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Abstract2

Recent regulatory spotlight on continuous monitoring (CM) solutions and the rapid develop-3

ment of CM solutions has demanded the characterization of solutions performance through4

regular, rigorous testing using consensus test protocols. This study is the second known5

implementation of such protocol involving single-blind controlled testing of 9 CM solutions.6

Controlled releases of rates (6 to 7100) g CH4/h over durations (0.4 to 10.2) hours under7

wind speed range of (0.7 to 9.9) m/s were conducted for 11 weeks. Results showed that 48

solutions achieved method detection limits (DL90s) within tested emission rate range with all9

4 solutions having both the lowest DL90s (3.9 [3.0, 5.5] kg CH4/h to 6.2 [3.7, 16.7] kg CH4/h)10

and false positive rates (6.9% to 13.2%) indicating efforts at balancing low sensitivity with11

low false positive rate. Quantification results showed wide individual estimate uncertainties12

with emissions underestimation and overestimation by factors up to > 14 and 42 respectively.13

Three solutions had > 80% of their estimates within a quantification factor of 3 for controlled14

releases in the ranges of (0.1 – 1] kg CH4/h and >1 kg CH4/h. Relative to the study by Bell et15

al., current solutions performance, as a group, generally improved primarily due to solutions16

from the study by Bell et al. that retested. This result highlights the importance of regular,17

quality testing to the advancement of CM solutions for effective emissions mitigation.18

Synopsis19

The proposed adoption of CM for regulatory-compliant emissions mitigation programs de-20

mands improved measurement accuracy and well-defined uncertainties. This study evaluates21

and compares current performance of CMS with prior study results.22

Keywords23

Methane, emissions mitigation, detection limit, emissions quantification, source attribution,24

natural gas25
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Introduction26

Methane, a powerful greenhouse gas (GHG) with a short atmospheric lifespan (≈ 12 years),27

is responsible for about 30% of the rise in global temperatures, with current atmospheric28

concentration more than twice pre-industrial levels.1–3 As the major component of natural29

gas commonly emitted across production, processing, and distribution sectors, mitigating30

natural gas emissions from methane emissions has economic, safety, and environmental ben-31

efits.4,5 The oil and gas (O&G) sector is the largest industrial source (≈30%) of anthro-32

pogenic methane emissions in the United States. Several studies have shown that fugitive33

(unplanned) methane emissions are stochastic, temporally and spatially variable with large34

emitters typically responsible for a substantial portion of unplanned emissions.6–14 Continu-35

ous monitoring (CM) can improve emissions detection since these solutions near-continuously36

monitor entire facilities (e.g. an entire wellpad), and can identify fugitive emissions faster37

than existing survey methods (e.g. optical gas imaging camera surveys).15,16
38

A CM leak detection and quantification (LDAQ) solution is a technology that mea-39

sures ambient emissions concentration continuously using one, or a combination of, sensing40

methodologies (e.g. tunable diode laser absorption spectroscopy, light detection and ranging,41

etc.) and interprets readings using proprietary algorithms to generate actionable results (e.g.42

using a gas plume image to estimate location and size of an emitter).17 Recently, the United43

States Environment Protection Agency (USEPA) proposed new pathways for CM solutions44

to be utilized for regulatory-compliant leak detection and repair (LDAR) programs.18 Stud-45

ies have shown that large emission events, including super emitters (large, episodic emissions46

≥100kg CH4/h),19–21 contribute to the observed gap between direct emission measurements,47

and the USEPA Greenhouse Gas Reporting Program (GHGRP) estimates22–25 and other re-48

porting programs.13,14 USEPA has proposed amendment of the Subpart W of the GHGRP,26
49

and the Super Emitter Response Program27 to close the data gap using selected top down50

approaches (satellite, aerial, etc),28–32 among other methods for measurements. Surveys us-51

ing top down approaches are typically brief (seconds to minutes), and performance depends52
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on the time of the day and the prevailing meteorological conditions: clear skies for satellites53

or specified range of atmospheric stability conditions for aerial surveys). CM solutions can54

provide time-resolved monitoring across a wider, but not unlimited, range of meteorological55

conditions to promptly alert operators when facility emissions begins to rise to abnormal56

levels.57

To characterize detection efficacy, CM solutions must be tested to understand probability58

of detection, quantification accuracy and associated uncertainties, emission source localiza-59

tion, time to detection, operational downtime, and false positive and negative rates. CM60

solutions consist of three components - sensing, deployment on a facility, and proprietary al-61

gorithms that process sensed data. These three components cannot be tested independently.62

Therefore, testing must assess the performance of a CM solution as an integrated system63

that includes sensors, data acquisition/communication, proprietary algorithms, hardware,64

and mode of installation on the facility. The goal of testing is to ascertain the performance65

level of CM solutions as deployed, with specific interests on the functionalities highlighted66

earlier (detection, etc.), each of which can affect the detection or quantification efficacy of67

CM solutions. Therefore clear testing using consensus, technology-neutral, protocols are68

necessary to compare performance of CM solutions.69

Past studies employed study-specific protocols for testing,33 which are generally difficult70

to repeat, making it difficult to compare solution performance from multiple test programs.71

Additionally, previous evaluations of CM solutions encountered limitations related to testing72

complexity and prevailing meteorological/environmental conditions.34–37 Partly in response73

to these results, a consensus protocol was developed by the Advancing Development of Emis-74

sions Detection (ADED) project,38 and was used by Bell et al. for the first peer-consensus75

CM testing with a standardized protocol. The study result showed high variability between76

solutions, high uncertainty, and some bias in most assessed metrics across all the CM solu-77

tions tested.78

The study presented here represents the second implementation of the ADED proto-79
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col38 by testing 9 CM solutions, including 4 that also participated in the prior study.39 CM80

solutions were tested for 11 weeks between February and April, 2023 at the Methane Emis-81

sions Technology Evaluation Center (METEC), Colorado State University (CSU), Colorado,82

USA. This study also divides CM solutions into the same two classes utilized in the prior83

study. (a) Point sensor network - solutions that deployed multiple point sensors that sense84

hydrocarbons and use proprietary algorithms to combine meteorological and concentration85

readings to infer detections, etc. (b) Scanning/imaging - solutions which uses scanning lasers86

or short/midwave infrared cameras to visualize gas plumes which are then combined with87

meteorological data to infer detections, etc. The protocols specifies both testing methods88

and how performance metrics are calculated. By using the same primary metrics for evalu-89

ation, results from the current study can be compared with those from the prior study,39 to90

determine if solutions have progressed between test programs.91

Methodology92

Test Facility93

Testing was conducted between February 8th and April 28th, 2023 at METEC; an 8-acre94

(3.2 ha) outdoor controlled testing facility primarily designed to simulate methane emissions95

from North American onshore O&G equipment in a controlled manner. METEC is furnished96

with inactive surface equipment units (e.g. wellheads, separators, etc.) intentionally fitted97

with leak points concealed at commonly observed sources, such as valve packing, flanges,98

and fittings. Units are arranged into 5 wellpads (pads 1 to 5) of varying size, complexity,99

and equipment unit layouts. Testing was conducted exclusively on pads 4 and 5 covering100

≈ 8450m2, and made up of 7 separators, 3 condensate tanks, 8 wellheads, and 2 flares (See101

Zimmerle et al. and SI Sections S-1 and S-2). Table S-1 includes a brief summary of the102

equipment units and equipment groups in pads 4/5, and how their tags are interpreted. This103

study utilized 53 unique emission points on pads 4/5, each of them used more than once104
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during testing. Over the duration of the study, ≈ 80% of emission points were ≤2m in height105

with the rest between 2m and 6m (See SI Figures S-7 and S-7 for the distribution of the106

heights of emission points used in this study).107

Testing Process108

The ADED protocol was developed with contributions from multiple stakeholders, includ-109

ing O&G industry players, academic institutions, LDAQ solution developers, environmental110

non-governmental organizations, and regulatory agencies (state and federal).38 The protocol111

is designed to test an integrated CM solution, and does not test individual subsystems, e.g.112

sensing performance, optimal deployment, and/or algorithm/analytics capability. In all so-113

lutions tested here, point or imaging sensors collect raw sensor readings, which are processed114

by proprietary algorithms to infer actionable data, including presence/absence of emitters115

(detections), emission rate estimates, and emitter locations.116

According to the protocol, testing involves a series of experiments conducted over 24 hours117

per day, everyday, for an extended period (weeks or months). Each experiment consists of 1118

or up to 5 simultaneous controlled releases of gas, each emitting at a steady emission rate for119

a specified duration (hours). Experiments with multiple controlled release points (>1) eval-120

uated solutions’ ability to characterize each emitter. Successive experiments were separated121

from one another by a break period (hours), during which there was no controlled release,122

signaling solutions of a return to background atmospheric concentration levels. Experiments123

were designed with the intention to sweep the range of test (e.g. emission rate, release124

duration, etc.) and meteorological (e.g. wind speed, temperature, etc.) conditions needed125

to characterize the probability of detection curves of solutions tested. The entire test pro-126

gram was single blind – the participating solutions were unaware of the timing, location(s),127

durations, and emission rates of controlled releases by the test center.128

CSU recruited participating CM solutions through an open invitation advertised on129

METEC’s website, and also leveraged on contacts gathered during the development of the130
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protocol to directly contact CM LDAQ solution developers. The study team required ven-131

dors of solutions participating in the testing to install their systems at least 3 days before the132

start of testing to participate in the mock testing by METEC, and to allow both METEC and133

CM solution vendors troubleshoot their respective setups. A portable compressed natural134

gas (CNG) trailer was connected to METEC’s gas supply system to support large and long135

duration controlled releases. In between refills of the CNG trailer, the study team conducted136

controlled releases from the onsite storage gas cylinders. All controlled gas releases during137

testing were CNG with a mean gas composition by volume of 84.8% of methane, 13.1% of138

ethane, 1.6% of propane, and trace amount of heavier hydrocarbons and other gases. For139

each controlled release, METEC logged the timing, location, metered emission rate and the140

associated uncertainties, gas composition, and prevailing meteorological conditions, which141

were time averaged over the release duration.142

Testing was conducted day and night, across all meteorological conditions that supported143

the operation of METEC, for the entire duration of the study. Exceptions included winter144

conditions with temperatures below the operating specifications of METEC’s thermal flow145

meters (OMEGA FMA-17xx series). For experiments with 2 or more controlled releases146

flowing through a flow meter, a pre-calibration was done before releases officially began to147

correctly meter and log the rate of each controlled release. Emission rate of controlled re-148

leases, and experiment duration were selected considering METEC’s operational constraints149

e.g. available gas supply, emission point orifice size, etc. The study team periodically an-150

alyzed the performance of solutions during testing to choose the emission rates and release151

durations for subsequent experiments. This was intended to populate test conditions with152

small sample size (e.g. larger rate and longer duration controlled releases, etc.) to map the153

probability of detection curve of solutions. The resulting range of emission rates and release154

durations in this testing were 6 to 7100 g CH4/h and 0.4 to 10.2 hours, respectively. This155

implied that the study likely excluded a huge portion of real-world upstream emissions which156

are intermittent or of much shorter duration. These include routine emissions from actuation157
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of pneumatic devices, blowdown events, routine flash tank emissions which collectively make158

up substantial fraction of methane emissions at typical United States onshore production fa-159

cilities. Similarly, the study excluded larger releases (≥ 10 kg CH4/h up to the super emitter160

rate) which is an important emission source category according to several studies.19–21 The161

study team ensured that no two controlled releases within an experiment flowed through162

the same equipment unit, and drastically limited scenarios where 2 consecutive experiments163

had controlled releases flowing to the same equipment unit. This gave CM solutions the best164

opportunity to isolate and estimate the characteristics of each emitter. This represents a165

substantial simplification of observed emissions behavior in real O&G facilities where emit-166

ters may follow random patterns or emit at variable rates. METEC kept a maintenance167

record, documenting facility downtime and the timing of faulty experiments and controlled168

release events non-compliant with the study design (e.g. venting gas supply lines, controlled169

releases on wellpads not used for the study, etc.).170

Performance Metrics171

The vendor of each solution sent detection reports containing data inferred from sensed172

emission (e.g. emission rate, emitting source, etc.) to a unique email address provided by173

METEC. While this process was automated for some solutions, others required human sup-174

port to interpret and prepare reports according to the template in the protocol. In some175

cases, such human interference delayed detection reporting to the test center by days or176

weeks, likewise, for solutions with automated reporting that required varying level of human177

support when their data transmission system failed. The email setup at METEC parsed178

through reports as they arrived and automatically rejected those non-compliant with the179

protocol’s reporting template.38 This contrasts field deployments where operators bear the180

burden of inferring web-based dashboards (e.g. interpreting time series methane concen-181

trations/emission rates) of data communicated by the solutions installed in O&G facilities.182

This detection reporting approach eliminated inference errors and biases associated with the183
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study team interpreting raw measurement readings of solutions. According to the protocol,184

each detection report, which either identifies a fresh emission or updates previous reports,185

contained at minimum the following:186

• DetectionReportID - an incremental unique identifier of each detection report.187

• EmissionSourceID - a unique identifier referencing the emitter the detection report188

identifies.189

• EmissionStartDateTime - the estimated time and date a detected emission started190

emitting.191

• EquipmentUnit - the identifier of the equipment unit on which an emission was de-192

tected.193

• Gas - the gas specie measured to infer a detection.194

Solution vendors were also allowed to report system downtime: periods during testing that195

solutions were offline (e.g. not taking measurements) which should be ignored by the study196

team during result analysis. Prior to the performance analysis for each solution, the study197

team excluded detections (1) reported during METEC maintenance and solutions downtime198

periods, (2) reports with EmissionStartDateTime before and after the analysis window of199

each solution, and (3) reports identifying EquipmentUnit outside the fence-line of METEC200

(OFF FACILITY) in the latest detection report. These exclusions were done to avoid bogus201

false positive detections. Similarly, the study team excluded controlled releases (1) conducted202

during METEC maintenance and solution downtime periods, (2) conducted outside the203

analysis window of the solution, and (3) with durations shorter than required to get a stable204

flow meter reading. These exclusions were done to avoid spurious false negative detections.205

All detection reports referencing the same EmissionSourceID were grouped together as206

one report: for the same EmissionSourceID, the time at which the first detection report207

(smallest DetectionReportID) was received by METEC was paired with the data contained208
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in the last detection report (largest DetectionReportID). The study team applied a buffer209

time of 20 minutes before and after the timing of each controlled release while matching210

controlled releases to detection reports. The buffer time accounted for emissions during211

experiment pre-calibration periods, and the residual emissions detected by solutions after212

the end of a controlled release. The matching scheme involved the following steps below:213

• The study team sorted all controlled releases by equipment unit identifier, then by214

emission rate (if reported) in descending order. For each controlled release, all de-215

tections identifying emission source on the same equipment unit as the controlled216

release were selected. All selected detections with EmissionStartDateTime within the217

controlled release start and end times (including buffer time) were filtered, and sorted218

by emission rate (if reported) in descending order. The topmost filtered detection219

report was paired with the controlled release as a correct equipment unit level true220

positive (TP) detection, and the pair was removed from further matching.221

• The study team resorted the remaining list of controlled releases from the step above222

by equipment group identifier, then by emission rate (if reported) in descending order.223

For each controlled release, all detections identifying emission source on the same224

equipment group as the controlled release were selected. All selected detections with225

EmissionStartDateTime within the controlled release start and end times (including226

buffer time) were filtered, and sorted by emission rate (if reported) in descending order.227

The topmost filtered detection report was paired with the controlled release as a correct228

equipment group level TP detection, and the pair was removed from further matching.229

• The study team resorted the remaining list of controlled releases from the step above230

by emission rate (if reported) in descending order. For each controlled release, all231

detection reports with reported EmissionStartDateTime within the controlled release232

start and end times (including buffer time) were filtered, and sorted by emission rate233

(if reported) in descending order. The topmost filtered detection report was paired234
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with the controlled release as a correct facility level TP detection, and the pair was235

removed from further matching.236

• Controlled releases and detection reports remaining after the pairings were identified237

as false negatives (FN) and false positives (FP) detections respectively.238

All performance metrics stipulated in the protocol utilized these classification results in239

their analysis. Key metrics are briefly described below, with full details in the protocol.38
240

Probability of Detection (POD): The fraction of binned test conditions (i.e. emission rate,241

release duration, etc.) classified as TP detections (i.e. TPs
TPs+FNs

). Localization Precision -242

(Equipment Unit): The fraction all TP detections at each detection level (equipment unit,243

equipment group, and facility) Localization Accuracy (Equipment Unit): The fraction of244

detection reports (FPs and TPs) at each localization precision level (Equipment unit). For245

example, localization accuracy at equipment group or better is the fraction of all detections246

localized at both the equipment unit and group levels. Quantification Accuracy: For solutions247

that estimated rate (g/h) of the gas specie measured, the absolute quantification relative error248

for each TP detection was evaluated as the difference between reported emission estimate249

and controlled release rate. The relative error was evaluated by normalizing absolute error250

by the controlled release rate. Facility level quantification relative error was evaluated using251

all controlled release rates and reported emission estimates considered in the analysis of each252

solution, respectively aggregated over the solution’s study duration. Time to Detection: For253

each TP detection, this is the time difference between when the test center received the first254

detection report identifying an emission source (EmissionSourceID) and the start time of255

the controlled release it paired with. Operational factor: The fraction of time a CM solution256

was operational relative to the total deployment time.257
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Participating Solutions258

All participating CM solutions in this study installed their systems at the test site. Solution259

vendors decided on the number of sensors, positioning of sensors, and the equipment groups260

to monitor; the only limitations imposed by the study team were related to safety (e.g trips261

and falls) and obstructions (e.g. system installation near or along driveways). All but one262

solution (N) monitored all equipment groups on pads 4 and 5 of METEC. Vendors were263

requested to install as they would at real facilities. This implied that some vendors either264

installed their solutions along the fenceline of the pads or around the equipment groups265

monitored (SI Figure S-3). In many field applications, sensor location are likely restricted266

to the periphery of the facilities while the number of sensors installed per facility largely267

depended on cost of deployment and the size of the facility. In this study, every solution268

was responsible for the communication systems to connect their on-site hardware to backend269

servers and algorithms operating offsite; most solution utilized cellular data for this purpose.270

After installation and initial testing, solution personnel left the test center and operated271

their systems remotely, except to fix their hardware failures or other severe failure of their272

system(s). The test center assessed the performance of solutions capabilities supported by273

the data reported as shown in Table 1.274

Nine CM solutions participated in this study; 4 were also part of the previous study (Bell275

et al.) approximately a year earlier. The participating solutions, in alphabetical order, are276

Honeywell, Molex, Project Canary, QLM Technology, Qube Technologies, Sensia-solutions,277

Sensirion, Sensit, and SLB which deployed both imaging and network of point sensor sys-278

tems. Testing was performed under confidentiality agreements. Therefore, each solution279

is identified here by a unique identifier, with those that participated in the prior study39
280

retaining their identifiers. Not all solutions tested for all metrics. Table 1 summarizes the281

characteristics of solutions that participated in the study, and which functionality was tested282

on each.283
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Table 1: Characteristics of participating solutions

Sensor Reported Data†

ID Type
Count
2022

Count
2023 Detection Quantification

GPS
Local-
ization‡

Participated in Bell et al.
A1 Point sensor network 8 8 ✓ ✓ ✓

B Scanning/imaging 1 1 ✓ ✓ ✓

D Point sensor network 8 8 ✓ ✓ ✓

F Point sensor network 8 10 ✓ ✓ X

Did not participate in Bell et al.
L Scanning/imaging - 1 ✓ ✓ ✓

N Point sensor network - 18 ✓ ✓ ✓

O Scanning/imaging - 1 ✓ ✓ X

P Point sensor network - 6 ✓ X X

Q Point sensor network - 13 ✓ X X
† ✓indicates the parameter of interest was reported by the solution. ‘X’ indicates that it was

not reported.
‡ Indicates if the solution localized emitters by GPS coordinates.
1 One of the sensors installed failed during the study.

Data Processing284

The study by Bell et al. used binary logistic regression models (f) to map the POD curves of285

solutions over the range of tested conditions (i.e.emission rate, release duration, etc.), and to286

predict the emission rate at which a solution achieved 90% POD. However, the model in some287

cases produced curves with non-practical applications like unrealistic POD at zero emissions:288

POD at an emission rate of zero was non-zero. To correct for these issues, this study utilized289

power functions for POD estimation, with the intercept set to zero. The power curve was fit290

to detection fraction from equal-sized sets (quantile-based discretizations) of test conditions.291

The quantile used for each solution was constrained by the range 30 < Np < 50 where Np is292

the number of points in each bin. Np was set by using the quantile-based discretization that293

produced the highest goodness of fit (R2) value. See SI Tables S-5 to S-13 for analysis on294
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picking bin size for all solutions in this study, and Tables S-14 to S-24 for the recalculated295

POD curve for solutions from Bell et al..296

As described earlier, detection reports were classified as TP or FP while unreported con-297

trolled releases as FN.38 The protocol penalized excess detection reports identifying emission298

sources already identified earlier or emission sources not emitting during an experiment, as299

false positives. However, in some field applications of CM solutions like facility level moni-300

toring, less priority might be placed on these excess detection notifications if at least one of301

the alerts correctly identified an emitter. Therefore, in a break with the previous study, this302

study utilized 2 classifications for FP detection reports:303

1. False positive due to no-ongoing controlled release - a detection reported when there304

was no controlled release at the test center.305

2. False positive due to excess detection report - a detection report that identified a306

controlled release already correctly matched to another detection report, as a new307

and/or different emission source. For example, reporting detections with different308

EmissionSourceIDs during an experiment with one controlled release.309

Limitations of the ADED Protocol310

As extensively discussed in Bell et al., the protocol assumes that while solutions provide near-311

continuous monitoring, they issue discrete detection alerts that are source-resolved whenever312

emissions were detected. This is not always the case as several solutions provide time series313

sensor readings through web-based dashboards for operators to read and infer detection314

decisions. Additionally, pads 4 and 5 (SI Figures S-1 and S-3) at METEC used for this315

study were designed to mimic simplified on-onshore production facilities (See Zimmerle et al.316

for details on how it differs from a real facility). Hence result from this study might not be317

applicable to more complex or midstream facilities which likely has different site configuration318

and emissions behavior.319
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Results and Discussion320

In this section, we discuss study results based on the following metrics (1) Probability of321

detection, (2) Source localization (precision and accuracy), (3) Quantification accuracy, and322

(4) Time to detection. This section further shows the changes in performance of solutions323

individually and as a group relative to the study by Bell et al..324

Primary Results and Analysis325

Probability of Detection (POD): A POD curve relates the probability that a solution will326

detect an emission of a given rate, as composite performance over all other test conditions327

like release duration, emission flow rate, wind speed, e.t.c. that could affect the POD of328

solutions. A multi-variable logistic regression analysis of the impact of these factors on329

POD over tested range showed varying statistical significance across all solutions. Results330

indicate that emission rates significantly (p < 0.05) affected the POD of all solutions, with331

other variables affecting only a subset of solutions (See Table S-27 in SI). Figures 1 and332

2 shows the POD curves for all solutions mapped over the range of emission rate tested.333

Figure 1 compares curves for the 4 solutions that participated in both the current study334

and that by Bell et al., while Figure 2 is for the other 6 solutions. Bell et al. defined the335

Method Detection Limit (DL90) of each solution as the emission rate at which the solution,336

as deployed (method), detected emitters 90% of the time, over a wide range of meteorological337

conditions. The study team deviated from the acronym MDL used by Bell et al. to avoid it338

being misinterpreted as "minimum detection limit" which might mean something different.339

The DL90 metric is an important consideration during the formulation of methane emissions340

reduction policies/programs27 by regulations and their implementation by O&G operators.341

Figures 1 and 2, and Table 2 shows the DL90s of solutions.342

• Performance from current study (2023): Overall, Figures 1 and 2 showed that the POD343

curves predicted the DL90s of 8 of 9 solutions ranging from 3.9 [3.0, 5.5] kg CH4/h to344
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18.2 [7.9, 90.5] kg CH4/h. The DL90s of 4 of the 8 solutions fell within the range of345

emission rates tested in the study. Table 2 shows that the 4 solutions with the lowest346

FP rates (6.9% to 13.2%) also had the lowest DL90s (3.9 [3.0, 5.5] kg CH4/h to 6.2 [3.7,347

16.7] kg CH4/h), while 3 of the 4 solutions had the lowest FN rates (27.4% to 32.9%)348

in the study (SI Figure S-10). This indicates efforts at balancing method sensitivity349

(i.e. low DL90) with low FP and FN rates. In contrast, the remaining 6 solutions had350

relatively higher DL90s (no solution within tested emission rate range), FP rates (all351

solutions > 20%), and FN rates (5 solutions ≥ 50%) which might indicate struggles at352

emissions detection. At a minimum detection threshold of 0.40 kg CH4/h (as stipulated353

in the final rule by the USEPA), results indicate that 5 of the 9 solutions will have ≥354

50% POD.41
355

For the scanning/imaging solutions, FP rate spanned between 7.7% to 34.6% with the356

DL90 of 1 of the 3 solutions within tested range. While the FP rates of point sensor357

network solutions were between 6.9% to 38.1% with the DL90 of 3 of the 5 solutions358

that estimated DL90s within tested range. A review of the percentage of false positives359

due to excess detections (4.5% to 91.5% with 7 of 9 solutions having values ≥ 50% )360

suggests that if the intended application of most solutions is to correctly alert operators361

of ongoing emissions with less priority on what is emitting and the number of emitters,362

then these solutions would have much lower FP rates than predicted by the protocol.363

Otherwise, follow-up OGI surveys might take longer time by investigating misleading364

alerts which is costly. A Spearman’s rank correlation analysis showed that the count of365

sensors deployed by solutions did not necessarily affect method sensitivity of solutions366

(p value > 0.5) as solutions that deployed more sensors did not always have lower367

DL90 compared to solutions that installed fewer sensors. Aside from the difference in368

the sensor type, quality, and proprietary algorithms which can vary the performance of369

solutions, one potential explanation for this observation might be over-deployment of370

sensors by some solutions. However, given the reporting constraints of the test protocol,371
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solutions did not attribute detections to any sensor(s) hence making the assessment of372

over-deployment (if any) very challenging in this study. In general, TP rate tended to373

increase with release rate for all solutions as shown by the figures above and SI Table374

S-25. See SI Figures S-12 to S-17 for POD curves for all solutions based on release375

duration, wind speed, and release rate normalized by windspeed. See SI Figures S-18376

to S-19 for POD curves using logistic regression for reference.377
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Figure 1: The probability of detection (POD) versus emission rate (kg CH4/h) for point
sensor network solutions solutions (A, D, and F) and a scanning/imagine solution (B) fitted
using power functions. The x-axis is divided into equal-sized bins with each marker (pod) as
the fraction of controlled releases in a bin classified as true positives. Data points from the
study by Bell et al. (2022) is overlayed on the current results for comparison. The emission
rate at which the POD reaches 90% is indicated as the method detection limit (DL90) for
each solution. Each pod data point is bootstrapped to produce a cloud of curves illustrating
associated uncertainty. When the bootstrapping could not evaluate the lower and upper
empirical Confidence Limit (CL) on a solution’s DL90 best estimate, they are given as 0
and NA respectively. Curve fits (dotted colored lines) obtained using other quantile-based
discretizations are shown for comparison. The DL90s of 3 of the 4 solutions (B, D, and F)
in the current study were within tested emission rate range. The mean count of points per
bin along with the min. and max. counts across all bins is also shown in the figure.
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Figure 2: The probability of detection (POD) versus emission rate (kg CH4/h) for solutions
L, N, O, P, and Q fitted using power function. Solution N, P, and Q are point sensor networks,
while solution L and O is a scanning/imaging solutions. The x-axis of each plot is divided
into equal-sized bins with each marker (pod) calculated as the fraction of controlled releases
in a bin classified as true positives. Each pod data point is bootstrapped to produce a cloud
of curves illustrating associated uncertainty. When the bootstrapping could not evaluate the
lower and upper empirical Confidence Limit (CL) on the best estimate of a solution’s DL90,
they are given as 0 and NA respectively. Curve fits (dotted colored lines) obtained using
other Quantile-based discretizations are shown for comparison. The emission rate at which
the POD reaches 90% is indicated as the method detection limit (DL90) for each solution.
The best estimate of the DL90 of only solution P is within the tested emission rate range.
The mean count of points per bin along with the min. and max. counts across all bins is
stated in the plot legend.
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• Comparing general performance from Bell et al. to current study: Results from the378

study by Bell et al. showed that more solutions struggled at balancing low MDL, FP379

rate, and FN rate when compared to current test results. Two of 11 solutions showed380

efforts at balancing all 3 metrics relative to other solutions, while others showed mixed381

performance. For example, solution E had the lowest DL90 (1.3 [0.5, 8.1] kg CH4/h)382

and FN rate (12.3%) but had the highest FP rate (82.6%) in the study. While So-383

lution J was among solutions with the lowest DL90 (4.0 [3.4, 5.1] kg CH4/h) and FP384

rate (0.0%) but had one of the highest FN rate (76.0%) in the study (SI Tables S-26385

and S-28). These results have noted the tendency for solutions to trade-off detection386

sensitivity with false positive and negative rates: Changing solution settings to reduce387

DL90 tends to increase FP rate. In general, setting algorithms to reduce DL90 also388

makes it more difficult to distinguish smaller fugitive emissions from background con-389

centrations (i.e. sensor or algorithmic noise), leading to background fluctuations being390

classified as false positive emissions detections. Conversely, higher DL90s can imply391

solutions missing relatively smaller rate emissions which typically makes up majority392

of field measurement studies (by count) resulting in high FN rates. However, generally,393

solutions from the current study showed more efforts at balancing low DL90 with low394

false negative and positive rates compared to the results by Bell et al..395

• Comparing the performance of the four solutions common to both studies: Two solu-396

tions, B and D, showed reduced DL90 with false negative and positive rates relative to397

the study by Bell et al.. The FP and FN rate of solution F - with highly overlapping398

DL90 uncertainty across both studies - also dropped. These data indicate a general399

improvement in efforts to balance method sensitivity with FP and FN rates. Given400

that these solutions installed same number of sensors as in Bell et al. except for so-401

lution F which increased from 8 to 10, improved performance could be attributed to402

improved analytics/algorithms and/or more favorable test conditions as shown in SI403

Table S-4 (higher emission rates, longer release durations, and lower windspeeds). At404
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higher emission rates, solutions either exceeded or approached their respective DL90s405

while testing at calmer wind speeds likely reduced turbulent gas plume dispersion in406

support of more stable/steady measurements. Longer release durations likely gave407

scanning/imaging solutions multiple opportunities to visualize and identify emissions408

or longer averaging time of ambient concentration measurement to infer detections by409

point sensor network solutions.410
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Table 2: Summary of the number of controlled releases and detection reports considered in
the analysis of each CM solution. The break down of the false positive rates for all solutions
using the ADED protocol is also shown together with the false negative rate, and DL90s
predicted by each solution. Solutions are sorted in order of increasing All false positive rate.

Count FP (%)†

ID
Controlled

Release
Detection
Reports All

No Controlled
Release

Excess
Detections FN (%)

DL90‡

(kg CH4/h)
Result from the current study for all participating CM solutions

D 547 403 6.9 28.6 71.4 31.4 3.9 [3.0, 5.5]

B 547 300 7.7 39.1 60.9 49.4 5.5 [4.4, 7.4]

F 547 444 10.6 8.5 91.5 27.4 6.2 [3.7, 16.7]

P 547 423 13.2 23.2 76.8 32.9 6.0 [4.1, 11.6]

N 417 223 18.4 29.3 70.7 56.4 14.1 [7.3, 55.3]

L 256 254 35.0 95.5 4.5 35.5 10.2 [5.3, 61.8]

O 357 324 34.6 33.0 67.0 40.6 18.2 [7.9, 90.5]

Q 547 260 38.1 21.2 78.8 70.6 11.7 [7.7, 22.6]

A1 547 487 47.8 61.8 38.2 53.6 NA
Results from Bell et al. for the 4 CM solutions that participated in both studies.

D 574 376 10.4 79.5 20.5 41.3 5.7 [3.8, 11.5]

F 574 516 22.5 39.7 60.3 30.3 3.8 [2.5, 7.3]

B 445 250 31.2 61.5 38.5 61.3 64.4 [16.1, NA]

A 574 986 59.8 26.9 73.1 31.0 11.7 [4.3, NA]
† All is the percentage of all detections classified as false positive based on the ADED protocol.
† No controlled release is the fraction of all false positives that is due to detection reports sent

when there was no controlled release at the test center.
† Excess TP Detections is the fraction of all false positives that is due to excess detections identi-

fying controlled releases that have been matched already as a new and/or different emitter.
‡ When the POD curve could not evaluate the DL90, they are given as "NA". Similarly, when the

lower and upper empirical 95% Confidence interval (CI) on a solution’s DL90 could not ve evaluated,
they are given as 0 and NA respectively.

1 One of the sensors installed failed during the study.
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Source localization: As discussed earlier, the protocol required solutions to report the411

equipment unit housing any identified emitter. For each solution, sensor density was defined412

as the ratio of the number of sensors deployed by the solution to designated test center (pads413

4/5 at METEC) surface area (m2). Tables 3 and S-29 (in the SI) summarized the sensor414

densities (sensors/m2), and the emission source localization precision and accuracy results of415

solutions participating in this study and those in the study by Bell et al.. Similar localization416

metrics were evaluated if solutions reported GPS coordinates of identified emitters. See the417

performance report of each solution in the SI for those analysis.418

• Performance from current study (2023): At the equipment unit level, all 3 scan-419

ning/imaging solutions had the highest localization precisions (> 70%) and accuracies420

(> 40%) with the smallest sensor densities (0.000118 sensors/m2). For the 6 point421

sensor network solutions, only 1 solution (also with the largest sensor density) had422

localization precision and accuracy > 40%. At the equipment group level or better423

(equipment group + unit level), all scanning/imaging solutions had > 95% localiza-424

tion precision, and accuracy range of 58.3% to 91.3% while for the point sensor network425

solutions, 3 solutions had precisions > 90% and accuracies > 70%, with sensor density426

range of 0.000947 sensors/m2 to 0.00213 sensors/m2. These results illustrate the higher427

tendency of scanning/imaging solutions in this study to correctly narrow down emit-428

ters for follow-up OGI surveys than point sensor network solutions despite installing429

the lowest number of sensors. In general, 6 of the 9 solutions had localization precisions430

more than 90% at the equipment group level or more, while 5 of 9 solutions had local-431

ization accuracy > 70% also at that level. As indicated earlier, for operators deploying432

CM solutions at multiple (some times in 100s), bigger facilities , narrowing down the433

source of emitters, if fit for purpose, can have huge time- and cost saving benefits for434

operators. However, this functionality might not be an important consideration if the435

intended application or the inherent capacity of a solution does not support source436

level localization (i.e. facility level emissions monitoring).437
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• Comparing general performance from Bell et al. to current study: At the equipment438

unit level, 3 of 5 scanning/imaging solutions had the highest localization precisions (>439

60%) and accuracies (> 40%) with the sensor density range of 0.000118 sensors/m2 to440

0.00416 sensors/m2. All point sensor network solutions had precisions < 50% and ac-441

curacies < 20% at that level. At the equipment group level or better (equipment group442

+ unit level), one solution (with the largest sensor density) had > 90% localization pre-443

cision and > 70% accuracy. As a group, when compared to the current study results,444

performance generally improved from the study by Bell et al.. These improvements445

could be attributed to the rapid development of the algorithms/analytics of solutions;446

often the major driver of source localization in CM solutions. Favorable test conditions447

as shown in SI Table S-4 (higher emission rates, longer release durations, and lower448

windspeeds) could also be a factor as solutions had longer and multiple opportunities449

to see the gas plumes (scanning/imaging solutions) or gather ambient measurement450

data (point sensor network solutions) at relatively calmer wind conditions to arrive at451

better localization estimates relative to prior study.452

• Comparing the performance of the four solutions common to both studies: The local-453

ization precisions and accuracies of solutions B, D, and F (with larger sensor density in454

the current study) improved at both equipment unit level, and equipment group level455

or better, relative to the study by Bell et al.. Solution A had mixed result with only456

localization precision at equipment group level or better improving.457
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Table 3: Summary of emission source localization (equipment unit) precision and accuracy
for all participating solutions arranged in decreasing localization precision equipment unit
level.

Source Localization (Equipment Unit)

Precision (%) Accuracy (%)

ID

Sensor
Density

(sensors/m2)
Count
of TPs

Unit
Level

Group
Level

Facility
Level Unit

Group
Level or
Better

Facility
Level or
Better

Result from the current study for all participating CM solutions
B 0.000118 277 89.5 9.4 1.1 82.7 91.3 92.3

L 0.000118 165 86.7 10.9 2.4 56.3 63.4 65.0

O 0.000118 212 76.4 12.7 10.9 50.0 58.3 65.4

N 0.00213 182 51.6 41.8 6.6 42.2 76.2 81.6

F 0.00118 397 40.8 53.9 5.3 36.5 84.7 89.4

Q 0.00154 161 28.0 54.0 18.0 17.3 50.8 61.9

D 0.000947 375 27.2 68.8 4.0 25.3 89.3 93.1

P 0.00071 367 27.0 56.9 16.1 23.4 72.8 86.8

A1 0.000947 254 26.0 49.6 24.4 13.6 39.4 52.2
Results from Bell et al. for the 4 CM solutions that participated in both studies.

B 0.000118 172 70.9 15.7 13.4 48.8 59.6 68.8

A 0.000947 396 28.0 39.4 32.6 11.3 27.1 40.2

F 0.000947 400 24.8 50.2 25.0 19.2 58.1 77.5

D 0.000947 337 0.0 52.8 47.2 0.0 47.3 89.6
1 One of the sensors installed failed during the study.

Quantification Accuracy: Seven of 9 solutions tested emissions quantification capabil-458

ity. Panels (a) and (b) of Figure 3 are box and whisker plots showing quantification relative459

error distribution for each solution for controlled release rate ranges of [0.1 - 1) kg CH4/h and460

>1 kg CH4/h respectively. Emission rates in the range [0.1 - 1) kg CH4/h roughly represents461

equipment component leak rates typically identified through OGI surveys23,42,43 while rates462

in the range >1 kg CH4/h represents relatively larger leak rates due to process failures at463

production facilities.42,44 Panel (c) of the figure is an error bar plot showing facility level464

quantification relative errors (actual and simulated mean) for solutions over the duration465
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tested, along with associated uncertainties obtained through bootstrapping (See SI Section466

S-9.2 for bootstrapping procedure). Across all panels, the grey shaded area shows emission467

rate estimation range within a quantification factor of 3 (−67%|1
3
×, +200%|3×) of actual468

release rates. Results of the 4 solutions that also tested in the study by Bell et al. are shown469

in the plots for comparison. Tables 4 and S-30 (in the SI) summarizes for both this study470

and Bell et al. the percentage of reported estimates within a factor 3 for (1) all controlled471

releases detected (2) detected controlled releases within the range [0.1 - 1) kg CH4/h, and472

(3) detected controlled releases within the range >1 kg CH4/h.473

• Performance from current study (2023): Considering all controlled release rates clas-474

sified as TP, solutions had 54% to 90% of their estimates within a factor of 3. For475

emission rates within the range [0.1 - 1) kg CH4/h, Figure 3 and Table 4 shows that476

the individual estimate relative errors of all solutions were positively skewed (mean477

> median). Four of 7 solutions (including 2 of 3 scanning/imaging solutions) in this478

range had 79% to 96% of their estimates within a factor of 3 while the remaining479

solutions had 1% to 55% of their estimates also within the factor. At 95% empirical480

confidence interval, 1 of 7 solution (scanning/imaging), had both the lower and upper481

individual estimate relative error limits within a factor of 3, while 4 of 7 solutions (in-482

cluding 2 of 5 point sensor network solutions) had both of their limits within a factor483

of 10 (−90%| 1
10
×, +900%|10×). In general, individual estimates ranged from ≈ 1

5
× to484

≈ 42× the actual rates in this range. Typically, field operations are characterized by485

higher background methane concentration than what is obtainable at METEC. Hence,486

the detection and quantification of some emissions with rates in this range can be487

challenging for solutions as emissions are intermittent and can easily blend with back-488

ground methane concentration. However, assuming current solutions performances are489

extrapolated to the field, the majority of rates estimates in this range by most solutions490

might be within a factor of 3 (mostly by over-estimation as mean relative errors are491

skewed high) with individual estimates having wide uncertainty. For emission rates492

26

https://doi.org/10.26434/chemrxiv-2023-8bfgm-v2 ORCID: https://orcid.org/0000-0003-4231-3278 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-8bfgm-v2
https://orcid.org/0000-0003-4231-3278
https://creativecommons.org/licenses/by-nc/4.0/


within the range >1 kg CH4/h, the individual estimate relative errors for all solutions493

were positively skewed. All the solutions had 61% to 89% of their estimates of rates494

in this range within a factor of 3. Five of 7 solutions (including all scanning/imaging495

solutions) had ≥71% of their estimates within a factor of 3, while the remaining so-496

lutions having about 62% of their estimates also within the factor. At 95% empirical497

confidence interval, 5 of 7 solutions (including all scanning/imaging solutions) had498

both lower and upper individual estimate relative error limits within a factor of 10. In499

general, single estimates ranged from ≈ 1
13
× to ≈ 18× the actual rates in this range.500

In field deployments, the wide uncertainty limit on individual estimates for rates in501

this range can produce grossly misleading results for LDAR programs. For example,502

overestimating a relatively large emission (e.g. leak rate of 7.1 kg CH4/h - maximum503

rate tested in this study) by 18× can lead to a bogus alert of emissions at a scale of a504

super emitter (≥100 kg CH4/h). Generally, in this emission rate range, solutions with505

a majority of their estimated emissions within a factor of 3 increased, indicating that506

solutions were likely better at quantifying larger emissions compared to smaller ones507

(SI Figure S-26).508

At the facility level, over the the study duration, 6 of 7 solutions estimated emissions509

within a factor of 2 (−50%|1
2
×, +100%|2×) with their respective simulated lower and510

upper limits within a factor of ≈3. Given the increasing interest in facility-level quan-511

tification as inferred from the USEPA final rule, this result indicate that these solutions512

are likely to provide facility-level emissions estimation with higher accuracy and nar-513

rower uncertainty than single estimates which has important policy implications. See514

SI Figures S-27 and S-28 for the impact of release duration and wind speed on the515

individual estimates relative errors of solutions.516

• Comparing general performance from Bell et al.: The quantification performance in517

the study by Bell et al., as summarized in Tables 4 and S-30 (in the SI) showed that518

as a group, solutions experienced more difficulty at accurately quantifying emissions519
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relative to the current study. For all controlled releases rates, 3 solutions in the current520

study had fraction of estimates within a factor of 3, greater than the highest value521

obtained in the study by Bell et al. (74%). Similarly, for emission rate ranges [0.1 -522

1) kg CH4/h and >1 kg CH4/h, 4 and 3 solutions had fraction of estimates within a523

factor of 3, greater than the highest values (76% and 80% respectively) obtained in the524

previous study. In general, as a group, quantification results from the current study525

improved relative to that by Bell et al. although individual estimates still have high526

uncertainty. There was no drastic change in facility level quantification performance527

as all but one solution estimated facility level emissions within a factor of 2 in both528

studies. As highlighted earlier, this improvement as a group could be attributed to529

favorable testing conditions and/or improvement in analytics of solutions especially530

for the 4 solutions retesting in the current study.531

• Comparing the performance of the four solutions common to both studies: Relative532

to the study by Bell et al., for all controlled releases detected, and those within the533

range [0.1 - 1) kg CH4/h, the percentage of estimates within a factor of 3 increased534

for solutions B, F, and D, while only that of solutions B and D increased for emission535

rates in the range >1 kg CH4/h. At 95% empirical confidence interval, the individual536

estimate relative error limits of solution B became narrower for emission rates in the537

range [0.1 - 1) kg CH4/h but had mixed result for rates in the range >1 kg CH4/h.538

Solutions D and F had mixed results for both emission rate ranges while for solution A,539

the uncertainty got wider for both emission rate ranges. At facility level, all 4 solutions540

improved in quantification accuracy.541
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Figure 3: Quantification relative error for solutions categorized by (a) controlled release
rate [0.1 - 1) kg CH4/h, (b) controlled release rate ≥ 1kg CH4/h, and (c) total facility
emissions. The bottom panel (c) summarizes the site-level relative error for each solution
arranged in increasing order from left (sol. F) to right (sol. M) based on current study data.
The site-level relative error is bootstrapped to estimate the uncertainty on the actual error.
Markers represent bootstrapped site-level mean relative error (red), and the actual site-level
relative error (green) respectively. Whiskers represents the 95% CI on the bootstrapped
mean relative error. The middle (b) and top panels (a) are boxplots summarizing relative
error distribution for each solution over selected range of controlled release rates. Each box
represent the inter-quartile range of data with whiskers including 95% of data. The upper
y-axis of (a) and (b) are arbitrarily trimmed at 400% and 1000% respectively with the full
95% CI shown in Table 4. Across all panels, results from the study by Bell et al. (2022) is
also shown to facilitate comparison. The x-axis of all panels are arranged based on (c) while
the shaded zone indicates region within a quantification factor of 3.29
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Table 4: Summary of single-estimate quantification for solutions along with their 95% em-
pirical confidence limits. The percentage of measurements within a factor of 3 is shown for
both current study and the previous study for comparison.

Estimates
within ±3× (%) Relative Quantification Error (%)

Error relative to CR2

(−67%|1
3
×, +200%|3×) CR (0.1 – 1] kg CH4/h CR >1 kg CH4/h

CR (kg CH4/h)

ID All (0.1 – 1] > 1 Mean Median 95% CI Mean Median 95% CL

Results from the current study for all participating CM solutions
B 90 96 89 37.4 28.1 [-65.0, 168.5] 55.7 31.5 [-62.3, 339.4]

L 81 84 81 126.2 91.2 [-49.5, 546.6] 90.4 50.0 [-70.7, 402.2]

F 78 90 71 15.7 -9.6 [-80.4, 195.5] -12.8 -41.8 [-89.6, 232.3]

D 67 79 61 64.5 -3.0 [-75.8, 729.0] 30.8 -45.8 [-92.5, 395.7]

A1 60 55 72 330.4 138.4 [-62.2, 1803.4] 57.6 -18.3 [-86.3, 612.5]

N 56 48 62 1036.6 212.8 [-36.2, 2900.9] 256.0 72.0 [-68.0, 1671.6]

O 54 1 86 1751.2 1074.9 [235.9, 4071.5] 73.4 58.8 [-60.4, 347.0]
Results from Bell et al. for the 4 CM solutions that participated in both studies.

B 74 76 80 74.6 39.5 [-81.1, 343.2] 41.9 25.3 [-90.2, 268.8]

F 65 62 75 202.2 110.9 [-39.7, 933.2] 9.2 -40.5 [-82.5, 373.6]

A 64 65 73 211.3 134.2 [-60.9, 946.8] 27.1 -24.2 [-85.6, 338.5]

D 48 60 34 -43.0 -60.1 [-92.6, 141.4] -40.0 -77.0 [-99.9, 242.4]
1 One of the sensors installed failed during the study.
2 Columns identify fraction of estimates in the study by Bell et al. and that of the current study which

were within a factor of three relative to the controlled release rate.

Time to Detection: As briefly discussed earlier, the emissions mitigation potential of542

CM solutions also depends on the fraction of deployment duration during which solutions543

are operational to collect and transmit data (operational time),27 and how quickly emitters544

are identified and communicated to operators. Tables S-4 and S-3 (in the SI) shows the545

operational factors of solutions in this study and in Bell et al.. Figure 4 and Table S-31 (in546

the SI) shows the calculated time to detection for true positive detections by solutions. In547

this study, 2 solutions (P and Q) did not automate their detection reporting process. Since548

the study team could not assess the extent of human support (if any) for solutions with549
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automated reporting especially when there was failure in data transmission, assessed time to550

detection also captured the inefficiencies likely introduced by human interference e.g. time551

taken to manually prepare detection reports as prescribed by the test protocol.38
552

Figure 4: Time to detection for all participating solutions from both the previous (2022) and
current studies. The bars representing the mean time to detection are sorted in decreasing
order from left (solution O) to right (solution B) using data from the current study. The
time to detection of the 4 solutions (A, B, D, and F) from Bell et al. is shown in the upper
half of the figure while that of the current study is shown on the bottom half. Whiskers
represent the 2.5 (lower) and 97.5 (upper) percentiles of the data for each solution. The
insert is a miniature version of the original plot with the upper y-axis trimmed at a time to
detection of 1 day, and the lower y-axis trimmed at a time to detection of 1 week.

• Performance from current study (2023): Figure 4 shows that at 95% empirical con-553

fidence interval, 4 of 9 solutions had mean times to detection < 5 hours with upper554

limits < 15 hours; 2 solutions had upper limits less than the maximum release dura-555

tion in this study (10.2 hours). Unlike the profile of emissions in this study (steady556

rates released for hours), several leaks typically found in the field are intermittent,557

hence solutions typically have shorter windows than available in this study to collect558

and communicate measurement data to operators. Additionally, results show that 6559

of 9 solutions were operational at least 90% of their deployment time with 5 solutions560
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operational throughout the study (operational factor of 1 - SI Table S-2). The USEPA561

stipulates a rolling 12-month average operational downtime < 10% (operational factor562

> 90%) in their final for CM solutions.41
563

• Comparing general performance from Bell et al. For the study by Bell et al., at 95%564

empirical confidence interval, 3 of 11 solutions had mean times to detection < 5 hours565

with upper limits < 15 hours and 1 solution had upper limit less than the maximum566

release duration considered for the solution. Results shows that, as a group, relative567

to Bell et al., current study results generally improved in this area.568

• Comparing the performance of the four solutions common to both studies: At 95%569

empirical confidence interval, the mean times to detection, their respective lower and570

upper limits, and operational factors for solutions B, D, and F improved relative to571

previous results in Bell et al..572

Implications573

The growing interest by stakeholders including O&G operators and regulators, in CM as574

a faster, temporally resolved approach for methane emissions detection, measurement, and575

mitigation, is driving rapid development of CM solutions. Therefore, regular and robust576

testing of solutions are required to characterize and compare performance levels (intra and577

inter solutions) using a standardized/consensus testing protocol. This study is the second578

implementation (first by Bell et al.) of a consensus protocol (ADED CM protocol) to assess579

progress of solutions. Results from the study highlights a few key points. Firstly, solutions580

that tested before generally exhibited better performance on many performance metrics rel-581

ative to (1) their previous performance in Bell et al., (2) other solutions testing for the first582

time under the protocol. Majority of solutions that retested in this study had the lowest FP583

rates and DL90s, and the highest localization accuracy at equipment group or better perfor-584

mance in the study. They were also among solutions with the lowest FN rates and highest585
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quantification performance (estimates within a factor of 3) across different emission rate586

ranges ([0.1 - 1) kg CH4/h and >1 kg CH4/h). Similarly, across all metrics assessed, most of587

the solutions that retested improved in performance when compared to their previous results588

highlighting the benefits of regular quality testing. Users however should be cautious given589

that these results are likely more representative of non-intermittent emissions from fugitive590

events which make up relatively smaller fraction of reported upstream emissions. Secondly,591

single source emission estimates by solutions still has wide uncertainty which is unsuitable592

for accurate measurement-based inventory development and reporting programs. On the593

other hand, solutions had better quantification accuracy with narrower uncertainty at the594

facility-level. This result, if replicable in the field and applied to sites similar to METEC,595

shows promises of reliable facility-level quantification performance by these solutions espe-596

cially when adopted for regulatory programs in the near-future provided that the observed597

rapid development of CM solutions was sustained. Overall, solutions need not have excellent598

performance across all metrics assessed in this study to be useful i.e., rapid detection of large599

emissions sources for repairs might not require accurate quantification. As well, higher DL90600

at low FP rate could mitigate larger emissions with minimal cost of followup investigations.601

Supporting Information602

Zip folder of solutions’ performance reports (PDF), data tables (XLSX), and data tables603

guide (XLSX). Detailed description of the test facility, solutions deployment, additional604

results, guide to the performance reports, and bootstrapping methodology (PDF).605
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