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ABSTRACT
Landfill operators must collect data on the topography of their landfills, their biological and hydrological characteristics, and local meteorological conditions. These data
can be collected by satellite, using Unmanned Aerial Vehicles (UAVs), or by traditional methods such as static flux chambers or modelling. They serve as the basis for
landfill monitoring, including the identification and measurement of methane (CH4)
gas emissions. Here, we present an approach for landfill mapping using sensor data
from unmanned aerial drone systems (UADS) based on DJI Matrice 200 UAVs with
Zenmuse X4S sensors and Trimble UX5 UAVs with Sony NEX-5R sensors. RGB (Red,
Green, Blue) and near infrared (NIR) data from these sensors were processed using
a Geographic Information System (GIS) to generate orthoimages, digital elevation
models (DEMs), and normalized difference vegetation index (NDVI) maps. These
were then used to evaluate changes in the surface structure and topography of the
study area (Kariotiskes landfill, Lithuania). The NDVI maps were used to identify areas of sparse vegetation cover that may indicate localized CH4 emissions. Surface
temperature maps based on thermal infrared (TIR) images were then prepared for
analysis of these problematic areas. Finally, the presence of CH4 in these areas was
investigated using a prototype lightweight gas sensor array. The structure of the
Kariotiskes landfill site remained unchanged over three years, but there is evidence
of possible CH4 gas influence at the landfill cover’s surface. The combination of
UADS-mounted imaging systems and the prototype gas sensor array enabled rapid
analysis of emission hotspots and of landfill topography.

1. INTRODUCTION
European landfill operators are obliged to collect, treat,
and use landfill gas (LFG) in landfills receiving biodegradable waste, and to monitor fugitive emissions. Modern European landfills have nearly impermeable top covers and LFG
collection systems to reduce the amount of LFG escaping
to the atmosphere. Nevertheless, localized uncontrolled
LFG emissions occur frequently, which can contribute significantly to the global flux of greenhouse gases into the
atmosphere. A top cover can effectively minimize CH4
emissions by promoting microbial CH4 oxidation (Stern et
al., 2007, Thomasen et al., 2019; Fredenslund et al., 2019).
Therefore, if spots with high CH4 emissions could be localized, it may be possible to take remedial action by stimulating CH4-oxidizing bacteria (Scheutz et al, 2017). Such
localized high emission spots can account for as much as
50-75% of LFG emissions from modern landfills, but they
are transient; their temporal and spatial distributions vary
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widely (e.g. Scheutz et al., 2003, 2008, Ishigaki et al., 2005,
Spokas and Bogner, 2011, Xu et al., 2014, Lando et al.,
2017). Effective monitoring systems are required to detect,
quantify, and control such releases of LFG into the atmosphere.
Recent advances in the development of Remotely Piloted Aircraft Systems (RPAS) have expanded the applications of Unmanned Aerial Vehicles/Systems (UAV/UAS) in
environmental research, enabling their use to detect potential CH4 release spots. Localized gas emissions from landfill sites can be identified and monitored by analyzing Remote Sensing (RS) data acquired using UAVs with mounted
cameras and sensors (Abichou et al., 2006, USEPA, 2006,
De la Cruz et al., 2016, Innocenti et al., 2017, Bourn et al.,
2019, Fjelsted et al., 2019; Allen et al., 2019).
Digital ground models (DGM), also known as digital elevation models (DEMs), are prepared using RS data, which
may be integrated into a GIS along with data on indicators
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of environmental conditions (Manzo et al., 2017). High resolution 3D surface models can then be prepared to detect
and characterize events such as landslides, to evaluate the
area affected, and to estimate the volumes and displacement rates of land masses (Tanteri et al., 2017, Daugela
et al., 2018). This can enable rapid detection of surface
deformations at landfill sites, which is important because
cover stability is essential for preventing uncontrolled LFG
emissions. Settlement and surface deformations may occur over time, disrupting the liner and forming cracks in the
cover system, leading to the formation of localized CH4 release spots (e.g. El-Fadel and Khoury, 2000).
Because methane oxidation is exothermic, LFG escape spots exhibit elevated surface temperatures. Even
if no oxidation occurs, temperatures inside a landfill can
be substantially higher than in the surroundings, and LFG
seeping through the cover will allow some of this heat to
rise. Therefore, surface temperature measurement using
thermal infrared (TIR) cameras can help reveal spots of
uncontrolled LFG emission. Previous efforts to detect LFG
escape spots at landfill sites using TIR imaging have yielded mixed results, primarily due to the limitations of current
techniques (e.g. Desideri et al., 2007, Battaglini et al., 2013,
Capodici et al., 2015, Fjelsted et al., 2019). It may therefore
be necessary to combine TIR data with additional measurements to accurately monitor uncontrolled LFG emissions.
TIR cameras with infrared thermography imaging sensors can be used to detect temperature differences between released gases and the background atmosphere,
and to identify those gases. Like many compounds, CH4
has absorption and emission bands in the infrared (IR)
range, so imaging with multispectral IR cameras can enable identification of CH4 concentrations above 5% as well
as detection of temperature differences of as little as 2.6
K (Kastek et al., 2009). Some authors have suggested that
UAV platforms could be equipped with temperature/humidity sensors together with an on-board high-precision
near-infrared (NIR) CO2 sensor (Allen et al., 2019) to increase the reliability of LFG detection. NIR sensors, which
rely on photonic crystals that create an optical absorption
path, were initially used to identify and measure gases in
laboratory settings (Kamieniak et al., 2015). The technology has been further developed for field use, enabling NIR
cameras to be mounted on UAVs and used for aerial imaging of e.g. vegetation.
Vegetation on a landfill’s top cover may affect and
be affected by LFG emissions, and irregularities in vegetation cover could indicate the presence of problematic
spots. Plant roots can form channels and macropores in
soil that facilitate O2 diffusion and CH4 supply to bacteria,
stimulating CH4 oxidation (Abichou et al., 2015, Ndanga et
al., 2015). If the soil moisture content is sufficiently high,
plant roots may also provide a favorable environment for
CH4-oxidizing bacteria (Feng et al., 2017), which play a key
role in reducing CH4 emissions from landfills. LFG in the
root zone can cause O2 deficiency and asphyxia in plants.
Although CH4 in the root zone has no major effect on plants
(Arif and Verstraete, 1995), CO2 concentrations above 20%
are phytotoxic even if sufficient O2 is present (Gendebien et
al., 1992). Some species are more tolerant than others and
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are affected by escaping LFG differently, so plant density
and species richness can be utilized as indicators of LFG
emissions (Maurice et al., 1995). But time-efficient observations are only possible by digital imaging. The biophysical and physiological characteristics of vegetation using
digital imagery has been modelled since the technology
became available (Zhang et al., 2009, Thenkabail, 2015).
Many of these studies involve the use of vegetation indices
and the application of complex mathematical equations
to image bands to measure the relative greenness of image features. A notable graphical indicator of plant greenness is the normalized difference vegetation index (NDVI)
(Bhandari and Kumar 2012, Gandhi et al., 2015). NDVI is
widely used in RS to detect and quantify healthy vegetation
cover and has been tested in landfill monitoring (Yang et
al., 2008; Mohamood et al., 2016).
Multiple techniques are available for CH4 monitoring
and their combinations have been applied to improve location and quantification of CH4 landfill emissions (Fjelsted
et al., 2019; Mønster et al., 2019). Combined analysis of
changes in landfill surface topography, temperature, and
vegetation cover could enable fast and reliable hotspot
detection if complemented with quantitative CH4 measurements. However, the size and weight of high precision CH4
measuring instruments preclude their use on UAVs. Direct
measurements of LFG emissions at the landfill surface are
challenging due to their spatial and temporal variability and
also because of the technical limitations and commercial
unavailability of existing measurement techniques (Mønster et al., 2019; Hildmann and Kovacs, 2019). The large
areas and complex topography of landfills further complicates the application of traditional direct measurement
methods such as flux chambers (e.g. Scheutz et al., 2003,
2008, 2011, Gebert and Gröngröft, 2006) or walkover surveys with portable analyzers (Lando et al., 2017). It would
therefore be desirable to adapt small and inexpensive sensors developed for other applications (e.g. gas leak detectors) for use at landfills. The main barrier to using such
sensors to quantify LFG emissions is interference due to
atmospheric conditions. Since changes in landfill surface
topography, temperature, or vegetation cover are frequently but not necessarily associated with LFG emissions, it
would be sensible to only use CH4 sensors to validate the
identified potential hotspots by confirming the occurrence
of CH4 emissions.
The aim of this study was to develop a costeffective
landfillsite analysis method that could integrate various
benefits of an unmanned aerial drone system (UADS) 1)
to remotely localize CH4 emission spots at a closed landfill
site by evaluating changes in surface structure and topography, thermal maps, and vegetation cover indices based
on RGB, NIR, and TIR imaging data; and 2) to detect the
presence of CH4 and CO2 in those spots using gas sensors
that may be suitable for future mounting on UADS.

2. MATERIALS AND METHODS
2.1 Study area
The study object was Kariotiskes landfill, located in
Trakai district, 25 km from Lithuania’s capital city, Vilnius
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at 54.716111°, 24.959167° in WGS84 coordinate system.
This landfill has been used for unsorted municipal solid
waste disposal since 1987.
About 3 mln. m³ of waste was landfilled over 20 years
in a 27.6 ha area. A 0.5 m thick clay layer and a high-density polyethylene geomembrane comprise the landfill bottom liner. The landfill has a leachate collection system that
transfers the leachate to a wastewater treatment plant
for treatment. Groundwater monitoring wells are installed
around the landfill: four in the direction of groundwater flow
and one against the flow.
The Kariotiskes landfill was closed in 2008 in accordance with EU regulations on landfill closure. A cover consisting of a drainage layer, a protective liner and a vegetation layer was placed above the landfill. Gas extraction
wells and a gas collection system were installed in 2010,
and a power plant was built to convert the LFG into electricity. During the gas extraction, testing the composition
of the collected gas samples was performed by C.A.U. analytical laboratory (Germany). The proportions of the major
components were as follows: 57% CH4, 30% CO2, 12% N2,
1% other gases.
A RS methodology was used for object analyses and to
extract information from the acquired (RGB, NIR, TIR) imaging data. These processes involve many different algorithms and can be used to acquire meaningful information
from images (Prasad et al. 2015; Yuan et al., 2019), which
may be acquired using a satellite system or a UADS platform equipped with various sensors.

2.2 The UADS platform and data
The Kariotiskes landfill imaging done with two types
of UADS: a commercial UAV DJI Matrice 200 quadrocopter and Trimble UX5 Aerial Imaging Rover. DJI Matrice 200
quadrocopter with Zenmuse X4S sensors (spectral configurations RGB and TIR) was used for imaging in 2018.
This UAV weighs 4.53 kg, with unfolded dimensions of
887×880×378 mm. Its maximum payload is 6.14 kg. For
navigation and control, the UAV was equipped with a Global Positioning System (GPS) receiver, a basic inertial system, and distance sensors. Its hovering accuracy in special

P-mode with good GPS reception and the Downward Vision
System (DVS) enabled was ± 0.1-0.5 m vertically and ± 0.3
m-1.5 m horizontally. The Zenmuse X4S camera used in
the DJI Matrice 200 weight is only 253 g, it could be flight
under 35 minutes (RGB imaging) and 28 minutes (TIR imaging) and have the Controllable Range.
Trimble UX5 UAV equipped with a Sony mirrorless NEX5R digital camera (spectral configurations RGB and NIR).
At a flying height of 150 m, the Trimble UX5 achieves a
Ground Sampling Distance (GSD) of 4.8 cm. It can also
achieve a GSD of 2.4 cm when flying at altitudes as low
as 75 m above ground level (AGL). Operation at such low
altitudes requires faster shutter speeds on the camera to
prevent forward motion blur. The Sony NEX-5R camera
used in the Trimble UX5 is capable of using the higher ISO
values necessary to compensate for the darkness resulting
from such high shutter speeds while maintaining acceptable levels of noise for photogrammetric applications (Cosyn and Miller, 2013). The Trimble Access Aerial Imaging
application can be used for mission planning in the office
or at a Ground Control Station (GCS). The user defines the
project area and avoidance zones by drawing them over
an industry-standard map interface and also specifies the
flight height AGL, GSD, and desired image overlap. Trimble
Access then calculates the number of flights, flight pattern,
and duration of flight(s) needed to meet the user’s specifications. After locations for take-off and landing have
been selected, the UADS is taken to the field to perform the
flights (Cosyn and Miller, 2013).
Figure 1 summarizes the types of raw data acquired in
this study, the products (3D models, maps, and images)
generated from UAV data, and the uses of these products.
Table 1 presents information on the flights that were
undertaken during this work, the number of images captured, and the spatial resolution of the images for three
sensor types. The spatial resolution is defined based on
the number of pixels used to construct the images. All images were acquired during spring (usually around May) in
2015, 2016, or 2018.
High spatial resolution (Table 1) RGB images were obtained using DJI Matrice 200 and Trimble UX5 UAVs in the

FIGURE 1: Data types used in this study; the images, maps, and models generated by processing the acquired data; and the use of these
images, maps, and models to analyze methane emissions.
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TABLE 1: Flight characteristics.
Sensor
RGB

Spatial resolution
(m)

Number of
images

Flight
height (m)

Flight
time (min)

Image series
time (year)

Processing
software

0.14

40

470

5

2015

TBC *

0.04

419

140

21

2016

TBC

0.13

333

70

10

2018

UAS Master

TIR

various

22

various

-

2018

-

NIR

0.02

686

77

22

2018

TBC

* TBC - the Trimble Business Center Software Photogrammetry Module

years 2015, 2016 and 2018. Flights were performed at a
range of altitudes, resulting in the acquisition of 40 images
in 2015, 419 images in 2016, and 333 images in 2018. The
RGB data acquired in 2015 and 2016 are equivalent to the
ground spatial distance (GSD) values for the orthoimages
and colorized surface models generated by processing this
RGB data. The quality of an image depends on the subject’s
characteristics, camera optics (sensor resolution), and atmospheric conditions at the moment of shooting. The photographic images were processed using photogrammetric
methods (Förstner and Wrobel, 2016) involving (i) determination of inner orientation; (ii) determination of relative orientation (triangulation); (iii) photogrammetric (3D) model
creation; and (iv) integration of ground control points and
absolute orientation (projective transformation) to generate a new 3D point cloud (DEM) or orthoimage.
Vegetation and cover observations results were generated using Trimble UX5 UAV data acquired in 2018. The
NIR sensor (a Sony mirrorless NEX-5R camera) was used
to capture two colored bands and one NIR band. The spatial resolution of the NIR images was 0.02 m, i.e. each pixel
corresponded to an area of 1.9 × 1.9 cm on the ground.
Vegetation cover levels were assessed by computing
per-pixel NDVI values based on the NIR data. NDVI values
can range from +1.0 to –1.0. Low values (0.1 or less) correspond to areas of barren rock, sand, or snow; moderate
values (0.2 to 0.5) correspond to sparse vegetation such
as shrubs, grasslands, or senescing crops; and high values
(0.6 to 0.9) correspond to dense vegetation (temperate and
tropical forests or fully grown crops) (Remote Sensing Phenology, 2018; NASA, 2018). NIR imaging data were used to
create thematic NDVI maps via the work steps (algorithm)
outlined in Table 1 of supplementary material.
The NDVI values were calculated and assigned to orthoimage pixels based on absolute position using the local
coordinate system (LKS94). The NDVI is computed using
the Eq. (1) below (Xie et. al. 2008, NASA, 2018, Remote,
2018):

NDVI = (NIR-RED)/(NIR+RED)			

(1)

where NIR and RED denote the intensity of the near infrared
and red bands, respectively.
Orthoimages and point clouds were generated using
the TBC software and colored using NirGB (eCognition
software).
TIR images were collected with a UADS DJI Matrice 200
with Zenmuse XT sensor (8-9.2μm). The sensor’s output
was processed using an on-board computer and immedi-
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ately converted into radiant temperatures, so the resulting
image information consisted of a single band. Before use,
the sensor was calibrated in a laboratory environment and
a sensor certificate was obtained. The processed images
show the minimum and maximum temperature of each
frame pixel; the pixels with the highest temperature within a frame were identified in real time. The images were
also tagged with the UAV’s GPS position and heading at the
time of acquisition for geo-referencing. Finally, to generate
a visual representation of the imaging data, ortho-rectification was performed and a color–thematic map was applied
based on the pixel values. The color mapping was chosen
to highlight the features most relevant to the analysis (i.e.
the spatial variation of stream temperatures) and the interpretation of problematic areas.

2.3 Concentration screenings by walk-overs
Areas identified as potential CH4 release hotspots were
investigated using a newly constructed prototype device
with semiconductor-based sensors to measure changes in
CH4 levels and detect unusually high (>21%) levels of CO2
relative to background gases. The prototype was created
from inexpensive parts that are readily available via web
portals such as www.adafruit.com or www.aliexpress.
com. These parts include a 2-line LCD display unit with
an I2C interface for showing real-time values, a Real Time
Clock (RTC) module with a micro SD card reader for storing
readings with current time and relative session time stamp,
and a Bluetooth module for sending real-time data to a mobile device (e.g. a mobile phone or laptop). Readings and
communications are processed by an Arduino Uno microcontroller fitted with a DHT22 temperature and specific humidity sensor capable of measuring humidities between 0
and 100% (accuracy: 2-5%) and temperatures between –40
and 80°C (accuracy: ± 0.5°C) at a maximum sampling rate
of 0.5 Hz (once every 2 seconds). The gas sensing array
comprises 3 Arduino modules (MQ2, MQ4, and MQ135).
Each sensors (models) have different sensitivity in terms
of readings (values). It can be altered by changing circuit.
Each sensor can be damaged while exposed to extreme
conditions over prolonged time. Other than that, it is easily exchanged and can be recalibrated quickly as well as
upgraded to newer version or model with better characteristics (even factory pre-calibrated). This study is based on
testing methods, so before going into field it was verified in
laboratory. The MQ2 module is sensitive to CH4, C3H8, and
C4H10; MQ4 is sensitive to CH4; and MQ135 is sensitive to
CO2, C6H6, NH3, and NOx. These sensors are mainly used
I. Daugela et al. / DETRITUS / Volume 10 - 2020 / pages 127-138

as “air quality” sensors in various industrial and household
appliances and are sensitive to deviations from the composition of the common unpolluted air mixture. Each sensor’s
output was recorded on a micro SD card once per second
as plain text, enabling import into tables or databases for
further processing. The sensor data were also used to generate plots of measurements over time and scatter plots.
The most important sensor in this work was the MQ4 module because its SnO2 sensing layer is designed to specifically detect CH4 while suppressing noise due to alcohol,
flame fumes, and cigarette smoke. The more CH4 in the
air flow around this module, the higher its output voltage
(which is capped at 5000 mV by the microcontroller’s specifications). The device was coupled to a Spectra Precision
SP60 Global Navigation Satellite System (GNSS) receiver
to accurately record its location.
The prototype gas sensing device calibration was done
in laboratory environment. For tests, a sealed non-diffusing
gas collection bag was used. Air from the bag was evacuated using an air compressor before the test. After the
electronic parts warmed up (constant readings achieved) a
controlled amount of gases was injected through a system
of valves using a glass syringe. Calibration gases were obtained from AGA Gas AB. A table of five points with increasing known amounts of CH4 and other gases was made.
Each concentration was compared to electronic value obtained by averaging several 300 sec readings. Three similar
tests were conducted with different concentrations of CH4
and background gases. The results for CH4 are presented
in the Figure 1 of supplementary material, regression equation was derived and with r squared of 0.9998 calculated
for MQ4 sensor.
Field measurements were conducted by holding the
device 25 cm above the ground surface (Figure 2), i.e. the
gas-sensing array was not mounted on the drone when
measuring in the study landfill (although such possibility
was tested elsewhere). The maps were used to measure

gas concentrations in localized areas. The prototype device was calibrated against CH4 and CO2 in the laboratory
to verify that its sensors respond proportionally to these
gases.
The microcontroller calculates changes in the relative
abundance of the gases its sensors detect in real-time in
the field. The raw sensor data are recorded together with
real-time clock and geographic position data, facilitating
data processing and cleaning.

3. RESULTS AND DISCUSSION
The first part of this section described the result changes of landfill surface structure and topography. After that,
it is presented vegetation and termal imaging and result of
methane and carbon dioxide measurement.

3.1 Landfill surface structure and topography
While the details of the orthoimages differ, the vegetation cover at the site clearly improved over time, becoming
greener and denser. Figure 3 (a) and (b) show 3D surface
models based on RGB data acquired in 2015 and 2016,
which have very similar appearances. In particular, there
are no appreciable differences in the size or distribution
of vegetation-covered spots. All flights were performed on
moderately sunny days with low wind speeds and no precipitation. A more powerful UAV and more sophisticated
software were used in 2018, enabling better feature matching, structure from motion photogrammetry, and classic
aerial triangulation blunder detection. Triangulation was
performed based on the 10823 automatically collected
tie-points in the 333 RGB sensor images. The data were
processed in 10 min 41 s, and a natural-colored point cloud
was generated, yielding the 0.14 m GSD orthoimage shown
in Figure 3 (c) (Daugela et. al., 2018). The point cloud was
also used to generate the DEM shown in Figure 3 (d), which
is colored by elevation; the colors repeat at elevation intervals of 10m, starting from blue. The highest point in the site

FIGURE 2: Close-up of the prototype gas sensing device (left) and the device affixed to a pole, 25 cm above ground level, to perform a gas
measurement (right).
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(a)

(c)

(b)

(d)

FIGURE 3: 3D surface models of Kariotiskes landfill in a) 2015; b) 2016; c) 2018 and d) Digital elevation model based on the 2018 3D
model.

(altitude: 161.8 m) is the small blue area in the center of the
image; its altitude was used as the origin height. To identify
changes in the site’s visible surface level and structure over
time, transparent orthoimages based on data acquired in
2015, 2016, and 2018 were superimposed on one-another
(see Figure 4).
The coloration of the orthoimages makes it difficult to
identify small changes in color (and thus small changes
in surface height or structure). Therefore, to better detect
changes in relief, automated change detection based on
distances between digital surfaces was performed using
the Trimble RealWorks program.
RGB information was compared by interpolating Z
(height) values between the years 2015 and 2018, yielding
the results shown in Figure 4 (b). Surfaces were matched
132

with an average error of 39 mm between points in most
cases, so the measurement error was minimal. The deviation in the Z distance (height) between 2018 and 2015 was
within 2 cm for most points, with no areas showing markedly larger deviations (see Figure 4 (c)). The processed RGB
images for the period 2015-2018 showed that the landfill’s
surface structure and topography had not changed. This
suggests that the protective top cover’s integrity has not
been reduced by processes such as settling and that the
cover should therefore still be functioning well.
Remedial efforts to mitigate localized fugitive CH4 emissions ideally require fast, cost-efficient, and user-friendly
methods for hotspot localization. RGB photo-images, such
as those taken in this study, are easily converted into orthoimages and DEM results, which can then be used to detect
I. Daugela et al. / DETRITUS / Volume 10 - 2020 / pages 127-138

(a)

(b)

(c)

FIGURE 4: Results: a) layered RGB orthoimage based on data acquired in 2015, 2016, and 2018; b) change in elevation between 2015 and
2018; c) elevation model based on RGB data from 2018.

I. Daugela et al. / DETRITUS / Volume 10 - 2020 / pages 127-138

133

changes in landfill topography annually or on demand. It
took only 5-21 minutes to collect imaging data covering the
entire area of the landfill site (which extends over about 30
ha). RGB data recommended around 5 cm GSD, as well as
NIR (2 cm GSD was too dense, too heavy for effective calculations). No detectable changes in topography and surface structure were identified at the site over the three-year
study period. This indicates that the landfill, which was covered about ten years before the study began, was mechanically stable and that no settlement or surface deformation
that could damage the cover structure occurred during the
study period.

shown in Figure 5 (b), and an NDVI map of the studied area
based on the NIR data is shown in Figure 5 (c). Areas with
NDVI values of 0.1-0.2 (shown in red) may contain vegetation experiencing water stress due to LFG exposure. Automated Object Based Image Analysis (OBIA) was used to
create a thematic map in which these problematic areas
are highlighted in red (Figure 5 (c)). In this process, each
pixel’s NDVI value was calculated based on its red and NIR
intensities. These values were then used to generate cells,
which were grouped to represent distinct objects, each of
which was then analyzed. Objects with NDVI values below
0.2 were identified as potentially problematic areas and
colored in red. They were then exported as polygons in
shape files (geodatabase), while the thematic layers were
combined to create an oriented geoTIFF image.
Analysis of NIR imaging data revealed several spots
on the landfill surface that had low NDVI values (i.e. areas with little greenness or dried up vegetation). Moreover,

3.2 Vegetation and Termal imaging
Figure 5 (a) shows an NIR-based orthoimage of the
landfill in which identifiable protruding pipes belonging to
the LFG recovery system’s wells are indicated by triangles.
A 3D surface model based on the NIR point cloud is

(a)

(b)
Classification
using mean
NDVI value

Road vegetation
with lower NDVI

(c)

(d)

FIGURE 5: NIR imaging of the landfill surface: a) NIR orthoimage with triangles indicating identifiable LFG recovery pipes; b) 3D surface
model derived from NIR point cloud; c) NDVI map; d) Thematic map with problematic areas of low NDVI highlighted in red.
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TIR imaging revealed that many of these areas also had
slightly elevated surface temperatures. The co-occurrence
of these findings (which individually are not necessarily
sufficient to identify potential areas of concern) enabled
fast (22 min flight time plus data processing) and relatively
easy identification of potentially problematic areas. Thermal images could also be combined to cover all area in one
orthophotograph and done only when surface is cold (for
anomalies to stand out).
Stronger voltage signals were observed upon testing
with a prototype microcontroller-based gas sensor array at
some spots, indicating elevated methane concentrations
relative to the surroundings.
TIR images were generated from data acquired using
the DJI Matrice 200 UAV in 2018. Images were acquired
in areas found to have unusually low NDVI values to determine whether their temperatures differed from those
of their surroundings (Figure 6, purple colour). The cells
of the grayscale images were colored according to their
measured temperatures and the temperature data were
prepared for analysis to identify correlations.

3.3 Methane and carbon dioxide measurement
The prototype device containing the semiconductor
sensors was used to determine the levels of CH4 and CO2
in the air above the previously identified problematic areas
of the landfill. The readings of each gas sensor in millivolts
are presented in Figure 7, which shows uncorrected and
uncalibrated values measured when walking around the
Kariotiskes landfill site (see the Figure 2 in the Supplementary Material).
Measurements acquired with the MQ2 and MQ135
sensor modules are shown in blue and green, respectively
(Figure 7). The green line can be interpreted as a measure of air pollution; a high voltage from the MQ135 sensor
typically indicates comparatively high CO2 levels and low
O2 levels. The MQ2 sensor (blue) responds to CH4 and CO2
with similar strength and is sensitive to all explosive gases. MQ4 sensor’s high voltages from 500 to 760 mV (and
thus possible higher gas levels) were observed during the

(a)

first 200 or so seconds of the sampling period because
the device was initially placed in the vicinity of a gas collection well. The sudden decrease in voltage at the end of
this period could be due to an increase in wind speed and/
or changes in temperature and humidity. The increase in
voltage from 530 to 610 mV between 950 and 1400 seconds occurred when the device was moved to the site’s
northern slope, in locations found to have much less vegetation cover than the rest of the site based on NDVI analysis. The middle section of the graph shows measurements made at various places at the top of the hill (in the
central area of the site). The section from roughly 3500
seconds onwards shows measurements made at various
place in the southern part of the Kariotiskes landfill. The
low readings from 390 to 440 mV in this region are likely
due to dispersal of the measured gases by wind. In addition, these measurements were conducted at around midday, when the temperature was around 8°C higher and the
specific humidity around 26% lower than they were when
the first measurements were conducted. Device as it is
described should be used for qualitative detection, not
aiming to detect exact quantities, but speeding process
of finding spots where precise measurements of quantity
is needed. To get most out of such sensors: temperature
should be chosen similar to the calibration and factory
recommended (in our case around 22°C); wind should not
be strong or housing with constant internal flow made;
strong gradient in humidity should be avoided, if changes
not compensated by real time or post-processing algorithm.
If these sensors found to be not suitable for some
particular measurements in landfill sites, then they can be
changed into newer or with better characteristics easily, in
most cases without much altering the code or circuit and
some might be found factory pre-calibrated.
While the prototype device is not yet capable of quantitative gas concentration measurement, the results clearly
show that combining drone-based infrared imaging with
simple gas detection sensors could give landfill operators
useful and cost-efficient tools for rapidly identifying local-

(b)

FIGURE 6: Thermal images from the TIR sensor. Pixels are colored according to their temperature values; the color scale goes from red
(high temperature) to violet (low temperature). a) a point of interest imaged from an altitude of 31 m; b) a larger area imaged from an
altitude of 122 m.
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FIGURE 7: Voltage signals generated by the semiconducting CO2 and CH4 sensors above the identified problematic areas of the landfill
surface as functions of time.

ized CH4 emissions. The power of techniques used is likely
to increase in future as software and UAVs become more
capable: the use of an improved UAV and more sophisticated desktop software in 2018 allowed better results to
be achieved in less time than was required in 2015 and
2016. Additionally, the cost of the equipment and software
necessary for imaging could be reduced up to 2.5-fold in
cases where RGB data with a mediocre spatial resolution
would be adequate. This method (with low cost gas sensor) has shortage of exactly identifying gas type, as mostly
it reacts to several gases and is only more sensitive to one
of them. Although it can be calibrated more accurately to
one specific gas, it must be used in known environment in
order to rely on results. In case of landfill sites, any kind of
gases detected by these sensors are unwanted. False positive is possible because of meteorological conditions and
construction of form factor. False negatives have almost
zero chance when performing qualitative detection, while a
bigger chance of false negatives is possible in quantitative
detection if instrument is calibrated incorrectly or used in
strongly different environmental conditions than those at
calibration.
Further, to improve results, measurements of temperature and humidity with fixed amount of CH4 will be conducted in the future and calibration for these two parameters
are planned, which will be taken into account by the real
time CH4 measurement algorithm.
Another factor influencing reading values is power
source. It must be redesigned, to be stable at least to 0.1
mV and separated from electronical sensing parts. This
way it will not be a source of error for calibration and field
measurements or influence precision of repeated field
measurements. All parts must be tested by experienced
electrician and if found according to specification and sufficient for device, then not changed or altered, otherwise
the whole device needs to be recalibrated in laboratory.
Sensor fusion techniques can be applied while more exper136

iments conducted with this prototype, as well as machine
learning algorithms could improve or change common calibration routine.

4. CONCLUSIONS
The use of a prototype microcontroller-based gas sensor array, that is suitable for future mounting on UADS,
together with imaging systems mounted on unmanned
aerial drones enabled remote localization of potential CH4
emission hotspots at the closed Kariotiskes landfill site.
Although the site’s surface structure and topography remained unchanged over the three-year study period, analysis of surface temperatures and vegetation cover based
on RGB, NIR, and TIR imaging data revealed several spots
of interest. Testing with the gas sensor array confirmed the
possible presence of elevated CH4 concentrations in these
spots. The combination of thermal and vegetation imaging
using infrared cameras with commercially available gas
sensors thus offers a relatively simple and inexpensive way
to rapidly identify CH4 release hotspots in closed landfill
sites. Although the developed gas-sensing array was used
in this study as a handheld instrument, it has a full potential to be mounted on the drone for remote measurements.
This approach should be affordable for landfill operators
and, with further development, could be used to quantify
fugitive CH4 emissions over an entire landfill surface.
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