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Abstract: Wastewater treatment plants (WWTPs) are sources of greenhouse gases, hazardous air
pollutants and offensive odors. These emissions can have negative repercussions in and around the
plant, degrading the quality of life of surrounding neighborhoods, damaging the environment, and
reducing employee’s overall job satisfaction. Current monitoring methodologies based on fixed gas
detectors and sporadic olfactometric measurements (human panels) do not allow for an accurate
spatial representation of such emissions. In this paper we use a small drone equipped with an array
of electrochemical and metal oxide (MOX) sensors for mapping odorous gases in a mid-sized
WWTP. An innovative sampling system based on two (10 m long) flexible tubes hanging from the
drone allowed near-source sampling from a safe distance with negligible influence from the down-
wash of the drone’s propellers. The proposed platform is very convenient for monitoring hard-to-
reach emission sources, such as the plant’s deodorization chimney, which turned out to be respon-
sible for the strongest odor emissions. The geo-localized measurements visualized in the form of a
two-dimensional (2D) gas concentration map revealed the main emission hotspots where abatement
solutions were needed. A principal component analysis (PCA) of the multivariate sensor signals
suggests that the proposed system can also be used to trace which emission source is responsible
for a certain measurement.

Keywords: drone; UAV; gas sensors; odour; air pollution; industrial emissions; mapping; environ-
mental monitoring

1. Introduction

The monitoring of emissions to air is a key element in preventing and reducing pol-
lution from industrial installations, in ensuring a high level of protection of the environ-
ment, and in minimizing odor impact to the surrounding population. Industrial activities
such as production of energy, intensive rearing of poultry and pigs or waste management
are sources of greenhouse gases (GHGs), hazardous air pollutants (HAPs) and offensive
odors. In 2017, emissions from waste management sites made up 3% of total GHG emis-
sions and 5% of particulate matter (PM) emissions in Spain [1]. These facilities are also
responsible for many citizen complaints to the local authorities regarding odor annoyance
episodes [2]. The objectives of monitoring are many and diverse. For example, monitoring
can be applied to assess compliance with environmental permit requirements; check the
performance of odor abatement systems; determine the relative contribution of different
sources to the overall emissions; report emissions for national and international invento-
ries, e.g., the Pollutant Release and Transfer Registers (PRTRs); and many others [3].
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In Europe, industrial air emissions are regulated by the Industrial Emissions Di-
rective 2010/75/EU (IED) [4]. The IED and national regulations impose requirements on
the monitoring approach to be used for a particular installation, for example the require-
ment for continuous monitoring of certain pollutants with specific instruments. The ac-
cepted monitoring methodologies and reference instruments for each type of gas are de-
scribed in the Best Available Technique (BAT) document [5]. The quantification of the
total emissions of an installation often requires the assessment of channeled (point-like)
emissions and diffuse emissions including fugitive emissions. Channeled emissions are
relatively easy to monitor with automated measuring systems (AMS) permanently in-
stalled on-site. However, the quantification of diffuse emissions might not be easy with
AMS and is, in general, labor- and cost-intensive due to the number of potential sources.

To simplify the measurement of diffuse emissions, the European IED specifies that
“measurements techniques based on the use of a transportable measurement platform, despite being
less accurate than reference methods, may be used to supplement the information supplied by fixed
measurements for the determination of the spatial concentration distribution or for the assessment
of diffusive gas emissions”. The advantage of a portable instrument over a set of fixed ana-
lyzers installed on different locations of the plant is the lower investment and operational
costs, as well as higher spatial resolution of the measurements. However, manually scan-
ning an entire plant with a portable instrument is a tedious and risky task. The use of
terrestrial robots may seem the most obvious solution to this problem, however their lim-
ited maneuverability hinders their practical application in realistic scenarios which often
include obstacles (e.g., buildings, stairs, trees, etc.) and elevated emission sources (e.g.,
chimneys, flares).

Aerial surveys with small drones (<10 Kg) equipped with gas detectors are a prom-
ising cost-effective and safe alternative for emission monitoring in industrial plants [6].
Both fixed- and rotary-wing drones can be used, however rotorcrafts are preferred for this
application due to key practical advantages such as vertical take-off and landing (VTOL),
autonomous hovering, high maneuverability, and low cruise speed. Drones equipped
with laser-based methane detectors have been demonstrated with great success in the oil
and gas (O&G) industry, e.g., for quantifying whole-site methane emissions [7] and de-
tecting fugitive methane leaks [8-10]. The main O&G companies are already testing this
technology in their plants [11-13]. Similar platforms have been recently used in solid
waste landfills (SWLs) for identifying surface methane hotspots [14].

Wastewater treatment plants (WWTPs) are another scenario where small drones
could improve the monitoring of plant emissions/odors. To the best of our knowledge,
there are no reports of drones being used for emission monitoring or odor sensing of
WWTPs. In this case, the major emission problem is not methane, but odorous compounds
produced during wastewater treatment, such as hydrogen sulfide (H2S), ammonia (NHs),
mercaptans, or volatile organic compounds (VOCs) which can produce odor impact in
workers and communities living nearby these facilities, even at low concentration levels
[3]. Current odor assessment methodologies in WWTPs are mostly based on walkover
surveys with portable H2S detectors or via olfactometric measurements involving expen-
sive human panels, which leads to odor measurements with poor temporal and spatial
resolution. The idea of using drones to monitor odorous emissions in WWTPs is very in-
teresting because they can measure the concentration of key odorous compounds in dif-
ferent locations of the plant including hard-to-reach locations, and with higher spatial res-
olution, less risk, and lower cost than existing methods. This information can then be used
by plant operators for (i) feedback into the industrial processes, (ii) as input for atmos-
pheric dispersion models to estimate the odor emission rate and then to predict odor im-
pact in the plant vicinity, and (iii) to identify fugitive emissions.

The two main challenges associated with the application of drones for monitoring
emissions in WWTPs are (i) the lack of reliable and lightweight sensors to detect the rele-
vant compounds and (ii) the plume distortion produced by the downwash of the rotating
propellers. While methane can be selectively detected with laser-based spectrometers
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amenable for drone integration, detection of H25, NHs or VOCs at the required concentra-
tion levels is yet not feasible with lightweight optical analyzers. In this case, the most
straightforward approach is to use low-cost chemical sensors, such as electrochemical
cells (EC) or metal oxide (MOX or MOS) sensors, which inherently have limited perfor-
mance [15]. Electrochemical sensors offer decent selectivity (though not comparable to
optical analysers) for compounds such as CO, SOz, NHs or NO/NO2 (among many others)
and are often the technology of choice when any of these compounds is targeted [16].
MOX sensors operating in the (default) isothermal mode are not selective but are more
sensitive, faster, and cheaper than electrochemical cells [17]. These features make them
very popular in robotic studies addressing gas source localization and mapping tasks [18—
20] where selectivity is not critical because artificial gas sources releasing a single com-
pound (typically ethanol) are normally used.

Up to now, the use of drones fitted with low-cost chemical sensors has been mostly
explored in relatively simple scenarios, such as indoor areas [19] or outdoor environments
[21,22], using artificial gas sources. A few exceptions exist at the industrial and academic
level. For example, Aeromon (Helsinki, Finland) has been regularly using their BH-12
multi-sensor system (based on electrochemical cells) for monitoring the emission perfor-
mance of vessels and checking compliance with the new emission regulations regarding
fuel sulfur content (FSC). The DR1000 “Flying Lab” from Scentroid (Whitchurch-
Stouffville, ON, Canada), which uses EC and MOX sensors, has been used for monitoring
the quality of fuel used for domestic heating in Poland. The recently announced Muve
C360 from FLIR Systems (Wilsonville, OR, USA) is a multi-gas detector completely inte-
grated in a DJI M210 drone for emergency responders, industrial safety, and environmen-
tal monitoring. At the research level, drones equipped with electrochemical sensors have
been used for atmospheric research studies, e.g. analysing the composition of volcanic
plumes [23], among other applications [6].

Despite the many advantages offered by rotorcrafts, the intense downwash gener-
ated by the propellers is a main problem for chemical sensing applications in which the
drone has to fly close to point or surface emitters. In these cases, the downwash strongly
distorts the gas distribution, leading to gross errors in the sensor readings. This is a well-
known problem that has received lots of attention from the research community. The
downwash has been simulated by numerical methods (e.g., computer fluid dynamics,
CFD) and empirically characterized using smoke tracers, anemometers, and particle track-
ing velocimetry (PTV) [6]. These studies show that the downwash is particularly strong
in the vertical axis underneath the drone where its influence can extend up to several me-
ters (depending on the drone’s take-off weight).

The downwash is the main factor to be considered in the design of gas sampling sys-
tems for drones, or for optimizing sensor placement, especially for point-like sensors or
closed-path optical analysers. Although the sensing elements can be directly exposed to
the air sample, it is more convenient to place them in a sensor chamber with an aspiration
system. This provides more flexibility regarding the sampling point and more control in
the sample delivery. The few existing commercial systems using low-cost sensors (e.g.,
Aeromon BH-12, Scentroid DR1000 and FLIR Muve C360) implement a rigid horizontal
sampling tube (1-2 m length) to aspirate the gas sample from outside the rotors” influence
zone [23,24]. This type of boom is very convenient for monitoring elevated and channeled
sources, such as chimneys or flares, but has practical inconveniences for diffusive area
sources such as those encountered in WWTPs. In this case, the problem is that a drone
implementing a rigid horizontal probe would have to fly very close to the ground or
nearby obstacles to sample the space directly above the source, which is risky and leads
to a strong mixing (dilution) of the emissions because of the downwash.

The goal of our current research is to develop a drone to monitor and map odorous
emissions in WWTPs. For that, we use a commercial drone (DJI Matrice 600) fitted with a
custom payload based on an array of low-cost gas sensors (electrochemical and MOX sen-
sors) and an innovative sampling system consisting of an aspiration pump connected to a
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10-m sampling tube suspended from the drone. This system allows the drone to sample
the emission sources with negligible effect from the downwash and, at the same time, fly
at sufficient height above the obstacles to minimize the operational risks. This paper pre-
sents the first preliminary set of experiments carried out in a real WWTP in Murcia
(Spain). The objectives of these initial measurements are to (i) check if the signals recorded
by the drone are consistent with the expected concentrations based on previous measure-
ments with hand-held detectors; (ii) build rough concentration maps of the most relevant
compounds to understand their spatial distribution and identify the emission hotspots;
and (iii) assess if the different emission sources can be identified based on the multivariate
patterns produced by the sensor array. We will discuss some of the challenges encoun-
tered during these tests, and how future developments could overcome them.

2. Materials and Methods
2.1. Test Site

Field measurements were carried out in the WWTP of Molina del Segura (Murcia,
Spain), which is operated by Depuracion de Aguas del Mediterraneo (DAM). The plant
(Figure 1) has an extension of 35,000 m? and serves a population of 290,000 inhabitants.
Five emission sources (settler stage A, bioreactor stage A, sludge hoppers, sludge thick-
ener, and deodorization chimney) were suggested by the plant manager as elements with
the highest emissions based on previous measurement campaigns using hand-held detec-
tors and olfactometric campaigns (human panels). Therefore, the aerial mapping was fo-
cused on a region of ~4500 m? centered around these sources. An ultrasonic anemometer
(Model: WindSonic, Gill Instruments, Lymington, UK) placed at 10 m a.g.l. in a clear area
without nearby obstacles continuously measured wind speed and direction.

PO: Plant entry
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Figure 1. Map of the WWTP of Molina del Segura with the five main emission sources highlighted in red. The aerial
mapping was focused on a 4500 m? squared region centered around these sources.

2.2. Drone and Payload

A rotary-wing drone was selected for this application due to its ability to hover, slow
flight speed and vertical takeoff and landing (VTOL). These characteristics are essential
for close-up monitoring of emission sources, safe navigation around the plant infrastruc-
ture, and high-resolution mapping. The selected drone was the Matrice 600 Pro (DJI In-
ternational, Nanshan, Shenzhen, China) which has a high payload capacity (6 kg) and
allows for a flight time between 15 min (fully loaded) and 30 min (unloaded). The drone
was equipped with a custom gas sensing payload (Figure 2) composed of a custom-made
electronic nose (e-nose) and a commercial multi-gas analyzer Drager X-am 8000 (Dra-
gerwerk AG, Liibeck, Germany).
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Both sensor systems were attached underneath the drone using a custom mounting
plate, and their inlets were connected to 10-m PTFE tubing (hanging vertically from the
drone) to sample the region below the drone where the downwash has disappeared or it
is greatly reduced. The required length of the tubing was determined by measuring the
downwash influence with a hand-held anemometer placed below the loaded drone while
it was hovering at multiple altitudes. We prefer this sampling approach over the horizon-
tal tube because it allows the drone to fly over obstacles without risk. However, using a
long sampling tube also has practical problems: (i) a delay in the measurements due to the
sample transport, (ii) memory effects if some gases stick to the tubing walls, and (iii) tilt
of the tube due to wind or drone motion. The delay in the measurements and the tilt of
the tube lead to inaccuracies in the GPS marking of the sensor signals. To solve these issues
we attached a weight of 150 g to the end of the tube as a plumb bob (to keep the tube as
straight as possible during flight) and compensated the delay via software.

Electronic Draeger
nose \ X-am 8000

Figure 2. DJI Matrice 600 Pro drone equipped with a custom e-nose and a Dréager X-am 8000 ana-
lyzer. The inlets of both systems are connected to 10-m PTFE tubing.

Regarding the e-nose architecture (Figure 3), it contains an array of 16 MOX sensors
(several TGS models, Figaro Engineering Inc., Osaka, Japan) operated at various temper-
atures, a combo sensor for temperature, humidity and pressure, a flow sensor, GPS re-
ceiver, and long-range ZigBee 868 MHz radio communication. The specifications of the e-
nose sensors are summarized in Table 1. A microcontroller reads the sensor signals and
the GPS position, and sends them to the base station through the radio link at a sampling
frequency of 0.2 Hz. A miniature pump delivers the gas flow to the sensing chamber at a
flow rate of 1.8 L/min. Power is provided by a 7.4 V lithium polymer (LiPo) battery with
2200 mAh of capacity, allowing continuous operation for approximately 2 h. The weight
of the e-nose including the battery is ~1200 g.

7

Gas
<

~ inlet
chamber

- | EH e

I Radio 1.8 L/min
module Pump Gas
s

Figure 3. Internal architecture of the electronic nose.

The Dréger X-am 8000 is equipped with four electrochemical sensors (for H2S, NHs,
mercaptans and amines), a photo-ionization detector (PID) for quantifying total VOCs, an
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internal pump, an integrated battery, and weighs 550 g (Table 2). The sensor data are
logged every second in an internal memory which can store up to 210 h of measurements.

Table 1. Sensors included in the electronic nose.

Parameter Sensor Type Range Accuracy
VOCs 16x Metal oxide sensors - -
Temperature MEMS 40 to + 85 °C +1°C
Humidity MEMS 0 to 100% RH *3% r.h.
Pressure MEMS 30 to 110 kPa +0.1 kPa
Flow rate Thermal 0 to 33 L/min +3% m.v.
Table 2. Sensors included in the Drager X-am 8000 analyzer.

Parameter Sensor Type Range Accuracy
HS Electrochemical cell 0 to 100 ppm #0.1 ppm
NHs Electrochemical cell 0 to 300 ppm +1 ppm

Amines Electrochemical cell 0 to 100 ppm +1 ppm
Mercaptans Electrochemical cell 0 to 40 ppm 0.5 ppm
VOCs Photo-ionization detector 0 to 2000 ppm #0.1 ppm

2.3. Experimental Protocol

All measurements were carried out in a single day. The e-nose sensors were pre-
heated for 24 h before the start of the measurements to stabilize the sensors’ baseline. At
the beginning of the experiment the drone was positioned near the entry of the plant (PO
in Figure 1), where no odor was perceivable, and measurements were taken for 7 min to
determine the sensors’ baseline. The drone took off from there and scanned the target area
slowly at a height of approximately 12 m, keeping the inlet of the sampling tube as close
as possible to the emission sources. The drone hovered for 5-7 min at each of the five
emission sources (highlighted in Figure 1) to capture the variability of the gas concentra-
tion over time. The whole experiment took slightly less than 2 h to complete, which re-
quired multiple sets of drone batteries.

2.4. Data Processing and Visualization

A laptop computer with a ZigBee 868 MHz radio antenna and a custom software
application developed in MATLAB R2019B (The MathWorks, Natick, MA, USA) was used
as base station to receive and log in real-time the data from the e-nose (timestamp, sensor
signals and GPS position). The measurement data stored in the internal memory of the
Dréager X-am 8000 (timestamp and sensor signals) was downloaded into the base station
at the end of the flight (no radio link available for this device). Data from both instruments
were merged into a single file, using linear interpolation (MATLAB interpl) to synchro-
nize the data to a common timestamp. Each entry of the log file is a tuple
(t,x,¥,2,¢4, ., Cs5, 59, ..., S16) Where t is the timestamp, x,y,z the spatial coordinates,
¢y, .+, C5 the concentration (ppmv, parts-per-million in volume) of the five gases measured
by the Drager X-am 8000, and sy, ...,S1¢ the MOX sensor resistances (Q2).

For data visualization, we used MATLAB and the Google Maps Javascript API to
produce a heatmap visualization of the geolocalized raw sensor data. In addition, a prin-
cipal component analysis (PCA) was used to visually determine if the different emission
sources could be clustered based on the sensor responses. For that, a PCA model with
three principal components was applied to the e-nose signals after logarithmic transfor-
mation (to reduce the dynamic range and improve normality) and mean-centering. The
PCA modelling was done also in MATLAB.

3. Results and Discussion
3.1. Weather Conditions
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The weather conditions during the field measurements were favorable, with clear
sky, temperature between 18 and 20 °C, and 50% relative humidity. The wind direction
was predominantly north-west, with average wind speed of 10-15 km/h, and gusts of up
to 50 km/h (Figure 4). The effect of wind on the sampling tube can be observed in Figure
5, which shows pictures of the drone hovering above the five emission sources. For exam-
ple, while measuring at the settlers (P1) and the deodorization chimney (P4) the drone
had to be positioned slightly upwind to compensate the tilt of the sampling tube. The GPS
signal reception was good throughout the experiment, with more than 12 satellites in line-
of-sight (LOS) with the drone.

'A‘. -
Wind Speeds in m/s

Figure 4. Wind speed and direction during the field measurements.

Settlers Biological
reactor

P3
Sludge Deodorisation
hoppers chimney thickener

Figure 5. Drone hovering over the selected emission sources (P1-P5).

3.2. Gas Concentration Measurements
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The raw sensor signals throughout the experiment are shown in Figure 6. The highest
gas concentrations were recorded near the bioreactor stage A (P2) and the deodorization
chimney (P4). The high variability of the sensor signals at the chimney is a consequence
of the oscillations of the sampling tube around the chimney outlet due to the wind. The
oscillations of the sampling tube were less problematic in the area sources because, since
the concentration is more homogeneous, the exact location of the sampling point is not as
critical as in ducted (point-like) sources. Very low concentration of all gases was measured
near the settlers (P1) despite a strong malodor could be appreciated near this site. Only
the response of the MOX sensors was distinguishable from the blank measurements,
which may indicate that odor from this source was produced mostly by VOCs rather than
by HzS or NHs. A peak of 100 ppm of CO2 above the background level was measured near
the sludge hoppers (P3) during sludge discharge into a truck. Finally, low concentrations
were measured at the sludge thickener (P5) probably because it was covered.

The measured concentrations were in line with the expected values based on previ-
ous measurement campaigns carried out at the same emission sources with a hand-held
X-am 8000 detector (Table 3). It is not surprising that the measured values during a single
day in very specific conditions (e.g., drone flight) differ from values obtained in other
measurement campaigns carried out at a different date. This is because the pattern of
emissions in a WWTP is not stationary and there is a large variability in the emissions
depending on process factors (e.g., quality of influent water and flow rate) but also on
environmental conditions (wind, temperature, humidity, precipitation, etc.). There are
also seasonal trends. Thus, the recorded signals only represent the emissions during the
time of sampling. A comprehensive characterization of the emissions, which would re-
quire a much more elaborated measurement campaign spanning several months, was out
of the scope of this preliminary measurements. Similarly, a precise characterization of the
uncertainty associated with the drone measurements is also subject of future experiments.
The goals of this preliminary work were less ambitious, e.g., showing that drone-based
measurements using the proposed sampling approach provide sensible signals.

Table 3. Comparison between drone-based measurements and those performed with a hand-held
X-am 8000 detector near the same emission sources.

Drone Hand-Held Detector
H:S 0-10 ppm 0-100 ppm
NHs 0-10 ppm 0-30 ppm
Amines 0-65 ppm 0-70 ppm
Mercaptans 0-1.5 ppm 0-1 ppm
VOCs 0-15 ppm 0-14 ppm

It should be noted that while the recorded signals give a clear indication of the char-
acteristics of emissions in the different sources, their exact values are subject to various
sources of uncertainty. While low-cost sensors can provide relatively good results in the
laboratory, their application in field conditions remains challenging. First of all, because
the sensors react not only to the target gas but also to interfering compounds. For example,
the response of an HzS electrochemical sensor is affected by the presence of SO or NHs
because of matrix effects. Uncontrolled or unknown variations in temperature, humidity,
and pressure can also affect the sensor signals, as can overheating due to direct sunlight
exposure. Strong winds also affect the measurements due to the oscillations of the sam-
pling line.
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Figure 6. Raw sensor signals during the field measurements.

3.3. Gas Concentration Mapping

The sensor data was used to produce heatmaps indicative of the concentration of
each gas. An example of an H25 map is shown in Figure 7. As it was expected from the
analysis of the raw sensor signals, the H2S concentration hotspots are located near the
bioreactor stage A (P2) and the deodorization chimney (P4). These hotspots are shifted a
few meters with respect to the location of the emission sources due to the inaccuracy of
the GPS position (+3 m), the effect of wind on the gas dispersion, and the tilt of the sam-
pling tube with respect to the vertical axis of the drone where the GPS receiver is located.
This latter effect can be clearly seen in Figure 5 when the drone is sampling the chimney.
In order to keep the inlet of the sampling tube centered above the chimney, the drone
must be positioned a few meters upwind to compensate for the effect of wind on the tub-
ing. Because the GPS receiver is placed on the drone and not at the inlet of the tube, the
recorded position indicates the location of the drone and not the location where the gas is
being sampled. This could be solved in the future by either placing the GPS receiver at the
inlet of the tubing or using an on-board camera to track the position of the sampling inlet
and compensate the offset via software.
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Figure 7. Map of H2S concentration obtained from drone measurements.

3.4. Gas Source Identification

One research question of this work is whether the different emission sources could
be distinguished based on the e-nose signals. A PCA score plot of the signals recorded
while the drone was hovering over the sources revealed that this is indeed the case, and
the different emission sources are clustered in different regions of the PCA space (Figure
8). This suggests that each source has a different gas composition, so the e-nose could be
potentially used to identify which source is responsible for a certain measurement. Even
the settler (P1) and sludge thickener (P5) could be differentiated from the blank measure-
ments (P0O) despite the gas concentrations measured at these sources were very close to
the baseline level. This result, which may be a consequence of the low limit of detection
(LOD) of MOX sensors, should be confirmed with more measurement campaigns and us-
ing external validation (blind) samples.

4 ; | ; ; ; . ,
| s A
Biological
°
3t : P : ®®  reactor 4
I 0% 08 &% e
Y | ' .. ) L4
£ 2F  Pplant ' 1
A entry Sett'sr e ® o Sludge hoppers
o
0 oo '¢ o ]
0 Ol « %o ot
O OF—=== ' -2 4 - _._., ________________ —
5 &P
5] | * o
4 Al | o ® Deodorisation |
S Sludge | S oA chimney
n thickener : ¥ ] e °
-2f ° 4
I . .
®
I ° ~
-3t | ° 4
I
I
4 . A 1 ) . N \ \
-6 -4 -2 0 2 4 6 8 10 12
Scores on PC 1 (86.17%)

Figure 8. Principal component analysis (PCA) score plot of the e-nose signals.

4. Conclusions

This study has explored the possibility of using a small drone equipped with an array
of low-cost gas sensors for real-time monitoring of odorous emissions in a WWTP. The
drone was equipped with an innovative sampling system that allowed the drone to fly at



Remote Sens. 2021, 13, 1757

11 of 12

a safe distance from obstacles and minimize the impact of downwash into the sensor sig-
nals. The proposed system was useful to measure gas concentrations near previously in-
accessible emission sources, such as the deodorization chimney, which turned out to be
the main odor source in this plant. The geolocalized sensor signals were used to build H2S
concentration maps that highlighted the location of the main emission hotspots.

During these field measurements we faced several challenges that affect the opera-
tion of the drone and the quality of the acquired data. The main challenge was the pres-
ence of strong winds which affected the drone stability, made the sampling tube oscillate
considerably, and induced a high variability in the spatial distribution of the released
gases. Adding a weight at the end of the sampling line improved the stability of the meas-
urements. Flying above the obstacles was key to minimize the operational risks consider-
ing the strong and unpredictable wind gusts present in our flights. Real-time visual feed-
back from the sensor signals was very helpful for fine-tuning the position of the sampling
inlet close to the different emission sources (especially channeled sources). Nonetheless,
the geolocalization of the sensor measurements was inaccurate under strong winds be-
cause the GPS receiver and the inlet of the sampling line were not necessarily in the same
vertical axis. Two possible solutions to improve this in future experiments are (i) to place
the GPS receiver at the inlet of the tubing or (ii) using an on-board camera to track the
position of the sampling inlet and compensate the GPS offset via software.

Another problem that we want to address in future works is the quantification of
odor concentration (e.g., in standardized units such as ou/m? [24]) from drone-based
measurements. This is much more challenging than quantification of individual gas con-
centrations, as the relationship between the components of a gas mixture and the per-
ceived odour concentration is non-linear and subject to synergic and masking effects [25].
We also plan to combine the drone measurements with atmospheric dispersion models,
such as CALPUFF [26], to predict the impact outside of the plant. The proposed platform
could be applied in the future to other industrial sectors, such as solid waste landfills,
composting plants, and animal farms.
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