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Abstract: The increase in produced waste is a symptom of inefficient resources usage, which should
be better exploited as a resource for energy and materials. The air pollution generated by waste causes
impacts felt by a large part of the population living in and around the main urban areas. This paper
presents a mobile sensor node for monitoring air and noise pollution; indeed, the developed system is
installed on an RC drone, quickly monitoring large areas. It relies on a Raspberry Pi Zero W board and
a wide set of sensors (i.e., NO2, CO, NH3, CO2, VOCs, PM2.5, and PM10) to sample the environmental
parameter at regular time intervals. A proper classification algorithm was developed to quantify
the traffic level from the noise level (NL) acquired by the onboard microphone. Additionally, the
drone is equipped with a camera and implements a visual recognition algorithm (Fast R-CNN) to
detect waste fires and mark them by a GPS receiver. Furthermore, the firmware for managing the
sensing unit operation was developed, as well as the power supply section. In particular, the node’s
consumption was analysed in two use cases, and the battery capacity needed to power the designed
device was sized. The onfield tests demonstrated the proper operation of the developed monitoring
system. Finally, a cloud application was developed to remotely monitor the information acquired by
the sensor-based drone and upload them on a remote database.

Keywords: air pollution; drone; land survey; visual recognition algorithm; fast R-CNN; dust sensors;
microcontroller

1. Introduction

Human civilization and globalization are the primary culprits of the constant change
in the global environment in the current scenario, mainly due to air and water pollution,
global warming, ozone depletion, acid rain, natural resource depletion, overpopulation,
waste disposal, deforestation, and biodiversity loss. Almost all of these processes result
from the unsustainable use of natural resources; waste is a growing environmental, social,
and economic problem for all modern economies. The air pollution generated by waste
causes impacts felt by a large part of the population living in and around the main urban
areas. Landfill management is a deeply felt problem by government authorities, given
the enormous environmental impact of the pollutants due to naturally evaporated gases
or substances generated by self-combustion or man-made fires, potentially dangerous for
human health being diffused into the atmosphere.

According to the World Health Organization (WHO), air pollution is the most consid-
erable environmental risk to health in the European Union (EU) [1]. Each year in the EU, it
causes about 400,000 premature deaths and hundreds of billions of euros in health-related
external costs. People in urban areas are particularly exposed; particulate matter, nitrogen
dioxide, and ground-level ozone are the air pollutants responsible for most early deaths.
These concepts are summarized in the initial section of the Special Report 23/2018, called
“Air pollution: Our health still insufficiently protected” and published by the European
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Court of Auditors, which stresses the importance of the pollution problem that can no
longer be ignored. To solve this problem, the European Parliament and European Union
Council have adopted the directive 2016/22884 on reducing national emissions of cer-
tain atmospheric pollutants, amending directive 2003/35/E.C. and repealing directive
2001/81/EC [2]. This last act establishes the emission reduction commitments for the mem-
ber states’ anthropogenic atmospheric emissions of sulfur dioxide (SO2), nitrogen oxides
(NOx), non-methane volatile organic compounds (NMVOC), ammonia (NH3), and fine
particulate matter (PM2.5). Additionally, the directive imposes that national air pollution
control programs are drawn up, adopted, and implemented and that pollutant emissions
and their impacts are monitored and reported. For air pollution measurements, a sam-
pling height between 3–10 m must be considered; at this altitude, the vertical mixing is
homogeneous, and representative of pollutants transported from neighbouring sources.
Several monitoring methods and approaches are available for air pollution, including
diffusion tubes [3,4], bubbler sampler [5], gas chromatography (GC) analyzers [6,7], remote
optical/long path analyzers [8,9], photochemical and optical sensor systems [10,11], etc.
However, the sampling method must be selected according to several parameters and
requirements, including analyte typology, sampling duration and frequency, portability,
maintenance need, costs, etc.

The sensors networks, including multiple sensor nodes distributed in strategic points,
represent a valid approach for monitoring air quality with high precision in a relatively
short time interval [12]. Dam et al. developed a wearable air quality sensor that analyzes
the personal exposition to pollutions [13]. The designed device, called EnviroSensor, was
a low-cost, open-source, mobile air-quality monitor that gathered real-time air quality
data (ozone—O3, PM and CO concentrations). A dashboard was designed to display
and analyse the air quality data and a mobile application for connecting the sensors and
enabling real-time data sharing. Additionally, Dhingra et al. presented a three-phase air
pollution monitoring system featured by high sensitivity and precision [14]. The proposed
IoT device comprises multiple gas sensors, an Arduino board, and a Wi-Fi module to
collect environmental parameters and send them to a cloud server. This last one stores the
incoming data, accessible using a custom Android application called IoT-Mobair. Wearable
and portable devices are lastly founding applications in the environmental monitoring field.
Specifically, Teriús-Padrón et al. worked on a wearable device to acquire PM concentration
and send collected data to other devices using Wi-Fi and Bluetooth Low Energy (BLE)
connection [15]. The device is placed into a case with three caps to fix it to a belt, pants,
bags, or an armband. Moreover, a custom user interface shows the real-time Air Quality
Index (AQI) level. This last is calculated from the received data according to the PM level,
using the EPA (Environmental Protection Agency) formula reported in [16]:

Ip =
IHi − ILo

BPHi − BPLo

(
Cp − BPLo

)
+ ILo, (1)

where Ip is the index for the pollutant p, Cp its truncated average concentration over 24 h
based on 1 h measurements, BPHi and BPLo the concentration breakpoints greater or equal
and lower or equal than Cp, and IHi and ILo the corresponding AQI levels.

Similarly, P. Arroyo et al. developed a portable system for air quality measurements in
outdoor environments, detecting the NO2, NO, CO, O3, PM2.5 and PM10 concentrations,
along with the temperature, humidity and location [17]. The device comprises electrochem-
ical gas sensors and optical particulate sensors, as well as a GSM module to transmit the
acquired data, MQTT-Message Queue Telemetry Transmission communication protocol, to
a cloud platform for storing and processing them. In [18], a novel Wireless Sensor Network
(WSN) was introduced to detect pollutants, such as CO, NO2, PM10, PM1, PM2.5, and O3,
produced by urban transport and domestic heating systems. The proposed WSN, based on
sensor nodes called AIRBOX, has been installed in several hotspots and on public buses [18].
In [19], the authors described an air quality monitoring system for urban scenarios applied
to the citizens’ garments and their bikes. In particular, the sensor node, equipped with
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CO, SO2, and NO2 electrochemical gas sensors, was based on a 16-bit MSP430BT5190
microcontroller and a CC256x Bluetooth chip. The tests demonstrated good accuracy in
temperature, humidity, and pressure measurements with accuracy within 1 ◦C, 2% RH,
and 2 hPa; for the electrochemical sensors, 0.6 ppm accuracy was obtained [19].

F. Tsow et al. developed a portable/wearable volatile organic toxicants sensor equipped
with Bluetooth connectivity [20]. It is based on an innovative tuning fork sensor for de-
tecting VOC concentration. A dedicated oscillator drives each fork sensor; the resulting
oscillations are integrated for a set number of cycles and integrated with a high-frequency
clock generated by a high-frequency crystal oscillator. The sensor outputs are digitalized
and transmitted to a host device such as smartphones and/or laptops.

Several scientific works are proposed in the literature that have as main elements a
drone for acquiring air quality data. For instance, in [21], the authors introduced a novel
drone for detecting air quality parameters in a given location, constructing a 3D map of the
air quality measurements. Furthermore, in [22], the authors developed an Environmental
Drone (E-drone) to gather information about concentrations of air pollutants (i.e., CO,
CO2, SO2, NH3, PM, O3, and NO2) in a specific place. The device implements onboard
pollution abatement solutions. The drone comprises a 500 mL tank containing a solution
for decreasing the NO2 level, dispersed when an excessive NO2 concentration is detected.
A custom software gathered the data from multiple E-drones, drawing an Air Quality
Health Index (AQHI) map for environmental analysis purposes. Similarly, Q. Gu et al.
described an unmanned aerial vehicle (UAV) for air monitoring applications to obtain
high-resolution and punctual profiling of air pollution [23]. The drone was equipped with
low-cost microsensors, measuring the air concentrations of particulate matter and NO2. A
fusion servlet software, implemented by the NanoPI Neo Air board, fuses the data from
PM and NO2 sensors and flight controller, providing an aggregated data output.

Traffic is a critical issue in urban areas which are densely populated, requiring careful
supervision to avoid areas with high congestion zones, resulting in high levels of pollutants
with consequent risks to human health [24]. The scientific community has addressed this
problem, finding new solutions for monitoring traffic based on environmental parameters.
Notably, the noise level (NL) is a good indicator for forecasting the traffic level since it
depends on traffic volume and speed, vehicle content, road surface and structure of the
surrounding area. By gathering data related to the noise level and correlating them with
other environmental parameters, a good estimation of the traffic level can be inferred.

In this paper, a monitoring system based on a low-cost drone is presented, equipped
with a series of photochemical and optical sensors for monitoring the primary sources of
pollution present in an urban scenario. The monitoring system is based on a Raspberry
Pi Zero W board, which acquires and processes the data from sensors and stores them
into the internal memory (SD card) along with alarm flags related to overcoming specific
threshold values. Furthermore, the sensing unit is equipped with a wide set of sensors
to detect concentrations of dangerous gaseous species and particulates (i.e., NO2, CO,
NH3, CO2, VOCs, PM2.5, and PM10) as well as the noise levels [25]. Additionally, the
drone comprises an IR camera supported by a visual recognition algorithm to detect fires of
hazardous materials and simultaneously capture their location by an onboard GNSS (Global
Navigation Satellite System) receiver [26]. The presented device is thought to monitor the
pollutant species in urban or suburban environments, along with the traffic level correlating
it with the noise level detected by an onboard sound sensing module. Thus, the smart drone
can easily monitor the traffic load in restricted city areas, allowing real-time management
of moving vehicles on different city streets. Specifically, we employed a simple data fusion
algorithm to combine the noise level acquired by the onboard microphone module and the
air concentrations of gaseous species strictly correlated to vehicular traffic, such as NO2
and PM2.5. The developed solution offers numerous advantages over fixed monitoring
systems available on the market, including portability, low cost, customization, and a wide
operating range.
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The proposed paper aims to develop a low-cost sensor-based drone for pollutant
detection and visual recognition of waste fires, enabling quick supervising large areas and
identifying pollution sources. Additionally, the consumption analysis is presented to design
the sensing unit’s supply section. Furthermore, characterization and testing of the proposed
sensor-based drone in different operating conditions were carried out, demonstrating the
correct operation of the developed system. Finally, a cloud-based application for remote
monitoring of the historical data acquired by the sensor-based drone is introduced; it relies
on a local application, enabling the operator to upload the data on the remote database and
a mobile application to monitor the acquired measurements.

2. Materials and Methods

In this section, we first describe the architecture of the proposed sensing unit is intro-
duced, along with its integration inside the Phantom 3 drone. Afterwards, the specifications
of each component constituting the sensing unit onboard the drone are discussed, along
with the threshold values set by the regulations for each pollutant. Lastly, a simple data
fusion technique is presented to determine the traffic load in an urban scenario combining
the noise level and pollutants measurements.

2.1. Architecture of the Developed Pollution Monitoring Drone

Figure 1 represents the 3D picture of the proposed mobile monitoring system consti-
tuted by the Phantom 3 drone (manufactured by DJI, Shenzen, China) hooked the sensing
section to acquire the environmental parameters (1 in Figure 1). This last one is placed into
a plastic box with air intakes (5 mm diameter), enabling the gas sensors to be exposed to
the incoming air forced inside the case by the drone movement (2 in Figure 1). Moreover,
an IR camera is placed on the box front section supported by a recognition algorithm to
detect fires of hazardous materials and simultaneously capture their location by an onboard
GNSS receiver (3 in Figure 1) [27]. Moreover, the sensing section is equipped with an
electret microphone for detecting the noise pollution level in the overflown area. The
monitoring system core is the mobile sensor node mounted on the previously chosen drone
(4 in Figure 1). A Raspberry Pi Zero board acquires and processes the sensors’ signals and
implements a visual recognition algorithm to recognise waste fires.
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The performances of every gas sensor typology are affected by both analyte flow rate
and direction, causing variation of their properties, and thus inducing measurement errors
if not compensated [28,29]. Relatively to the developed sensor-based drone, the airflow
changes due to variations of drone speed and the turbulence created by the rotation of
the drone blades. Two precautions were used to mitigate the possible negative effects on
the parameters acquisition. The first one is the application of a 40 µm stainless steel mesh
layer behind the air inlets placed in front of the plastic case. This last one acts as a diffusion
barrier, reducing the air velocity into the case, thus protecting the stability of the sensing
part; also, it avoids the entry of foreign bodies into the plastic box. The latter is to keep
relatively low and stable drone velocity (<10 km/h) during measurements.

Specifically, the system is equipped with two particulate detection sensors (ZH03A/ZH03B,
manufactured by Winsen Electronics Technology, Zhengzhou, China) based on optical
technology able to detect the concentrations of fine dust PM2.5 and PM10. Since these
sensors provide analog outputs, the motherboard must be equipped with two external
ADC (Analog-to-Digital Converter) (model ADS1115, manufactured by Texas Instruments,
Dallas, TX, USA) interfaced by an I2C bus. To make the system polyvalent, it was decided
to equip it with sensors capable of detecting a wide range of gaseous species. Notably, the
system includes a MOx technology sensor (CCS811, manufactured by AMS Technologies,
Premstätten, Austria) to detect TVOC (Total Volatile Organic Compounds) and the CO2
emitted in all applications that require combustion of fossil fuels.

Moreover, the system is equipped with an additional sensor based on MOx technology
(MiCS6814, manufactured by SGX Sensortech, Neuchâtel, Switzerland) for detecting nitro-
gen hydroxide, ammonia, and carbon monoxide, gaseous species attributable to activities
in an urban or industrial environment. The mobile sensor nodes are also provided with
an audio detection system (model MAX4466, manufactured by Maxim Integrated, San
Jose, CA, USA) based on an electric microphone and an adjustable low power gain stage
to detect the level of noise pollution present in the overflown area. Once an area with
pollution levels beyond the thresholds defined by current regulations or the presence of
fires have been identified, the system stores its position using a low consumption GNSS
receiver (model NEO M8N, manufactured by U-Blox, Thalwil, Switzerland). Additionally,
the drone is equipped with an IR camera (model OV5647, manufactured by OmniVision
Technologies, Santa Clara, CA, USA) to detect waste fires and take photos of areas where an
abnormal level of pollutants has been detected to improve detection reliability (Figure S1).

The connections between the Raspberry motherboard and the various used compo-
nents are depicted in Figure 2. The two ADS1115 ADC are interfaced with the microcon-
troller board using the I2C bus, configuring them with different addresses. The analog
signals supplied by the microphone sensor (MAX4466) and the PM10 laser dust sensor
(ZH03A) is connected to the analog inputs of the first ADC (ADC1). In contrast, the sec-
ond ADC (ADC2) converts the analog signals supplied by the MOx sensor (MiCS 6814)
and the PM2.5 sensor (ZH03B). Furthermore, the CCS811 MOX sensor is interfaced with
the Raspberry board through the I2C bus, whereas the GNSS receiver (NEOM8) uses the
UART (Universal Asynchronous Receiver Transmitter) interface, sending NMEA packets
containing the drone position. The GNSS receiver is used to acquire the coordinates of the
locations where the pollutant concentrations are greater than WHO limits, as detailed in
Section 3.1. Finally, the IR Camera (OV5647) is connected to the Raspberry board with the
Camera Serial Interface Type 2 (CSI-2).
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The developed sensor-based drone can operate in a wide range of environmental
conditions, excluding those with strong wind (>35 km/h) and heavy rain, for avoiding
drone instability. Additionally, water vapour represents the main disturbing factor in
the performances of gas sensors, affecting the sensitivity and calibration of employed
gas sensors, thus inducing measurement errors if not compensated [30]. At present, no
compensation has been applied to the measurements acquired from gas sensors; as future
development, a firmware compensation of the acquired gas concentrations based on air
humidity measurements will be implemented.

Furthermore, the Phantom 3 drone is featured by a transmission distance up to
0.5 miles (1 km), depending on the environmental conditions. This distance allows simply
reaching inaccessible and dangerous places (i.e., the central area of a landfill) while keeping
the operator at a safe distance. As aforementioned, a relatively low sampling height (be-
tween 3 to 10 m) has been considered since a vertical homogeneity of gas species is obtained.
Moreover, the presented device is extremely resistant to environmental agents (humidity,
temperature and chemical species, etc.) and mechanical stress, both from the point of view
of the RC drone and sensing section, suitably protected by a proper plastic cover.

Table S1 summarizes the threshold values, provided by the WHO (World Health
Organization), of each pollutant component referred to a specific exposition time. The
threshold values represent the maximum concentrations above which pollutants are highly
harmful to humans and the environment [31].

2.2. Description of Used Devices and Sensors: Technical Features and Functionalities

The core of the sensing unit equipping the drone is the Raspberry Pi Zero W board;
it is the smaller board of the Raspberry line, featured by Wi-Fi and Bluetooth capabilities.
Specifically, the board includes Broadcom BCM2835 SoC, complying with the ARM11
architecture running at 1 GHz clock, and featured by 512 KB RAM. Moreover, the board is
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equipped with 40 GPIO (General Purpose Input-Output) and a wide range of interfaces
(UART, I2C, USB, CSI), enabling a high use versatility.

Two external ADCs are employed to acquire the analog signals provided by sen-
sors and modules; the ADS1115 is a higher precision 16-bit ADC with four multiplexed
channels [32]. It has a four multiplexed input, usable as four single-ended or two fully
differential inputs, and programmable gain from 2/3× to 16× to amplify small signals and
acquire them with higher resolution (Figure 3). Additionally, the sensing unit is equipped
with two laser dust sensors for monitoring the environmental particulate (PM2.5 and PM10)
concentrations. The ZH03A/ZH03B laser dust sensors can measure the number of a par-
ticular matter in a unit volume of air. In particular, the ZH03B sensor can detect coarse
particles with a diameter lower or equal to 10 µm (PM10), whereas the ZH03A module can
detect fine particles with a diameter of 2.5 µm or less (PM2.5) [33]. They are featured by 5V
working voltage, current absorption lower than 120 mA, and response time (T90) lower
than 90 s, making the concentration data available using the UART interface.
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Additionally, the system comprises a CCS811 gas sensor to monitor the air concentra-
tion of TVOC and CO2; it is an ultra-low-power digital sensor that integrates a metal oxide
(MOx) gas sensor to detect CO2 in the 400–8192 ppm and Volatile Organic Compounds
(VOC) in the range 0–1187 ppb [34]. The sensor has a small microcontroller to manage
heater power, acquire the sensor voltage, and provide them through an I2C interface; it
is featured by 1.8–3.6 V supply voltage, 30 mA maximum supply current, and 80 mW
maximum power consumption. Similarly, a MiCS-6814 sensor is comprised inside the
developed drone; it is a compact MOS sensor with three metal oxide semiconductor sensors
(Red sensor, Ox sensor, NH3 sensor) able to detect several gas species [35]. The detectable
gases are Nitrogen dioxide (NO2), in the range of 0.05–10 ppm, Carbon monoxide (CO), in
the range of 1–1000 ppm, Ammonia (NH3) in the range of 1–500 ppm. The device has a 5 V
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supply voltage, 88 mW maximum heater power dissipation, and 8 mW maximum sensitive
layer power dissipation (Figure 3).

The drone is equipped with a microphone sensor module based on a capsule micro-
phone and a MAX4466-based amplifier, featured by low operating voltage and an excellent
power supply noise rejection. The module has a 2.5–5.5 supply voltage, 24 µA supply
current, 600 kHz operating bandwidth, and adjustable gain. Furthermore, an IR camera
module is mounted in front of the plastic case containing the sensing unit; it is based on
OV5647 CMOS (Complementary Metal Oxide Semiconductor) image sensor, providing
2592 × 1944 video output using Omni BSI (back-illuminated sensor) technology [36]. In
addition, the camera is integrated with an IR filter, sensitive to Infrared radiation, making
the camera operational similar to a night vision camera with external light sources such as
IR LED illuminators. The device is interfaced with the Raspberry Pi board using a short
ribbon cable to the board processor via the CSI bus, a higher bandwidth link that carries
pixel data from the camera to the processor.

Lastly, a NEO M8 GNSS receiver is integrated inside the drone for acquiring the
coordinates of zones where anomalous values of detected parameters or a waste fire are
detected. The module has 2.5 m horizontal position accuracy, 10 Hz maximum update rate,
−166 dBm sensitivity, and 29 s (cold start) time to first fix.

As shown in Figure 1, the sensing section is installed inside a plastic case realized in ABS
(Acrylonitrile Butadiene Styrene) by 3D printing, having dimensions 7.8 cm × 6 cm × 6 cm
and weight 15 g. The case cover includes a flange, enabling its connection to the joint used
for mounting the onboard camera (Figure 1). The entire sensing unit has 294 g weight,
including the power supply section and the battery. The drone with the sensing section
installed is characterized by a total weight of 1350 g, allowing for easy transport.

As previously discussed, the proposed work aims to develop a low-cost tool for
monitoring environmental concentrations of pollutants; considering this goal, the total
cost of the developed sensor-based drone is about EUR 780, where most of the cost is
attributable to the drone, whereas the cost of sensing unit is around EUR 80. Table 1 shows
the breakdown of costs on the various components that make up the developed device.
Compared with commercial monitoring systems with similar capabilities [37], the designed
device is surely cheaper and more functional, but ensuring easier portability.

Table 1. Table reporting the breakdown of costs on the various components constituting the sensor-
based drone.

Component Indicative Cost (EUR)

Phantom 3 Drone 699
Raspberry Pi Zero W Board 12

ADS1115 Breakout board 3
ZH03A/B Sensor module 8
CCS811 Breakout board 10

MiCS6814 Breakout board 16
MAX4466 Microphone module 3

OV5647 IR Camera module 12
NEO 8M GNSS receiver 5

Battery 5
MP 207 DC/DC Converter 0.5

Battery protection board 0.3

2.3. Data Fusion Technique for Monitoring the Traffic Level from Noise and Pollutants Data

The presented air monitoring system represents a valid solution for the rapid and
punctual monitoring of the traffic level in smart city scenarios through a suitable data fusion
algorithm. In particular, the acquisition section measures the voltage signal provided by the
microphone module over a one-minute interval; the microphone module is set to provide a
+15 gain on the signal generated by the microphone. The voltage level is converted in a
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corresponding dB-level, using an empirical function deduced by a characterization of the
used module.

NLdB =
V + 0.2674
0.03534 V

dB

, (2)

Because the noise measurements are performed to an altitude different than zero,
the noise level measurement is compensated using a corrective factor derived by Stokes’
law, supposing a reference attenuation coefficient α = 0.005 dB

m (@ 70% relative humidity,
1000 Hz frequency, 18 ◦C temperature) and considering the altitude measurement provided
by the onboard GNSS module. Thus, the NL at zero quotas measured by the drone is
given by:

NLdB(0) = NLdB(d) + α · d, (3)

Furthermore, the collected noise level (NL) is combined with the NO2 and PM2.5 con-
centration acquired by the onboard sensors, defining a Traffic Level Index (TLI) defined as:

TLI = k · [a · NLdB + b · PM2.5 + c · NO2], (4)

where a[dB−1], b[µg
m3
−1

], and c[ppm−1] are combination coefficients, as well as k a normal-

ization parameter. These parameters are set to 0.25 dB−1 (a), 24 µg
m3
−1(b), 825 [ppm−1] (c),

and 0.5 (k), respectively.
The following classification rule is employed to discern the traffic condition according

to TLI value: 
TLI ≤ 60→ LOW TRAFFIC

60 < TLI ≤ 105→ MODERATE TRAFFIC
105 < TLI ≤ 200→ INTENSE TRAFFIC

TLI > 200→ EXCESSIVE TRAFFIC

, (5)

where the threshold values are determined according to the limitations imposed by the
European or international regulations on the parameters above (Table S1).

According to the acquired TLI level, the drone can discern in real-time the traffic load
in four different conditions (LOW, MODERATE, INTENSE, and EXCESSIVE), combining
the noise level and the pollutant measurements and providing a quick indicator to traffic
managers to balance the traffic load on a wider area.

3. Results

In this section, at first, the sensing unit’s firmware for coordinating the acquisition
of environmental and traffic conditions is introduced; then, the results of onfield tests on
the presented sensor-based drone are reported to verify the correct operation of all the
systems functionalities.

3.1. Description of the Sensing Unit’s Firmware for Managing the Data’s Acquisition
and Processing

This section describes the flowchart of the firmware implemented by the Raspberry Pi
Zero board integrated into the proposed mobile sensor node to manage the acquisition of
environmental parameters and detect possible waste fire. The sensing unit’s firmware was
developed with Python (third version) programming language, fully compatible with the
used computational platform.

The first step is the declaration and initialization of all the useful variables, among
which three arrays are fundamental:

1. THRESHOLD array, containing the threshold values of the monitored pollutants,
defined by the European and national regulations, as described in Section 2.1. Addi-
tionally, a noise threshold value equal to 85 dB is set, corresponding to the maximum
noise value tolerated by the human ear [38].

2. DATA array, containing the values measured by all the sensors present in the drone,
compared later with the threshold values.
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3. FLAGS array, which, unlike the two previous arrays, is a boolean array, i.e., it can
contain only the values 0 and 1. It contains the comparison results between the
measured value and threshold; a “1” in the i-th position indicates that the value of the
i-th pollutant component is above the threshold, whereas “0” indicates a value below
the threshold.

Afterwards, two nested cycles are started; the first one lasts 60 s used to evaluate the
traffic level and the latter with 5 s period for synchronizing the acquisition and storing
of the environmental parameters (Figure 4). Particularly, every 5 s, an acquisition cycle
is started; the first step is resetting the DATA and FLAGS arrays since they store the
previous measurements if not the first acquisition. Afterwards, the acquisition step begins
by measuring gas concentrations and noise level from the eight sensors (ZH03A, ZH03B,
CCS811, MiCS 6814, and MAX 4466 sensors). Specifically, each iteration provides for
selecting the i-th channel and acquiring the corresponding signal, followed by storing this
information in the i-th element of the DATA array. Then, the measurements (DATA[i]) are
individually compared with the corresponding thresholds (THRESHOLD[i]) implemented
by a for loop constituted by eight iterations and moving on DATA[] and THRESHOLD[]
array elements; if the i-th value is greater than the limits, it is annotated with a “1” in the
boolean FLAGS array.
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Later, the sum of all flags is calculated, and if a single species is over-threshold, the
drone acquires the GPS coordinates. Then, the system looks for waste fires; in this case,
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only the data from two sensors are considered to detect and localize possible waste fires by
monitoring the combustion gases produced. In general, the so-called micro-pollutants are
produced from waste combustion, such as acid gases, nitrogen oxides, and unburnt gases,
and the so-called micro-pollutants, such as heavy metals and organochlorine compounds.
Carbon monoxide (CO) is formed in combustion reactions in the absence of sufficient
oxygen and represents the primary combustion indicator. Other compounds generated
during the fire event are nitrogen oxides, particularly the NO2, toxic gas with a reddish
color, irritating, with a pungent odour, and produced following the combustion of nitrogen
materials, such as nitrocellulose and organic nitrates.

Furthermore, in the presence of materials containing nitrogen (wool, silk, acrylic
materials, etc.), the formation of ammonia can be detected from combustion. Finally, the
so-called “greenhouse gases” cannot fail to be mentioned, in particular carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O). Therefore, the two considered sensors
are the CCS811 for monitoring CO2 and TVOC and the MiCS6814 for monitoring CO,
NO2, and NH3 [39]. If at least one of the five values above mentioned are greater than the
corresponding threshold values, or in other words, if the sum of the FLAGS array values
is greater or equal than one, the IR camera is activated, followed by the launching of a
recognition algorithm (Figure 4).

Specifically, the Fast Region-based Convolutional Network (Fast R-CNN) method
is employed for object detection [40]; the method accepts the input picture and a set of
proposal objects. At first, the method calculates multiple convolutions of the input picture
and maximum polling layers generating a feature map. Later, a fixed-length vector is
derived for each proposal object from the feature map. A sequence of fully connected layers
processes each vector, deriving two sibling layers; the first generates a softmax probability
estimation relative to the K object classes and the overall background class. The latter
produces four real numbers for each K object classes, defining a bounding box over each of
them. In particular, a Python implementation of the Fast R-CNN was implemented inside
the realized firmware, trained using a set of annotated images containing fires as well as
corresponding negatives. Finally, the iteration is terminated by updating the start_time
variable with the current instant (start_time = current_time) to restart the described process
and repeat the polluting quantities’ sampling every 5 s (Figure 4).

Additionally, every 60 s, the algorithm calculates the mean noise level over the consid-
ered observation interval and, thus, the TLI value according to Equation (3). According to
the obtained TLI, the traffic load is classified into four categories following the classification
rule (6), storing the corresponding GPS coordinates and a timestamp. Furthermore, in the
conditions of intense (105 < TLI ≤ 200) and excessive (TLI > 200) traffic, the drone ac-
quires two pictures with different levels of zoom (1× and 20×), allowing direct observation
of the traffic state.

Once the drone has finished patrolling, the user can extract the SD card mounted
into the Raspberry Pi Zero board, download the acquired data in csv files for numerical
values and JPG for the caught picture, process them to detect any anomalies, followed
by subsequent field checks. Additionally, the acquired data was uploaded on a cloud
application realized on the IBM Cloud platform, allowing users remote monitoring of
acquired environmental parameters and traffic conditions, as detailed in Section 3.2.

Before each measurement, the drone’s gas sensors were tested by comparing the
environmental concentration values of the gases and particulates acquired on the ground
with those from calibrated portable instruments. Specifically, the multi-parametric detector
RS-9680 (manufactured by RS Pro, Corby, UK) was used to verify the PM2.5, PM10, and
TVOC concentrations, whereas the detector KANE101 (manufactured by Kane International
Limited Inc., Welwyn Garden City, UK) was used to verify CO and CO2 levels. Further-
more, the handheld detectors model GAXT-D-DL (manufactured by Frontline Safety Inc.,
Glasgow, UK) and NH3 Responder (manufactured by CTI Inc., Columbia, MO, USA) are
used for detecting the NO2 and NH3 air concentrations, respectively. A good agreement be-
tween the measurements obtained with the portable detectors and those obtained from the
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sensors onboard the drone is obtained, with a maximum deviation of ±5%, demonstrating
the proper operation of all integrated sensors.

3.2. Power Consumption Measurements and Power Supply Section Design

In the following section, the consumption characterisation of the sensing section is
presented to size the battery capacity, given a fixed energy autonomy; moreover, the power
supply section of the proposed mobile sensor node is developed.

Table 2 summarizes the current values absorbed by each component obtained during
the laboratory tests, depending on the operative modality (i.e., active mode or sleep/
dormancy mode). The obtained values agree with the data reported in the datasheets of
the respective components.

Table 2. Summarizing table with supply current values of the different components included in the
developed mobile sensor node.

Component Operative Modality Supply Current

Raspberry Pi Zero W
Idling 120 mA

Loading LXDE 160 mA
Shoot 1080p Video (Rapberry

+ Pi Camera) 230 mA

ADS1115
Active mode (TA = 25 ◦C) 150 µA (TYP)/200 µA (MAX)
Power-down (TA = 25 ◦C) 0.5 µA (TYP)/2 µA (MAX)

MiCS6814 Heating current
32 mA (RED sensor)
26 mA (OX sensor)

30 mA (NH3 sensor)

CCS811
During measuring 26 mA

Sleep mode 19 µA

ZH03A/ZH03B
Working current <120 mA

Dormancy current <10 mA

MAX4466
Active mode (TA = 25 ◦C) 24 µA (TYP)/48 µA (MAX)

Shutdown (TA = 25 ◦C) 5 nA (TYP)/50 nA (MAX)

NEO M8N
Acquisition 32 mA

Tracking mode 30 mA
Power save mode 13 mA

OV5647
Dormancy current 20 µA
Working current 110 mA

After identifying the current consumption of each component, to perform adequate
battery sizing, it is necessary to calculate the total current consumed during the drone
operation. In particular, two specific cases must be considered; the first one represents the
best case, whereas the second is a more realistic use case.

The first case refers to an optimal situation; particularly, after an entire session of
monitoring the gases in flight, the acquired values has never been detected above the
threshold values, defined in Section 2.1. The overall power consumptions of the sensing
section during active and sleep modes are 487.08 mA (IACTIVE) and 241.04 mA (ISLEEP),
respectively. Therefore, the weighted average (ĪPatrol flight) is calculated according to the
time duration of the two phases to obtain an average current value during the drone
operation; specifically, the acquisition period lasts about 20 ms, and the sleep period 4.98 s,
as demonstrated by the experimental tests.

ĪPatrol flight= a1 × IACTIVE + a2 × ISLEEP =
20 ms
10 s

× 487.08 mA +
9.98 s
10 s

× 241.04 mA = 242.02 mA, (6)

The second case refers to a more realistic use case. In particular, during a patrol flight
lasting 30 min, equivalent to the autonomy of the designated drone, the various sensors
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detected ten times the value of at least one gas concentration above the set threshold
value. In response, the system promptly activated the GNSS module to acquire the GPS
coordinates and took a photo by the onboard camera module. In detail, the current absorbed
by the entire system activates the GNSS module during the tracking phase is 260.56 mA
(IGPS), as well as during the picture acquisition 370.56 mA (IPhoto) (Figure 5).
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Figure 5. Time trend of the absorbed current during a patrol flight using camera and GPS.

In this second case, the mean current consumption (ĪPatrol flight camera & GPS) is calcu-
lated, knowing the mean current during the drone patrolling (ĪPatrol flight) and the current
values during the GPS tracking (IGPS) and picture acquisition (IPhoto) and the corresponding
time duration of each phase. Particularly, the acquisition of the GPS coordinates lasts 20 s,
and the capturing and storing of a picture by the onboard camera requires 1.9 s. The
three weights, multiplied by current values, called b1, b2, and b3, are obtained by dividing
the time in which the consumption refers by the autonomy time declared by the drone
manufacturer, i.e., 30 min.

ĪPatrol flight camera & GPS = b1 × ĪPatrol flight + b2 × IPhoto + b3 × IGPS
= 1581 s

1800 s × 242.02 mA + 19 s
1800 s × 370.56 mA + 200 s

1800 s × 260.56 mA = 245.43 mA,
(7)

In conclusion, the last step is the sizing of the battery to guarantee the autonomy of the
mobile sensor node equal to that of the drone (i.e., 30 min). The two quantities required to
select and size the battery used to power the mobile sensor nodes are nominal and capacity.
The nominal voltage must be at least 5 V, as all components used are powered either at 5 V
or 3.3 V; therefore, a two-cell Li-Po battery was chosen, featured by 7.4 V nominal voltage.
The overall charge required in the worst-case scenario previously discussed is given:

QPatrol flight camera & GPS =
ĪPatrolflight camera & GPS × ∆t

(1−M)
=

245.43 mA × 0.5 h
0.7

= 175.30 mAh, (8)

where a 30% discharge margin (M) on the overall battery capacity has been considered.
We can conclude that a two-cell Li-Po battery with a minimum capacity of 175.30 mAh
is required to ensure 0.5 h autonomy to the developed sensing unit for monitoring envi-
ronmental pollutants. For this purpose, a two-cell Li-Po battery was selected, featured
by a 380 mAh capacity and 7.4 V nominal voltage (model VZKT5088, manufactured by
YuanHan Co., Jiangsu, China), as below described (Figure 6).
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Figure 6. Physical connection scheme for supplying the various peripheral devices included in the
developed sensing section.

It is connected to two adjustable buck DC-DC converters (model MP2307, manufac-
tured by Monolithic Power Systems Co., Kirkland, WA, USA); the first one is used to scale
down the battery voltage from 7.4 V to 5 V to power supply the MiCS6814 sensor, the
NEOM8N GPS receiver, the ZH03A and ZH03B laser dust sensors, and the Raspberry Pi
Zero W board, to which the OV5647 camera is connected via the CSI interface. On the other
hand, the second buck converter reduces the 5 V provided by the first converter to 3.3 V
used to feed the CCS811 sensor, the MAX4466 microphone sensor, and the two ADS1115
16-bit ADC (Figure 6).

3.3. Onfield Tests of Developed Sensor-Based Drone for Monitoring Environmental Parameters and
Traffic Conditions

Figure 7 depicts two application scenarios describing how and where the proposed
mobile monitoring system can be applied. In particular, the first figure shows the drone
that identifies a fire in a suburban area (Figure 7a), whereas the second one shows a fire in
a landfill (Figure 7b).

To test the presented sensor-based drone, we carried out different measurement cam-
paigns to evaluate the correct operation of the entire detection system. The measurement
campaigns were carried out considering a height from the ground of the drone between
8 m and 10 m and maintaining a cruising speed below 10 km/h, for the reasons detailed in
Section 2.1. To carry out the tests, the monitored area was divided according to a grid with
a 20 m pitch. The drone lingered within the quadrant for about 1 min, making it follow
a circular trajectory; at the end of the rest period, the drone was brought to the adjacent
quadrant till covering the entire monitored area. Relatively to the height range from 3 m
to 10 m, significant variation of the parameters acquired with the acquisition altitude was
not observed, confirming the hypothesis of homogeneous distribution of the pollutants
within the aforementioned height range. Nevertheless, a gradual reduction in the environ-
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mental concentration of CO2, NO2 and particulate was observed for acquisitions carried
out beyond the indicated range (>10 m), probably due to their specific weight greater than
1 with respect to the air, resulting in the accumulation of these species at low altitude.
Furthermore, no significant variations were observed in the sensor measurements with the
trajectory described by the drone.
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Specifically, the first measurement campaign was carried in a suburban area (Ecotekne
Campus, Lecce, Italy), away from possible pollutants sources. Figure 8a depicts the data
acquired during the measuring campaign for the seven considered gaseous and particulate
quantities. The drone flew over the area for 20 min, using a 5 s sampling period, as described
in Section 3.1; later, the data acquired by the drone were downloaded and analyzed. As
evident, the detected values are all below the set thresholds (Table S1); thus, the drone does
not acquire any picture and GPS coordinates.
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Figure 8. Time trend of the air concentrations of gaseous and particles species acquired by developed
drone, using a sampling period of 5 s: first test campaign in a suburban area (a) and close a very busy
state road (b).

The second test campaign was carried near a particularly busy state road (SS694, Lecce,
Italy), using the previously described modalities. As evident, a rapid increase in CO2,
PM2.5, and PM10 concentrations occurred when the drone flew near the road. Specifically,
the CO2 and PM2.5 concentrations overcame the threshold set according to the WHO
directives, reaching the peak values of 882 ppm and 10.23 µg/m3, respectively (Figure 8b).
In these conditions, as previously described, the drone acquires the specific position of the
place where the thresholds were exceeded (40.335011N, 18.130470E). Since the sum of CO2,
TVOC, NH3, NO2, and CO flags equals 1, the drone acquires a picture and launches the
visual recognition algorithm, not detecting any fire.

Furthermore, another test campaign was carried out to prove the capability of the
developed sensor-based drone to detect waste fire. We prepared a setup constituted by a
camping stove placed in an outdoor environment and modified the detection firmware for
triggering the position and visual acquisition when only the CO2 concentration exceeds a
reduced threshold value of 500 ppm. The tests were performed in the evening to test the
detection effectiveness of the IR camera and recognition algorithm. The drone was flown
over the stove at a low altitude and verified the correct detection of the stove position and
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the acquisition IR picture of the area. Figure 9 depicts the trend of the CO2 concentration
acquired by the drone during the third test campaign. As evident, the CO2 concentration
overcame the set threshold (500 ppm) when the drone passed over the camping stove,
acquiring the IR picture of the observed area.
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Figure 9. CO2 trend acquired during the third test campaign used to test the functionality of the IR
camera and visual recognition algorithm.

4. Discussion

This section analyses the experimental results previously reported, highlighting novel-
ties and potentialities of developed air and land monitoring systems. Later, a discussion on
the power consumption of the developed system is presented, designing the corresponding
power supply section.

The previously presented results show the correct operation of the different modules
and sensors included inside the developed air monitoring system. Specifically, the three
test campaigns demonstrated the effectiveness of implemented firmware that carries out
a crosscheck on the acquired gas species, triggering an alarm routine of only more than
two parameters overcomes the corresponding thresholds. In Figure 8b, it is clear the fast
response of sensors when the drone flew over the busy road, allowing identifying the areas
with high pollutant levels. The sensing unit has stored the GPS coordinates when CO2 and
PM2.5 concentrations overcome the set threshold values (880 ppm and 10 µg/m3). In this
condition, the drone has acquired a picture and launched a visual recognition algorithm,
not detecting any fire.

The Fast R-CNN algorithm has been successfully tested in conjunction with the IR
module for detecting waste-fire when anomalous environmental parameters are detected.
As evident from Figure 9, once the detected CO2 overcome the set threshold (i.e., 500 ppm),
the visual recognition algorithm is launched for detecting the presence of waste-fire. When
a fire is detected, the system marks the presence of fire by setting a flag and storing the
acquired picture inside the SD card.

Additionally, a cloud application was developed for uploading the data provided by
the drone patrolling. Specifically, it is based on a local application realized by Microsoft
Visual Studio® used by the operator to upload the data on the IBM Cloud platform,
exploiting the MQTT client package. The GPS coordinates, timestamps, and environmental
data of places with anomalous environmental parameters are uploaded in the form of.csv
file and stored into a remote database (Cloudant NoSQL Database). Figure 10a reports the
loading of sample data inserted inside a. csv file on the remote database. The places with
anomalous values are marked on a map, allowing the operator to check the correct loading
of the data.
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Furthermore, by clicking on the marks, a list view is opened showing the acquired
parameters, along with the corresponding timestamp. A mobile application allows users
to access the data stored in the remote database and display them on an interactive map
(Figure 10b). After login, the user can monitor the places with anomalous parameters,
consulting the corresponding environmental parameters and timestamp, allowing a deep
understanding of the polluting phenomena in the considered places.

5. Conclusions

This manuscript presents the development of a sensor-based drone for monitoring air
and noise pollution. In particular, a Phantom 3 drone is equipped with a Raspberry Pi Zero
W board and a wide set of sensors (i.e., NO2, CO, NH3, CO2, VOCs, PM2.5, and PM10) to
acquire environmental data. When a detected value exceeds the fixed threshold, the drone
stores the GPS coordinates and a timestamp, enabling tracing historical pollution data
in the considered area. Additionally, a proper classification algorithm was developed to
estimate the traffic level according to the noise level acquired by the integrated microphone.
Furthermore, an IR camera supported by a Fast R-CNN algorithm allows the recognition of
waste fire even in dark conditions. Additionally, power consumption measurements were
carried out in two different use cases to suitably design the sensing unit’s supply section.
Onfield tests were performed to verify all functionalities of developed monitoring systems,
proving it in different operative scenarios. The tests demonstrated the proper operation
of the developed sensor-based drone in all considered scenarios, thus representing a
useful tool for performing environmental monitoring in a non-invasive and economical
way. Finally, a cloud application was developed for uploading and monitoring the data
regarding places and times where excessive levels of pollutants have occurred. In this way,
a deeper understanding of pollutant trends can be obtained, enabling the implementation
of countermeasures to reduce pollution levels.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/electronics11010052/s1, Figure S1: Block diagram of the
electronic section for the environmental pollutants monitoring; Table S1: Summarizing table with
threshold values of the main polluting species, issued by provided by the WHO (World Health
Organization) [28].
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