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Abstract: In recent years, thanks to the great diffusion of drone technology and the development
of miniaturized sensors that can be connected to drones, in order to increase the sustainability of
landfills and oil and gas facilities, interest in finding methane leaks and quantifying the relative
flow has grown significantly. This operation requires the methane background concentration to
be subtracted from the calculations. Therefore, in order to proceed with a right estimate of CHy
flows emitted, the possibility of correctly measuring or estimating the background level becomes
crucial. The present work intends to illustrate the effects of different variables on the background-
noise measurement in a drone-based system that uses a tunable diode laser absorption spectrometer
(TDLAS). The methodology used is that of field testing; the data acquisition campaign consisted
of the execution of 80 flights during which different flight variables (drone speed, flight altitude)
were tested; the flights were repeated in different weather and climate conditions both during the
same day and in different periods of the year. Different surfaces, similar to those found in landfill or
natural gas sites, were also tested. In some of the field trials, a controlled methane release test was
performed in order to verify how much the quantification of the methane flow can vary depending
on the background level used. The results of the different field trials highlighted the best conditions
under which to measure methane emissions with a TDLAS sensor in order to minimize the number
of outliers: flight altitude not exceeding 15 m above ground level; the drone speed appears to have

less impact on the results, however, it is optimal between 1 and 2 ms~!

; a very sunny day produces
much higher methane background levels than a cloudy one. The type of surface also significantly
affects the measurement of background noise. Finally, tests conducted with a controlled methane
release highlighted that different levels of background have a significant impact on the estimation of

the methane flux emitted.
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1. Introduction

To tackle climate change, greater knowledge of the phenomena that determine it and
correct quantification of global warming gas emissions are necessary. Many European
legislative documents report this need, in particular in relation to methane given its extreme
importance as a greenhouse gas. Methane, in fact, is the second gas in terms of contribution
to climate change after carbon dioxide. It has a global warming potential 27.9 times greater
than that of carbon dioxide over a 100-year period [1] and is a powerful precursor of air
pollution, contributing to the formation of ozone, which in turn is harmful to human health.

The EU Methane Strategy to reduce methane emissions [2] reported that approximately
41% of global methane emissions come from natural sources, such as wetlands or fires.
The remaining 59% is the result of human (anthropogenic) activity, of which the major
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sources are agriculture (40-53%), the production and use of fossil fuels (19-30%), and waste
(20-26%). In the EU, 53% of anthropogenic methane emissions come from agriculture,
26% from waste, and 19% from energy. The document reports among the intersectoral
actions that a priority objective of the strategy is to ensure that companies apply, in the
various sectors, methodologies for measuring and communicating methane emissions
that are much more accurate than is currently the case. This will contribute to a better
understanding of the problem and better guide subsequent mitigation measures.

Key to delivering the EU Methane Strategy, the EU Regulation on methane emissions
reduction in the energy sector was adopted in May 2024. It aims to reduce the emissions
of methane into the atmosphere and to minimize leaks coming from fossil energy compa-
nies operating in the EU. The main rules introduced by the regulation include improved
measurement, reporting, and verification of energy sector methane emissions in order to
help understand the exact locations and volumes of methane emitted, allowing a shift from
estimates to direct measurements. The regulation requires the use of increasingly standard-
ized measurement methods including site-level measurement using sensors mounted on
unmanned aerial systems (UASs).

In recent years, thanks to the great diffusion of drone technology and the development
of miniaturized sensors that can be connected to drones, numerous applications of drones
have emerged in the field of environmental monitoring [3] and in particular of methane
emissions [4]. A thriving research stream is devoted to the setup of gas sensors [5-7] or
the use of nanomaterials for sensor optimization [8,9]. Numerous studies dedicated to the
search for and quantification of methane leaks are reported in the literature. The sectors
most affected are those of waste landfills and natural gas supply chain [10].

The use of drone-based systems for methane leak detection appears to be an attractive
solution even compared to traditional methods due to the numerous advantages that this
technology offers. The speed of the system, understood as the speed of both the UAS and
the data acquisition and processing by the sensor, guarantees the immediacy of the survey
results. This feature allows for monitoring large surfaces in short periods of time, achieving
not only greater productivity but also the possibility of immediately tracking potentially
dangerous situations. The UAS’s flexibility is needed for its use in various scenarios:
landfills with poor accessibility, irregular morphology, and difficulty in reaching some
areas. The instrument also offers the possibility of carrying out close and constant screening
over time in order to implement more widespread monitoring. Finally, the safety of the
operators must not be underestimated, since a survey via drone avoids physically carrying
out the landfill plan for a walkover survey. Naturally, the potential limitations inherent
in the proposed technology must not be overlooked to avoid nullifying the obtainable
advantages. In particular, it is necessary to proceed with an in-depth planning of the
intervention and an adequate management of the UAS in reference to the flight times that,
on average, are around 30 min per set of batteries. Furthermore, the development of sensors
is at a stage in which the detection equipment could suffer from some reliability problems
if not operated and maintained correctly. Finally, the intervention approach in the field
must be entirely designed in terms of the available drone and payload, requiring many
months for the correct setting of the equipment and the survey procedure in terms of the
site and the activities to be carried out.

Many experiences are recorded in the literature aimed at identifying and quantifying
the biogas emitted from landfills in the form of fugitive emissions and in particular the
methane component through the use of sensors mounted on drones.

We therefore find several application examples ranging from the search for emission
points [11-14] to the quantification of the methane flux emitted from landfills located
in various countries [15-17]. Other authors have carried out controlled methane release
tests to optimize flow quantification models [18] or to study some parameters of such
models [19-21].

The oil and gas industries, which handle large quantities of methane, must contin-
uously address their emissions and leakage into the atmosphere. Rapid identification of
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these leaks is crucial. In this sector there is a growing interest in emissions measurements
made via drone on natural gas infrastructure. In [22] the authors describe a measurement
technique needed to accurately quantify and mitigate greenhouse gas emissions. A minia-
ture tunable diode laser absorption spectrometer (TDLAS), mounted on both fixed-wing
and multi-rotor unmanned aerial vehicles, was employed to accurately quantify methane
emissions from oil and gas assets. Another study [23] focused on the applications of
air-borne methods for inspections of natural gas pipelines. The main goal of their study
was to test an unmanned aerial vehicle (UAV), equipped with a remote sensing methane
detector, for detection of natural gas leaks coming from the pipeline network. A study [24]
explores source detection of a drone-based system with controlled releases. The authors
examine different detection algorithm parameters to understand trade-offs between the
false positive rate and detection probability.

For the quantification of the methane flow emitted from a landfill or a natural gas
facility, many intervention models have been developed, which are essentially based on the
mass balance approach or on the Gaussian plume inversion model. Both methodological
approaches require the methane background concentration to be subtracted from the
estimated emission flows.

Therefore, in order to proceed with a right estimate of the methane flows emitted, cor-
rectly measuring or estimating the background level becomes crucial. In general, this aspect
is considered secondary and the main focus is on the definition of the estimation model
or on the best interpolation method. The effects that background can have in this exercise
are often underestimated but, as demonstrated below, can be very significant. Regarding
measurement techniques, the background level is measured by carrying out one or more
upwind flights outside of the emission plume. For example, in [19] the authors sample
different vertical heights to ensure sampling of local background values, using a quantum
cascade laser spectrometer (QCLAS); local variation of measured background values was
then corrected using the robust extraction baseline signal algorithm developed by [25].

In [26], instead, the background is estimated starting directly from the measurement
data collected on a landfill using a sensor based on off-axis integrated cavity output
spectroscopy (OA-ICOS); since most of the points measured on the site do not contain
methane emissions, the mode of measurements is considered to be a representative mean
of the methane background concentration.

The sensors mentioned measure the concentration values directly at the points crossed
by the UAV. The situation is very different when using a sensor based on tunable diode
laser absorption spectroscopy. In this case, the laser emits light (spectral range of 1.65 um),
which reflects from the ground and is captured by the sensor. The outgoing and incoming
signals are compared with the built-in reference cell. If methane is present along the laser
path, the laser light is partially absorbed. An algorithm calculates the gas concentration
in parts per million multiplied by meter (ppm*m). This type of sensor therefore does not
measure a concentration along the path of the drone at the altitude at which it is located but
instead measures the column of methane between the drone and the ground. This type of
measurement is therefore affected not only by the actual concentration of methane present
in the background but also by the way in which the light emitted by the laser is reflected
and then absorbed by the sensor, generating background noise.

Using a TDLAS sensor, therefore, the methane background measurement contains
both the actual methane concentration present in the atmosphere and the background noise
of the sensor.

The present work intends to illustrate the effects of different variables on the background-
noise measurement in a drone-based system that uses a sensor based on tunable diode laser
absorption spectroscopy. Since this technology has an ever-increasing number of users
engaged in estimating methane flows emitted from landfills or gas supply chain plants, it is
important to know the advantages and limitations of this technology and the variables that
affect the measurements carried out with this type of sensor. The objective is to identify
the most suitable flight setup when using this type of sensor which allows for obtaining
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the best-quality measurement data for the purpose of subsequent post-processing for
estimating the flow of methane emitted. The work tries to isolate the variables observed in
situations not contaminated by methane emissions so that the results can then be extended
to landfill or oil and gas sites.

The paper is organized as follows: firstly, the methodology used is described, which
consists of carrying out a series of field test campaigns; the equipment used and the
rationale for the survey are presented. This is followed by the section in which the results of
the tests performed are presented, then they are discussed in the light of other experiences
found in the literature. The main findings and future research conclude the work.

2. Materials and Methods

To evaluate the different effects of some variables on the measurement via TDLAS
of the methane background level, various survey campaigns were conducted via drone
which allowed the collection of experimental data in different ambient situations. The data
acquisition campaign consisted of the execution of 80 flights during which different flight
variables (UAV speed, flight height) were tested.

2.1. Surveys Design and Locations

The surveys were carried out in areas where there were no methane emissions; in
particular, the chosen areas are in Apulia (Italy) (Figure 1a) and are represented by:

- asuburban area (SA) on the outskirts of the city: the area is characterized by the
presence of buildings surrounded by concrete surfaces and green areas (Figure 1b);

- anindustrial area (IA): dedicated mainly to metalworking production; an area charac-
terized by a gravel covering was chosen (Figure 1d);

- an agricultural area (AA) dedicated to the production of durum wheat (Figure 1c).

- The surveys were designed to test the following controllable variables:

- various flight altitudes: heights of 7, 10, 15, 20 m above ground level (AGL) were
generally tested; in some cases even higher heights were tested (25, 30, 40 m AGL);

- various UAV speeds: speeds of 1, 2, 3, 4 ms~1 were generally tested; in some cases the
flight was carried out when hovering or at the very low speed of 0.5 ms~1;

- various overflight surfaces: areas covered with very short grass or tall grasses were
flown over, others were made up of concrete bricks or white gravel. The former
surfaces can typically be found in waste landfills while the latter in sites hosting
gas infrastructure.

A non-negligible disturbance component linked to different factors is expected in the
measurements taken by the drone; in fact, from the point of emission (soil), the original
emission signal (i.e., the concentration at the soil-atmosphere interface) can be altered by
weather—climatic conditions (e.g., windiness, humidity, temperature, etc.).

Therefore, some of the surveys were repeated on the same sites to consider the varia-
tion of the following elements:

- time of day at which to carry out the survey: different hours of the day correspond
to different solar radiation present on the site which can affect the reflection of the
laser light; even the presence or absence of shading at different times can have the
same effect;

- degree of sky coverage: the presence or absence of clouds in the sky also affects the
reflected radiation that backscatters to the sensor; a survey was repeated on a day
characterized by a sky completely covered by clouds;

- wind intensity: the wind can cause different stresses to the drone during flight,
determining a different level of oscillation which in turn affects the oscillation of the
beam transmitted by the laser; even the cover on the ground can move in the presence
of wind (think, for example, of tall grasses) and this can affect the return reading to
the sensor.
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Sub-urban area
Agricultural area
B Industrial area

Figure 1. Places where the surveys were carried out located in Apulia (Italy): (a) map of towns of
Apulia where the areas are located; (b) suburban area; (c) agricultural area; (d) industrial area.

2.2. Instrumentation

The instrumentation used consists of a monitoring system composed of two main
components: the aerial platform and the payload.

The aerial platform consists of a rotary wing drone, characterized by technical and
technological choices capable of guaranteeing the precision of the surveys: adoption of
an RTK system on the drone, interconnection of payload and drone via SDK ports, use
of multi-frequency radio control for the management of the drone in flight, intelligent
power system.

The payload mounted on the UAV is represented by a laser absorption spectrometer
for methane measurement using tunable diode laser absorption spectroscopy (TDLAS).
The laser is set to a data acquisition rate of 10 Hz; flying at a speed of 2 ms™! this means
that a spatial resolution of 0.2 m is obtained.

In each test campaign, environmental context data were also collected through a
portable weather station on the site; the monitored parameters were wind speed and
direction, atmospheric pressure, humidity, and air temperature; the weather—climatic
context in which the tests were carried out was also defined in descriptive terms.

In each survey the flight is conducted on the same straight path which is traveled
forwards and backwards several times in order to collect as much information as possible.
For the purpose of data analysis, the initial and final parts of the flight (acceleration and
braking) are then omitted; in fact, only the data set in which the drone had a constant speed
is considered.

The areas surveyed were considered to be definitely not emitting methane. In any case,
an on-ground survey was preliminarily carried out to ascertain this condition; the area that
would be overflown by the detector was scanned using a hand-held instrument. A portable
multi-function gas detector was used for the search for, localization, and classification of gas-
emitting points with selective sensors. This instrument uses a hybrid technology consisting
of a first range 0-1000 ppmv semiconductor technology and then uses IR technology
for measurements of higher concentrations (0.1-100% by volume). No trace of methane
emissions was found with this test.
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2.3. Controlled Methane Release Tests

In some of the field trials, a controlled methane release test was performed in order to
verify if the use of a different level of background in estimating the methane flows emitted,
as the specific conditions in which the measurement took place can lead to different results.

In this case the instrumentation used was characterized by a test set equipped with:

e  manometer (0-16 bar) for the display of the test gas can’s pressure;
adjustable flowmeter (0-80 Lh™ 1y,
connection for all test gas cans.

A can containing 99.5% CHy gas is connected to the test set.

Figure 2 shows the scheme used to carry out the controlled methane release test.
The CHy flow was kept at the maximum possible for the flowmeter used, i.e., at 80 Lh~!
(~3 standard cubic feet per hour—SCFH), while the flight was carried out downwind at
a height of 7 m AGL and at a horizontal distance from the release point of 2 m; the UAV
speed was 1 ms~! and the data acquisition frequency set to 10 Hz (this gives a spatial
resolution of 0.1 m).

7m
drone height

I
1
1
1
1
1
1 AGL
1

1

1

1

wind
direction

plume diffusion

2m
downwind
distance

Figure 2. Controlled release methane flow measurement test scheme.

The controlled methane release tests were conducted at a single flow rate; this flow
can be low but in many cases it can be compared to the fugitive emission of biogas from
the collar of a capture well in a waste landfill. The choice of a low rate lies in verifying
the functioning of the detection system when operating close to the measurement limit of
the instrumentation.

Once collected, data were analyzed in the post-processing phase according to the
following scheme:

1.  basic statistics of the data collected during drone flights as a function of the flight
characteristics;

2. application of specific functions or algorithms for correcting false positives;

3. analysis of the differences found in the various cases.

3. Results
3.1. Results and Elaborations of a Specific Survey

The rationale used for planning the surveys was to carry out the flights in different
seasons, repeat them on different days or at different times of the same day, and repeat
them on the same day flying over different surfaces, similar to those found in landfill or gas
sites. This type of approach allows us to isolate individual parameters, all other conditions
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being equal; for example, it is possible to compare flights carried out at the same speed and
at the same altitude with similar meteorological conditions on the same surface but carried
out at a different time on the same day to check whether this factor can lead to a variation
in the results and in particular a different degree of measurement error. Table 1 reports
the summary of the surveys carried out with an indication of the flight parameters, the
atmospheric conditions present at the time of the survey, and the surfaces flown over. From
the table we can see that the tests were carried out in different seasons. In the tests carried
out in the campaigns following the first one, it was decided to repeat the flights only at the
UAV speeds of 1 and 2 ms~1, as well as when hovering. This choice was derived from the
analysis of the data obtained in the first tests, which are better explained below.

Table 1. Summary information of the surveys carried out (Survey n. 1-8).

Parameters Survey n. 1 Survey n. 2 Survey n. 3 Survey n. 4
Date 6 February 2024 6 February 2024 7 February 2024 7 February 2024
Survey start time 10:00 15:00 9:00 12:30
Area * SA SA SA SA
Type of surface Short vegetation Short vegetation Short vegetation Concrete floor
M & & Concrete floor
Flight altitude 7,10,15,20 m 7,10,15,20 m 7m 7,10m
UAV speed 05,1,2,3,4ms ™! 1,2,3ms ! 0.5,1,2ms ! 1ms!
Weather condition Clear sky Clear sky Clear sky Clear sky
Average wind speed 22ms! 1.6 ms~! 1.7 ms™! 32ms™!
- Itis the repetition of the test
s - performed on the previous
Itis the repetition of th? test day (Survey n. 1) - Itis the repetition of the test
performed in the morning . i N .
Notes . - Similar weather conditions performed in the previous
- The laser beam falls into
- to the day before survey (Survey n. 3)
shadow (Figure 1b)
- Even on concrete floor
surfaces
Parameters Survey n. 5 Survey n. 6 Survey n. 7 Survey n. 8
Date 28 May 2024 28 May 2024 2 July 2024 5 July 2024
Survey start time 10:00 12:00 10:00 10:00
Area * AA AA 1A 1A
Type of surface Wheat field with tall plants White gravel road Gravel Gravel
Flight altitude 7,10,15, 20, 25,30 m 7,10, 15,20, 30,40 m 7,10,15,20,25 m 7,10,15,20m
UAV speed 1,2ms™! 0,1,2ms™! 1,2ms™! 2ms~!
Weather condition Clear, partly cloudy sky Clear, partly cloudy sky Clear sky Completely overcast sky
Average wind speed 42ms! 4.0ms ! 22ms! 31ms!

Notes

- Similar weather conditions
to the previous survey (n. 5)

- The underlying surface
changes

It is the repetition of the test
performed in the previous
survey (Survey n. 7) but with
completely overcast skies

*SA = Suburban area. AA = Agricultural area. IA = Industrial area.

Various factors can affect the sensor’s ability to carry out a correct measurement and,
therefore, in every test the presence of a certain number of outliers is found which must
be eliminated with specific correction algorithms. It should be noted that some TDLAS
sensors exhibit this behavior and, therefore, the problem of identifying outliers arises. In
these cases, the application of a correction algorithm can be useful. Figure 3 reports the
measurements on a logarithmic scale, in chronological order, of one of the flights carried
out for background measurement at a height of 10 m AGL and at a drone speed of 2 ms~! in
Survey n. 1; the presence of several methane peaks can be noted, which certainly represent
sensor reading errors which sometimes exceed 5000 ppm*m.
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Figure 3. Measurements obtained in one of the flights carried out for background measurement at a
height of 10 m AGL and at a drone speed of 2 ms~! with the presence of a notable number of outliers
(logarithmic scale). Black line represents the threshold above which the values are considered outliers.

The main reason for the generation of false positive measurements lies in the scanning
of non-homogeneous surfaces: the detector moves on a horizontal line where the continuous
change in the reflectance of the target surface can cause errors in the backscatter beam
reading. This error is amplified by the presence of sunlight. Even sudden correction
movements of the drone oscillations in the air, due to strong winds, produce the same effect.
These topics will be further addressed in the Discussion section.

For the purposes of subsequent analyses, incorrect readings must be identified and
deleted; to this end, a procedure was adopted which in an iterative process uses a threshold
of 20 above the mean to eliminate false positives [27]. The black line in Figure 3 represents
the threshold above which the values are considered outliers (98 ppm*m).

In the case examined previously, the acceptable measurements representing the back-
ground become those shown in Figure 4, where the high peaks are no longer present.
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Figure 4. Flight measurements at 10 m AGL and at a speed of 2 ms~! corrected with the application
of a specific algorithm.

This procedure appears to be the most effective in eliminating an adequate number of
outliers, compared to other tested procedures, in the case of measurements carried out with
a TDLAS sensor; in fact, although, as shown in Figure 5, the frequency of the values cannot
be perfectly assimilated to a Gaussian curve and the skewness is actually equal to 1.44, at
the same time the algorithm used allows balancing of the need to eliminate an adequate
number of outliers with that of not reducing the background value too much which would
lead to the creation of a large number of false positives in the next steps of the analysis.
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Figure 5. Frequency of corrected methane background measurements of the flight conducted at 10 m
AGL and a speed of 2 ms~ 1.

3.2. Basic Statistics of the Tests Carried Out

Figure 6 shows the processed methane background data measured in the various tests
performed in the suburban area; the figure shows for each test the mean and standard
deviation of the concentrations detected during the survey. The parameters that vary are
the flight altitude and the drone speed as well as the time of execution of the survey and
the type of surface flown over. It can be noted that in many cases the standard deviation
exceeds the mean, indicative of a strong variability of the measurements due to the presence
of many outliers.

very short grass

6% February 2024 10 a.m. 6 February 2024 03 p.m. 7™ February | 7™ February

very short grass - shaded surface 2024 2024
9a.m. 9-12a.m.
very short concrete
grass floor

methane (ppm*m)
-
2
3

staz

0051 2 3

7m7m7m7m7m7m

1
I

7m7m7m 7m 7m 10
m

2020 20 20
m m m m

7m7m7m

4. .1234.123‘»123.

0517271 .11
drone speed (ms)

mmean ®stand.dev.

Figure 6. Methane background measurements (mean and standard deviation) in the various tests
performed in suburban area.

Figure 7 shows the reprocessed results applying the developed correction algorithm;
it can be noted, in general, that all indicators are reduced with the consequent reduction
in variability.

Table 2 reports the basic statistics of the data collected during the flights undertaken
in the field trials carried out in the suburban area at a speed of 1 ms~!. The indicators
show that there is a strong variability in the measurements with very high values of both
the coefficient of variability and the skewness. A study [28] indicates that the skewness is
a promising indicator to clarify the zero-leak cases and positive leak cases. In their tests
they calculated that all zero-leak cases have skewness values less than 0.5 while all of the
positive leak cases tend to have larger skewness with values above 0.5. In our case, despite
being in the presence of a situation of zero-leak cases, the skewness values are all higher
than 0.5 in the initial registration, therefore highlighting the presence of measurement
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errors. The table also shows the results after the application of the iterative algorithm based
on the 20 threshold of measured observations. Indicators decrease, with the elimination of
more than 5% of outliers in some cases.
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Figure 7. Methane background measurements (mean and standard deviation) in the various tests
performed in suburban areas after the application of the outlier correction algorithm.

Table 2. Survey n. 1; flights at a speed of 1 msL; various altitudes. Statistical data of initial recorded
measurement vs. results after the application of the iterative algorithm based on the 20 threshold of
measured observations.

Final Indicators of the Methane Background after

Statistical Indicator Unit Initial Data of the Methane Background Applying the Correction Algorithm

7m 10 m 15m 20m 7m 10 m 15m 20m
Mean ppm*m 26.21 32.32 36.37 48.30 13.50 18.17 26.98 40.53
SD ppm*m 110.14 113.11 91.41 70.57 15.87 15.83 19.24 28.65
cv % 420% 350% 251% 146% 118% 87% 71% 71%
Skewness 16.15 15.97 22.50 15.26 2.81 1.67 0.66 0.65
Num. Obs. n. 1610 1450 1520 1220 1548 1374 1443 1162

Num. Outliers n. - - - - 62 76 77 58
% Outliers % - - - - 3.9% 5.2% 5.1% 4.8%

With the application of this first threshold, the skewness does not reach 0.5, high-
lighting that for the calculation of the correct background level the iterative process of
reducing the 20 threshold should be repeated further until the skewness of 0.5 is reached;
this involves the elimination of a greater percentage of false positives when estimating
the background.

However, the identification of a lower threshold of the background level becomes
problematic in the subsequent phase of the search for methane leaks because many false
positive values can be mistaken for real leaks. In this specific case, it was decided to
maintain a higher background level to avoid the risk of incurring false readings of methane
releases, as also underlined in [27].

It is beyond the scope of this work to demonstrate the effectiveness of various algo-
rithms in background estimation and methane leak detection. Anyway, this issue high-
lighted that the search for the right combination of instrument noise and flight elevation is
a difficult exercise for this system and that we must accept the presence of some false posi-
tives in the estimation of background to avoid obtaining false positives in the subsequent
scan of a landfill or natural gas plant [24].
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Starting from corrected values it is possible to obtain the calibration curves of the
methane background as a function of the flight height, as represented in Figure 8 referring
to Survey n. 1. This operation is necessary in data post-processing when the survey
is conducted on non-homogeneous surfaces and a terrain-following system, that allows
maintaining a constant height of the drone from the ground, was not available. This is the
case of the lateral slopes of a waste landfill. In the case of the tests carried out, the mounted
terrain-following system came into conflict with the data acquisition and storage system;
it was therefore decided to detach the altimeter and conduct the flight in manual mode.
This choice did not significantly influence the results since the surfaces chosen to carry
out the tests were all perfectly flat and once the flight altitude was reached we only had to
worry about following a straight direction. This situation is difficult to find in the field and,
therefore, very often it will be necessary to resort to manual flight. It also keeps obstacles
more easily under control which frequently arise when flying at such low altitudes. In such
cases, despite the pilot’s skill, with a drone flying hundreds of meters away from it and
with the effects of perspective, it will be very difficult to maintain a constant altitude above
the ground and, therefore, it will be necessary in the data post-processing phase to calculate
the right background level based on the height to which the individual datapoints refer.
To this end, it is necessary to build the calibration curves as represented in Figure 8; the
curves present a correlation coefficient in many cases almost equal to 1, demonstrating an
excellent level of approximation.
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Figure 8. Average methane background curves as a function of the flight height and speed of the
drone, referring to Survey n. 1 conducted in a suburban area, obtained after the application of the
data correction algorithm.

Figures 9 and 10 show the methane background indicators referring to the tests
performed in the AA and IA, respectively. As already reported, in the tests carried out
in the campaigns following the first one, it was decided to repeat the flights only at the
UAV speeds of 1 and 2 ms~1, as well as when hovering. This choice was derived from the
analysis of the data obtained in the first tests.

Even for these tests the indicators shown lead to high coefficients of variability. In
particular, the tests conducted in the AA were carried out in the presence of strong winds
(4.0-4.2 ms~1). The effect of the sustained wind on the oscillations of the drone and on
the movement of the stems of the wheat plants produced average concentration results
significantly higher than in all the other tests, with values even 5 times higher than the
tests conducted in the SA at the same UAV heights and speed. For example, as can be seen
from the figures, the flight performed at 7 m AGL at a speed of 1 ms ™! reports an average
concentration of methane in the column equal to 84.4 ppm*m in the AA and 26.2 ppm*m
in the SA. This implies the presence of an even higher number of outliers in the first case
compared to the second.



Sustainability 2024, 16, 7748

12 of 20

28t May 202410 a.m. 28t May 202412 a.m.

white gravel road
windy day

methane (ppm*m)
w
s}
o

. 0 oo .
drone speed (ms)

Emean Bstand.dev.

Figure 9. Methane background measurements (mean and standard deviation) in the various tests
performed in the agricultural area.
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Figure 10. Methane background measurements (mean and standard deviation) in the various tests
performed in the industrial area.

3.3. Controlled Methane Release Tests Results

As reported in the Materials and Methods, in some of the field trials, a controlled
methane release test was conducted to verify how the data appear in the presence of
different background conditions and proceed, where possible, to estimate the methane flow.

Figures 11 and 12 show the results of the tests performed in the SA and AA, respec-
tively. Two tests were chosen and carried out in very different conditions. The SA test
was carried out flying over short grass in winter with moderate winds and clear skies; in
the AA test, however, performed in spring, we flew over tall vegetation in the presence of
consistent wind with clear or slightly cloudy skies.
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Figure 11. Data recorded during a controlled methane release test in SA (flight height AGL =7 m;
drone speed = 1 ms~!; wind speed = 2.2 ms™1).
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Figure 12. Data recorded during a controlled methane release test in AA (flight height AGL =7 m;
drone speed = 1 ms~!; wind speed = 4.2 ms~!). (a) Original data. (b) Data after the application of the
detection algorithm.

Figure 11 shows how the methane peak is easily recognizable, taking on a basically
Gaussian shape, with values that exceed the background level. By applying a methane
flow estimation model to the data collected based on the mass balance [29] we arrive at an
estimated flow of 68.7 Lh~! equal to 86% of the actual flow.

Figure 12a shows the raw data collected during the AA flight: in this case there
are various measurement peaks but it is not possible to recognize the typical trend of
methane emission.

By applying a detection algorithm which includes the background threshold obtained
through the correction algorithm (Figure 12b) many peaks are eliminated but the release
remains within the background; the emission zone should be approximately between points
n. 69 and 88 but is indistinguishable from the rest of the data. In this case the calculated
methane flow is zero. The air turbulence and the movement of the wheat plant stems have
generated a very high background level which does not allow us to appreciate the presence
of methane emission (in the presence of a low flow).

Alternatively, it is possible to reduce the background threshold to a more realistic level,
proceeding to correct the sigma value obtained in the preliminary background survey with
more iterations and eliminating a greater number of outliers, proceeding until the residual
data show a skewness of 0.5. In this specific case, the background value is reduced from
101 to 63 ppm*m. Figure 13 shows the values, after subtracting the background, validated
by the detection algorithm as methane emissions. The rectangle represented in the figure
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corresponds to the actual release but, having reduced the background threshold, some false
positives are also validated by the algorithm.
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Figure 13. Validated data as methane emissions, after reducing the background level by applying
an iterative estimation process. The rectangle corresponds to the actual release, the others are
false positives.

By applying the methane flow estimation model we arrive at an estimated flow of
131.7 Lh~! equivalent to a 65% overestimation of the actual flow. The area corresponding
to the actual emission is equivalent to a flow of 60.4 Lh!.

In conclusion, depending on the background level used, the same methane release rate
in the first case is confused with the background while in the other one it is recognizable
and evaluable although it also involves the validation of false positives. This is the system-
balancing issue highlighted in the previous section.

This problem arose due to the environmental conditions in which the detection of both
the background and the controlled methane release tests were carried out, in the presence
of a low emission flow.

This confirms how important it is to know the right conditions in which to carry out
the detections, especially in the case in which one wants to discover leaks at low flows, and
how much the identified background threshold can influence the results.

4. Discussion

In the previous section, the representative indicators of the methane background
measured through a TDLAS sensor mounted on a UAV in various trials carried out in
variable conditions were illustrated.

The following observations can be deduced from the graphs shown.

- Flight heights: flights at a height of 20 m AGL produce background values up to three
times those found at a height of 7 or 10 m AGL; at higher heights the situation worsens
further; it can be deduced that the best flight heights, using the TDLAS sensor, are
between 7 and 10 m AGL.

- UAV speed: higher speeds correspond to greater variability of the background mea-
surements; the same result is obtained by flying very slowly (0.5 ms~!); the lowest
background values are found at speeds of 1 and 2 ms~!.

- Hovering flight: the values found in stationary flight are in line with those recorded
at speeds of 1 and 2 ms~! at the various heights; no advantage is observed in terms of
lower background while remaining still when hovering at individual monitoring points.

- Surfaces flown over: homogeneous surfaces such as those represented by concrete
floors or gravel roads return lower background values compared to more discontinu-
ous surfaces such as those made up of grass, all other conditions being equal. This
can be seen by comparing the flights at 7 m AGL and at a speed of 1 ms~! in Survey
n. 3 and 4 in SA, where a 60% lower average concentration was recorded in flights
performed over concrete floors compared to flights over short grass; also in Survey
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n. 5 and 6 the same phenomenon is noted with values of flights carried out on white
gravel reduced within a range of 50-78% compared to flights over tall vegetation
(there is also a flight with very anomalous values carried out over a white gravel road
at a height of 15 m AGL, most likely due to the strong oscillations of the drone to
counterbalance the strong wind gusts).

- Repeated flights in the same atmospheric conditions at approximately the same time:
similar background values with a variation of £10% are shown.

- Wind speed: this does not significantly influence the variation of average background
concentrations for winds up to approximately 3 ms~!; with more intense winds, over
4 ms~!, even in the presence of gusts, the drone is subject to greater oscillations
that need to be corrected suddenly, which very often cause false positive readings.
Furthermore, if the surface flown over is covered by a layer of grass, it happens
that with more intense winds the stems of the plants sway more, generating greater
difficulty in interpreting the laser beam backscatter by the sensor, with consequent
measurement errors.

- Reflectance of surfaces in the presence of sunlight: a critical feature of the drone-
TDLAS system is represented by the continuous change in the reflectance of the
targeted surface from which the backscatter signal is received in a mobile system. This
criticality is amplified in the presence of sunlight; this appears clear in the comparison
between the results of Survey n. 2 compared to n. 1. In fact, Survey n. 2 simply
constitutes a repetition of Survey n. 1 performed on the same surface at a different
time; in the afternoon the surface flown over was in the shade compared to the
morning, as can be seen in Figure 1b, and the average concentrations are all much
lower than those recorded in the morning in the presence of direct sunlight on the
surface on which the laser is fired. The same results are achieved by simply “obscuring”
direct sunlight with clouds. Survey n. 7 and 8 were carried out on different days, the
first one was completely sunny while on the second day the sky was entirely overcast.
The effect obtained is the same as the previous case: the average methane background
concentrations are all 31 to 46% lower in the presence of overcast skies, despite there
also being a higher wind intensity.

The results obtained are often in line with the considerations made in other studies in
the literature. Regarding the ideal flight height using a TDLAS sensor, set at 7-10 m AGL,
these data are confirmed in various studies.

In a study [28] the authors use a TDLAS sensor to model natural gas fugitive leaks
according to a mass balance approach. In the field tests, they found that the intended
survey altitude is around 10 m, at which height the signal of the background level CH, is
relatively stable and low. The influence of the background CHy signal increases noticeably
with flight altitude above 10 m.

In another study [30] the authors, who deal with the flight mission design for the
search for fugitive methane leaks using a TDLAS sensor, found that the altitude required
for detection (depending on atmospheric stability) may be quite low (10 m range).

A study [31], again carried out with the use of a TDLAS sensor, reports that the variance
in the gas measurements increases as the measuring height increases, corresponding to the
expected decrease in the intensity of the received laser beam.

It is important to note that by flying at this height near the point source of methane
emission the survey manages to capture the entire plume. In fact, many plumes do not
lift high above the surface if released at ambient temperature [32,33]. Further, the vertical
pattern of typical concentration enhancements in plumes, as evidenced by models such as
the Gaussian plume model, suggests that detection at higher elevations is less probable.
This consideration is also confirmed by [24,30] in which the authors found that a curve
depicted in the fraction detected versus altitude plot shows a dramatic cut-off at 10 m.
Conservatively, the plume rise can be neglected and the minimum height can be set to the
lowest possible altitude safely attainable, 10 m in this case.
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In another study [34], for the vertical plane flight tracks, the UAV was flown at a
maximum altitude of 7 m to increase the signal-to-noise ratio of the mapping. The authors
found that there was a large variation in CHy concentrations up to a height of about 7-8 m,
with background concentrations at higher altitudes. This justifies the selected maximum
altitude used in their vertical cross-sections, indicating that the cross-sections of about
7-8 m capture the total emission from the enclosed area.

Furthermore, flying at low altitude could cause the down-washing effect of the pro-
pellers and alter the flow. However, a study [35] examined flow disturbances around a
small rotary platform using measurements and a CFD model and concluded that this may
require up to 2.5 times the rotor diameter to ensure flow invariance.

Regarding the UAV speed, a study [36] indicates that the speed of the vehicle and
temporal speed of the sensor control the spatial resolution of measurements, influencing
detection probability. Insufficient sampling speed or excessively fast vehicle travel can
miss plumes. As such, laboratory tests can easily be misrepresentative and field testing is
required [24]. In a study [34] the UAV was flown manually, at a set speed of 1 ms ! for
precision flight, to safely avoid obstacles and to map CHj at a high spatial resolution. In
another study [26] velocity on horizontal transects was typically around 2 ms~!.

Studies described in [28,31] found variability in the background measurement due to
the signal returning from the ground suffering interference in the reflectance, which was
dependent on the moving system. A study [31] investigated the reflectivity properties of
different surfaces typical for landfills (bright sand, dark sand, and vegetation) at different
measuring distances (10, 15, and 20 m).

The wind speed values illustrated in the present study are also in line with those of
other studies. A study [24] found that there is a peak in detection probability with wind
speeds ~2.5 ms~!. Stronger wind speeds may show lower detection probabilities as the
plume may be less likely to mix upwards in daytime conditions. In another study [28]
a good wind condition is defined as both a wind speed that is greater than 2.3 ms™!
and steady wind direction, of which the standard deviation is smaller than 33.1 degrees,
whereas a bad wind condition does not meet one or both criteria.

In conclusion, the trials carried out made it possible to characterize the controllable
flight variables to identify for which values of them a better reading of the CHy background
is obtained and a lower number of false positives is produced. Furthermore, tests high-
lighted how non-controllable environmental variables influence background measurements
and which situations are optimal.

As regards controlled methane release tests, it can be observed how important the
measurement of the average background concentration is and how much this can influence
the possibility of estimating the flow of methane released. The tests carried out demonstrate
that it is essential to carry out the survey, not only at controlled UAV heights and speeds,
but also in environmental conditions suitable for identifying methane emissions. Especially
if the flow of methane released into the atmosphere is quite low, as in the tests performed
with a release of around 3 SCFH, the ability to detect the methane leak lies largely in
keeping the background level low and this certainly depends on complete knowledge of
the ideal operating (controllable) and environmental (non-controllable) conditions.

In a study [28] 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. In
addition, the largest errors were associated with extremely small leak rates. In a study [37]
the modeled system was found to reliably distinguish between cases with and without a
methane release down to 2 SCFH (0.011 gs—!). On the contrary, in another study [24], since
a fixed-wing long-range drone is used, the authors tested a range of leak rates that are high,
generally within the “super-emitter” range: 5.35, 10.71, 16.06, 21.42, and 32.13 g-s~!. They
did not test lower release rates as they knew from previous tests that the system would not
detect the plume.

In other words, it is essential to adopt a strategy for choosing the best conditions in
which to carry out the survey; therefore, it would be advisable to plan surveys when there
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are favorable weather conditions [26]. In the case of measurements made with a TDLAS
sensor near a methane leak, these conditions are found on cloudy days with low solar
insolation or in the early morning. Low wind speeds (1.5-3 ms~!) are preferable in a system
like the one examined here.

Planning can also concern verifying the state of the places to be analyzed; for example,
if a landfill covered by a layer of grass is analyzed it is preferable to intervene only when
the grass has been cut and not when the vegetation is tall.

The illustrated tests, in fact, show that it was possible to estimate the methane flow
(even if underestimated by 14%) in the case of low-vegetation surfaces and under favorable
environmental conditions, which determined a low level of methane background. In the
second test, the presence of an intense wind with associated gusts, over a surface charac-
terized by tall plants, determined a high average concentration of methane background
within which the actual gas release measurements were confused. Under these conditions
it was difficult to estimate the flow of gas released and it is easier to obtain false positives.
It is evident how measurement performance improvements can be realized by carefully
determining the background CH,4 concentrations [38].

Furthermore, the search for methane leaks using drones poses numerous operational
challenges. Scanning large areas requires the availability of a significant number of batteries,
given their limited autonomy; in addition, the possibility of recharging them on site is
needed, but this is not always available in open areas far from the electrical grid. Survey
planning should follow careful supervision of the locations to check if there are obstacles to
flight, especially when flying at low altitudes as in this case. Flight limitations constitute
an important constraint on operations (areas where flying is prohibited are widespread)
and in this case it is possible to operate only in specific or standard scenarios that can affect
the way in which the survey is carried out. Further limitations derive from the safety and
security regulations required for the use of drones, such as privacy concerns. There is also
the need for trained operators who are instructed on how to correctly carry out the survey
in order to obtain useful measurements for subsequent post-processing.

Ultimately, the search for methane leaks using sensors mounted on drones requires,
in addition to careful operational planning, a considerable effort in the implementation of
estimation models and related measurement systems.

5. Conclusions

The reduction of emissions of global warming gases such as methane involves the right
emissions measurement systems that allow us to acquire greater awareness of the problems.

In the present study, we conducted a field campaign aimed at verifying the parameters
that influence the measurement of methane background using a drone-mounted TDLAS
sensor. This measurement is crucial for both the localization of leaks and the correct
quantification of the flow of methane emitted, once actually at a landfill site or natural
gas infrastructure.

The results of the different field trials highlighted the best conditions under which
to measure methane emissions with a TDLAS sensor in order to minimize the number of
outliers: flight altitude not exceeding 15 m above ground level; the UAV speed appears
to have less impact on the results, however, it is optimal between 1 and 2 ms 1 a very
sunny day produces much higher methane background levels than a cloudy one. The type
of surface also significantly affects the measurement of background noise. Finally, tests
conducted with a controlled CHj release highlighted that different levels of background
have a significant impact on the estimation of the methane flux emitted.

The discussion of the main results, in comparison with what is already present in the
literature, highlighted the importance of a precise definition of the parameters which can
take on specific trends depending on the technology used. A survey for the identification
of methane leaks with a TDLAS sensor must be performed in a very different way from
the same survey performed with a quantum cascade analyzer. Therefore, every detail of
the survey must be studied in depth to have perfect control. Among the crucial aspects
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for the success of a survey is the need for a stable background, possibly kept at low levels,
in the order of 20 ppm*m. Not only do controllable factors have a significant impact on
this success but atmospheric and environmental conditions also have a decisive influence,
therefore, planning the survey with a strategy that also takes these aspects into account can
be successful.

It must not be forgotten that the methane background measurements are part of a
single system of platform, sensor, measurement, survey, processing, algorithm, and operator
which must be designed in its entirety. From this perspective, future work will have to
include the integration of these measurements into further algorithms for optimizing the
estimation of methane flux. The estimation of the methane flux can be considered a multi-
step exercise: the first step is represented by the definition of an algorithm for the estimation
of the background and the correction of the outliers. Secondly, it is necessary to define
an algorithm for the validation of the emission data of the field survey; this algorithm
uses the background data previously defined. These processes must be integrated with
each other in a coherent system. Also, the different methods of calculating the integrals in
systems characterized by the presence of discontinuous measurements affect the results of
the flux estimation and therefore it is necessary to look for the method that best adapts to
the previous algorithms.

Finally, the present work aimed to verify how the measurement of the methane
background influences the estimation of the methane flux in the presence of a low flow,
using a single flow rate. As a further future work it would be necessary to verify this
influence in the presence of differentiated flows, carrying out further controlled release
tests with higher flow rates.
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