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Abstract—With the worldwide urban population following a 

continuous growth, more individuals expose themselves to a less 

healthy environment by inhaling polluted urban air. The current 

pollution measurement techniques make use of automated 

monitoring stations that are usually installed in certain key 

points around the city but can only provide coarse-grained air 

quality reports as well as not being able to indicate the sources of 

the air polluting agents. As traffic related air pollution cannot be 

traced to a single location, there is the need for a new approach 

which has the capacity of measuring fine-grained air quality that 

can reflect any detailed variations that may be caused by traffic 

jams. In this paper, we intend to offer a solution by implementing 

a low-cost air quality system using mobile sensing for monitoring 

the variance of gaseous pollutants in metropolitan areas. 

Keywords—Urban Air Pollution; Mobile Sensing; Air Quality; 
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I.  INTRODUCTION 

With more than 50% of the world’s population living in 

urban areas, and a high chance that this number will increase 

to 70% by 2050 [1], the World Health Organization (WHO) 

estimates that over two million people die every year from air 

pollution, more than half of them living in developing 

countries [2], and nearly 1.4 billion people worldwide live in 

urban areas with air pollution above recommended air quality 

limits [3]. The consequences that pollution has on the air 

quality is of both scientific and social interest, especially to 

countries with rapidly developing economies where the 

exposure to concentrations of airborne pollutants has been 

shown to cause negative health effects in both the short and 

long term [4]. 

In the developed countries, urban air pollution originates 
mostly from the burning of fossil fuels from vehicles engines, 
with this being the most significant source of exposure for 
individuals, thereby affecting not only the environment, but 
also having considerable effects on the health of the 
population. There have been studies that have found evidence 
of the negative effects that exposure to ambient gaseous 
pollutants and particulate matter has on an individual’s health, 
including the aggravation of asthma, cardiovascular morbidity, 

various cancers, birth outcomes and life expectancy [5, 6, 7]. 
Outdoor air pollution has disproportionate health effects on 
infants, children, elders or people with pre-existing health 
conditions [4].  

According to the Romanian National Environment 
Protection Agency (ANPM), the six most common pollutants 
that affect air quality are sulfur dioxide (SO2), nitrogen oxides 
(NOx: NO/NO2), ground-level ozone (O3), carbon monoxide 
(CO), particulate matter (PM10, PM2.5), lead and other toxic 
metals like cadmium, arsenic or mercury [8].  

Particulate matter is composed of tiny particles of solids 
and liquids including ash, mineral salts or oxides, heavy metals 
such as lead, and other organic materials [9], and is 
characterized by its particle size, either PM10 (diameter ≤ 10 
microns) or PM2.5 (diameter ≤ 2.5 microns). Nitrogen oxides, 
sulfur dioxides and carbon monoxide are produced by the 
combustion of fossil fuels, and have a major effect on creating 
acid rain and photochemical smog, which is a phenomenon that 
forms when carbon monoxide or nitrogen dioxide reacts with 
sunlight to create secondary pollutants. 

According to the most recent census, approximately 52% of 
the total of twenty million Romanians live in towns and cities, 
with a 1.3% growth every ten years [10]. Almost two million 
people live in the capital city of Bucharest where more than 
90% of air pollutants come from intense road traffic, and where 
around one hundred thousand new vehicles are registered every 
year. Around 74.1% of nitrogen dioxide and sulfur dioxide are 
emitted from the power plants that are scattered around the city 
[11]. A survey from 2011 that involved twenty-five European 
cities found that Bucharest has the lowest urban air quality, 
with a concentration of 38.2 micrograms of fine particles per 
cubic meter of breathable air, lowering the average life 
expectancy with almost two years, where other European 
capitals like Rome, Paris or London have concentrations of 
21.4 µg/m3, 16.4 µg/m3, respectively 13.1 µg/m3 [12]. 

In Bucharest, ARPMB (Regional Environment Protection 
Agency Bucharest), an organization tasked by the Romanian 
government to monitor air quality is operating a network of 
eight automated monitoring stations scattered around the 
busiest parts of the capital. ANPM (National Environment 

mailto:adrian.firculescu@cti.pub.ro
mailto:dan.tudose@cs.pub.ro


2 

 

Protection Agency), theoretically makes this information 
available online in real-time [13], but practically only the 
previous day data is accessible with partial information about 
the current day. An in-depth analysis made in 2011 by a non-
governmental organization called Ecopolis found that 23.4% of 
the data recorded by the eight monitoring stations throughout 
one year are invalid or are completely missing, either because 
the monitoring stations were unexpectedly shut down, or have 
provided invalid measurements [14]. 

This paper proposes a concept of an air quality monitoring 

system through mobile sensing using low-cost reliable sensors 

in order to record the variation of a series of various gaseous 

pollutants in metropolitan areas. In Chapter III, we present our 

theoretical model that involves two types of mobile sensing 

networks, and one stationary network of sensors, and how the 

final data cam become available online, followed by our first 

test implementation during the summer of 2014 that is 

presented in Chapter IV along with the results we obtained, 

that are presented in Chapter V. Chapter VI provides the 

further improvements on our implementation which we wish 

to put into practice in the future. The following chapter offers 

a brief summary of the current developments of the most 

recent urban air quality monitoring techniques. 

II. RELATED WORK 

The monitoring of urban air quality through mobile 

sensing is a popular topic especially with the possible 

applications of designing, deploying and administrating 

wireless sensor networks that measure gaseous pollutants from 

various urban scenarios. The project that has introduced the 

paradigm of personal pollution-sensing platform was initially 

developed in 2012 by a community effort of designers, 

technologists, developers, students and artists. Air Quality Egg 

grew out of Internet of Things meet-up groups in New York 

City and Amsterdam, offering anyone a chance to participate 

in the project [15].  

An earlier project with similar vision was MESSAGE 
(Mobile Environmental Sensing System Across Grid 
Environments), which started in October 2006 and included 
researchers from universities of Cambridge, Leeds, Newcastle 
and Southampton [16]. The project aimed to develop both fixed 
and mobile devices that would generate a high-density 
measurement of carbon monoxide and nitrogen oxides in 
metropolitan areas. In a recent report [17] they demonstrated 
that the deployment of low cost devices that use electro-
chemical sensors can generate an accurate picture of the spatial 
and temporal structure of air quality in urban areas. Studies on 
the feasibility of measuring urban air pollution using wireless 
sensors have been made [18], with other studies analyzing the 
validation of low-cost instruments for monitoring air quality 
[19] and other implications.  

A similar project that aims to offer a vehicular-based 
approach for real-time fine-grained measurements of air quality 
was developed at Rutgers University [20], using the same 
handheld pollution measurement devices from Variable 
Technologies that we have used in our implementation. 

The Personal Environmental Impact Report (PEIR) [21] 
proposes a method for accounting personal movement by 
making use of location data sampled from mobile phones in 
order to create travel patterns for personal estimates of 
environmental impact [22]. 

The CitySense project [23] developed at Harvard 
University aims to enable users to track personal air quality 
exposure by making use of an existing wireless distributed 
sensor network of individually programmable nodes scattered 
throughout a city, and also create an open testbed to support a 

 

Fig. 1.  Brief description of our system architecture model 
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diverse range of research activities. 

The approach of installing mobile sensing devices on the 

roofs of buses and trams thus creating a mobile air quality 

monitoring network using the existing public transportation 

network has been followed in a project called OpenSense [24], 

which is run by Ecole Polytechnique Federale de Lausanne in 

partnership with ETH Zurich. Such an approach has the 

advantage of offering the possibility of deriving pollution 

maps with unprecedented spatio-temporal resolution creating a 

new path towards accurate, real-time pollution assessment.  

Common Sense [25], a joint project between UC Berkley 

and Intel Labs, aims for a complementary mobile participatory 

sensing approach, in which pollution measurements are made 

not by using a network of fixed sensors, but by deploying 

large numbers of personal mobile sensors within communities, 

thus allowing community members to explore local variations 

in air quality and engage in a process of locating pollution 

sources. 

III. SYSTEM DESCRIPTION 

While we were researching and analyzing which would be 

the most efficient strategy type that would better suit our 

implementation, we chose to develop a data collection system 

based upon the idea of “crowd-sourcing” or “participatory 

sensing”, in which any user could collect and contribute to an 

open database of air pollution measurements using the 

personal sensing device. Offering the opportunity for anyone 

to use, collect and contribute has an important role in the 

further development of the project that could create a greater 

spatial density of data gathered from multiple users from any 

location. 

Our proposed system architecture is described in Fig. 1, 

and consists of portable personal sensing devices that would 

normally be attached to a volunteer’s or an user’s car as they 

drive. The personal sensing devices will communicate with an 

application on the driver’s mobile phone that gathers the 

measured data from the sensing device, and then tags it with 

additional information regarding the GPS coordinates of the 

location where that data was gathered along with the time and 

date. Our cloud-based server will receive and store large 

amounts of information from multiple users as they finish 

pollution recording sessions and upload the gathered data over 

the Internet. The server will then parse and interpret that data, 

applying interpolation models in order to generate a pollution 

level heat-map and make that map available online on the 

project’s website. The proposed system architecture model can 

be separated into two phases, first consisting of data collection 

and the second representing the data consumption, analysis 

and graphical representation of the results. 

A. Data collection approach 

When we first took into account the possibility of 

designing a system to measure urban pollution, we imagined 

several types of ways in which that could be accomplished. 

The model presented in Fig.1 uses a “participatory sensing” 

approach, that could be implemented for mobile sensing, 

which is what we put into practice and tested, the results will 

be presented in chapter V. But nonetheless, in order to get a 

highly accurate estimate of the levels of various atmospheric 

pollutants in a specific area, or to observe how pollutant 

emissions flow through the atmosphere, a stationary sensing 

network shall be developed. Likewise, having decentralized 

pollution recordings from various locations at different 

moments in time, obtained from users that do not follow the 

same route for at least a couple of days cannot lead to the 

formation of time patterns for pollution, or further observation 

of the period of time within a day or within a week when 

pollution might be higher than normal. This problem could be 

easily solved by implementing a mobile sensing network on 

the top of an existing public transportation network, thus 

solving the spatial-time problem by observing pollution 

recordings from fixed routes throughout the day, making it 

easier for further predictions or analysis of the flow of air 

pollutants. In the next two subchapters we will briefly discuss 

these two different branches. 

1. Personal Sensing Network 

The Personal Sensing Network is a type of sensing 

network that we propose to implement in our pollution-

sensing schema. It is designed around two other sub models 

that separate the pollution report depending on the type of data 

recording: stationary or mobile. 

The first sub model is developed for measuring the 

concentration of carbon monoxide in a stationary place. It 

consists of a single or multiple sensing devices, recording data 

from different points, thus gathering information from one 

single area, which makes the measurement more accurate. In 

this scenario, the data is being flagged as stationary sensing 

report, and all data that is collected is in synch with each 

other, making the server interpret all reports under the same 

flag as one single report. Under the Romanian law [26] for one 

stationary sensing report to be accepted, the recording of data 

must be at least forty-five minutes long, for an hourly report. 

The server will check for this requirement before accepting the 

data. 

The second sub model is designed for measurements made 

in mobile situations, such as walking or cycling in different 

areas of a city. It consists of a single device that is carried by a 

volunteer. The sensing platform is developed as a small, 

mobile, easy to carry device. It can be either an autonomous 

device, or connected to the volunteer’s mobile phone through 

Bluetooth Low-power, using a custom application. In this 

case, the application will gather data about levels of carbon 

monoxide concentration, time and GPS location and send 

them to our server over a cellular data link. In order to make 

the measurements more accurate, each volunteer will be 

assigned to a fixed route in order to cover it on a daily basis 

for a predetermined number of days, thus partially solving the 

problem described in the beginning of this chapter. 
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2. Public Transport Sensing Network 

The Public Transport Sensing Network is a type of sensing 

network which is designed to use public buses or trains in 

order to gather data over fixed reliable routes, providing 

information regarding the flow of carbon monoxide during 

different times of the day, under different types of road traffic. 

For this type of sensing network, the devices will be 

completely autonomous, similar to the one in the first sub 

model of the Personal Sensing Network, but adapted for the 

mobile situation of the public transportation vehicle. In this 

type of situation, we will have the freedom of packing more 

sensors per device, rather than just carbon monoxide. The 

device will record data about the current concentration of 

pollutants, time and GPS location, and will store the 

information in a file saved in the flash memory of the device. 

At the end of the day, the volunteer bus driver or motorman 

will hand over the device to one of our associates, who will 

gather the data and upload it to our server. The manual 

harvesting of data will be initially implemented as a security 

precaution with a further development for an Internet-of-

Things type of network. 

B. Description of the personal sensing device 

As a brief overview, the pollution sensing device uses 

mobile sensing in order to collect data from remote locations 

or different situations. Sensors are used to collect information 

regarding the concentration of carbon monoxide along with 

other important data, like time, date and GPS coordinates. 

This data is being stored in a flash memory attached to the 

device and can be accessed after the recording process is 

finished, using a mobile application that fetches the file from 

the device, using Bluetooth connectivity. The collected data is 

then uploaded to one of our local servers, where it is then 

processed, and the results are represented by generating a two-

axis graph and a heat-map. 

In the process of developing the personal sensing device 

there are several key challenges that need to be confronted in 

order to get a satisfactory result. There are a lot of factors that 

need to be taken into consideration, but only a careful 

selection might lead to a mass adoption of the project. Some 

of the challenges are summarized below: 

Sensors: In order to have a complete pattern of the flow of 

various urban pollutants, there is the need of developing a 

device that could gather information about all sorts of gaseous 

pollutants, therefore each pollutant gas will have a dedicated 

sensor that would measure its concentration in the given area. 

For the most common air pollutants such as carbon monoxide 

(CO) or nitrogen oxide (NO) we implemented a device using 

Metal Oxide (MO) Sensors. These sensors have a heated 

semiconductor material that reacts with a specific gaseous 

pollutant by freeing electrons, therefore decreasing its 

effective resistance proportional to the level of air pollutant 

that had entered into the sensor’s chamber. These sensors are 

cheap [27, 28, 29] but can have critical performance issues 

when exposed to low or high levels of temperature, pressure, 

wind or humidity, therefore limiting their effectiveness. 

Calibration: In order to have a coherent data recording, the 

major challenge is calibrating the sensors so that pollutant 

concentrations are recorded as accurate as possible. For this 

step we followed the process that Sivaraman, Carrapetta, Hu 

and Gallego Luxan (2013) [30] have used in their calibration 

process. Using a custom-built air tight room and a commercial 

pollutant monitor we submitted both devices to different 

concentrations of pollutants and therefore created an 

adjacency between the value read by the pollutant monitor and 

the ADC read value from our sensors, finally creating a 

discrete mathematical function that would approximate a 

given value using these discrete seed values. 

Complexity: The final personal sensing device is broadly 

composed of a small micro-controller equipped with a built-in 

ADC used to digitize the analog sensor readings, the gas 

sensors, a Bluetooth Low-power module used to communicate 

with a phone application, a battery supply and, although our 

first prototype did not have one, a microSD slot used as flash 

memory. We determined that if we were to create an 

autonomous device that would have a built-in GPS module 

and a 3G GSM module to upload in real-time it would highly 

increase complexity, so we decided on a design that depended 

on a mobile phone to get the pollution measurements from the 

device and tag them with GPS coordinates, time and date, and 

then upload them over the Internet. 

IV. TESTING METHODOLOGY 

In order to have an experimental background in the field of 

mobile sensing while understanding different aspects of urban 

air flow, we started small, by testing different sensor platforms 

available on the market. During the first test, we focused on 

implementing an air quality monitoring system that would 

initially work in order for us to test the design, while future 

improvements could be made during the next tests.  

 

Fig. 2.  The NODE Wireless Sensor Platform with an OXA module attached 
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For the purpose of sampling data in order to understand 

and choose a more accurate way to measure the concentration 

of gaseous pollutants we tested the NODE Wireless Sensor 

platform with an OXA module attached, presented in Fig. 2, in 

order for us to measure the carbon monoxide concentration in 

various places in Bucharest, for about three weeks, gathering 

enough data so that we could test the system and draw some 

conclusions.  

The NODE Wireless Sensor platform is a versatile, 

customizable mobile handheld sensor that uses Bluetooth to 

interface with a smartphone, in order to transmit the measured 

pollution levels. The communication between the device and 

mobile phone is made using an Android application that uses 

the NODE Android framework in order to discover, connect 

and establish a communication with the NODE OXA module, 

and fetch data from the sensor every five seconds, storing all 

the information in a file stored in the internal memory of the 

mobile phone. For every sampling, the Android application 

tags the data with additional information regarding the GPS 

coordinates, date and the time the sampling was made. 

During our sampling tests, we used the OXA module to 

measure carbon monoxide and an iOS device running N+ Oxa, 

an application made available by Variable Technologies for 

collecting data. For location, date and time tracking we used a 

third party application that ran in parallel with the N+ Oxa 

application, that generated a location report at every five 

seconds, along with the date and time of that entry. Finally, 

using a third application we generated a final report that had 

every pollution data entry in the file generated by the N+ Oxa 

application tagged with the appropriate date, time and location 

where it was recorded. 

The final report was then uploaded to our server, where 

using a simple application written in C++, a two axis graphical 

representation of the pollution report was generated, along 

with a heat-map visualization of the pollution throughout the 

route on which it was observed. In the next chapter we will 

discuss two of such reports, describing the strategy we used 

for the data manipulation. 

V. RESULTS 

During the first three weeks of testing we started deploying 

the personal sensing device inside the car, which is probably 

the typical scenario in which any other user might use the 

personal sensing device. On several occasions we encountered 

critical increases or decreases of concentration measured while 

driving with the passenger seat window down, and we 

assumed that external factors, in this case most probably wind, 

interfered with the sensor module, affecting the accuracy of 

the recording. Therefore we continued sampling with all the 

windows closed and the air conditioning circulating the air 

inside out. 

We also tried mounting the personal sensing device outside 

the car, but after observing incoherent measurements we 

realized that the sensor had a wind sensibility, thus deciding to 

continue only with sampling done inside the car. Besides the 

wind, the exposure to higher of lower temperatures other than 

an average of twenty to twenty-five degrees Celsius had also 

affected the sampling process. For example, if the sensing 

device was held in hand, thus getting in contact with the 

human body temperature, the values went up accordingly, 

while on the other hand if exposed to lower temperatures, 

especially during transition of autumn to winter, the values 

suddenly went down when it was cold enough, making it a 

 

Fig. 3.  Graphical representation for the first report of carbon monoxide 

concentration 

  

 

Fig. 4.  Heat-map representation for the first report of carbon monoxide 

concentration 
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non-reliable report. We believe the reason of this behavior is 

the use of Metal Oxide Sensors for the OXA module, which 

have known performance issues, as we described in chapter 

III. 

Before we deployed the sensing device on the inside of a 

car, we tried using the device to sample data from a pedestrian 

walk scenario. During all the tests we made, we got lower 

results than we would have gotten if we were to sample data 

using a car, thus leading to a possible conclusion that the 

pollution is different at the sidewalk level than it is at the road 

level, but this needs further analysis. 

The first pollution report is presented in Fig.3 as a two axis 

graphical representation of pollution concentration in parts-

per-million throughout the time, and in Fig. 4, as a heat-map 

representation of the concentrations of carbon monoxide 

measured throughout the route. This report consists of an 

average of five days of sampling carbon monoxide inside the 

car, in the morning, on the way to the university. The 

graphical representation presented in Fig. 3 consists of a 

number of vertical columns, each representing an average 

value measured for a period of five hundred meters, thus in 

case of high traffic there will be more samples to be averaged 

than in a low traffic situation. 

The second pollution report is presented in Fig. 5 and Fig. 

6, in a similar manner as the first report. It follows a deviation 

from the normal route in order to record pollution information 

from all areas of the city, which can be observed in Fig. 6. 

Same as with the first report, the two axis graphical 

representation presented in Fig. 5 represents an average value 

for a distance of five hundred meters for each vertical column, 

with the report consisting of an average of four sunny days of 

measuring carbon monoxide from inside the car, in the after-

noon. 

VI. FUTURE WORK 

The current development aimed to test the theoretical 

model we have proposed in Chapter III by using an available 

handheld pollution measurement device and integrate it in our 

proposed system. Because the current implementation only 

uses carbon monoxide sensors to measure air quality, an 

important further development will be the implementation of 

other sensors for different gaseous pollutants, especially for 

nitrogen oxides and particulate matter. Given the research we 

have done for the writing of this paper, we conclude that in the 

case of studying the flow of air pollutants in the city of 

Bucharest, the most effective way will be to focus on 

analyzing the levels of particulate matter and nitrogen oxides. 

An important improvement will be the development of our 

own personal sensing device that would make use of low-cost, 

well calibrated sensors and better integrate with our model of 

sensor network. A development of an autonomous wireless 

network of sensors that could be administered remotely would 

better suit our stationary monitoring system model. 

As for the visual application of the network, the 

development of a stable, reliable server that would analyze 

and generate statistics using all the data collected from various 

sensing devices, either mobile or stationary, represents an 

important step for the project, thus offering a front-end 

application that can be accessed and queried by anyone. 

Developing an open API would provide users access to the 

entire pollution database and thus offering the chance of 

creating personal applications that would better use the 

collected data, making the entire project open and available 

for anyone to contribute. 

 

Fig. 5.  Graphical representation for the second report of carbon monoxide 

concentration 

  

 

Fig. 6.  Heat-map representation for the second report of carbon monoxide 

concentration 
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