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Abstract: Natural gas is an abundant resource across the United States, of which methane (CH4) is
the main component. About 2% of extracted CH4 is lost through leaks. The Remote Methane Leak
Detector (RMLD)-Unmanned Aerial Vehicle (UAV) system was developed to investigate natural
gas fugitive leaks in this study. The system is composed of three major technologies: miniaturized
RMLD (mini-RMLD) based on Backscatter Tunable Diode Laser Absorption Spectroscopy (TDLAS),
an autonomous quadrotor UAV and simplified quantification and localization algorithms. With a
miniaturized, downward-facing RMLD on a small UAV, the system measures the column-integrated
CH4 mixing ratio and can semi-autonomously monitor CH4 leakage from sites associated with natural
gas production, providing an advanced capability in detecting leaks at hard-to-access sites compared
to traditional manual methods. Automated leak characterization algorithms combined with a
wireless data link implement real-time leak quantification and reporting. This study placed particular
emphasis on the RMLD-UAV system description and the quantification algorithm development
based on a mass balance approach. Early data were gathered to test the prototype system and to
evaluate the algorithm performance. The quantification algorithm derived in this study tended
to underestimate the gas leak rates and yielded unreliable estimations in detecting leaks under
7 × 10−6 m3/s (~1 Standard Cubic Feet per Hour (SCFH)). Zero-leak cases can be ascertained
via a skewness indicator, which is unique and promising. The influence of the systematic error
was investigated by introducing simulated noises, of which Global Positioning System (GPS) noise
presented the greatest impact on leak rate errors. The correlation between estimated leak rates and
wind conditions were investigated, and steady winds with higher wind speeds were preferred to
get better leak rate estimations, which was accurate to approximately 50% during several field trials.
High precision coordinate information from the GPS, accurate wind measurements and preferred
wind conditions, appropriate flight strategy and the relative steady survey height of the system are
the crucial factors to optimize the leak rate estimations.
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1. Introduction

Global energy demand will increase by 28% between 2015 and 2040 [1]. Natural gas is the world’s
fastest growing fossil fuel, with usage increasing by 1.4%/year [1]. Natural gas combustion produces
about half as much carbon dioxide (CO2) per unit of energy compared with coal [2]. Thus, natural
gas has been touted as an alternative to coal for producing electricity. Despite its efficiency, natural
gas leaks to the atmosphere from the extraction process to the consumption sectors tend to reduce
its climate benefits over coal [3] and produce significant environmental and economic consequences.
Methane (CH4) is the main constituent of processed natural gas, a powerful greenhouse gas that traps
32-times more heat than CO2 over a horizon of 100 years [4]. In addition to its global warming impact,
CH4 can reduce atmospheric cleansing capacity through interaction with hydroxyl radicals [5] and
can also lead to background tropospheric ozone production [6,7]. At sufficiently high mixing ratios,
natural gas leaks can create an explosion hazard and pose significant economic and safety threats.
A natural gas explosion in San Bruno, CA, in 2010 [8], and a blowout from a natural gas storage well in
Aliso Canyon, CA, in 2015 [9,10], for instance, led to catastrophic effects on the local communities.

The U.S. is now the world’s leading natural gas producer due to the development of horizontal
drilling and hydraulic fracturing. According to the U.S. EPA national Greenhouse Gas (GHG) inventory
released in 2017, CH4 total emissions were 26.23 Million Metric Tons (MMT) in 2015, of which about
25 percent of CH4 emissions were from natural gas systems (6.50 MMT) [11]. The distribution of CH4

emissions from gathering and processing facilities [12] and production sites [13] are skewed, of which a
small number of sites disproportionally contribute to overall emissions. For example, 30% of gathering
facilities contribute 80% of the total emissions [14].

To counteract the deleterious effects of natural gas leaks, gas utility companies have been actively
seeking efficient and low-cost leak detection technology. Considerable effort regarding voluntary
and regulatory programs has been invested during the last decade [15]. Multiple independent and
complementary gas leak detecting techniques have been designed and reported [16–18]. Several
criteria are considered for classifying the available leak detection techniques, including [19,20]:
(1) the amount of human intervention needed, (2) the physical quantity measured and (3) the technical
nature of the methods. Common platforms for detecting gas leaks and assessing air quality include
ground-based fixed monitoring sites [21], portable detectors, mobile laboratories equipped with
high-time resolution instruments [14,22], manned aircraft equipped with airborne instruments [23–25]
and satellites [10,26–28]. However, some shortcomings of these traditional platforms cannot be
overlooked. First, the use of these platforms is restricted to either continuous, but localized routine
monitoring (e.g., fixed monitoring sites) or “snapshot-in-time” sporadic regional measuring provided
by aircraft, satellite or mobile labs because of the high operating cost. Fugitive emissions from
natural gas facilities, which can be episodic and spatially variable [29], require quick, continual
and region-wide monitoring to be recognized. Traditional emission detection approaches for well
pads and compressor stations are normally done through infrequent surveys utilizing relatively
expensive instrumentation. Besides, most of the existing CH4 monitoring devices have limited ability
to cost-effectively and precisely locate and quantify the rate of fugitive leaks. Thus, there is a need for a
reduced-cost sampling system that could detect emissions and that can be deployed at every well pad,
compressor station and other unmanned facilities. Besides, some leak sources require site access and
safety considerations, such as inaccessible wellhead sites or flooded leaking areas after meteorological
disasters, which are hard or dangerous for manned detectors or roving vehicle surveyors to access
to realize accurate detections. Furthermore, the spatial and temporal resolutions of data from these
traditional measurements are relatively low and often inadequate for local and regional applications
due to the complexity of sites, moving sources or physical barriers [30]. Typically, increased spatial
resolution can be achieved at the cost of decreased spatial range. Small UAVs equipped with multiple
sensors have been developed and are able to hover with no minimum operating height requirement.
They can provide measurements with high spatial resolution at the expense of relatively small
monitoring coverage. Thus, the small UAV systems introduce new approaches to fill gaps of traditional
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platforms and offer research opportunities in studying ambient air quality compositions. Several
previous studies have applied UAVs in various aspects such as atmospheric aerosols sensing [31–33],
greenhouse gases measuring [34–37] and in situ air quality and atmosphere state analyzing [38–40].
One of the demonstrated applications of UAVs is to patrol around industrial areas to investigate
fugitive gas leakage in open-pit mines [41], interrogation of oil and gas transmission pipelines [42] and
around the compressor stations [43] and to monitor local gas emissions [44,45]. These UAV applications
allow for measurements on spatial scales complimentary to satellite-, aircraft- and tower-derived fluxes.
The measurements from UAVs will also help inform policymakers, researchers and industry, providing
information about some of the sources of CH4 emissions from the natural gas industry, and will better
inform and advance national and international scientific and policy discussions with respect to natural
gas development and usage [46].

While the application and the potential of the combined CH4 sensors and UAVs system have been
studied [33,37], there is a need for a fully-integrated system where the performance of RMLD and small
UAV are characterized in-flight and the resulting data tested for specific applications. The handheld
RMLD has been a commercial product since 2005 and is widely used for the surveys of natural gas
transmission and distribution networks [47]. In order to develop an advanced UAV-based sampling
system, the size of the traditional RMLD needed to be reduced to meet the payload limitation of a
small UAV. The details are described in Section 2 of this paper.

Regardless of the technique or platform used, revealing the presence of a gas leak is not sufficient
to define an efficient counteracting measure, and other information needs to be known to decide
on corrective actions, such as the location and the emission rate of the source. Corresponding to
the forward problem of atmospheric pollutant emissions, which refers to the process of determining
downwind gas concentrations given source leak rates and locations, this study tends to solve the
inverse problem in which the gas concentrations are sampled and known, and the goal is to obtain
the information about the location and leak rate of a particular source. In the ground-level gas
leak quantification cases [29,48–51], a combination approach of analytical and numerical methods
was normally implemented by consolidating the atmospheric dispersion models (e.g., Gaussian
plume model, American Meteorological Society-Environmental Protection Agency Regulatory Model
(AERMOD)) and the computational approaches (e.g., Bayesian inversion, statistical approach); while in
the top-down aircraft-based sampling systems, the basic mass balance approach is the prevalent gas
emission quantification method [24,52–54]. However, both of the two common approaches encounter
some limitations. The combination approach relies on consistent and favorable meteorological
conditions for transporting the plume to the detector; knowledge of leak locations is essential;
background gas concentrations need to be optimized to limit aliasing of background uncertainty
onto leak rate estimates. The aircraft-based mass balance approach needs to consider the boundary
layer height and the vertical turbulent dispersion of the plume along the high altitude. As a low
altitude (<10 m) path-integrated detecting system, RMLD-UAV needs a robust algorithm that is capable
of estimating emission sources and dealing with all the drawbacks. One focus of this study is to derive
a modified and simplified mass balance quantification algorithm based on the RMLD-UAV system
with a reasonable degree of accuracy.

This research is part of the Advanced Research Project Agency of the U.S. Department of
Energy (ARPA-E) Methane Observation Networks with Innovative Technology to Obtain Reductions
(MONITOR) program. The goal of the MONITOR program is to address the shortcomings of traditional
methods by introducing and developing innovative technologies that can estimate CH4 emission flow
rates, provide continuous monitoring, localize the leak source and improve the reliability of CH4

detection. This study is composed of two companion papers to investigate fully a system for monitoring
natural gas fugitive leaks using the advanced RMLD-UAV system. As the first part of the study, this
manuscript describes the system instrumentation and integration, the miniaturization of RMLD,
system establishment and configuration, derivation of the quantification algorithm and preliminary
results from several field tests. The main objectives of this paper are to identify the state-of-the-art gas
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leak detection techniques, assess the potential of the RMLD-UAV system to meet the measurement
need, present quantification capabilities, as well as other important features. The leak localization
investigation and alternative quantification algorithms are the subjects of a companion paper [55].

2. System Description and Quantification Algorithm

In this section, we describe the RMLD-UAV platform utilized, the sensor payloads, system
operating and data acquisition and derivation of the quantification algorithm.

2.1. RMLD-UAV

The RMLD-UAV system we developed is a complete measurement system that can realize
advanced CH4 fugitive leak monitoring. As a semi-autonomous system with a pilot in the loop,
as required by current FAA regulations, it initiates and terminates motors upon mission execution and
completion, respectively. The key components of the RMLD-UAV sampling system are fast response
CH4 laser sensors, a custom small UAV, which is shown in Figure 1a, Global Positioning System (GPS)
navigation, a semi-autonomous control unit and data acquisition and processing software. Table 1
shows the specifications of the RMLD-UAV system.
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Figure 1. (a) The images of the RMLD-UAV; (b) diagram of the basic premise of RMLD operation.

Table 1. RMLD-UAV specifications.

Parameters Details

Purpose Natural gas leak survey and quantification
Size 61-cm diameter, 23-cm depth

Weight 1.5 kg with battery
Energy System 5 AH 4S LiPo battery
Flight Range Within visual sight (<600 m) of base station

Survey Altitude 10 m, typical
Endurance 30 min

Visual Detectability Gray/black color scheme
Max Speed 15 m/s

Max Wind Speed Resistance 13 m/s
Temperature Range +0–+40 ◦C
Inclement Weather Designed for all weather operation

Control Handheld mission controller
Ground Control Station (GCS)

Lost Recovery GCS locates after remote landing
CH4 and GPS Data Class 1 Bluetooth

Video Data 680 × 480, 5.8-GHz analog transmission
UAV Storage System stows in the 46 cm × 61 cm × 25 cm case

The RMLD-UAV system is centered on the RMLD technology, which is widely deployed
worldwide for natural gas leak surveying. This eye-safe laser-based CH4 detector that surveys
natural gas infrastructure complies with EN 60825-1 MPE for an eye-safe Class 1 laser at 1650 nm with
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a 0.01-W output. RMLD detects CH4 with 5-ppm-m sensitivity at a distance from 0–15 m compared
with the 200-ppm-m sensitivity of the Pergam Laser Methane Copter (LMC) [56]. The basic RMLD
operating principle is shown in Figure 1b [57,58]: An infrared laser beam exits a transceiver unit and is
projected to a surface. A fraction of the beam is scattered from the surface and is captured and focused
onto a photodetector. The received laser power is converted to an electronic signal. The wet mixing
ratio of CH4 is obtained by processing received signals. Scanning the laser beam across gas plumes
results in rapid gas analysis. The laser beam width is 1 cm at the transceiver and about 15 cm at 10 m.
Operating as an open path sensor, the RMLD-UAV laser beam aims at the ground from the UAV and
measures column-integrated wet CH4 mixing ratios that average the variations in the vertical CH4

distribution, as shown in Figure 2. The temperature and pressure over the laser path are assumed
constant due to the low survey altitude (<10 m). The CH4 readings are reported in parts per million
meters (ppm-m).
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Figure 2. Conceptual schematic of RMLD measuring the same total amount of CH4 in the path of
the laser beam for two different scenarios: (a) a concentrated cloud of 50 ppm, 1 m in diameter, in a
background of 0 ppm, gives a reading of 50 ppm-m; (b) a uniform background concentration of 5 ppm
over 10 m also gives a reading of 50 ppm-m.

The system calibration includes two parts, zero calibration and span calibration, which are the
common routines in gas analyzers. The zero point is measured with the laser projected over a short
path length (~1 m). Span is measured by projecting the laser through a sealed glass cell containing
the equivalent of 900 ppm-m CH4. The slope of the line connecting the two points is the calibration
constant that converts measured raw signals to ppm-m. The calibration is conducted when the
sampling site is changed or under some other circumstances, which may result in the change of general
sampling elevation or meteorological conditions.

Sensor technology is a limitation for the use of small lightweight UAVs. Until recently,
there were few high precision CH4 instruments suitable for such a platform. Backscatter Tunable
Diode Laser Absorption Spectroscopy (TDLAS) is the main technology of the RMLD to deduce
column-integrated CH4 mixing ratios over the straight laser path. The measurement principle is
absorption spectroscopy. Most simple gas-phase molecules have a near-infrared to mid-infrared
absorption spectrum, which consists of a series of narrow, well-resolved, lines, each at a characteristic
wavelength. Because these “absorption lines” are well spaced and their wavelengths are well known,
the mixing ratio of any species can be determined by measuring the magnitude of this absorption as a
laser beam passes through a gas cloud. In the TDLAS system, a diode laser emits light at a well-defined,
but tunable wavelength corresponding to a specific absorption line of the target gas, which is free of
the spectral interferences from ambient gases. TDLAS has low cross-sensitivity and is able to detect
single gases [59]. The wavelength centers on 1.6 µm when CH4 is the targeted gas and other gases
in the ambient air are invisible. Active TDLAS sensor has several attractive features, such as reliable
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laser sources, low power consumption (<1 W), ambient temperature resistance (−20 ◦C~50 ◦C), highly
compact, continuously operating, minimal maintenance and acceptable cost [60]. There are also some
adverse conditions that may affect the leak detection, such as precipitation or other obstructions in the
line of the targeted sources.

The laser’s fast tuning capability is exploited by the sensor to rapidly modulate the wavelength.
The response to the wavelength modulation is an amplitude modulation at the detector. The amplitude
modulation arises from two sources: (1) the transmitted laser power sinusoidally modulating at
frequency ωm and (2) the absorption due to target gas occurring at precisely twice the modulation
frequency 2ωm since the target gas absorption line is swept twice in each modulation cycle. The average
values of the amplitude modulations atωm and 2ωm are analyzed by the signal processor, which are
Signals 1 and 2, respectively. Signal 1 (F1) is proportional to the received laser power, while Signal 2 (F2)
is proportional to the combination of the received laser power and the path-integrated concentrations
of the target gas. Therefore, the ratio F2 over F1 can be taken to reflect the analyte abundance, which is
independent of the received laser power [61]. This feature enables the sensor to properly track mixing
ratios despite changes in laser power transmitted across the optical path. The laser power change can
appear, for instance, due to the variability in reflectance of illuminated backscatter surfaces or dust in
the optical path. This feature is critical in RMLD-UAV applications since the reflectance of the targeted
surface from which the backscatter signal is received changes continually in a mobile system. The phase
demodulation and lock-in amplification technique in the RMLD is called Wavelength Modulation
Spectroscopy (WMS). The laser is initially “tuned” to the center of the absorption line via temperature.
The laser wavelength is then scanned repeatedly across a portion of the spectral absorption line via
its injection current, thus producing an amplitude-modulated signal of the laser power received at
the detector. Radio receiver technology is used to process or demodulate the small signal to yield an
output indicating a molecular concentration in target gas. WMS measures the absorbance of 10−5 or
less with 1 s or faster response and has a highly sensitive and fast capability to realize spectroscopic gas
analysis. It can provide a sub-ppm chemical detection limit with sub-second or faster response time.

There are several limitations that constrain the application of the UAV system. Small UAVs are
subject to significant payload restrictions, short flight endurance, network communication limits and
FAA flight restrictions compared to larger manned aircraft. Despite these limitations, small UAVs have
distinct advantages over their manned counterparts in terms of relatively low platform cost, operation
flexibility and capability to perform autonomous flight operations from take-off to landing. The UAV
we used is a customized rotary wing drone with the electric quadcopter motor model propulsion
system, MT 2216-9 KV 1100. This miniaturized UAV has a relatively low operating speed, but it
allows hovering status for close proximity inspection. The composition of the UAV includes plastic,
carbon composite and aluminum frame elements and electronic circuit boards. The UAV is equipped
with a small size, lightweight visible-spectrum camera (NTSC RS-170, 5.8-GHz analog transmission),
providing a view of the area interrogated by the laser.

The commercial RMLD product is a two-component device comprising a 2.7-kg control unit
carried by a shoulder strap attached by an umbilical cable to a 1.4-kg handheld transceiver. Traditional
RMLD’s portable, battery-powered configuration is designed and developed for walking investigations,
which simplifies the work of surveyors compared to the traditional flame ionization detectors.
Traditional RMLD is a manually-operated gas analyzer without a positioning system and can only
detect the gas leak and measure the gas path-integrated mixing ratio in ppm-m without locating the
leak position. In order to develop the sensor to be mounted onboard a UAV and match the current
capabilities of the UAV while maintaining CH4 detection sensitivity, the decade-old technology
has been improved and the sensor has been scaled down to an appropriate Size, Weight and
Power (SWaP) with respect to the manageable payload. Some technical developments have been
achieved to realize the miniature integrated devices serving the RMLD-UAV, such as opto-mechanical
design, detailed electronics design, power consumption, integrated circuit electronics and wireless
transmitters. Specifically, the original near-IR Distributed Feedback (DFB) laser was replaced by a
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3.34-µm DFB-Interband Cascade Laser (ICL); the transceiver size was reduced while still allowing
flight up to a 10-m altitude; the circuit board was reduced to 77 cm2 from the previous 232 cm2 to fit
the miniature UAV footprint; and a 2.4-GHz encrypted radio link for wireless data exchange with
the ground control station was added. Mini-RMLD is a single compact unit weighing approximately
0.45 kg and shares its battery with the UAV. It includes GPS and Bluetooth, which can realize real-time
data acquisition and transmission. Coupled with the preprogrammed quantification and localization
software, the semi-autonomous RMLD-UAV system can provide estimations of leak rate and source
location, as will be described in the following sections.

2.2. System Operation and Data Acquisition

As a semi-autonomous system, on the one hand, a pilot initiates the launch of the UAV and
controls the recovery via the UAV-side mission controller. On the other hand, the drone can be flown
autonomously with preprogrammed electronic flight plans using the laptop-based custom Ground
Control Station (GCS).

The mission controller displays the flight information and status derived from flight
instrumentation. The UAV can be navigated visually using the controller unit and return to taking-off
and landing automatically. Recent advances in control have made unstable platforms such as small
UAVs more reliable and easier to operate, reducing the risk of payload damage and accidents in general.
RMLD-UAV has a redundant system, and emergency procedure commands are immediately available
to the UAV pilot. The pilot can take control at any time and manually pilot the UAV. Alternatively,
the UAV pilot can also select the “Return to Home” function on the remote, and the UAV will return to
its starting position. A built-in GPS supplies position information that is used by the UAV system to
realize waypoint navigation, as well as to synchronize the RMLD data. The waypoints describe the
three-Dimensional (3D) location of the drone at that point in the flight path, with a latitude, longitude
and altitude. In the field tests, the intended survey altitude is around 10 m, at which height the signal
of the background level CH4 is relatively stable and low, and RMLD-UAV endeavored to maintain
at the steady flight height during a sampling mission in order to subtract the background column
and offset the influence of the ambient signal. The influence of the background CH4 signal increases
notably with flight altitude above 10 m, which will be discussed in detail in Section 3. Flight plan
updates can be issued while in flight. The mission controller handles the receipt of target waypoints
and emits telemetry and mission status packets to the GCS.

The GCS is full-featured for the autopilot platform with a custom mission planner software.
It provides an intuitive and simple Graphical User Interface (GUI) and Google Maps Application
Program Interface (API) with which waypoint missions can be defined and autonomous flight paths
can be planned, saved and uploaded into the UAV. In addition, this GCS is deployed with software
that can process the collected data and analyze the leak rate and leak location in several seconds. In the
future, the system will continually and autonomously monitor targeted sources via the combination of
two approaches: fence area monitoring and daily routine detection.

However, the RMLD sensor cannot directly supply the information of source location and the leak
rate of gas emissions. Leak localization and quantification procedures and algorithms are required.
The RMLD-UAV system acquires data during a 15–20-min flight mission, and then, the measurements
are processed in near-real-time (several minutes within landing) by leak localization and quantification
algorithms to provide estimations.

2.3. Quantification Algorithm

Besides the RMLD-UAV technologies, an accurate quantification algorithm is also a crucial factor
to estimate the leak rates and guide the further investigation. The mass flux is broadly defined as the
flow rate of a species per unit area of a defined cross-sectional plane downwind of the source. For most
atmospheric calculation cases, the spatial gas density and wind are not homogeneous within a source
domain. Thus, the standard calculus approach needs to be applied to solve problems by dividing the
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cross-surface into pieces, finding the flux at each segmented surface and integrating the small units
to get the total flow rate. Therefore, in the mass balance approach, the flow rate (q) of gas through a
vertical plane downwind of a source domain is estimated as [62]:

q =
∫ H

0

∫ W/2

−W/2
u × (X− Xb)dx dz (1)

where H and W are the vertical and lateral dimensions of the gas plume, u is the wind component
perpendicular to the plane and (X− Xb) is the enhancement of the gas mixing ratio above the
background, and the full integration over the limits of the plane yields an emission rate. In the
current RMLD-UAV sampling system, the horizontal wind is measured at one fixed location supplying
an approximate uniform wind speed to each segment. The direction of the wind component of each
segment can be obtained according to the angle between the mean wind direction and the orientation
of the vertical plane deriving from the laser track.

In the common analytical and numerical quantification approaches, the atmospheric transport
model needs to be implemented due to the distance away from the source, and the background gas
concentration needs to be known. In the aircraft-based mass balance approach, the measurements
of the point gas analyzer (e.g., CRDS) at multiple altitudes need to be integrated. As an open path
monitor, RMLD-UAV measures the vertical total amount of a specific gas parcel in the path of the
laser beam, indicated as

∫ H
0 X dz in ppm-m. Besides, the RMLD-UAV system can be close to the

leak source (several meters), eliminating the atmospheric dispersion and buoyancy effects. Typically,
a fugitive plume emitted from a point source travels in the direction of the mean wind and disperses
vertically and horizontally due to the mixing of turbulent eddies. Furthermore, the sampling system is
designed to scan a surface that encloses the leak source, creating an arbitrarily-shaped laser curtain
(e.g., cylinder). By convention, positive flux leaves a closed area, and negative flux enters a closed
area. Therefore, the upwind gas plume entering the laser path yields negative flux, and the downwind
plume leaving the laser curtain yields positive flux. During the computational process, the positive or
negative flux is determined along with the geometry operation. Combining the mass conservation
principle, the integration of all the positive fluxes and negative fluxes can counteract the influence
of the ambient CH4 signal, and only CH4 emitted from within the enclosed area yields a non-zero
net flux. An imbalance between the positive and negative fluxes indicates the existence of a leak.
Furthermore, due to the mass balance, fluxes of a series of concentric shapes that encircle the leak
source should yield the same leak rate results. The error contributions of unsteady winds on the leak
rate estimations can be diminished by averaging the multiple results from each cycle. Figure 3 shows
the two sampling examples of the internal leak source and external leak source of a well pad. Multiple
concentric trajectories were conducted within the well pad area. By integrating the negative fluxes
(greenish arcs) and positive fluxes (reddish arcs) of each circle and averaging the net flux of each circle,
the leak rate (Q) of the targeted source can be estimated as:

Q =
∑n

i=1 qi

n
(2)

where n is the number of shapes that enclose the leak and q is the total flux of each enclosed path.
The flowchart of the basic calculation algorithm is shown in Figure 4.
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3. Sampling Strategy Attempts and Quantification Results

We conducted several field tests and iterated through several stages of sampling strategies
depending on the development progress of the system since May 2015. A series of field tests was
conducted at five test sites: (1) New Jersey site, PSE&G Edison Training facility; (2) Texas Site 1,
Blimp Base Interests in Hitchcock; (3) Plaistow site in New Hampshire; (4) Texas Site 2, Heath
consultants /Physical Sciences Inc. validation platform site in Houston; (5) Colorado site, Methane
Emission Technology Evaluation Center (METEC). At the New Jersey site, Plaistow site and Texas
sites, controlled emissions were from 99.5% pure CH4 and metered by a Dwyer RMB-52 flowmeter.
A specific gravity correction factor was used since the meter was calibrated for air. The correction
factor equation is:

Q2 = Q1 ×
√

1/S.G. (3)

where Q2 is the standard flow rate, Q1 is the observed reading of flow rate and S.G. is the specific
gravity of CH4, which is 0.5537. At the Colorado METEC site, the release was pipeline gas, and flow
rates were controlled by orifices.
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In the early stages, several trials were designed and implemented to test the feasibility
of the first-generation mini-RMLD to evaluate the performance of the calculation algorithm.
These introductory tests were conducted at the New Jersey site and Texas Site 1 during May 2015–May
2016. In these trials, the RMLD or mini-RMLD was fixed on two rotating devices aiming down to the
ground below. The conceptual sketch of both example systems is shown in Figure 5. The average
wind speed was obtained from a local anemometer. These preliminary tests have led to multiple
combinations of sampling strategies and flux calculation algorithms and provided valuable lessons.
It was found that the signal of elevated CH4 was more obvious in the larger leaks, and the influence of
background noise was more crucial in small leak cases. Besides, the largest errors were associated with
extremely small leak rates. Furthermore, multiple rotations improved final leak rate estimation under
the steady wind conditions. The initial measurements validated the performance of the quantification
algorithm and the practicability of using mini-RMLD in a rotating system.
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Figure 5. (a) System configuration of a field test based on a spinner system. RMLD was fixed on
a small spinner 1.8 m from the ground on the side of a vehicle and generated a tilted cone-shaped
sampling path. (b) Conceptual schematic sketch of a trolley system. The first-generation mini-RMLD
was fixed on a trolley travelling along a rotating boom 1 m above the ground. Mini-RMLD moved at a
constant speed (5 rpm) aiming down to the ground below, and the sampling laser formed a cylindrical
sampling track (bounded by blue ellipses). Data were recorded at 10 Hz (i.e., each data point in a
rotation represents 100-ms average CH4 measurements).

After verifying the capability of traditional RMLD and mini-RMLD using several rotating devices,
the RMLD-UAV system was integrated, and the semi-autonomous system has been available for
measuring CH4 leaks since June 2016. Figure 6 shows the first test flight conducted in Plaistow, New
Hampshire. Several transparent CH4-filled plastic bags (30 cm × 30 cm, 100% CH4 with a thickness
of about 1 cm) were fixed on the ground as the simulated leak sources. Viewed from the on-board
camera with superimposed flight data, it was demonstrated that each pass over a leak source yielded a
large CH4 measurement spike. At low altitudes, passes over bags also increased F1 signals due to the
increased reflectance of the bag surface. From 18:59:05–19:01:25, the RMLD-UAV flew over a swamp
showing the largest background level CH4 signals due to both swamp gas CH4 and noise of rather
low laser power (low F1). In this test, multiple passes at various heights over source bags illustrated
the detecting capability of the RMLD-UAV system. CH4 and F1 signals vs. height demonstrated the
operating range and sensitivity of the system. One thing noted was that, under the designed survey
altitude (<10 m), the detected background CH4 signal by RMLD-UAV maintained at a steady lower
level; whereas the background level path-integrated CH4 mixing ratio increased markedly with a flight
altitude above 10 m. Compared with the signal of the simulated CH4 sources with extremely high
concentration, the background path-integrated CH4 mixing ratios seemed too high (the green line of
the CH4 signal was noisier and as high as around 100 ppm-m at an 18-m height). By checking the
raw signals of the mini-RMLD, an increase of mini-RMLD noise with the movement was discovered.
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The noise source was traced to an optical component that failed to meet specifications. The situation of
excess noise was improved for the next-generation mini-RMLD in the following field tests.Atmosphere 2017, 8, x FOR PEER REVIEW  11 of 22 
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Figure 6. RMLD-UAV first flight test. The green line is the path-integrated CH4 mixing ratio (ppm-m);
the blue line is the F1 signal of the RMLD, which is the return signal strength; the red line indicates the
altitude of the RMLD-UAV. The flight statuses are labeled. The picture inset shows the location of the
methane-filled bags and of the swamp.

Some follow-up flight tests were deployed at Texas Site 1 to estimate the system performance and
to find the optimal flight pattern. The simulated leak point was set manually in the field. Due to the
restrictions of system manipulation (waypoint navigation) and data acquisition needs, some regular
geometric sampling shapes with relatively few waypoints were tested. The flight height was around
5–10 m. The particular flight patterns were preprogrammed, and the synchronized GPS data indicated
the exact data points and flight path of the RMLD-UAV. Flight cases of a series of boxes and octagons
are illustrated in Figure 7, with controlled CH4 flow rates of 1.59 ×10−4 standard cubic meters per
second (m3/s) and 2.12 ×10−4 m3/s, respectively. The calculated leak rate was 2.33 ×10−4 m3/s in the
octagon case, and the estimation of box case was 3.22 ×10−4 m3/s. It is easy to observe that the actual
flight path did not perfectly follow the preprogrammed path. In addition, there were roving behaviors
near waypoints in both flight patterns. The vehicle maneuvered typically up to several minutes until
it was within 1 m of a particular waypoint. The redundancy of data points near waypoints added
error to the result estimation due to the error in the surface integral calculation. This indicated that an
alternative flight pattern was needed to overcome the imperfect sampling system and to improve the
accuracy of the quantification results.

From March–July 2017, multiple further field tests were conducted at two Texas sites (Site 1
and Site 2) and the Colorado METEC site to optimize the flight strategy and evaluate the system
performance when surveying simulated natural gas infrastructure. RMLD-UAV flew at the maximum
design altitude (10 m). The anemometer was set near the sites. Table 2 shows the specific deployment
information for each test.
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Figure 7. Two examples of the flight test conducted at Texas Site 1. Red crosses indicate the leak
source. The color and size of the dots represent the magnitude of path-integrated CH4 mixing ratio.
(a) Concentric octagons flight path: colorized data points are the actual CH4 measurements from
RMLD-UAV. The red lines show the preprogrammed flight path. (b) Series of boxes flight path.

Table 2. Deployment of field tests from March–July 2017.

Timeline Site Duration Objective Flight Track Attempts

March 2017 Texas Site 1 6-day Preliminary test control and
data acquisition software

Series of boxes,
downwind screen

April 2017 Texas Site 2 8-day Walking test Series of boxes, random
full coverage

May 2017 METEC, CO 2-day Ad hoc test Zigzag, perimeter zigzag,
roving near leaks

June 2017 Texas Site 1 12-day Flight test Random hovering,
Perimeter zigzag, raster-scan

July 2017 METEC, CO 5-day R1 test Raster-scan

Several months of testing led to various flight track attempts and different iterations of flux
algorithms. Flight pattern and sampling strategies investigated included series of boxes (a series
of concentric squares of flight path formed around the leak source), downwind screen (a sampling
conducted in the downwind of the leak source), random full coverage (a random flight covering the
whole test field), zigzag (a jagged flight pattern, which is made up of small corners at variable angles
between the field boundaries), perimeter zigzag (a zigzag flight pattern plus a perimeter sampling
around the field boundary), roving near leaks, random hovering and raster scan (a pattern in which
the flight path sweeps horizontally left-to-right and then retraces vertically up-to-down). Some lessons
can be learned from the flights and data: simple flight patterns (e.g., series of boxes) were irregular
and imprecise under unsteady wind conditions; more data, especially near the leak source, were
better to enable an averaging process and convergence to an acceptable accuracy upon collecting
sufficient statistics. Based on these tests, the raster-scan flight track, which covered the whole test field,
was found to be the optimal strategy for operating the system and quantifying the emission leak rate,
as shown in Figure 8a. The field needed to be fully scanned, and no specific flight pattern was required,
which was easier to implement. After executing a coarse scan of the test field, measurements from
RMLD-UAV were processed via a MATLAB routine. The inputs included CH4 measurements, wind
information and 3D (latitude, longitude and altitude) locations of each data point. The program output
an array of uniformly-spaced pixels with interpolated values from the original randomly-spaced data
points. The interpolation method we used was the triangulation-based natural neighbor interpolation,
which was an efficient tradeoff between linear and cubic. The generated interpolated heat map is shown
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in Figure 8b. By conducting several tests, the leak localization method based on finding maximum
CH4 measurement pixel was proven to have the most reliable performance [55]. Thus, the max-CH4

measurement pixel was considered as the leak source position. In Figure 8c, multiple concentric boxes
are traced and developed around the max-CH4 pixel center to calculate the leak rate. The averaged
wind speed and wind direction during one particular case period were used to eliminate the influence
of wind variation. The final leak rate estimation was calculated by averaging the total flux of 10 boxes
in this case.
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around the possible source was needed to deal with the limitation of this approach. It is significant 
to remind that wind condition was crucial to the leak rate estimation. Further analysis of the results 
and method accuracy considering different wind conditions are discussed in the next section. This 
preliminary algorithm was encouraging, but not optimal. A refined algorithm needed to be 
developed to improve the quantification method upon the mass balance algorithm. The further 
development and the investigation of several alternative algorithms are described in the companion 
paper of this work [55]. 
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(less than 1  × 10  m3/s); however, some of the positive leak cases also had estimates below  
1  × 10  m3/s. The zero-leak cases were difficult to determine exactly using the quantification 
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the algorithm and variable atmospheric conditions. In addition, the experience of previous field test 
pointed out that the mini-RMLD had unreliable performance in detecting leaks under 7 × 10  m3/s 
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Figure 8. An example of the field test in the well pad site: (a) The overlay picture shows the structure
of the 10 m × 10 m field site and raster scan trajectories (red line) with several waypoints (indicated
by the numbers in the small boxes) covering a field test area. (b) Interpolated map of path-integrated
CH4 mixing ratios; the color legend depicts the magnitude of the measurements. (c) The schematic of
the quantification algorithm implemented by encompassing concentric boxes around the maximum
path-integrated CH4 mixing ratios pixel to get the averaged leak rate estimation. The boxes’ numbers
are labeled.

The performance of this approach is illustrated in Figure 9. The estimations were obtained from
all the datasets shown in Table 2. It can be ascertained that this mass balance-based algorithm on
average tended to underestimate leak rate, as shown in Figure 9a. Theoretically, only the max-CH4 data
point located near the center of the interpolated map could generate multiple boxes and could ideally
supply a good estimation by averaging the results of multiple boxes. A secondary finer scan around
the possible source was needed to deal with the limitation of this approach. It is significant to remind
that wind condition was crucial to the leak rate estimation. Further analysis of the results and method
accuracy considering different wind conditions are discussed in the next section. This preliminary
algorithm was encouraging, but not optimal. A refined algorithm needed to be developed to improve
the quantification method upon the mass balance algorithm. The further development and the
investigation of several alternative algorithms are described in the companion paper of this work [55].

In order to calibrate the system and evaluate the performance of the quantification algorithm,
several zero leak tests were also conducted. The calculated leak rates are shown in Figure 9b. The mass
balance quantification algorithm yielded very small numbers of leak rate for the zero-leak cases (less
than 1 ×10−5 m3/s); however, some of the positive leak cases also had estimates below 1 ×10−5 m3/s.
The zero-leak cases were difficult to determine exactly using the quantification algorithm alone due
to the systematic errors, the noise of the mini-RMLD, the numerical principle of the algorithm and
variable atmospheric conditions. In addition, the experience of previous field test pointed out that the
mini-RMLD had unreliable performance in detecting leaks under 7 ×10−6 m3/s (~1 Standard Cubic
Feet per Hour (SCFH)). Taken all together, the zero leak cases were hard to clarify. Other parameters
that could constrain the zero-leak calculation needed to be considered. As a proposed indicator,
skewness was introduced and is discussed in detail in next section.
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4. Uncertainty Analysis and Zero-Leak Investigation

4.1. Uncertainty Analysis

According to the quantification algorithm, there are three key quantities that influence the final
estimations: wind information from the in situ weather station, CH4 measurements from RMLD and
data position from GPS. It is important to understand the effect of different ambient circumstances
and the possible errors of particular measurements may have on emission estimations. As an ongoing
project, the instrumentations keep being improved and updated. In order to evaluate the influence
of these quantities and their associated uncertainties, the influence of wind condition was analyzed,
and random noise was added to the mixing ratio measurements and GPS position measurements.

The system performance under different wind conditions was analyzed to understand the
influence of wind and to find the optimal operating protocol. As a vector quantity, there are two
aspects of wind that need to be considered, wind speed and wind direction. From the intuition of gas
plume dispersion, the magnitude of wind speed and the variation of wind direction are two major
factors influencing the leak rate estimation. The leak rate resulting errors versus Wind Speed (WS) and
Standard Deviation of Wind Direction (STDV_WD) are plotted in Figure 10. Each corresponding WS is
the average value calculated from the ground-station measurements during each sampling (15–20 min),
and the STDV_WD is also obtained within each sampling duration. It turns out that there is a negative
correlation (r = −0.62) between the resulting error and WS, while the correlation between the resulting
error and the STDV_WD is moderate positive (r = 0.47). This partly confirms the intuitive expectation
that higher WS and steadier WD can lead to lower errors and better leak rate estimations. The results
suggest that wind speed plays a larger role in the quality control of the leak rate estimations regarding
wind conditions. It is also important to note that the cases with the extremely variable wind directions
(STDV_WD > 40 degree) have larger resultant errors and have a major influence on the stated positive
correlation. The calculated p-value was 3% (<5%) indicating a statistically-significant result.

Given the dependence on wind conditions found, the results of Figure 9 were interpreted
separately under preferred or bad wind conditions, as shown in Figure 11. The wind information of
all the field tests was investigated, and two criteria regarding WS and STDV_WD were determined
to define good or bad wind conditions. Two-point-three meters per second and 33.1 degrees are the
thresholds of WS and STDV_WD, respectively. A good wind condition is defined to have both a WS
that is larger than 2.3 m/s and steady WD, of which STDV_WD is smaller than 33.1 degrees, whereas a
bad wind condition does not meet one or both of the criteria. About half of the tests (24) had good
wind conditions, and 23 cases were under a bad wind condition. It can be seen that performance of the
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method has approximately 50% accuracy (highest density) in good wind cases, and the accuracy in
bad wind cases is around 100%, excluding some outliers.Atmosphere 2017, 8, x FOR PEER REVIEW  16 of 22 
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The influence of raw CH4 measurement errors on the leak rate calculation needs to be clarified.
The effect of the atmospheric turbulence on RMLD-UAV can lead to GPS measurements errors,
which also need to be considered and investigated. A random number that followed the uniform
probability distribution was generated and added to each raw measurement. Specifically, 20% and
50% random noise were added to the original CH4 measurement, respectively, to simulate the sensor
uncertainty. One-meter and 2-m noise were added to the latitude and longitude data to consider the
GPS uncertainty. The newly calculated leak rate is compared with the original results to investigate
the influence of the added noise on the calculated leak rates. The leak rate deviation from the original
(relative leak rate error) is shown in Figure 12. The leak rate errors distributed within ±10% after
adding 20% noise to the mixing ratio measurements, and the errors distributed within ±25% after
adding 50% mixing ratio noise. These results are foregone conclusions in the sense that leak rate is
linearly related to CH4 measurements in the quantification algorithm. On the other hand, we can see
that the leak rate error increases with GPS noise. One-meter noise yields both positive and negative
errors in the leak rate estimations and generally results in errors within±40%; while 2-m noise tends to
yield positive errors on leak rate estimations, which is due to a larger cross-section at a larger distance
from the source.
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4.2. Identification of Zero-Leak Cases

In order to clarify the zero-leak estimations, the raw CH4 measurements are analyzed. Figure 13
shows the example CH4 measurements’ probability distribution. The measurements are filtered,
and only the data collected during flight are considered. It can be seen that zero-leak case has a
near normal Gaussian distribution in the lower CH4 values, which indicates the signal from only
background CH4. The signals are generally less than 20 ppm-m. In comparison, the non-zero-leak
case has a skewed distribution with a long tail on the right. The left clustered CH4 signal is from the
background, and the signal of the long tail is from the elevated CH4 leaks.
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From the effect on the CH4 distribution, we introduced skewness as an indicator to clarify
zero-leak cases. Skewness is a moment coefficient indicating the degree of asymmetry of the
distribution about the mean, defined as:

s = ∑N
i=1 (xi − µ)3/N

σ3 , (4)

where N is the number of data points, xi is an individual CH4 measurement of RMLD-UAV, µ is the
mean of x and σ is the standard deviation of x. The skewness of all the testing cases was calculated,
and the correlation between metered leak rates and skewness was analyzed to find the characteristic
of zero-leak cases in Figure 14. The correlation coefficient is 0.79, which means that larger leaks tend
to have larger skewness. If we calculate the skewness of all the zero-leak cases, it is easy to find that
all the zero-leak cases have skewness values less than 0.5, and all of the positive leak cases have a
skewness value above 0.5. Thus, the parameter of skewness is treated as a distinct zero-leak indicator,
and 0.5 is taken as the empirical threshold to clarify the zero-leak cases at this stage.
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5. Conclusions and Implications

RMLD-UAV is proven to have a reliable ability for monitoring fugitive CH4 leak rate through
a detailed suite of field tests. The configuration of the system can realize semi-autonomous
surveying missions, immediate data acquisition and visualization and near real-time localization
and quantification reporting. Several months of field testing contributed to optimizing the sampling
flight strategy and led to different iterations of flux algorithms. The mass balance flux calculation
algorithm incorporating a raster-scan flight pattern and interpolated concentration map tended to
underestimate the flow rates, and the detection limit of this method was around 7 ×10−6 m3/s (~1
Standard Cubic Feet per Hour (SCFH)). The wind condition plays a significant role in this method,
and the performance of the method is evaluated separately under good or bad wind conditions. Higher
wind speed and steadier winds are preferred to get better results. The accuracy of the method is
about 50% under preferred wind conditions (with higher wind speed and steadier wind direction) and
distributes around 100% under bad wind circumstances. Since a key motivation for characterizing flux
is to prioritize repairs, this magnitude of error is acceptable for practical use where real-world leak
rates may range over several orders of magnitude. The skewness is a promising indicator to clarify the
zero-leak cases and positive leak cases. The influences of some key parameters on the accuracy of the
quantification results are different. We found that GPS noise has the greatest impact on the leak rate
estimations. The up to 2-m noise of position measurements can add more than 100% error to the leak
rate results. However, the GPS device should have less than 1-m noise with the RMLD-UAV system.
In summary, better leak rate estimation requires high precision latitude and longitude data from the
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GPS; accurate wind measurements and favorable wind conditions; an appropriate flight pattern and a
relative steady flight height (~10 m) of the drone.

The RMLD-UAV system has advanced leak detection capabilities for monitoring and quantifying
CH4 fugitive leaks from the natural gas industry. RMLD-UAV is a preferred solution to complement
current methods that may have difficulty accessing wellhead sites and can help a wide range of
industries in emergency response situations. In the wake of Hurricane Harvey in late August 2017,
RMLD-UAV was deployed to inspect underwater pipelines around the Texas area for major leakage
areas that were inaccessible to vehicles and unsafe for walking due to flood water and hazardous debris.
Subsequent tests are about ready to be launched. The development and improvement of quantification
and localization algorithms are on-going and will be further executed in subsequent field tests. Other
related work is also under consideration to overcome the limit of the analytical method, such as the
development of a best algorithm selecting mechanism based on wind conditions; verification of the
system capability with multiple leak sources; and the establishment of vertical profiling. The lower
endurance and limited autonomy of small UAVs preclude them from use at larger sites, which need to
be addressed next. Additional effort is required to enjoy the benefits and overcome limitations and
other challenges to the use of this small robotic platform for air quality research.
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