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Abstract

Deployment and usage of the portable sensor in
GreenIoT project

Sami Kaivonen

This thesis planned and executed the deployment of an air quality sensor that was
attached on a public transport vehicle.The work was conducted at Uppsala University
as a part of the GreenIoT project. The sensor used was a Waspmote Plug & Sense!
Smart Environment PRO from Libelium. Vehicle route was chosen among
predetermined routes using image analysis on a route map and suggestions from the
vehicle providers route coordinators. Local Uppsala city bus route 22 was chosen
based on the longest traffic time per day with coverage percentage of 9.91. The
collected data was visualized on two different applications based on the Google maps.

The sensor measured nitrogen dioxide (NO2), carbon monoxide (CO), temperature,
humidity and pressure. The basic sensor code was composed by combining the code
snippets provided with the Waspmote IDE. The more advanced functionalities were
added to the code after the code worked with the basic functionalities. The sensor
communicated with GreenIoT cloud using 4G mobile data.  The sensor data was sent
to the GreenIoT cloud to be published via the MQTT Broker that would enable the
client subscriptions and add the data to the GreenIoT database. The sensor sent
successfully 70% of the received air quality measurements and by using the
implemented storage functionality managed to send the remaining 30% of the
measurements. Roughly 39 000 measurements per sensor probe were recorded.
Only 18 records were corrupted to unanalysable form. CO probe measured 38 918
non-zero measurements that equals 99% of the CO data. NO2 probe measured 525
non-zero measurements that equals 1% of the NO2 data. The CO data included high
peaks that reached visibly higher than the rest of the measurements. The peaks were
analyzed to identify if the measurements were faulty readings or actual pollution levels
in Uppsala. Without a controlled environment, it was impossible to say if the peaks
were results of a malfunction in the sensor or caused by bad air quality. Data
comparison for the CO measurements was made between a second Waspmote
sensor and sensor developed by a GreenIoT project partner. Data sets received from
the different sensors were restructured for the analysis using Python scripting
language. The project sensor measurements were frequently higher compared to the
sensor provided by the project partner. The air quality index for CO data was well
inside the good air quality scale. A comparison data set for the NO2 data was
acquired from the SLB-analys which is a unit within Stockholm City's Environment and
Health Administration. The NO2 measurements from the SLB-analys were low and
possibly under the accuracy range of the NO2 sensor used.

It is hoped that this study could work as a basis for further research on air quality and
internet of things in the growing city of uppsala.
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1! Introduction 
Air quality has decreased and become a subject for improving in many cities around the world [1]. 
Bad air quality in urban areas may cause various health problems for the people exposed to it in their 
everyday life. The main causes for the bad air quality are vehicle exhausts and industrial sites located 
close to urban areas. Many countries have taken actions to increase the air quality and lower the 
exhausts. The European union has defined regulations for an acceptable limit of the pollution gases 
[2]. 
 
Internet of Things (IoT) is a network of devices that can collect and exchange data [3]. Connected 
devices may have embedded electronics, sensors and network connectivity which enable these 
devices to connect and collaborate with other IoT devices. IoT may be found from automobiles as a 
driving behaviour monitoring or a vehicle diagnostics system or from the infrastructure as smart 
lighting, water, power, cooling and alarm systems. A lack of generalized standards and consensus on 
how to apply the emerging standards to allow IoT devices to connect and collaborate makes it difficult 
to apply integrated solutions between different manufacturers that use different network technologies. 
Air quality monitoring is a subject for many research projects and community-based initiatives. A 
growing number of open source projects has helped IoT to become a part of the air quality monitoring 
by enabling multiple systems to communicate to each other and therefore providing more accurate 
information for the end user [4]. Increasing interest in IoT has increased the development of low-cost 
sensors that enable affordable initiatives to research smart solutions further.  
 
Smart cities utilize technologies to manage its assets such as information systems, transportation 
systems, power plants and hospitals [5]. One building block for smart cities is IoT, which offers to 
the city the technological solutions for knowing what is happening in the city, how the city is evolving 
and a way to inform the population about the city’s matters. Smart cities tend towards better quality 
of life for the citizens by improving the efficiency of services according the needs of the city’s 
residents. For a smart city to thrive the technology needs to be brought to the attention of the citizens 
for them to be able to use the applications and help develop them further. 
 
The work in this thesis was conducted at Uppsala University as a part of the GreenIoT project. The 
GreenIoT project created a test bed with multiple sensors for air quality monitoring in Uppsala. This 
thesis plans and executes the deployment of an air quality sensor that is attached on a public transport 
vehicle. The first goal of this thesis project was to identify a set of bus routes that cover a large part 
of the town and pass through certain locations. Route planning helped to acquire measurements from 
the desired locations while researching the capabilities of a moving sensor compared to the static 
sensors deployed by the other project partners. Route planning was conducted via image analysis on 
a bus route map provided by Upplands Lokaltrafik (UL). The second goal was to implement a sensor 
program and deploy the sensor. Sensor program implementation had to be robust with long 
maintenance periods. The implementation was constructed by using C libraries created by the sensor 
manufacturer. The final goal was to evaluate the sensor performance and data quality. Evaluation of 
the sensor performance was based on the data collected with the bus sensor over the period of this 
thesis. Data quality was determined by comparing the results to other available sources of the same 
type of data from Uppsala. 
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2! Related Work 
There have been different research projects addressing air quality measuring on a moving vehicle and 
the coverage of wireless sensor networks. These projects include measurements of multiple different 
pollutions including the gases measured in this thesis project and different approaches on connecting 
a moving sensor to a sensor network. 
 
OpenSense was a project conducted in Zurich, Switzerland, between 2010 and 2013 [6]. In the project 
the city’s air quality was measured by wireless sensors and was a similar project compared to the 
GreenIoT project of which this thesis is a part of. Communication between the sensor and the cloud 
was done using GPRS. The project measured ozone (O3), carbon monoxide (CO), nitrogen dioxide 
(NO2) and ultrafine particles. Trams were used as a moving platform for the sensors, therefore 
creating a sensor that took measurements from multiple locations rather than only from one location. 
To discover an optimal tram route for the sensors an evolutionary algorithm was used to solve the 
highly computational and complex problem [7]. OpenSense demonstrated that it is possible to create 
a reliable and moving air quality monitoring system with low-end sensors [6]. 
 
A project where air quality was monitored with an autonomous wheeled rover was conducted in 2016 
by Sapienza University of Rome [8]. The PRACTICE (Planning Re-thinked Ageing Cities Through 
Innovative Cellular Environments) project developed an air quality sensor in cooperation between 
the Sapienza University of Rome and the Royal Institute of Technology of Stockholm (KTH) that 
was used on the rover. The sensor measured methane (CH4), ethylene (C2H4,), ammonia (NH3), 
benzene (C7H8), LPG (C4H10), carbon dioxide (CO2), carbon monoxide (CO) and nitrogen oxides 
(NOx). The rover was developed by Sapienza University of Rome with GPS sensors, the three axis 
gyros, the accelerometers and the magnetometer to be able to navigate and avoid obstacles on the 
path for scanning of the pollution status over a large area. In comparison with the statically installed 
sensor a moving sensor can map the air pollution around the one location. 
 
Air quality in Uppsala has been studied before in a master thesis at Uppsala University [9]. In the 
master thesis CO, O3, NO2 and particulate matter (PM) were measured with low cost sensors. The 
experiment used wireless network for providing the measurement data to the end user by using sensor 
gateways to relay the information from sensor to the Internet. The network managed to deliver with 
80% efficiency and with 20% packet loss. Collected data was comparable with the data from a nearby 
official air quality measurement station. 
 
University of Patras evaluated the Waspmote platform power consumption in 2015 [10]. The paper 
concentrated on identifying critical operations and implementing a setup for power consumption 
measurements in wireless sensor network. They concluded on the power consumption for the critical 
operations and components that the behavior in respect to different supply voltage values was 
inconsistent. 
 
University of the armed forces ESPE developed a wireless monitoring system for air quality [11]. 
The study concentrated on delivering a system with hardware, software and firmware solutions for 
measuring air quality. The system was developed on the Arduino platform and used a network 
gateway to connect the sensor node to the Internet. The pollutants measured were CO and CO2 
concentrations and powder density. The study measured an average of 13.69 mg/m3 of CO 
concentration in the city of Quito, Ecuador. 
 
Qatar Mobility Innovations Center (QMIC) developed a real-time air quality monitoring system [12]. 
The system used wireless Machine-To-Machine (M2M) communications operating on GPRS and 3G 



 5 

protocols. Measuring nodes were equipped with the Atmega 2560 microprocessor that provided 
GPRS modem and 2GB SD-card storage capability. Nodes included sensors for measuring O3, NO2, 
CO and H2S gases. Data was collected over a four-month period and the results are presented as 
averages for each weekday. For example, the study had an average CO concentration for Mondays at 
0.72 ppm. 
 
Palacký University researched the selection of the components for a wireless sensor network for air 
quality [13]. The aim of the paper was to determine criteria for selecting a sensor and gateway for 
wireless sensor network. The paper concludes that the Waspmote Plug & Sense! fulfils the criteria 
for a sensor node. The sensor has wide support for other wireless sensor network components, have 
gas sensors from the same producer and is directly applicable for exterior conditions. 
 
The Smart City project conducted in Serbia used Waspmote sensors on public transportation to 
measure air quality [14]. The sensors were placed on the top of the city bus’s and communicated via 
GPRS protocol. Power for the sensors was provided by external power supply connected to the bus 
battery and by using a power saving mode the sensors were made autonomous. The sensors also 
provided GPS data that could be used to locate the sensor and visualize the sensor location on a web 
and Android application. 
 
The OpenSense project used an accelerometer in the first implementation to find out when the sensor 
was stationary to take a measurement. In this thesis using an accelerometer was considered but was 
eventually discarded [6]. There was a chance that the sensor could take a measurement when the bus 
was stopped on traffic lights or just slowed down to turn or maneuver in the traffic. Instead, the 
measurements were decided to be taken by a fixed time-period which would give more data and cover 
a wider area in Uppsala. The PRACTICE project used a moving platform for the sensor, which proved 
to be efficient for gathering air quality measurements [8]. In GreenIoT project, the sensor platform 
had more speed which gave the air quality measurements an additional challenge. In the master thesis 
conducted at the Uppsala University the measurement information was delivered to the database via 
sensor gateway [9]. In this thesis project the possibility for the gateway was inconvenient because the 
sensor was moving and therefore the data was chosen to be moved via 4G mobile network. 
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3! Background 
3.1! GreenIoT project 

The GreenIoT project aims to develop and research an energy-efficient Internet-of-Things platform 
for companies and general public to develop and use innovative products and applications based on 
open data provided by GreenIoT sensor network [15]. A case study for GreenIoT is implemented in 
Uppsala, which is the fourth largest city in Sweden. The case study included a test bed for deploying 
sensor solutions for the project. Uppsala occasionally exceeds the EU standards for the particulate 
levels, especially in winter and spring, which gives an objective for the project to reduce air pollution 
through active monitoring, traffic management and better city planning while conducting the case 
study. 
 
The GreenIoT project is accomplished in a coalition with multiple partners including Ericsson, IBM, 
SICS, Upwis AB, Uppsala University, Kungliga Tekniska högskolan (KTH), Uppsala Kommun, 
SenseAir AB and 4Dialog AB. Each partner provides technology with its expertise in order to develop 
an integrated solution for the project. For example, Uppsala university is providing a cloud service 
and Libelium sensors, SICS has created a wireless gateway device for the GreenIoT sensors to 
connect to and relay data to the cloud, Upwis and KTH have created stationary sensors that will be 
deployed to pre-determined locations in Uppsala. 
 
The GreenIoT test bed has four locations in central Uppsala. Static sensors, provided by the project 
partners, are deployed on these locations by attaching them to street lamp poles. One deployment 
location includes multiple sensors and at least one gateway that delivers data to the GreenIoT cloud. 
Static sensors, built by Upwis and KTH, were still under the development at the time of this thesis. 
Therefore, the devices were not considered as completely reliable measurement tools but rather as 
indicative when compared to the results gathered from the bus sensor. Two moving bus sensors that 
collect data on wider area were planned to be deployed on a public transport vehicle in Uppsala. 
Sensors that were deployed on a moving vehicle communicate through 4G mobile data instead of 
gateway. In this thesis only one of the two bus sensors were deployed so that the other one could be 
used as a test sensor for further developing the sensor program. The test sensor was also used to take 
measurements with shorter period of time between the measurements which then could be compared 
to the results from the bus sensor. 
 
Figure 1 shows the design for GreenIoT test bed [16]. Static sensors are connected to a sensor gateway 
via a low energy consumption network protocol called IPv6 over low-power wireless personal area 
networks (6LoWPAN). The sensor gateway relays the data to the GreenIoT cloud in Sensor Markup 
Language (SenML) format via WiFi connection. In the cloud, data is stored in to a NoSQL database 
and published to a MQTT Broker. MQTT broker provides a possibility for MQTT subscriptions that 
enables the subscriber to receive the latest readings from the sensors without any database queries. 
MQTT does not provide any history data which is why a database is also needed in the cloud. The 
database used in GreenIoT project is a free and open source NoSQL database called MongoDB. Data 
is stored into MongoDB collections using SenML format which is a regular JSON object with a pre-
agreed structure [17]. The cloud also includes an HTTP API which is mainly meant to be used by 
user applications to access the GreenIoT sensor data form database [16].  
 



 7 

 
Figure 1. The GreenIoT architecture. Image from Internet of Things for Smart Cities: Interoperability and Open Data. [16] 

 

3.2! Libelium Waspmote Sensor 

The sensor used in this thesis project is Libelium Waspmote Plug & Sense! model Smart Environment 
PRO [18]. It includes removable sensor probes for measuring nitrogen dioxide (NO2), carbon 
monoxide (CO), temperature, humidity and pressure. Plug & Sense contains a rechargeable 6600 
mAh lithium battery and ships with a solar panel and a USB cable which both can be used to recharge 
the device. When charging the device with a USB cable, a regular USB input voltage of 5 volts is 
required. The Smart Environment PRO includes a support for 4G data connection with GPS location 
tracking [19]. The Plug & Sense uses three antennas in order to provide these connections: the cellular 
main antenna, the cellular diversity antenna and the GPS antenna. The sensor model with 4G radio 
also includes a SIM-card slot and a micro-USB connection for programming the sensor. 
 
The Waspmote Plug & Sense! is not specifically designed to be mounted on a moving vehicle as a 
moving sensor but it provides an easily initialized GPS function which enables it to be used as such 
[15]. The Smart Environment Pro includes a support frame for the solar panel installation, in a 45-
degree angle, over vertically installed sensor case. Installing the Waspmote Plug & Sense! to a 
lamppost with the solar panel on top of the sensor would cover it from most of the weather conditions 
and enable a long-term monitoring station that would be self-powered through the solar panel. In the 
GreenIoT project the sensor is installed on a top of the public transport vehicle and the location is 
determined via GPS coordinates from the sensor. The sensor has an Over The Air Programing 
(OTAP) function that enables the updating of the sensor code via FTP server. The sensor has 
continuous power supply from the vehicles batteries which are always kept charged. 
 

3.2.1! Sensor probes 

In the GreenIoT project, three different kind of sensor probes are used in the Waspmote Plug & Sense! 
sensor [18]. The nitrogen dioxide (NO2) sensor probe has a 4-NO2-20 gas sensor, calibrated by the 
manufacturer. The nominal range of the sensor is between 0 to 20 parts per million (ppm) and the 
sensitivity is 600 ± 150 nA/ppm with an accuracy of ±0.1 ppm in ideal conditions. The carbon 
monoxide (CO) sensor probe has a CO-A4 gas sensor calibrated for low concentrations of particles 
by the manufacturer. The nominal range of the sensor is between 0 to 25 parts per million (ppm) and 
the sensitivity is 220 to 375 nA/ppm with an accuracy of ±0.1 ppm in ideal conditions. Both sensors 
have an average power consumption of less than 1mA and both sensors are recommended to be stored 
in 0 ºC to 20 ºC temperature. The third sensor probe has a BME280 sensor that is a digital temperature, 
humidity and atmospheric pressure sensor developed by Bosch Sensortec. 
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Figure 2 shows the two different kind of sensor probes that are used in this project to protect the 
sensors. NO2 and CO sensors are both protected with black plastic cylinders that act as a protection 
from the weather conditions while leaving an opening to the bottom of the cylinder that lets the sensor 
interact with the environment and take measurements [15]. The temperature, humidity and 
atmospheric pressure sensor probe is the only probe that is protected against sunlight effect while 
also protecting the sensor from water and rain while still enabling humidity measurement. 
 

 
Figure 2. Carbon monoxide (black) and temperature, humidity and atmospheric pressure (white) sensor probes. 
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3.2.2! Communication protocols 

The Waspmote Plug & Sense! includes multiple different radio modules for wireless communication 
[15]. For frequency band 868 MHz and 900 MHz there are XBee, Sigfox and LoRaWAN modules. 
For frequency band 2.4 GHz there are XBee-PRO and WiFi modules. For regular mobile networks 
there is a 4G module. The 4G module is enabled by using a regular micro SIM-card on Smart 
Environment PRO model of Waspmote Plug & Sense! sensor. 4G operates on all the regular Long-
Term Evolution (LTE) frequencies from 800 MHz to 2600 MHz. 
 
4G module enables a connection to the internet without deploying a separate gateway for the sensor 
by using a third-party mobile network operator which is Telia in this thesis project [15]. The 
Waspmote Plug & Sense! model that includes a 4G module is equipped with GPS functionality that 
is integrated into the module. Instead of having only one antenna, like the other Waspmote Plug & 
Sense! sensor models, Smart Environment PRO includes three antennas where one is for the GPS 
connection and the other two are used by the 4G connection for enabling the Multiple Input Multiple 
Output (MIMO) functionality of LTE data connection. 
 

3.2.3! Power consumption 

The Waspmote Plug & Sense! includes a sleep, a deep sleep and a hibernate power saving mode for 
enabling a longer operating time while using battery power [15]. Sensor boards for different modules 
can be turned on and off while the code is running, therefore giving the programmer more options to 
minimize power consumption. A Real Time Clock (RTC) is used to keep track when the power saving 
mode has to be turned off. Time for the RTC functionality needs to be set manually rather than it 
being a real-world time from the Internet, which makes it difficult to synchronize the sensor program 
functionalities with the real-world clock. Power saving modes can be interrupted by synchronous or 
asynchronous interruptions. A synchronous interruption is always triggered with RTC and will occur 
as a periodic alarm or a relative alarm that represents a moment in the future that is a specific time 
away from the current time. An asynchronous interruption is triggered by an event that is non-related 
to the time. An asynchronous interruption can occur as a change in sensor reading after the 
measurement exceeds a programmed threshold. 
 
Table 1 presents the features of each power saving modes [15]. Sleep and deep sleep modes are almost 
identical in functionality, both pause the main program and can wake up on synchronous or 
asynchronous interruptions, the largest difference between the two is that the deep sleep mode is able 
to stay in the power saving mode for much longer periods of time but need a RTC time defined for 
waking up. Both modes allow sensor boards to be left on when accessing the power saving mode, as 
an example, this functionality would enable warming up a sensor even when the rest of the 
functionalities are turned off and in power saving mode. Hibernate mode is the most efficient power 
saving mode but won’t allow any interaction while in the power saving mode and can only be woken 
up with RTC timer. 
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Table 1. Waspmote energy consumption table for the power saving modes. Table copied from [10] page 116. 

 Consumption Microcontroller Cycle Accepted interruptions 
ON 17 mA On - All interruption sources 

SLEEP 30 µA On Depend on 
INT source 

All interruption sources 

DEEP SLEEP 33 µA On 1 s – 31 
days 

All interruption sources (RTC 
always used) 

HIBERNATE 7 µA Off 1 s – 31 
days 

RTC only 

 
Table 2 show the energy consumption for the Waspmote Plug & Sense! communication modules 
[15]. Communication modules are a major power consumer compared to the other Waspmote 
functionalities and are therefore recommended to be turned off whenever entering a power saving 
mode. 
 
Table 2. Waspmote energy consumption table for the communication modules. Table copied from [10] page 116, [14] page 7. 

 On Sleep Off Sending Receiving 
XBee-PRO 802.15.4 65,68 mA 12 mA 0 µA 187,58 mA 57,08 mA 
XBee 868LP 60,82 mA -- 0 µA 160 mA 73 mA 
XBee-PRO 900HP 64,93 mA 0,93 mA 0 µA 77 mA 66 mA 
WiFi Pro 33 mA 4 µA 0 µA 38 mA 38 mA 
4G 100 mA   400 mA 400 mA 

 

3.2.4! Programming 

The Waspmote Plug & Sense! is programmed in C++ by using the Waspmote IDE [20]. The 
Waspmote IDE uses pde-files called sketches that consist of two basic functions, setup() and loop(). 
The Setup function is executed only once at the beginning of the code and the loop function is 
executed repeatedly as long as the sensor is turned on. The Setup function is used for initializing 
sensor modules and setting up variables, Access Point Name (APN) or similar configurations that 
need to be executed only once. The Loop function includes all the actions that may change while the 
code is running. 
 

3.3! Measuring platform 

The GreenIoT project includes other sensors than Waspmote Plug & Sense! but unlike the other 
sensors in the project, Waspmote Plug & Sense! is meant to be a moving sensor and therefore get 
measurements from a wider area compared to the static sensors at the central Uppsala.  
 
Waspmote Plug & Sense! is attached to a public transport vehicle owned by Gamla Uppsala Buss 
AB. The type of vehicle used in this project is a Lion’s City Hybrid bus from MAN Truck & Bus AG 
[21]. The Lion’s City Hybrid bus is powered by a diesel engine and an energy storage consisting out 
of a set of Ultracaps. Ultracaps are a new and alternative type of energy storage compared to a 
conventional battery system. Ultracaps are located at the front part of the vehicle on the roof inside a 
plastic compartment and are air-cooled by three fans at the back of the compartment. Ultracaps are 
charged by a brake energy recovery system which utilizes the energy created by the brakes when the 
vehicle slows down and stores it into the energy storage. The diesel engine uses the stop and start 
system which enables the engine to shut down when not needed. A combination of these technologies 
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enables the vehicle to leave the bus stations on electric power alone and therefore start moving 
exhaust free. The Lion’s City Hybrid bus saves 10 000 liters of diesel per year and has CO2 output 
reduced up to 26 tons per year. 
 

3.4! Air quality 

In today’s world, air quality is a common topic of discussion as air quality has been decreasing in the 
urban areas of Europe.  
  

3.4.1! Air quality index 

Air quality is measured by the air quality index (AQI) that outputs a value between 0 and 100 for 
good air quality and over 100 for worse air quality [22]. AQI is calculated by the equation 1 by using 
breakpoints from Table 3 [23]. 
 

(1)!    !" =
$%&'$()

*+%&'*+()
,+ − ./01 + !01 

 
where IP is the index for pollutant p, CP is the truncated concentration of pollutant P, BPHi is the 
concentration breakpoint that is greater than or equal to CP, BPLo is the concentration breakpoint that 
is less than or equal to CP, IHi is the AQI value corresponding to BPHi, ILo is the AQI value 
corresponding to BPLo. 
 
Table 3. Breakpoints for the AQI 

CO (ppm) 8-hour NO2 (ppb) 1-hour AQI  
0.0 – 4.4 0 – 53 0 – 50 Good 
4.5 – 9.4 54 – 100 51 – 100 Moderate 
9.5 – 12.4 101 – 360 101 – 150 Unhealthy for 

sensitive groups 
12.5 – 15.4 361 – 649 151 – 200 Unhealthy 
15.5 – 30.4 650 – 1249 201 – 300 Very unhealthy 
30.5 – 50.4 1250 – 2049 301 – 500 Hazardous 

 

3.4.2! Nitrogen dioxide (NO2) and Carbon monoxide (CO) 

Nitrogen dioxide (NO2) is a reddish-brown gas with a pungent, acrid odor [24]. Most of the NO2 gas 
in urban areas is generated by the exhaust from motor vehicles [25]. 
 
Carbon monoxide (CO) is a colorless and odorless gas [26]. CO is produced by the incomplete 
combustion of fossil fuels and by vegetation combustion or forest fires [27]. The European 
population’s exposure for CO concentrations that are over the healthy limit is very localized and not 
that common, limited mainly to the areas close to traffic or industry [22]. 
 
To guide its member states to a healthier environment the European union developed an extensive 
body of legislation that establish a health based standards and objectives for multiple pollutants in air 
[2]. Legislation requires the member states to follow certain principles where the member state is 
required to monitor air pollution level in their territory and to prepare an air quality plan or program 
to ensure compliance with the air quality standards. Table 4 show the European union standards for 
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NO2 and CO gases where the concentration is determined by the individual averaging period for the 
gas. 
 
Table 4. Health based standards and objectives for NO2 and CO pollutants in air established by European Comission [2] 

Pollutant Concentration Averaging period Legal nature Permitted 
exceedances 

each year 
Nitrogen dioxide (NO2) 200 µg/m3 1 hour Limit value entered 

into force 1.1.2010 
18 

Nitrogen dioxide (NO2) 40 µg/m3 1 year Limit value entered 
into force 1.1.2010 

n/a 

Carbon monoxide (CO) 10 mg/m3 Maximum daily 8 
hour mean 

Limit value entered 
into force 1.1.2005 

n/a 
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4! Methodology 
For selecting the optimal bus route for the moving sensor an image analysis algorithm was used to 
discover the routes that cover the widest area of the Uppsala city. Data collection used mobile network 
and web programming to relate the data from the sensor to the GreenIoT cloud. Data analysis used a 
variety of techniques to process data, implemented by Python scripts. Visualization of the 
measurements was implemented via web programming on Google Maps to show the location and 
information of the measurements. 
 

4.1! Route selection 

Selecting the route for the Uppsala city bus with the sensor mounted on it was done in combination 
of route coverage image analysis algorithm and information received from the route coordinators at 
Gamla Uppsala Bus AB. The route coverage image analysis algorithm was based on an Uppsala city 
bus route map from UL.com and constructed by using Matlab and Photoshop. The route map was a 
non-satellite image of the Uppsala city area, making the results an estimate of the percentage covered 
by the bus route combinations from all the 21 city bus routes. 
 
As seen on the Figure 3 the routes were marked with a red color on the map along with multiple 
different map markings using the same color. Exporting the routes from the map was done by 
Photoshop and therefore saving time and accuracy compared to implementing an image analysis 
algorithm that would have done the same. Routes were tracked on the map by comparing them with 
the bus route service from UL.com and then one by one extracted as a black and white PNG image 
where the white background was set to be transparent so that only the black route stayed visible. The 
image of the map includes 69 ∗ 108 pixels and out of those pixels the routes include 1 094 584 pixels 
which are described as black pixels. When calculating the coverage of a route in the city area the 1 
094 584 pixels that create the routes are considered as 100% and a base in the comparison of the area 
coverage between the routes. In transparent PNG images, alpha channel is used to separate the 
transparent and non-transparent parts of the image. In alpha image the transparent part is represented 
with black color and non-transparent part is represented with white color therefore when processing 
a route combination image in Matlab through an alpha channel all the black pixels with RGB color 
value 0 are considered as white background and everything else is considered as part of the route 
combination. 
 



 14 

 
  
The Matlab algorithm has six parameters. The first one is used to set the number of routes in a 
combination of routes used in the calculations. The second one is used for choosing an operating 
system between Windows and Mac. The third one is optional and is for cropping a smaller area of 
the map image on which the calculation is performed on. The fourth one is optional and can be used 
to set areas on which the route must pass through, forcing all the routes to pass through that area for 
it to be included into the possible variation list. The fourth parameter can be adjusted so that the route 
needs to go through only one of the defined areas for it to be included into the variation list. The final 
parameter is for debug mode for extra console messages in the Matlab console output. 
 
As described in Figure 4 when executing the algorithm, the process starts with listing all the routes 
that match the route limitation areas and exclude all the other routes that do not go through one or all 
the parameter four areas depending on the settings. Next all the route combination variations from 
the variation list are created based on the first parameter value, number of routes per a combination. 
Knowing all the combinations of the routes enables the algorithm to pile all the routes needed for a 
variation on top of each other using the transparent alpha maps of the route images. By creating a 
new image, combining all the alpha images of the routes included in the variation and calculating 
black and white pixels on that new image, ensures that no extra pixels end up into the results if the 
routes go past the same point on the map. To save memory, only one variation image is created and 
analyzed at a time and discard when moving to the next variation. After looping through all the 
variations, the algorithm stops and has produced a text file including all the results from the 
calculations. 

Figure 3. The map that was used in the image analysis (Left) and 50% reductions of four route extraction (Right). 
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Figure 4. Process of the route coverage image analysis algorithm 

 

4.2! Data collection 

Figure 5 shows the process of delivering data from the Waspmote Plug & Sense! sensor to the end 
user. The sensor composes POST request from all the measurements and sends it via 4G mobile 
network to the HTTP API in the GreenIoT cloud. That API then parses the values from the POST 
request and assembles a JSON object that is sent to the MQTT Broker. The MQTT Broker creates a 
topic for MQTT subscriptions of the data and adds the new data to the Mongo database. 
 
 

 
Figure 5. Network diagram for data to reach end users from the sensor. 

 
For 4G mobile network connection the Waspmote Plug & Sense! needed a SIM-card. Telia Sverige 
AB was chosen as a service provider and a SIM-card with 4G subscription was acquired from one of 
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the project partners. The  HTTP API was created with PHP so that it could easily process the incoming 
POST request with the measurements in its payload. The GreenIoT database is a non-sql database 
called MongoDB which has “collections” where the data is stored in a JSON object. The Stored JSON 
object follows an agreed form of storing data called Sensor Markup Language (SenML). SenML 
includes a name for the sensor responsible of the measurements, time when the measurements were 
taken and a nested JSON object that includes all the measurements for that time where one JSON 
object per measurement is created. 
 

4.3! Data analysis 

The data received from the different sensors needed to be formatted and harmonized before it could 
be analyzed. To harmonize and format the data, Python scripting language was used to conduct 
necessary processing of the data. All different data sets were exported into text files for the analysis 
script to be able to read them. Data from the bus sensor was formatted according to the projects HTTP 
API settings where there was one data record per row and the different measurements within one 
record were separated by dashes. Test sensor data format was similar compared to the bus sensor data 
but was missing entities created by the HTTP API. Data from the static sensors were in nested JSON 
format and the NO2 data acquired from the SLB-analys, which is a unit within Stockholm City's 
Environment and Health Administration, was exported from an Excel file. The first step towards 
analyzing the results was to reformat all the data sets into similarly formatted sets to avoid any 
unnecessary errors in the analysis scripts due to differently formatted data and to have a generalized 
analysis script for all the data used in the thesis. The chosen format for the data sets followed a slightly 
modified version of the data set collected from the Waspmote Plug & Sense! sensor on the bus. The 
format has one record per row and measurements within the row are separated by a whitespace rather 
that a dash because of the dash being used in some data sets as a separator in dates. In the re-formatting 
phase the missing entities were added to the data sets as zero values and the records with corrupted 
data were removed. Corrupted records included values of a “NULL” string where presumably the 
data had been corrupted in some state of the data transfer from the sensor to the GreenIoT cloud. 
Also, the records with no data created by an unknown device that connected to the HTTP API without 
a PHP request were removed. The data set acquired from one of the project partners’ static sensors 
was used as a comparison set for the CO measurements of the bus sensor. The second Waspmote 
Plug & Sense!, used as the test sensor, took measurements with 30 second delay and was used to 
verify more accurate behavior pattern on the high peaks of the bus sensor measurements. 
 
To create graphs of the data a python library called Matplotlib was used. The script used to create the 
graphs was made as general as possible so that only a small change to the code would be required for 
it to plot different things. The script takes a time period as an input and collects all the data points for 
that period. CO and NO2 are both represented in mg/m3 format in the GreenIoT project and that 
required a conversion from the Waspmote Plug & Sense! default format. The conversion from the 
Parts Per Million (ppm) to milligram per cubic meter (mg/m3) format was calculated by using formula 
2 [28]. 
 

(2)!    9:/9< = ==9 ∗ 24.45/(9CDEFGDHIJKEL:ℎN) 
  



 17 

4.4! Displaying collected data 

The data collected in this thesis project is displayed on Google maps using two different methods. 
The first method is displaying the data with a Heatmap and the second method is to display the ten 
latest measurements on a map that is updated in real-time based on the location and the movement of 
the bus. 
 
Figure 6 shows the heatmap layer on Google maps created from the data collected in this thesis 
project. The heatmap does not represent the air quality value but rather indicates which areas have 
the most data points on them. Every data point creates a circle that has a stronger value in the middle 
and a lighter value on the outer skirts of the circle. Having multiple data point circles on a single 
location makes the circles overlap on each other and gives that location a more stronger value. Areas 
that have most data points close to each other show on the map as more darker areas and change to 
red after exceeding a specific threshold for the location value. By using a heatmap it is easy to 
understand which areas of Uppsala are most effectively monitored by the sensor attached on a moving 
vehicle. 
 

 
Figure 6. Heatmap layer on Google maps composed of the data collected in this thesis project. The intense of the color indicates the 
number of the data points on the area.  

 
Figure 7 shows the 10 latest values representation of the data that was created using Google maps. It 
displays the ten most recent data points with clickable color coded markers and shows the 
measurement information on an information window which shows up after clicking the marker. The 
information window contains the measurement time, the node-ID of the sensor, NO2, CO and 
temperature, humidity and pressure values for the data point. At the time of this thesis project, only 
one Waspmote Plug&Sense! sensor was deployed so there was no need for functionality that lets the 
user choose the node id of which the data is displayed for. 10 Latest Value tool was mostly used for 
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demonstrating the sensors mobility functionality for the project partners and on science fares where 
the GreenIoT project was demonstrated. 
 

 
Figure 7. 10 Latest Values tool on Google Maps  
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5! Implementation 
This thesis project required a lot of practical work to be able to reach the research material for this 
thesis. In the implementation section the steps to reach the results are described. Implementation of 
the project centralized around the deployment of the sensor, the effort to prevent the weather 
conditions from affecting the sensor measurements and how the actual program for the sensor were 
designed to work. The sensor had limited position options on the bus roof where it could be installed 
and it had to function reliably with long maintenance periods. Implementation challenges were to 
protect the sensor from the sun and rain to prolong the effective lifetime of the sensor and to avoid 
any kind of technical malfunctions. At the time of the deployment Uppsala had a late winter 
snowstorm which made it necessary to cover up the sensor probes to prevent them from sinking into 
the snow and getting wet while still enabling the sensors to take air quality measurements. By adding 
extra protection, the fluent air flow was disturbed which became another challenge. 
 

5.1! Deployment 

The Deployment of the sensor was essential for gathering the data used in this thesis and was 
completed on 3rd of March when the first sensor was deployed. Deployment consisted of two phases: 
testing and actual deployment. The testing was conducted in the Uppsala city central area with 
continuous access to the sensor debug screen via laptop and USB cable. After successfully taking 
measures and sending them to the GreenIoT database the testing was completed and the deployment 
began with the co-operation of Gamla Uppsala Bus AB. Before deploying the sensor on the bus, it 
was necessary to plan multiple aspects of the deployment.  
 
The hybrid bus offered continuous power supply for the sensor but only while producing from 24 to 
28 volts where the sensor could only take in 5 volts via its USB port. An adjustable step-down voltage 
converter, shown in Figure 8, was acquired through one of the project partners which enabled the 
conversion of the high voltage values to be lowered to the 5 volts to fit the sensor USB connection 
requirements. The adjustable step-down voltage converter was bare a chipboard with no cover from 
environmental effects. To protect the adjustable step-down voltage converter from the weather 
conditions a waterproof box was bought. The box also offered a light strain relief for the cables with 
three rubber seals on each of the two cable exits on the box. The final installation of the adjustable 
step-down voltage converter was placed inside the bus’s battery compartment that is shielded with 
the bus’s exterior walls and roof. 
 

 
Figure 8. The adjustable step-down voltage converter and the waterproof protective box. 
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The Libelium Waspmote Plug & Sense! sensor was installed behind the bus’s battery compartment 
on the roof of the bus on the left side cover. To cover the sensor from direct exposure of the sun, 
weather conditions and the tree branches a cover had to be made. Together with Gamla Uppsala Bus 
AB a cover was designed in a way that it would not affect the 4G signal too much and would not 
block the sensors from taking readings while still providing cover for the sensor probes. The cover 
seen on the Figure 9 was created from metal to give the sensor a maximum cover for a long period of 
time.  
 

 
Figure 9. Installation of the Libelium Waspmote Plug&Sense! sensor on the bus. 

 

5.2! 3D printed sensor probe protection 

Right after the first deployment in March it snowed in Uppsala, burying the sensor into snow on the 
bus roof while the bus was parked at the depot. Being buried into the snow and then getting wet when 
the snow melted around the sensor, the NO2 sensor readings fell to zero for days before it dried up 
again. To prevent the sensor probes getting in contact with the melting snow in the future a cover for 
the probe heads was designed. The cover was designed with a 3D modelling software called Blender 
(Figure 10). In the design the desired aspects were to get as much of a natural air flow to the sensor 
as possible while keeping it protected from the snow and other weather conditions. The 3D design is 
one half of the cover and has narrow holes on the side and water outlet holes at the bottom. The cover 
is designed to be mounted around the sensor probe head by tying together two identical halves of the 
cover with cable ties. A test print was conducted at Uppsala university visualization lab with a 3D 
printer and the resulted sensor head cover fitted the NO2 sensor probe head perfectly. Before the 
sensor probe head cover design were properly finalized and printed the snow melted away and the 
weather had changed to better so the deployable version of the cover was never printed and the cover 
was never deployed in this project. A functioning version of the cover was setup available for printing 
if it is needed in the future. 
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Figure 10. 3D model for the sensor probe head cover. 

 

5.3! Sensor program 

The sensor code needed to be reliable and robust because of the long periods of time between the 
maintenance checkups for the sensors. The basic code was mainly composed by combining the 
example codes provided with the Waspmote IDE and then the more advanced functions were added 
to the code after the code had all the basic functionalities working. Every Waspmote Plug&Sense! 
program code includes two functions that contains the rest of the sensor code: setup and loop 
functions. 
 
The setup function executes only once after switching on the power or restarting the sensor. Setup 
formats the SD card of the device, initializes the Real Time Clock (RTC) time and sets the node id 
for the sensor. RTC functionality included in the Waspmote Plug&Sense! was not able to get a live 
time from the internet but rather was able to be set to a local time which is 2017-01-01 00:00:00 AM 
in this code. The RTC time values are always handled in Unix epoch second time format.  The RTC 
time is used to send the difference between the sensor starting time and the time when the 
measurement was taken to the HTTP API for the API to calculate the time when the measurement 
was taken in live time. Node id is used as an identification name for the sensor when sending the 
measurement data to the GreenIoT database. Node id is composed of two parts: a static string that is 
the same for every Waspmote Plug&Sense! sensor that has the project code and a unique serial code 
string that is different for every Waspmote Plug&Sense! sensor. 
 
The loop function is executed after executing the setup function and kept executing as a loop till the 
power of the Waspmote Plug&Sense! sensor is turned off. First in the loop functions the CO and NO2 
sensors are turned on for warming them up and the rest of the sensor functionalities are shut down by 
setting the sensor into the deep sleep mode. RTC is used to set the deep sleep mode to wake up after 
two minutes. When the sensor wake up from deep sleep mode the 4G module is turned on and the 
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GPS coordinates are fetched. In the Waspmote Plug & Sense! Smart Environment model the GPS 
module is included in the 4G module and therefore the 4G module is required to be turned on for 
being able to fetch GPS coordinates. The GPS function includes two different modes in the code, in 
case the first mode fails to fetch the coordinates from the satellite. The first mode is called 
Autonomous GPS mode that tries to connect directly to the satellite for fetching the exact GPS 
coordinates for the location the sensor is at in the moment. If a connection is not established in 20 
seconds the connection times out and tries again two more times before moving on to the second GPS 
mode. The second GPS mode is called Assisted GPS mode and uses information received from the 
4G base station to help establish the connection to the satellite. After the GPS coordinates have been 
received the sensor takes measurements for the NO2, CO and temperature, humidity and pressure 
sensors. After all the data needed for a measurement entry in the database is acquired the sensor stores 
the data into a PHP request string and tries to send the data to the GreenIoT cloud. If the 4G data 
connection is failed to be established to the GreenIoT cloud the PHP request is stored into a text file 
on the device’s SD card. In the future loop execution when the 4G data connection is then successfully 
established and the current measurement data is sent, the sensor sends the ten oldest measurement 
data PHP requests to the cloud from the storage text file. At the end of a code the sensor turns off all 
the sensors and checks if the RTC time has reached two days from the time when the sensor was 
turned on and restarts the sensor for minimizing the chance for any unexpected behavior in the code 
execution. If the restart time has not been reached the sensor is set to deep sleep mode for one minute 
till the loop function is started again. 
 

5.4! HTTP API 

The Waspmote Plug&Sense! sensor data was planned to be published to the GreenIoT MQTT Broker 
which in turn would enable the data for client subscriptions and add it to the GreenIoT database.  The 
sensor communicated trough 4G cellular data connection and could send POST requests via that 
connection, therefore an HTTP API was made for enabling the sensor to publish data to the MQTT 
Broker. The API receives ten string variables in the POST request payload: Node ID, seconds from 
the moment the measurement was taken till the moment it reached the GreenIoT cloud, GPS latitude 
and longitude, the measurement values for the sensors and a debug value between one and zero 
indicating that which mode was used to get the GPS coordinates. The variables are set inside a SenML 
string for the GreenIoT cloud but before publishing the SenML string to the MQTT Broker the time 
of the measurement is calculated by subtracting the seconds received with the POST request from the 
server time and therefore achieving the real time when the measurement was taken. The sensor data 
is then published to the GreenIoT MQTT Broker for subscription. The GreenIoT cloud was in full 
development mode while this thesis was conducted and therefore subject to a constant change. The 
HTTP API was set to store the data into a normal text file on a server machine and to store the data 
into the GreenIoT database on a different MongoDB collection. 
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6! Experiment and Result 
6.1! Selecting bus routes 

The goal was to identify two routes that would be suitable for the project by covering the largest area 
in the Uppsala city while including the three areas of interest where the stationary sensors are 
deployed. This thesis project included the full deployment of one Waspmote Plug&Sense! sensor and 
the route recommendations for both Waspmote Plug&Sense! sensors owned by the GreenIoT project. 
The coverage percentage for a route was defined by how much the route covers pixels in the UL route 
map that was used to choose the routes. As Table 5 shows, out of 21 bus routes, the route 41 has the 
best estimated coverage over the Uppsala city area for a single bus containing a sensor. Out of 210 
route combinations for two bus’s containing a sensor, route combination of 42 and 12 has the widest 
coverage over the Uppsala city. For the first sensor deployment, the bus route 22 was chosen because 
of its long period of time in the traffic per day. The second sensor was planned to be deployed on the 
bus route 20 that cover a wide area and moves in different parts of Uppsala compared to the route 22. 
 
Table 5. Bus lines with best route coverage 

Single bus line: Coverage percentage: Two bus lines: Coverage percentage: 
41 20.00 % 42, 20 28.06 % 
42 16.14 % 42, 12 26.71 % 
11 15.17 % 42, 7 25.34 % 
12 14.32 % 42, 14 24.90 % 
20 14.28 % 42, 3 24.63 % 
… … … … 
22 9.91 % 22, 20 20.07 % 

 
The four locations in the Uppsala city testbed where the static sensors are deployed are considered as 
areas of interest for the GreenIoT project. None of the bus routes satisfy all the areas of interest on 
their own.  By adding the areas of interest into the route algorithm with a condition that at least one 
of the areas must be satisfied, the number of available routes drops from 21 to 15 routes. With the 
four areas of interest in the algorithm the number of bus route combinations drops from 210 to 105 
possible combinations. Table 6 shows the coverage percentage and the number of satisfied areas for 
a single and multiple bus lines. The route pair including the bus routes 9 and 42, from the best bus 
route candidate pairs, provide a largest coverage percentage but satisfy only three of the areas of 
interest. 
 
Table 6. Bus lines with best coverage and most areas of interest satisfied 

Bus line: Number of 
satisfied areas 

of interest: 

Coverage 
percentage: 

Two bus 
lines: 

Number of 
satisfied areas 

of interest: 

Coverage 
percentage: 

1 3 of 4 7.13 % 9, 20 4 of 4 19.97 % 
9 3 of 4 6.01 % 9, 5 4 of 4 16.52 % 
5 2 of 4 11.00 % 9, 22 4 of 4 15.14 % 
14 2 of 4 10.30 % 9, 42 3 of 4 21.50 % 
22 2 of 4 9.91 % 9, 14 3 of 4 15.59% 
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6.2! Sensor performance 

6.2.1! Communications and sensor performance 

The goal was to measure how well the sensors 4G module and the two air quality sensor probes 
performed. Table 7 presents, in numbers, how well the 4G module performed. Due to a corrupted 
data file, some of the data had to be retrieved from a backup data base which did not have the 
timestamp of the record reaching the HTTP API that was used to discover whether the record was 
from the sensors storage or successfully sent to the HTTP API on the first try. Records that did not 
have the HTTP API timestamp had to be left out from the performance test. Table 7 show that the 
total number of records in the data used in this thesis was almost forty thousand. Four thousand 
records were left out of the performance test due not having the HTTP API time stamp or by being 
corrupted into some unusable state. The Waspmote Plug&Sense! 4G module performance was 
acceptable thanks to the storage implementation in the sensor code. As described in the Table 7 70% 
out of the total amount of the used records reached the GreenIoT cloud on the first attempt. 30% of 
the messages would have been lost without the storage functionality due to the 4G module being 
unable to connect to the service providers mobile network. 
 
Table 7. Table of 4G module performance 

 Amount of measurements % from total amount of measurements 

Received on the first try 24 833 70 % 
Received from storage 10 453 30 % 
Total amount of records used in 
the performance test 

35 286 100 % 

   
Records used in performance test 35 286 90 % 
Records from database without 
a time stamp for comparison 

3 865 10 % 

Records with corrupted data 18 0.046 % 
Total amount of records 39 169 100% 

  
Forty thousand records were used, including the records retrieved from the backup database, when 
measuring the sensor probe performance. NO2 and CO measurements were considered as successful 
if the measurement value exceeded zero value. Because of this the measured performance serves only 
as an estimate of the sensor performance due to the chance that some of the zero values could be 
accurate measurements. Table 8 shows the number and percentage of the zero and non-zero 
measurements. The Waspmote Plug&Sense! and CO sensor probe achieved a robust performance 
that was expected from them. Unfortunately, the NO2 sensor probe did not meet the expected level 
of measurement performance. As seen from the Table 8 only a fraction of the NO2 measurements 
exceeded the zero value. According to the Libelium technical support the NO2 sensor probe returns 
zero values in case the concentration of the gas is too low for the sensor to measure it. [29] 
  
Table 8. Table of success rate for the CO and NO2 air quality sensors 

 Number of non-
zero value 

measurement 

Percentage from 
total amount of 
measurements 

Number of zero 
value 

measurement 

Percentage from 
total amount of 
measurements 

CO 38 918 99 % 232 1 % 
NO2 525 1 % 38 625 99 % 
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6.2.2! Data quality 

The goal was to identify if the high peaks in the data were faulty measurement readings by the sensor 
or actual pollution levels in Uppsala. A major challenge in interpreting the data was the fact that the 
measurements were not taken in a controlled environment which forces the interpretation of the 
measurements to be only an estimate. Figure 11 shows all the data collected on CO concentrations in 
the period of this thesis against time, with eight-hour mean which is the standard mean used to 
calculate the AQI of the CO measurements. The average CO level in the period of this thesis was 
0.56 mg/m3 in the Uppsala city area. The figure shows that the data includes high peaks that reach 
over 10 mg/m3 and at maximum a peak reaches over 20 mg/m3. These peaks differ a lot from the rest 
of the results and reach unhealthy limit in AQI standards. 
 

 
Figure 11. All the CO data points from the bus sensor in the period of this thesis and eight hour mean of the data that is used to 
calculate the AQI for CO. 

 
The four peaks that reach over 10 mg/m3 occur on 7th of March, 14th of April, 11th of May and 14th of 
June. The peak of 11th of May is the highest CO concentration measured in this thesis and reach up 
to 21.53 mg/m3 which is equivalent to very unhealthy level of CO in AQI standards. All the four 
peaks are shown throughout the Figure 12 to Figure 15 that are scaled into the size of the peak and 
its neighboring data points and represents collected CO concentrations against time. Measurements 
are taken four minutes apart and without a controlled environment which enables to construct only 
an estimate of the formation of the peaks because the bus might have been in a highly-polluted area 
at the time of the high peak measurement and in four minutes the bus might have moved several 
hundred meters away from the that position to a less polluted area. 
 
Figure 12 shows the first high peak measurement from the bus sensor data and the data points around 
it. The peak is formed from one single measurement that rises from 0.82 mg/m3 to 11.49 mg/m3 and 
falls back to bellow one, 0.69 mg/m3. 
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Figure 12. First peak of the bus sensor data that reaches over 10 mg/m3. 

 
Figure 13 shows the second high peak measurement from the bus sensor data and the data points 
around it. The peak is formed from one single measurement that rises from 1.02 mg/m3 to 13.97 
mg/m3 and falls back to 3.39 mg/m3 from where it converges through multiple measurements back to 
0.86 mg/m3. The GPS coordinates from data points around the peak places the bus at the bus depot 
which indicates that it was not in the traffic at the time of the high measurement. At the time of the 
high peak the sensors GPS functionality malfunctioned and did not manage to get a location for the 
data point. 
 

 
Figure 13. Second peak of the bus sensor data that reaches over 10 mg/m3. 

 
Figure 14 shows the third high peak measurement from the bus sensor data and the data points around 
it. The peak is formed from one single measurement that rises from 0.68 mg/m3 to 21.53 mg/m3 and 
descends back to 0.52 mg/m3 via one measurements that is barely over one mg/m3. This could indicate 
to a faulty measurement or malfunction in the sensor. 
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Figure 14. Third peak of the bus sensor data that reaches over 10 mg/m3. 

 
Figure 15 shows the fourth high peak measurement from the bus sensor data and the data points 
around it. The peak is formed from one single measurement that rises from 0.68 mg/m3 to 10.5 mg/m3 
and descends back to 0.82 mg/m3. The GPS coordinates places the bus at the bus depot which 
indicates that the bus was not in the traffic at the time of the high measurement. Two other peaks that 
reach over five mg/m3 can be seen a half hour before and an hour after the high peak.  
 

 
Figure 15. Fourth peak of the bus sensor data that reaches over 10 mg/m3. 

Without a controlled environment, it is impossible to say if the peaks are results of a malfunction in 
the sensor or caused by bad air quality. For this reason, accompanied by the low number of the peaks 
in the data, the high peaks are not removed and are fed to the analyzing scripts with the other data 
points. The consequence of this choice may affect the mean of the data by leaning the result towards 
the high peak. 
  
To observe the impact of the high peaks to the overall data, Figure 16 shows the eight-hour mean of 
all the data collected on CO concentrations against time where the CO levels are scaled in from 0.4 
mg/m3 to 1.2 mg/m3 for the results to be more readable. Eight-hour mean brings down the number of 
high peaks in the data which could indicate that the data may include peaks that are created by only 
one measurement and not by multiple increasing measurement. Data included four peaks that reached 
values over 10 mg/m3. The high peak that appeared on the 14th of March has an increase of over 0.3 
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mg/m3, on the eight-hour mean plot, from the previous mean value to the mean value that included 
the high peak measurement. The rest of the high peak measurements reaching over 10 mg/m3 do not 
seem to affect the eight hour mean plot more than 0.1 mg/m3 which is common change in the plot. 
The highest peak on the eight hour mean plot occurs on the 19th of March and does not include any 
of the high peaks from the bus sensor data. 
 

 
Figure 16. The eight hour mean of all the data points from the bus sensor that is scaled in according to the CO levels (y-axis of the 
graph). 

 
The bus sensor has a four-minute interval between the measurements which makes it difficult to 
determine whether a single measurement peak is due to high concentration of CO or just a 
measurement error by the sensor. Measurements with 30 second interval were taken on pedestrian 
level using the second Waspmote Plug&Sense! sensor. This second Waspmote sensor is referred as 
the test sensor in this thesis. Figure 17 shows CO concentrations against time. The blue line shows 
all the data points from the bus sensor on 19th June between 14:45 – 17:08. The cyan line shows all 
the data points from the test sensor and the red line is a four-minute mean of the test sensor data. Test 
sensor data was collected at the end of this thesis project. The period for collecting test sensor data 
was relatively short because the test sensor did not have a static placement position on Kungsgatan 
where it could have been placed unsupervised. The measurements were collected manually by 
standing at the Kungsgatan with the sensor. The test sensor data did not have peaks reaching over 10 
mg/m3, but the results should be taken as guidelines as the time-period for the data collection was 
only a bit over two hours. The peaks on the test sensor data seem to consist out of more than one data 
point. Both the sensors were bought as calibrated for low levels of CO. Measurements taken from the 
roof of the moving bus were constantly 0.2 mg/m3 lower compared to the measurements taken by the 
stationary test sensor on the pedestrian level. At 15:22 on the data the bus sensor measured only 0.065 
mg/m3 which created a downward peak on the bus sensor data while the test sensor measured some 
of its highest values at the same time. Based on the GPS data from the bus sensor there was only 500 
meters between the sensors at that time which could point to an error in the bus sensor measurement 
seeing that the general CO concentration is for the both sensors were between 0.4 mg/m3 and 0.6 
mg/m3. 
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Figure 17. Comparison between bus sensor data and more frequently measured test data. 

6.2.3! Comparison with a calibrated static sensor 

The CO data from the bus sensor was compared with the data measured by the calibrated static sensor 
from the Upwis that was one of the GreenIoT project partners. Figure 18 shows two lines on CO 
concentrations against time. The blue line shows the four-hour mean of the bus sensor data points 
and the red line shows the four-hour mean of the Upwis’s static sensor data from Kungsgatan, 
Uppsala. The static sensor was developed and calibrated by Upwis and at the time of these 
measurements the sensor was still in the development. Without the four-hour mean the static sensor 
frequently measured high peaks that consist of a single data point and were over 50 mg/m3 or up to 
200 mg/m3. With the four-hour mean, both lines stay mainly between one mg/m3 and zero mg/m3 
excluding the individual high peaks on the static sensor data. A closer look on the range of zero to 
one shows that the bus sensor measurements are frequently higher compared to the static sensor 
measurements. 
 

 
Figure 18. Comparison between CO data from Static sensors on Kungsgatan, Uppsala and the bus sensor. 
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6.2.4! Ultracaps cooling system effect 

Ultracaps cooling system located on the bus roof, next to the sensor, pushes out hot air when in use. 
The cooling system is activated when the Ultracaps are being used or re-charged by the energy 
received from the bus’s breaks when the bus is stopping. In case, where the air flow from the cooling 
system would affect the sensor, the CO concentration levels would be expected to decrease on the 
higher temperature levels. Figure 19 shows all the data points from the week 11 on CO concentration 
against temperature. Only one week’s measurements are used so that the ambient temperature change 
would have limited effect on the graph results. The trend of the CO measurements seems to decrease 
slightly from the lower temperature to the higher temperature. The CO measurements have more 
frequent variation on the higher temperature levels but high CO values are still measured throughout 
the graph. There is no clear indication of correlation between the CO concentration levels and the 
temperature. 
 
 

 
Figure 19. Bus sensor data points from week 11 on CO concentration against temperature. 

 

6.2.5! NO2 sensor data 

The NO2 data was analyzed in order to identify the reason for the great amount of zero results. Figure 
20 shows all the data collected on NO2 concentrations against time. By observing the figure the NO2 
sensor probe detected no NO2 concentrations throughout April and May. 
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Figure 20. All the NO2 concentration data points collected by the bus sensor 

 
Figure 21 shows the one hour mean of all the data collected on NO2 concentrations against time in 
March. Figure is zoomed in and presented in one hour mean for a better view of the line while leaving 
out a part of the two high peaks that reach up to 0.9 mg/m3. At the beginning of March the sensor 
probe measured a curve of non-zero measurements for NO2 concentration but at 14:50 on 3rd of March 
all the measurements fell to zero with few exceptions of individual peaks. 
 

 
Figure 21. Graph of the one hour mean of the NO2 data in March. 

 
A comparison data set for the NO2 data was acquired from the SLB-analys which is a unit within 
Stockholm City's Environment and Health Administration. Figure 22 show the NO2 data from 
Kungsgatan, over the period of this thesis project, provided by the SLB-analys. The measurement 
unit in SLB-analys data is micrograms per cubic meter (µg/m3) where the measurements from the 
Waspmote Plug&Sense! sensor are in milligrams per cubic meter (mg/m3). The highest NO2 
concentrations measured by the SLB-analys, over the period of this thesis, was 167.6 µg/m3 which 
equals to 0.1676 mg/m3. The accuracy of the Waspmote Plug&Sense! NO2 sensor probe, used in this 
thesis, was ±0.1 ppm which equals to ±0.19 mg/m3 indicating that all the measurements from the 
SLB-analys were out of the accurate sensitivity range for the NO2 sensor. This could explain the zero 
measurements for the Waspmote Plug&Sense! NO2 sensor probe, for it not being sensitive enough 
for the NO2 concentration levels at Uppsala city. 
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Figure 22. NO2 data from SLB-analys over the period of this thesis project. 

 

6.3! Air quality data 

The threshold for good air quality is between 0-50 AQI, moderate air quality is between 50-100 AQI 
and after that the air quality starts to be unhealthy. Figure 23 show the air quality index over the 
period of this thesis project for the CO data from the bus sensor. AQI is calculated using the eight 
hour mean therefore one day includes three AQI results. The three different AQI results are 
represented with three different colors in the graph: red, yellow and blue. Red dot represents the days 
first eight hour mean which includes measurements from midnight to eight in the morning. Yellow 
dot represents the days second eight hour mean which includes measurements from eight in the 
morning to four in the afternoon. Blue dot represents the days last eight hour mean which includes 
measurements from four in the afternoon to midnight. None of the AQI values exceed the threshold 
for moderate air quality and are well inside the good air quality scale. The AQI for the day 
measurements, when the bus was in the traffic, generally seems to be lower compared to the morning 
and evening AQI’s. 
 

 
Figure 23. Air quality index from the bus sensor CO data over the period of this thesis project. 



 33 

7! Discussion 
In this thesis, a sensor was deployed on an Uppsala city bus. The purpose of the sensor was to collect 
air quality data including CO and NO2 concentrations. The sensor probes were factory calibrated and 
therefore sensor calibration was not part of the thesis. The main challenge was to implement a robust 
sensor solution to an outdoor environment. This is non-trivial and a general challenge in outdoor 
deployments. The approach to ensure data quality was to manually look at the non-expected data 
points and compare them with a calibrated sensor results. 
 
This thesis was interesting to conduct from the beginning to the end. In the beginning of the thesis 
the model of the sensor was known and that the sensor was going to be attached to a public transport 
vehicle in Uppsala. Work included to plan the entire deployment of the Waspmote Plug & Sense! 
sensor in the GreenIoT project which added to the challenge and brought up the responsibility to 
conduct the thesis well. 
 

7.1! Deployment 

Thesis planning started with the challenge to choose a bus line that was best suited for measuring air 
pollutants in Uppsala city area. At that time, there had not been any meetings with Gamla Uppsala 
Bus AB about the sensor deployment. This limited the information in hand on how the bus lines were 
designed and if one vehicle was assigned for one or multiple routes in one day. It made it hard to 
design a more complicated bus route discovery algorithm. One option for choosing the route was so 
called random route where the vehicle would have been assigned onto any of the 21 routes at any 
given time. Second option was to choose one single route that has the same time table from Monday 
to Friday and therefore enables observing the measurements from the same locations at the same time 
of the day for multiple days. The second approach was chosen but as the Figure 6 indicates, the 
vehicle visited multiple different routes throughout the period of the project. The data used in the 
results included data from all the routes the bus drove over the period of this thesis project. The 
variation in the measurement areas could be used to observe the overall air quality in Uppsala and 
how it differs between the sensors usual route and the other areas. 
 

7.2! Sensor performance 

The overall performance of the Waspmote Plug&Sense! sensor was suitable for this thesis project. 
The sensor implementation was robust and required little to no maintenance over the period of this 
project. The 4G module that was assisted with the implemented storage function performed reliably 
and delivered a huge amount of data. The CO sensor probe was able to collect the data successfully 
throughout the project. 
 

7.2.1! Ultracondenator cooling system 

Implementation of the sensor deployment was not in a controlled environment which made it hard to 
make reliable conclusions. The bus sensor was on the roof of the bus behind the front ultracondensator 
compartment and had 20 cm between the sensor probe and the top of the roof which may have limited 
the air flow and therefore the measurement quality. Ultracondensator cooling system fans were next 
to the sensor, which raised a concern of the possible effects the hot air flow may have had on the 
measurements. The research of the effects of the cooling system to the measurements were limited to 
the data collected with the bus sensor. The effects could be investigated further by exposing the sensor 
to a notable amount of gas and then trying to see if an air flow from a fan directed to the sensor has 
any effect on the measurements. 
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7.2.2! Sensor warm-up 

Both the static sensor data and the test sensor data, which was used to compare to the bus sensor data, 
was collected from a non-moving location with open space all around the sensor. The bus sensor took 
measurements at multiple different locations and was protected from tree branches by the front 
ultracondensator compartment and a side wall which made the surrounding space much tighter. The 
test sensor data, which was used to investigate the high peaks of the bus sensor data, was collected 
on the pedestrian level by attaching the sensor to a backpack. To find out if the peaks included 
multiple data points more frequent measuring cycle was needed. This was done by shortening the 
time between measurements from four minutes to 30 seconds. According to the Libelium’s Waspmote 
Plug & Sense! documentation the gas sensors needed a minimum of two minute warm up time before 
being able to take accurate measurements [15]. In the test sensor code the warm up was done in the 
setup function and loop function had only a 30 second sleep unlike in the bus sensor code where the 
sensor went offline for a longer period and the two-minute warm up is done at the beginning of the 
loop function. The possible effects of the warm up time could be investigated in more detail by 
installing a sensor cluster to a single location for a longer time period to achieve more reliable 
measurements with the Waspmote Plug & Sense! sensor. Sensors in the sensor cluster would need to 
take measurements one after another to get more frequent data points inside the two-minute warmup 
period. Then these results could be compared to the results with 30 second warm up time. 
 

7.2.3! NO2 sensor performance 

It is hard to conclude why the NO2 sensor stopped measuring proper concentration levels without 
knowing the exact location of the vehicle at that moment. Sensor was installed onto the vehicle inside 
a garage where it could have been measuring non-zero values. When the vehicle was driven out of 
the garage to the depots outdoor parking area, the measurements may have fallen to zero. This would 
indicate that the NO2 sensor probe would not have been sensitive enough for urban areas. The GPS 
coordinates are not accurate enough to determine if the measurements fell when the vehicle was 
driven out of the garage. According to Libelium forum the sensor may not be sensitive enough and it 
could be improved by setting the gain of the sensor to more sensitive [30]. In this project, the gain 
was experimented with but it had no effect on the results. 
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8! Conclusions and Future Work 
The development and deployment of a moving air quality system was conducted in Uppsala, Sweden. 
An air quality sensor was attached on top of a public transport vehicle. The sensor measured NO2, 
CO, temperature, humidity and ambient pressure. The thesis was a part of the GreenIoT project that 
also included other sensors deployed in the Uppsala centrum that provided data for comparison. The 
CO sensor probe performed according to the expectations but the NO2 sensor had only a one-
percentage success rate on measuring over zero concentration. Data were delivered with 4G mobile 
network which had a 70-percentage success rate on delivering the data to the GreenIoT cloud without 
using the storage function for re-sending.  
 
Future work would include further development of the sensor program and the visualization tools. To 
ease the updating of the sensor codes the Over The Air Programming (OTAP) function 
implementation should be finalized and the error with the FTP servers should be solved. To create 
better comparison data one task could be to get the bus sensor to take measurements every time it 
passes by any of the static sensors. After completing the work with the sensor program the second 
sensor could be deployed. Deploying another sensor could create a task to the visualization tool 
development. For the 10 latest value visualization tool would need a Node ID selector to be able to 
show only the data from the wanted sensor and not end up showing five data points from the other 
sensor and five from the other. Second visualizing tool was meant to be created but was dropped out 
because of the lack of time. Second visualization tool would show markers on the Google map and 
by clicking the marker user would see an info window with graph showing the latest development in 
the air quality on that area. 
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