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Increased concentration of particulate matter in big cities and agglomerations is one of the main 

risk factors for the health of the residents. Conventional systems for particulate matter (PM) monitoring 

have significant limitations, especially with respect to the costs of their installation and maintenance. 

The number of these monitor stations is limited but concentration of PM changes fast, non-linearly, 

within wide limits and is determined by multiple factors. In this paper, we propose an approach based 

on cost-effective sensor nodes for on-line measuring and obtaining information about PM 

concentration. The acquired data can be analyzed to evaluate the local distribution of pollutant density 

and can be shared through web platforms that use standard protocols. The adoption of such an approach 

allows for a detailed study of the levels of pollution and its sources.  
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1. Introduction and motivation 

Aerosols are two-phase systems, consisting of 
suspended solid or liquid phase, and surrounding gas 
phase. They are formed through the conversion of gases 
into particles or through the disintegration of liquids or 
solids into finer constituents. 

The need to measure basic aerosol parameters has 
increased dramatically in the last decade. This is mainly 
due to their harmful effect on our environment and on 
public health.  

Legislation requires that particle emissions and 
workplace particle concentrations are measured to 
ensure that the set limits are observed and the public is 
not exposed to undesirable aerosol concentrations [1]. 

Recently, the World Health Organization (WHO) 
estimated that exposure to particulate matter  in 
indoor and outdoor air causes about 2 million deaths 
per year. 

Although most highly developed countries have had 
considerable success in reducing air pollution through 
different policies, a significant part of Europeans still 
live in regions where regulated  limits are 
constantly exceeded and a significant decline in life 
expectancy is observed [2, 3].  

Increasingly complex and demanding regulations to 
mitigate  pollution mean that aerosol measurements 
are becoming more and more time- and resource-
intensive. These measurements often require more than 
basic knowledge of how to conduct and interpret the 
measurements. The elaboration of cost effective 
mitigation strategies depends on reliable and accurate 
measurement of the physical and chemical 
characteristics of aerosols. 

High temporal and spatial resolution is mandatory 
for obtaining reliable data to be used for implementing 
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policies and measures that would protect the health of 
the citizens.  

The monitoring networks that are currently in use 
consist of a limited number of fixed stations.  

The costs associated with the construction of an air 
quality monitoring station are about 200 000 Euro and 
those for its yearly maintenance amount to about 
25 000 Euro [4]. As a result, the number of stations in 
most world metropolises is limited (Table 1). For 
instance, in Sofia there are only 10 stations covering an 
area of 	km  with a population of about . 	million [5]. 

Table 1 
Number of  measurement stations and area coverage in some 

metropolises [6], [7]. 

City # of stations Area,  

Beijing, China 18 ∼16 000 

Berlin, Germany 12 ∼890 

Mumbai, India 7 ∼440 
New York City 13 ∼1 200 
Sofia  10 ∼1 310 

 
The density of control points is inadequate and the 

data does not reflect personal health risk. 
Practically, there is a deficiency of trustworthy 

information about the concentration of the measured 
parameters and how they vary over time even in the 
closest vicinity of the fixed stations and no 
individualized personal information can be obtained. 
Recent research has shown that there is a clear tendency 
for a shift in the current monitoring paradigm. Building 
up wireless networks with mobile and cost effective 
sensors is gaining popularity as an alternative way of 
monitoring air parameters with a much higher 
resolution capability.  This approach makes it possible 
to collect personal-specific indicative information that 
enables people to monitor the quality of the air they 
breathe [6].  

Due to the strict quality control exercised over 
monitoring networks it is possible to compare results 
obtained with different instruments and from different 
networks. By analogy, prior to using low cost  
sensors, their characteristics need also to be assessed. 
Information needs to be acquired about numerous 
parameters such as: 

• concentration range and detection limit,  
• stability of response - comparability and 

variability between individual sensor devices, 
• influence of temperature, humidity, atmospheric 

pressure, 
• sensitivity to detect temporal variations.  

It may be necessary to perform complex procedures 

of calibration checks prior to deployment. The first step 
is to understand the capabilities of the sensor devices, 
and the characteristics of the information they provide 
[6]. 

These considerations necessitate the adoption of 
additional measures in order to acquire more detailed 
data about the levels of pollution and main emittents. 
Our study is part of the measures taken in this respect.  

In this paper, we propose the acquisition of real-
time and fine-grained  information throughout a 
city, by means of mobile low-cost sensor nodes. The 
use of cost effective particulate matter monitoring 
systems allows for a detailed study of the levels of 
major pollutants and their sources. 

2. Particulate matter monitoring – basic 

parameters and standards 

At present, there is no uniform standard or 
technique of measuring particulate matter because 
aerosols and particles, which are the result of natural 
and man-made processes and are found in ambient and 
industrial environments exist in varied sizes, shapes, 
densities, chemical compositions, and biological 
properties. 

2.1 Basic parameters  

There are a number of relevant parameters of  in 
ambient air that should be taken into account:  

• particle number concentration, 
• total mass concentration of selected fractions of 

particulate matter,  
• particle size distribution, 
• 24-hour variations of concentrations with peak 

values, 
• chemical composition, etc.  

Currently, the most common health relevant metric 
is mass related to particle size, which is represented as 

. In most sources, the  abbreviation is 
incorrectly defined as "all fine particles with size 
smaller than 	 ". The correct definition is 
“particulate matter which passes through a size-
sensitive inlet with a 50% efficiency at 	  
aerodynamic diameter” [7]. 

 limits and targets for 24 hours and annual 
averages differ significantly from country to country. 
This is shown in Table 2 which provides examples of 

 standards and objectives of some countries and the 
World Health Organization. 

Apart from diverse national and international 
standards, there is the challenge that air quality varies 
non-linearly by locations and a great many factors, such 
as the weather conditions, traffic, land use, etc., which 
affect it and make it very complicated to be modeled.  
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In fact, unless there is a monitoring station, we do not 
really know what the air quality of a location is.  

Table 2 
 Standards and objectives for  monitoring in urban areas in 

some counties [6]. 

Country 
 

fraction 
Averaging  period 

Limit /Standard /  

EU  Annual 40 
  24 h 50 
 .  Annual 25/20 
US  24 h 150 
 .  Annual 12 
  24 h 35 
China  Annual 70 
  24 h 150 
 .  Annual 35 
  24 h 75 
India  Annual 60 
  24 h 100 
 .  Annual 40 
  24 h 60 
WHO  Annual 20 
  24 h 50 
 .  Annual 10 
  24 h 25 

 
2.2. Fractions of particulate matter  

The size of the particles is directly related to the 
potential they have to cause health problems - the finer 
the particles, the more difficult they are to disperse and 
the deeper they can penetrate into the lungs and even 
into the blood stream thus causing more harm.  
enters the respiratory tract, and has been associated 
with health risks such as bronchitis, asthma, and upper 
respiratory tract infections.  aggravates 
symptoms of existing diseases rather than triggers new 
conditions.  

Fine particles in the .  size range get into the 
respiratory tract and can reach the lungs and the blood 
stream causing cardiovascular problems. 

The statistics show that 	% of the urban population 
in the EU-28 was exposed to .  levels above the 
EU limit value, and approximately 	% was exposed 
to concentrations exceeding the stricter WHO AQG 
value for .  in 2015 [8, 9]. 

, which are so much smaller than . , can 
have stronger effects and give rise to lasting conditions, 
such as people predisposed to heart diseases. Studies in 
the west have shown that  can lead to premature 

births and affect prenatal development. 
Therefore, the measurement of  is of great 

interest for recent studies. Intensive work is being done 
to establish standards and targets for monitoring . 

Advances in embedded systems and new sensors 
technologies have made it possible for a new 
generation of low-cost  monitoring systems to 
emerge. Portable and autonomous sensors have the 
potential to take measurements with sufficient accuracy 
and in this way to capture effectively the spatial 
variability of the air pollutants. The number of those 
commercially available devices has increased 
considerably over the last five years although the 
quality of the data which they provide is still 
questionable [10]. The main goal of our study is to test 
the quality of the data obtained by semi-professional 
sensors and compare these results with the 
measurements of professional devices or those reported 
by the official authority stations. We want to find out 
whether such cost-effective systems can provide 
reliable results and indications about air quality and can 
be used in practice.  

3. Design of the proposed monitoring system  

The overall system architecture and the design of 
hardware and software components are presented in 
details in this section.  

3.1. Design Requirements 

• High reliability and availability of the device for 
long-term measurements.  

• Ability to measure not only  but also .  
and . 

• Use of off-the-shelf cost-effective components for 
wireless sensor networks implementation and 
support of different communication standards 
(e.g., Zigbee, 802.15.4, WiFi, BLE) compliant 
with pervasive deployment; 

• Availability of various integrated programming 
environments (MATLAB/LabVIEW) to reduce 
the implementation time. 

• Computing power to perform on-board 
calculations, scalable architecture that supports 
easy expansions with peripherals e.g. sound cards, 
microphones, environmental parameter sensors.  

• Capability for remote status monitoring, GPS 
localization and software updates.  

• Long-term battery powered operation. 
Fig. 1 shows the overall system architecture of an 

environmental  monitoring network system that we 
have developed. The system consists of a Single Board 
Computer (Raspberry Pi 3), a GPS module with 
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integrated RTC and an Optical Particle Counter OPC-
N2 for measuring , . 	 and . 

 

 

Fig. 1. Block diagram of the developed node. 

 

3.2. Hardware 

The Raspberry Pi 3 Platform 

Taking into account the design requirements and the 
needed functionalities a scalable architecture based on 
the Raspberry Pi 3 (RPi) platform is proposed. 

It has the following characteristics: it consists of the 
Broadcom BCM2837 System on a Chip, including 4 
cores ARM Cortex-A53, running on a . 	  
processor, a Graphic Processing Unit (GPU), 	  of 
RAM with a microSD memory card slot.  

The Raspberry Pi platform has a number of 
advantages such as good computing power, high 
versatility and is enabled for MATLAB/LabVIEW 
programming environment. The low power 
consumption and its price allow for the design of 
numerous devices based on this platform. Those 
qualities, together with the continuous hardware 
upgrades, made the Raspberry Pi the selected option for 
the prototype development. 

Raspberry Pi has various options for data transfer - 
mainly via Ethernet, Wi-Fi or Bluetooth connectivity. 
The most appropriate alternative is the use of the IEEE 
802.11n-based Wi-Fi built-in chip. The module 
operates at . 	  and provides up to 	 /  
transfer rates. The distance of the station to the access 
point can be up to 	  but this strongly depends on 
the terrain and surrounding background radio noise. In 
this particular case, tests with a direct visibility of up to 	  were conducted [11]. 

Thanks to the integrated Wi-Fi module, there is a 
choice from two options for connecting to the internet 
– in a wireless mode or via an Ethernet cable. 
Connection through Ethernet is usually more stable but 
requires access to a wired network. The tests of the 
system show that the Wi-Fi connection is a good choice 
when the signal strength is strong.   

Sensor 

The sensor is Alphasense OPC-N2 [2]. It is cost 
efficient and has good performance when compared 
with other units (Fig.  2). The  sensor measures 
particle size and aerosol mass concentration by 
detecting the light scattered from individual particles. 
The sampled air is drawn through the laser beam with 
a wavelength of 	 .  

 

Fig.  2. The Alphasense OPC-N2 particle counter. 

Here instead of a pump, the instrument uses an 
electrical fan, the so called ‘pump-less’ design, which 
requires no replaceable pump-protection filter. The 
scattered light is picked up by an elliptical mirror and 
focused on the dual-element photodetector. Like most 
commercial Optical Particle Counters, all particles, 
regardless of their shape are assumed to be spherical 
and are therefore assigned a ‘spherical equivalent size’. 
The relationship between particle size and scattered 
intensity at any given scattering angle is complex and 
exactly described by Mie’s theory [12].  

The sensor classifies each particle size, at rates of 
up to 	  particles per second, and records particle 
size in one of 16 “bins” covering size range from .  
microns to  microns in diameter. This data is used to 
calculate the mass of airborne particles per unit volume 
of air, expressed in / .   
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The OPC-N2 requires a .  to .  Volt DC supply 
with minimum electrical noise and at least 	  
continuous current [13]. The connection with 
Raspberry Pi 3 is made via the SPI bus, using SPI 
communication protocol.   

GPS module 

The GPS module gives information about the 
position of the node and its altitude. The attached GPS 
receiver is based on u-blox NEO-7M, with high-gain 
active antenna. It provides maximum sensitivity −  while maintaining low system power 
( 	  operating current). An important part of the 
module is the build-in real-time clock, which keeps 
track of the current time, while the primary source of 
power is off or unavailable. Transfer of the data 
between a microcomputer and the GPS module is 
achieved through serial UART communication.  

Power Supply 

The power source of the node is a 	 ℎ 
power bank PB-T3 placed in a box with IP 67 
protection. 

3.3.  Software 

Main algorithm 

This software follows the classic client-server 
model. The server is based on Raspberry Pi and 
Apache. It provides a set of customer services and 
shares its resources (files). The server waits to receive 
a user request, processes it, and returns the response. 
Clients are all devices that use the information provided 
by the user interface. The clients require specific 
services and control the incoming data. The link 
between the client and the server is the global network. 

The main steps in the client - server communication 
are as follows: 

• Web server and client connect via HTTP protocol; 
• The corresponding page is transmitted to the 

browser as HTML code and is rendered; 
• The customer enters the data and sends the request 

to the server; 
• Depending on the request, the server retrieves the 

file and prepares a graph with the  
concentration for the selected period of time; 

• The result of the executed query is received by the 
browser and is embedded in an HTML page. Its 
goal is to be interpreted by the client. 

 
The device works under a free Linux operating 

system – Raspbian, which is based on Debian and is 
optimized for the Raspberry Pi hardware. It is a highly 
customizable operating system and supports lots of 
different programing languages and environments. The 

implemented software is written using Python and PHP 
high-level languages. Front-End development is done 
in HTML and CSS. The user interface is realized as a 
web page and is accessible from any Internet browser. 
This makes the system flexible and convenient for use.  

The Back-End software could be provisionally 
divided into two parts. One is the software performing 
collection and processing of the data, and the other is 
the software processing the incoming requests to the 
server. For the server we have used Apache open 
source software, which supports multiple modules and 
extensions.   

After a successful boot of the operating system, the 
Apache server is started and Python script executed. 
First, the script communicates with the peripheral 
modules. The time and date provided by the GPS RTC 
module are used to synchronize the system clock. This 
is necessary when there is no established Internet 
connection typically used for synchronization by Pi.  

Fig. 3 shows a simplified algorithm for the program 
running on the server. 

The program starts by initializing the OPC 
connected to the SPI interface. Depending on the 
system state and the current time, a new file is created 
or the entry continues in the previous file. 

The data is written in the form of text files and a new 
file is created every 24 hours containing the , .  and  concentration values averaged 
per hour. The selected format is CSV and the data is in 
comma separated format. All files are available and can 
be downloaded through the web page. 

The program continues to read the sensor values 
every second and store them in the temporary memory 
for a one-hour averaging. 

On the basis of centration measurements made 
every second, charts are generated in the form of png 
images, which are updated every hour. This is done 
using the Python matplotlib module. Also, once an 
hour, the bar graphs with one-hour averages are 
updated. Further, the current day average pollution 
level is calculated in / . 

Since the algorithm is an infinite continuous cycle, 
the generation of the graphics is moved to a separate 
thread in the program so that sampling the data is at 
regular intervals of one second without interruption. 

GPS Data  

The station is mobile, and data about its location is 
needed. In this way, when installing multiple nodes, 
you can clearly distinguish the data for different 
locations. 

To realize this functionality, an integrated GPS 
module is integrated into the system. 
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Fig. 3. Algorithm of the main program [14].  

 
After loading the operating system, the information 

received from the GPS receiver is read via the serial 
interface. The GPS module is equipped with a real-time 
clock with a reserved power supply. When a GPS 
signal is captured, the time and date are set and the 
station location data is refreshed, at a frequency of 	 . The GPS module packs the data in National 
Marine Electronics Association (NMEA). The NMEA 
GPS data is sent to the single-chip microcomputer 
where it is interpreted. Due to the lack of a built-in 
RTC, Raspberry Pi performs time synchronization over 
the internet with every start of the system. The station 
provides automatic time and date setting of the 
operating system by GPS data, allowing for proper 
operation even in the absence of Internet connectivity. 

The altitude, latitude, longitude, and the 
Coordinated Universal Time (UTC) are displayed on 
the site as data for the corresponding sensor system. 
Geographical degrees are used for the coordinates and 
the altitude is expressed in meters. 

In order to be able to report pollutant levels for a 
specific date, a functionality has been developed that 
enables the user to visualize the data on the web page 
for the , .  and  on both individual and 
combined graphs. 

This is implemented using a PHP program running 
on the server. It creates an HTML dropdown menu 
from which the user can choose a date for which the 
graph should be drawn. 

4. Experimental Results 

4.1. The Complete mobile node 

Fig. 4 shows the complete mobile node.  
 

Fig. 4. View of the sensor node. 

The node is placed in a plastic enclosure with IP 67 
protection with GPS module and power bank. The 
components used in the sensor node and their 
approximate prices are given in Table 3.  

Table 3 
List of components of the sensor node 

Part Commercial name Price, Euro

Main board Raspberry Pi 3 35 
 OPC-N2 400 
GPS Module GPS NEO-7M 30 
Enclosure - 15 
Cables + batteries - 25 

 
The cost of the components is about 505 Euro. A 

comparison with the typical price of professional 
systems makes the mobile sensor node highly 
competitive.  

4.2. Data acquisition 

The data acquisition process is separated in different 
threads. One script reads the GPS data every second 
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and obtains information about the location of the 
system and its altitude. Another Python script takes 
care of the OPC control. By means of commands sent 
through SPI, the microcomputer reads , .  and 

 concentrations every second.  
Particulate matter data is processed and aggregated 

for a period of 1 hour. A sample graph for instantaneous 
 concentration is given in Fig.  5.  

 

Fig.  5. Instant  values measured  

for period of 1 hour. 

 
The averaged information over every hour is stored 

on a disk by a script running in another thread. Some 
examples of the diurnal variation in . 	and  are 
shown in Fig.  6 and Fig. 7. All graphs for the past 24 
hours and graphs for instant values for the past hour are 
available on the website. The data is stored in .csv 
(comma separated values) format as files per every day 
and is also available on the web.   

 

Fig.  6. Diurnal variation in .  mass concentration  

for Sofia, Kazichene. 

Fig. 7. Diurnal variation in  mass concentration  

for Sofia, Kazichene. 

 
At the Back-End server there is a PHP code that 

takes user requests from the web page and draws plots 
for selected past periods (Fig. 8). The raw .csv files can 
be downloaded and used for additional calculations. 

 

Fig. 8. Twenty-four hour measurement of , .  

and   values averaged for a period of 1 hour, Sofia, 

Kazichene. 

4.3. Validation of the measurements 

In Europe, measurements of the concentrations of 
 within national and international monitoring 

networks have been carried out for more than  
2 decades. Measurements of .  have been 
performed over a shorter period of time and in limited 
locations because the European Air Quality directive 
on .  target values has been introduced more 
recently. Monitoring in the period 1994–2008 showed 
that 	annual concentrations varied from  to about 	 /  [15]. The .  concentrations ranged from 
3 to 	 / .  In southern Europe the . -to-

 ratio is between .  and . . 
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As it can be seen in Fig. 8, the concentration of .  and  in the suburban area of Sofia 
(Kazichane) varies in the interval from about 3 to 20-
22 /  and the .  to  ratio is in the range 
between .  and . .  

Due to the fact that the Air Quality Directive does 
not set any limit values for  there are limited long-
term measurements of particles of that size. 

Field evaluation 

For the field evaluation the tested node was 
collocated with the fixed station for air quality 
monitoring in Sofia Drujba. The  concentration 
measured with the sensor node and the fixed authority 
station over a 	ℎ period is shown in Fig. 9.  

The correlation coefficient between the sensor and 
the reference instrument is relatively high – . . In 
particular, the sensor has detected two sharp increases 
in dust levels at 9 and 22 hours.  

 

 

Fig. 9.  Twenty-four hour measurement of  values 

averaged for period of 1 hour near Drujba fixed station on 

the 14th of April, 2017. 

The long-term measurements with a duration of one 
week, which we have made, also show a good 
recurrence of the results and the correlational coeffi-
cient between the sensor and the reference instrument 
is within the range of  . – . .  

5. Conclusion 

Increasingly complex and demanding regulations to 
mitigate particulate matter pollution mean that aerosol 
measurements are becoming more and more time- and 
resource-intensive.  

The continuous convergence of micro- and nano-
technologies with the wireless communication net-
works leads to significant paradigm shift in the field of 

 monitoring. The latest developments in the field of 

sensor technologies have enabled the implementation 
of low-cost (in the 10-50 Euro segment) and semi-
professional (in the higher price segment of 500-1000 
Euro) sensors which are designed to be used in urban 
environments [17], [18].  

The accuracy of low-cost sensors is still limited, and 
the devices implemented on their basis usually require 
significant calibration and maintenance costs [19], 
[20]. 

In this study, the design and implementation of a 
node for real time monitoring of basic  parameters 
based on semi-professional sensor devices is presented. 
The results of the study show that they have significant 
advantages when compared to low-cost solutions. They 
can perform with acceptable precision in estimating 

 exposures over time and space. If properly 
calibrated, they could provide useful exposure 
estimates for health effects studies and support better 
assessments of the variation in  relative to a central 
site monitor. The compact size of these monitors and 
the flexibility in data acquisition, communication and 
in- and outdoor localization can favor their wide 
application in  field exposure studies. 

The deployment of such systems in large numbers 
can provide near real time  parameter information 
with higher space and time resolution. So the imple-
mentation of this smart sensor node for on-line partic-
ulate matter monitoring can enable the use of the ar-
chived data in big data analysis and data mining. 
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