripod-mounted cameras 

and controlled conditions for testing.(16,17,22,23) The authors know of no peer-reviewed 

studies that looked systematically at DT variations of the combined camera-surveyor system 

in realistic conditions where leak locations and rates were known and could be tested across 

a wide range of weather conditions. To fill this gap, this study utilized a single-blind test 

wherein surveyors, using their own camera and survey protocols, detected leaks on a 

simulated upstream natural gas facility with a wide selection of controlled emission 

locations. The study spanned 10 months and included a wide range of weather conditions.

Methods

Test Facility

All testing was performed at theMethane Emissions Technology Evaluation Center 

(METEC) at Colorado State University (CSU) in Fort Collins, CO. For this study, active 

METEC equipment was grouped into three test well pads (SI Figure S-1). O&G equipment 

on the site was assembled from recently decommissioned equipment that was reassembled at 

METEC and augmented with gas supply lines to simulate leaks. Where possible, gas 

delivery tubing was hidden from view, or routed in existing small-diameter piping 

characteristic of the equipment when it was in normal field service–for example, gas 

delivery lines for pneumatic controllers and actuators. The routing of gas from the supply 

tanks to emission points was fully hidden on Pad 3 and mostly hidden on Pads 1 and 2.

Gas release rates are set by solenoid valves in series with choked-flow orifices (SI Figure 

S-2). After site configuration, all emissions were controlled remotely from the onsite control 

room. Emission rates were measured using Omega FMA-1700 thermal mass flow meters (SI 

Section S-2.1). Emission rates and enviornmental data were recorded at 1 Hz. Reported 

emission rates utilized for this study were averaged over the test duration.
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The resulting equipment closely resembled functioning field equipment. Emission points 

were in locations similar to field equipment, and emission rates and patterns were similar to 

field observations from prior studies.(3,4,28) However, there were several important 

differences between the configuration of METEC for this study and conditions in an active 

O&G production basin.

• No equipment was heated by the gas burners attached to the equipment, unlike 

field conditions, where separators may be heated for process reasons. Heated 

equipment may provide more background contrast than unheated equipment in 

some conditions, and leaks on heated equipment may release heated vapors that 

are more visible in an OGI camera against cold backgrounds.

• In some rare field conditions, leaking gas may be emitted at high pressure and 

velocity, forming a small jet near the point of the leak. For this study, all gas was 

emitted at near atmospheric pressure and no jets were formed. While jets are 

smaller, making them harder to detect, expansion cooling may increase the 

thermal contrast versus background temperatures.

• To avoid “tipping off” surveyors to the presence of an emission source, 

industrial-grade, nonodorized, CH4, was utilized for most tests (SI Section S-3). 

In some fields, gas contains VOCs which raises plume visibility in OGI cameras. 

Additionally, in fields with significant oil or condensate production, produced 

gas has a noticeable odor. Both visibility and increased odor increase the 

potential for detecting an emitter.

• Human factors differed from field operations. Notably, when surveying at 

METEC, surveyors tended to be strongly focused on their detection tasks, and 

typically exhibited a competitive spirit to detect as many leaks as possible, in an 

environment where they knew there would be leaks. In field conditions, 

surveyors may be less motivated or more distracted, which could lead to different 

effective performance.

• METEC contains only well pad equipment, while OGI is also utilized on more 

complex facilities, with more closely packed components, higher noise levels, 

and more vibration, that make leaks more difficult to detect.

The impact of the difference between METEC and field conditions were impossible to 

disentangle from the results. It is the judgment of the study team that the factors noted above 

tend to offset each other—some making detection easier, others making detection harder—

and results are strongly indicative of field conditions. However, subsequent users of the data 

and conclusions should be be aware of the test conditions and potential limitations on 

applicability.

Every METEC emission point was assigned a unique identifier. SI Table S-4 provides a list 

of all emission points utilized in the study, including typical viewing direction and 

background during a leak survey. Accompanying data files include a short description of the 

leak point, such as the device type and leak location. In general, a single leak point may be 

utilized in more than one test configuration.
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Experimental Design

All surveyors included in this paper were recruited from one of three groups:

• Compliance surveyors who work for federal, state, county, or provincial 

regulators (hereafter, Canadian provincial surveyors are included in the “state” 

classification). These surveyors screen facilities to ensure compliance with 

relevant regulations.

• Company surveyors who work for O&G operators. All surveyors participating in 

this study complete periodic leak detection surveys on their facilities; some 

perform mandatory surveys required for regulatory reporting (e.g., the EPA 

Greenhouse Gas Reporting Program (GHGRP)).

• Contractor surveyors who work for service companies that contract with O&G 

operators to perform surveys for LDAR or reporting programs.

With the exception of one surveyor, who worked for a contract company that was paid to 

participate, all surveyors were volunteered by, and funded by, their organizations for the time 

and travel costs to participate in the study.

In practice, protocols differed more between compliance surveyors and either company or 

contractor surveyors. Therefore, it is convenient to classify surveyors working for O&G 

operators, and contractors hired by those operators, as LDAR surveyors—i.e., all surveyors 

employed by or for O&G companies, as distinct from compliance surveyors, who all worked 

for some public jurisdiction. In total there were 26 LDAR surveyors (23 from O&G 

operators and 3 from contractors), and 13 compliance surveyors (1 county, 10 state, and 2 

federal).

Surveyors were recruited by contacting the organizations where they were employed. CSU 

directly contacted most LDAR participants, while staff at the EPA contacted compliance 

surveyors. The Environmental Partnership,(29) an industry group, also assisted in recruiting 

surveyors from their member companies. When any surveyors volunteered to participate, 

they were scheduled into the available test days that fit their schedules. Between 1 and 4 

surveyors were on site at simultaneously, and for approximately one-half of all surveyor-

days, the surveyor was accompanied by a second person who helped record notes while the 

surveyor performed the survey (SI Figure S-3). The presence of an assistant likely reduced 

the time to complete the survey by off-loading recording work from the surveyor, but is 

unlikely to have changed the overall detection rate, as the assistant could not see or smell the 

leak.

Testing was designed to collect leak detection performance data using the same methods 

surveyors would use in field conditions. Each surveyor brought their own OGI camera and 

performed the survey using their normal working methodology. The study intentionally 

allowed the leak detection protocols to vary between surveyors; the intent was to capture, as 

closely as possible, performance typical of field surveys.

To expand the conditions experienced by the surveyors, testing was conducted between 28 

January and 16 November, 2018 (SI Figure S-3). Teams experienced realistic variations in 
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weather conditions, ranging from cold winter to hot summer days with varying cloud cover, 

solar insolation, and precipitation conditions. Wind varied between calm and 12 m/s (SI 

Figure S-4) and the temperature varied between −2 and 32 °C. While surveys were not 

conducted in unsafe weather, such as thunderstorms or heavy precipitation, surveys were 
conducted in conditions outside the acceptable range for survey protocols to understand the 

impact on detection rates. Of 162 test configurations completed by surveyors whose 

protocols had specific numerical wind speed cutoffs, 4 test configurations (2.5%) exceeded 

the wind cutoff limit.

Teams arrived at METEC with their equipment in the morning and received safety and 

project methodology briefings. Each surveyor completed a survey form collecting 

information about their OGI survey experience and training prior to the study, their camera, 

and their leak detection protocol (SI Section S-2.2).

For the remainder of the day, the surveyors were tasked with finding leaks on the METEC 

equipment. Testing proceeded in the following sequence: First, a leak pattern was initiated 

on all three well pads shown in SI Figure S-1, using a preplanned test that set the leak 

locations, rates, and intermittency. The number of leaks per well pad varied from zero (no 

leaks) to 7 leaks per pad. Surveyors did not know the location, size, or emission pattern of 

the leaks. However, for leaks above 3 slpm (≈6 scfh), surveyors could possibly hear the flow 

of gas through the gas release equipment and/or the leak location, which is similar to field 

conditions.

When the leak patterns were operating and flow rates calibrated, surveyors were instructed 

to circulate through the facility and survey using the normal methods. When multiple 

surveyors were screening simultaneously, they were kept separated from each other (i.e., on 

separate pads or, in the case of Pad 3, on separate halves of the pad) and instructed to not 

communicate while working. Surveyors recorded each leak found, including location, 

viewing distances, and other information (SI Section S-2.3).

When a surveyor finished with one test configuration on all pads, they returned to the control 

center, finalized their reporting log, and submitted it to METEC staff. Finally, when all 

surveyors completed leak detection on a test configuration, METEC staff initiated a new test 

configuration and again dispatched surveyors to detect leaks. Using this method, each 

surveyor completed 1–4 rounds of the three test pads during each day of testing.

In general, survey protocols varied more between major classifications (i.e., LDAR or 

compliance) than between surveyors within one classification. For example, LDAR 

surveyors typically ascend catwalk stairs to inspect tanks and open doors to inspect separator 

control pneumatics, while many compliance surveyors are instructed to not climb on or open 

any facility equipment. The protocol for some compliance inspectors was to conduct the 

survey from outside of spill containment berms–a substantial distance from many 

components, raising the DT and reducing viewing angle flexibility.

The study included nine test IDs, where each test ID represented one configuration of all 

three pads at METEC. While the nominal release rate for each leak in each test ID was set a 

priori, these rates were intentionally varied over the duration of the study to increase the 
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variability in test conditions (SI Figure S-8). Intermittent releases were included in the tests 

and the average release rates for these emitters were generally much higher than that of 

steady-state emitters. Since only a small number of tests included intermittent releases, these 

were eliminated from most analyses included here; charts note whether intermittent emitters 

are included in the chart content.

In test ID 1, two release points were intentionally placed close to each other. In 

postcampaign analysis, however, it proved difficult to separate detections on these 

components in surveyor detection logs. In addition, since surveyors were not allowed to use 

soap bubbles to confirm their leaks (to avoid tipping off other surveyors), many surveyors 

indicated that they would not be able to isolate closely spaced leaks. Therefore, in the 

analysis, any detection proximate to either leak point was included as one successful 

detection on one emission point.

Leak locations utilized in this testing were taken from prior field studies, including studies 

by CSU(28) and other upstream studies.(3) While leak rates are similar to those observed in 

studies, testing emphasized lower emission rates in an effort to clearly identify emission 

rates at which detection rates fall off (SI Figure S-9).

Analysis Methods

For this study, we define a test configuration as one test ID, on one pad (see SI Figure S-1), 

surveyed by one operator on 1 day; there were 488 such test configurations in this study, 

identified by the “ConfigID” field in the data tables. Each is roughly equivalent to a single 

well-pad survey in field conditions. For each test configuration, each pad was configured in 

one of two scenarios: (1) a zero emission configuration, where no gas was released, and (2) a 

nonzero emission configuration, where gas was released from one or more locations. The 

488 total test configurations consisted of 73 zero emission configurations and 415 nonzero 

emission configurations.

The difference in complexity of the pads is reflected in the time surveyors spent on each. 

Survey times for Pad 1 (mean: 19 min, range: 3–52 min) and Pad 2 (mean: 18 min, range: 1–

89 min) are similar, while surveys on Pad 3 (mean: 39 min, range: 9–108 min) took twice as 

long on average (SI Figure S-10).

For each pad-level survey, the surveyor could: (a) identify that a well pad had no emissions, 

or (b) detect apparent leak(s). For the zero-emission tests, the surveyor could correctly 

identify the pad as nonemitting, i.e., a true negative (TN), or incorrectly identify one or more 

emissions on the pad, each defined as a false positive (FP). For nonzero emission tests, the 

surveyor could successfully identify an individual emission point—a true positive (TP), not 

find an emission point—a false negative (FN), or identify an emission point where none 

existed—a false positive (FP). Using this common definition, TN is a measure of 

performance while screening an entire pad, while TP, FN, and FP are measures of 

performance at an individual leak detection. This study produced 770 TP, 595 FN, 73 TN, 31 

FP reports. Reports were coded into a single data table, included in the attached data file (SI 

Section S-2.4).
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To create detection curves by any independent variable, the data were binned by that variable 

and all test outcomes within each bin are utilized to calculate detection fraction. Confidence 

intervals (CIs), were calculated using bootstrap methods as discussed in SI Section S-2.5. In 

keeping with most detection studies, central 90% confidence intervals were used throughout. 

CIs are expressed throughout as μ (l to u), where μ is the mean value, and l and u are the 

lower and upper confidence bounds, respectively. To distinguish “changes between two 

conditions” from confidence intervals, the word “from” is added: “Δ (from s to e)”, where Δ 

is the net movement, s is the starting value, and e is the ending value (e.g., −10% (from 22% 

to 12%)). Emission rates are expressed two ways: in slpm, with standard conditions of 20 °C 

and 1 atm, and in scfh, with the standard conditions at 70 °F, 14.7 psia, leading to a 

conversion factor of 0.47 slpm/scfh. For emissions of industrial CH4, 1 scfh ≈18.8 g/h.

The influence of independent variables, such as emission rate, wind speed, ambient 

temperature, surveyor training, and experience, etc., on the detection rate was the primary 

interest of this study. However, since independent variables may be correlated with each 

other, attributing results to specific inputs must be done with caution. For example, wind 

speed is known to impact detectability of emissions, and a reasonable hypothesis is that 

surveyors may tire late in the day and become less effective. However, since winds tend to 

be higher in mid-to-late afternoon (SI Figure S-5), the impact of these two variables cannot 

be completely separated.

Results and Discussion

Demographic Data

A total of 39 surveyors (26 LDAR and 13 compliance) from 24 organizations participated in 

the study over 26 days of testing. Individual organizations contributed 1–3 surveyors. 

Surveyors participated in an average of 4.1 test configurations (range of 1–8). In general, 

surveyors completed each pad-level test once. However, 18 test configurations were repeated 

twice, involving five surveyors (BB1, UD1, UD2, ZG1, and ZG2) and three test IDs (T2, T5, 

and T6).

Surveyors self-reported metadata about their training, cameras, and prior experience (SI 

Section S-2.2). Most protocols required surveyors to be trained on OGI or thermography; 

90% reported having formal training in OGI, and of those with training, 8.6% had taken the 

more intensive “Level 2” training. Prior to the study, surveyors reported having screened 

between 1 and ≈4000 facilities; 7 had surveyed fewer than 100 facilities, while 11 reported 

surveying at least 1000 facilities.

Surveyors followed formal and informal protocols while surveying. Some surveyors 

provided copies of their organization’s protocol documents, while others did not provide a 

written protocol or indicated that no such document existed. One key guideline in most 

protocols was the maximum wind speed under which a survey can be conducted, leaks 

disperse more in higher winds and are harder to detect. Of 39 surveyors, 17 reported a 

specific wind speed cutoff, ranging from 4.5 to 16 m/s. Using the average of these cutoffs as 

a guide (9.3 m/s, or 21 miles/hour), we limit most analyses to tests performed at wind speeds 

Zimmerle et al. Page 8

Environ Sci Technol. Author manuscript; available in PMC 2021 September 15.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



below 9 m/s, which includes 89% of all tests. For the 47 tests performed with wind speeds 

above the cutoff, leaks averaged 7.5 (0.06 to 30) scfh and 51% were detected.

Detection Rate for Nonzero Emissions

The detection rate of nonzero emissions represents the primary measure of efficacy; i.e., 

what fraction of existing emissions are detected by surveyors? Of all independent variables 

captured, surveyor experience and affiliation had the largest impact on detection rate. (Other 

key variables are analyzed in SI Section S-7). To analyze experience, surveyors were divided 

into groups based upon the self-reported number of facilities they had screened prior to the 

study. For most analyses, two compliance surveyors (WV1 and QO1), who had surveyed 

<10 sites prior to the study, were not included.

The cutoff between low- and high-experience groups was selected to qualitatively maximize 

the contrast between experience categories. Data indicated that experience not only has a 

dramatic impact on detection rate, but the difference above/below 551 surveys is statistically 

significant and robust across a wide range of possible cutoffs (SI Section S-5). In addition, 

no compliance surveyor had surveyed more than 550 sites prior to the study, while multiple 

LDAR surveyors reported more than 700 sites (SI Figure S-11). The results of a sensitivity 

analysis also indicated similar detection rates across all compliance surveyors, but 

substantially different detection rates for low- and high-experienced LDAR surveyors (SI 

Section S-5). Therefore, surveyors were divided into three groups, low (25–200 sites) and 

high experience (700–4000 sites) LDAR surveyors, and all compliance surveyors with some 

experience (12–550 sites).

Figure 1 illustrates the significant increase in detection rate for surveyors who had 

completed more than 551 surveys prior to the study. Considering both LDAR and 

compliance surveyors, surveyors in the high experience group find 1.6 (1.5–1.7) as many 

leaks as those with less experience; this increases to 1.7 (1.5–1.8) when considering only 

LDAR surveyors. Further, the binned data in both groups show strong self-similarity, with a 

marked difference between the groups. For example, 11 of 12 (92%) high-experience LDAR 

surveyors had individual detection rates ≥60%, while 3 of 10 (30%) low-experience LDAR, 

and 3 of 13 (23%) compliance, surveyors exceeded 60% detection rate. Additional analysis 

indicates that moving the cutoff over a 2:1 range changes detection rate by ≤5.8 percentage 

points in any experience category, in part because there is a significant performance gap 

between low- and high-experience LDAR surveyors (SI Section S-5).

Emission rate also has a primary impact on detection rate–higher emission rates create 

higher gas concentrations, which are generally easier to detect. Figure 2 illustrates detection 

curves by emission rate, segmented by experience and affiliation. The detection rates seen in 

this study are substantially lower than prior camera-focused studies, which did not include 

surveyor performance in testing.(16–18,23) Considering the group with the highest detection 

rates, high-experience LDAR surveyors, the estimated 90% probability-of-detection is 3.29 

(2.6–7.7) slpm (7 (5.52–16.4) scfh). In contrast, at this study’s mean detection distance of 

2.7 m (8.9 ft), Ravikumar et al.(23) estimated a 90% probability-of-detection at 13 g/h (0.7 

scfh), an order of magnitude lower emission rate. In addition, low-experience and 

compliance surveyors have substantially lower detection rates (SI Section S-4).
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While direct comparison between the studies is difficult due to the different foci and 

methods, this pronounced difference indicates that the camera-surveyor system, working 

across a wide, but realistic, range of environmental conditions, attempting to find unknown 

leak locations throughout the facility, had a substantially lower DT band than the camera 

itself, viewing a known leak location from a tripod.

Using the above experience bins, the impact of experience on detection rate was 

significantly different between high-experience LDAR and either low-experience LDAR or 

compliance surveyors. High-experience LDAR surveyors (700–4000 sites) had a detection 

rate that was 1.7 (1.5–1.8) times that of low experience LDAR surveyors (75% (72–78%) 

versus 45% (41–49%)). Additionally, the detection rate for compliance surveyors is 

statistically similar to that of low-experience LDAR surveyors (49% (44–54%)) (SI Figure 

S-13). The similarity between these two groups is likely due to protocol differences between 

compliance and LDAR surveys (SI Section S-6), and the substantial overlap in experience 

between compliance and low-experience LDAR surveyors (SI Figure S-11).

Additional data collected during the campaign provided some indications of why more 

experienced surveyors have higher detection rates. Two variables, inspection times and 

viewing background, are of particular interest; others are given in SI Section S-5.

Inspection Times

To analyze inspection times, time spent by surveyors while performing inspections was 

normalized to the number of “major equipment units” (a well head, a tank or a separator) on 

each well pad for each test (Figure 3a). Detection rates generally fell as inspections speeds 

increased. Survey times of <2 min/unit produced statistically lower detection rates than 

surveys of 3 min or more for both low-experience LDAR surveyors and compliance 

surveyors. These differences were substantial: Increasing survey times from ≤2 min to >3 

min increased detection rates by 1.3 times for high-experience LDAR surveyors, by 1.8 for 

compliance surveyors and by 2.4 times for low-experience LDAR surveyors.

Additionally, experienced LDAR surveyors spent more time inspecting than the other 

surveyor groups (Figure 3b). Highly experienced LDAR surveyors screened 18% of major 

equipment units in <2 min, while spending at least 3 min on 39% of units. Less experienced 

LDAR surveyors and compliance surveyors effectively inverted these speeds, screening 46% 

of units in <2 min, and spending more than 3 min on 24% of units.

While it is not clear if these speed differences would be present in field surveys as well, 

these data indicate that minimum inspection times should be considered for survey 

protocols, and recommended speeds should potentially be conditioned on surveyor’s 

experience. METEC has only a small range of equipment complexity—well heads, 

separators, and tanks—but for this range of complexity, inspection times of >3 min/unit are 

recommended for most units, as practiced by highly experienced LDAR surveyors.

Background View

The background behind the leak location also has an impact on detecting a leak. Two factors 

are in play. First, the background may have a similar temperature as released gas, reducing 
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contrast between the plume and background in the video image. Second, the background 

may have moving or flickering elements, such as plants moving in a breeze or heat 

shimmering from a road surface. This visual noise imparts motion to the scene that may 

make the plume harder to detect.

To understand the impact of background, the scene behind each emission point was 

identified after the campaign: Each leak location was viewed as it would commonly be 

viewed during inspections, and the background and angle of view was recorded. If a leak 

location could be naturally inspected from more than one direction, and if those directions 

had different backgrounds, a secondary background was also recorded (SI data file D2 

LeakPointData, SI Table S-2). For this analysis we use only the primary background 

classification.

Three background types were identified: (a) “ground” indicates that the leak was viewed 

against the ground, either near the leak location or at a distance. Since many leaks are below 

eye level for most surveyors, 48% of leaks fall into this category; (b) “equipment” indicates 

the background was other equipment, such as the surface of a separator or tank, that was <1 

m away (30% of tests); and (c) “sky” indicates that the leak was likely viewed against a sky 

background (21% of tests).

Emissions simulated in the study utilized similar rates as those found in field studies. As a 

result, emissions from tanks, which are more likely to viewed against the sky, tended to be 

larger than other leak locations, a mean of 9.6 scfh for sky backgrounds versus 3.1 for 

ground backgrounds and 3.3 scfh for equipment backgrounds. To avoid bias, this analysis 

considers only emissions ≤8 scfh, which reduces the mean emission rate for sky 

backgrounds to 3.4 scfh.

The scene behind components being inspected had a substantial impact on detection rates. 

When leaks were viewed against the ground, there was a significant decrease in detection 

rates relative to sky or equipment backgrounds, regardless of experience. For the high-

experience surveyors, the change in detection rate was −10% (from 75% to 65%) when 

viewing potential leaks against the ground rather than the sky. The difference was larger for 

surveyors with less experience: −17% (from 46% to 29%) sky-to-ground and −32% (from 

61% to 29%) equipment-to-ground. SI Video 2 provides an example of a plume that is/is not 

visible against the ground, while remaining visible against nearby equipment (SI Section 

S-8.2), SI Video 3 illustrates the difference in visibility for sky and equipment backgrounds 

(SI Section S-8.3), and SI Video 4 illustrates the difference in visibility inside a separator 

cabinet in three viewing configurations (SI Section S-8.4).

These data suggest that survey protocols should advise additional care when viewing a 

component against a ground background. This would likely impact survey time or 

procedures for (a) components that are substantially below eye level, such as most well head 

components or drain equipment on separators, and (b) components higher off the ground 

where there is no nearby equipment to provide a background for inspection. The data and 

videos also indicate that components should be viewed against multiple backgrounds if at all 

possible to improve detection rates. See Figure 4.
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False Positives

False positives occur in two contexts–zero emission pad-level tests and as additional 

mistaken detections on pads with one or more emitters.

For the 73 “zero emission” pad-level tests, any false positives on the pad are counted as a 

single false positive, i.e., a measure of how often surveyors indicate that a test pad with no 

emitters has emissions. Overall, the false positive rate was 4.1% (0–7.9%). Excluding 

surveyors who had surveyed <10 sites prior to the study, high experience surveyors reported 

false positives in 1 of 30 tests (3.3% (0–9.7%)), whereas those with less experience reported 

false positives in 1 of 23 tests (4.2% (0–13%)); compliance surveyors had no false positives 

on this type of test (0 of 15 tests). These data indicate that the performance differences by 

experience do not extend to false positive rate; all groups are similar.

The second type of false positive is a mistaken report of emissions on a pad with other 

emission points. In this case, false positives provide an indication of the number of false 

detects as a fraction of the total number of leak reports. For this type of false positive, more 

experienced surveyors had a higher false positive rate (9 of 490 tests (1.8% (0.8–2.8%))) 

than less experienced surveyors (1 of 453 tests (0.22% (0–0.66%))). These data indicate that 

the higher detection rate of high-experience surveyors came at the price of slightly higher 

false positive rate.

For inexperienced surveyors, (<10 sites screened prior to the study), false positive rates 

increase dramatically. For zero emission testing surveyors had a false positive rate of 1 of 5 

tests (17% (0–50%)); for tests with emissions, they had a false positive rate of 9 of 89 tests 

(9.4% (5.1–14%)).

Guidance

The difference between this study and prior studies is that prior studies (with the exception 

of Pacsi et al.(27)) focused on the sensitivity of the camera, while this study (a) tested the 

camera-surveyor system, (b) using the surveyor’s protocol, (c) while detecting common leak 

sizes in real time on realistic equipment in a wide range of weather conditions, (d) in a 

controlled facility with knowledge of every emission. Results indicate overall detection rates 

from the camera-surveyor system are substantially lower than the detection rates estimated 

from studies focused solely on the camera performance(16−18,22,23) or field studies where 

ground truth emissions were only partially known.(27) Given the complexity of the survey 

task, this is unsurprising. Our data also indicate that all surveyors have a high probability of 

detecting large leaks, those above 10 slpm (21 scfh) under favorable meteorological 

conditions (SI Section S-4). These results indicate that emitter counts from prior studies 

(including those of the authors(5,6,8,28)) are likely underestimated, while it is unclear if 

total emissions—which are generally dominated by large emitters—would be highly 

impacted. For example, although tests performed here were intentionally biased toward low 

emission rates, surveyors detected 69% of total emissions (SI Figure S-22).

Additionally, these data provide a more robust baseline to compare OGI to next generation 

leak detection solutions—which are typically automated to a greater degree than OGI 
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surveys—and data to estimate the overall efficacy of LDAR programs that use OGI as a 

principal means of leak detection.

While surveyor experience was the strongest predictor of detection rates, differences in 

protocols between LDAR surveyors (who generally move close to equipment) and 

compliance surveyors (who generally survey from farther away) also contribute to detection 

differences (SI Section S-6), which may have made compliance surveyor detection rates 

substantially similar to low-experience LDAR surveyors. These data indicate that 

researchers should be conscious of protocol differences when comparing results between 

studies. For example, compliance surveyors screening well pads with protocols tuned to find 

open tank hatches, stuck dump valves, or unlit flares, are unlikely to acquire complete counts 

of all emitters on screened facilities.

The impact of surveyor experience on detection rate indicates a need for additional, or 

different, training programs for surveyors. Estimating that a surveyor can survey 4–5 well 

pads per day in a dense field, accumulating 300–400 facilities of experience requires 12–20 

weeks of practice with active mentoring. The difficulty with field experience is that the 

count and location of leaks are unknown, making closed-loop training feedback difficult. 

Further observations, detailed above, also indicate that behaviors of experienced surveyors 

could potentially be taught or encoded in protocols, appropriate survey speeds, adjusting 

location to view components against multiple backgrounds, limiting wind speeds (SI Figure 

S-20), and similar precautions. Potentially this learning curve could be shortened by training 

at a facility with known, small, leaks, where directed instruction and immediate feedback 

could help surveyors gain skills faster.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Impact of experience on detection rate. Filled points indicate detection rate for test data 

binned by experience, vertical error bars represent bootstrap 90% confidence interval on 

detection rate and horizontal bars that indicate the range of experience in each bin. Data 

were binned to ensure ≥100 tests in each bin, test counts are indicated by numbers. Dotted 

horizontal lines summarize the mean detection rate each surveyor group used in the analysis; 

shaded areas are 90% bootstrap confidence intervals. All compliance surveyors had 

performed less than 551 surveys prior to the study. Unfilled points indicate the detection rate 

of individual surveyors who had completed more than 15 nonzero emission tests. Range of 

horizontal axis is reduced from 4000 to 2500 for clarity, clipping off one individual point. 

Also see SI Table S-7 and SI Figures S-12 and S-13.
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Figure 2. 
Overall detection rate for tests with nonzero emissions with outliers of wind speed and 

temperature excluded. Tests are divided into three groups to illustrate the impact of 

experience: LDAR surveyors who had surveyed 700 or more sites prior to the study (panel 

(a), blue), LDAR surveyors who had surveyed 25–200 sites (panel (a), purple), and all 

compliance surveyors (panel (b)). No LDAR surveyors had prior experience between 200 

and 700 sites. Shadow lines are 500 bootstrapped curve fits of the input data. Bin size was 

selected to produce a similar number of bins for both affiliation groups (15 for compliance, 

30 for LDAR). The experience range of compliance surveyors was compressed relative to 

LDAR surveyors, compliance survey protocols utilize different inspection distances (see 

text), and compliance surveyors tested over a narrower range of wind conditions (SI Figure 

S-14). Plots are restricted to winds 0–9 m/s, and ambient temperature 0–35 C, and exclude 

tests without emissions and all intermittent emitters.
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Figure 3. 
Time spent inspecting by experience level. LDAR surveyors are split into two experience 

levels: low (25–200 sites) and high (≥700 sites), while compliance surveyors are taken as a 

single group. Time data is normalized to major equipment units, i.e., a well head, tank, or 

separator. Unshaded bar(s) indicate categories with fewer than 10 data points and 

insufficient data to draw conclusions. Panel (a): Detection rates generally increase with 

additional screening time, and for low-experience LDAR surveyors, screening units for <2 

min significantly reduces detection rates. Panel (b): High-experience LDAR surveyors 

screen equipment for longer periods than do either low-experience LDAR or compliance 

surveyors. The combination of higher screening times and higher detection rates at any 
screening time, raises the detection rates of highly experienced LDAR surveyors.
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Figure 4. 
Detection rate by background behind leak location. See text for definition of background 

types. Since leaks with sky background tended to be larger those with other backgrounds, 

data for this analysis limits includes only test configurations with an emission rate ≤8 scfh 

(3.7 slpm). Ground backgrounds have lower detection rates than sky or equipment 

backgrounds, likely due to the gas and ground having similar temperatures, and the increase 

visual noise from moving vegetation.
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