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Abstract  21 

Recent technological advances in methane detection have improved leak detection and 22 

repair. However, current methods to reliably measure methane concentrations rely on expensive 23 

instruments or demand significant labor input. There is interest in using affordable methane 24 

sensors that are responsive to ppmv level changes in methane concentrations in both urban and 25 

rural environments for monitoring underground natural gas pipeline leaks. This is especially 26 

relevant for situations where potentially significant leaks cannot be repaired immediately or 27 

smaller leaks that require long-term monitoring and further evaluation. In this work, a low-cost 28 

sensor unit, equipped with a metal oxide sensor, was designed, built, and calibrated over a wide 29 

range of methane concentrations and environmental conditions in preparation for field application. 30 

A network of these sensors was then installed at the test site and used to measure methane 31 

concentrations at ground level above known sub-surface natural gas emissions which emulated 32 

underground gas pipeline leaks. This low-cost sensor network measured over 4 days total for the 33 

two different known leakage rates. Results demonstrate that the sensors can continuously measure 34 

relative methane variability for extended periods but require calibration for a wide range of 35 

temperature and humidity conditions to properly determine absolute gas (i.e., methane) 36 

concentrations. When a regression analysis was conducted to evaluate the effects of meteorological 37 

parameters on methane concentration, air temperature and wind speed have strong impacts on the 38 

concentration. Overall, the network approach allows improved identification of leak location and 39 

monitoring of underground natural gas leaks.  40 
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 45 

Introduction 46 

Methane (CH4) is the second most abundant anthropogenic greenhouse gas after carbon 47 

dioxide (CO2), and has a global warming potential 86 times greater than that of CO2 over a 20-48 

year period [1]. Atmospheric CH4 concentrations continue to increase, predominantly due to 49 



anthropogenic activities [1–3]. Anthropogenic CH4 originates from multiple sources including, but 50 

not limited to, enteric fermentation, natural gas systems, landfills, manure management, and coal 51 

mining [4,5]. As spatiotemporal variability in CH4 fluxes is observed under dynamic 52 

environmental conditions [6–9], the ability to measure relatively small emission sources is 53 

challenging without a large number of continuous direct and local level measurements. However, 54 

common methods to measure CH4 concentrations rely on expensive instruments and/or significant 55 

labor. For example, estimates of CH4 concentration from leaking natural gas (NG) pipelines can 56 

be made using aircraft or vehicles equipped with high precision instrumentation [10–12]. 57 

Traditional walking surveys demand a significant amount of time and labor and vary greatly in 58 

effectiveness depending on weather conditions and surveyor experience. Thus, there is a need for 59 

a cost-effective, continuous monitoring system for pipeline leaks at high spatial and temporal 60 

resolutions, especially when there is a time lapse between detection and repair.  61 

 Low-cost gas sensors (~16 US$ per unit) have emerged as a promising tool for improving 62 

the spatial density of gas concentration measurements. These sensors are built to monitor various 63 

chemical species including CH4, carbon dioxide, and nitrogen dioxide. For the detection of CH4, 64 

common techniques include metal oxide semiconductor (MOS) [13–15], electrochemical (EC) 65 

[16–18], non-dispersive infrared radiation (NDIR) [19], and photoionization detection [20]. MOS 66 

sensors have been evaluated in multiple studies and have demonstrated promising performance 67 

[9,13–15,21,22]. Previous MOS studies mainly focused on above ground applications rather than 68 

pipeline leakage scenarios. Calibration of sensors installed at 1‒2 m above the ground at parts per 69 

million (ppmv) levels is needed [14,15,23] due to each sensor’s response at CH4 concentrations 70 

observed during air quality monitoring (in 2‒10 parts per million range). Low-cost sensors have 71 

also been applied to monitor concentrations nearby carbon sequestration and enhanced oil recovery 72 

sites in remote areas using a wireless mesh network integrated, at selective nodes, into a cellular 73 

network [9]. For the case of measuring surface concentrations above pipeline leakage, the 74 

concentration range is wider, where it can exceed 10,000 ppmv directly above the leak but fall to 75 

100 ppmv within 10 m of the leak location [24]. In addition, MOS sensors show a significant 76 

temperature and relative humidity dependence [14,21,23]. Such dependency has not been 77 

previously evaluated at concentrations greater than 1,000 ppmv [21,22]. The effects of these 78 

parameters must be included in calibration to improve the accuracy of high gas concentration 79 

measurements at concentrations exceeding 100 ppmv.  80 



There is interest in the application of a sensitive and affordable CH4 sensor in both 81 

commercial and residential areas for monitoring underground NG pipeline leaks. For example, 82 

underground leaks are often detected during periodic surveys, but leak behavior may change 83 

between surveys or before repair due to variations in environmental conditions, changes in ground 84 

cover, or changes in structures near the leak. In the USA, re-evaluation of existing leaks under 85 

current guidance occurs every 1‒15 months, depending on hazard potential [25]. Therefore, CH4 86 

concentration monitoring may be needed to monitor a leak before repair, or the long-term 87 

dissipation of high concentrations of gas trapped belowground after repair. In addition, changes in 88 

patterns of NG distribution due to the intrusion of water from infiltration (i.e., heavy rain) may 89 

trap the gas underground [26] or result in gas migration. This type of event would not be easily 90 

detected by surveys [27] but could be detected with the appropriate algorithms linked with 91 

continuous monitoring.  92 

 The use of low-cost sensors to continuously monitor existing leaks could provide 93 

information on the changes in leakage rate, underground gas accumulation, or changes in the leak 94 

presentation or location that could signify increased safety risk. However, this type of monitoring 95 

has not been investigated or deployed at known belowground leak areas, high-risk leakage 96 

locations, or other areas requiring long-term leak monitoring. Additionally, monitoring pipeline 97 

leaks in leak detection and repair (LDAR) programs is one method to mitigate fugitive greenhouse 98 

gas emissions. Development of a low-cost sensor network to observe the surface expression of 99 

subsurface CH4 leakage behavior presents a widely applicable solution for pipeline LDAR.  100 

This study focuses on development and calibration of a NG detection unit using low-cost 101 

sensors and field deployment of prototype units. The performance of the detection unit was 102 

evaluated by comparing to a portable cavity ring-down spectroscopy (CRDS) analyzer. A field 103 

trial was carried out at the Methane Emission Technology Evaluation Center (METEC) at 104 

Colorado State University in Fort Collins, Colorado, USA [28]. The detection of relatively small 105 

leaks (≤ 3 LPM) was demonstrated using the low-cost sensor units that monitor the concentration 106 

of NG plume near the ground surface over diurnal time scales. The sensor deployment provided a 107 

representative picture of local gas concentration. The meteorological data were collected in 108 

conjunction with the field deployment of the sensors. The effect of meteorological parameters on 109 

gas concentration was investigated to improve understanding how those parameters would impact 110 



the ability of the sensors to monitor the leak. This work is widely applicable for providing 111 

continuous measurements of NG concentrations to operators for a wide range of leak types and to 112 

first responders responding to NG leak incidents.  113 

 114 

Methods 115 

Sensor Configuration 116 

Low-cost sensor (LCS) units consist of three individual sensors – natural gas, relative 117 

humidity/temperature, and absolute pressure – enclosed in a plastic case (Fig. 1A). A MOS sensor 118 

(TGS2611-E00, Figaro USA Inc.) used to detect NG was selected due to its low cost, relatively 119 

high accuracy, and suitability for measuring CH4 concentration levels in air [22,29,30]; the sensor 120 

has a stated detection range of 500‒10,000 ppmv [31]. The MOS sensor was specifically selected 121 

for the proposed application. The TGS2611-E00 responds to various gases in addition to CH4, 122 

including ethanol (C2H6O), hydrogen (H2), and iso-butane (C4H10) [23,31]. When these gases are 123 

present, the sensor will respond when CH4 is not present, resulting in falsely high CH4 readings. 124 

Prolonged exposure to the non-target gases may also cause permanent damage (poisoning) of the 125 

sensor [31]. To reduce this impact, the MOS sensor includes a charcoal filter in its housing to 126 

reduce interference with alcohol or iso-butane, resulting in highly selective response to CH4 [31].   127 

Additionally, these interference gases are present at low concentrations in the proposed 128 

application. Ethanol concentration is typically in the 1‒4 ppbv levels in the atmosphere due to its 129 

high solubility in water [32], and removal by dissolution into rainwater and surface waters [33–130 

35]. H2 occurs naturally in the atmosphere [36] but averages 0.53 ppmv [37]. Iso-butane is emitted 131 

from anthropogenic sources including industries and motor vehicles [38], but atmospheric 132 

concentrations range from 6 to 33 ppbv [39,40]. In all cases, these non-target gases are present at 133 

concentrations that do not have a significant influence on the sensor performance and no risk of 134 

poisoning the sensor. In contrast, the sensor responds well to CH4, the principal component of NG 135 

while showing no ill effects from ethane and CO2, the other major constituents of market NG [41].  136 

The resistance of the sensor (
s

R ) changes as CH4 is adsorbed by the sensing material and 137 

can be calculated from the voltage (
c

V , 5.0V DC ± 0.02%) applied across the sensor, the load 138 



resistor (
L

R , 10.0 kΩ ± 1%) installed in a circuit, and the sensor signal measured as a change in 139 

voltage across the load resistor (
RL

V ) (Equation 1).  140 

c RL

s L

RL

V V
R R

V

 −=  
 

         (1)  141 

The MOS sensor uses tin oxide (SnO2) as the sensing material [31]. In the presence of the target 142 

gas, the amount of oxygen adsorbed on the SnO2 surface is reduced and results in a decrease in 143 

resistance. However, the resistance is also affected by air temperature (T) and relative humidity (144 

RH ). In the LCS unit, the temperature and RH  were measured using a SHT35-DIS-F2.5KS 145 

digital sensor (Sensirion AG). The SHT35-DIS-F2.5KS is accurate to ± 0.1°C and ± 1.5% RH  146 

[42]. In addition, recent studies indicate that atmospheric pressure ( P ) influences gas 147 

concentrations [43,44]. The atmospheric pressure was measured by a piezoresistive absolute 148 

pressure sensor (LPS25HB, STMicroelectronics) which has an accuracy of ± 0.01 psi [45]. An 149 

Arduino Uno Rev3 microcontroller logged the signals from the sensors and recorded the date and 150 

time, air temperature, relative humidity, absolute pressure, and resistance to a microSD card at a 151 

frequency of 1 Hz using a real-time clock (RTC) (DS3231, Diymore). The analog voltage across 152 

the load resistor was converted by a built-in 10-bit analog-to-digital converter in the 153 

microcontroller with 5V reference and resolution of 0‒1023. The analog-to-digital converter has 154 

an absolute accuracy of ± 2 LSB [46]. I2C protocol in the microcontroller was used for the relative 155 

humidity/temperature and pressure sensors. The LCS unit was powered by a 12 V “power over 156 

ethernet” (PoE) adapter. A small fan (30 × 30 × 7 mm) was installed at the inlet of the case to 157 

allow for proper gas exchange across the sensors. Both the inlet and outlet were covered with a 158 

fine aluminum wire mesh (14×14 mesh with 1.30 mm opening) to minimize dust intrusion.  159 



 160 

Fig. 1. (A) A schematic of sensor assembly for a shield board. The shield board sits directly on top 161 

of the microcontroller. The assembled board installed on the microcontroller was placed in the 162 

case (100 × 100 × 70 mm) to provide protection from water spray and dust. (B) A schematic of the 163 

setup used for calibration of the MOS gas sensor (TGS2611-E00).  164 

 165 

Calibration 166 

Laboratory calibration was performed on a MOS sensor at 3 temperatures (28.5 ± 0.1, 34.2 167 

± 0.3, and 40.6 ± 0.1 ℃) at 8 gas concentrations (0, 10, 50, 100, 500, 1,000, 5,000, and 10,000 168 

ppmv) and relative humidities from 5 % to 60 % (Fig 1B). The ranges of temperature and RH  169 

were selected to represent the field conditions observed at a meteorological station near METEC 170 



[47]. Mass flow controllers (MC series, Alicat Scientific) attached to the air and CH4 gas inlets 171 

were used to generate varying gas concentrations in a 2 L test chamber. The CH4 concentration 172 

(0‒10,000 ppmv) in the chamber was set by directly injecting a mixture of pure gases (i.e., zero 173 

grade air and ultra-high purity 99.99 % CH4) blended by the controllers. Because the MOS sensor 174 

is relatively insensitive to ethanol and hydrogen compared to CH4 [31], CH4 was used for 175 

calibration as it is the primary component of NG. Prior to calibration, the test chamber was placed 176 

in an oven (Isotemp 650D, Fisher Scientific) to maintain a constant temperature over the 177 

calibration period. The oven was started 24 hours prior to the experiments. In addition, the sensor 178 

unit was preheated for 3 days in ambient air (CH4 ≤ 2 ppmv) prior to the calibration to stabilize 179 

the MOS sensor. The SHT35-DIS-F2.5KS (air temperature and relative humidity) and LPS25HB 180 

(atmospheric pressure) sensors were factory calibrated and were not calibrated onsite.  181 

During calibration, the resistance was measured under varying relative humidity conditions 182 

while temperature and gas concentration remained constant. The measured resistance was 183 

normalized by the resistance in the ambient air (ambient CH4 concentration in air (
o

R )) to account 184 

for any variability between sensors. Calibration results were compared with a cavity ring-down 185 

spectrometry analyzer (G4302 GasScouter, Picarro, Inc.). The gas intake for the analyzer was co-186 

located with the LCS units while 100 % CH4 was released from 3 m away at 1 and 2 L min-1. The 187 

CH4 concentrations from the MOS were calculated and compared with the CRDS to assess the 188 

efficacy of the calibration algorithm. In addition, RH  and temperature from SHT35-DIS-F2.5KS 189 

were compared to a capacitive thin-film polymer (HUMICAP) sensor (HMP7, Vaisala) under the 190 

same calibration conditions to assess performance. SHT35-DIS-F2.5KS and HMP7 were placed 191 

in the test chamber at approximately 5 cm apart, and relative humidity in the test chamber was 192 

changed from 5 % to 60 % at 26 ± 0.1 ℃. The HMP7 is designed for applications that involve 193 

rapid changes in humidity, such as drying [48] and has an accuracy of ± 0.8 % RH  and ± 0.1 °C 194 

[48].  195 

 196 

Field Experiments 197 

 Field experiments were performed to evaluate the response of the LCS units under the 198 

dynamic environmental conditions likely experienced during NG pipeline leak surveillance. 199 

Controlled subsurface NG release experiments were conducted at the Colorado State University 200 



METEC facility in Fort Collins, Colorado, USA [28]. The site contains pipeline testbeds that vary 201 

in configuration, allowing for simulation of underground NG pipeline leaks at known leakage rates 202 

using market NG. This study utilized a testbed with a NG emission point located at a depth of 0.91 203 

m below ground surface. The testbed contains natural soil with soil texture classification of sand 204 

– a soil type commonly observed during field operations of local distribution companies. The 205 

testbed contains two pipelines: one pipeline located at 0.91 m deep in east-west direction and an 206 

additional pipeline at 0.61 m deep in northeast-southwest direction. The testbed was constructed 207 

to represent a more complex environment where other utility lines may exist with natural gas 208 

pipelines. Emission rate of distribution grade NG (85‒87 %vol CH4) from the emission point is 209 

controlled by mass flow meters (Omega FMA1700 series) with pressure regulation and solenoid 210 

valves [49]. A detailed layout of the testbed can be found in Ulrich et al. (2019) [50]. 211 

Nineteen LCS units were placed on the ground surface in a radial configuration around the 212 

known leakage location (Fig. 2). Spacing and location was selected based on previous experiments 213 

that characterized the horizontal extent and concentrations for gas leaks at the selected emission 214 

rates [24]. The LCS units were powered on and allowed to equilibrate for 48 hours prior to 215 

placement around the leak. Data from the LCS units were collected at a frequency of 1 Hz.  216 

Two experiments were carried out over a period of 4 days (2 days per experiment) at CH4 217 

release rates of 0.042 and 0.127 CH4 kg h-1. Rates were selected to represent the range of leakage 218 

rates observed in the field, typically less than 0.1 kg h-1 [10,11,51,52]. In addition to data collected 219 

by the LCS units, atmospheric conditions (i.e., wind speed, wind direction, barometric pressure, 220 

air temperature, and relative humidity) were monitored using a meteorological station located on 221 

site every 1 minute.   222 



 223 

Fig. 2. Top view schematic of experimental test bed and sensor layout. Sensor units were located 224 

on the soil surface while the pipeline and emission point (indicated with the red star) was 0.91 m 225 

belowground. The number is assigned next to the corresponding LCS unit. The distances of the 226 

LCS units from the emission point are 0, 0.5, 1.0, 1.5, 2.5, and 3.5 m. The figure is drawn to scale. 227 

 228 

Results 229 

Calibration 230 

Measured resistance – i.e. observed gas concentration – in the MOS sensor varies with 231 

temperature and RH . A sample data set shown in Fig. S1A‒D (SI Appendix) represents typical 232 

responses of measured resistance to RH  change at a given gas concentration. The air temperature 233 

and atmospheric pressure remained constant to within ± 0.4 % during all calibration experiments 234 

(T = 28.5 ± 0.1 ℃ and P  = 99.8 ± 0.1 kPa) as illustrated in Fig. S1C‒D. For a given temperature, 235 

the resistance of the MOS sensor varies inversely with RH .  236 

Measured resistance also dropped systematically with an increase in gas concentration. The 237 

results were expressed in terms of normalized resistance (
s o

R R ) in Fig. 3A‒C. The effect of 238 



temperature on resistance can also be observed, showing a decrease in resistance with an increase 239 

in temperature. Multivariate nonlinear regression processing in a series of correlations was selected 240 

for data analysis as illustrated in Fig. 4. The relationship between RH  and 
s o

R R  was first 241 

described by sigmoid functions at selected temperatures and CH4 concentrations (Fig. 4A). This 242 

information was then used to predict the CH4 concentration by the 
s o

R R  estimated from the RH  243 

(Fig. 4B). However, it is important to note that the relationship is temperature dependent and 244 

therefore each relationship was only applicable to the measured temperatures, in this case, T= 28.5, 245 

34.2, and 40.6 ℃. In order to overcome this constraint, the correlations between CH4 concentration 246 

and temperature were obtained by curve fitting specifically to 
s o

R R  and RH  conditions (Fig. 247 

4C). The range of 
s o

R R (0.01‒1.20) for the calibration table was selected based on observations 248 

(Fig. 3A‒C), and the extreme RH  conditions (< 5 % and > 95 %) were not considered. 98 % of 249 

the coefficient of determination ( 2
R ) was greater than or equal to 0.70. 250 

 251 

Fig. 3. 
s o

R R  as a function of relative humidity at (A) 28.5 ± 0.1 ℃, (B) 34.2 ± 0.3 ℃, and (C) 252 

40.6 ± 0.1 ℃. The resistance of the ambient air (
o

R ) was 35.67 kΩ. The dashed lines represent the 253 



fitted sigmoid curves to extrapolate the normalized resistance beyond the limit of the 254 

measurements (dot symbol). The measured data points are listed in Table S1.  255 

 256 

Fig. 4. Illustration of the multivariate nonlinear regression processing of the sensor data. (A) 257 

Relationship between RH  and 
s o

R R  are characterized by sigmoid functions. (B) 
s o

R R  is then 258 

correlated to CH4 concentration using power functions for T= 28.5, 34.2, and 40.6 ℃. (C) A  259 

calibration table was then constructed to cover RH  from 5 to 95 % and 
s o

R R  from 0.01 to 1.20. 260 

Correlations in the calibration table are polynomials as a function of air temperature. Coefficients 261 

of functional forms are listed in SI Appendix (Table S2 and S3).  262 

Calibrations were evaluated by comparing averaged CH4 concentrations over multiple time 263 

intervals (10 to 150 seconds at 10 second intervals) to the CRDS analyzer. Averaging over longer 264 

time intervals resulted in a better agreement between the MOS sensor and CRDS analyzer; 265 

unsurprising since the CRDS has a much faster response rate than the MOS sensor. The response 266 

time of the CRDS analyzer is < 1 second while the response time of the MOS sensor was not 267 



characterized but was substantially slower. 100-second averaged CH4 concentrations demonstrated 268 

a reasonable level of accuracy; averaging beyond 100 seconds resulted in no noticeable 269 

improvement in agreement (Fig. S2). For subsequent experiments, 100-second averaged data were 270 

used for analysis. The differences between the 100-second averaged CH4 concentration (ΔCH4) 271 

from the two measurements over 120 minutes at the release rates of 1 and 2 L min-1 ranged from 272 

0 to 44 ppmv, averaging 8.3 ppmv with a standard deviation of 6.4 ppmv when all the LCS units 273 

were assessed (Fig. S2). Uncertainty in calibration was 12.1 ppmv when one of the calibration 274 

functions was evaluated (See SI Appendix). More than 90% of ΔCH4 was less than or equal to 20 275 

ppmv (Fig. S3).  276 

The more variable CH4 concentrations seen in the CRDS data (Fig. S4) were due to the 277 

faster response rate, as well as higher sensitivity (and accuracy), of the CRDS relative to the MOS 278 

sensor. Although there was some discrepancy (0‒44 ppmv) between the two measurements, 279 

magnitude and trend were well captured using 100-second averaging (Fig. S4). Linear fits (Fig. 5) 280 

exhibit near-unity slope (m) (0.99 to 1.00) with R2 of 0.85‒0.98, after adjusting 
o

R  to obtain better 281 

fits to account for the sensor-to-sensor variation between MOS sensors, where �� ranged from 32‒282 

40 kΩ. In the linear fits, the intercepts were forced through the origin. The adjusted 
o

R , m, and R2 283 

values of linear regression are listed in Fig. 5. All p-values were less than 0.001. In addition, it was 284 

observed that the readings were clustered to a greater extent above the 1:1 line below 100 ppmv 285 

and similarly, the readings were clustered below the 1:1 line above 150 ppmv. 286 

It is also important to note that, for the intended application of leak monitoring, precise 287 

methane measurements are not required. Since the application focusses on relative change in 288 

methane concentration, it is important that measured concentration (a) vary predictably with actual 289 

concentrations, and (b) remain stable of a wide range of environmental conditions. Therefore, the 290 

calibration results suggest the MOS sensor has suitable performance for estimating CH4 291 

concentrations above underground leaks.  292 

For the relative humidity/temperature sensor, performance assessment of the SHT35-DIS-293 

F2.5KS was carried out by comparing 100-second averaged data to the HMP7. The results show 294 

that difference in RH  was up to 11 % (1.8 % ±1.4 %, using 1 standard deviation) while maximum 295 

difference in temperature was 4 ℃, averaging 1.8 ± 0.7 ℃. When the two sensors were compared 296 

(Fig S4), the linear fits in RH  were near unity, with R2 of 0.98‒1.00. All p-values were less than 297 



0.001. However, the RH  from the SHT35-DIS-F2.5KS tends to be lower above 50 % RH (range 298 

of 0.2 % to 11 %, mean 3.5 %) (Fig. S5). The temperature measurements from the SHT35-DIS-299 

F2.5KS were consistently higher (+ 1.8 ± 0.7 ℃ in average) than HMP7.  300 

 301 

Fig. 5. Comparison of 100-second averaged CH4 concentrations from the MOS sensor and the 302 

CRDS analyzer. The adjusted 
o

R , m, and R2 values estimated from linear regression for each LCS 303 

unit are listed. The black line represents the identity line (1:1 line).   304 

 305 

Variability in observed methane concentrations during controlled release field experiments 306 

The 0.042 and 0.127 CH4 kg h-1 controlled release experiments were conducted between 307 

the 18th and 22nd of May 2020. Three sensor units (i.e., No. 5, 13, and 15) failed during the 0.042 308 

kg h-1 experiment, and two additional units (i.e., No. 11 and 12) failed during the 0.127 kg h-1 309 

experiment. The incomplete data collected from these sensors were excluded from the attached 310 

data sets and analysis. 311 

During the 0.042 kg h-1 experiment, the CH4 concentration from Sensor No. 1 started at 0.1 312 

± 0.2 ppmv and increased up to 3,112 ± 344 ppmv for the first 29 hours of the experiments at 313 

which time the gas was shut off (Fig. 6). The CH4 concentration of Sensor No. 1 gradually 314 



decreased back to 24 ± 1 ppmv over the next 19 hours. Similarly, for the 0.127 kg h-1 experiment, 315 

the CH4 concentration of Sensor No. 1 increased from 0.1 ± 0.2 ppmv to 6,112 ± 214 ppmv in 29 316 

hours of release and dropped back to 67 ± 2 ppmv after shutoff (Fig. 6B.1).  317 

The results show that in all cases, near-surface CH4 concentration increased with time after 318 

the gas was turned on, reaching quasi steady state approximately 12 hours of release. Once at quasi 319 

steady state, concentrations continued to vary, but long-duration mean concentrations stabilized. 320 

Taking data of Sensor No. 2‒4 from the 0.042 kg h-1 experiment as an example, after stabilization, 321 

the 100-second average readings varied up to 17 % of the peak concentrations over the next 12 322 

hours (Fig. 6A.2). Therefore, this range of concentration readings would be indicative of ‘no 323 

change’ in leak conditions. By extension, deviations outside this window would be a cause for 324 

concern, stimulating action by the distribution company. In addition, the CH4 concentrations 325 

measured by the sensors generally decreased as the distance from the leak increased (Fig. 6), 326 

although observed concentrations from more distant sensors could occasionally exceed those of 327 

the sensor directly over the leak. These changes were likely caused by changes in the 328 

environmental conditions, especially RH , temperature, and pressure, and wind speed. Consistent 329 

with previous findings [24], enhanced CH4 concentration along the pipeline trenches buried at 330 

depths of 0.61 and 0.91 m was observed. Lower concentrations typically measured above the soil 331 

surface of the undisturbed soil implied a lower methane flux as expected due to the lower 332 

permeability of the undisturbed soil in the testbed. The CH4 concentration distribution (Fig. S6) 333 

was similar with both experiments. The results suggest that the observed near surface plumes 334 

reflected subsurface structures.  335 



 336 

Fig. 6. The time series of 100-second averaged CH4 concentrations measured at multiple locations 337 

during 0.042 and 0.127 kg h-1 experiments (0 m is directly above the emission point). The 338 

corresponding distance from the emission point is labeled above each plot. The black dashed line 339 

represents the time of gas shutoff which is approximately 29 hours from the release. The daytime 340 

(6 am‒7 pm) and nighttime (7 pm‒6 am) are illustrated by shaded areas.  341 

The atmospheric conditions measured over the full 24-hour period indicate a clear, 342 

relatively consistent diurnal pattern (Fig. 7A‒ D). The daytime wind speed (average of 2.21 ± 1.58 343 

m s-1) was slightly higher than was observed at nighttime (average of 2.18 ± 1.94 m s-1) (Fig. 7A), 344 

while RH  ranged from 11 % to 95 % over the measurement period. However, the diurnal variation 345 

of RH  does not necessarily indicate change in the water vapor content of the atmosphere, as RH 346 

is strongly influenced by diurnal temperature variations [53]. Absolute humidity ( AH ) remained 347 

essentially constant – 0.012 ± 0.003 kg/m3 and 0.008 ± 0.002 kg/m3 for the 0.042 and 0.127 kg h-348 

1 experiments, respectively (Fig. S7).  349 



 350 

Fig. 7. Panel A: Wind speed recorded 6 m above the ground. Panels B-D: Diurnal meteorological 351 

parameters of interest: (B) relative humidity, (C) air temperature, and (D) atmospheric pressure 352 

measured on Sensor No. 1. Panel E: Time series of 100-second averaged CH4 concentrations 353 

measured from Sensor No. 1. Gas release and daytime markers as in Fig. 6.  354 

In the 0.042 kg h-1 experiment, CH4 concentrations of Sensor No. 1 at nighttime (averaging 355 

1,618 ± 468 ppmv) is clearly higher than in daytime (averaging 964 ± 474 ppmv) after quasi-steady 356 

state was achieved (Fig. 7E). A similar pattern was observed from all the LCS units (Fig. 6). 357 

Utilizing the period when the leak was in this quasi-steady state (i.e. 12‒29 hours after release 358 

started), the impact of meteorological parameters could be analyzed independently of changes in 359 

the subsurface leak characteristics (Fig. 8) for the purpose of capturing trends. Predominantly, 360 

increased wind speed resulted in decreased observed CH4 concentration (Fig. 8A.1 and B.1) while 361 

increased barometric pressure increased CH4 concentration (Fig. 8A.4 and B.4). When wind speed 362 

and direction were correlated with CH4 concentration (Fig. S13), increased CH4 concentration was 363 

observed in the downwind direction with wind speeds of 2‒4 m s-1. Under 2 m s-1 wind speed, 364 



regardless of wind direction, increased CH4 concentration was seen up to 3.5 m from the leakage 365 

point.  366 

Independent causation cannot be independently inferred as wind speed was correlated with 367 

pressure, temperature, and RH . To address this issue, a base regression model was developed in 368 

a rational function to predict CH4 concentration using all meteorological parameters (Fig. S15). A 369 

multiple regression was performed by removing each meteorological parameter from the base 370 

model to evaluate its impact on measured CH4 concentration (Fig. S16). Pressure and RH  had the 371 

least substantial impacts (pressure up to 35%; RH  4%), indicating strong performance of the 372 

calibration method, which was expressly designed to minimize the impact of RH  and, to a lesser 373 

extent, pressure, on the sensor outputs. In contrast, temperature and wind speed, which are 374 

correlated (R2 of 0.41 to 0.59, Fig S7) had higher impacts: temperature up to 176% on R2 and 375 

148% on root mean squared error (RMSE), and wind speed up to 143% on R2 and 142% on RMSE.  376 

These data indicate that the sensors respond to wind speed, which is known to substantially 377 

impact observed CH4 concentrations, with robust rejection of changes in barometric pressure and 378 

RH , which are not expected to impact CH4 concentrations. Therefore, the sensors have the correct 379 

characteristics to monitor subsurface leaks while characterizing near-surface meteorological 380 

impacts on gas movement and resulting concentration. 381 



 382 

Fig. 8. Effect of meteorological parameters measured from the meteorological station on averaged 383 

CH4 concentration near the ground surface measured at 1.0 m away from the emission point during 384 

0.042 kg h-1 (A.1‒A.4) and 0.127 kg h-1 (B.1‒B.4) experiments. The CH4 concentrations measured 385 

12 to 29 hours after the release started were averaged by the corresponding meteorological values. 386 

The shaded area represents one standard deviation of the CH4 concentration measured 1.0 m away 387 

from the emission point. 388 

 389 

Discussion 390 

Comparison of CH4 concentration measured by the MOS sensor and the CRDS analyzer 391 

indicate that the MOS sensor can measure CH4 concentrations in the 100‒10,000 ppmv range seen 392 

when monitoring underground leaks. This study shows that, while the MOS sensor is rated for 393 

concentrations above 500 ppmv, proper calibration and real-time monitoring of environmental 394 

conditions provides usable performance down to 100 ppmv. Additionally, the overall response 395 

characteristics of the sensors can be identified by extensively calibrating a subset of sensors, and 396 

then adjusting the calibration of each TGS2611-E00 sensor by adjusting 
o

R , a parameter readily 397 



measured by using a high precision CH4 instrument to acquire background CH4 concentration.  398 

This indicates that a readily adaptable procedure could be implemented to periodically calibrate or 399 

qualify a large number of sensors at reasonable cost.  400 

Since response time of the MOS sensor is slower than high speed analyzers, like the CRDS, 401 

measurements are more robust with averaging intervals in the 1-minute range, with 100-second 402 

averaging recommended for the sensors tested here. The observed differences in CH4 403 

concentration between the MOS and CRDS measurements, while non-trivial (19 % on average) 404 

provide sufficient information for a long-term monitoring algorithm, using data from several 405 

properly positioned sensors, to surveil a known leak with sufficient confidence for the proposed 406 

application. Therefore, the combination of (a) extended operational range to 100 ppmv, (b) a 407 

manageable calibration procedure, and (c) sufficient accuracy for the application indicate that an 408 

inexpensive MOS sensor measure CH4 concentrations reliably enough to detect changes in the 409 

emission state of an underground pipeline leak.  410 

The above sensors must be combined with algorithms which would translate observed 411 

concentrations into actionable information for distribution companies. In the case of a known leak 412 

location, changes in concentrations over space and time can be monitored on a continuous basis 413 

by multiple sensors at lower cost than dispatching technicians to survey the leak periodically. 414 

Algorithms would then detect concentration levels or patterns that indicate a change in the leak 415 

condition, such as an increase in leak rate or increased gas migration distance, and signal follow-416 

up action by the distribution company. When actual leak locations are unknown in field, the 417 

sensors could be installed in a network along the distribution pipelines, providing continuous 418 

monitoring and early detection over a wider area, for example an area with known pipeline issues, 419 

such as older, unprotected steel or cast iron, pipe. High resolution data could also be coupled to 420 

dispersion modeling to provide information comparable to periodic screening using high-precision 421 

analyzers to support comparison between driving survey increasingly deployed by distribution 422 

companies with results from these sensor networks. 423 

 Background concentration observed at the METEC was typically ~2 ppmv; however, due 424 

to the uncertainty in calibration (12 ppmv), the MOS sensors could not measure 1 ppmv accurately; 425 

as stated earlier, the calibration was effective from 100‒10,000 ppmv. As a result, the CH4 426 

concentrations measured in the beginning of the 0.042 kg h-1 experiment was 0.1 ppmv, similarly 427 



observed in the 0.127 kg h-1 experiment. However, even 19 hours after gas shut-off, the CH4 428 

concentration readings did not return to the background concentration. While below the calibration 429 

range, this offset suggests that the CH4 stored in subsurface may contribute to near-surface CH4 430 

concentrations for substantial periods after a gas leak is stopped, even in sandy soil with relatively 431 

high permeability. With further exploration, these data indicate that similar sensors would be 432 

useful for monitoring leak venting after a leak is fixed – an ongoing and problematic area for 433 

industry. 434 

Overall, this study shows that the data measured at high spatiotemporal resolution provides 435 

an effective monitoring option for the variability in gas concentrations due to environmental 436 

conditions. The general approach utilized here is the identification of variables affecting 437 

atmospheric CH4 transport near the ground surface. Given the low cost of these sensors, and the 438 

ability to deploy the sensors for long periods directly on the ground, these sensors could also be 439 

used to investigate exchange of water, heat, and volatile organic compounds at land-atmosphere 440 

interface. Although the controlled experiments focus on relatively finer spatial scales, covering up 441 

to 3.5 m from the emission point, fundamental principles underlying gas transport near ground 442 

surface remain substantially intact regardless of scale.  443 

  444 

Conclusion 445 

We present development and calibration of a NG detection unit using low-cost sensors and 446 

field application of the units. A comparison of the MOS sensors used in the NG detection unit and 447 

CRDS analyzer was in a good agreement, demonstrating effectiveness of a universal calibration 448 

model developed in this study which accounts sensor-specific variation for measurements of CH4 449 

concentrations. In field experiments, the MOS sensor measured CH4 concentrations reliable 450 

enough to detect changes in the emission state of an underground pipeline leak. 451 

Current work practice in industry is to identify leaks, and, if a leak does not need to be 452 

fixed immediately for safety reasons, to monitor known leaks periodically (annual or biannual 453 

surveys are common) until repairs are completed. In many instances, leaks may remain unfixed 454 

for several years. This study illustrates that an alternative to periodic surveys may be possible. 455 

Specifically, an identified leak could be continuously surveilled by low-cost sensors, reporting in 456 



near real time, for an extended period. This method would reduce surveillance costs, while 457 

providing an earlier warning of potential safety risks  458 

While this study represents preliminary findings for this type of application, additional 459 

development and testing are required for practical applications, including improved sensor module 460 

designs, integration with communication and independent power, and development of supporting 461 

algorithms.  Finally, the results presented here provide a framework to better understand variability 462 

in fugitive gas emissions from NG pipelines leaks, findings which could improve estimates of 463 

greenhouse gas emissions. 464 
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