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Introduction

In May 2018, the World Health Organization (WHO) published a report explaining
that Particulate Matter, an air pollutant composed of droplets and solid particles, caused
4.2 million premature deaths worldwide in 2016. Indeed, exposition to Particulate Matter
increases the risks of cancers, cardiovascular and respiratory diseases. Human Particulate
Matter emissions, which count for more than twice the amount of natural emissions,
are mostly produced by the sectors of transport, energy, and agriculture (United States

Environmental Protection Agency, 2015).

During the month of July 2018, Europe and Northern America have suffered from an
important heat wave. Heat fosters the chemical reactions producing Particulate Matter
(Foobot, 2018), therefore, this heat wave has caused a higher level of Particulate Matter

concentration in the atmosphere.

The aim of this thesis is to understand if and how low-cost air quality sensors measuring
Particulate Matter deserve to be used by Belgian public institutions responsible of air
quality monitoring. Low-cost sensors create the opportunity to have more measurement
sites and to raise awareness among citizens. Monitoring ambient air pollution is necessary
to know when, how, and to what extent actions should be taken to reduce it. Raising
awareness is necessary for people to realize the level of pollution they are exposed to, as
well as its impact on their health. Becoming conscious of this could be an incentive for
them to adapt their lifestyle to a less polluting one. Such adaptation could be avoiding

to use the car or abstaining from wood burning.

This thesis only focuses on the low-cost sensors’ accuracy and the public’s awareness.
People’s behavior modification is not developed, neither are public institution’s decisions

to reduce air pollution.



This thesis is divided in three chapters:

e The first section of the first chapter has the purpose to expose a non-profit organi-
zation, Influencair, which aims at deploying low-cost air quality sensors. There, the
goals and origin of the project are explained in details. The second section focuses
on the low-cost sensor. The technology involved is detailed, explaining how the sen-
sors are built and how they measure Particulate Matter concentrations. Then, an
overview of their accuracy is stated. The measurements are not analyzed in detail
but are rapidly compared to the official monitoring stations ones, which gives us
a glimpse of the low-cost sensors’ accuracy. The third section of the first chapter
describes the official monitoring stations’ technology and the models based on their
measurements. Those models provide a high resolution air quality map of Belgium,
and are used, among others, to communicate the current air quality to the broad

public.

e The second chapter focuses on the Belgian public institutions working on air quality
monitoring. Their scope, responsibilities and visions are disclosed. As air quality is
a regional competence, this chapter has been divided in four sections: one for each
region and one focusing on an inter-regional organization (the Belgian Interregional
Environment Agency). The aim of this chapter is to understand if and how each of

them could be interested in the low-cost sensors.

e The last chapter is mostly based on things that have been learned in chapters one and
two. First, it extensively explains the methodology to be followed to test the low-cost
sensor’s accuracy. The recommendations in this section have been based on tests
that have already been done for other low-cost sensors (Castell et al., 2017; Spinelle
et al., 2015), and on a European document (European Commission, 2010) explaining
the established methodology. This section explains how co-locating the sensors with
monitoring stations during 6 months and comparing their measurements can assess
the sensor’s accuracy. The second section suggests possible scenarios depending
on the accuracy test’s results. Each of them explains what public institutions can
do with the sensors depending on their veracity. The section then discusses the
opportunity to exploit the sensors for each public institution, depending on their

vision and responsibilities.



Concerning the accuracy assessment, the actual testing has yet to be done, as this
thesis only provides the methodology. Additional interviews could be conducted in order

to know about each public institution’s view on low-cost sensors.



Chapter 1

Low-cost sensors and monitoring

stations

1.1 Influencair

The purpose of this section is to outline the project, Influencair. It will explain what

it does, what it tries to achieve, and its barriers.

influenc

Figure 1.1: Logo of the project. Made by Xavier Ralet and m Point Production Brussels.

Influencair is a group of citizens who want to measure and map local air pollution
levels in Brussels. To do so, they aim to build a comprehensive network of 150 Particulate
Matter sensors covering the whole city area by the end of 2018. To achieve this goal, they
gather every other Tuesday. They work on the sensors’ hardware, analyze the collected

data, plan workshops and try to find partners to reach more citizens.



This section will expound Particulate Matter and its effects on health before describing

the project in more details.

1.1.1 Particulate Matter

The sensors measure Particulate Matter, which is a pollutant composed of droplets
and solid particles, they are measured in ug/m?3. Their size vary, as some of them can be
seen by the human eye while others require powerful microscopes. We distinguish Par-
ticulate Matter which has a diameter less than or equal to 10 uMeters and 2.5 uMeters,
respectively called PM;o and PMy 5, or coarse and fine particles (United States Environ-
mental Protection Agency, 2015). There are also ultrafine particles, called PMy 1, which
have a diameter smaller than 0.1uMeter, but this paper does not discuss it as it is rarely

monitored and it is not regulated by European law.

€PM25
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HUMAN HAIR compounds, metals, etc.
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Figure 1.2: Size of PMg and PMs 5 compared to human hair and fine beach sand. Source:

United States Environmental Protection Agency, 2017



Those two kinds of pollutants have different behaviours in the atmosphere. PMs 5 can
travel long distances in the air while PMj,’s dispersion distance is more limited (United
States Environmental Protection Agency, 2015). We distinguish primary particles from
secondary particles. The former are particles that are directly emitted in the atmosphere,
they are not bigger than 2.5 uMeter. They include dust from roads and particles coming
from combustion (United Stated Environmental Protection Agency, 2016). Secondary
particles are generated by chemical and mechanical reactions in the atmosphere. Those
are bigger than 2.5uMeter and their origin is hard to tell as they come from clusters of

primary particles (Amaral et al., 2015).

We are mostly interested in particles smaller than 10 uMeter because bigger ones are
filtered by the nose and the upper airway of the respiratory system. Smaller ones have
the ability to get deep into the lungs and in the circulatory system, and thus to affect
human health (United States Environmental Protection Agency, 2016). According to
the European Environment Agency, 2014, and the World Health Organizationy, 2018,

Particulate Matter is responsible of:

e Causing or aggravating cardiovascular and lung diseases, heart attacks and arrhyth-

mias
e Causing cancer

e Leading to atherosclerosis, adverse birth outcomes and childhood respiratory dis-

eases

e Causing premature deaths of 500 000 people in the European Union

The World Health Organizationy, 2018, recommends the average level of PMs 5 and
PM;( to which people expose themselves not to be over respectively 10ug/m? and 20ug/m?.
Meanwhile, the legal limits not to exceed are defined by the Air Quality Directive 2008/50/EC.
Concerning PMyg, the yearly average should not exceed 40ug/m?, and the daily average
should not exceed 50pg/m?* more than 35 times per year (Annex XI of the directive). As
for PM, 5 concentrations should not exceed 20pug/m?® on a three-year average. This objec-
tive should be achieved by 2020 (Annex XIV of the directive). The directive also defines
reduction targets depending on the averaged concentration of PMy 5 in each European

country (see table 1.1).



Initial concentration in pg/m? Reduction target in percent
<85 0%
18.5; 13| 10%
[13 ; 18| 15%
[18 ; 22| 20%
> 22 All appropriate measures to achieve 18 yg/m?®

Table 1.1: National reductions - Reduction targets of national yearly averaged exposition

to PMs 5 to achieve by 2020 depending on the average exposure.

On 17" May 2018, the French newspaper "Le Monde" explained in one of its articles
that France has been sued by Belgium for exceeding the values concerning NO, defined by
the Directive. The article also explains that some European countries tend to go beyond
the limit values when it comes to PMjy. The Court of Justice of the European Union has
condemned two countries so far, Poland and Bulgaria, which have very high level of air

pollution. This is mostly due to wood heating practiced by households.

1.1.2 Origin

The project Influencair was initiated by Civic Lab Brussels, which started in March
2017. Civic labs are regular gatherings of citizens who work on projects that aim at
improving local communities’ life. In Belgium, Civic Labs can be found in Brussels,
Leuven and Gent. Civic Lab Brussels was an initiative of Open Knowledge Belgium which
is a non profit umbrella organisation for Open Knowledge and Open Data initiatives.
According to Dietrich et al., 2009, Open Data is data that can be freely used, re-used
and redistributed by anyone - subject only, at most, to the requirement to attribute and
sharealike. Open Knowledge Belgium promotes availability of the data so that knowledge

creates power for the many, not the few.
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1.1.3 Goals

Here is the list of the objectives pursued by Influencair, followed by a brief explanation

of each of them.

e Raise more awareness about air quality and its health effects

e Set an example of real-time open data which anyone can freely access, use, modify,

and share for any purpose

e Increase the amount of local measurements, which are complementary to the data

from official government stations

e Bridge the gap between science and a wider audience

Awareness is critical to improve the capacity of people to address environmental issues.
Only then, the passive awareness can be translated into active concerns and behaviours
(Teksoz, 2011). Those behaviours can be linked to the way people travel, heat their home,
etc. Although Influencair wants to raise awareness, it is important for them not to directly
force people to change their behavior. The project wants to raise awareness, considering
it is then up to the citizens to change or not their habits. They believe it is not their
role to tell people what they should do. The Vrije Universiteit Brussel (VUB) is currently
setting up a research to understand the sensors’ effects on people’s awareness about air
pollution. The results should be out by September 2018. An official research is the best
way possible to assess the impact or not on awareness. However, there is already been
observed that people who build and set up a sensor at home tend to care more about the

air they breathe, says Toon Nelissen, entrepreneur and founder of Influencair.

The idea of open data is that private and public organizations as well as individuals
can make the data they generate available so it can be used, re-used and redistributed by
anyone. Opening data has a huge economic potential as it fosters innovation, new products
and services development, more efficient operations, higher productivity, reduction of
risks, and much more (Manyika et al., 2013; van Schalkwyk and Verhulst, 2017). In this

particulat case, building an open data set has a few perks.

1. First and foremost, it empowers any citizen who can work on the data set and

try to understand air pollution’s behaviour. It is currently being done in Leuven
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by Maarten Reyniers, researcher at the Royal Meteorological Institute of Belgium,
and Kris Vanherle, researcher at Transport & Mobility Leuven. They publish a lot
of interesting air quality visualization analysis on Facebook and Twitter. There is
also a Slack! group of data analysis enthusiasts working together to understand and
interpret the data. Their objective is to find ways to check the quality of the data
provided, find solutions on how to improve it, and understand pollution’s behaviours
and trends. On the 28th April and on the 3rd March, workshops were organized so
that citizens could learn how to extract the data and use a specific Python library
created specifically for analyzing this particular data set. All the information about

the workshop is available on Github here.

2. Secondly, it allows direct improvement of the software and hardware. The fact that
all the information is open makes it possible for people to work freely on it and re-
use it for commercial and non commercial purposes. The information being "fluid"
allows people to improve the hardware, the software, and to find new purposes
for those. In Leuven, citizens found ways to make sensors more compact without
reducing the quality of the measurements. A citizen in Gent developed a fast and
easy way to flash the software into the sensor. In Brussels, another citizen developed
and built a Printed Circuit Board (PCB) that is cheap to produce and leads to a
much easier assembling of the sensor. All this would not have been possible if all

the information had not been open.

3. Thirdly, thanks to this openness, this kind of initiative can be undertaken by any-
one anywhere on earth, as long as they have access to internet. The initiative of
citizen measuring air quality has been launched in Stuttgart, by OK Lab Stuttgart,
which is part of the Code for Germany program of the Open Knowledge Foundation
Germany. Their goal is to promote transparency development, open data and citi-
zen science. Citizen science is a research technique which includes the public in the
data gathering process (Bonney et al., 2009). When they developed the sensor, they
made the software open source, and they explained how to order the components
and how to assemble them. The fact that they made it open led to many citizen-
driven organizations to replicate their work, expanding the number of measurements

obtained around the world, and particularly in Europe.

ISlack is a free team communication software.
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Brussels contains many citizen-driven organizations and movements linked to air qual-
ity. Some of them claim that the government is trying to hide data, and does not show the
actual air pollution. At Influencair, they do not agree with this view. On the contrary,
they believe that the best way to achieve better air quality is through close collaboration
with all concerned actors. There are currently 6 official air quality measurement stations

set up by the government inside the wide belt of Brussels.

While the compliance with the limits set by the Directive is achieved through the data
points provided by the monitoring stations, Belgium also works on air quality maps that
are created through models (see figure 1.5, page 12). Unfortunately, the models used are
very complex and not scientifically valid. That is the reason why it is explicitly written
at the bottom of the web page displaying the map "These data are not validated: they
should not be used for any study whatsoever.". Having more measurement points can
help validate and improve those models. It is the goal of Curieuzeneuzen, a citizen-science
project organized by Universiteit Antwerpen, during which 20,000 participants measure
NO; in Flanders during the month of May to improve the model they use to map NO,

concentration in Belgium.

Bridging the gap between science and a wider audience means, in this context, trying
to generate interest among people for hardware, software, and data analysis. On the 28th
April and on the 3rd March, Dominik Rubo has set up workshops to teach people how
to extract data provided by the sensors. The goal was to teach participants how to use
the Jupyter notebook, a web-based interactive computational environment, by applying
it to the data provided by the sensors. There are other contexts in which this can be
done. For example, organizing such workshop in schools can bring interest to students
about data analytic and coding. In addition, building the sensors with a class is an
excellent opportunity to develop interest among students for technology. VRT Sandbox
already does such thing in primary school classes with the SteamBox. This project aims at
building an interactive stair with children. All the information and the required material
are provided in the SteamBox. Perhaps it is possible in the future to do such thing
with the air quality sensor. In addition, it is also a way to create interest of people for

technology in general.

Air pollution is a complex phenomenon. When people get interested in sensors, they

wonder what they measure exactly. There are indeed many different initiatives, measuring
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Figure 1.5: PM; levels on Thursday 10/05/2018: situation at 12:00 - Made by the Belgian

Interregional Environment Agency (IRCELINE)
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different pollutants, which have all different impact on health. People’s interest in air

pollution is a good opportunity for them to learn how it works with a scientific approach.

1.1.4 Barriers

Influencair is a project with a lot of interesting goals, supported by very engaged
people. However, like every project, a few obstacles hinder the achievement of their
objectives. Being aware of these obstacles is an important step to know what to improve

and where to put resources.

Influencair is a volunteer driven organisation. That means everyone involved has a job
or another main activity that is of higher priority than this project. Considering that,
people tend to avoid taking over responsibilities, hardly finding the time to unlock the
required resources to deploy sensors or analyze the collected data. It is also sometimes
hard for Influencair to get close to partners and maintain their relationship with them as

this also requires time.

In addition, Influencair’s collaborators only gather at Civic Labs Brussels which take
place once every other Tuesday evening. Again, this means very few meetings and time
to coordinate the activities and go further in the analysis. Also, this particular Civic Lab
in Brussels aims at working on more than this air quality project. There are other open
projects in the scope, reducing the already limited time available to work on air quality.
Finally, Civic Labs are open and inclusive gathering, which means new people come at
every meeting. It requires time to explain them the project and getting them on board,

without any certitude that they will get involved in any way.

1.2 Low-cost sensors

This section aims at describing the different aspects of the low-cost sensors, answering
the sub-research question "How do the low-cost sensors work and what are their strengths

and weaknesses?".
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1.2.1 Technology

The sensor is built by ordering all the necessary pieces then assembling them together.
To get the lowest possible price, it is necessary to order some pieces on the internet and
others in a DIY shop. Figure 1.6, page 15 shows an exhaustive list of the pieces required

to build an air quality sensor.

First, a firmware needs to be implemented in a Core Processing Unit (CPU), so it can
communicate the information collected by the sensor through the internet. The firmware
has been developed by OK Lab Stuttgart and is open source. To flash the firmware in the
CPU, people need to connect it to their computer, download the firmware, a driver, and
the software Arduino. Then a command that is provided by OK Lab Stuttgart has to be
put in the command prompt of the computer while the CPU is plugged in the computer,
the computer needs then 3 to 5 minutes to flash the firmware. There are many tutorials

on how to do it, anyone with basics computer knowledge can do it.

Once this is done, the CPU, the humidity sensor, and the Particulate Matter sensor
can be connected together. Then, the 20cm flexible cable is attached to the PM sensor so
it can vacuum air correctly, and all the pieces are tight together with cable ties to form a
compact structure. The USB cable is then plugged into the CPU, and the sensor shown
on figure 1.7, page 15, can be put in the elbow pipe. The latter’s purpose is to protect the
sensor from the humidity, the sun, and everything that could damage the sensor. When
the sensor is put outside a window and plugged into an electrical outlet, it can be easily

connected to the WiFi of the household /organisation, and it will start collecting data.

Low-cost sensors only measure Particulate Matter thanks to the SDS011, and humidity
and temperature via the DHT22. In this section, we are only interested in the Particulate
Matter sensor, as it is the critical part of the whole sensor. The SDS011 has been developed
by Inovafit, a spin-off from the university of Jinan in China. It is an optical sensor (for
more details on the different technologies, see section 1.3.1, page 26). It produces a
laser beam, emitted by a LED, which is deviated by the particles in the vacuumed air. A
photometer detector then measures the light that has been scattered (Amaral et al., 2015).
The sensor then translates the beam’s refraction to a quantity of Particulate Matter per
cubic meter (ug/m?). This information is converted to a concentration of PM. It is done

by assuming the shape of the particles to be spherical. It also uses an algorithms to
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Figure 1.6: Required pieces to build a DIY air quality sensor.

Figure 1.7: Assembled sensor ready to be put in the casing.
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estimate the density distribution of the particles. There are patents for the SDS011, and
its CPU cannot be reversed-engineered (World Air Quality Index, 2016), so it is currently

impossible to know exactly how the size distribution algorithm works.

In addition, Influencair is currently developing LoRaWAN sensors. LoRaWAN, which
is short for "Low Range Wide Area Network", is the protocol used to link devices to
the internet without the need for them to be connected to a local router. It is practical
to get measurements in areas that do not have any WiFi coverage. However, this kind
of sensor is still in a prototype phase so it will not be discussed in detail in this paper.
All the sensors deployed by Influencair are stationary, as mobile sensors cannot be used
for mapping averages, it is very unpractical for serious analysis (O. Peeters, personal

communication, March 3, 2018).

1.2.2 Measurements

This section aims at analyzing the quality of the measurements obtained by the sensors
as described above. The objective is to assess if they are accurate enough to be used and

spread.

Official monitoring stations are certified once they comply with the Data Quality Ob-
jectives. They have been tested and approved by national laboratories that are accredited
by the EU/ISO 17025:2005, which defines the general requirements for testing and cal-
ibration (Directive 2008/50/EC). As those monitoring stations have been exhaustively

tested, they are the best reference point to test the accuracy of the sensors.

Although the accuracy of the data has not been scientifically tested, three arguments
can be put forward to support the idea that relatively good estimations of air quality have

been observed.

1. First, there is a quite good matching between the low-cost sensors and the monitor-
ing stations on a national level. The SDS011 is widely used and spread in Germany.
The propagation has been mostly done by Luftdaten, an initiative of Code for Ger-
many, which promotes citizen science and technology. Thanks to all the sensors
deployed there and in the countries around Germany, they could draw a map of air

quality in Europe, using data collected by low-cost sensors and monitoring stations.
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Correspondence between the data collected by the SDS011 sensors and the moni-
toring stations used by the European Environment Agency can be found below on

figure 1.8.

2. Secondly, the same correspondence has been observed at local level. Leuvenair,
the equivalent of Influencair in Leuven, has set up on its website the possibility
to compare the low-cost sensors’ measurements in Leuven with the measurements
of the Aarschot’s monitoring station. Even though the station is located more
than 7 Km away, we can see good correlation between the data provided by some
SDS011 sensors and the one in Aarschot. Below, on figure 1.9, is an example of such
correlation. The data shown by this fugire were collected by the sensor situated
out of town, near Aarschot (north-east from Leuven), this is probably why the

measurements are so similar.

3. Thirdly, the National Dutch Institute for Public Health and the Environment (NDIPHE)
has conducted an experiment to test the accuracy of the data collected by the
SDS011. They spread 110 lw-cost sensors in the end of 2017 in The Netherlands.
After one month of measurements, they compared the data collected with the ones
from the 40 official monitoring stations located in the Netherlands. Joost Wesseling
(NDIPHE) presented this experiment at The Things Network Conference 2018 in
Amsterdam. The NDIPHE is pretty satisfied with those results, considering that
the calibration they have made was very small, said Joost Wesseling. The figure 1.10
below shows the corelation between the sensors and the monitoring stations. They
estimate that the low-cost sensors can provide valuable complementary data to the
ones from monitoring stations, and believe that a big amount of those sensors could
replace some official monitoring stations in the future. In addition, Olav Peeters,
from IRCELINE, said at the end of a presentation on the 3"¥ March that they are
also open to find synergies between low-cost sensors and official monitoring stations,

which is an encouraging statement.

However, it is important to raise the biggest downside of the low-cost sensors. The
problem comes from the technology used and humidity. As the sensor works with a
scattered laser beam, it can also be deviated by the water particles caused by rains.
What happens then is that the sensor’s measurements go abnormally up when it is raining.

Citizens and researchers referred to in section 1.2 are already looking at ways to correct



18.

‘t}\ << zaterdag 10 februari 2018, 07:00 >>
. Ll
\\
\
q a2
Wl o )
\ 2 = a?.m',.m | S O |
~ N e e DY ‘Gongen iy >4
e = < S e .8 ¢
N 3 se.m o
o N o Soogis g g 18, & -
d ) St gl o '5

o ﬁmsﬁuanu .7lgzlg °
pos

f S el plwen:, N
) ° e iahs @
‘erﬁnﬂn g1 &S “Ml-
 Main P <o Sz ™ e [ ESU |
g g -5
m

L £ 3, {
C®@imberg @ © o B6-25 2
une

° I~
Ingoistade® 0 ®

wnebeyu-l\u%rg‘

!

100 S ) " © momenteel geen
: ‘ HjJ o
Gl o
100 km aTandin) Zayieu -
- i : : ... ® < e 7 K —
. Source: maps.|uftdaten.info | = : 3§ 3 ~.~ Source: National and reqlnnal Environmental Agencies via the European Environment Agency Source: irceline.be

Figure 1.8: Comparison of the Luftdaten.info map using SDS011 sensors (left) and the
European Environment Agency using air quality monitoring stations (right), 10th Ferbruary
2018. Sources: http://deutschland.maps.luftdaten.info/#6/51.165/10.455 and http://www.

irceline.be/en/air-quality /measurements/particulate-matter/europe/pm25.

B0

-1

o
13. Mei 08200 12:00 18:00

=
=

pm2.5 g/ m3
w
8

14. Mei 08200 12:00 18:00 15. Mei 08200 12:00 18:00 16. Mei

— Officiéle metingen Aarschot (lichtgrijs) —+ Leopeld Ruelensstraat, Kessel-Lo (kleur)
Highcharts.com

ondermaats slecht

(kleurcodering voor eerst getoonde Leuvenair-sensor)

zeer goed goed
I .

Figure 1.9: Comparison of the the PMg 5 levels between the Aarschot monitoring station
(Grey) and the low-cost sensor located Leopold Ruelensstraat in Leuven (colored), between

13th May and 16th May. Source: https://leuvenair.be/in-detail /grafieken/.


http://deutschland.maps.luftdaten.info/##6/51.165/10.455
http://www.irceline.be/en/air-quality/measurements/particulate-matter/europe/pm25
http://www.irceline.be/en/air-quality/measurements/particulate-matter/europe/pm25
https://leuvenair.be/in-detail/grafieken/

19.

100
Amsterdam, January 2018

9
W 80
p .
=
© "
U -]
g N °
3
@ 60 R
E °
prer] LI @
v @
ﬂ: y= 1.1447x + 0.7761
4 R* = 0.75165
2 a0
[
B
vy
Lin]
71
[+
o

20
=
a

b 4

0 20 40 60 80 100

Reference, background [ug/m3]

Figure 1.10: Comparison of the averaged calibrated measurements of PMjg of the SDS011
sensors (y axis) with the measurements of the monitoring stations of the Netherlands (x

axis) in ug/m3. Source: National Dutch Institute for Public Health and the Environment.



20.

the data thanks to the humidity sensor DHT22 connected to the SDS011. But so far,
the overall conclusion is that the data should not be used when there is a certain level of
humidity, which can be problematic if the sensors were to be set up in very rainy areas. If
no way of correcting the data is found, it is thus important to either drop it or to clearly

mention this problem on the maps and when deploying sensors in people’s houses.

When comparing the low-cost sensor’s measurements with the ones from monitoring
stations, it seems good enough to raise awareness and provide a rough estimation of air
pollution in relatively dry areas. However, it is necessary to conduct a proper testing of
the measurement’s accuracy to know if they can really be used for scientific applications
like epidemiology, or to improve the official models mapping air quality. In addition, it is

urgent to find a way to calibrate the data during rainy days.

1.2.3 Building and deploying

In total, for one low-cost sensor, all the pieces come to an approximate total of €30,
depending on the suppliers. To get the pieces for such a low price, it is necessary to order

some on the internet and others in a DIY store.

There are different ways by which people can get a sensor.

1. The first approach is to order and build it by oneself at home. To do so, users need
to find the information about where the necessary pieces can be bought, how to flash
the firmware into the Core Processing Unit, and how to link the sensor to the main
database. This approach can be quite time consuming as finding the information
is not always easy. It can also require more or less effort to flash the firmware into
the CPU, depending on people’s competence in informatics. All the resources are
dispersed on the internet and sometimes it requires a lot of research to find the right
video tutorial or the right list of pieces. Nevertheless, a lot of people managed to
do it by themselves. People following this approach are mostly individuals that are
already interested and aware of the importance of air quality. Thus, this approach
helps bringing new data on air quality, but will have a smaller impact into creating

a community of people caring for the air pollution.

2. The second possible approach is to buy it from an organisation like Influencair or

Leuvenair. The latter builds it and then asks for a financial compensation to cover
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the costs of the pieces. People using such approach are either individuals or orga-
nizations. The organizations doing this usually want to raise awareness about air
quality by showing actual measurements in the area where their employees/members
are located. It was the case with BRAL in Brussels, which bought 15 sensors to
Influencair to set them up in schools and other places. This is a way to reach com-
munities without the need to understand how the sensors work. It has the advantage
of reaching a lot of people at the same time. However, it is sometimes complicated
for citizen-driven organizations like Influencair to set up the sensors, as it is done on
a voluntary basis and it requires quite a lot of time to order, build and set up the
sensors. Another problem with this approach is that individuals and organizations
who get a sensor that way are less knowledgeable about it. They thus tend not to

look for solutions when technical problems arise for example.

3. The third approach is to go to workshops organized by citizen-driven organizations
in order to build one. Participants pay for the pieces that have been ordered for
them and get to understand how the sensor works, how it should be set up, and
other useful information about the data and air pollution. This is the approach
Influencair and Leuvenair try to promote by inviting people to come and build their
own sensor at their Civic Labs, every other week, or at special workshops. The
advantage of this approach is that citizens get to learn how to take care of their
sensors and how to interpret the data. Then, they can also learn how to access the
database if they want to do further analysis of the data. This approach raises less

awareness than the second one, but has a bigger emphasis on citizen science.

1.3 The Belgian monitoring stations

This section aims at describing the different aspects of the monitoring stations used
in Belgium, answering the sub-research question "How do the monitoring stations work

and what are their strengths and weaknesses?".

1.3.1 Technology

In Belgium, official monitoring stations can measure 8 types of pollutant. This pa-

per only discusses Particulate Matter monitoring stations, as it is the pollutant we are
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concerned by.

Different technologies have been developed to measure Particulate Matter. Amaral
et al., 2015, have made an overview of the those. The figure 1.11, page 22, shows the
different methods to measure PM concentration and size distribution. Olav Peeters, Sci-
entific Coordinator at the Belgian Inter regional Environment Agency (IRCEL-CELINE),
explained to me what kind of monitoring stations are used in Belgium to measure Partic-
ulate Matter measurement (see the interview page 74). This section is mostly based on

the article of Amaral et al., 2015, Olav Peeters’ interview and internet documentations.

instruments instruments
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Figure 1.11: Methods and instruments for Particulate Matter measurement. Source: Ama-

ral et al., 2015.

Three technologies are currently used in Belgium, optical, gravimetric, and microbal-

ance methods (O. Peeters, Personnal interview, May 31, 2018).

Lets start first with the optical instruments. Wallonia uses the Grimm, while Flan-
ders uses mostly the Fidas 200S, both are developed by German companies. Those optical
instruments, as well as the SDS011, use the light scattering technology (O. Peeters, Per-
sonal interview, May 31, 2018). A light beam, usually coming from a light-emitting diode
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(LED), lights the particles, which then reflect the light in all directions. Then, the scat-
tered light is measured by photometer detectors. An algorithm converts the scattered
light to a concentration of particles (Amaral et al., 2015). The density of the particles
cannot be assumed to be constant, otherwise, the results would be far from reality (Palas,
2016). That is why optical sensors use an algorithm allowing them to fit the gravimetric

sensor’s measurements, which are more reliable (Z. Wang et al., 2016).

In addition to scattering, there are two other optical measurement methods, which
are based on extinction and absorption of light (Amaral et al., 2015), but they are not
described here as they are not used by low-cost sensor or official monitoring stations in

Belgium.

Light scattering measurement makes continuous measurements possible, which enables
the concentration of Particulate Matter to be known in real time. It also distinguishes
different size classes: Each class gives the concentration of particles that are smaller or
equal to a given diameter (Amaral et al., 2015). For example, the SDS011 can distinguish
two size classes: 2.5 and 10 ym. Meanwhile, the Grimm has 30 classes. To know the
different concentrations of the different size classes, the scattering optical machines do a
light scattering size analysis. The advantage of the light-scattering technology is that it
distinguishes between different size classes without using other devices than the LED and

the photometer (Amaral et al., 2015).

Peeters explained that the Fidas is more reliable than the Grimm, the SDS011 should
thus be compared to the former. Therefore, I focus on the Fidas in this thesis. The
website of Palas, the company producing the Fidas, gives quite a lot of details on the

machine.

As explained in section 1.2.2, humidity can skew the collected data when using scat-
tered light technology. That is why the Fidas has "a drying line which prevents conden-

sation from causing measurement errors" (Palas, 2016).

The second technology that is used by official monitoring stations is Belgium is the
gravimetric method. Stations using a gravimetric technology are considered the reference

ones by the European Commission. They are used to check if optical stations provide
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Figure 1.12: The Fidas 200S developed by Palas, Germany, used in Flanders. Source:
https://www.palas.de/en/product /fidas200s.


https://www.palas.de/en/product/fidas200s
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reliable data, and to calibrate them if necessary (Palas, 2016). The Sequential Sampler

SEQ47/50 from Leckel is often used, but there are other gravimetric machines.

Figure 1.13: The Sequential Sampler SEQ47/50 from Leckel, used in Bel-
gium. Source: http://www.leckel.de/index.php?option=com content&task=view&id=24&
Itemid=68&lang—en.

Amaral et al., 2015, explain that gravimetric instruments work with a filter that is
weighted before and after the sampling period, the weight difference is thus the mass of
Particulate Matter. To differentiate the different size classes, there are filters with different
granulometric fractions, each filer then weights a different class. In order to avoid problems
induced by temperature or humidity bias, the relative humidity and temperature are kept

constant in the filters.

Usually, those samplers are used for daily averages (O. Peeters, personal communi-
cation, June 4, 2018). It is indeed impossible, with this technology, to get real time
measurements, as it can provide concentrations every 15 minutes at most (Amaral et al.,

2015).


http://www.leckel.de/index.php?option=com_content&task=view&id=24&Itemid=68&lang=en
http://www.leckel.de/index.php?option=com_content&task=view&id=24&Itemid=68&lang=en
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Finally, the third technology used by official Particulate Matter monitoring stations
in Belgium is the microbalance method. It is currently the best available technology.
The microbalance monitoring stations, used in Brussels and Wallonia, are called TEOM-
FDMS. It is one of the two microbalance methods (Amaral et al., 2015), the second one
will not be described in this paper. TEOM stands for "Tapered Element Oscillating Mi-
crobalance" while FDMS stands for "Filter Dynamic Measurement System". The TEOM
is the part of the station that actually makes measurements while the FDMS is the part
that prepares the air for the measurement (O. Peeters, Personal interview, May 31, 2018).
Amaral et al., 2015, say it is a well-established instrument to measure PM, 5 and PMy,

in real time.

The PM mass is measured by the TEOM via a filter in which the particles accumulate.
The latter is connected to a tapered quartz wand whose resonance frequency is altered
by the mass in the filter (Amaral et al., 2015). The more particles on the filter, the less
resonance there is. Put it simply, it is a thrilling device that will thrill less and less with
accumulation of particles in the filter. It is thus, like the gravimetric technology, directly
linked to mass, which makes it more reliable than optical methods (O. Peeters, Personal
interview, May 31, 2018).

Figure 1.14: The TEOM 1405F from ThermoFisher Scientific, used in Belgium. Source:
https://assets.thermofisher.com/TFS- Assets/LSG /manuals/EPM-manual-1405F .pdf.


https://assets.thermofisher.com/TFS-Assets/LSG/manuals/EPM-manual-1405F.pdf
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1.3.2 Measurements

These machines’ accuracy has been extensively tested, and they all comply with many
performance requirements (Palas, 2016; Thermo Fisher Scientific, 2016; Leckel, 2016).
However, the optical instruments require calibration with gravimetric instruments (Z.
Wang et al., 2016). And those gravimetric instruments themselves require calibration
over time (O. Peeters, Personal interview, May 31, 2018), as it is also the case for TEOM
(Midwest Research Institute, 1999).

The optical machines need those calibrations to provide reliable data, while the gravi-
metric and TEOM necessitate it over long periods to check if the measurements are still
accurate. For example, the TEOM requires calibration every 6 months for the software,
and every 2 years for the hardware. The calibration adjusts the distribution of the parti-
cles” density (see figure 1.15, page 28), or corrects an overall over or under estimation of

the pollutant.

In addition, the TEOM-FDMS has been tested on the long term in the United King-
dom and in Germany (O. Peeters, Personal interview, May 31, 2018). During this test,
they have observed a divergence of 60 percent between some instruments. This shows that
even the best currently available technology can be wrong, and that Particulate Matter

is something extremely hard to measure.

1.3.3 Models

Thanks to the monitoring stations deployed in Belgium, IRCELINE! (see more details
about the organisation in section 2.1.4, page 43) makes two types of models to map
Particulate Matter concentration in Belgium: assessment and forecast models (Belgian
Interregional Environment Agency, n.d.). Both use interpolation techniques, which means
they use mathematical methods to make a detailed map of air quality based on some
measured points and other input data, detailed below. Those models are used for different

things:

! Also referred as the "Belgian Inter regional Environment Agency"
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To decide with experts’ opinion and the neighbouring countries’ measurements when
to issue SMOG alerts!

The VMM (see section 2.1.3, page 41) uses it for its reports

To make IRCELINE’s annual reports

To calculate population exposure

To inform the public about current and forecasted air quality

They are however not used for European reports, but other usages of the models are

planned for the future (O. Peeters, Personal communication, July 8, 2018).

The interpolation takes into consideration emission sources, meteorological conditions,
chemical reactions in the atmosphere, and the way air pollution is transported in the air.
In the modelling, emission sources are punctually represented. Concerning the weather,
wind, rain, maritime air currents and temperature are taken into account to understand
how pollution behaves. The reactions modeled reflects for example the fact that a lot of
light induces the pollutants to form more ozone. Finally, the models take into account the
pollution that goes in and out of the country (Belgian Interregional Environment Agency,

n.d.).

The Chimere model is the basis of all the models used by IRCELINE. It has been
developed by the "Laboratoire de Météorologie Dynamique" and the "Centre National
d’Etudes Spatiales" in France. It is based on meteorological data and emission flows,
thanks to those input data, the model calculates the concentration of pollutants in the
atmosphere in high definition, from 1 to 100km resolution (Laboratoire de Météorologie
Dynamique, 2000). It is then adapted by IRCELINE (O. Peeters, Personal interview,
May 31, 2018). They use two assessment models, which are improved Chimere models,
the RIO and the RIO-IFDM.

The RIO model, which has a mapping resolution of 4kmx4km, uses interpolation that
takes into account the local aspect of pollution. It takes into consideration the fact that

rural measurement points are representative of a vast area, while a measure point next

n Flanders and in Brussels, when PM levels get above 50ug/m?, speed is limited to 90km/h in

120km /h zones. Those alerts are mostly based on forecasts.
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to a pollution emitter can only represent a small area. It then takes into account all the
data IRCELINE has about land use in Belgium. In addition to the land use, the RIO
model takes into account the Aerosol Optical Depth, which measures the reduction of
sunlight caused by Particulate Matter (Belgian Interregional Environment Agency, n.d.;

Earth Research System Laboratory, n.d.).

Then, the RIO-IFDM adds to the RIO model some meteorological data, like wind
direction and speed, and puts them in relation with the emission points and lines, which
location and emission levels are known. Those can be factory’s chimneys and busy roads
for example (O. Peeters, Personal interview, May 31, 2018; Belgian Interregional Envi-

ronment Agency, n.d.).

Figure 1.16: RIO-IFDM model around Leuven. Source: http://www.irceline.be/en/

documentation /models /rio-ifdm.

IRCELINE is currently working on another model called the RIO-IFDM-OSPM, which
will also take the street canyons into account. Those are street that form a hall because of
the buildings along the street, so the pollution is trapped. The pollution concentrations
in those places can thus increase. This needs to be modelled to make representations that

will get closer to reality (O. Peeters, Personal interview, May 31, 2018).


http://www.irceline.be/en/documentation/models/rio-ifdm
http://www.irceline.be/en/documentation/models/rio-ifdm
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The RIO-IFDM has been assessed to be reliable, and it is continuously improved,
based on scientific research (Peeters, O. (31 May 2018), Personal interview). Although,
it is clearly stated at the bottom of the maps built on those models that the data cannot

be used for any research purpose.
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Chapter 2

Public authorities and air quality in

Belgium

In February 2018, a meeting took place with Brussels-Environment’s representatives
at Pascal Smets’ office in Brussels. Then, a discussion about potential usage of the sensors
for the public authorities was held. I realized that two things were missing for Brussels

Environment to use the low-cost sensors:

1. There was a lack of a scientific evidence of the measurements’ accuracy (see discus-

sion on this matter in section 1.2.2, page 16).

2. We did not know enough the legislation they had to comply with, nor the institutions
responsible of measuring air quality and taking decisions concerning air quality

policies.

Within the federal state of Belgium, it can be difficult for the citizens to understand
which institutions are responsible of air quality as it is affected by many sectors and
industries. In addition, it is an international matter as the air and its pollution circulate
between the countries. For this reason, the EU has made a directive called Air Quality
Directive 2008/50/EC. The latter is discussed in section 1.1.1, page 5.

This chapter aims at answering the following two sub-research question: Who is re-

sponsible for air quality in Belgium and how do they operate ?
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According to Vanhaeren et al., 2013, Belgium is lagging behind at three levels com-
pared to its neighbouring countries concerning the mobilization of actors around health

and environment.

1. Firstly, Belgium has not set up an institution network assessing the impact of air
pollution on health. In addition to this, there are too few epidemiologists taking
part in the social and political discussions. In general, health is not a dimension

that is much discussed when addressing air pollution issues in Belgium.

2. Secondly, citizens associations are poorly represented in all air pollution related

discussions.

3. And thirdly, the division of policy competences in Belgium makes it difficult to have
a transversal approach regarding air quality, which has health, mobility and indus-
trial dimensions. For example, mobility policies are mostly based on infrastructure

development and neglecting health issue.

Vanhaeren et al., 2013, insist on the necessity of a transversal health-environment
approach connecting every actor, for an efficient management of air pollution in Belgium.
They also explain that Belgium has a multilevel organisation concerning air pollution. It
means that there are different levels of authority working on this matter. This, in addition

to the three holdups mentioned above, poses three challenges, say Vanhaeren et al., 2013.

1. The first one is that the competences related to air pollution are spread between
different institution. Mobility itself is a policy competence shared by European,
federal, regional and municipal institutions (Union Wallonne des Entreprises, cellule
mobilité, 2018), as well as the industry. On the other hand, the environment is
mostly a regional policy competence and health is a federal one (Vanhaeren et al.,
2013). The dispersion of competences between different public authority levels is a

serious obstacle making difficult coherent air quality policy making in Belgium.

2. Secondly, the structure of the institutions themselves does not foster collaboration
between them. This has been shown via a survey among people working in the

institutions dealing with air quality in Belgium (Vanhaeren et al., 2013).

3. Thirdly, they all have different aims, which makes it even more difficult to find
agreements on decisions to take. This includes decisions related to possible new

monitoring stations.
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Understanding the complex political landscape regulating air quality issues is necessary
to engage fruitfully in any action aiming at producing more integrated and transversal

policy measures.

2.1 Regional level

In Belgium, environment, and thus air quality, falls under the responsibility of the
three regions: Brussels-Capital, Wallonia and Flanders. The federal government is mainly

putting up a coherent national plan.

The regions are responsible for two things concerning air quality: the pollution emitted
by fix installations, and the network of air quality monitoring stations (Vanhaeren et al.,
2013). To measure air quality, each region has set up its own station network, each being

under the responsibility of a specific organisation:

e The "Institut scientifique de service public" (ISSeP) in Wallonia, with 23 monitoring
stations. It collaborates with the AWAC (see page 39).

e The "Institut Bruxellois pour la Gestion de I’Environnement" (IBGE) in the region

Brussels-Capital, with 12 monitoring stations.

e The "Vlaamse Milieumaatschappij" (VMM) in Flanders, with 69 monitoring sta-

tions.

Those organizations, in collaboration with other stakeholder, have two roles on their

territory:
e Ensuring the continuous measurement of air quality

e Setting up plans and objectives to reduce air pollution

2.1.1 Brussels

The main institution responsible of air quality in Brussels is the "Institut Bruxellois
de Gestion de I'Environnement" (IBGE). It was created in 1989 via a Royal decree. Its
competences are, among others, to manage air quality and fight climate change (Insti-

tut Bruxellois pour la Gestion de I’Environnement, 2018). This institution comprises
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several action groups working together in order to define a transversal approach encom-
passing different environmental related dimensions. Their main objective is to promote
a "sustainable urban integrated development" (Institut Bruxellois pour la Gestion de

I’Environnement, 2015). To do so, they pursue four types of work/action:

e Administration work:

— Drafting regulations and laws.

— Providing administrative authorizations regarding environmental and energy
matters (e.g environmental permit, necessary to operate some activities and/or

institutions, Union Wallonne des Entreprises, 2018)

— Control and inspect environmental matters

e Providing advice, support and awareness raising, in particulat the three following
tasks:

— Raise awareness and mobilize people and resources to achieve their environ-

mental goals.

— Advise people and organizations so they make sustainable and practicable

choices.

— Support and stimulate projects by providing financial and non-financial helps.

The IBGE also develops projects on its own.

e Operational and field work, which mostly consists in developing and protecting green

areas and watercourses.

e (Collect and analyse scientific data, which concretely consists in data collection anal-

ysis and management, drafting reports, and plan environmental strategies.

Therefore, unlike the ISSeP, the IBGE is responsible for most of the tasks linked
to air quality: deployment of new monitoring stations, analysis of the measurements,
writing reports, raising awareness, etc. Their vision and program are defined every 5

years (Institut Bruxellois pour la Gestion de I’Environnement, 2015).

The IBGE is divided in several departments. In those, there are two units that we are

particularly interested in:
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1. The one that responsible for the network telemetry of air quality monitoring sta-
tions. This unit is based in the department "Environment quality and nature man-
agement" in the sub-division "Environment’s quality". This is the sub-division to
be contacted to learn about the monitoring stations, the data, the laboratory anal-
ysis, and other technical questions. It is also the unit that could test the low-cost

sensor’s accuracy (see section 3.1, page 44).

2. The unit "Information, general coordination, circular economy and sustainable city"
and all its sub-units, which make different calls for projects, each targeting different

people and organizations:
a) Municipalities and "Centres Publics d’Action Sociale"

(
(b) Schools

)
)
(c) Citizen groups
(d) Businesses
)

(e) Non-profit organizations

The goal of those projects is to promote a more sustainable city via, among others,
raising awareness. Consequently, this unit could be the one campaigning for the

deployment of the low-cost sensors in Brussels.

To be transparent and engage in its mission, the IBGE writes different regional plans.

In June 2016, it has adopted a document called "Plan Régional air-climat-énergie", which

contains 64 measures and 144 concrete actions that aim at reducing Brussels’ pollution

emissions by 30% by 2025, compared to the emission levels of 1990. It contains 10 main

axis, including "Buildings", "Transportation", "Renewable energies", "Urban planning"

and "Air quality monitoring". Those measures are based on the "Code Bruxellois de I’Air,
du Climat et de la maitrise de I’Energie" (COBRACE), adopted in 2013.

The "Plan Régional air-climat-énergie" has draws four other regional plans:

e The "Plan régional de développement durable" (PRDD), which focuses on the devel-
opment of housing, mobility and the economy for a sustainable city (Gouvernement
Bruxellois, 2017.
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e The "Plan Iris 2", which sets up objectives to develop a more sustainable mobility

in Brussels (Institut Bruxellois pour la Gestion de I’Environnement, 2016).

e The emergency plan in case of pollution peak, which defines actions to take during

nitrogen dioxide and PM, peaks.

e The "Plan d’amélioration structurelle de la qualité de I'air et de lutte contre le
réchauffement climatique", which aimed at meeting the air quality requirements
defined by the EU and reducing the greenhouse gases emissions. This particular
plan ended in 2010, since then new concrete objectives have been defined in order

to achieve the main goals concerning air quality and greenhouse gases.

Those plans show that the region Brussels-Capital is willing to define objectives to
improve air quality in many ways. For example, the Brussels government has defined
in January 2018 Low Emission Zones (LEZ), where the heavily pollutant vehicle cannot
circulate anymore (Bruxelles mobilité, 2018). The definition of those zones is defined in

the "Plan Régional air-climat-énergie".

The "Plan Régional air-climat-énergie" from 2016 has an annex on air quality, contain-
ing information on pollution sources, the European norms, describing different pollutants,
etc. This document states that 632 deaths per year could be avoided if the annual average
of PMy 5 was under 20ug/m?®. It also says that every monitoring stations’ yearly average
in the region Brussels- Capital exceeds this value. In addition, the European limitation
of maximum 37 averaged days over 50ug/m? for PM;q was exceeded 59 times in 2013 by
one of the stations. The annex also contains a graph (see below) showing the evolution of
the sources of PMy, over time in the Region Brussels-Capital. This graph indicates that
the focus to reduce Particulate Matter emissions should now be put on households and

mobility.

The "Plan Régional air-climat-énergie" from 2016 also states that one of their goals is
to raise awareness about the importance of clean air. In order to achieve this objective,
public authorities want to display pollutant concentration in the streets, via a smartphone
app, organize awareness campaigns, and training/information sessions to teachers and
students about pollution and citizens’ "power to act". The app was released in February
2018 and is usable and intuitive. The city of Brussels has also put some indicators in the

city, notably at the crossroad of Art-Loi which is known to be very polluted as it is a
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Figure 2.1: Evolution from 1990 to 2013 of PMq in ktons per sector in the Region Brussels-

Capital. Source: Institut Bruxellois pour la Gestion de I’Environnement, 2016.

very frequented street canyon. We can thus see that there is a real willingness to raise

awareness among citizens.

In addition, the plan of 2016 has a whole axis about air quality monitoring. It explains
that Brussels-Capital has 58 instruments spread between 12 monitoring stations. It also
explains that there is in Brussels a Laboratory of Environmental Research, which works
with IRCELINE on chemical analysis, modelling, and mathematical /statistical methods

applied to air quality measurements and forecasts.

The plan also insists on actions to monitor indoor air quality, as Brussels inhabitants
spend 80% of their time indoor. The "Cellule Régionale d’Intervention en Pollution

Intérieure" is responsible for measuring indoor air pollution and its impact on health.

In contrast to what Vanhaeren et al. (2013) state, the IBGE seems to emphasize
the importance of health institutions being involved in environmental issues. We can see
it through two measures of the "Plan Régional air-climat-énergie": "develop and assure
medical and scientific vigilance regarding air pollution’s impact on health" and "sensitize
and inform health and social professionals". The plan explains that it is important to
know the risks of air pollution regarding health to provide alerts to citizens when neces-
sary. To include health in the environmental matter, it states that collaborations between
the federal, the regions and the communities have been established. Those collaborations

aim at using developed tools used by institutions such as the World Health Organization
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(WHO) to improve our knowledge of pollution exposition’s impact on health. Unfortu-
nately, the plan does not explain those collaborations in detail. Three actions are stated to
accomplish the two measures above. The first one is to develop research, in collaboration
with universities and companies. The second action is to develop pollutant’s concentra-
tions not to overcome for indoor pollutants. And the third action is to promote formations
that integrate the air pollution problematic. This action does not give concrete examples
if not for indoor air quality. We can note those three actions mostly focus on indoor air

quality and do not give much concrete information about what is planned to be done.

2.1.2 Wallonia

In Wallonia, three organizations are directly working on air quality:

1. The "Institut Scientifique de Service Public" (ISSeP)
2. The "Cellule permanente Environnement-Santé" (CPES)

3. The "Agence Wallonne de 'air et du climat" (AWAC)

The ISSeP deals with the technical and scientific side of air quality monitoring. That
essentially means maintaining official monitoring stations and securing the measurements’
accuracy. They are totally independent in the way they work (G. Gérard, Personal inter-
view, June 13, 2018).

The ISSeP was created by a decree in 1990, which states in detail its competences,
i.e. soil and mineral resources, combustibles and energy processes, pollutants and de-
contamination, risk management concerning the environment linked to industrial zones.
Its mission consists in exploiting the Walloon network of pollution monitoring systems
(immissions and emissions), the laboratory analyzing air, water and waste, conducting
technological research, etc. It works under the authority of the government. The govern-

ment provides a triennial strategy that is reviewed every year.

In addition, a Walloon government decree, issued in 2010, describes with less details
the scope of competences of the public organizations related to air quality in Wallonia.
The four main tasks of the ISSeP are:

e Ensuring the proper functioning of the air quality monitoring stations
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e Checking the accuracy of the measurements, congruent with the EU standards
e Making technical investigations before the deployment of new monitoring stations

e Participating in the European programs related to air quality, supported by the

European commission

The ISSeP works in close collaboration with the "Cellule permanente Environnement-
Santé" (CPES), which was created via a cooperation agreement in 2003 (G. Gérard,
Personal interview, June 13, 2018). Its role is to make the link between Walloon insti-
tutions and citizens on topics related to the environment and health. It notably answers

every question coming from the citizens on this matter.

The Walloon government has written the "Programme d’actions régionales environnement-
santé" (PARES), which is meant to be executed by the CPES. The programme’s goal is
to define objectives for all Walloon institutions working in the field of the environment.
The PARES is comparable to the "Plan Régional air-climat-énergie" in Brussels, it de-
fines objectives that should be achieved via concrete actions. However, the PARES is
less ambitious than the Plan made by the IBGE. It contains 7 measures declined in 20
actions. It essentially focuses on the measures and their related actions. The PARES was
planned for 2008-2013, and there has not been any other text since. However, the CPES
is currently working on it and they want to publish it by the end of 2018 (CPES desk,

personal communication, June 25, 2018).

It is important to underline that the PARES’s and CPES’s main objective is to raise
awareness about pollution and its effect on health (Gouvernement Wallon, 2008). It is
one of the major aim of Influencair, therefore, collaboration with the CPES could be

interesting.

The third institution is the "Agence Wallonne de I'air et du climat" (AWAC). It takes
care of the administrative and legal tasks, and its competences, defined in the decree of
2010, are:

e Evaluating ambient air quality
e Defining where to measure air quality, action programs and data exploitation

e Assessing and forecasting the atmospheric emissions
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e Making an evaluation report of the monitoring stations’ measurements, based on

the technical assessment made by I[SSeP
e Making an annual report about air quality measurements

e Executing plans to reduce ambient air pollution. If necessary, this can be done in
collaboration with the regional institutions mentioned in this chapter, other states
and the European commission, if the levels of pollution overcome the European

limitations or other target value

e Coordinating the plans in the Walloon territory aiming at reducing ambient air

pollution

The ISSeP provides the data of the monitoring stations to the AWAC which then makes
reduction plans, decides of new monitoring stations to install, etc. If there is not enough
monitoring stations in urban areas to get a representative picture of the pollution, the
decree states that the AWAC has to make measurement campaigns using mobile stations
(G. Gérard, Personal interview, June 13, 2018). The ISSeP developed a model that is
different from the one used by IRCELINE, defined in section 1.3.3.

2.1.3 Flanders

The institution responsible of air quality monitoring in Flanders is the Vlaamse Mi-
lieumaatschappij (VMM). The VMM "is an agency of the Flemish government working
towards a better environment in Flanders". It works on three domains: water, air and
the environment. Like ISSeP and the IBGE, its scope of action is limited to its territory
(E. Elst, Personal interview, June 25, 2018).

Concerning air quality, the VMM is responsible for:

e Measuring air pollution via the official monitoring stations on the Flemish territory
e Forecasting peaks of PM and Ozone

e Writing reports about the state of the environment in Flanders. Those reports are

then used by the Flemish government to make environmental policies
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e Advising the minister for Environment, Nature, Spatial Planning and Agriculture

The air quality policies are made by the Flemish government. The person of reference
among the latter is the Flemish Minister for Environment, Nature, Spatial Planning and
Agriculture. The minister works with the administration of the Environment, Nature and
Energy which helps her making the right policies. The VMM is part of this administra-
tion, consequently, it collaborates directly with her and the government. The VMM also
contributes to the implementation of air framework directives in the Flemish legislation

(Flanders Environment Agency, 2018).

To improve the environment, the VMM also works in close collaboration with:

Flemish provinces,

Cities and municipalities,

The Flemish Welfare and Health Agency,

The Flemish ministry of Transport and Public, Works,

and more.

It also works with foreign institutions and organizations. It helps defining European
directives by bringing its expertise. In addition, it collaborates with neighbouring coun-

tries to address cross-national issues such as water and air pollution.
The VMM writes three types of reports:

1. A yearly report about the state of the environment in Flanders
2. The reporting towards the European commission, in collaboration with IRCELINE

3. Shorter reports about different environmental topics (energy, biodiversity, water,
etc.)

The VMM is also interested in the low-cost sensors. Evelyn is responsible of a project
called LIFE VAQUUMS, whose goal is to assess the use of low-cost sensors to measure
air quality at local or regional levels. The project which has just started reflects a will to

develop its usage on a bigger scale.
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2.1.4 IRCELINE

The cooperation between the Belgian regions is limited to a Cooperation Agreement,
made in 1994, which led to a unique network of air quality monitoring. It was concretely
established via the creation of an inter regional institute, called IRCELINE. The scope
of IRCELINE’s competence is clearly stated in the Cooperation Agreement. The latter
explains that IRCELINE’s main goal is to develop a scientific approach to air quality
measurement and data interpretation, on the whole territory of Belgium.

IRCELINE is responsible of:

e Providing continuous forecast, including Smog alerts.

Informing the public on air quality in real-time and via assessments.

Delivering national reports to the European authorities.

Establishing a common scientific basis between monitoring networks.

The Inter regional calibration laboratory.

The Inter regional data processing centre, responsible for the real-time aggregation

of the data about air quality.

The models they work on have been detailed in section 1.3.3, page 27. IRCELINE
is well known among the different organizations working on air quality in Belgium (Van-
haeren et al., 2013).
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Chapter 3

What usage of the low-cost sensors in

Belgium

This chapter will aim at answering the sub-research question: How can public author-

ities benefit from citizen-driven air quality measurements?

3.1 Accuracy test

As is has been explained in section 1.2.2 (page 16), there are three clues that the

sensors could provide correct measurements:

e The correlation observed between the monitoring stations and the citizen sensors

on a national level, see figure 1.8, page 18.

e The correlation between a citizen sensor and a monitoring station on a local level,

see figure 1.9, page 18.

e The test that has been made by the National Dutch Institute for Public Health and
the Environment, between citizen sensors and monitoring stations around Amster-

dam, see figure 1.10, page 19.

However, we also know that the sensors provide inaccurate data in very dry and humid

conditions. Therefore, as it has been said in section 1.2.2 and at the beginning of chapter
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2, it is necessary to make an in-depth analysis of the sensor’s accuracy before using it for

another purpose than raising awareness.

In this section, a method to assess the accuracy of the SDS011’s measurements will
be suggested, based on Castell et al., 2017, Spinelle et al., 2015, and the European Com-
mission, 2010. The methodology defined by the European Commission is the official one,
needed to test the equivalence of air quality monitoring stations. This section contains
more details than in Castell et al., 2017 and Spinelle et al., 2015, but less than in European

Commission, 2010.

3.1.1 Data Collection

Castell et al., 2017, tested the AQMesh sensor, which is produced in the UK. It
also uses the optical scattering technology (defined in section 1.3.1, page 26) to measure
PM;y and PMy 5. To assess the accuracy of this low-cost sensor, they have co-located
24 AQMesh, spread next to 4 monitoring stations over a period of 6 months in different
places in Oslo, Norway. As the SDS011 uses the same technology, it seems reasonable to

test it with the same method.

To apply this test to the SDS011 in Belgium, I recommend putting the sensors in
different monitoring stations in Flanders. As explained in section 1.3.1, Flanders only
uses the Fidas S200 machines, which have been tested with gravimetric stations, using
the EU reference technology. Testing the SDS011 with only Fidas stations would avoid
accuracy variance between the reference stations. In addition, as it has been discussed in
section 1.3.1, page 26, the Fidas machines are more reliable than the other optical stations

used in Belgium.

However, in contrast to Castell et al., 2017, it is necessary to co-locate the low-cost
sensors with monitoring stations not only in urban areas. As people are exposed to air
pollution in the countryside, near the coast, and in cities, it would be interesting to test
the sensors’ difference of accuracy between those areas. Here is a list of locations, equipped
with Fidas S200, that would include the different areas:

e Moerkerke, to assess the accuracy of the SDS011 in an area exposed to coastal

meteorological conditions.



46.

e Antwerp ring, to test the sensor in an open area with high exposure to traffic.
e Aarschot, for rural inner land testing.
e Center Antwerp (Belgiélei), for narrow street urban testing.

The inconvenient of the SDS011 compared to the AQMesh is that it needs to be in the
range of a 2.4GHz WiFi router, it should also be near an electricity socket. As explained
in section 1.2.1, a LoRaWAN SDS011 sensor, which does not need to be connected to a
WiFi, is being developed, but it is not ready yet. Thus, if the WiFi is not available in the

four stations above, other places to conduct the co-location tests should be found.

It would be interesting to measure the traffic as well as the meteorological conditions,
that way it will be possible to know where deviations between the low-cost sensors and
the monitoring stations could come from. The measurements from the latter can be
easily pulled from the open API (Application Programming Interface) of IRCELINE. A
reference humidity sensor is also necessary to check that the DHT022 (described in section
1.2.1) also provide good measurements. Fortunately, the Fidas stations also measures
temperature, pressure and relative humidity. The DHT022 also displays relative humidity,
which is "the amount of water that is present in the air compared to the greatest amount
it would be possible for the air to hold at that temperature" (Cambridge Dictionary,
2018). Tt is convenient that they both use relative humidity, that way the data collected

will not need much manipulation to compare them.

3.1.2 Data Analysis

When the data is collected, the first thing to calculate is the Between-sampler/instrument

uncertainty u?, (formula 3.1) for each location.

Z?: (yi,l - yi,2)2
uis = L o (3.1)

where
¥i1 is the 24-hour average of the 6 sensors’ measurement on day i;
Yi2 is the 24-hour average of the monitoring station’s measurement on day i;

n is the number of days of results.
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If the Between-sampler/instrument uncertainty is < 2.5ug/m?, both instruments are

considered equivalent.

Then, to go deeper in the analysis and know if the sensors meet the Data Quality
Objectives, a regression between the monitoring station and the sensors is to be calibrated.
A regression is a statistical process that estimates the relation between two variables, in
this case, the low-cost sensors’ and the monitoring stations’” measurements. It will be

followed by the calculus of the Relative Expanded Uncertainty, detailed below.

Spinelle et al., 2015, and Castell et al., 2017, explain that we can either make a
simple linear regression, a multivariate linear regression, or an artificial neural network.
Focus will be set on the simple linear regression as Burke, 2001, explains that it is the
most commonly used one to compare measurement instruments. Plus, it is the type of
regression recommended by the European Commission, 2010. It is also the method that
has been followed by the National Dutch Institute for Public Health and the Environment
for testing the SDS011' (see section 1.2.2). A simple linear regression, as defined by the
Department of Statistics Online Programs, 2018, is a "statistical method that allows us to
summarize and st