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Abstract: This article presents the capabilities and selected measurement results from the newly
developed low-cost air pollution measurement system mounted on an unmanned aerial vehicle
(UAV). The system is designed and manufactured by the authors and is intended to facilitate,
accelerate, and ensure the safety of operators when measuring air pollutants. It allows the creation
of three-dimensional models and measurement visualizations, thanks to which it is possible to
observe the location of leakage of substances and the direction of air pollution spread by various
types of substances. Based on these models, it is possible to create area audits and strategies
for the elimination of pollution sources. Thanks to the usage of a multi-socket microprocessor
system, the combination of nine different air quality sensors can be installed in a very small device.
The possibility of simultaneously measuring several different substances has been achieved at a very
low cost for building the sensor unit: 70 EUR. The very small size of this device makes it easy and
safe to mount it on a small drone (UAV). Because of this device, many harmful chemical compounds
such as ammonia, hexane, benzene, carbon monoxide, and carbon dioxide, as well as flammable
substances such as hydrogen and methane, can be detected. Additionally, a very important function
is the ability to perform measurements of PM2.5 and PM10 suspended particulates. Thanks to the
use of UAV, the measurement is carried out remotely by the operator, which allows us to avoid
the direct exposure of humans to harmful factors. A big advantage is the quick measurement of
large spaces, at different heights above the ground, in different weather conditions. Because of the
three-dimensional positioning from GPS receiver, users can plot points and use colors reflecting
a concentration of measured features to better visualize the air pollution. A human-friendly data
output can be used to determine the mostly hazardous regions of the sampled area.

Keywords: air pollution; sensor; UAV; particulate matter; vertical profile

1. Introduction

The Earth itself introduces a certain amount of pollution into the atmosphere as a result of various
natural phenomena, but human activities are adding to this pollution by releasing more dangerous
tiny particles (aerosols) and gases into the Earth’s atmosphere [1]. The environmental impact of the
energy sector, the security, and the economics of energy supply and utilization have been raising
amassed concerns [2]. The growing global consumption of energy and goods accelerates the depletion
of non-renewable resources and increases environmental pollution [3]. Sustainable development
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increasingly requires an integrated approach, especially in the context of addressing the climate
crisis [4]. The pursuit of sustainable development gradually introduces more and more problems
related to climate change [5,6]. Air pollution caused by energy generation and consumption is
both a global and local issue. It contributes to global warming along with degradation in human
health, ecosystem health, and local and global sustainable development [7]. Its effect is amplified by
terrain shape and profile. This is a vital issue, especially for industrialized urban conglomerates [8].
The meteorological and atmospheric factors contributing to the problems have been reported widely [9].
Cities are acknowledged as being responsible for the majority of global primary energy use, which
has accounted for above 70% of CO2 global emissions [10]. This applies to both the outdoor and
the indoor environments [11]. These problems affect the whole world, but are still particularly
important in the economies of individual countries [12,13]. Particulate and gaseous matter have a
serious impact on human health [14–16]. There is a large variety of models concerning atmospheric
pollution used, starting from computational fluid dynamics (CFD) models on a small scale, such as
a street canyon [17,18], and spanning the geographic scales to regional and hemispheric models for
the pollutants with enough lifetime in the atmosphere [19]. Some of the techniques like Eulerian
modeling [20] or CFD modeling [21] are considering spatially three-dimensional processes, with a
sophisticated description of the processes alongside each dimension [22].

The use of unmanned aerial vehicles (UAVs) for measurements for investigating the horizontal
and vertical distribution of gaseous and particulate air pollutants in the atmospheric boundary layer
(ABL) [23] is widely accepted by different types of UAVs. Airplanes [24,25], multicopters [26–28],
and balloons are used in different locations all over the world, among others in Asia [29], and Europe [30].
Diversity in UAV use also applies to the measurement of different components of the atmosphere,
for example, quadrotor for gaseous [31] and aerosol [25], and hexacopter for the airflow field in a hover
state [32,33].

Although numerical simulations allow for convenient approximations of the phenomena occurring
in ABL [34], the use of drones now makes it possible to verify and expand research in many other areas
from agriculture to energy [35–43]. Drones allow for high-resolution measurements, the measurements
of vertical profiles of PM2.5 concerning air humidity [44], measurements on the impact of aerosols
on surface ozone concentration [19], and the spatial distribution of aerosols in specific location and
time [45,46], like mountain valleys [47], rural riverside areas [48], and temperature [49]. Increasingly,
attention is being paid to interdependencies and correlations between the different components of the
atmosphere [50,51] and various events during air pollution episodes [52,53]. Unmanned aerial vehicles
(UAVs) can also support preliminary visual inspections of boilers in power production blocks. Drones,
properly selected and constructed, can support the processes of maintaining and managing heating and
electricity networks [54–56]. The drones are also used during monitoring and cyclical measurement of
the volume of stored or accumulated goods, or orthophoto mapping [57]. In production units, drones
are ideally suited for assessing the technical condition of chimneys and cooling towers [58,59].

Therefore, developing low-cost air pollution multisensory arrays and measurements of the
atmosphere condition with the application of unmanned aerial vehicles (UAV) is a forward-looking way
to learn about and then reduce the negative impact of human activity on the quality of the atmosphere.

The paper presents results and conclusions from the application of the developed test system for
measuring air pollution based on a multisensory array mounted on an unmanned aerial vehicle (UAV).
Thanks to the usage of a multi-socket microprocessor system, it is possible to measure up to nine
different air pollutants simultaneously. The wireless connection enables us to save data locally and
remotely. Data evaluation is carried out by a flying unit carrying a device designed and manufactured
by the authors, which is the main focus of the article.

The system is designed to facilitate and accelerate the measurement of air pollution, and ensure
the safety of its operators. It allows us to create three-dimensional measurement models, which then
can be used to determine the location of substance leaks and the direction of air pollution propagation.
Area audits and strategies for repairing pollution sources can be created based on these models. Due to
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using different combinations of air sensors mounted on a UAV (drone), many harmful compounds can
be detected: ammonia, hexane, benzene, carbon monoxide, and carbon dioxide, as well as flammable
substances: hydrogen, methane, natural gas, LP gas, and suspended dust—particulate matter PM2.5

and PM10.
By using a drone, the measurement is carried out remotely by the operator, avoiding direct human

exposure to harmful factors. The major advantage is the quick scouring of the large surface area on
various height levels above the ground.

2. Materials and Methods

The research regarding air pollution measurements with the use of a UAV was planned and
carried out in the two places inside the urbanized area in the city of Opole (Poland). The location
is shown in Figure 1. Location number 1 is at the Opole University of Technology near a busy road
(100 m). Location number 2 is in a large urban recreational park at a considerable distance from busy
roads (500 m).
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Figure 1. Location number 1 and 2 of the places where air pollutants were measured with the low-cost
multisensory device mounted on an unmanned aerial vehicle (UAV).

The air quality measuring system needed to meet some objectives for use on a UAV (drone) such
as low weight and non-interfering wireless transmission. Figure 2 shows a simplified schematic of
the device, and it is divided into three parts: measuring module (1), data module (2), and receiver
module (3). The first two of which are mounted on the drone, and the last one allows us to receive live
data; it stays with the UAV operator.
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Figure 2. Measurement system diagram measuring (1) the sensor module, (2) the data module, and (3) the
receiver module.

To acquire the samples, nine semiconductor sensors from the MQ series (for methane, hydrogen,
and hexene measurements) [60], Figaro TGS (for benzene measurements) [61], and PMS7003 (for PM2.5,
PM10 measurements) [62] have been used. Table 1 presents detailed information on the sensors used in
the low-cost multisensory array preparation.

Table 1. Low-cost sensors parameters used for the multisensory array design.

Sensor Gas Types Measurement
Range

Data
Output

Power
Consumption Resolution Price

MQ-2 LPG, Propane, CH4 300–10,000 ppm analog <900 mW due to adc = 10 bit 1€

MQ-3 Ethanol, Hexane, Benzine 0.05–10 mg/L analog <750 mW due to adc = 10 bit 1€

MQ-4 CH4, LPG, H2 200–10,000 ppm analog <750 mW due to adc = 10 bit 1€

MQ-5 iso-butane, propane 200–10,000 ppm analog <800 mW due to adc = 10 bit 1€

MQ-6 iso-butane, propane 200–10,000 ppm analog <750 mW due to adc = 10 bit 1€

MQ-7 CO, H2 20–2000 ppm analog <350 mW due to adc = 10 bit 1€

MQ-8 H2 100–10,000 ppm analog <800 mW due to adc = 10 bit 2€

MQ-135 C6H6, NH3 10–1000 ppm analog <800 mW due to adc = 10 bit 1€

TGS 822 C6H6, Acetone, Hexane 50–1000 ppm analog <660 mW due to adc = 10 bit 6€

PMS 7003 PM1.0, PM2.5, PM10 0–1000 µg/m3 digital <500 mW 1 ug/m3 13€

MQ sensors series are produced in semiconductor technology. They are relatively inexpensive,
as opposed to other types of sensors. They have fast response time and high sensitivity, and they are
also excellent in long-life applications.

According to the sensor datasheet, the measurement error for values below 100 µg/m3 is a
constant value of 10 µg/m3, and for measured values above 100 µg/m3, it is 10% of the measured value.
The resolution of the PM sensor (Plantower model 7003) is 1 µg/m3. The single response time is 1 s.

Sensing the element resistance depends on the concentration of the target gas, and while using
a sensor in the system of the voltage divider, the output voltage is logarithmically dependent on
the concentration of applied gas. Using analog to digital converter (ADC) and our software, we can
read and covert voltage to actual concentration in ppm. According to the datasheets, the maximum
power of the sensors is 800 mW each. Using the operating voltages 5 V, the maximum current draw
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equals 160 mA. 10 sensors draw 1.44 A. When all sensors are turned on, it could run stable up to 1 h
on a typical 7400 mWh power source. When the device is measuring only particulate matter (PM)
concentration, it could work for 12 h. Sensors are connected with onboard voltage dividers that allow
us to read the voltage using a 10-bit analog-digital converter, which comes as a built-in ATmega 328
microcontroller unit (MCU) [63]. The sample schematic diagram of the MQSeries sensor circuit is
shown in Figure 3.
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The localization of the multisensory array is obtained from built-in NMEA protocol sentences [64]
delivered by a GPS receiver on the universal asynchronous receiver-transmitter (UART) port and
processed by the MCU. The localization can also be obtained by the drone’s onboard GPS, but the
built-in system allows us to make 3D maps directly from sensors readings. The sampling rate is
1 Hz; every second, positional and pollution data are saved on the secure digital card(SD card) in
comma-separated values file (CSV file) format. MCU is programmed to avoid file overwriting, and at
every start-up it generates a new log file. At the same time, data are transmitted by the ultra high
frequency (UHF) band (433 MHz). The transmitter uses a simple on/off keying (OOK) modulation.
Small power of about 50 mW is enough to provide stable connection in the line of sight (LOS) flight
mode. The data rate according to the STX882 transmitter manual can be in the range from 0.1 to 9.6 kbps.
The data transmission has been set to 1.8 kbps, because smaller speed has better anti-interference
parameters, and this speed is enough to fit all the data into a one-second interval. The transmitter
works as a bridge between the computer/smartphone and the sensor module. It receives data from the
system on the drone and retransmits this data over Bluetooth. This is useful for plotting data on screen
in real-time. Also, it is possible to connect the receiver module directly to the PC using just a USB cable.
The total cost of the developed multi-sensor device is below 70 EUR. Figure 4 shows the assembled
low-cost multi-sensor module in the stages of development.
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sensors, and (b) modified sensors.

Figure 5 shows the original design scheme of the integrated circuit used for low-cost multisensory
array assembly, and the measurements that are presented in this work. This was the very first prototype
of the printed circuit board. This board had very simple construction and was based mostly on external
modules like the external GPS module and the external SD card slot module. As labeled in Figure 5,
on the board, the individual elements of the system are indicated as follows: 1—microcontroller unit
(MCU), 2—air pollution sensors array, 3—SD card holder footprint, 4—external GPS device connector,
and 5—programming connector. The board used in the research described in this paper was an
improved version of one presented in Figure 5 and is described later on. The improvement concerned
mostly the layout and, thus, the dimensions reduction.
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multisensory array assemble.

For the prototypes, all of the software for microcontroller ATmega328 was written in Arduino
IDE using the C++ programming language. Many versions of the dedicated software were created
during the development of the project. The prototype was designed using sensors breakout boards,
breadboards, and Arduino. After developing the software and testing the sensors, we decided to
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move the project onto a printed circuit board. The first version of PCB was very simple, and it had
several mistakes, for example, the power traces that fed the sensors were too narrow. As a result,
the sensors were not properly powered, and the signal trace was not surrounded by the ground zone.
Generally, the system was not protected against interferences that were generated from the drone.
The next version was designed to deal with previous problems, low pass filters were added to the
project, which suppressed noise on analog lines that comes from the drone engines. Also, the range of
the wireless communication was increased by switching to other microchips and changing the radio
frequency (RF) modulation mode from Amplitude-Shift Keying (ASK), to Gaussian Frequency-Shift
Keying (GFSK), and in the next version of the device to Long Range Wide Area Network (LoRaWAN).
In the actual version, the navigation has been improved by using other sensors that are independent
from the GPS system. The microcontroller was changed to more effective 32-bit STM32F103VET6 with
a maximum core frequency of 72 MHz. Figure 6 shows a modified version, an integrated circuit, which
has a connector for the quick exchange of single sensors during measurements. Such a solution allows
us to reduce the dimensions of the device, which significantly reduces the weight of the whole chip,
and this allows for the use of drones with a lower lifting force for the field measurements. Also, this
version has an integrated barometer, gyro, and accelerometer, which are used for the inertial navigation.
These features allow the device to take mobile measurements inside buildings or other places where
GPS signal is not strong enough to provide stable three-dimensional position. The communication
system is based on SX1276 from and by the user choice device, and could transmit data using LoRa
or GFSK modulation. The device is compatible with LoRaWAN gateways, which makes this device
universal and suitable for mobile measurements and for long range sensors networks as well. As labeled
in Figure 6, the individual elements of the system are as follows: 1 is the MCU (processing unit),
2 and 3 are multipurpose connectors that can be used with additional sensor modules, 4 is the SD
card holder, 5 is the high precision 10 Hz GPS with an external antenna connector, 6 is the long range
communication system that uses GFSK modulation, 7 is the power module that is designed to provide
stable voltage output at large temperature changes, 8 is the micro USB port that enables the device to
be configured before flight, and 9 is the barometric altimeter and three axis accelerometer, gyroscope,
and magnetometer that is used to detect the orientation of the device.
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The weight of the assembled device is limited because the drone can only lift a certain weight.
Sensors are packed into a small chamber with fan forced circulation. The sensor’s case was created
using 3D printing technology. A handy prototype frame was printed using lightweight Acrylonitrile
butadiene styrene plastic (ABS plastic); its weight was 95 g. The weight of the measuring system was
108 g, while the separate power supply system was 363 g. Total mass of the device was 566 g, and it
did not exceed the maximum lift-off weight of the UAV.

The flights were carried out by means of the DJI Matrice 200 drone. This UAV is designed for
industrial applications. It has solutions that help to expand its measuring equipment according to the
desired needs. The quadrocopter is equipped with DJI’s high performance 3515 model engines and
17-inch nylon propellers that allow it to fly during wind speed of up to 10 m/s. It also has a double
battery charging system, which heats up automatically when the ambient temperature is below 0 °C.
Two types of DJI batteries were used for the test. The TB50 model has a capacity of 4280 mAh, and this
allows it to fly up to 27 min, while the second TB55 battery has a capacity of 7660 mAh, and this
allows it to fly up to 38 min at a flight velocity of up to 83 km/h. The drone’s construction meets the
IP43 standard. It is able to fly in highly unfavorable environmental conditions such as heavy rain or
heavy dust and in temperatures from −20 ◦C to +45 ◦C. The size of the unfolded unmanned aircraft is
887 mm long, 880 mm wide, and 378 mm high. It weighs from 3800 g to 4500 g, and can take a load of
1600 g to 2300 g depending on the batteries used. The quadrocopter has sensors installed at the front,
top, and bottom to allow for planned flights and to assist the pilot during the flight. It can track an
object and perform a flight around it while avoiding obstacles it encounters during the test. When the
drone is performing the flight, it is possible to transmit a constant Lightbridge in 2.4 G Full HD quality.
The Matrice 200 is also equipped with DJI AirSense, which transmits information about objects that are
in the airspace. During the flight, it uses GPS and GLONASS networks. Figure 7 shows the view of the
mounted low-cost multi-sensor on the UAV DJI Matrice 200 during operation in location number 2
(see Figure 1) on 5 March 2020.
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The battery capacity mainly determines the flight duration. The UAV range also depends on flight
velocity and weather conditions. The basic limitation of the distance covered during a measurement
flight is also the wireless communication range. In Europe, the communication range is limited to
2500 m. The flight altitude depends on a given aviation zone (CTA) and ranges from 0 to 2500 m.
The airspace structure is built from the aviation zones. The nominal flight altitude outside of the
controlled space is 2500 m.
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The measurements were taken in the following order: every 5 m of altitude, a 15 s hovering was
performed and a measurement was taken. Therefore, the UAV movement velocity is not relevant
in this case. For each location, five measurement flights were made in one day with stable weather
conditions. The results were averaged for each altitude.

Measurements of the atmosphere condition with the application of unmanned aerial vehicles
(UAV) is a forward-looking way to learn and then reduce the negative impact of human activity on
the quality of the atmosphere. The designed air pollution multisensory array is an easy to assemble
and user friendly extremely low-cost device (70 EUR) with high measurement accuracy, which will be
shown in the results section.

All compounds were measured; however, due to the limited space in the manuscript, selected
results were included whose levels were significant for this specific location. The phenomenon of
turbulence is an important issue that is expressed by the analyses of other authors [65,66]. On the day
of the measurement, the weather conditions were stable with no wind. The turbulence that could
have appeared in the drone’s propeller stream was not taken into account because the mounting of the
sensor on the UAV was out of the propellers’ range and the design of the casing additionally protected
the sensors against air turbulence.

3. Results and Discussion

As a result of the performed measurements, the particulate matter air pollution was measured in
the specified areas, and vertical air pollution profiles were visualized. To make proper measurements,
the sensors were calibrated. Calibration measurements were made during a two-week continuous
period on 12–28 February 2020. The calibration was performed based on the comparison of minimum
and maximum readings from the reference pollution measurement station (see Figure 7) with the
measurement results from the developed sensor. The calibration station is part of the Polish national
environmental monitoring system, whose measurement data are openly accessible [67]. The results of
calibration measurements are shown in Figure 8.
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Figure 8 shows comparative graphs from the low-cost sensor readings on the background of the
readings from the reference weather station. It can be seen that during the tested two-week period,
the readings from the low-cost sensor are within the scatter of readings from accredited sensors in the
reference weather and air pollution measuring station.

The sampling time for the low-cost setup is 15 s, while the reference station provides 15-min
averages. Thus, to present the trend for the reference station in Figure 8, we averaged the measurement
data. We did this to show the trend because in some cases cheap sensors may tend to overstate the
measured values. This averaging is very important to check that a cheap laser sensor does not get
dirty over time, which could lead to a deterioration of the measurements. More accurate calibration
analyses are in line with other authors [68].

For future analyses of the impact of weather conditions on air pollution, the results of the
measurements of the weather parameters such as outside temperature, outside humidity, wind speed,
rain amount, and barometric pressure were also gathered. Long-term measurements are required
to characterize the impact of weather conditions on the value of individual types of pollution in a
uniform way. Table 2 shows the collected weather data from the local weather station for the sensor
calibration period (the last row shows the condition during the test time).

Table 2. Weather data from a local meteorological station.

Date Outside
Temperature, ◦C

Outside
Humidity, %

Wind Speed,
m/s

Rain Amount,
mm

Barometric
Pressure, hPa

12 February 2020 3.11 82.99 0.41 0.00 1024.32
13 February 2020 3.61 84.34 0.39 0.00 1021.96
14 February 2020 1.39 84.51 1.26 0.00 1018.86
15 February 2020 2.73 77.65 1.79 0.00 1020.67
16 February 2020 3.61 83.55 0.16 0.00 1028.77
17 February 2020 2.42 86.26 0.93 0.00 1024.38
18 February 2020 2.89 87.79 0.38 0.02 1023.03
19 February 2020 2.62 90.55 0.32 0.01 1031.20
20 February 2020 2.34 85.43 0.47 0.00 1043.93
21 February 2020 1.11 84.23 0.72 0.00 1039.25
22 February 2020 0.61 87.36 2.25 0.00 1029.62
23 February 2020 2.11 83.91 1.01 0.00 1032.00
24 February 2020 −0.65 84.10 0.30 0.00 1022.98
25 February 2020 −1.24 85.48 0.22 0.00 1021.24
26 February 2020 −0.84 86.71 0.16 0.00 1019.42
27 February 2020 1.35 85.82 0.51 0.00 1013.97
28 February 2020 3.16 83.21 1.88 0.00 1000.50

05 March 2020 4.00 77.10 4.93 0.00 1004.75

Measurements with the use of low-cost air pollution multi-sensor system mounted on UAV were
made on 5 March 2020. Figures 9–12 show examples of vertical concentration profiles for PM2.5 and
PM10 for location number 1 and location number 2 (see Figure 1).

On the presented exemplary results of the air pollution in the form of PM concentration measurements
in location number 1 (see Figure 1) located close to a busy road, it can be seen that even though there were
relatively low concentrations in the ground layer, at heights from 60 Tm upwards, the concentrations
of pollutants increased significantly. Descending flight shows lower values due to the influence of the
propeller jet.

On the presented exemplary results of the air pollution in the form of PM concentration
measurements in location number 2 (see Figure 1) located in a large urban recreational park at
a considerable distance from busy roads (500 m), it can be seen that although there were relatively low
concentrations in the ground layer, at heights from 60 m upwards, the concentrations of pollutants
increased significantly up to about 100 m. Then, the pollution concentration rapidly decreases. In this
case, the descending flight also shows lower values due to the influence of the propeller jet.
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Another issue worth considering is the relationship between the properties of the atmosphere in
its lower layers, such as temperature, humidity, precipitation, pressure, haze, etc., and the content of
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pollutants in the air. Figure 13 shows an example of such a comparison to search for correlations. To be
able to present the quantities with different units in a single diagram, the values have been standardized.Sensors 2020, 20, x FOR PEER REVIEW 13 of 17 
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Figure 13 clearly shows a correlation between the outside temperature and air pollution by
particulate matter. Although the temperature increase in the long term should cause a decrease in
PM emissions due to a reduction in household heating, the weather was extremely stable during the
relatively short two-week period of time during which the sensors were calibrated, as shown in Table 2.
In particular, the pressure and humidity were fairly constant, the wind speed was low, and there was
no precipitation at all. This may also be the reason for the lifting of the dust that was near the ground
surface to higher levels. Therefore, it seems that short-term correlation can occur under such stable
conditions. This is a very interesting phenomenon that requires further observations.

4. Conclusions

The research shows that air pollution spreads unevenly across the Earth’s atmosphere depending
on the many factors, such as height, season of the year, and time of the day. Weather conditions are also
of significant importance, and should be monitored during the pollution measurements. The vertical
profile of pollutant distribution should be monitored due to the possibility of accumulation in different
layers of the atmosphere. Even though ABL stretches up to an altitude of about 2000 m, pollutants that
may affect human health occur in significant exceedances mainly at altitudes not exceeding 400 m.
Even if it may seem that it is too high for these pollutants to affect humans, the LIDAR studies showed
that the atmosphere in the ABL undergoes intensive vertical mixing even above 500 m. The mixing
effect occurs especially in the afternoon and evening hours, which can bring pollution to the lower
layers of the atmosphere (closer to ground level). Moreover, the studies have shown that during
the fog, the pollutants are concentrated at altitudes below 200 m. Therefore, it is very important to
conduct UAV driven studies up to a height of about 200 m in a cyclic way to determine the behavior of
pollutants in the higher layers of the atmosphere, which can have a significant impact on human health.

Examinations of the atmosphere’s condition with the application of unmanned aerial vehicles
(UAVs, drones) is a progressive way to study the negative influence of human activity on the quality of
the Earth’s atmosphere. This knowledge can be then used to take action to decrease these negative
effects. A designed air pollution multisensory array is easy to build, user-responsive, and extremely
low-cost device (70 EUR) with high measurement capability. The research has shown that cheap sensors
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can be a good source of information on the state of the atmosphere at various altitudes. This has been
proven by comparing readings from low-cost sensors concerning accredited sensors from governmental
air pollution monitoring. It has also been proven that low-cost sensors are insensitive to contamination
and can operate over long periods without maintenance. An important conclusion of the conducted
research is that cheap sensors should be compared with reference equivalents before measurements
because cheap sensors tend to overstate the measured values. Thanks to the studies carried out at
the tested location, it has been shown that the distribution of contaminants is variable with altitude,
and the concentration of PM can increase with altitude from 0 to 100 m in the range of 30% to 50%
of measured values, which, combined with the vertical movements of the atmosphere, can have a
significant impact on humans.

Developed types of cheap, small, and lightweight devices can be successfully used for cyclic
and frequent measurements by creating atmosphere quality surveys, especially in cities and heavily
urbanized spaces. It is not difficult to imagine a few, a dozen, or even tens of such devices performing
coordinated flights monitoring the condition of the atmosphere on a swarm scale. This is much more
relevant than depending on one or two ground-based measuring points, which are currently used in
cities in Poland.
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5. Mikulčić, H.; Duić, N.; Schlör, H.; Dewil, R. Troubleshooting the problems arising from sustainable
development. J. Environ. Manage. 2019, 232, 52–57. [CrossRef] [PubMed]

6. Trájer, A.J.; Nagy, G.; Domokos, E. Exploration of the heterogeneous effect of climate change on ozone
concentration in an urban environment. Int. J. Environ. Health Res. 2019, 29, 276–289. [CrossRef]

7. Wang, X.C.; Klemeš, J.J.; Dong, X.; Fan, W.; Xu, Z.; Wang, Y.; Varbanov, P.S. Air pollution terrain nexus:
A review considering energy generation and consumption. Renew. Sustain. Energy Rev. 2019, 105, 71–85.
[CrossRef]

8. Klemeš, J.J.; Varbanov, P.S.; Walmsley, T.G.; Foley, A. Process Integration and Circular Economy for Renewable
and Sustainable Energy Systems. Renew. Sustain. Energy Rev. 2019, 116, 109435. [CrossRef]

9. Zhang, X.; Qian, S.; Xu, J.; Cui, H.; Ma, R.; Gao, F. Relationship between Meteorological Factors and Diffusion
of Atmospheric Pollutants. Chem. Eng. Trans. 2018, 71, 1417–1422.

10. De Collaço, A.; Mendes, F.; Dias, L.P.; Simoes, S.G.; Pukšec, T.; Seixas, J.; Bermann, C. What if São Paulo
(Brazil) would like to become a renewable and endogenous energy-based megacity? Renew. Energy 2019,
138, 416–433. [CrossRef]

11. Becerra, J.A.; Lizana, J.; Gil, M.; Barrios-Padura, A.; Blondeau, P.; Chacartegui, R. Identification of potential
indoor air pollutants in schools. J. Clean. Prod. 2020, 242, 118420. [CrossRef]

http://dx.doi.org/10.1126/science.1064034
http://www.ncbi.nlm.nih.gov/pubmed/11739947
http://dx.doi.org/10.1016/j.energy.2019.06.015
http://dx.doi.org/10.1016/j.energy.2014.01.045
http://dx.doi.org/10.1016/j.enconman.2019.111938
http://dx.doi.org/10.1016/j.jenvman.2018.10.080
http://www.ncbi.nlm.nih.gov/pubmed/30468957
http://dx.doi.org/10.1080/09603123.2018.1539703
http://dx.doi.org/10.1016/j.rser.2019.01.049
http://dx.doi.org/10.1016/j.rser.2019.109435
http://dx.doi.org/10.1016/j.renene.2019.01.073
http://dx.doi.org/10.1016/j.jclepro.2019.118420


Sensors 2020, 20, 3582 15 of 17

12. Olszowski, T.; Tomaszewska, B.; Góralna-Włodarczyk, K. Air quality in non-industrialised area in the
typical Polish countryside based on measurements of selected pollutants in immission and deposition phase.
Atmos. Environ. 2012, 50, 139–147. [CrossRef]

13. Olszowski, T.; Ziembik, Z. An alternative conception of PM10 concentration changes after short-term
precipitation in urban environment. J. Aerosol Sci. 2018, 121, 21–30. [CrossRef]

14. Stieb, D.M.; Judek, S.; Burnett, R.T. Meta-analysis of time-series studies of air pollution and mortality:
Effects of gases and particles and the influence of cause of death, age, and season. J. Air Waste Manag. Assoc.
2002, 52, 470–484. [CrossRef]

15. Davidson, C.I.; Phalen, R.F.; Solomon, P.A. Airborne particulate matter and human health: A review.
Aerosol Sci. Technol. 2005, 39, 737–749. [CrossRef]

16. Pui, D.Y.H.; Chen, S.C.; Zuo, Z. PM2.5 in China: Measurements, sources, visibility and health effects,
and mitigation. Particuology 2014, 13, 1–26. [CrossRef]

17. Wang, L.; Su, J.; Gu, Z.; Shui, Q. Effect of street canyon shape and tree layout on pollutant diffusion under
real tree model. Sustainability 2020, 12, 2105. [CrossRef]

18. Hao, C.; Xie, X.; Huang, Y.; Huang, Z. Study on influence of viaduct and noise barriers on the particulate
matter dispersion in street canyons by CFD modeling. Atmos. Pollut. Res. 2019, 10, 1723–1735. [CrossRef]

19. Bian, H.; Han, S.; Tie, X.; Sun, M.; Liu, A. Evidence of impact of aerosols on surface ozone concentration in
Tianjin, China. Atmos. Environ. 2007, 41, 4672–4681. [CrossRef]

20. Sportisse, B. Box models versus Eulerian models in air pollution modeling. Atmos. Environ. 2001, 35, 173–178.
[CrossRef]

21. Karkoulias, V.A.; Marazioti, P.E.; Georgiou, D.P.; Maraziotis, E.A. Computational Fluid Dynamics modeling
of the trace elements dispersion and comparison with measurements in a street canyon with balconies in the
city of Patras, Greece. Atmos. Environ. 2020, 223, 117210. [CrossRef]

22. Adams, M.D.; Massey, F.; Chastko, K.; Cupini, C. Spatial modelling of particulate matter air pollution
sensor measurements collected by community scientists while cycling, land use regression with spatial
cross-validation, and applications of machine learning for data correction. Atmos. Environ. 2020, 230.
[CrossRef]

23. Dang, R.; Yang, Y.; Li, H.; Hu, X.M.; Wang, Z.; Huang, Z.; Zhou, T.; Zhang, T. Atmosphere boundary layer
height (ABLH) determination under multiple-layer conditions using micro-pulse lidar. Remote Sens. 2019, 11, 263.
[CrossRef]

24. Altstädter, B.; Platis, A.; Wehner, B.; Scholtz, A.; Wildmann, N.; Hermann, M.; Käthner, R.; Baars, H.;
Bange, J.; Lampert, A. ALADINA—An unmanned research aircraft for observing vertical and horizontal
distributions of ultrafine particles within the atmospheric boundary layer. Atmos. Meas. Tech. 2015, 8,
1627–1639. [CrossRef]

25. Li, X.B.; Wang, D.S.; Lu, Q.C.; Peng, Z.R.; Wang, Z.Y. Investigating vertical distribution patterns of lower
tropospheric PM2.5 using unmanned aerial vehicle measurements. Atmos. Environ. 2018, 173, 62–71.
[CrossRef]

26. Anweiler, S. Multicopter platform prototype for environmental monitoring. J. Clean. Prod. 2017, 155, 204–211.
[CrossRef]

27. Anweiler, S.; Piwowarski, D.; Ulbrich, R. Unmanned Aerial Vehicles for Environmental Monitoring with
Special Reference to Heat Loss. In Proceedings of the E3S Web of Conferences, Polanica-Zdrój, Poland,
13–15 September 2017; Volume 19.

28. Szymocha, S.; Piwowarski, D.; Anweiler, S. Unmanned aerial vehicle application for air pollution monitoring.
In Proceedings of the AIP Conference; American Institute of Physics Inc.: Zakopane, Poland, 4–6 June 2018;
Volume 2029.

29. Bisht, D.S.; Tiwari, S.; Dumka, U.C.; Srivastava, A.K.; Safai, P.D.; Ghude, S.D.; Chate, D.M.; Rao, P.S.P.;
Ali, K.; Prabhakaran, T.; et al. Tethered balloon-born and ground-based measurements of black carbon and
particulate profiles within the lower troposphere during the foggy period in Delhi, India. Sci. Total Environ.
2016, 573, 894–905. [CrossRef]

30. Ferrero, L.; Riccio, A.; Perrone, M.G.; Sangiorgi, G.; Ferrini, B.S.; Bolzacchini, E. Mixing height determination
by tethered balloon-based particle soundings and modeling simulations. Atmos. Res. 2011, 102, 145–156.
[CrossRef]

http://dx.doi.org/10.1016/j.atmosenv.2011.12.049
http://dx.doi.org/10.1016/j.jaerosci.2018.04.001
http://dx.doi.org/10.1080/10473289.2002.10470794
http://dx.doi.org/10.1080/02786820500191348
http://dx.doi.org/10.1016/j.partic.2013.11.001
http://dx.doi.org/10.3390/su12052105
http://dx.doi.org/10.1016/j.apr.2019.07.003
http://dx.doi.org/10.1016/j.atmosenv.2007.03.041
http://dx.doi.org/10.1016/S1352-2310(00)00265-X
http://dx.doi.org/10.1016/j.atmosenv.2019.117210
http://dx.doi.org/10.1016/j.atmosenv.2020.117479
http://dx.doi.org/10.3390/rs11030263
http://dx.doi.org/10.5194/amt-8-1627-2015
http://dx.doi.org/10.1016/j.atmosenv.2017.11.009
http://dx.doi.org/10.1016/j.jclepro.2016.10.132
http://dx.doi.org/10.1016/j.scitotenv.2016.08.185
http://dx.doi.org/10.1016/j.atmosres.2011.06.016


Sensors 2020, 20, 3582 16 of 17

31. Brady, J.M.; Stokes, M.D.; Bonnardel, J.; Bertram, T.H. Characterization of a Quadrotor Unmanned Aircraft
System for Aerosol-Particle-Concentration Measurements. Environ. Sci. Technol. 2016, 50, 1376–1383.
[CrossRef]

32. Zhou, S.; Peng, S.; Wang, M.; Shen, A.; Liu, Z. The Characteristics and Contributing Factors of Air Pollution in
Nanjing: A Case Study Based on an Unmanned Aerial Vehicle Experiment and Multiple Datasets. Atmosphere
2018, 9, 343. [CrossRef]

33. Carrozzo, M.; De Vito, S.; Esposito, E.; Salvato, M.; Formisano, F.; Massera, E.; Di Francia, G.; Veneri, P.D.;
Iadaresta, M.; Mennella, A. UAV intelligent chemical multisensor payload for networked and impromptu
gas monitoring tasks. In Proceedings of the 5th IEEE International Workshop on Metrology for AeroSpace
(MetroAeroSpace 2018), Rome, Italy, 20–22 June 2018; Institute of Electrical and Electronics Engineers Inc.:
Piscataway, NJ, USA, 2018; pp. 112–116.

34. Liu, C.; Fedorovich, E.; Huang, J. Revisiting entrainment relationships for shear-free and sheared convective
boundary layers through large-eddy simulations. Q. J. R. Meteorol. Soc. 2018, 144, 2182–2195. [CrossRef]

35. Manfreda, S.; McCabe, M.F.; Miller, P.E.; Lucas, R.; Madrigal, V.P.; Mallinis, G.; Dor, E.B.; Helman, D.; Estes, L.;
Ciraolo, G.; et al. On the use of unmanned aerial systems for environmental monitoring. Remote Sens. 2018,
10, 641. [CrossRef]

36. Matese, A.; Toscano, P.; Di Gennaro, S.F.; Genesio, L.; Vaccari, F.P.; Primicerio, J.; Belli, C.; Zaldei, A.;
Bianconi, R.; Gioli, B. Intercomparison of UAV, aircraft and satellite remote sensing platforms for precision
viticulture. Remote Sens. 2015, 7, 2971–2990. [CrossRef]

37. Gago, J.; Douthe, C.; Coopman, R.E.; Gallego, P.P.; Ribas-Carbo, M.; Flexas, J.; Escalona, J.; Medrano, H.
UAVs challenge to assess water stress for sustainable agriculture. Agric. Water Manag. 2015, 153, 9–19.
[CrossRef]

38. Khanal, S.; Fulton, J.; Shearer, S. An overview of current and potential applications of thermal remote sensing
in precision agriculture. Comput. Electron. Agric. 2017, 139, 22–32. [CrossRef]

39. Hayat, S.; Yanmaz, E.; Muzaffar, R. Survey on Unmanned Aerial Vehicle Networks for Civil Applications:
A Communications Viewpoint. IEEE Commun. Surv. Tutor. 2016, 18, 2624–2661. [CrossRef]

40. Radoglou-Grammatikis, P.; Sarigiannidis, P.; Lagkas, T.; Moscholios, I. A Compilation of UAV Applications
for Precision Agriculture. Comput. Netw. 2020, 172, 107148. [CrossRef]

41. Otto, A.; Agatz, N.; Campbell, J.; Golden, B.; Pesch, E. Optimization approaches for civil applications of
unmanned aerial vehicles (UAVs) or aerial drones: A survey. Networks 2018, 72, 411–458. [CrossRef]

42. Babaan, J.B.; Ballori, J.P.; Tamondong, A.M.; Ramos, R.V.; Ostrea, P.M. Estimation of PM 2.5 vertical distribution
using customized UAV and mobile sensors in Brgy. UP Campus, Diliman, Quezon City. In Proceedings of
the International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences—ISPRS
Archives, Kuala Lumpur, Malaysia, 3–5 September 2018; International Society for Photogrammetry and
Remote Sensing: Nice, France, 2018; Volume 42, pp. 89–103.

43. Rohi, G.; Ejofodomi, O.; Ofualagba, G. Autonomous monitoring, analysis, and countering of air pollution
using environmental drones. Heliyon 2020, 6, e03252. [CrossRef]

44. Liu, C.; Huang, J.; Wang, Y.; Tao, X.; Hu, C.; Deng, L.; Xu, J.; Xiao, H.W.; Luo, L.; Xiao, H.Y.; et al.
Vertical distribution of PM2.5 and interactions with the atmospheric boundary layer during the development
stage of a heavy haze pollution event. Sci. Total Environ. 2020, 704, 135329. [CrossRef]

45. Peng, Z.R.; Wang, D.; Wang, Z.; Gao, Y.; Lu, S. A study of vertical distribution patterns of PM2.5 concentrations
based on ambient monitoring with unmanned aerial vehicles: A case in Hangzhou, China. Atmos. Environ.
2015, 123, 357–369. [CrossRef]

46. Sun, Y.; Song, T.; Tang, G.; Wang, Y. The vertical distribution of PM2.5 and boundary-layer structure during
summer haze in Beijing. Atmos. Environ. 2013, 74, 413–421. [CrossRef]

47. Harnisch, F.; Gohm, A.; Fix, A.; Schnitzhofer, R.; Hansel, A.; Neininger, B. Spatial distribution of aerosols in
the Inn Valley atmosphere during wintertime. Meteorol. Atmos. Phys. 2009, 103, 223–235. [CrossRef]

48. Lu, Y.; Zhu, B.; Huang, Y.; Shi, S.; Wang, H.; An, J.; Yu, X. Vertical distributions of black carbon aerosols over
rural areas of the Yangtze River Delta in winter. Sci. Total Environ. 2019, 661, 1–9. [CrossRef] [PubMed]

49. Higgins, C.W.; Wing, M.G.; Kelley, J.; Sayde, C.; Burnett, J.; Holmes, H.A. A high resolution measurement
of the morning ABL transition using distributed temperature sensing and an unmanned aircraft system.
Environ. Fluid Mech. 2018, 18, 683–693. [CrossRef]

http://dx.doi.org/10.1021/acs.est.5b05320
http://dx.doi.org/10.3390/atmos9090343
http://dx.doi.org/10.1002/qj.3330
http://dx.doi.org/10.3390/rs10040641
http://dx.doi.org/10.3390/rs70302971
http://dx.doi.org/10.1016/j.agwat.2015.01.020
http://dx.doi.org/10.1016/j.compag.2017.05.001
http://dx.doi.org/10.1109/COMST.2016.2560343
http://dx.doi.org/10.1016/j.comnet.2020.107148
http://dx.doi.org/10.1002/net.21818
http://dx.doi.org/10.1016/j.heliyon.2020.e03252
http://dx.doi.org/10.1016/j.scitotenv.2019.135329
http://dx.doi.org/10.1016/j.atmosenv.2015.10.074
http://dx.doi.org/10.1016/j.atmosenv.2013.03.011
http://dx.doi.org/10.1007/s00703-008-0318-3
http://dx.doi.org/10.1016/j.scitotenv.2019.01.170
http://www.ncbi.nlm.nih.gov/pubmed/30660033
http://dx.doi.org/10.1007/s10652-017-9569-1


Sensors 2020, 20, 3582 17 of 17

50. Nishanth, T.; Praseed, K.M.; Kumar, M.K.S.; Valsaraj, K.T. Influence of ozone precursors and PM10 on the
variation of surface O3 over Kannur, India. Atmos. Res. 2014, 138, 112–124. [CrossRef]

51. Qu, Y.; Han, Y.; Wu, Y.; Gao, P.; Wang, T. Study of PBLH and its correlation with particulate matter from
one-year observation over Nanjing, Southeast China. Remote Sens. 2017, 9, 668. [CrossRef]

52. Wang, L.; Liu, J.; Gao, Z.; Li, Y.; Huang, M.; Fan, S.; Zhang, X.; Yang, Y.; Miao, S.; Zou, H.; et al.
Vertical observations of the atmospheric boundary layer structure over Beijing urban area during air
pollution episodes. Atmos. Chem. Phys. 2019, 19, 6949–6967. [CrossRef]

53. Xu, Y.; Zhu, B.; Shi, S.; Huang, Y. Two inversion layers and their impacts on PM2.5 concentration over the
yangtze river delta, China. J. Appl. Meteorol. Climatol. 2019, 58, 2349–2362. [CrossRef]
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statków powietrznych dla potrzeb monitoringu i inspekcji, w szczególności w obszarze energetyki. Energetyka
2014, 8, 485–492. (In Polish)

59. Duda, D. To nie science fiction. O dronach w energetyce i nie tylko. Energetyka Ciepl. Zawodowa 2017, 4,
24–28. (In Polish)

60. Wang, Y.; Xing, J.; Qian, S. Selectivity enhancement in electronic nose based on an optimized DQN. Sensors
2017, 17, 2356. [CrossRef] [PubMed]

61. Gas Sensors & Modules: Products—Figaro Engineering Inc. Available online: http://www.figarosensor.com/

product/sensor/ (accessed on 11 March 2020).
62. The Plantower PMS5003 and PMS7003 Air Quality Sensor Experiment. Available online: https://aqicn.org/

sensor/pms5003-7003/pl/ (accessed on 11 March 2020).
63. ATmega328—8-Bit AVR Microcontrollers. Available online: https://www.microchip.com/wwwproducts/en/

ATmega328 (accessed on 11 March 2020).
64. NMEA Data. Available online: https://www.gpsinformation.org/dale/nmea.htm (accessed on 11 March 2020).
65. Throneberry, G.; Hocut, C.M.; Shu, F.; Abdelkefi, A. Multi-rotor wake propagation investigation for

atmospheric sampling. In Proceedings of the AIAA Aviation 2019 Forum, Dallas, TX, USA, 17–21 June 2019;
American Institute of Aeronautics and Astronautics (AIAA): Reston, Virginia, 2019.

66. Wang, Z.; Henricks, Q.; Zhuang, M.; Pandey, A.; Sutkowy, M.; Harter, B.; McCrink, M.; Gregory, J. Impact of
Rotor–Airframe Orientation on the Aerodynamic and Aeroacoustic Characteristics of Small Unmanned
Aerial Systems. Drones 2019, 3, 56. [CrossRef]
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