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ABSTRACT 12 

We assessed the performance of various methane measurement solutions in landfill applications. A measurement 13 

solution is defined as a system or market offering that quantifies and/or localizes emissions. Our study involved 14 

full-scale multipoint- and area-source (dispersed) controlled releases of methane from the ground surface of a closed 15 

25-hectare landfill with collection system and a background emission rate of 24 kg/hr. Most quantification methods 16 

performed well, but the truck-based Tracer Correlation method performed the best with an uncertainty of ±20%. 17 

Drone flux plane methods also performed well with an uncertainty of ±34% with very few outliers in the best-case 18 

scenario. For leak detection, aerial LiDAR demonstrated a 100% detection probability down to the lowest emission 19 

rates whereas drone column sensors emulating EPA 21 Surface Emissions Monitoring (SEM) were 100x less 20 

sensitive. Continuous sensors, trucks, and other methods were also assessed. Results indicate that many of the 21 

current quantification methods are effective, and potentially more accurate than first-order decay models, though 22 

they still need to be applied in a replicated fashion for robust site level estimates. Detection outcomes were 23 

variable, and questions remain, such as how the evaluated methods would compare the against regulatory SEM 24 

method, the impact of spacing and trigger thresholds (which differ regionally in regulation), and what detection 25 

level is actually necessary for effective landfill gas management. This site provides a future test bed for answering 26 
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these other questions. 27 

 28 

Introduction 29 

Methane is a potent greenhouse gas, with a global warming potential approximately 81 times greater than CO2 30 

over 20 years. Major anthropogenic sources of methane include oil and gas production and distribution, agriculture, 31 

and waste disposal. Within the waste sector, reducing methane emissions from landfills could reduce anthropogenic 32 

emissions up to 500 Mt CO2e by 2030 at negative cost (Goldsmith et al., 2011; Nisbet et al., 2020), making the 33 

waste sector one of the most economically attractive pathways to reducing methane emissions globally. 34 

To effectively reduce methane emissions from landfills, it is important to accurately measure emission rates. 35 

However, reported rates of landfill methane emissions are currently unreliable due to several challenges such as 36 

temporal and spatial variability (Mønster et al., 2019), unknown operational details, data scarcity, and prediction 37 

model errors exacerbated by the fact that model input parameters such as waste composition can be poorly 38 

documented. It is not a surprise that emission estimates might be significantly underestimated in government 39 

national inventories (Scarpelli et al., 2024). Directly measuring methane emissions from landfills is an important 40 

step in reducing emission estimate uncertainty, helping develop strategies to mitigate emissions, and assessing the 41 

effectiveness of landfill gas collection systems (Yang et al., 2023). 42 

The rapid push to reduce methane emissions in the oil and gas sector has led to innovations, some of which 43 

have been adopted in the waste sector. However, the average landfill is more than 100 times larger than the typical 44 

oil and gas site, emits significantly more, has mounded topography that produces complex wind patterns (Thorpe 45 

et al., 2021), and is subject to environmentally-driven variations. To be effective in the waste sector, methane 46 

measurement methods used in oil and gas must cope with these different spatial scales and levels of complexity. 47 

Modern direct measurement solutions, such as satellites (Mønster et al., 2019), aircraft (Mønster et al., 2019), 48 

drones (Daugėla et al. 2020), and mobile sensors (McHale et al. 2019) may detect and consistently quantify 49 

methane emissions but many remain untested.  50 

Controlled release experiments can help evaluate and improve measurement solutions but need to be 51 

implemented at full scale for realism. Most controlled releases to date (e.g. Chen et al., 2024; Ilonze et al., 2024; 52 

Blume et al., 2024; Sherwin et al., 2024) have focused on point sources characteristic of oil and gas, and 53 

experiments in landfill settings (Babilotte et al., 2010) predate many newer measurement methods.  54 

In this study, we used controlled releases of methane in a landfill environment to assess the performance of 55 
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14 different solutions that can quantify and/or detect landfill methane emissions. We define a solution as a method 56 

or system, potentially combined with a specific business model, which quantifies and/or localizes methane 57 

emissions at landfills. Our efforts will enhance the overall understanding of methane emissions at landfills and 58 

inform the development of more effective monitoring strategies. 59 

 60 

Methods 61 

Site Characteristics 62 

We conducted our study at the Petrolia landfill in Petrolia, Ontario (42°52’19"N, 82°7’14"W), which has been 63 

owned and operated by Waste Management (WM) Canada since 1990. After decades of operation, the operators 64 

closed the site to new waste in June 2016. The 26.02 ha (Figure 1) site is capped both with clay and geomembrane 65 

providing excellent integrity, is covered in 1 m of topsoil, and seeded. An effective landfill gas collection system 66 

draws ~400 kg/hr of gas to an electrical generation facility in the northwest corner of the landfill. Since the site has 67 

a high integrity cap (impermeable geotextile, overlain by 1 m clay, overlain by 1-2 m soil), and effective gas 68 

collection system, residual (“background”) site emissions are low, which is of high benefit to an experiment like 69 

this because we can be certain that most of the emissions will originate from purposeful controlled releases on 70 

site. Before and during our experiment, background emissions were identified and measured. We have identified 71 

point source emissions from several manhole access points for the leachate system, from flare slip at the waste 72 

generation facility, plus several area soil sources. All sources lie outside our defined experimental search area but 73 

do contribute to the overall emissions measured by solutions operating outside the formal experimental search 74 

area, as would be the case for a truck-based solutions measuring from points downwind. We were able to 75 

characterize total background emissions in several ways, including direct Mobile Tracer Correlation (TruckTC) 76 

between controlled releases when our system was idle, and also a completely independent regression-based 77 

approach using the y-axis intercept of quantification solution outcomes from during controlled releases for solutions 78 

We chose the first direct method yielding 24.4 kg/hr (=8.8, n=9) although as described in the Supplement, the 79 

regression method yielded similar results (19.4 kg/hr for TruckTC n=27 and R2=0.8, and 21.66 kg/hr for AirLiDAR 80 

G-2 flux planes with n=9 and R2=0.77). Overall, the differences in these estimates are small relative to release 81 

rates used in the study. The Petrolia landfill’s topography is typical, which is also important for study realism. The 82 

cells slope away from the center, and the highest point of the landfill is about 35 m above the outer edges and the 83 

rural surrounding region. The land surrounding the site is flat and is used as cropland or covered with trees. A 84 

public road network provides access around the site, though at some distance depending on direction. A small 85 
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active oil production tank battery is located about 900 m northeast and was a competing source of methane 86 

emissions for any measurement solution in our study that measured emissions downwind. 87 

 88 

 89 

 90 

Figure 1. Petrolia location and study area. Panel (a) shows the landfill outlined in red. The experimental study area 91 

containing the release points is outlined in orange, and the road network is visible. Panel (b) shows the wind rose 92 

for November 2023 from data measured at the nearby Sarnia airport. Panel (c) shows the general location of the 93 

Petrolia landfill, near the United States-Canada border and toward the southern end of the Great Lakes area. 94 

 95 

Multi-Point Controlled Release Pipeline System and Supplementary Measurements 96 

The controlled release system for our study was comprised of a 600 m non-permanent aboveground polyethylene 97 

pipeline network inside a 10-ha search area (Figure 1). The pipeline and release system fed a series of 10 surface 98 

and shallow subsurface release points at various locations across the search zone. Eight point sources were 99 

mounted flush with ground level, and two release points were dispersed gas sources that consisted of perforated 100 

tubes sitting just below the surface over 170 m2. The point sources could support release rates up to 500 l/min, or 101 

19 kg/hr each, and the perforated tubes area dispersed sources could each emit at 3000 l/min, or 119 kg/hr. The 102 
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total distance between the extreme ends of the point- and area-release networks was 400 m. All release nodes 103 

were controlled with freshly calibrated Alicat MCR ATEX-rated flow controllers (Alicat Scientific, 2025) in black plastic 104 

containers, connected to the pipeline network at seven locations. We included several on/off valves to divert flow to 105 

the 10 release points so that each flow controller could monitor and regulate each release source in real-time. 106 

Maximum release rates were mainly governed by the number and types of flowmeters available for the study. The 107 

total theoretical release capacity for the system was 390 kg/hr but operating permits only allowed up to 300 kg/hr 108 

in this set of experiments. With a standard accuracy of ±0.6% of reading or ±0.1% of full scale (500l/min or 3000 109 

l/min), flow rate data were collected every 1 second. We controlled the flow controllers remotely from a laptop with 110 

a user interface and that was in a trailer at the end of each downstream branch of the mini-pipeline gas transfer 111 

system. For permitting reasons, landfill gas could not be released for this study. A bulk CNG trailer (Hexagon 112 

Lincoln Titan 4) supplied natural gas composed of 94.5% methane, 4.5% ethane, 0.09% propane, 0.4% nitrogen, 113 

and 0.4% carbon dioxide, and a Certarus Pressure Reduction System (PRS) decompressed the gas on site. Gas 114 

composition data was provided by Certarus and a single gas trailer was used for the entire duration of the study. 115 

Methane flow rate calculations considered the gas composition. We ensured that the entire landfill surface was 116 

mowed before the experiment and that the grass was trimmed near the release elements. Figure S8 shows the 117 

map of the search area and release infrastructure. 118 

In addition to the pipeline system, we erected and maintained three meteorological stations for the experiment, 119 

two of which were located at the base of the landfill near the northwest and southwest corners and another near 120 

the central landfill peak. The meteorological stations consisted of Metsens500 and Metsens200 (Meter Group Inc.) 121 

compact ultrasonic weather sensors that measured wind speed and direction, temperature, relative humidity, and 122 

barometric pressure, logging data at 1-minute intervals to a Campbell Scientific CR6 datalogger. The Metsens500 123 

was purchased new for the experiments and used factory calibrations. 124 

 125 

Experimental Protocol 126 

We based our experimental protocol on a previous survey protocol developed by the Methane Emissions 127 

Technology Evaluation Center (METEC) at Colorado State University. METEC’s basic protocol validates oil and 128 

gas emission measurement solutions using blind controlled releases (Sonderfeld et al. 2017; Bell et al. 2023; 129 

Mbua et al. 2023; Day et al.2024; Ilonze et al. 2024). We modified the METEC protocol to suit landfill methane 130 

measurements; instead of just point sources, we defined multiple point sources and source emission areas. 131 
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Furthermore, to suit our controlled release study, protocol changes included: separately classifying point and 132 

area source releases, differentiating between detection and quantification methods and defining metrics for each, 133 

and removing oil and gas terminology.  134 

Participants deployed their measurement solutions to localize or quantify emissions, with certain solutions 135 

performing both functions. To evaluate how well the quantification methods estimated emissions, we first defined 136 

the geographic boundary of the survey (whole site, or release area only) to determine if background emissions 137 

should be added to the metered totals. Participants were provided a release schedule ahead of their participation 138 

slots and any changes to the schedule was communicated via email or Telegram and there was approximately a 139 

5-10 minute pause in between experiments. We compared the measured rate estimates (kg/hr) to the sum of the 140 

average flowmeter values from our release experiments, plus the background emissions when applicable. To 141 

evaluate how well methods detected emissions, we assigned true positives or false positives based on a 20 m x 142 

20 m box surrounding each release point (to account for GPS uncertainty). We considered detected leaks 143 

outside the boxes to be false positives, and we classified undetected leaks as false negatives, and so on. We 144 

used surface emission maps produced from walking survey data to verify the absence of landfill background 145 

releases in our defined search area. Overall, we released 3030 kg of gas over 9 days. We compared the flow 146 

rate data from the flow controllers to the end-of-day gas use report from the pressure reduction trailer that the 147 

trailer software generated. When we compared the amount of gas released between the flow controllers and the 148 

pressure reduction report, the difference was always less than 5% between the two. The difference of up to 5% 149 

was calculated between the flow controllers and PRS trailer due to the standard temperature and pressure 150 

values for each flow controller. Alicat flow controllers reported standardized volumetric flow rates with the default 151 

STP (standard temperature and pressure) of 25°C and 1 atm whereas the flow controller in the PRS reported 152 

standardized volumetric flow rates with the default STP of 15.6 ° C and 1 atm. To be consistent with rate 153 

comparison (actual vs reported) rates from alicat flow controllers were compared against reported rates from 154 

participants. Details on flow rates during each experiment is provided in the Supplement. 155 

 156 

Two weeks after making measurements, the participants submitted their measured estimates for evaluation. 157 

Participants using a quantification method provided their rate estimates in kg/hr, and those participants using a 158 

detection method provided the coordinates of detected leaks. After the first round of submissions, participants 159 

resubmitted their data, this time considering the effects of the in situ meteorological data to determine if the 160 
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experiment would benefit from in situ wind measurements. Participants were free to include/exclude 161 

measurements depending on their quality control protocols. We lack an accurate accounting of how many times 162 

participants refrained from taking measurements owing to meteorology, but certainly some wind conditions were 163 

unsuitable for flying drones, and persistent cloud reduced the upward mixing of plumes for crewed aircraft. 164 

Meteorological reports are supplied in the Supplementary Information section.  165 

The entire controlled release study involved 71 experiments during November 6, 2023 and November 14, 2023. 166 

We conducted all experiments during daylight hours and under conditions that allowed us to function safely, such 167 

as releasing gas when wind speeds were above 2 m/s. Before the experiments, we designed and loaded the 168 

release rate configurations into the flow controller software. However, onsite personnel could adjust the configuration 169 

to accommodate changes in experiment schedules. For each experiment, a plume setup time from 5 to 10 minutes 170 

ensured appropriate downwind dispersion. When possible, we asked participants to replicate measurements within 171 

the same experiment, so we could evaluate how consistently each solution performed, and we inserted occasional 172 

zero-emission experimental design points. Measurements taken between releases helped determine the 173 

background emission rate which we utilized to assess the solutions that measured emissions at the fence line. 174 

Releases lasted only as long as was needed for participants to complete their survey work.  175 

 176 

 177 

Participating Solutions 178 

Table 1 lists the 14 methane measurement solutions used by the participants, including our field team. The umbrella 179 

term “solution” incorporates measurement platforms, sensors, detecting solutions, estimating algorithms/methods, 180 

and field work practice; that is, the entire system a participant used to detect emissions and/or estimate emission 181 

rates. Participants were free to include/exclude measurements depending on their quality control protocols. An 182 

accurate accounting of how many times participants refrained from taking measurements was not documented, 183 

however conditions where methodologies cannot take measurements will be added to the supplementary 184 

information section.  We anonymously identified each solution-participant combination as a "Participant" and 185 

labeled the Participants from "A" to "N", which included the third-party participants and our field team. This allowed 186 

us to test related solutions or more broadly methodologies, without targeting individual participants. We asked all 187 

participants to submit information on their respective solutions using a standard questionnaire. Table 1 shows that 188 
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most measurement solutions in this study quantified emissions, two solutions simply detected emissions, and three 189 

solutions quantified estimates and detected emissions. We also allowed participants to join a research and 190 

development stream (“R&D” in Table 1) that allowed more flexibility in reporting timelines if their solution was not 191 

market-ready at the time of our evaluations. Additional information on each solution is provided in the 192 

Supplementary Information. 193 

 194 

Identifier Outcome Platform Sensor Flux Model Name R&D ? 

A Q Truck LGR Gaussian TruckGP No 
B Q Truck LICOR Gaussian TruckGP No 

C Q Drone TDLAS Point Sensor Flux Plane DroneFP No 

D Q Drone TDLAS Point Sensor Flux Plane DroneFP No 

E Q Truck Picarro Tracer Correlation TruckTC No 

F Q Aircraft Picarro Flux Plane AirFP No 

G Q/D Helicopter AirLiDAR Proprietary AirLiDAR No 

H Q/D Satellite Spectrometer Mass Enhancement SatME No 

I Q Fixed EM27 Flux Plane FixedFP Yes 

J Q Fixed Metal Oxide Point Sensor Gauss/Proprietary FixedPS Yes 

K Q Fixed Metal Oxide Point Sensor Gauss/Proprietary FixedPS Yes 

L D Drone Pergam TDLAS Column Sensor - DroneCS No 

M D Drone Pergam TDLAS Column Sensor - DroneCS No 

N Q/D Truck LGR Lagrangian TruckLG Yes 

Table 1. Summary of solutions represented in the study. Solutions represented by Q are 195 

quantification technologies and solutions represented by D are detection technologies. 196 

 197 

Results 198 

Comparing Solutions 199 

Mobile and Drone-Based Solutions: TruckGP, TruckTC, and DroneFP 200 

Figure 2 shows how well the TruckGP, TruckTC, and DroneFP solutions performed. Regression lines for the parity 201 

charts were forced through the origin since a regular fit (i.e. with a non-zero y intercept ) may represent an 202 

inaccurate interpretation. Participants A and B used the same TruckGP method, and both participants 203 

underestimated the release rates and generally returned about 60% of the known release rate (Table 2). The author 204 

team was solution provider A and N in this category. To maintain a “blind” level of participation we set up internal 205 

firewalls between those who collected and processed these measurements, and those who organized and 206 

conducted the controlled release study. To offset this lack of independence, we opted to mechanistically disclose 207 

all outcomes for all model output (even if we felt they could be outliers), and we also published all raw mobile 208 
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survey datasets in the archive (see data availability statement). Our results agree with a previous study in which 209 

TruckGP measured about 70% of known rates (Fredenslund et al., 2018), indicating potential for systematic bias. 210 

TruckTC (Participant E) measurements were comparable to known release rates, with almost no bias. Participant C 211 

used the DroneFP method, and the measurements were closer to the parity line than the three truck-based solutions’ 212 

results. However, Participant D had more spread in their measurements indicating appreciable variability between 213 

measurement repetitions. Compared to the DroneFP measurements, the mobile truck-based offsite solutions, 214 

TruckTC and TruckGP, offered flexibility and extended duty cycle across weather conditions, and TruckTC and 215 

TruckGP could report measurements every day, including on inclement days when drone, aerial, and satellite 216 

systems were grounded. 217 

Release rates during this study changed every 50 minutes in most cases, resulting in one or two transects for 218 

most experiments using the TruckGP solution. A study by Caulton et al. (2018) showed that increasing the number 219 

of transects results in a mean emission rate of higher accuracy, it was recommended that sites should be measured 220 

with at least ten transects to reliably constrain atmospheric variability. Reported uncertainties (variances or errors) 221 

differed among the solutions. Variance estimates provided by Participants A and B (TruckGP) seemed low, and 222 

few overlapped the line of best fit. Uncertainty estimates from Participant E (TruckTC) were realistic and almost 223 

all estimates overlapped the line of best fit. Participant C (DroneFP) also reported reasonable variances. 224 

Participants B and E (TruckGP and TruckTC, respectively) had similar quantification error levels. However, we 225 

note that the largest variations occurred in the afternoon measurements for Participant B, but the largest variations 226 

occurred in the morning for Participant E. 227 

Ars et al. (2020) found that the stability class contributes most to uncertainty in TruckGP quantification 228 

estimates. Pasquill Stability classification describes dispersion conditions using available meteorological conditions 229 

from weather stations(Kahl & Chapman, 2018). After stability class, the greatest contributors of uncertainty to the 230 

method are wind direction, wind speed, and source location, with the overall uncertainty reported to be around 231 

75%. With better constraints on atmospheric conditions, the uncertainty decreased to 55% (Ars et al., 2020). In 232 

another landfill study using TruckGP, Ravikumar et al. (2019) reported an uncertainty of approximately 30% on 233 

emission estimates obtained from distant road measurements. O’Connell et al. (2019) determined the truck-based 234 

emission rate uncertainty to be 63% in their controlled release study. The bias of 1.58 and 1.76 in Participant A and 235 

B results, respectively, fit into the uncertainty range found by Ars et al. (2020). Using Participant A’s data, we 236 

averaged successive groups of six measurements from low emission rates to high emission rates, to simulate the 237 

effect of including 12 transects (6 measurements x 2 transects) into a single measurement estimate. As expected, 238 
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these groupings halved the average residuals (departures from the line of best fit) to 13 kg/hr across a range of 25 239 

kg/hr to 200 kg/hr. For TruckGP, we found that better replication would decrease the variance from this solution, and 240 

a bias correction or system change would improve accuracy and decrease the bias. Once the improvements were 241 

made, the solution would be sufficiently accurate for screening purposes to determine approximate emission levels 242 

or to repeat measurements for determining temporal variation at a low cost. 243 

Quantification Performance Assessments 244 

 245 

 246 

 247 

 248 

 249 

Figure 2. Parity plots of controlled release tests for truck- and drone-based measurements. The dashed lines 250 

represent the 1:1 parity relationship. Vertical error bars are based on the upper and lower limits of the measurements 251 

provided by the participants. Horizontal error bars were calculated from the uncertainty of the Tracer Correlation 252 
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method. 253 

 254 

In contrast to the other mobile vehicle-based solutions, we found TruckTC to accurately provide rate estimates, 255 

and the measurements were close to the parity line with low residuals (Table 2). We could not detect any 256 

dependence on the departure of individual measurements and environmental conditions. Previous studies, such 257 

as Foster-Witting et al. (2014), noted that TruckTC is relatively insensitive to atmospheric changes. 258 

TruckLG (Participant N) participated as an R&D method, but its performance was promising despite our study 259 

being the solution’s first trial and the trial being much shorter than the participants would have preferred; that is, on 260 

the order of tens of minutes to collect data rather than hours. More work is warranted on this approach under better 261 

conditions and to continue improving it and exploring associated costs and practicality. 262 

Figure 2 shows performance for the two DroneFP solutions. Participant C’s estimates were excellent as shown 263 

by the parity plot where the data points are in close proximity to the parity line and the trendline shows low bias, 264 

but estimates from Participant D were much less predictable. Although the regression line of best fit was statistically 265 

significant (p<0.05), there was a substantial departure from the parity line in the Participant D results. Participant D 266 

developed the levels of uncertainty for their solution with data from our study; however, the participant expected 267 

an uncertainty of 5%, which did not agree with the observed uncertainty in the field. The DroneFP estimates from 268 

both participants were less biased for our study than in a previous controlled release study that reported a 37% 269 

overestimate bias (Ravikumar et al., 2019). We note, however, that Ravikumar et al., (2019) tested an earlier version 270 

of DroneFP. Measurement estimates have improved in recent years, or else landfill controlled-release 271 

measurements are better suited to this solution than smaller oil and gas point source releases. Wind speed and error 272 

were inversely correlated for Participant C’s estimates using the DroneFP method, and the percent error decreased 273 

as the wind speed approached 4 m/s to 6 m/s. 274 

Consistent with a review of advanced drone leak detection and quantification methods by Hollenbeck et al. (2021), 275 

we found that DroneFP offered accurate emission rate estimates but was sensitive to atmospheric stability. In 276 

controlled release testing of flux screens derived from miniature Mid-Wave Infrared TDLAS data collected aboard a 277 

quadcopter (Corbett and Smith, 2022), the linear fit between the metered and calculated rates had R2=0.8236, which 278 

was comparable to the R2 from Participants C’s and D’s data:  R2=0.9201 and  R2=0.8211, respectively). 279 

 280 

Aerial and Satellite Solutions 281 
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 282 

The participant using the satellite-based method detected no emissions. Three satellite observations were 283 

attempted during the experimental period. All three attempts resulted in a successful acquisition without a 284 

detection. Contributing factors for their null detections included release rates not meeting the minimum detection 285 

threshold, greater cloud coverage in November, and lower elevation of the sun which resulted in reduced signals 286 

for northern sites. Discussions with the participant confirmed that the emissions distribution would have been 287 

challenging for their SISEA method to detect. The emission rates were nearly 300 kg/hr, distributed over 10 ha 288 

from 10 release points that included two area-based release points. For our release configuration, the minimum 289 

detection threshold could not be predicted from the participant's results, but the threshold seemed to exceed 300 290 

kg/hr. Other satellite-based sensors might face similar issues when measuring with the limitations mentioned. 291 

Measurements completed by the Global Airborne Observatory (GAO) also mentions that emissions may not be 292 

detected or quantified if rates are below the detection limit which can vary depending on environmental conditions. 293 

Furthermore, diffused methane sources can be difficult for satellite sensors to detect (Scarpelli et al., 2024).  294 

Participant F (AirFP method), generally underestimated emission rates compared to the actual release rates. The 295 

participant did not classify the measurements as high quality because the meteorological conditions for making 296 

accurate measurements had not been met. For the Participant F solution, meteorological conditions must allow for 297 

an emission plume to rise and disperse. The preferred conditions under Pasquill stability Class B are wind speed 298 

ranging from 2 m/s to 6 m/s, good solar insolation, and limited cloud cover. During Participant F’s scheduled 299 

measurement times, wind speeds were 7 m/s to 11 m/s, and the sky was nearly overcast. Therefore, the plume 300 

flowed beneath the minimum flying altitude and did not rise quickly enough to be measured. Despite the poor 301 

conditions, Participant F’s measurements related linearly to the actual release rates with an R2=0.89. The slope of 302 

the line of best fit was 0.67 (Table 2), meaning that Participant F was reporting only 67% of the actual emission rate. 303 

The underestimating bias in Participant F’s results compared favorably to Abbadi et al.’s (2024) recent estimates 304 

for point source releases. In their study, their measurements strongly correlated to actual rates with an R2=0.92 305 

(see Table 2), but they only reported 52% of the actual emission rate. Like MGPEA, AirFP tended to underestimate 306 

results, and the estimates would need to be corrected for bias. 307 

The variance estimates that Participant F provided moderately overlapped the line of best fit. A few historic studies 308 

measured methane emission fluxes from landfills using the AirFP mass balance approach (e.g., Cambaliza et al. 309 

2017; Allen et al. 2019; Gasbarra et al. 2019; Yong et al. 2024), but to our knowledge, the approach was never 310 

validated with a blind controlled methane release test conducted in a landfill. Nonetheless, one controlled release test 311 



13/43  

over a managed agricultural field showed that, under favorable conditions, emissions from the point release source 312 

could be quantified by an aerial mass balance approach (using a drone) with an uncertainty of 30% (Morales et al., 313 

2022). Morales et al. (2022) stated that emission rate estimates were on average slightly overestimated under 314 

optimal conditions, but they observed a lower average accuracy when they measured emissions under less favorable 315 

wind conditions. In another controlled release study, also with a methane point source, Abbadi et al. (2024) showed, 316 

that despite a small number of measurements, the aerial mass balance approach could quantify releases above 317 

10 kg/hr. 318 

319 

 320 

 321 

 322 

 323 

 324 
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 325 

Figure 3. Parity plots of controlled release tests for aerial measurements and continuous sensor systems. Plots 326 

G-1 (AirLiDAR) and G-2 (aerial mass balance) show two separate measurements conducted by the associated 327 

participants. Blue data points represent the initial submissions, and the orange data pointsrepresent the revised 328 

submissions that considered local meteorological conditions. The bottom three panels show parity plots for the 329 

continuous sensor systems. 330 

 331 

Participant G used two forms of AirLiDAR quantification that included aggregate emissions during their detection 332 

scans (G-1 LIDAR in Figure 3), and they used aerial mass balance screens (G-2 Mass Balance in Figure 3) to 333 

quantify methane releases. Both techniques were successful, but the techniques overestimated results. The mass 334 

balance estimates overestimated rates more than the AirLiDAR estimates (Table 2). After considering onsite 335 

meteorological data, the estimates improved and were closer to actual emissions values in both cases, with the 336 

detection scans and screens overestimating by 43% and 17%, respectively. AirLiDAR quantification for the landfill 337 

setting did not achieve the accuracy found in oil and gas settings (Conrad et al., 2023). However, Conrad et al. 338 

(2023) reported that the AirLiDAR method performed differently under dark skies and shadows, which produced 339 

biases. During the majority of our nine test days, there was cloud cover, so these meteorological biases could have 340 

influenced AirLiDAR results. 341 

 342 

Continuous Sensor Solutions 343 

The bottom three panels of Figure 3 show parity plots for continuous emission measurement systems (CEM), all of 344 

which were part of the R&D stream. Our study aims to specifically develop CEM sensors and algorithms for landfill 345 

emission measurements because continuous sensors are a low-effort way to measure emissions compared to 346 

other solutions. In our study, estimates from Participant J were the closest to actual emission values compared to 347 

the estimates from other continuous sensor solutions, although uncertainties in Participant J’s results were 348 

unrealistically large where the upper and lower limit of estimate rates are greater than 300 kg/hr. Due to the small 349 

number of sensors available for our study, only a limited set of wind conditions was covered, which might have 350 

contributed to the large uncertainty. 351 

The continuous sensors are promising solutions from a cost and variability standpoint, but the sensor total 352 

solutions are in the early stages of development for waste sector applications. One of the key strengths of CEM 353 

sensors is the ability capture temporal variability of emissions. Emission concentrations are captured by most CEM 354 
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sensors however more research is required to develop models to calculate flux and site specific device coverage. 355 

A controlled release study for oil and gas detection by Chen et al. (2024) focused on detecting and quantifying 356 

methane emissions using Continuous Methane Monitoring Technologies, and while some of the solutions 357 

implemented in their study were accurate, others produced large numbers of false positives (Chen et al., 2024). 358 

However, landfills are very different from oil and gas sites, and landfills challenge these solutions because landfills 359 

have complex topographies, multiple source locations, and geographic scales of 80 to 100 times those of oil and gas 360 

sites. Landfill-specific controlled release testing and development must be conducted to bring these new continuous 361 

systems towards maturity for the waste sector; however, the initial results are promising. 362 
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ID Name Slope(1st) R2 (1st) Slope(2nd) R2 (2nd) Bias Residuals 
StDev as 
% kg/hr 

Dev. from 
true value % 

Reps(n) 

A TruckGP 0.66 0.77 - - 1.51 47.61 1-160 30 
B TruckGP 0.57 0.67 - - 1.76 39.63 1-88 31 

C DroneFP 1.02 0.90 - - 0.98 34.71 2-66 8 

D DroneFP 0.99 0.82 - - 1.01 61.98 8-96 6 

E TruckTC 0.90 0.96 - - 1.12 20.49 3-44 28 

F AirFP 0.68 0.89 - - 1.48 23.89 1-77 10 

G1 AirLiDAR 1.47 0.96 1.24 0.97 0.81* 44.64* 6-128* 12 

G2 AirLiDAR 1.49 0.90 1.23 0.96 0.82* 40.67* 7-130* 9 

H SatME - - - - - - - 0 

I FixedFP 2.43 0.64 - - 0.41 975.2 1-3597 14 

J FixedPS 1.40 0.79 - - 0.72 96.36 2-306 25 

K FixedPS 0.46 0.60 - - 2.17 39.10 5-96 30 

N TruckLG 1.44 0.73 - - 0.70 88.34 6-215 11 

Table 2. Methane measurement solution performance metrics during quantification tests. Columns indicating “1st 363 

or 2nd sub” refer to data submissions, where the second submission considered ground-based wind data from 364 

the onsite meteorological tripods. Bias correction factor is defined as 1/slope, where the factor > 1 shows 365 

negative bias and factor < 1 shows positive bias. 366 

 367 

Detection Performance Assessments 368 

Figure 4 illustrates the total number of true positives, false positives, and false negatives for Participants G, L, and 369 

M.True positives are defined as emission point estimates that can be attributed to an emitting source, false positives 370 

are emission point estimates that cannot be attributed to an emitting source and false negatives are active sources 371 

that were not detected. False positive and negative fractions closer to zero were desirable because they indicate 372 

that the solution correctly detected emissions. Participant G (AirLiDAR) detected active emissions 100% of the 373 

time with no false positive readings. Participants L and M used the same drone-mounted TDLAS column sensors 374 

in their solutions, and both their results reported a high fraction of false positives. Although Participants L and M 375 

used identical sensors, Participant M was slightly more sensitive to leaks, and we suspect that the difference was 376 

due to subtle differences in their work practice. Both participants could not fully deploy their solutions, because a 377 

manual ground visit could not be performed to validate potential leak sources identified by the drone-mounted 378 

sensor. The study area could only be accessed when gas was not being released. Not being able to validate 379 

results likely contributed to the higher percentage of reported false positives for Participants L and M. Participant 380 

N (TruckLG) deployed 1 km to 1.9 km from the landfill’s center and could discern leak sources within 100 m, 381 

indicating an uncertainty rate of about 15%. 382 
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For each detection solution that registered readings, we created a statistical curve depicting the probability of 383 

detection. We plotted detection results against release rates and wind speed. We found AirLiDAR to be very sensitive 384 

to emissions as low as 1 kg/hr with a 100% probability of detection which is consistent with Bell et al. (2022) who 385 

found a minimum detection limit of 0.25 (kg/hr)/(m/s) at an altitude of 500 ft AGL. 386 

For DroneCS, the 90% probability of detection was 95.34 kg/hr (Participant L) and 101.88 (Participant M). It is 387 

not known how these rates would compare to a traditional walking survey with the same spacing, because, to our 388 

knowledge, walking survey measurements have never been validated with controlled release experiments. For 389 

walking surveys and DroneCS, survey spacing is likely to affect detection probability at different rates of release. 390 

In our study, virtually all true positive DroneCS detections occurred with moderate wind speeds, between 2 m/s and 391 

4 m/s. At 30 m spacing the solution would depend on the flux of emitted gases from the points of release to the 392 

transected locations. However, too much wind would dilute the gas plumes below the characteristic EPA21 393 

threshold of 500 ppm that Participants L and M used. With some alterations to their practice (e.g., altering spacing 394 

or wind-dependent thresholds) the Participant L and M solutions would likely perform better because their sensor 395 

has the potential to detect as little as 0.1 kg/hr with 30 cm spacing from 20 m above ground level. A similar study 396 

used DroneCS to detect a release of 4 kg/hr in pipeline surveys (Li et al., 2020), suggesting that the method can 397 

perform better. Many landfills are steeply sloped, and these topographical slope changes seemed to affect how 398 

DroneCS performed in our study. On the slopes, oblique angles of incidence might have reduced laser returns if no 399 

gimbal had been used to maintain a laser path perpendicular to the ground. Compared to slope measurements, true 400 

positive measurements were more frequent on flat surfaces. 401 
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 402 

 403 

Figure 4. Total number of true positives, false positives, and false negatives for Participants G, L, and M 404 

 405 

 406 

Discussion 407 

Overall, the quantification results from most of our tested solutions were promising, as shown in Figure 5. 408 

Measurement uncertainties for quantifying emissions were lower in this study than have been documented in 409 

numerous controlled release studies at oil and gas sites. Presumably the larger size and emission profile of a landfill 410 

is a driving factor, since measurement solutions can operate comfortably above minimum detection thresholds. We 411 

observed high variability among some participants using FixedPS and DroneFP, which indicated that standardized 412 

operating procedures are needed for these methods. We observed very similar results from solutions using TruckGP 413 

TruckGP is normally used to measure a landfill site over hours (Kumar et al., 2024), often with replicates over 414 

several days (Risk et al., 2025) where the averaging of multiple transects increases the certainty of the emission 415 

estimate, which is unlike the situation these solution providers faced in the study where release rates and locations 416 

were changing approximately every hour. Ultimately we cannot identify a "best solution" for quantification. For 417 

applications like annual inventories, issues like sample size co-determine the outcome. Solutions suited for 418 

repetitive use by virtue of low cost, lack of setup time, or lack of environmental limiters, could in theory deliver more 419 

accurate annual inventories than highly accurate but infrequently used solutions. For landfills, the issue of sample 420 

size is more important than in oil and gas where sites are numerous and measurement variability is naturally 421 

averaged out in large survey campaigns. Landfill site-level inventories would perhaps sit as the most challenging 422 

implementation of quantification solutions, as many replicates across seasons would likely be required to average 423 
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out temporal and measurement variability. Our point here is that even top-performing quantification solutions will 424 

not automatically deliver robust inventories. Experimental design of inventory sampling programs is as important 425 

as the choice of measurement solution. 426 

 427 

Figure 5. Box plot of relative quantification error percentage. In this plot, the x-axis is limited from -100 to 600 to 428 

view the most observations, and it should be noted that we received a few submissions with larger errors that are 429 

not shown here.  430 

There is pressure to replace walking surveys with repeatable remote methods to reduce injuries on rough terrain 431 

(Wu et al., 2023). AirLiDAR performed very well and seems a clear immediate alternative. Drone-based DroneCS 432 

solutions did not show high sensitivity towards active emissions points, but future work in controlled release 433 

environments may aid in their development. The high percentage of false positives in drone column sensors are 434 

due to localization errors where emission points where reported within the search area where there were no 435 

presence of active or confounding sources of emissions. Unfortunately, the performance criteria for adoption of 436 

any new solutions is uncertain. It is currently impossible to compare them against the incumbent walking EPA21 437 

Surface Emission Monitoring (SEM) solution since its emission rate sensitivity is not known. EPA21 testing is possible 438 
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in controlled release scenarios and is an important topic for future study since it too may perform differently than 439 

expected. 440 

Our study contributes to the understanding of how different solutions operate and perform in a landfill and 441 

dispersed release setting, yet several aspects of our study warrant further exploration. One such topic is the 442 

validation of aircraft flux mapper data (Scarpelli et al., 2024) and satellite-based methane measurements (GHGSat, 443 

2024; Carbon Mapper, 2024). These specific solutions report landfill emissions worldwide but have not been fully 444 

validated for dispersed source landfill emissions measurement. This study will help operators, regulators, industry 445 

and government stakeholders make better-informed decisions regarding landfill emission measurement methods. 446 

Additionally, vendors can use the data generated from this research to refine their technologies and enhance their 447 

measurement approach for the waste management sector, ultimately contributing to methane reduction.  448 

 449 
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Supplementary Information 671 

Participating Solutions 672 

In the following paragraphs, we provide a brief description of the technical aspects of each method listed 673 

in Table 1 under "Method", but we refer the reader to the report by Hossain et al. (2024) for more details. 674 

In our descriptions, we use a simplified naming convention where the medium of sensor deployment is 675 

mentioned followed by an acronym describing the methodology.. We note that some of the methods had 676 

dual functions of quantification and detection. Table S1 provides a performance summary for each 677 

participant along with operational data collected separately.  678 

Mobile Tracer Correlation  (TruckTC) 679 

The Tracer correlation method is the gold standard for quantifying measurements in landfills. This truck-680 

based method has been used for over two decades (e.g., Mosher et al., 1999), and its errors have been 681 

extensively examined (e.g., Fredenslund et al., 2018). The method involves the controlled release of a 682 

non-reactive gas, such as acetylene, where tracer gas and methane concentrations are measured 683 

downwind and analyzed statistically to establish correlations between the tracer gas and the target gases. 684 

In our experiment, the participant performed this tracer release work using a Picarro G2203 dual gas 685 

analyzer and worked from the public road system. 686 

Aerial LiDAR (AirLiDAR) 687 

Methane detection by AirLiDAR is a widely applied mature solution in the oil and gas sector. Numerous 688 

point-source controlled release tests verified that AirLiDAR systems can detect and quantify point source 689 

leaks from 1 kg/hr to 3 kg/hr with 90% probability (Bell et al., 2020; Singh et al., 2021; Conrad et al., 690 

2023; Rutherford et al., 2023) . Gas mapping AirLiDAR uses a pulsed beam of radiation that reflects 691 

off the surface of the ground back to the aircraft where a specialized receiver detects and analyzes the 692 

spectral signature of light absorbed or scattered by the methane in the atmosphere. 693 

Drone Column Sensor  (DroneCS) 694 

With the drone Column Sensor (DroneCS), a tunable diode laser is mounted on the underside of an 695 
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unmanned aerial vehicle (drone) and emits a narrow beam of light at a wavelength appropriate for 696 

detecting methane. The energy is bounced off the ground and read by a receiver co-located with the 697 

energy source. Measurements are retrieved in ppm*m. In our study, two participants used Pergam 698 

Falcon TDLAS sensors (without gimbal) with flight altitudes of 20 m, a horizontal spacing of 30 m, and 699 

500 ppm*m threshold values, all of which equated to walking surveys under EPA requirements. DroneCS 700 

is a new solution that can potentially supplement or replace walking surveys, but we note that this new 701 

technology has not been fully validated. 702 

Drone Flux Plane  (DroneFP) 703 

This method uses a drone with a mounted TDLAS, MOS, or other point measurement sensor that has 704 

an open cavity or is fed by a small pump. Two participants used DroneFP where the drone flew repeated 705 

horizontal transects perpendicular to the wind direction and repeatedly measured at different altitudes to 706 

metaphorically paint a screen or curtain. Sometimes called a “flux plane” measurement, the method 707 

senses wind speed, temperature, and pressure values interpolated across the plane, after which the 708 

interpolated values are used in a mass balance equation to solve for emission rates. DroneFP is a mature 709 

solution and has been validated in point-source controlled release studies at oil and gas sites (Singh et 710 

al., 2021; Ravikumar et al.,2019). 711 

Mobile Gaussian Plume (TruckGP) 712 

In the Mobile Gaussian Plume method (TruckGP), a high-performance methane analyzer is deployed on 713 

an on-road vehicle that drives transects through the landfill methane plume, along the downwind fence 714 

line, or transects even farther downwind. Wind speed, wind direction, and geo-location are also 715 

measured. Emission rates are quantified using a Gaussian dispersion plume model or inversion. A 716 

comprehensive study by Fredenslund et al. (2018) found that TruckGP and TruckTC estimates correlated 717 

well with R2 = 0.765. However, Fredenslund et al. (2018) found that TruckGP was more variable and had 718 

a predictable low bias where emission rates were normally 72%of the TruckTC estimated rates. 719 

Nevertheless, a recent Canadian study showcased TruckGP’s utility in screening measurement 720 

campaigns (Ars et al., 2020). Our compressed experimental schedule was not ideal for the participants 721 

using TruckGP because the timing of releases only allowed about one-fifth of the normal transect 722 
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replications. 723 

Airborne Point Sensor (AirFP) 724 

In the Airborne Point Sensor (AirFP), a high-performance gas analyzer is mounted in an aircraft that flies 725 

stacked orbits with radii slightly larger than the site. The first orbit is about 150 m above ground level, 726 

and the orbits are repeated at progressively higher altitudes until the aircraft reaches the top of the surface 727 

mixed layer. Wind values are measured in the air, or wind estimates are obtained from databases. The 728 

low bias could have resulted from the downward extrapolation to the ground (Erland et al., 2022), or 729 

from measurements that occurred during highly stable atmospheric conditions when the center of mass 730 

for the landfill plumes was below the initial orbit’s altitude of 150 m. 731 

Remote Point Sensor(FixedPS) 732 

With the Remote Point Sensor(FixedPS), freestanding stations are located around the landfill perimeter. 733 

Various environmental sensors measure wind speed, wind direction, temperature, pressure, and 734 

humidity. Methane is detected with a low-cost metal oxide (MOS) sensor or with an open-path Fourier 735 

Transform infrared (FT-IR) spectrometer. Algorithms continually estimate emission rates using an 736 

inverse source dispersion model, or similar. FixedPS solutions have been scrutinized in oil and gas 737 

controlled release studies (Bell et al. 2023, Day et al. 2024) with varying results. The transferability of these 738 

oil and gas results to the landfill context is not well understood, and the various FixedPS solutions are 739 

still being validated for landfill measurement. 740 

Satellite Imaging Sensor (SatME) 741 

The Satellite Imaging Sensor (SatME) is a quantification and detection method that incorporates a 742 

satellite-mounted sensor that takes a series of images and collects methane column measurements for 743 

individual pixels. Quantification is by Integrated Mass Enhancement Method. Generally, SatME easily 744 

detects large point source emissions within a facility, whereas area-based sources could be missed 745 

because the plumes lack opacity at target wavelengths. Several studies have validated SatME as a way 746 

to detect and quantify point source emissions with good results at high emission rates. Sherwin et al. 747 

(2023) found that the most sensitive current satellites can detect a point source emission as small as 170 748 
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kg/hr, although the expected detection success would vary for area sources. 749 

Truck Lagrangian (TruckLG) 750 

This method combines the same type of truck-based sampling used in TruckGP with a prototypical 751 

Lagrangian post-processing algorithm applicable at landfill scales. Lagrangian models are commonly 752 

used to predict source location probabilities and can be used to calculate emission rates, normally from 753 

tower measurements, for point- or area-based sources. Vermeulen et al. (2006) used the City-based 754 

Optimization Model for Energy Technologies (COMET) model to simulate GHG concentrations in the 755 

Netherlands and Ireland, and Paris et al. (2021) assessed methane emissions from offshore oil platforms 756 

in the Norwegian Sea using a Lagrangian model. However, our experimental schedule was not ideal for 757 

the participants using TruckLG, because the timing of the releases only permitted a fraction of the normal 758 

transect replications. 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 
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 774 

Technology 
Identifier 

Method R&D? Cost  Comments Vendor 
Reported 
minimum 
detection 
limit 

A TruckGP No Low Reported approximately 66% of 
known release rates with a tendency 
to underestimate emission rates. 
Method is usually deployed over 
several hours and short release 
windows affected quantification 
performance. Method offered 
flexibility and extended duty cycle 
across weather conditions and was 
able to report measurements on 
each day of the experiment.  

5 kg/hr 

B TruckGP No  Low Reported approximately 56% of 
known release rates with a tendency 
to underestimate emission rates. 
Method is usually deployed over 
several hours and short release 
windows affected quantification 
performance. Method offered 
flexibility and extended duty cycle 
across weather conditions and was 
able to report measurements on 
each day of the experiment. 

5 kg/hr 

C DroneFP No Medium  Quantification estimates were very 
good with few outliers. Methodology 
is affected by weather conditions 
where measurements are not 
possible during rain and windspeed 
above 12 m/s. During localization 
trials , methodology did not register 
any true positive emission estimates 
during the localization phase of the 
study. 

0.02 kg/hr 

D DroneFP No Medium  Estimates varied greatly from true 
release rates with bias being less 
predictable. Methodology is affected 
by weather conditions where 
measurements are not possible 
during precipitation and windspeed 
above 17 m/s. 

1 ppb/s 

E TruckTC No Medium  Quantification estimates were 
consistently close to true release 
rates with a slight downward bias. 
Method requires setup of tracer gas 
and frequent monitoring of its 
consumption levels. Method offered 
flexibility and extended duty cycle 
across weather conditions and was 
able to report measurements on 
each day of the experiment. 

5 kg/hr 
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F AirFP No High   Underestimated measurements 
consistently and vendor reported 
that estimates were not classified as 
high quality due to internal 
meteorological for measurements 
were not met. Requires 2-6 m/s 
windspeed, solar insolation and not 
a lot of cloud cover for good 
measurements. 

3-5 kg/hr 

G AirLiDAR No  High  Both LiDAR and mass balance 
methods were accurate and had a 
tendency to overestimate emission 
rates. Increase in quantification 
estimates were observed after 
onsite weather data were 
considered. Requires good visual 
flight rules conditions for flying 
aircraft. Ideal wind speed ranges 
from 3- 6 m/s. 
 
Performed very well detecting active 
emissions 100 percent of the time 
without false positive readings. 

0.5 kg/hr 

H SatME No Medium  Emissions were not detected for 
quantification or localization 
purposes. Minimum detection limit 
expected to be at least 300 kg/hr. 
Cloud cover over the site and/or 
wind speed exceeding 10 m/s 
prevents emission measurement. 

100 kg/hr 

I FixedPS Yes Medium Overestimated emissions in most 
cases. Low maintenance method of 
quantifying estimates, due to low 
number of sensors only a limited set 
of wind conditions were covered.   

Not 
available  

J FixedPS Yes Medium  Provided the closest measurements 
to actual emission values compared 
to other fixed sensors. Due to low 
number of sensors only a limited set 
of wind conditions were covered.   

100 ppm at 
100 meters 

K FixedPS Yes Medium   Underestimated emission in most 
cases.  Due to low number of 
sensors only a limited set of wind 
conditions were covered. 

1 kg/hr 

L DroneCS No  Medium Reported high number of false 
positive estimates with limited 
visibility when measuring active 
emission points on slopes. Minimum 
detection limit at 90 % probability of 
detection was determined to be 
95.34 kg/hr. Methodology is affected 
by weather conditions where 
measurements are not possible 
during rain and windspeed above 12 
m/s. 

1 ppm 
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M DroneCS No Medium Performed slightly better than 
compared to other methods using 
TDLAS sensors. Also had high 
number of false positives and a 
minimum detection limit at 90% 
probability of detection of 101.88 
kg/hr. Methodology is affected by 
weather conditions where 
measurements are not possible 
during rain and windspeed above 12 
m/s. 

1 ppm 

N TruckLG Yes Low Overestimated emissions in most 
cases. Lagrangian models are 
usually applied to tower-based 
systems however in this instance it 
was adapted to a mobile setting. 

5 kg/hr 

Table S1: Minimum detection limits for participants D,J,L and M was reported in kg/hr by 775 
participants. 776 

 777 

Background Emissions – Rates and Locations 778 

 779 
Truck Tracer Correlation (TruckTC) measurments under zero-release conditions when controlled release equipment 780 
was idle showed a mean of 24.4 kg/hr and standard deviation of 8.8 kg/hr. Since this was a very direct measurement 781 
of background conditions, we used this representation of background conditions. In our evaluations of the 782 
measurement solutions, background emission rates were added the controlled release emission rates for 783 
measurement solutions participating from offsite. Figure S1 shows the location of acetylene tanks. 784 
 785 

Date Start  End  Release Rate [kg/hr] 

2023-11-07 09:07:14.204  09:23:32.305   19 

2023-11-07 09:21:02.026  09:28:01.880   34 

2023-11-07 09:25:27.328  09:34:35.483   12 

2023-11-07 09:30:31.747  09:37:09.141   42 

2023-11-07 16:18:11.186  16:18:37.052   24 

2023-11-07 16:20:26.043  16:21:22.318   25 

2023-11-07 16:23:59.127  16:25:03.404   24 

2023-11-08 08:19:06.463  08:19:34.638   23 

2023-11-09 08:07:31.650 08:09:30.875   17 
 786 

Table S2: Dates and times of reported background rates using TruckTC 787 

 788 
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 789 
Figure S1: Placement of acetylene tanks during the 2023 controlled release study. 790 

 791 
As described in the main text, another but less direct method to estimate background methane emissions rate was to 792 
examine the y-intercept value of the linear regression line from controlled release tests. Figures S2 and S3 show y-793 
intercept values for two solutions that met our criteria for what would constitute a reliable background estimation 794 
measurement method which included a) true offsite use at fenceline or beyond, b) high accuracy and low residuals in 795 
controlled release outcomes, and c) high R2 between measured and released methane for reliable prediction of y-796 
intercept. The two solutions are Truck Tracer Correlation, and Flux Plane AirLiDAR G-2. Table S3 lists the y-intercept 797 
values, which are very similar to, but a few kg/hr lower than, direct zero measurements made via TruckTC (Table S2).   798 
 799 
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 800 
Figure S2: Determination of y-intercept value for solution E 801 

 802 

 803 

 804 
Figure S3: Determination of y-intercept values for solution G-2  805 

 806 

 807 
Solution n R2 intercept 

E (Truck TC) S2 27 0.80 19.43 

G-1 (AirLiDAR Flux Plane) S3 9 0.77 22.02 

  mean: 20.725 

 808 
Table S3:Y-intercept values for Figures S3 and S4 809 

 810 

 811 
Figure S4 shows approximate locations of confounding sources and their rates during the study. From our own ground 812 
surveys and thanks to various study participants we are aware of eleven sources on and offsite that represent 813 
confounding sources. Most of the sources are small and in the range of 1-3 kg/hr. The exact locations and rates of 814 
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these sources are not shown here since these background emitters add complexity and confusion for participants, and 815 
disclosing the locations are rates might reduce the blindedness of future studies at the site. Ten emission points are 816 
located onsite, almost evenly spaced along the northwest, west, south, and southeast boundaries, with one larger 817 
source offsite towards the northeast.  818 
 819 

 820 

 821 
Figure S4: Approximate locations of confounding background sources in blue, with search area in white. 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 
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Table S4: Mass flowrates and associated uncertainty of all experiments. Timings are listed in local time (ET). 831 

 832 

 833 

Wind and meteorological conditions 834 

 835 

Figure S5. Daily wind roses from the Eastern meteorological station. Station locations are 836 

shown in Figure S7. 837 

 838 
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 839 

Figure S6: Windrose charts of Eastern, Hilltop and Northern Atmospheric Research 840 

Stations. Station locations are shown in Figure S7. 841 

 842 

 843 

  844 
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Site Configuration 845 

 846 

Figure S7: Map of controlled release configuration. 847 




