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Introduction

The scientific and environmental institutions give a considerable attenttbe kadoor
Air Quality (IAQ), aiming to enhance the comfort, health, and wellbeing of building occupants
(Cincinelli and Martellini, 2017)Inadequate indocair quality has the potential to be just as
damagingas outdoor air pollutigror even more so, even in the largest and most industrialized
cities(US EPA, 20143)since humans spend nearly%®®f their time in closed places, such as
homes, gyms, schools, workplacdsansportation vehicles, etc. (Klepeis et al., 2001).
Therefore, indoor air quality has become one of the top five environmental risks to public health
(US EPA, 2015) and one of the main causes of morbidity and mortadigpecially for
vulnerable groups such as children, elderly, or patients suffering from chronic respiratory
and/or cardiovasculaisease¢Cincinelli and Martellini, 2017)There is also &ociceconomic
costsinduced by poor IAQ, ahe exposure to six indoor pollutants (Radon, CO, ETS, benzene,
trichloroethylene, and Pj) is estimated to approximatively 20 billion euros per year in
Francewith exposure tgarticlesrepresenng 75 % of this cos{Boulanger et al., 2017)

The problems in buildings can be associated to indoor contaminants, which originate from
an inadequate ventilatioemissions fronbuilding materialsfurnishings, cleaning products,
central heating and coolingy st e ms , humi di ficati oanddamvi ces,
outdoor sources. Yet buildings, conceived to be less and less energy consuming, become more
hermetic, so reducing the removal of pollutants by transfer towardsittieors

In orderto improve our knowledge about indoor air and the risks related to the exposure
of people to pollutants present in the air of buildings, the Observatory of Indoor Air Quality
(OQAI) was created in July 2001 in Frandehis organizationconducteda measurement
campign at the national level between 2003 and Z8@%&hner et al., 2008a) his campaign,
carried out in 567 housing units, is representative of the 24 million housing units in metropolitan
France. This study highlighted tiparticularity of the air inside dwellingsvith in particular
high VOC concentrations. Their levels were 2 to 10 times higher than those found outdoors.
Regulations, unlike for outdoor air, are just emerging on the subject.

Still, the concentrations, argburces, of pollutants in many indoor environmeats,
scarcéy known. This is due partly to the inadequacy of conventional analytical equipment
usually cumbersome, noisy and expensive, that cannot therefore be conveniently massively
deployed, in partiular in the presence of occupants. Other reasons pertain to the multiplicity
and variety of indoor private environments and activities, and to legal and privacy dseles.
metrological performance of the instrumeatso need to be taken into accqusitce all or
almost all chemical species of interest should be measured with good sensitivity, without
interference from other species or environmental parameters and without any drift over time.
Furthermore, these instruments must respond in approximatelyninuteso asto describe
rapidly changing situations. Finally, due to the complexity of indoor environments, the longtime
autonomy, unsupervised operation and the real time analysis must also be taken into account
(Hanoune et al., 2019)

In recent years, considerable progress has beenanadeasurement techniquesvgral
companies haveleveloped and commercializeglternative techniques, such as {owst
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particle andgas sensorsThese techniques aegtremely interestingandidates thatan meet

these requirements, and can be instrumental in characterizing the variability of pollutants
concentration in such environments, wighhigh spatial and temporal resolutioSwch
instruments canhange the ways IAQ is managg&umar et al., 2016)These sensors are used
extensively in outdoor and indoor air quality studeeswell as for exposure studies. There are

a growing number of studies published in peer reviewed scientific journals, aiming to evaluate
the metrological performances of these sen@€asagulian et al., 2019)

In the present work, & propose the application of these miniature sensors for the
monitoring of pollutants in indooenvironmentsThis work is part ofthe multidisciplinary
Apolline project (Air Pollution and Individual Exposure), designed and developed by several
laboratories of the University of Lille (IRCICA, PC2A, CRISTAL, IEMN and LOA)
APOLLINE is an experimental platform feAQ research and edutban. This network aims to
develop miniature, reliable and inexpensive instruments to meet this monitoring requirement
for gas and particle and environmental factdlss networkis based on mobile and fixed sensor
systemsThe fixed sensor nodeQARPEDEM (from the name of the subproject funded by
| RCI CA iQua2ldl ™ RdRea | li sAitri on doéun Prototype po
de | 6 Ai r en oMwilbe eseir thiCRhD Workinc@nsists othemical (CQ, CO,

NO2, NO, &, TVOC, particles (0.3L0 pum) and physical (T, R, RH, light, sound, motion)
sensors Theraw dataare transmittedvith a 30s time resolution to the APISENSEowd
sensingplatform through Ethernet or different wireless technologies, which allow an offsite
real time visualization and analysis of the data. The systéaflysoperational since July 2018
and can now be used for studies in real environments, which is the subject of my work

The purpose of my thesis is to study indoor air quality in inéoeironments thanks to
QARPEDIEM multisensor system. The evaluation of the performance and limitations
associated with the use of QARPEDIEM, are investigated. The particularity of this method is
that it is based, as much as possible, on measurementsitagahscale and in conditions close
to those encountered in buildings. These measurements are based, in particular, on experiments
carried out in an 8 fnexperimental room within the PC2A Laboratory, with real sources of
pollution. This work also aimsotimplement measurement campaigns in different indoor
environments, whether residential or r@sidential, in order to identify the determinants of
indoor air pollution from the measurements of different sensors. Finally, an arstans
indoor air qualy index is developed and validated thanks to the sensor measurements.

The first chapterdentifies indoor air quality issuegutlines the primary pollutants, their
sources of emissions and their health impacts in this enclosed places. The varioudsstamdar
guidelines stipulated for the management of indoor air quality as well as the sophisticated
analytical methods used to measure pollutants are also detailed in this chapter. Moreover, the
shortcomings of these monitoring systeamd the importance of using levost sensors for
indoor air monitoring will be discussed. The second chapter focuses on gas sensors, their
metrological characteristics and their operating principles. Finally, a bibliographical study
presents the evaluatioof the metrological performance of these sensors, as well as examples
on their performance evaluation in indoor environments. The third chapter details the
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QARPEDIEM sensor network. The selected components, the associated electronics as well as
the pringple of data acquisition, processing, recovery and visualization are presented. The
signal analysis techniques used and developed in this thesis work are also described in detail in
this chapter. The fourth chapter is devoted to the study of the perfarsand limitations of

our sensors in sergontrolled conditions. The results of these different studies, under different
conditions used to determine the performance of the sensors, are preSdvaptér 5
investigates the indoor air quality in residehéind nonresidential buildingsising thesensor
nodes,and reportghe key determinaatof indoor air qualitythat we have identifiedrinally,

the last chapter illustrates the development and the validation of an instantaneous indoor air
quality indexbased on th€QARPEDIEM monitoring system.
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Chapter 1: Literature Review on Indoor air quality

As we spendmostof ourlivesin closed places, such as homes, schools and gffickesr
air quality is a major health issudlany pollutantspresent in buildingsare directly emitted
by indoor sources aroming from outdoor. The diversity of indoor environments, coupled with
thelack of regulatios and standardizetechnique ofmeasurement, increasthe difficultyto
assess and control indoor air quality.

The first chapter is dedicated to thesues of indoor air quality assesment inclosed
environments. Wvill first set out the general context related to the indoor air problemakie.
various pollutants, their emission sources, the main measurement campaigns that have
characterizedndoor air pollution in differenttypes obuildingsand the health effestcaused
by exposure to these pollutantwill be described. This chapter will then present the
conventional monitoring systems for indoor air quality. Finally, the last section will otitkne
shortcomings in usingonventional systems for indoor air dita monitoring and outline the
importance of sensors in assessing indoor air pollutanssiahenvironments.

I. Importance of Indoor Air Quality Assessment

The Environmental Protection Agency, USERA ef er s t he i ndoor ai.l
the air quality within and around buildings and structures, especially as it relates to the health
and comfort of (USUEPA, @014)lgdoar airqualityeinthesefore a concept
of what we breathe iclosedenvironments. It concerns the contaminants having potentially
harmful effectsomheo c cupant 6 s heal th, and takes into c
(temperature and relative humidjtyit depends on outdoor pollution, indoor sources, outdoor
and indoor climatic conditions, ventilation and the presence of occupants. Indoonioaititzn
has many origins: the occupants themselves and their actsitddsas combustion, building
materials etc.

IAQ is a subset of what is defined as Indoor Environmental Quality (IEQ) that relates to
all aspects of quality of life in buildings, duas air quality, lighting, visual quality, acoustics
and thermal comfoifFrontczak et al., 2012)

I.1. State of Indoor air quality

While the main environmental issues concern outdoor air pollution as well as energy
consumption, indoor apollution has been the subject of growing interest in recent decades
(Jones, 1999)ndeed, this recent awareness is duthincrease in health effedisked to
exposure to various indoor air pollutants. According to the World Health Organization (WHO),
air pollution was responsible for approximat&l million deaths in 2012, 4.3 million of which
areattributable to indoor air pollutiofWWHO, 2014) In France, the economic cost linked to an
exposureto six indoor pollutants is evaluated to Bllion euros per yea(Boulanger et al.,
2017)
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& /.m
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Figure | - 1. Emergence ofnterest in indoor air polutants over time, according t(Salthammer
and Bahadir, 2009)

In the middle of the 19century, the work of the German hygienist Max von Pettenkofer
linked CQ levels to indoor air qualitythereforedefining a CQthreshold limitequal to 1000
ppm to ensure satisfactory air quatnditions(Figure I- 1). However until the middle of the
20" century, scientific work focused more ontdoorair pollution. In 1973, with the first oil
crisis and the need for energy savinti®e indoorenvironment has been affecteghich
generated a high demand in order to change buildings design by improving building insulation
and reducing ventilation to limit heat loss. Such situation led to a degradation of indoor air
quality. At the same time, bding technologies and materials have been developed, which
allowed rapid construction, bringing obvious technical and economic advantages, but also
contributing to the emission of many new pollutants into indoorTdierefore, these new
structures lead taore confined indoor environments in which the removal of pollutants by
transfer towards the outside is redu¢@thllace et al., 1987As a result, the concentration of
the majority of indoor pollutants is often much higher than outd@irang et al., 1994)

Initially, because of the problems associated with outdoor pollution and its impact on
indoor environmentsharmful substances from outdoor sources, particukatiyhur dioxide,
ozone, particles and tnbgen oxidesreceived special attentiomdoors (Andersen, 1972,
Weyant et al.,, 2019; Yocom et al., 1978ubsequentlyinteresthas extended to specific
pollutantsthat were in particular relatiowith indoor environmentsuchas radon, asbestos,
tobacco smoke and volatile orgarsompounds(National Research Council, 198I)he
development of technology and the improvements in the performance of analytical instruments
led to the increase of the number and the type of pollutants measuoedsinespecially for
organic compounds measured by capillary gas chromatograppkedio mass spectrometers.

Since the 80's and until todafprmaldehyde has received most of the attention of the
public and the scientific community: while outdoor corications generally do not exceed a
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few ug.m?3, indoor concentrations of this compound, classified as a definite carcinogen, can
reach values 100 times high@&ally et al., 1981; Salthammer et al., 2010)

The state ofpollution in indoor environments is very complex since air quality change
with the diversity of types of buildings such as homes, workplace, s¢choolg upant 6 s act |
and outdoor environmentsrom surveys documenting the spdioee budget of individals, it
is estimatedhat the citydwellers spend0 % of their time insidaomeg(Figure |- 2).

TOTAL TIME SPENT
IN A RESIDENCE (68.7%) — INDOORS (86.9%)

/L’ OUTDOORS (7.6%)

IN A VEHICLE (5.5%)

OTHER INDOOR LOCATION (11%)

QFRICE-EACTORY (34%) BAR-RESTAURANT (1.8%)

Figure | - 2: Spacetime budget of a city dweller, according to the National Human Activity Pattern
Survey(Klepeis et al., 2001)

Air quality in indoor environments, where we sgdamost of our time in the presence of
many harmful species, is critical to human health and the comfort of occupants. Knowledge of
the state of air pollution in these enclosed spaces is therefore essential in assessing human
exposure to air contaminanta order to improve knowledge of indoor air quality and to assess
the risks associated with exposure to pollutantsQtbes e r vat ory of (OQAdoor Ai
led by the Centre Scientifique et Technique du Batiment (CSTB), was created in July 2001 in
France. Since its creation, the OQAI has notably collected a large amount of information during
national measurement campaigns carried out in homes, livingfeegasnted by children or
offices, making it possible to provide information@remicalsaffecting indoor air quality and
to establish a classification of priority pollutants.

[.2. Characteristics of indoor environments

I ndoor environmemy sdiafrfee rcenmtr axcpgecii fziecdddpar 3 me

- Occupancyt denmsumlyer of peoipd evagreinacltenedi ag
t he dicflfoslkagttecsuses, school s, of,andesi s pl q
more | mpornthamt oiunsiidle. A hi gdi fdieenssitthye oifn
pol I uti otnh eaecnmbnft cdhret suclhe vaeed st e mper amhuerree and
airflow may be mini makenthéenanteonheri mpor ta
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- Durabifooncc &pammngs i me spent and activities
cal |l edli Seatcievi ti es Budget agree thoabfcity

their ti me i nqKlepess etal. 0200 ;iLeeehctt als pOa6¢ Masadin et al.,
2009) A study conducted in the United

St at

spends o088 his day inside bui lldimga edmed ¢

onl % 6 u t(J®nes #999; Robinson and Nelson, 1995)I n Fr anc e,
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t he
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These surfaces represent as many possibi
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-Thgr oportion of surfaces coverpd by const
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i mportantly, certain contaminants (mainl
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23 Og/ mj for European hous ethav (Saltkamraeg, ai n st

d
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2019) I n France, formaldehy g mati dralagmé ais
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- The vemBohatructed buildings have become

resul t, the volume of air supplied f
acumul ation of indoor pollutants

1.3. Indoor air pollutants

It has been recognized that a large nundbexir pollutants exist indoorséndoor airis a
mixture of physical, chemical and biological pollutaitsnes, 1999; Squinazi, 200Zgble |
- 1 shows the sours®f various indoor air pollutants, and their health impacts.
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Table |- 1: Indoor air pollutants, sources and health impadfiseung, 2015)

Pollutant Sources Health impact
PM Cooking stoves; fireplaces; smoking; Respiratory and cardiovascular illness
outdoor air
SO Cooking stoves; fireplaces; outdoor a  Impairment of respiratory function
NO; Cooking stoves; fireplaces; outdoor a Irritate the lungs and lower resistance
respiratory infection
CcoO Cooking stoves; fireplaces; water Highly toxic and fatal at a conc. 700
heater; outdoor air ppm
Ozone Air cleaning device with high voltage; Asthma and allergic triggers
outdoor air
VOCs (suclas Building materials including carpet, Some are carcinogenic; can also trigg
formaldehyde, terpenes  plywood (emit formaldehyde); Paint the formation of photochemical

and solvents; Clothing (after dry oxidants, such as peroxy acyl nitrate
cleaning) (emits tetrachloroethylene, ¢ (PAN) and aldehydes, which cause e
other dry cleaning fluids); air irritation
freshenersincense, other scented iterr
plants émit terpenes)

Radon Exuded from earth and rocks such a  Radioactive; leading cause of lung
granite and gneiss in certain location cancer in norsmokers
with low ventilated air and trapped
inside houses

Biological air pollutants Pets (dander), human (dust from minu Increase risk for people with breathin
(gaws and airborne  skin flakes and decomposed hair), du problems, such as asthma sufferers, ¢
particulates) mites(enzymes and prsized fecal with compromised or underdevelopet
droppings), inhabitants (methane), we immune systems
and airduct (mold)

[.3.1. Chemical pollutants

A.Carbon dioxide (CO2)

Carbon dioxide primarily produced by human respiration and combustion processes, does
not present a risk of toxicity to humans at ambient concentrations.isC® colorless and
odorless inorganic compound. It is present naturally in the atmosphere and plants consume it
during photosynthesis. Carbon dioxide is also the main combustion product of fossil fuels
(Ludwig et al., 2003such as coal, natural gas and oil, as w@sllorganic materials.igher
respiratory symptoms have been observed in young children exposed to hig{Bevete et
al., 2015) and it has been shown that £@ays a role in ocquant comfort and attention
capacity(Saish et al., 2012)CQ; is considered a good indicator of building confinement
(Chatzidiakou etal.,2015) t i s wused as arestimaiigwentdation rates ac e r
(Batterman, 2017)According to ANSESCO, concentration within buildings in Franearies
between 350 and 2500 pgANSES, 2013)and varies according to the occupancy and the rate
of renewal of ai(Seppéanen et al., 1999)
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B.Carbon monoxide (CO)

An odorless, invisible, dorless, toxic, and lethal gasarbon monoxide is the result of
incomplete oxidation during combustion of orgamatter (wood, coal, gas, gasoline, fuel oll
or ethanolOQAI, 2013) COis responsible for the highest number of acute intoxications in
France, and is considered the main domestic cause of accidental death by pdisemngear
in France, nearly 5,000 people are victims of carbon monoxide poisoning and @ qatople
die from it according to the report of the National Institute for Prevention and Health Education
(INPES) Carbon monoxide primarily causes acute effects by combininghertitoglobin
instead obxygento form carboxyhemoglobipreventing thdloodfrom carryingoxygeninto
the body(INPES) Its consequences on health depend on the duration of egpasd the
concentration of inhaled CO: it leads increasingly to headaches, nausea, breathing difficulties
and in extreme cases a loss of consciousness causing death by asphyxiation. Indoor air sources
include damaged, poorly connected or poorly maintatoesbustion equipment, auto, truck or
bus exhaust (from garages attached to the home, nearby roads or parkin@ar&bA,
2014c)

C.Nitrogen oxides (NOXx)

There are seven oxides of nitrogen thety be found in the ambient aHowever, the
most prevalet oxides of nitrogen are nitrogen monoxid¢O) and nitrogen dioxidéNO,)
(WHO, 2010a)Nitrogen monoxide is a relatively inert gas produced by the oxidation of nitrous
oxide in the air at high temperature during the combustion prgédiserts, 1994) NO is
oxidized to NQ rapidly in air, which is facilitated by oxidants such as ozone.

Nitrogen dioxide isa watefsoluble, reddistbrown gas with a characteristrongodor
perceptible from a?3(WHQ 2020a)N®;s the result ofbfoxida®B8 ¢ g/ m
of NO with oxygen or ozone present in the air. The most important indoor sources leading to
the formation of nitrogen oxides include combustion processasicibacco smoke and gas
wood and oitburning appliances (open fireplaces, woodstoves, gas boilats; heaters and
gas stove).

Nitrogen oxidesare irritating and toxic gases that affect the respiratory (Betanger et
al., 2006) For asthmatic patients, they increase the frequency and severity of seizures, and
promote chil dr @®VAO,2010a)Congnuous dxposute todigh levels of NO
leads tahe development of acute or chronic broncHitl$ EPA, 2014c)

D.Ozone(0s)

Ozone is a colorless, irritating gas with a characteristic acrid atdogh concentration
levels. It is calleda secondary pollutant because it results from the transformation, under the
effects of solar radiation, of pollutants (NGO, VOC) mainly produced in urban areas by
vehicles. The concentration of ozone in indooviernment depends mainly on the outdoor
ozoneconcentration and the air change rate of room. Ozone is consumed by chemical reaction
with VOCs(Weschler, 2000 However, indoor sources of ozone have been identified in several
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studies from office equipment such as computers, laser printers, old photo¢Ajiéeret al.,
1978, Destaillats et al., 2008; Lee et al., 208@idair purifiers (Hubbard et al., 2005)

In the absence of indoor source and in normal aeration conditionsindioer
concentration of ozoneepreserd about 20% of its outdoor concentratigrihis fact carbe
explaired bythe high reactivity of this pollutant with the surfaces inside the hd@@4\l).

Ozone is énharmful compound fothe respiratory tract, even at very low concentrations,
since it causes brondiihypersensitivity leading taninflammaiton of the respiratory tissues
(Weschler2006)

E.Volatile Organic Compounds (VOCs)

The Volatile organic compounds are organic chemical compounds, vewaporate under
ambient indooitemperature and pressufithe World Health Organization (WHQ@lefines a
VOC as a compound with a bai§ pointless or equal t860 C.

VOCs represent the largest group of chemical pollutdisy have the common feature
of being carbon compounds that are volatile at ambient tempe(&ticaella, 2008) VOCs
could be the most important group, since they widely used in the manufacture of many
products, materials and decoration: paint, varnish, glues, cleaners, wood chipboard, carpet, new
fabrics,e t caRd therefore can be released continuously and slowly over a long period of time,
thereby contributing the most as a higher health threat from the exposure {&tmachev et
al., 2M7). They are also emitted by smoking, and by maintenance activities; indeed, some
studies report more than 300 different VOCs identified in indoor emvients (Edwards et al.,
2001).

VOCs can be classified into different families according to their chemical formulae, each
of which possesses common properties, although there may be major differences in terms of
toxicity. Therefore, health effects of VOCs need to be considered botidmaliy and globally
because of their common toxic properties and their role in the formation of-q@kidttive
environmental pollutants, both externally and intern@igolella, 2008)

Formaldehydas one of he most important VOC presented in indoor environments.
their review, (Salthammer et al., 2018how that theange of formaldehyde concentrations in
indoor environments vary from01to 1000 ppb from normal to extreme indoor conditions,
which is 100 times higér than its concentration in outdoor émnments.

[.3.2. Physical pollutants

A.Particulate matter

Particulate matter is a complex mixture of solid and/or liquid particles suspendigd in
These particles come from anthropic activities (automobile, combustion) or have a natural
origin (volcanism | and er osi pAlargep®porticn ef partles|frgnéoutside
air (natural dust, pollen, fumes) enter the buildings throughehglation systengJones et al.,
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2000) Within buildings, human activities, such as smoking, cooking, heating appliances,
cleaning and DIY are also soescof particulate emissiolide et al., 2004)

Worldwide health organizatioms especially concerned about particles tlaa¢ 10
micrometers in diameter or smaller because these patrticles are inhalable. The size of inhaled
partides has a direct impact on the health of occupaarticleswhich enteithe upper airways
have an aerodynamic diamelee s s t h a no) vihile sradler pértkelds with a diameter
oflessthan® & m 5] pendtrate deep into the respiratory tract where they accumulate and
may cause impaired respiratory functi@berdérster, 2001)r'he mass concentration of fine
particleshas been linked to the frequemtcurrence of asthma, patlarly for children and
elderly peopléFan et al., 2016 and the cardiovascutdiseaseaelated mabidity and mortality
(Brook et al., 2010)The increasg rate of lung cancer cases has also been associated with the
increased exposure of fine particl@se et al., 2009)In shortterm, when the concentration
increasesb 'y 1 03 tieegidkmfac hi | dr en & s h oos gmergeady depadtments s i o n
for asthma visit increasdy 4.8% (Lim et al., 2016)

B.Radon

Radon is a radioactive gas of natural origin found more specifically in geologic regions
that have prevalent granite or shale deposits. The decay of uranium and radium in the earth's
crust produce radon. ¢annotbe seen, smelled, or tastdad.the habitg radon comes mainly
from underground emissiongnterinto buidings through leakage faultsrécking of the
surface in contact with the adjacent ground, clay floors, porous materials), but the
concentrations decrease rapidly with Heeght above groun(Baysson et al., 2004; Nazaroff
and Nero, 1988)

Radon is reognized as a carcinogen by th&ernational Agency for Research Gancer
(IARC, 1988) Several studiesuch agAjrouche et al., 2017)(Axelsson et al., 2015¢tc.have
assessethe health risk of radon by estimating the fraction of lung cancer from exposure of
indoor radonlin France, the first quantitative risk assessment wasidd@@06, theyestimated
that theproportion of lung cancer due to radearied betweer2 and12 % (Catelinois et al.,
2006) This results was confirmed Iggjrouche et al., 2018)

C.Fibers

The fibers are defined as elongated particles whose length is at least threlargees
than the diamete(INRS, 2018) There are different types of fibers (naturainthetic or
artificial fibers) and they can be classified according to their chemical nature: organic fibers
(cotton, cellulose acetatetc...) or inorganic fibers (asbestos, insulation wett...).

The fiber mostly used in indoor environments is asbestos. It is classified as a certain
carcinogen by the International Agency for Research on Cancer (IARC), and since January
1997, any product containing asbestos is banned in Fogrtbe European Directive 99/77/EC,
which prohibits any extraction, manufacture, or processing of asbeg&isnillions of square
meters ® materials containing them arstill in place in some buildings, devices and

27



Chapter 1: Literature Review on Indoor air quality

installationsthatis why the regulation imposes very strict prevention and protection measures
because of the significant risks related to the exposure to asbestos. It is not hazardous when the
fibers are intact, but upadisturbancethe fibers may be released into the #iinhaled, the

fibers become trapped in the lungs, where accumulation may lead to lung cancer and
mesothelioma, which is the most common form of cancer associatedshigistos exposure
(ANSES, 2016)

[.3.3. Biological pollutants

A.Allergens

Allergens are foreign substances that can induce an allergic reaction when in contact with
the immune system. Dust, pets, and especially cats, are the main source of indoor allergens.
Insects, molds, plants, chemical agents or external allergens sudleasap® other causes of
allergic diseasefCarrer et al., 2001)it should be noted thdhe risk of allergy persists for
several years after the animal's departure because the allergenic particles are always present in
the carpet, in the curtainRkeboux et al., 2010)Cats are responsiblerf2/3 of allergy to
animals.

B.Mites

Mites, microscopic living beings found in dust and feeding on skin scales, are also
allergens that are present in indoor air. They live mainly in bedding, sofas, carpets and in damp
places and/or at a temperature above 20 °C. In genetically sbéeapdividuals, allergen
exposure to the indoor environment is a sensitizing factor. Symptoms sugg#séllergy
include rhinitis such as runny noses and snee@feuin et al., 2003)conjunctivitis (eye
irritation), resh, eczema, and asthma conducting aifficulty of breathing, wheezing and
coughing(Bardana, 2001)

C.Microorganismsand molds

Microorganisms (fungi, bacteria and viruses) are an important part of biological pollution
in indoor environmentgHusman, 1996)Molds are microscopic fungi capable of colonizing
different substrates @od, paper, fabrics, foodstuffsThey grow best in warm, damp and
poorly ventilated rooms. In temperate zorsesjeral hundred species of mold are present. Mold
spores enter the buildings through openiogeccupants by their clothingnhaling mold can
causeallergic reaction®r asthma attacks in sensitiveopée, by releasing many substances
such as mycotoxins or volatile organic compounds that can promote allergic manifestations and
mucosal irritationgKoskinen et al., 1999)n addition, molds can caufiengal infections

.4. Emissions and sources

Indoor air quality is, in part, a function of outdoor air qualitiie outdoorenvironment
including external sources of pollution, the nature of the soil, its level of contamination, and the
climatic and meteorological conditions are in perpetual intenaetith the indoor environment
(Institute of Medicine, 2011)he outdoor aithat entes into a building may be polluted, that
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is why we should consider it as a potential contributing factor to poor TA® air circulates

from outdoor to indoor freelynatural ventilationby windows opening) or according to
constraints (infiltratnsthrough openings, joints, cracks in walls, floors, and cei)inblse
contribution of external sources of emissions depends on the location of the indoor environment
(proximity to a source), the weather conditions and ventilation parameters of tdmdpuil
(Blondeau et al., 2005 Contaminants in theutdoor environment mainly include carbon
dioxide, carbon monoxide, sulfur dioxide and oxides of nitrogen etc., which are associated with
vehicular traffic and industrial detties.

Insidethe buildingspollutants are essentially released from buildings matéHalsison
and Hester, 2019JAl horr et al., 2016; Frontczak and Wargocki, 2011; Kamaruzzahah,
2011; Vardoulakis et al., 2018ported that, with the aim of having a good quality of indoor
environment within a building, many buildirrglated factors should be taken into consideration
at the first stage of designing the building. Cordtan systems and components may have a
direct and/or indirect influence on indoor air qual®hemicals that occupants are exposed
nowadays are very different from those that occupants experienced from 50 years ago
(Wescher, 2009) This can be explained by the major changes in buildings materials and
consumer products used indoors.

In addition, the indoor aialso depends oo ¢ ¢ u p a n t (Martellbtta ettalg 2046;
Vardoulakis et al., 2015 he occupant has a determining role on the pohugvels to which
he is exposedHis activities and lifestyle contribute to weakening the quality of the indoor
environment as according t{hai et al., 2004) occupant 6s behavior an
smoking, cleaning, cooking, use of combustitavices,ventilation habitspresence of pets,
cleaning productsDlY activities, etc. leadto high exposurdo pollutants, such as toluene
(Isaxon et al., 2015; Morawska et al., 2QRyuza and Carslaw, 201®ave shown that the
presence of humans can also be an important source of pollution indoors, through natural
emi ssions from breath and skin, in high occu
be consideredn order to design suitable constructimaterialsyKamaruzzaman et al., 2017)

Several studiebBave aikenplace in a national or international scale in order to assess the
contribution of different sources indoor air pollution Table I- 2 groups the major sources of
gasand particleemissions characterized in indoor environments and dwellings.

The two major pollutants commonly foundindoor environmentare particulate matter
and VOCgqStamatelopoulou et al., 2019he concentration of paftantcan changdepending
on its type, its source amaixing condition, even withismall spatial scalg®ational Reseah
Council, 1981)

Addi ng t o adaidtieslapdabuitdibgs materials, indoor climate conditions
constitute a very importariactor affecting indoor air qualityThe occupants or the building
manager often adjust the indoor climatic conditions ughothe presence and operating
parameters of a heating system and sometimes a specific air treatment and ventilation system.
These systems will help reducing the impact of external conditions towards a better thermal
comfort of the occupants. The thermahdort may affect the satisfaction level of occupants
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towards building performanc@l horr et al., 2016; Martellotta et al., 2016; Nimlyat and
Kandar, 2015)Kamaruzzaman et al., 20hTentioned that thermal comfort has a potential risk
affecting the health of the occupants in buildings.

Table |- 2: Major sources of emission of indoor air pollutants

Emission sources Pollutants References
Furniture z_ind electrical VOCs Joetal.,, 2008
appliances
Air fresheners and deodorizel VOCs Jinno et al., 2007
. . Weitzman etl., 2017
Cigarette and Hookah smokin PAHs, VOCs Baek and Jenkin€004
Candles and incenses PAHs, VOC, PM, NOx, CO, Derudi et al., 2014'_,; J_i (_at gl.,
SO 2010; Vi gi l
Woodproducts VOCs, Formaldehyde Yrieix et al., 2004
Painting VOCs, aldehyde Can et al., 2015
Varnishes FormaldehydeyOCs Howard et al., 1998
Adhesives Toluene, styrene, alkanes Girman et al., 1986
Biomass burning Particles, CO, VOCs, Hedberg et al., 2002
aldehydes
Electronic devies VOCs, Q, PM Bako-Biro, 2002
Cook stoves BTEX, alkanes Tsai et al., 2003
Gascombustion NO> Brown et al., 2004

[.5. Levels of concentration in different indoor environments

Severaktampaigns have been conducted in orderv&duate the levels of indoor pollutants
in different environmentsThe majority of these studies aimed to define the levels of priority
pollutantsndoorssuch as VOCs. Other pollutants sashcarbon monoxide, particulate matters
or radon were also the purpose of some studiasious studieshave been carried out at
different scales (international, European, national or regional) and include different types of
environment (house offices, schoolsyurseres, shopping centeysetc..). The tables below
present a noexhaustive list of studies related to the measurewfeinidoor air pollutants in
differentenvironments. These studies were selected accordihgitamportance (pollutants)
and their diversity (type of buildings, scadmd locatiol. Table I- 3 shows different studies
inside dwellings,Table I- 4 presents the studies inside schools and nessand Table I- 5
gives an overview of thetigdies inside public buildingS.hese tables provide a summary of
various indoor air quality studies. These studies have been conducted sii@®@sand
continue to this daylheyhave changed depending the diversity and typology of buildings,
the target compounds, the scale and the purpose of the study.
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Table |- 3: Indoor air quality studiesinside dwellings (nsampling number)

Study Year Location n Measured Parameters
. Japan Formaldehyde, N@ 6
(Sakai et al., 2004 1998 Sweden 64 VOCs
Formaldehyde
VESTA 1998- X
(Zmirou et al., 2002) 2000 France 110 acetaldehy(_je, PM, NO,
mites
RIOPA (Relationship between Indool 2001-
Outdoor and Personal Air 2008 USA 279 PMz.s
(Meng et al., 2009)
Campaign in France dwellings (OQAI 2003- France 567 20VOCs CO, CQ, PMygs,
(Kirchner et al., 2007) 2005 PM;yq, allergens, radon
AIRMEX (European Indoor Air i
Monitoring and Exposure assessmer 22000038 (1f g(r)%?ﬁr ) 103 23 VOCs
(Geiss et al., 2001 y
TVOCs, CO, NQ,
(Raw et al., 2004) 2004 England 876 formaldehyde
Campaign in Strasbourg dwellings  2004- Strasbourg
(Marchand et al., 2008) 2005 (Francé 162 Aldehydes
The Swedish National Board of
Housing, Building and Planning 22000078- Sweden 305 TVOGs, fﬁr(;naldehyde,
(Langer and Bekd, 2013a) 2
2007- S 22 VOCs, PM5, CO;,
(Offermann, 2009) 2008 California 108 formaldehyde, acetaldehyd
Relation between VOC and asthma 2009- Detroit
(Chin etal., 2013 2010  (USA) 126 56 VOCs
Thefirst Swisslarge scale survey of 2013- . TVOCs, formaldehyde,
housegYang et al., 2020) o016  Switzerland 650 fungi, radon
. TVOCs, formaldehyde,
(Broderick et al., 2017) 2015- Dublin 15 COz, PMps, CO,NOy,
2016 (Ireland)
BTEX
2016- Northeast TVOCs, formaldehyde,
(Huang et al., 2020) 2017 China 21 COp, PMas
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Table |- 4: Indoor air quality inside schools andurseries (n: sampling humber)

Study Year Location n Measured Parameters
1997- HongKong Formaldehyde, C&) PMg,
(Lee and Chang, 2000) 1998 (Ching 5 SO, NO, NOs, bacteria
AIRMEX (European Indoor Air
Monitoring and Exposure 2003- Europe
assessment) 2008 (11 countried 182 23 VOCs
(Geiss et al., 2091
. 2004- Porto TVOCs, CO,, PMyy,
(Madureira et al., 2009) 2005 (Portugal) 11 Bioaerosols
Epidemiological study about PM  2004- Munich
(Fromme et al., 2007) 2005  (Germany) 64 €Oz PMuo, PM:.5
Campaign inside schools and 2009-
nurseries 2011 France 310 Benzene, formaldehyde
(Michelot et al., 2013)

Measurement inde schools 2010- France 108 PM; 5, NO,, formaldehyde,
(AnnesiMaesano et al., 2012) 2011 (6 citieg) acetaldehyde, acroleine
SINPHONE (Schools Indoor

Pollution and . formaldehyde CGO;,, PMyg,
HealthObservatoryNetworkin 2011- Kozani 3 PMzs NO,, CO, G, radon,

2012 (Greece)
Europe) VOCs
(Kalimeri et al., 2016)

Campaign inside schools (OQAI  2011- France 300 VOCs, CQ, PM s, PMg,

(OQAI, 2015) 2015 allergens, radon

Indoor air quality in urban Porto

nurseries at Porto city 2013 3 PMas PMy. PMuo, PMroa
(Branco et al., 2014) (Portugal)

(Hou et al., 2015) 2014 (BCe|’I1JiII[|]ag) 2 PMs, CO
Mermaid study North of
(Verriele et al., 2016) 2014 France 10 27 VOCSNO;, Os
. 2015- .
(Majd et al., 2019) 2017 United States 16 PMzs5, NO,, CO
. formaldehyde CO,, PMsg,
(Johnson et al., 2018) 2016 Ok""EBOSrR";‘C'ty 12 PMzs.T, HR,NO,, CO,
TVOCs
Indoor air quality in schools . VOCs, aldehydes, PM,

(Becerra eal., 2020) 2019 Spain 9 PMyo, COz
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Table |- 5: Indoor air quality inside offices and public buildings (n: sampling number)

Study Year Location n Measured parameters
BASE (Building Assessment
Survey and Evaluation) 1994 . 25 VOCs, PMs, PMyo, radon,
(Burton et al., 2000; Womble € 1998 United States 100 bioaerosols, CO, CO
al., 1995)
Restaurants, office 1994 Korea 18 Particles, CO, C® NO;,
(Baek et al., 1997) 1995 VOCs
Shopping mall CQO,, CO, hydrocarbons,
(Li etal., 2001) 1999 Hong Kong 9 formaldehyde, P, bacteria
Office, restaurants, home 2003 Iran 4 PM
(Mahmoud et al., 2011) 2004 25
Boston Exposure Assessmer 2003
in Microenvironments (BEAM) 2005 Boston (USA) 160 16 VOCs
(Loh et al., 2006)
: CO, CQ, G, TVOCs, PMgs,
Hospitals 2007 . i
(Jung et al., 2015) 2008 Taiwan 37 PMao, foanaIdehyde, fungi,
acteria
Commercial buildings (shop, .
offices) 22%11% (IEr)gg:(]j) 10 NOz, PM2s
(Challoner and Gill, 2014)
Commercial offices 2011 Madrid 1 VOCs
(Nunes et al., 2019) 2012 (Spain)
Spots facilities:gymnasium 2012 Leon 5 CO,, CO, NQ, VOCs,
(Alves et al., 2013) (Spain) carbonylsPMig, HR, T
OFFICAIR project (european
office buildings) 22%% " E;Z?Eﬁes) 37 VOCs, aldehydes
(Campagnolo et al., 2017)
Hospitals 2013 Beirut
(Chamseddine et al., 2019) 2016 (Lebanon) 3 CO, CQ, PMzs, PMho, TVOC
Hospitals 2014 Nancy, Rennes 34 VOCs, 7 aldehydes, 13
(Baurés et al., 2018) 2015 (France) 2 SVOCs, CQ PMzs, Pho, T,
o HR, biological polluants
Shopping mall 2014 China 4 CO,, TVOCs, formaldehyde,
(Shang et al., 2016) 2015 HR, T
Hairdressesalons Ibadan
(Sarah and EE, 2017) 2015 (Nigeria) 65 €Oz, PMio, TVOCs
Printing and copying centers Aveiro T_emperature, relative
(Vicente et al., 2017) 2015 (Portugal) 2 humidity, CQ, CO, TVOCs,

PM, G
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All the studies ofindoor airquality within and among the countries show significant
differences, corresponding the differences in sources and emission strength of pollutants
Thesedifferences could be correlated to many factors such as the country, the geographical
location, the lifestyle and the environmdnbr example, initecomparativestudyaboutVOCs
concentration between public offices in Europe and in Singapoueaimi et al., 20063hows
thatthe mean concentration of benzemeall European buildings in the studyas 14.& g ! *m
while for Singapore the mean value was 87.4 ! 3psignificantly higher than in EuropAs
said before, the geographical location has an important impact dworinpollutants
concentrationsThis can be illustrated byable I- 6, which shows the comparison of the
concentrations of VOCs between different studmes different spatial scale Regarding
formaldehyde(Offermann, 2009jound a higher median concentration of formaldehyde (36
£g.n3) in new singlefamily detached homes in the USA. This median concentration was
remarkably higher (88eg.n®) in both old and new residences in JafRark and Ikeda, 2006)
and Hong KondGuo et al., 2009)

Tablel-6:Compari son of indoor medi % Alvaunaeanediansat i on
except for(Park and Ikeda, 2006jmean).
(Plsélégnd (Geiss et (Guo et (Offerman, (Hamidin
2006) al.,, 2011) | al., 2009) 2009) et al., 2013)
China USA
Country Japan Europe (Hong . . Australia
(California)
Kong)
Formaldehyde 88 19.7 86 36
Acetaldehyde 11.2 20
Hexanal 45 24.4 7.6
Benzene 19 11 1.7
Toluene 15 6.5 4.4 7.5
Styrene 8 0 1.8 0.9
Decane 25 15.6
Tetrachloroethylene 0.2
1,4-Dichlorobenzene 65.5 5.4 0.2
2-Butoxyethanol 0 2.8

TheFrench observatory of indoor air qualftyQAI) undertook a national survey in order
to asess the air quality inside 56#ench dwellingspread over 50 departments and 74
municipalities between 2003 and 2qB&%chner et al., 2007)This campaig aimed tamprove
the knowledge of the exposure of the populabgrcollecting datan indoor environmentsat
the national levehnd thus, it can be used foublic policies developmernthe concentrations
of the different pollutants measured in this studypaesented imable |- 7, Table I- 8 and
Table I- 9. Table I- 7 also includeghe comparison between the French national housing
campaign (OQAI) and the European housing campaign (AIRMEX).
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Table |- 7. Characteristics of VOCésideand outsidedwellingsof the OQAI housing campaign in

France (Kirchner et al., 2007)and the European AIRMEX campaig(Geiss et al., 2011)

France (OQAI housing Europe (AIRMEX housing
campaign) campaign)
n= 567 n=103

VOCs Compounds '\Iﬂgg']"’zzémg 110 Me‘j'&ré/[zf)' Pos] /0

Acetaldehyde 11.6[5.3-30] 8.9 112 [4.9-24.8] 4.0
Aldehydes Acrolein 1.1[0.5-3.4 3.6

Formaldehyde 196[9.3-46.6 10.3 197 [7.9-44.2] 5.9
Hexaldehyde 13.6[5.9-50.1] 27.2

Benzene 2.1[<LD-7.2 1.9 1.9[0.7 - 4.9] 1.2
1,4-dichlorobenzene 4.2[1.0-150] 2.3

Ethylbenzene 2.3[1.0-15.0] 2.3 1.1[04-3.8] 1.2

n-decane 5.3[1.9-53.0] 2.8 156 [9.8- 30.5] 14
n-undecane 6.2[2.2-72.4] 34

Styrene 1.0[0.5-2.7] 2.5 0[0-1.0]
Hydrocarbons

Tetrachloroethylene | 1.4[<LD -7.3 1.2

Toluene 12.2[4.5- 82.9] 3.5 6.5 [2.5-284] 15
Trichloroethylene 1.0[< LD -7.3] 1.0

1,2,4trimethylbenzene| 4.1[1.7-21.2] 29 1.1[0.3-6.6] 13

m/p-xylene 5.6[2.3-39.7] 2.3 2.8[0.9-9.3] 1.2

o-xylene 2.3[1.0- 14.6] 21 1.2[05-3.7] 13

2-butoxyethanol 1.6[< LQ-10.3] 4.0 0[0-0.7]

2-butoxy-ethylacetate <LD(=0.3) 1.0
Glycol ethers | 1.methoxy2-propanol | 1.9[< LD-17.5 3.8
propyiaceate | <LP(EOD 10

LD: Limit of Detection
LQ: Limit of Quantification
1/0: ratio betweenndoor concentration anoutdoor concentration

Table |- 8: Concentrationsof CO inside French dwelling¢Kirchner et al., 2007)

Median (ppm) P95 (ppm)
Cumulated mean over IBinutes 2.9 15.3
Cumulated mean over 3finutes 2.7 14.3
Cumulated mean overHour 2.0 13.1
Cumulated mean overt®urs 0.5 6.3
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Table |- 9: Mass concentrationgn pg/meof particles insideFrench dwellings(Kirchner et al.,

2007)
Median P90
PMuo(all) 31.3 108
PMjo(nonsmokers) 26 52
PM:s (all) 19.1 69
PMg_s(nonsmokers) 16 33

As can be seefrom Table I- 7, the primary volatil@rganic compoundsere present in large
amounts in dwellingat thenational and European scal&he frequency of appearance of these
compounds in the French housing investigated (not including glycol ethers) ranged between
68.4 % (trichlorethylene) and 100 % (formaldehyde and hexaldehydeyith median
concentrations b e t3erehmer et al. 02007)Aldkthyded ad Gronsatic. m
hydrocarbons are the most common compounds present%n t80100% of dwellings and
have high concentrations with important indeoitdoor concentration ratios, which means that
these compounds are emitted from indoor sources. Those resuitsnctire presence of
significant emission sources of volatile organic compounds in FrendhEuropeamomes.
Nevertteless, it is observed that ttegios determined for French dwellings are twice as high as
those determined during the AIRMEX campaidnlikely explanation for this observation
would be the difference in outdoor pollution levels, whi@remoderately lower in the French
housing campaign since the AIRMEX campaign focused particularly on urban environments.

The levels of carbon monoxide asred during this national campaign are relatively low
in the different rooms of the house, whatever the duration of measurdafeminutes, 30
minutes, 1 houand 8hours). The service areas such as kitchens, bathrooms, toilets, corridors
and the annexe(cellar, garageand lof) showed the highest maxima over 15 minutes, 30
minutes and 1 hour, comparing to the main rooms. The CO levels inside 9.4 % of these areas
exceeded guidelines values settled by The French Agency for Food, Environmental and
Occupdional Health & Safety (NSES. Within some dwellings, higher valuasereobserved
according to theexposure time. Thushé CO concentrations decredsghen thetime of
samplingincreasd, reflecting the presence biigh emission episod®f CO overshort periods
of time, however not identifiabl for longterm average values, hence the importance of
measuring pollutants with higher time resolution

The median mass concentrations of ie&hd PMsin OQAI study increased from
26 g *amd 16e g *mespectively in shonsgméde 546g: Mdwel |
3 with 1 smoker in the dwellirgfKirchner et al., 2011)The median concentrations of R\nd
PM:sin nonsmoker dwellings werdl.1e g 2amd19.1¢ g 3 similar tothemedian values
for residences, i.e., 359 amd 18 g > neviewed byMorawska eal., 2013) Five per cent
of dwellings had concent@PMpbi oannsd hIPgRPVMee g .tnhar
(Kirchner et al., 2007)
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The thermalcomfort parameters, such as temperature, relative humidity apdve®
primaiily assessed throughout tREAI campaign. The median of temperature agldtive
humidity were around 21 C and 4%% respectively during the study. The weekly average of
carbondioxide in the dwellings is 756 ppm, with mobile mean over 1 hour exceeding 1689
ppm. In 5% of the dwellings, the average €€fncentration exceeded 1484 ppm with hourly
values that can exceed 4449 ppmdjcation ofa bad ventilation system inside dvigs.

[.6. Impact of exposure to indoor air pollutants

Since the early 1980s, WHO has been drawing the attention of politicians and the public
to the health impasof deteriorating indoor air quality. Accordingttte European Commission
report "DirectorateéGeneral for Health & Consumers” of 2011, two million years of healthy life
would be lost each year due to poor indoor air quality,%6@®f which corresponds to
cardiovascular diseases and¥8%o respiratory diseases, asthma and targer(Figure I- 3).

In total, two thirds of the health impact of indoor air quality could be causttelyposure to
fine particles(Jantunen et al., 2011Recently, (Sarigiannis et al., 201%9ummarized the
relative risks associated with different types of diseases fas, Pdimaldehyde, benzene, CO,
NO>, dampness and molA.significant correlation and deeffect relationship between Byl
and asthma diagnosis has been foun{Hapien et al., 2019)

122169 #°58 EUROPE-26

154 880

| CV-diseases
@ Asthma & allergy

O Lung cancer

238 159 @ U&L Respiratory symptoms
B Acute toxication

@ COPD

1288 511

3086 181

Figure | - 3: Total calculated burden of disease attributable to IARALY/year), in Europe,
according to (Jantunen et al., 2011).

The health effects related to poor indoor air quality depend on the nature and
concentrations of the compounds, as well as the exposure tinteegeasibility of the subject.
The quality of the air breathed in indoor environments can have effects tm freah simple
discomfort (olfactory discomfort, drowsiness, eye and skin irritation, nausea or headaches) to
the appearance or aggravation of pathologies: respiratory allergies, asthma, cancer, fatal or
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disabling poisoning, et¢Viegi et al., 2004) For example, short time exposurenhigh carbon
monoxideconcentratiorleads to deaths in some cases by poisoning.

Generally, the disorders experienced are mild because in most cases contact times with
harmful substances are short and rare. These health impacts are greater for vulnerable people:
pregnant women, newborns, young children, the elderly, people with eengd people with
respiratory insufficiencies.

Among the commonly encountered pathologies resulting from the exposure of a cocktalil
of pollutants, we can identify asthma, sick building syndrome (SBS) and multiple chemical
hypersensitivity syndrome.

Asthma is caused by inflammation and constriction of bronchial walls due to hyper
reactivity of their smoth muscle, thereby leading to a series of spasmodic attacks of wheezing
and shortness of breath (SOB). It leads to fatigue and lack of Sleepiskis higherin the
case of asthma, for example, when pollutants are correlated to each other, and the synergistic
phenomena specific to the VOC mixtures encountered in indoor air cannot be excluded
(Billionnet et al., 2011)However, asthma may or may not be allergic. Sometimesiemic
factors are involved and other sources are identified such as infection, pollution, stress, etc.
Some studies have shown a link between formaldehyde and adthesdander et al., 1996)
Exposure to high levels of formaldehyde in the home leads to more severe asthma.

Multiple Chemical Hypersensitivity Syndrome (MCS) was described as early as the
1950s and is characterized by a large number of chronic symptoms caused by exposure to
various chemicals(Barnig et al., 2007) We can notice respiratory, ophthalmological,
neurologi@ and dermatological symptom$he pathophysiological mechanism is not ye
known, although several immunological, toxicological, psychological and sociological
hypotheses have been identified.

The term"Sick Building Syndrome" (SBS) is contemporary with the energy crisis of
the 1970s that indudechanges in architecture, buitdj materials, building equipment and air
conditioningsystems to save energyally people complaéd of discomfort, even pathology:
indoor air quality is often questiongBerdrix et al., 2005)The sudy of (Ezzati, 2005has
emphasized that the combination of contaminants in inhaled air has effects on a combination of
symptoms. In some studies, formaldehyde levels are implicated ac¢herence of SBETen
Brinke, 1998) but the relationship between SBS and indoor air quality is not always systematic,
so many other psychsociologicalfactorscan be taken into considerati@darchand et al.,
2013; Norhidayah et al., 2013)he symptoms of SBS are ngpecific, and thy are particular
to the building occupied bygeople(Table |- 10). Thatis why the study of cases of SBS is
important in order to provide evidence of relationships betwedwor air pollution and health
(Jones, 1999)
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Table 1- 10: Common symptoms of sick building syndror(\&allace, 1988)

Headache and nausea

Nasal congestion (runny/stuffy nose, sinus congestion, sneezing)

Chest congestion (wheezing, shortness of breath, chest tightness)

Eye problems (dnjfching, tearing, or sore eyes, blurry vision, burning eyes, problems with cc
lenses)

Throat problems (sore throat, hoarseness, dry throat)

Fatigue (unusual tiredness, sleepiness, or drowsiness)

Chills and fever

Muscle pain (aching muscles or jinpain or stiffness in upper back, pain or stiffness in lower k
pain or numbness in shoulder/neck, pain or numbness in hands or wrists

Neurological symptoms (difficulty remembering or concentrating, feeling depressed, tens
nervousness)

Dizziness

Dry skin

(Andargie and Azar, 2019)ork shows that indoanvironmental parametessich as
lighting level,noiselevel, temperaturandrelative humidityhave a considerable impact on the
comfort, happiness and cognitive abilitiddtte occupants.

Indoor air quality also has an impact on the quality of life in dwellings and work
performance in the officé0lesen, 2007)Fanger, 2000; Langer and Bekd, 201Blg et al.,
2012)confirmed experimentally the impact of indoor air quality on the business sector. The
effect concerns the productivity of people on daily tasksh abasic mathematical operations,
text input or proofreading.

Figure | - 4; Impact of CQ on human decisioamaking performance. Error bars indicate 1 SD

In his study(Satish et al., 2012)as reported the percentile scores on the nine scales for
three CQ conditions with the percentile limitsr five normative performance leveduperior,
very good, average, marginal, and dysfuncti@sashown ir(Figure I- 4). At 1000 ppm CQ
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compared to 600 ppm, percentile ranking was moderately reduced. However, at 2500ppm CO
percentile ranking for five performance scales decreased to levels associated with marginal or
dysfunctional performance.

Exposure to particulate matters leads teesa health problems such as irregular
heartbeat, aggravated asthma, developing pulmonary disease and decreasing lung functions
(Cadelis et al., 2014)ndoor exposure to high concentrations of nitrogen dioxide induce the
reducng of the resistance of the body to bacterial and viral infec{idagnard, 2019)

Several internationastudies have looked at the costs of poor air qudkigk and
Seppanen, 2007; Fisk and Rosenfeld, 1997; Mendell et al., . Z08&)researasfocused on
specific indoor air polltants, such aéMudarri and Fisk, 2007which evaluated the annual
cost of dampness and mold exposure to $3.5 bii@rnyear in the United Stat€omestudies
have investigated the economic amounts of indoor air pollution according thereit
analyses(Fisk et al., 2011have conducted a celenefit analysis in office buildings. The aim
of this study was to show that the improvement of indoor air quaditygpxfample by enhancing
ventilation rates and decreasing mold and dampness, costs less than the return on benefits from
reducing symptoms of sick building syndrerand absenteeism in building$e EUfunded
HEALTHVENT project created in 20102013 a frarework in order to develop healbased
ventilation guidelines. Three scenarios have been conducted as adjusting ventilation rates,
filtration of intake air and controlling indoor sources. Those approaches allow substantially
reducing in the health risks from approximately%2Go almost B %, corresponding to 400
000 and 900 000 saved DALYs in E26 (Asikainen et al., 2016)The United State&reen
Building Council (USGBC) has reported that impiog indoorconditionsin green buildings
can result in $90 billion worth of occapt productivity increase by 2080SGBC, 2015)

Another approach asrelated to the socieconomic costs of indoor air pollution in France
(Boulanger et al., 2017)This evaluation is based on the cost of the exposure to six indoor
pollutants (RadoyCO, ETS, benzene, trichloroethylene, anccBMT he cost to the community
that are exposed to these six pollutants is approximatively 20 billion euros per year in France,
where particles represented %bof this cost.

Through other studies, the impaofgoor indoor air quality have been estimated in terms
of disability-adjusted lifeyears DALY : the sum of years of life lost as a result of premature
death and the years of life spent living with a disease). As shown aldeigeiia |- 3, 2 million
DALYs per year is the burden of diseases of six group of associated pollutants which are
particles, dampness, bio aerosols, radon, CO and {@@sunen et al., 2011)

I1. Indoor air pollution management policy

[I.L1. Monitoring policy

Indoor air regulations are not as extensive as those for outdpat laast in Franc& he
only compounds regulated until nawe radon, asbestoscanarbon monoxideAccording to
the decree of 22/07/2004, for a concentratioA0® Bg.n? for radon, there is no neddr
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corrective actioa Between 400 and 1000 Bg3nsimple corrective actions are needed,
however for concentration higher than 1000 Bg,.there is a need for mandatory corrective
actions on a large scale. This regulation corepublic places such as educatiofatilities,

health and social institutis, thermal baths, and prisons in 30 departments where there is a risk
of radon emission. Fararbon monoxidethe policiegeferto buildings equipped with beater

with an outputbetween 4 and 400 kWRegarding the decree of 15/09/2009, the situation is
abnormal for a concentration between 20 and 50 ppm, and a concentration higher than 50 ppm
leads to the occurrence of immediate high ridkbestosregulations settled by the article
R133418 of publichealth are applietb buildings constructed before 199¥ concentration

higher than 5 fibers:Lrequires mandatory construction working.

In France,severalgovernment actionaimingto reduce the concentrations of volatile
organic compounds in indoenvironments habeen carried out, as showrTiable |- 11.

Within the framework of the first French National Environment and Health Action Plans,
PNSE 1(Lafon, 2005) the OQAI residential buildings campaign as well as the schools and
nurseries campaign were initiated to impFroknowledge on IAQ. The mandatory IAQ
monitoring in public access buildings was introduced during the Grenelle Environment Round
Table and agreed in the second National Environment and Health Action Plan, RINS&N2
and Lafon, 2009)as well as in the Grenelled2creen® 20106788 of 12 July 2010 establishing
a national commitment to the environment (Article 180his law aims to reduce the
population'sxposure to volatile organic compounds released from construction and decoration
materials.In this context, decree n°20BR1 forces the labelling of emissions from building
materials in order to reduce the impact of furnishings on IAQ. The Grenelle d@ffavg on
the one hand by prohibiting the usktrichloroethylene, benzendi (2-ethylhexyl) phthalate
and dibutylphthalate in building and decorative materials and, on the other hand, by imposing
IAQ monitoring in Public Access buildings. The parametmonitoredare formaldehyde,
benzene and carbon dioxide concentrations, as well as the control of ventilation Systems
carried out at thexpensef the owner or operator of the esiabiment (Decrees n°20411727,
20111728 and 201-24). The appliation of the decrees was initially planned to be effective
from January 2015, but for budgetary reasons the application has been postponed to 2018. An
audit must then be conducted every seven years, or within twotlreesafterjf the reference
value seéfor at least one pollutant is exceeded, together with an expert assessment in order to
address the sources.

The Decre€20151000 of 17 August 20186n IAQ monitoring in public access buildings
simplifies indoor air monitoring, since the measurement of pollutants is no longer required for
the establishment that have implemented special provisions farahagemendf indoor air
quality. After 10 yeas of actions aiming to improve IAQ and to prevent environmelated
health risks, PNSE 3 maké possible to consolidate the progress already made but also to
propose a new approach to environmental health that is stronger, more positive ambtadre
in the territories.
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Table I- 11: IAQ improvementdecrees in France

Date

Indoor air content

PNSE 1

20042008

Action 14:Better understand thaeterminants of indoor air quality and
strengthen regulations

Action 15:Setup a labelling system for theealth and environmental
characteristics dbuilding materials

Grenellel Act

2009

Emphasizes the need to improve IAQ, especiallyublic placeserving
vulnerable audiences

PNSE 2

20092013

Key measur@: Implementatiorof sanitary labelling of construction anc
decoration materials

Key measur®: Redue public exposure tthe determinangubstances in
indoor air in buildings in presence of children.

Key measurd.0: Developing the profession of Indoor Healthy Housin
Consultants

Grenelle2 Act

2010

Prohibition of the use of trichloroethylene, benzen&-di
ethylhexyphthalate and dibutylphthalate in the manufactureitafitog
and decorative materials

Implementation of mandatory monitoring of IAQ in establishmepisn
to the public (schools, nurserjgs

(Decrees n°@11-1727, 20111728 and 201-24)

Introduction of nandatory labelling of emissions from comsttion and
decoration products. (Decree n°26341)

PNSE 3

20152019

Establish a government roadmagreduce the impact of envirorantal
degradation on our health

Continueand amplify the actions carried out by the two previous PNSI
the field of environmental health

Decree

20151000

2015

Simplification of decree n°20154 related to the evaluatiaf aeration
methods and the masurement of pollutants the public access building

Decree

2017946

2017

Since 1 January 2019, combustion air fresheners have labels indicatil
precautions to be taken when using these products.

PNSE 4

20202024

Improve knowledge of environmental exposures and effects on the h
of populations (exposome)

Inform, communicate and traprofessionals and citizens

Reduceenvironmental exposures affecting our health

Increase the number of concrete acticasied out in the territories

PNSE National Environmentand HealtHPlan
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Since 1 January 2019, combustion air fresheners have been labelled with labels indicating
the precautions to be taken when using these products (Decree F948)a710 May2017).

"My Environment, My Health" plan, thé"National Health and Environment Plan, was
announced at the opening of the National Health amtt@ment Meetings odanuaryl4 and
15,2019 in Bordeaux. This plan aims to introduce the conceptxmdsomewhich takes into
consideration individual exposure duritigg whole lifetime.

[I.2. Classification of priority pollutants

The french indoor air quality observatory (OQAIlgarried outriskedbased ranking
analysiswith the aim of prioritizing indoors pollutants in dwellinffdosqueron et al., 2003)
This method was based on (i) toxicological properties of pollutants, (ii) population exposure,
(iii) the pollutant frequency detection in indoor environmeiitss approach makes it possible
to establish a Ranking Index (RI) specific for each pollutant, which is calculated by summing
3subi ndi ces: an fwhkhcseotebetweendan§ (@AIAChr owithc 1 nde
score between0and)I0 a n d en @y r iemuthesgoce bétweén 0 angl. RI was rated
over 20.The main pollutants are thus divided into two ditiolasses. Pollutants with an R
greater than or equal to 15 are designated as "high priority" while compounds Rithraater
than o equal to 10 are classified as "very high priori&garding the acute and chronic health
effects and theconcentrations of pollutants in dwellings, 17 indoor pollutants were classified
as Avery hnapdmorpthan @ indobrydlutants thatere assessed.

At the Europan level, the INDEXproject (Indoor Exposure Limits in EU) aimed to
developa list in the futurdo provide suggestions and recommendationsnfdwor air quality
guidelines(Kotzias et al., 2005)The projecthas prioritized individual chemical compounds
that arenot subject to directives or regulations, with known health impacis identified
indoor sources of emissionghe final classification is based on a list of 14 compounds of
interest divided into thae distinct goups: "high priority" chemicals, "low priority" chemicals
andadditional chemicals of interest.

The French Agency for Environmental and Occupational H&aBlafety (AFSSET, now
ANSES), drew up its own lisbf candidate chemicals in order to propose its own indoor
guidelinesin 2007 (INERIS, 2@®9). The priority pollutants were chosen after a prioritization
based on the ark of the OQAland the INDEX project. These two previous classifications
consider formaldehyde and benzene as "high priority" but areomsistentor the rest of the
compaunds. The differences atrieto differentranking methods andipdated toxicological
data between the two studies, as the results of the INDEX project are more recent than the
OQAI study

Table 1- 12 providesa summary of the ranking girioritization of VOCs in indoor air
according to the three studies: gteemicaldefined as highly priority” (Group A) and " high
priority" (Group B) by the French observatory in different indoor environments such as
dwellings, schools and officethe "high priority" (Group G1) and "low priority" (Group §52
substances from the INDEX prioritizatioand the assessment proposed bB\SES
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Table |- 12 Ranking of "high priority" indoor air pollutants according to OQAKMosqueron et
al., 2003) the INDEX project(Kotzias efal., 2005)and the ANSESINERIS, 2009)

OQAI
Pollutants INDEX ANSES
Dwellings Schools Offices
Acetaldényde A A B G2 B
Formaldéyde A A A G1 A
Acrolein A B - - -
Chloroform A B - - A
di-2-ethylhexylphtalate A B - - A
Mix PCB
(polychlorinated B - A - -
biphenylg
Naphtal@e - - - G1 A
Styrene - - - G2 B
Toluene - - - G2 B
Xylenes - - - G2 B
Ethylbenzae B B A - -
Benzne A A A Gl A
1,4-dichlorobenzae A B B - A
Benzo[a]anthraene A B - - -
Benzo[a]pyree A B - - -
Lead A B B - B
Carbon monoxide A - - G1 A
Nitrogen dioxide - - - Gl A
PMio A A - - A
PMzs A A A - A
A: "Highly priority" chemicals B: "High priority" chemicals
G1: "high priority" chemicals G2: "low priority" chemicals

As said above in the monitoring policiegthin the framework of the Grenelle Act of the
environmenta mandatory labeling of construction and furniture products as well as wall and
floor coverings, paints and varnishes which emit chemicals into the ambient air has been
proposed and included the environmental code. Singanuaryl, 2012, new construction and
decoration products intended for indoor use (various coatings, partitions, insulation materials,
etc.) can only be placed on the market if they are labelled. Ultimately, all products sold in France
must have a label by SeptemB€x1 3.

The label (Figure |- 5) is used to inform users about the VOC emission level of the
product.Products are classified into 4 categories, ranging from A+ (very low emissions) to C
(high emissions). The labelling includes almost all the priority pollutants found above, since
they have shown their high presence in dwellings on the one hand, andotimetiinand they
may present digh health risk.This labelling prohibits carcinogenic, mutagenic or toxic
compoundssuch & trichloroethylene and benzemethe manufacture of comsttion and
decorative products. e emission class of a product is defi according to the exposure
concentration calculated from a measured emission rate for the 1@ N&DGhown. This
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concentration is then compared to the emission class levels for each VOC being controlled to
conclude withan emission class assoedtvith each compound(Table I- 13).

INDOOR AIR EMISSIONS

Figure | - 5: Environmental labelling of indoor air emissions from building materials
(https://www.anses.fj/

Tablel-13Li st of the 10 controll ed -Yya3<aatedwitdthecdoncen't
emission classes acating to the Grenelle 2 law

Concentration levels(ug.n®)

Chemical
ClassC ClassB ClassA ClassA+
Formaldchyde >120 <120 <60 <10
Acetaldehyde >400 <400 <300 <200
Toluene >600 <600 <450 <300
Tetrachloraethylene >500 <500 <350 <250
Xylene >400 <400 <300 <200
1,2,4trimethylbenene >2000 <2000 <1500 <1000
1,4-dichlorobenene >120 <120 <90 <60
Ethylbenzne >1500 <1500 <1000 <750
2-butoxyethanol >2000 <2000 <1500 <1000
Styrene >500 <500 <350 <250
TVOCs >2000 <2000 <1500 <1000

[1.3. Indoor Air Quality Guidelines (IAQG 9)

In order todealwith health impacts due to poor indoor air qualitye law of 1 August
2008 on environmental responsibility requires the definitiongoidelines value$or indoor
air". The commonly accepted definition for an indoor air quality dundevalue (IAQG) is
the following, given byANSES:" Indoor air quality guidelines (IAQGSs) are defined as airborne
concentrations of a chemical substance below which no health effects or harm with an impact
on health is expected for the general population, in the cutegatad knowledge The aim of
these guidelines is to contribuss referencef public health from adverse health effeirts
presence oshort and chronic exposure to indoor air pollutants, and to reduce to aumnim
exposure to those pollutantdAQGs are assessed using toxicological, clinical and
epidemiological data and are therefore used as health values. The IAQGs are available for
guidance ont and have no legislative val¢&NSES, 2004)
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The indoorguidelinesfor formaldehyde and benzene are defined by Ze26411727
of 2 December 201 he guiddine for formaldehyde is sdbr longterm exposure at 30 g - m
3on 1 January 2015 and wilecreas¢o 10s g 2 om 1 January 2023 he guiddine settled for
benzene folong-term exposures5 ¢ by inJanuary 2013 arte g oy 1 January 2016.
In France, thes€AQGs are established by the Agence Nationale de Sécurité Sanitaire de
I'Alimentation, de la Santé et du Travail (ANSEB).addition, the HighCouncil for Public
Health (HCSP) provides "management” values to supplement the information given by ANSES
(HCSP, 2009)Internationally,IAQGs were proposed fandoor airpollutants by theVorld
HealthOrganizationVHO (WHO, 2010a)by the European project INDESarigiannis et al.,
2011)and others international institutiansll these gui@ values are shown Table I- 14 and
Table I- 15.

Table |- 14: Indoor Air Quality guidelinevalues

France International
ANSES | Europe/ WHO Others
Index
3
24 hours 7 mg.m3(6.1
ppm)
Belgium 9 ppm
1.7 ppm
(Very good)
10 mg.m* | 10 mg.m® | 10 mg.m? _ 2.7 ppm
8 hours Finland (Good)
(8.7 ppm) | (8.7 ppm) (8.7 ppm) 7 ppm (Not
Carbon Monoxide Germany 38?)(21“
U.K 10 ppm
1 hour 30 mg.m* | 30 mg.n? 35 mg.m?
(25 ppm) | (25ppm) | (30 ppm) | Germany | 60 ppm
. 60 mg.m?
30 minutes
(51 ppm)
. 100 mg.n? 100 mg.n?
15 minutes -
(90 ppm) (90 ppm)
250 ug.nm?®
200 pg.m* | 200 pg.m?
1 hour 200 pg.m? (125 ppb)
(100 ppb) | (100 ppb) Ha Germany | g5 ' (40
Nitrogen Dioxide ppb)
20 pg.m? 40 pg.m® | 40 ug.m3(20
Longterm | (10 ppb)> | (20 ppb)X> ppb)(> 1
1 year) 1 year) year)
24 hours (e) - 25 ug.m?
PM;,5 10 pg.nm®
Longterm (e) -
(> lyear)
8 hours - Finland | 20 pg.m?
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PMyo 20 ug.m?
Longterm (e) )
(> lyear)

24 hours - Belgium 200 pg.m?

U.K 300 pg.n?

200 ug.n?

TVOCs 8 hours - - Finland (excellent)
600pug.nT3

(Good)

German 100 pg.m?

Long-term y > lsgar)
CO; 15 minutes U.K 15000 ppm
1 hour Germany | 10000 ppm

U.K 5000 ppm

8 hours Germany 5000 ppm

700 ppm

Excellent

900 ppm

Finland good

1000 ppm 1200 ppm
satisfactory

U.S EPA 800 ppm

(e) ANSES recommends the use of the vapreposed by WHO
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Table |- 15: Indoor Air Quality guideline values for specifi/olatile Organic Compounds (VOC)

France International
ANSES HCSP Europe/Index WHO
30 pg.n?® 100 pg.m?
Short term 100 pg.m?® -
(30 min) (30 min)
Fast action value
100 pg.m?
Information and
Formaldehyde recommendation
10 ug.m* | values 50 ug.m? 100 pg.m?

Longterm -

(> 1yeap Benchmark (> 1yea

value 30 pg.n?®
Targetvalue:
10 pg.nm?®
30 pug.m3(1-
Shortterm 14.dayd
3
10pgm Fast action value
X -
(lyeaj | OHOM .
Concentration as
Benzne .

Long term | 2 ug.m®* for Benchmark low as possible | 1,7 ug.m?for
lifelong value 5 pg.m?® lifelong
exposure exposure

corresponding Target value 2 corresponding
to arisk level ug.nm to a risk level
of 10°(a) ' of 10° (a)
Short term - - - -
20 pg.méfor | Fast action value 23 pg.méfor
_ lifelong 10 pg.md lifelong
Trichloroethylene exposure exposure
Long term . - .
corresponding Benchmark corresponding
to a risk level value 2 pg.nm? to a risk level
of 105 (b) ' of 105 (b)
1380 pg.m?
Short term (1-14 day3
Tetrachloroethylene
Fast action value
Long term 250 ug.n? 1250 g.1r? - 250 ug.n?
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(> 1 year) Benchmark (> 1 year)
value 250 pg.m?
Short term - - - -
0.12 ng.mefor
B lifelong
enzo(a)pyene exposure
Long term - - - .
corresponding
to a risk level
of 10% (c)
Short term 3000 pg. - 200 pg.m?(d) -
(1h)
Acetaldenyde 160 pg.n? 200 pg.n?
Long term - -
(> 1 year) (> 1 year)
Short term - - 20 mg.me (d) -
Xylenes 200 pg.m?
Long term - - -
(> 1 year)
Short term 20 mg.m? - 15 mg.m? (d) -
Toluene 300 pg.n?
Long term 20 mg.m? - -
(> 1 year)
Short term - - 2000 pg.ne(d) -
Styrene 250 ug.n?
Long term - - -
(> 1 year)

(&) ANSES and WHO also propose valuespectively equal to 0.2 and 0.£87Q 2 for a lifetime exposure
corresponding to a risk level of £0

(b) ANSES and WHO also propose valuespectively equal to 2 and 2€3 g 3 for a lifetime exposure
correspondingo a risk level of 16.

(c) WHO also prposes a value equal to 0.012 ngfor a lifetime eyosurecorresponding to a level risk of £0
(d) Unspecifiedduration forlAQGs

ITI. Assessment methods of analysis for indoor air pollutants

Indoor air pollutiorassessmemequires powerful analytical detection systems to identify
the pollutants present andnonitor the evolution of their concentrat®nn confined
environmentsin order to understand indoor air, scientists refer to the knowledge gained from
studies outdoor. However, indoor air is much more complex than outdoor. Therefore, several
problemsarise: indoor air is affected by pollutants released from indoor and infiltrated from
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outdoor; sampling instruments may differ from outdoor; and the air exchange rate inside may
be very low since the volume inside is finite.

Nowadays, there is no re@&rcemethod for measuring indoor air pollutants. The methods
currently used are very diverse due to the lack of regulations for the measurement of indoor
pollutants andhey are dependent on the intended application (IAQ diagnosis, rapid process
studies, readctity, source identification and exposure). The techniques that we have to use
might depend essentially on the problem considered and its loostder to choosea
measurement protocol, two main factors are taken into consideration: the charactetiséics of
analytical techique (its limit of detectiomuantification adapted to thedaorconcentrations,
its accuracyand thesampling method (active or passive)) and the strategy of sampling adapted
to the problem (sampling time, spatial and temporalidigion). Thus, the size of the analyzer
(mobility andportability) isa primary criterionas is its sizer the noise it can generate.

There are three typestaichniques used to sameloor pollutantsThe firstoneconsists
of grab or spotair sampling,either bysampling of whole air in special recipientr by
collection onto solid adsorbentsllowed by a delayed analysi§he second method concerns
integratedsamplegroviding atime averageconcentratiorover a specified perioillowed by
a delayed analysitndeed, it may be more appropriate to determine a concentration of pollutant
over long periods in o|t to obtain an average of its concentratimer a given time scale,
representativef the overall air quality. Througlhis, the presence at low levels of a pollutant
can be highlighteéh term ofchronic health effectBom long exposure time. However, there
is no indication for acute effects if the compound is toxic at high concentrations over limited
times. The last témique is based on a direct and continuous measuremesingon
measurements) of one or more determined pollutants, using automatic anahser (real
time analysis).

l1l.2. Sampling and monitoring techniques

[11.1.1. Continuous sampling (on-line methodg

Since indoor air quality is subject to temporal and spatial changes, in order to determine
the exposition of the occupants inside, continuous sampling aims to measure -tiraereal
concentration of indoor pollutants. Thanks teg@reattime sampling metbds, shortterm
peals of concentrations can be detected. Adding to thisgbasuremerntoncentration can be
correlatedo sources, infiltration from outwbr or others characteristics.

Theprinciple of detectiomlepends on many factors, suchtlas chemical properties of the
pollutant and the range of concentrations to be measlinese analyzers continuously collect
ambient air by aspiration, with possibly a step of-gwacentration of the sample and then
thermal desorption if necessary, ateliver a signal representative of the concentration of the
analyzed pollutant. Their temporal resolutican be agastas a fewseconds carnrhey have
been developed and are usually used for outdoor and laboratory measurements. Typically,
pollutants areneasured by certified analyzers that use reference methods or equivalent methods
described in European directives for monitoring outdoor pollutants. These specific methods for
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each pollutant are recommended by the European directive 2008/50/EC and ttie Fren
Association for Standardization (AFNORAIl the online analyzers have a shditne
resolution except for VOCs.

The carbon monoxide analyzer is basedirdrared absorptiorat a wavelength of 4.6
microns Regarding nitrogen oxide analyzer (NO / NKONOx), this instrumenis based on
chemiluminescenc®zone analyzer use¢he prirciple of ultraviolet photometrywhile SQ is
based on thelV pulsed fluorescencéor the detectin of VOCs, he PTRMS (Proton Transfer
Reaction Mass Spectrometer), SIME (Selected lon Flow Tube Mass Spectrometer) and ClI
MS (ChemicallonizationMass Spectrometry) methods are hpgrformance technigques with
a time resolutionn the order of one second and radaly low detection limits (a few ppt to a
few pph. The micreGC (gas chromatography) or portable Gllsw the quantification of a
larger number of species with a detection limit of a few ppb but a longer time resolution
(minutes). There are also more compact autonaatatyzersfor the measurement of VOCs
such as total hydrocarb@malyzerswith flameionizationdetection or BTEXanalyzerswith
photoionizatiordetection

[11.1.2. PassiveSampling

In passive sampling methods which investigate the measurement of accumulated
pollutants at the collection site or in a laboratqrgllutantsare collected over some period,
ranging fromseveral minutego several weeks or months. Thesults are expresses an
average concentratiaturing the sampling periodThanks to this methqda largevariety of
pollutants can be detectdehrticles can be adsorbea filter media forlater gavimetric and
chemical analyses, and then in order to measure mass concenteagoamametric technique
is used,x-ray fluorescence, neutreactivation analysis, etcare used to determine the
elemental compositioof samples, and the chemi@amposition is determined kseparation
and analytic techniques

Gaseous substances can be ctdltby passive (diffusienontrolled) samplers, whicre
basedonopechaced O6badgesd or cartridgemordeotot ai ni |
assess individual exposungearablebadges have been develop&tiese badgeare packed
with active charcoal, a higcapacity adsorbent, which &uted by carbon sulphid&hese
badges consist of a bed of activatédrcoalcovered with a porous membrane held between
two metal grids and a support. Their large circular opening allows high sampling rates.
However, the effect of wind speed in the case of an individual exposure study may interfere
with the result§Gair and Penkett, 1995Jrapped organic compounds must be extracted b
solvent elution and then analyzed by gas chromatography. The GABIE and 3M badges are the
most widely used and appropriate terms of performance and facility for the study of
volatile organic compound®ury et al., 2006)0GAWA badges allow simultaneous analysis
of NO2 and NGx.

There are two geornrges for cartridge sorbentype of sampler(i) radial samplers
offering options for thermal desorptiofiD) or solvent extraction or (ii) axial diffise
samplers based ostainless steel or inecbated steethermaldesorption tube The use of
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passive axial and radial diffusion tubes has been described by the Laboratoire Central de
Surveillance de la Qualité de I'Air for the measurement of benzene in ambi@nC A,
2014)

[11.1.3. Active Sampling

This type of sampling consists, on the one hand, of collecting and storing an air sample
directly, either by pumpingp{astic bag) oby pressure difference in canisters. The compounds
to be analyzed can also be trapped on a tube containing an adsorbent.

Plastics bagaresimple to use, inexpensive and available in various .sites/ allowthe
collection of several gaseous compounds (light VOCs, CO, Q ...), and hey are reusable.
According to the type of chemicals to be measured, the type of bag can change (e.g., Tedlar,
Teflon or aluminized Tedlar)n a Tedlar bags, theompounds magot remain sible for more
than 24i 48 hours\Wang and Austin, 2006 eflon bagis suitable for VOCsampling. It is
also permeable to certain chemicdlbe use of a prélter at the bag inlet is recommended if
a significant amount of dust is present in the medium. In addition,dheyallow humidity to
diffuse when relative humidity levels &f between inside and outsi(iRas et al., 2009)

Unlike the plastics bagsnetal canisters hava high initial cost.They are spherical
stainless steel containers with an inner wall treated to eliminate any possible interaction with
the sampleCanisters must be cleanedor to use,in order to avoid contamination. Samples
arecarried out by opening valve using two samplingthods grab or timeintegrated). The
active methodonsists on the pressurizationtlé sample andhe collection of largevolumes,
which are not limitecy the volume of the contain@Ras et al., 2009)n the laboratory, the
VOCs capturedn the canisters are pmdncentrated on an adsorbent and then thermally
desorbed for analysis by gas chromatographis technique allows the measurement of a wide
range of light VOCs, such as €Cy hydrocarbons and oxygenaigtoshi et al., 2007)

Adsorption trappingllows the compounds to be captured by sampling the air using a
pump on a cartridge containing a specific adsorbent material according to the family of pollutant
under consideration. The sampling flow rate is adjustabtithe sampling time from a few
minutes to 24 hours, making it possible to obtain a concentration averaged over a defined period
of time. Implementation is inexpensive and relatively simple. This technique allows the
sampling of different categories of VOCs. A DNEsed adsorbent allowsetlsampling of
carbonyl compounds followed by acetonitrile elution and then analysis biiRIMC. Organic
polymers (Tenax) are preferred for the sampling of hydrocarbons such as BTEX (Benzene,
Toluene, Ethylbenzene, Xylenes). The trapped compounds arendrematly desorbed in the
laboratory and measured by gas chromatography. This active sampling technique for the
determination of carbonyl compounds on DNPH and volatile organic compounds on Tenax TA
sorbent in indoor air is standardized according to IS@A&0and ISO 1600@.

l11.2. Choice of measurement method for indoor air quality

The choice of the measurement method varies according to the needs in terms of temporal
resolution and accuracy, as well as the tgppollutant that we want to analyze. As we said
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before, there is no gellatedmethods to teidy the indoor air pollutant®\pproaches like the
usual measurement techniques that we have talked about above a-thiaeat for
environmental research, bypically, only experts can operate these complex instruments and
interpret their data. Theagquire frequent calibration and routimaintenancethey have their

own power and ambieftéemperature requirements and can create safety, heat, and noise
problemsif they are placed at the sampling points. Tlaeg expensive, bulky, and non
destructive analytical techniques that cannot be deployedntber or presence of occupants
Another hindrance is the laws that protect the privacy linked to dwebindsseveal indoor
environmentswhere the private lives are protected from the social imnusi others such as
scientists while it is important to investigate the role of the occupants and their activities as
primary sources of indoor pollution in residential buildirldence, thescarcityof information
about indoor air quality.

Therefore, tiis important to hava compromise betwedhe desired measurement and the
cost, sophistication of the device and its potential for lagde deployment, vith are often
in a big conflict. This is due tlarge-scale studies, such as the regulated surveillance of public
establishments or the diagnosis of buildings for which a complaint from occupants is reported
(health symptoms)whichrequire tools that can be made available to individuals or intended to
be implemented by individuals for losigrm measuresLhis type offixed-station monitoring
is not suitable folarge scale surveys, becausetiohe and cost consideratians

This requirement has motivatéae development ofbatteryoperated low power devices
known as sensoi®lead et al., 2013)Those small sensors can overcome thesaldatages
and offer a wider range of applicatiof@nyder et al., 2013)They arerelatively inexpensive
lightweight, low wer consumption and portablélolstius et al., 2014)They have an
acceptable level of efficiency sensitivity and selectivity. They enable observations at high
spatial resolution over a wide geographical amegear real time and provide new opportunities
to simultaneously enhance existirgference analyzers, as well as engage citizens in
activeenvironmental monitoringrhose sensorare being studied and are of interest in many
areas, including several environmental applicati@espelli et al., 2014). Such devices have
recently beerdevelopedwithin the APOLLINE project led by PC2Aaboratory since 2014
andstudied in the framework of tHehD of Alexandre Caron2016
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Thischapter firstoutlinesthe operating principle of a sensor, followeditsymetrological
characterizatios. The detection techniques presented hereafter concern the main methods
available commercially and we will exclude sensors in the development phase in research work
(new sensitive materials, synthesis processeBhen, we wilpresent anon-exhaustivdist of
studies of quantitative evaluation s#nsors versus referenaaeasurementsg-inally, the last
section will presentexamples of studies dhe evaluation of low cost sensors in indoor
environments.

I. Definition of low costsensors

A sensor generally consists of a matenhbse operation is based on a physical, chdmica
or biological phenomenon allowing a physichemical quantity to be transformed into a
generally electrical signal. Examples include physical sensors for temperature, aocelerati
rate,and pressure

In general, chemicasensors allow the determination of chemioaasurandpartial
pressure, concentration, efcgnd generally combine the identification and quantification
function.They consist of a sensitive layer and a transduction sy&ermuy et al., 2004Yhis
layer reacts with its gaseoasvironment thain turn changes its physical properties as shown
in Figure 11- 1. This change can take the form of a change in conductgnfiea change in
mass o or a change in light intensity in the case of a fluorescent mateigh)( The
transductionsystem will translate this change in physical properties into an electrical signal
(p! g change in emitted light intensitgp(im), or a change in frequencgp(} (in the case of a
guartz microbalance)lhis isthe reasorwhy the principles of transduction, in terms of gas
sensors, are very varied: optical, mass, thermoelectric, electrical, electrochefhicknicki
et al., 1991)

i i ' - il 1 L ( - g
Ads;:rptmnflﬂealctmn (o™ \ Sensitive
of gas molecules 4 o\ / material
Change in the Substrate
property of the \O
Measurement

sensitive material
' m system
Signal AV \F Al

= lum

Figure Il - 1: The sensitive layer in a chemical sensor, and the gas mokscthat interact with it
(Thery-Merland et al., 2005)

Sensos are often calleflow cosb, sincetheir priceis significantly lower tharthe cost of
theregulatedreferene instrumentor its target pollutantdeally, theirweight, dimensions, and
size, must be modest enough to considee#syportability of the instrument by an individual
without complcations The information delivered by the sensor, must be directly readable,
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either through a display positioned on the sensor housinghoougha software interface
provided by the manufacturer, without any other form of signal proce@eupn et al., 2017)

Chemical sensors are used in various fi¢ksbry and Gondran, 2008he environment
(effluent analysis, control of gas emissions, etc.), the automotive sector (combustion control,
passenger compartment control, etc.), the food industry (process and product quabty, cont
agriculture (soil and irrigation water analysis), biomed®attors(diagnostics) andgmart
homes Thar field of activity also extends to consumer or haam&mation applications.

I1. Types of gas and particles sensors

Low-cost commercial sensors represent a great opportunityil sensor networks in
order tomonitor ambiengases in large urban areas apdts.Table II- 1 represents a synthesis
of the characteristics of the different tgpef gas sensors which coincidéth the criteria
generallyfoundin the literature.

Table Il - 1: Measurement parameters for sensgerformance(Penza, 2020)

oy L o Limit of
Transducer Sensitivity Selectivity Stability detection
Electrochemical High Variable Good ppb
Infrared Absorption High Variable Low ppm
Photoionization .
detector High Low Good ppm
Optical particulate High Improved Good cegfm
counter
Metal oxides High Variable Low sub-ppm

In order to meet high requirement in terms of performance, gas sensors should be as
sensitive as possible and preferatdyselective to the target gaoncentration ranges guided
by the field of application, i.e. the presenceirdkrferents should not influeace thesensor
response These sensors must also have a response time in accordance with the intended
application, be reliable over time and must be easily miniaturized and suitable foodow
industrial productionNowadays despite the diversity of gas sensechnology, no sensor
meets all these critier simultaneouslyHere, a brieoverviewof the operating principles for
sensorsised in air quality monitoring etailed in the section beloImost the totality of the
small commercial gas sensavailablebelong to four different technologies, metal oxide
sensors, electrochemical sensors, dispersive infrared radiation absorption (NDIR) and
photoionization detector sensor. Optical technologies are suitable for detecting particulate
matter.

Non-dispersive infared absorption (NDIR) sensgseovide highly accuratand reliable
COz measurement@xcellent sensitivity, selectivity amatecision) Photoionization detectors
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(PID) are very sensitivier VOCsand precise but have low selectivity. Electrochemical sensors
are used for the selective measurement of many gaseous compgoghdas NOx, carbon
monoxide and oxygerMetal oxide sensors are sensitive to various spethes.principle of
these technologs is described below.

II.L1. Non-Dispersive Infra-Red (NDIR)

This opticaltechnology is basedn infrared gas absotipn. Many gases have absorption
bands in the infrared zone of the electromagnetic lighttepac The target gasbsorbs
radiationat a specific wavelength depending on its vibrational energy. rédection of the
energy of the infrared radiation is measured by a detector ammoportional to the
concentration of the gas subjected to detectomrding to the LambeiBeer law:

o 11 q;% a8H

where0 is the absorptioriQs thelight intensity measured@is thelight incident on the
cell, eis themolarabsorption coefficierthat depends on the gas and the frequanisyength
of the path of the lighandcthe gas concentration.

A non-dispersive infrared sens@ based on infrared sourcesich target a specific
wavelengthfor which the molecule to be analyzed has a maximum absorpNiDIR is
composeaf many components: infrared sources (lamps), sample chambers, wavelength filters,
and infrared detectors. In the case of#dispersive infrared detection, the gas diffuses into the
sample chamber and the light from the lamps passes through the aptitahhere it interacts
with the gas. The target gas absorbs a specific wagti in the infraredrhis light is redirected
inside the chamber towards the detector. A band pass filter in front of the detdetas the
wavelength of the targgasas fiown inFigure 1l- 2 (Delebarre et al., 2018; Pandey and Kim,
2007) Due to this principle of operation, other molecules should ideally nafeng with the
detection of the target compound. Howewsme cross sensitivities are not inevitable. These
interferences may occur due to absorption of water vapor and other gases and drift due to
changes in the light source.

gas inlef —-j& f_) gas outlet
N | |
7 0 /<1ﬂ
/ / \
broadband filters dual element
source detector

Figure Il - 2: Infrared absorptionwithin NDIR sensor(Hodgkinson et al., 2013)

NDIR-type sensors cabe usedn order to measure almoatl organic and inorganic
gaseous compmds that absorb in IR, including carbon dioxide, whiels a characteristic
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absor pt i o 2349%rcan This (mdkeshe sensors very selective CQ; (Pandey and
Kim, 2007) In our work, we will use a\lphasenseNDIR-A1 sensorwhich is specific to

measure the concentration of carbon dioxide between 0 and 5000ippms sensor, the
channel is equippedith a filter that allows only 4.26m wavelength to pass, where £lias

a strong absorban¢kang et al., 1996)

I1.2. Electrochemicalsensors

Eledrochemical sensors convestectrochemicabxidation or reductiorreactions (the
reaction between an electrode and analyte) into an applicable dqualtatjuantitativeurrent
signal which is proportional to target gas concentratidhis electrochemical sensas
typically based on a working electrode,counter electrode and a thin electrolyte layer that
separates the two electrodeBhey are mainy divided into wo types: potentiometriand
amperometric

[1.2.1. Amperometric sensors

The amperometric sensors generally consishigfe componentas shown irFigure 11 -
3. The gas chamber inclada chemicafilter, whichregulats gasaccesand sensor sensitivity
and may improve gas selectiviffhe amperometric sensor requires basically two electrodes,
the working elet¢rode and the counter electrode. Thag impregnated withan electrolyte
solution operating at a constant applied voltage in the middle s€&ietier and Li, 2008)
Amperometric sesors typically requir@two-electrode configuration, but this type of sensors
has a low range of detection due to the polarization of the counter electrode, resulting from
electrochemical reactions. Therefore, in order to eliminate this effect, a tleictroele
(reference electrode) with stable potential is used. Other systems use a fourth electrode
(auxiliary electrode), in order to improve the performance of these sensors in terms of
interference and the effect of temperature, as showigure Il- 3 below. The lower section
is a reservoir Since the relative humidity varies while using organic electrolyte, this reservoir
adjuststhechanges in equilibrium electrolyt®ncentration.

Dust filter Working electrode
Gas chamber —| Auxiliary electrode

Porous membrane~"|
Reference electrode

Electrolyte / y

Counter electrode

Reservoir/, I

Connector pin > ‘: = M
N B I

Figure Il - 3: Designof an amperometric sensor witfour electrodegBaron and Saffell, 2017)

In general, gases enter through the dust fites the gas chamber, where the target gas
then diffuses through the gas poranembane and meetsthe liquid electrolyteand the
electrodes. The working electrode reaction takes place gbhthise The sensor signal is the
measurement of the curregtiffusion during oxidation or reduction reactions between the gas
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and the electrolytawhen applying a proper potea between the two electrodé@Baron and
Saffell, 2017)

The current output signal is proportional to the concentration of théejag detected
(Baron and Saffell, 2017; Jacquinot et al., 1988y allows to determine the gas concentration
following the Nenst law for electrochemical reactioflSumar and Fray, 1988)

If we take the example of amperomet@© gas sensors, once carbon monoxide is in
contact with the working electrode, chemical reaction between CO and water molec¢hées
air will take place, leading to thexidation of CO

CO+H,0 E©Q+2H"+2¢ (1)

(H") generated on the working electrode ffoteward the countezlectrode through the
ion conductor. In addition, generdtelectrons move to the countectrode H* reacs with
oxygen in the air on the countelectrode.

- 02+ H? +2e = HZO (2)
The overall reactiors:
CO+;0,=CQ (3 (Baron and Saffell, 2017)

These sensosmndetect many air pollutants such as: CO3NNO, NG, Oz, Oz or SQ,
but they seem to have a limited lifetime retato the consumption of the electroly&tetter
and Li, 2008) The electrochemal sensors have a very high stability among time, but they
suffer sometimes from crosensitivities (Aleixandre and Gerboles, 2012)Several
electrochemical sensors of amperometric types with four electrodes, from thasétse
company will be used during this work.

I1.2.2. Potentiometric sensor

In this type of sensors, the electrolyte is sdlide mechanisiis based on electrochemical
reactions that occur between the gas within the sensotharswlid electrolyte This canbe
presentedby transfer of electrical charges betweenténgetgas and the electrolyte ions. These
sensors are more precisely called sshakeelectrolyte sensors. The scheme of solid electrolyte
gas sensors is shownfigure 11- 4.

X5 (Dref) , Me' /E.S./Me" , X5 (Prmes)

Electrode de Electrode de
référence mesure
X5 (Pref) E.S. X5 (Prmes!

ELECTROLYTE SOLIDE

Me' Me”
E

Figure Il - 4: Principle of potentiometric sensgfAsch, 2010)

The solid electrolytes connected to a reference eled& and avorking electrode A
reference environment containing a mixture of air and dmpoundto be measured is
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maintained at a constaptessurey . This environments separated from the measurement

compartment wherg is determinedBy measuringhe potential differencbetween the two

electrodesan electric current is determinadhich isdependent othegas concentration

YUY 1
nOA/E

DO

where R th@as constant, T the temperature and F the Faraday constant.

Potentiometricsensors based on zirconia Zr@re well known industrially for the
detection of different gaséBergus 2007; Miura et al., 2034

[1.3. Photo lonization Detector

The principle of photoionizatiodetection,based on a photoelectric effecgnsists in
ionization of neutral chemical compounds. The sensor is equipped with a UV lamp, which emits
high-energy photons onto a sample of amb&ninside the sensor chambas,shown ifFigure
Il - 5. The absorption ahephoton tv) by thegas atomB) allowsthe extraction o&n electron
(€' ) from the latteyand therefore, the gas atom is ionigBt), as shown in the follow equation
(Eiceman et al., 2013)

B+'®= "Be

These charged ions are then attracted by an external electric field, generated by two
electrodes (cathode and anode), and create an elewtrent This signalis collectedby the
sensor then amplifiedt is proportional to the number of ions formed ahdrefore to the
concentration ofonized molecules. The greater the concentration of compound in the air
sampleis, the greatethe current that will be generated and detected by the PID sisnsor
(Al ei xandre and Gerboles, 2012; SzulczyEski

© o J
ionization
area | géﬁ_:”é ;

UV source
+, +i
currentof 1 J_ o current of
negative ions positive ions

Figure Il - 5: Basic principle of a conventional photoionization detector (PI@immer et al., 2015)

This type of sensaiis frequently applied to measure tb@ncentration of volatile ganic
compoundgBoeker, 2014; Stetter and Penrose, 20BH) sensors can detect volatile organic
compounds having ionization potential lower thanitimézing potentiaby the UV lamp This
energy depends on the type of lamp useehof = 9.6 eV, Deuterium = 10.2 eV, Krypton =
10.6 eV and Argon = 11.7 e\fhe main air compounds, oxygen and nitrogen, do not ionize at
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this photon energfLaurent Spinelle et al., 20178)he list of volatile organic compounds that
can be detected by these different lamps is showialhe II- 2.

Table Il - 2: Volatile organic compounds measured depending on lamp tAdphasense, 2010)

Type of lamp VOCs detected

Many aromatics and unsaturated VOCs compounds containing at l¢
Xenon (96 eV) carbon atoms or more are detected.

BTEX

Some C2, and most C3, C4+ VOCs are detected. Excepisoradly contain
chlorine, fluorine or bromine.

- All hydrocarbons, whose chemical names end in the létaars,i
ene ol yne, except methane, ethane, propane, and acetylene, at

except if the name includes
- All alcohols,whose chemical names endiiol, except methanol, ¢
frequently i f the name inclu
Krypton (106 eV) - All aldehydes, whose names end in aldehyde, except formalde
or sometimes if the name i nc
- All ketones,whose chemical names endiione, except rarely if th
name includes 6chl orod, 6f 1l u
- All esters, whose names end aite, except rarely if the name includ
6chlorob, 6fl uorodé6 or o6br omo

- All amines, sulfides

All VOCs detetable with the kryton lamp, plus acetylene, metha
Argon (117 eV) formaldehyde and about 80% of VOCs whose chemical names in
6fl uor o6, 6chl orod6 and 6bromobo.

Therefore, the peak photon energy generated by the detector depends on the PID lamp
used. Hence, aftirgon lamp can detect a wide range of VOCs while a Xenon lamp can increase
the selectivity to most aromatics and unsaturated compounds cogiaiféast 6 carbon atoms.
Stardard lamps at 10.6 eV and 11.7 ekérarelyused because of their very lindtéfespan (a
few month$. As for the 9.6 eV lamps, they are particularly dedicated to the detection of
aromatic compound@\phasense, 2010Yhus, PID sensors are not selective, by the fact that
they ionize all molecules with an ionization enelggs than the lamp outp(Aleixandre and
Gerboles, 2012; Laurespinelle et al., 2017a)

In this work, a PIDA1 detector from Alphasense equipped with a 10.6 eV lamp will be
used for VOC monitoring indoors.

I1.4. Metal oxide semiconductor sensors

Although there are several materials that can form the sensitive soffseEmiconductor
sensors, such as polymers, elementary semiconductors or organic compounds, metal oxides are
currently the main components of these senddre.metal oxide sentonductorsensors are
resistive sensorg.he first gas sensor based axideswasproposedy SeiyamgSeiyama et
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al., 1962)in the 1960sThen,the Figaro companffled the first patent for a gas detector using
a sensitive surface based on tin diox{@aguchi, 1962)This company has been marketing
semiconductor metal oxidessors since the 1970s and haaty thelargest marketo date

VOCs CO, H,0

electrodes P
a — 02 02 02 oz \\\\\

metal

heated membrane

MEMS substrate

A
G
Figure Il - 6: Metal Oxide Based Gas sensor

The mechanism of these sensors consists inlthArges in resistance or conductivity of a
metal oxide when iis exposed to differemases. The mostidely usedmetal oxides are tin
oxide (SnQ) doped with Pd or Psince it reacts with almost all gases and has strong changes
on its resistanceThe principle of this sensors is as followtsie tin oxide reacts with the
molecules of ambient gas in presence of oxidizing gas such as oxygen, resuitapping
electrons a the surfacef the metal oxide ashown inFigure II- 6. As aresult electrons will
be accumulated on the surface, leading to the creation of a negative charge space, which boosts
the conductivity by acting as a barrier for thecalens.The operating temperature for metal
oxide semiconductorgas sensor is between 20D &nd 500°C, in order to speedp reaction
rate. Thus, the manufacturers incorporate a heater into the sphigixandre and Gerboles,
2012) The resistive sensors respond to a wide range of concentrations of the gases and the
regponse time is between few seconds to few minitetulski et al., 2Q1).

The limiting factors of metal oxide sensors are given below:

- The MGQS are less specifithan other gas sensors and hthehighest crossensitivity
of all, since they react with several types of gas, sucteasting totoxic gases like
NOX, orvolatile organic compounds, leading to mdalge positivesin order to deal
with this crosssensitivity, nanufactures incorporatedoping agenbr filters into the
sensors.
- The MOS sensor 6s per f or maesesensorssaextaahelye ct e d
sensitive to humidityand temperature.
- The MOS sensarare not stable over tinfleence the need for periodidibration).

We did not select any metakide semiconductor sensor in our work.

[I.5. Optical Particles Counter

The optical particls counterworks according tothe light scattering principleThe
physical pringle is as followgFigure 11- 7): first, the air is sucked in by the fan of the counter.
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Therefore thecoarseparticlesareremoved when air flows through the detection chamber, and
only fine particleswill be retained. Ths, the aircharged with particles, passes through the
opticalbeamemitted bya light source(usually a laser diode or LED emitting in the visible or
near infrared rangeand apart of the light beam is scatterdthe scattered light is converted

into an electrical signaby a photosensve sensor. Then, an algorithehassifies particles by
size,according tadhe scattering angle, the distance separating the particle frateténetor, as

wel | as the i nt en.SThepayticles wilithetbbamalymea v el engt h &

[m] ]| Air inlet
HPM Series Particle Sensor
Detection chamber
Particle

Lens  Lasersource

Laser
drive
circuit

Light
(np‘«

Photodiode
Ph ic converter

Signal to MCU

Fan

Y
| EEEEEEER) ]Connector ,—T‘Ajr outlet
L 3

Figure 1l - 7. Example of particle counter (Honeywell, HPM serie@Redon et al., 2018)

It is important to take into consideration that these réenasors do ngprovide any
information on the nature of the particle. The algorithm converts the ddta nrass
c oncent rmd tonsideing p pagi¢le density, which is not always adapted. In addition,
the size classification process assumes that the measured particles are perfectly spherical, so
there may be uncertainties about particle @axlon et al.2018) Within Apolline project the
OPGN2 from Alphasensevere selectetbr QARPEDIEM.

III. Sensorssystems

Sensors can be used as single sensors (original equipment manufacturers: Q&sM), or
sensor systems (SSy#fat include the original equipmenmhanufacturers (OEMs) in a
protective box, with power supply and electronic hardware and software, in which data
acquisition, processing and transfer are autonthBwis et al., 2018)SSys are readip use
while OEMs are used in a singleay, whichis not practice.

Since the lowcost sensorbave becme a major interest for citizen science initiatives,
several manufacturers companyor even research institutions have inmpéted their own
sensor system®lenty of thee systemareavailable and can be deployed bysersaiming to
monitor the air quality in specific environments.
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Table Il - 3: Modelsof sensor systems by pollutant type and price

Pollutant Type Reference Price ($)

ARISense NO, CO, Electrochemical (Cross et al., 2017) -

NO, G
PMio, PMz s, oPC
CAM NOKI,OCO, Electrochemical (Borrego et al., 2018) -
PMzs, CO, OPC, .
EMMA NO», NO Electrochemical (Gillooly et al., 2019) -
RAMP CO, NG Electrochemical (Zimmerman et al., 2018) -
NO, CO, . (Mead et al., 2013; Popoodd al., i
SNAQ NO Electrochemical 2016)
Urban AirQ NO: Electrochemical (Mijling et al., 2017) -
PA-I-Indoor PMgz.5, PMig OPC (AQ-SPEC) 180
Cair PMos, OPC (AQ-SPEC) 200
PMuai 2.5
Foobot PM.s OPC (AQ-SPEC) 200
Egg v.2 CO, NG, O&s Electrochemical, (AQ-SPEC) 240
Egg (2018) PM;;,\Z';"Z-E” oPC (AQ-SPEC) 249
PM, o (Dacunto et al., 2015; Han et al.,
2505 2017; Holstius et al., 2014;
PMyo, Jovad{ewvilanovili
Dylos DC1700 PT\AMlOISZI\?I,g OPC Manikonda et al., 2016 Northcros: 27>
Ff,’v' ’ et al., 2013; Sousan et al., 2016;
25 Steinle et al., 2015)
Spec CO, NG, O3 Electrochemical (AQ-SPEC) 500

CairClip . (Duvall et al., 2016; Feinberg et al.

03/NO> s, NG, Electrochemical  1g. jia0 et al., 2016; Spinelle e~ 00
al., 2015a; Williams et al., 2014b)

AirThinx PMi, PM;s OPC (AQ-SPEC) 1000
Ang/n;)EUR co, Nci’NOZ’ Electrochemical (Karagulian et al., 2019) 1600
Air Quality ;

Station PM;, PMes OPC (AQ-SPEC) 2000
NOy, Os, Electrochemical, .
AQT-420 PMas OPC (Crunaire et a).2018) 3256
AirCube NO, O3 NO  Electrochemical ~ (Bi9ietal, 22001187;)'\"“8”” etal, 3538
AQT410v.1.11 O3 Electrochemical (AQ-SPEC) 3700
Va'sa\'/alAl?sT“O CO,NO  Electrochemical (AQ-SPEC) 3700
NO;, Gs, .
ECOMSMART PMy, PMy,  Clectrochemical, (Crunaire et a.2018) 4560
OPC
PM; 5
PMio, PMgs, Electrochemical, .
Watchtower 1 Os OPC (Crunaire et a).2018) 5000
(Cordero et al., 2018)
NO;, CO, : (Castell et al., 2017)
AQMesh v.4.0 NO. Os Electrochemical (Borrego et al., 2018) 10000

(Crunaire et al., 2018JAQ-SPEC)
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Table I1- 3 presend a nonexhaustive list of low cost gas and particles sensors system
based on the four technologies cited above (NDIR, PID, OPC and electrochemical). These
systems are available for camercial or research purposes. Different sensor systems combine
the same group of individual gas and particles sensors. Most of those systems gather either
particlessensors (PA-Indoor, Cair, Fobot, etc) or gas sensors (ARISense, RAMP, Speck,
Cairclip). Some of these platforms combine both types of sensors. Many commercial sensor
systems gather multiple air pollutant sensors into a single system and often include sensors for
environmentaparametersueh as humidity or temperatui/hen considering the aof these
sensor systems, it is usually the cost of the sensor system that is most relevant to the users.
Indeed, the price of these sensor systems can range fronufelredgo thousands of dollars,
even if they include the same original manufactured sensors. For example, the cost of AQMesh
v.4.0 sensor system is aroudtD000.

IV. Characteristics and evaluation ofsensos

IV.1. Metrological characteristics of sensors

It is important to present the main characteristics of the sensor component in order to
characterizdts performance. The three most important parameters are what is commonly
referred to as the "3S(Pijolat, 1997): sensitivity selectivity and stability In addition,
reproducibility, detection limjtresponse and recovery time are characteristics of sehbese
characteristics have been taken into account in order to evaluate the performance of sensors.

IV.1.1.Sensitivity

Thesensitivity is the ratio betweethe elementary changethe output variable provided
by the senso(measured signal) and the elementary changbe measured variablef the
analyte (concentration). For a semiconductor gas sensor, the sensitivity will dieattgsin
conductance ots$ sensitive part in relation to the variation in the concentration of the gaseous
species to which it is dedicatemsshown inFigure 1l- 8. If the sensoresponse is linear, the
sensitivity will be constant, which is rarely the case for gas seftsansionka, 2008)Thus, it
will be defined for a given concentration. The response of gas sensors is géaigibligon
linear, so the sensitivity is not constant. For gas sensors, the problem is more complex, because,
apart from noflinearity, the signal measured (generally electrical conductantte case of
semiconductor sensQrss nd zero at zero concemttion. Moreover, this electrical conductance
will either increase or decrease in the presence of specific gases. In order to be able to compare
the sensitivities of very different sensors, differential and relative calculadi@nsised as
"Relative Respose”, and therefore a relative sensitivity is calcula®egias sensor is sensitive
if a small change in concentration leads to a large changesenker output sign@Kamionka,
2005 Pijolat, 1997.
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Sensor response

A Simple case

Real sensor . linear response

Non-linear response ’

Gas Concentration X
Figure Il - 8: Non-linear response of metal oxide seng@arakeh, 2012)

IV.1.2.Selectivity

The selectivity is one of the most important characteristics of gas seBgatsfinition,
the selectivity is the abilitof a device taetect the presence of a gas independently of variations
in the concentrations of other gases that may interfere. Absolute selectivity occurs when a
sensor responds to only one species of gas and its response is not affected by the presence of
another spees. Relative selectivity occurg a gas sensor responds to different spethas
could bepresent in its environment. Bhproblem has then a solution, which is calhedlti-
sensor approach or multivariapproach (Pijolat, 1997).

IV.1.3.Stability

The stabiliy characterizes the drift of the sensor signal over a long period of use even if
the measurement conditions are constant. These drifts can be artificially corrected in some cases
by periodically performing a "zero" calibration of the sensdisujita et al., 2005)i.e. a
measurement in a reference atmosphere (generally under a cordmobednposition called
"zero air').However, this approach has two disadvanta@esthe one hand, it is necessary to
have a reference atmosphere, e.g. a standard gas cylinder, or an air "purification" device, and
on the other hand, it is assumed that only the reference qudnitisy whereasthe sensitivity
itself mayalso drifts. @her methods seek to find the specific model in order to correct the drift
(Romain and Nicolas, 2010; Tomic et al., 2008@vertheless, they require large computational
resources, and their implementation in a -temé system will compleky more the
measurement togDe Vito et al., 2009)

Severaparaneters are also included in thensor characterizatipsuch asletectio limit,
response antecovery time. The detection limit is the lowest concentration detectable by the
sensor under given condition&e response time is the time required to re&h ®f the full
signal response once the gas is introduced and the recovery time is the tinfiertdilesensor
signal in order to return to its initial val@@ochenkov and Sergeev, 201The reproducibility
of a gas sensor is the ability to produce the same response to a gggifithe system is
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reproducible when it responds to a gas in the sameeitlagrasthe number of measurements
or as thdime betveen measurements.

Other taracteristics that do not directly reflect the measurement performance of the
sensors maye taken into consideration when selecting the sefiosaa given application.
Examples include the life span of the sensor and its roégstthe maintenance it may require
as well as its easlyiendly design its ability to be miniaturized and thuts ability to be
integrated into autonomoasdportable systems, and especidi$ycost.

IV.2. Evaluation studies of gas and particles sensors

Regarding the evaluation studigdow-cost sensorshere is no legislations and directives
nowadays aiming the regulation tfeir use(Karagulian et al., 2019; Lewis et al., 2016)
Furthermoredue to the lack of inforation about thie performanceit is crucial to choose the
proper lowcost sensors in order to monitor air qudlaydifferent objectives. The development
of accurate and reliable Iewost air quality sensors has become unifyaomcern for all
manufacturers and scientists avare blocked by the complex nature of lowost sensors
(Clements et al., 2017; Papapostolou et al., 2017)

Thesdow-cost gasensors mugieselective to theitarget pollutantsis mentioned in the
metrological characteristicand at the samiéme, they do nothave to interfere with other
species and environmental factors to which they are exposed. In addition, their response change
as they agajepending omow long theyareused. Herein, the necessity of several recalibrations
over time, in order to correct their drift. The calibratioagess requires expensive and specific
reference instruments. These issues reduce thehadeanhtage. Moreover, leaost sensors
have been shown to be sensitive to diffetgmes ofenvironments, making mobile deployments

more difficult (Arfire et al., 2016)Fi nal | y, the user has to conv:«
pollution concentrations vizarious algorithms and processing procedurasfferent type of
sensorsAccordingly, r el evant air gual ity i hyfabblowcast i on 6 s

sensorgWilliams et al., 2014a)rherefore acomprehensive evaluation of sensor performance
musttake place undedifferent environmentatonditions and pollutant levein attempt to
ensure data quality.

Current research involvedargenumber of sensors in order to identify cresgsitivities
and work on thir resolution and quantification by calibrating them using advanced reference
instrumentslt should be taken into consideration that it is difficult to stay up to date regarding
the sensors market sectiMany reviews have been published on the suitabdityow cost
sensor$or ambient air and some for indoor air. Regardimeguantitative evaluation of sensors
performance, many studies have been published under laboratory or undeorteal
conditions Currently, several notable programs have been implemented in order to characterize
the performance of lowostgassensors and to make the results of these assessments available
to all potential user§Sensorsiave beemvaluated in laboratory conditions by expgssensors
to known pollutants concentratiomsthin a chamber or under ref@éld conditions by placing
sensors alongside traditional reference instruments. The programs are: The Air Quality Sensor
Performance Evaluation Center (ARPEC) operated by the @b Coast Air Quality
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Management District (SCAQMD) in Los Angeles, the USEPA Office of Research and
Development (ORD), the Joint Research Center (JRC) established by the European
Commi ssi onods Science and Knowl edge Service
Intercomparison Exercice in Portugdensor evaluation of thepeograms are available time

websites located at www.agmd.gowsiaeAQ-SPEC) www.epa.gov/aksensoitoolbax (US

EPA, 2016)and throughiesearch published papépsustin et al., 2015; Zikova ai., 2017)and
reports(Lewis et al., 2018; Spinelle et al., 2015a, 2015b, 2013)

In the other side several protéedave been standardized suchGEN/TC 264 Air
qualityd Performance evaluation of air quality sensamd ASTM WK64898 New Practice
for Performance Evaluation of Ambient Air Quality Sensors and Other SBased
Instrumentd US-EPA: Draft PerformanceParameters and Test Protocols for Ozone and
particulate matter Air SensorBrotocolscited above, lead to define requirements for sensors
use, such as data treatment procedteereliability of sensors data, taration of calibration
test while choosig the best fitted type of reference measurements to which sensor data are
compared to and the time neededrder to recalibrate sensors.

Due to the lack onhternationally accepted standard protodofdow-costsensorsesting
the compliance betwedtfferent calibration studies would be crucial. Therefore, it is difficult
to compare the performance strategie®wafcost sensors from a studieco a n EMilliarasr 6 s
et al., 2019)

As shown inFigure Il - 9, a few number of preliminary studies abailie quantitative
performance ofow-cost sensorsompared to reference instrumemtsre pubkhed between
2010 and 2014. It wasot until2015,that thestudies about theerformance of lowcost sensors
have emerged, with 25studiespublishing results operformances dbw-cost sensors on this
year

30

n 25

8

c

S 20

o

o 15

L

5 10

2

£ 4|

S o v > D
< O N oMM <~ 0 O N~ 0o o O
o 4 494 94 d4 4 4 4 4 d N
o o o o o o o o o o o
N N N N N N N N o o

Figure 1l - 9: Number of references about quantitative assessment oféost sensors with
references instruments, according (Karagulian et al., 2019and updated in our studwyntil
October 2020
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These publications we reported from laboratonyr field tests such as urban sites, rural
or traffic sites and indoor environmer(tsaragulian et al., 2019Herein, Table II- 4 presents
the results ohonexhaustivestudiesabout calibration of lovcost gas and particeensordy
type of sensorThese quantitative assessments have lmsductedn laboratory and field
conditions gathered from the existing literature accordihg technologies used in our work
(NDIR, PID, OPC and electrochemital

Forthe evaluation of the sensors performatioe Jargest number of tests were carried out
for optical particles counter (OPC) measuring 2Mith 35 publications including around 800
laboratory and field tests. For gaseous pollutants, W&3 the most studied since N§ensors
showed the largest cressnsitivities towards different species, followsdCO, Q and NO.
As CQOis not included in the European directive on air quality as a compound of interest, only
few studies have been reported for the assessment0€6axerning TVOCs, PID sensor is
not considered efficient enough since PID is not sensitive to specific compound but they
respond to a mixture of VOCs, which makes them more complex to @tadsent Spinelle et
al., 2017hb)

From this table, we can conclude thhére have beenmany investigations about the
metrology of sensors, and generalthere are sensorldt perform very satisfactorily, with a
very good metrological characigtic, andthere are somthat do not operate properly.

Amongthese evaluation studiethe methodologies investigated in order to evaluate the
sensors are not the sark@st, evaluation models relying on field test are not the same as those
carried outin laboratory conditions. In real environments, it will be difficult to isolate the
interference and cross sensitivities effects
and to metrological parameters. Moreover, evaluation vary from a fiedtsianother
depending on the metrological conditions. Second, the statistical metrics used to evaluate air
quality sensors differ in the majority of sensors studies. They include the root mean square
(RMSE), the coefficient correlation, the standard dgen, the uncertainty, the bias, etc.

In their review about the performance of loast sensors(Karagulian etal., 2019)
gathered the metrics available in the literature in order to evaluate sensors. They show that the
most commonly used parameters to evaluate sensors are the coefficient of determifjation (R
the slope and the intercept of a linear regresdioa between sensors and reference
measurements, and only few studies were based on RMSE, bias and the mean absolute error
(MAE).

(Fishbain et al., 201 Has developed an Integrated Performance Index (IPI), an accepted
methodology Thisincludes eight performance metrics such as RMSE, correlation coefficients,
the presence measures explaining serss availability among tim
presenting the accuracy of sensors in capturing pollution sources, the matchvismbre
evaluates the accuracy of the sensor when the measured concentrations are in the form of
fractionsand the lower freqgency energy that describe the capability of sensors to measure the
temporal variability of pollutants.
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Table Il - 4: Summary of publications for quantitative assessment of {o@st sensors by pollutant
and by type of technolog§Karagulian et al., 2019)

Pollutant Type References

(Malings et al., 2019)Chatzidiakou et al., 2019)Munir et al., 2019)
(Topal ovi I, (Celler-Oxdndale et 1.0 2DZAQ-SPEC) (Jiao et al.,
2016) (Sun et al., 2016 Marjovi et al., 2017)(Casey et al., 2019]Mead et
co electrochemical al., 2013) (Popoola et al., 2016{Borrego et al., 2018JCross et al., 2017)
(Gillooly et al., 2019)(Wei et al., 2018)(Zimmerman et al., 2018{Castell et
al., 2017) (Gerboles et al., 2015)Laurent Spinelle et al., 2017¢ppinelle et
al., 2017)

(Malings et al., 2019)Chatzidiakou et al., 2019)Munir et al., 2019)
(Topal ovi I, (A®-BPEE) (Jiap et 210 2DBB)(Mead et al., 2013)
NO electrochemical (Popoola et al., 2016)Borrego et al., 2018)(Cross et al., 2017{Gillooly et
al., 2019) (Wei et al., 2018)(Castell et al., 2017)Gerboles et al., 2015)
(Laurent Spinelle et al., 2017¢Crunaire et a.2018) (Bigi et al., 2018)

(Malings et al., 2019)Chézidiakou et al., 2019)YMunir et al., 2019)
(Weissert et al., 2019)van Zoestetal.,2019) Topal ov i i, et
(Collier-Oxandale et al., 2020)AQ-SPEC), (Jiao et al., 2016)(Sun et al.,
2016), (Marjovi et al., 2017) (Mead et al., 2013)Popoola et al., 2016)
NO2 electrochemical (Borrego et al., 2018)(Cross et al., 2017{Gillooly et al., 2019)(Wei et al.,
2018) (Zzimmerman et al., 2018{Castell et al., 2017)Gerboles et al., 2015)
(Crunaire et al., 2018}Bigi et al., 2018)(Williams et al., 2014h)XMijling et
al., 2017) (Vaughn et al., 2010)Spinelle et al., 2015bjMueller et al., 2017)
(Duvall et al., 2016)(Cordero et al., 2018)

(Malings et al., 2019)Chatzidiakou et al., 2019(Ripoll et al., 2019)
(Topal ovi |,(Coltie-Gxandale etalq 2090)AQ-SPEC), (Jiao et
. al., 2016), (Marjovi et al., 2017) (Borrego et al., 2018)(Cross et al., 2017)
Os electrochemical (Wei et al., 2018)(Zimmerman et al., 2018]Castell et al., 2017{Gerboles et
al., 2015) (Crunaire et al., 2018fSpinelle et al., 2015bjMueller et al., 2017)
(Duvall et al., 2016)(Feinberg et al., 2018)

PM oPC (Chatzidiakou et al., 2019)AQ-SFEC), (Williams et al., 2014a)Crunaire et
! al., 2018) (Crilley et al., 2018)Sousan et al., 2016)

(Malings et al., 2020)Chatzidiakou et al., 2019)Feenstra et al., 2019Bulot
etal, 2019)(Kimetal.,2019)( Topal ovi i, (Oenidvarhdrna et al.2
2020) (Zusman et al., 2020jWang et al., 202QMehadi et al., 2020YAQ-
SPEC), (Jiao et al., 2016)(Borrego et al., 2018)Gillooly et al., 2019)

PMas oPC (Castell et al., 2017)Crunaire et al., 2018}Williams et al., 2014a)Feinberg
' et al., 2018) (Crllley etal, 2018)(Sousan et al., 2016Budde et al., 2018)
(JovaSjtewjidnovi I, (Hantet ag, 201ZXCaQa[ﬁeﬂe5t)al 2018)

(Manikonda et al., 2016§Zikova et al., 2017)Steinle et al., 2015)Viana et

al., 2015) (Dacunto etal., 20159Northcross etal., 2013()Zheng etal., 2018)

(Kelly et al., 2017)(Holstius et al., 2014)Badura et al., 2018jLaquai, 2017)

(Chatzidiakou et al., 2019)Wang et al., 2020JAQ-SPEC), (Borrego et al.,
2018) (Castell et al., 2017)Crunaire et al., 2018}Williams et al., 20143a)
PMio OPC (Feinberg et al., 20180Crllley etal., 2018)(Sousan et al., 20L6()3udde etal,
2018)( J o v aSjteovjid n o v i I, (Hantet ah, IZO_‘LZXCaQa[Deﬂe@t)aI
2018) (Manikonda et al., 2016)

(Malings et al., 2019)Zimmerman et al., 2018)Laurent Spinelle et al.,
CO NDIR 2017c) (MorenoRangel et al., 2018}Martin et al., 2017)(Yasuda et al.,
2012) (Mendes et al., 2015]Delebarre et al., 2018)Casey et al., 2019)

(Malings et al., 2019)Goletto et al., 2020\MorencRangel et al., 2018)
VOCs PID (Laurent Spinelle et al., 2017 fAgbroko and Covington, 2018Williams et
al., 2015)
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Table Il - 5: Summary of laboratory and field assessment of gas and patrticles seisardoor
environments

Study Sensors References

Low-cost air quality sensor to
qguantify seconéhand smoke PM..s: DylosDC 1700 (Semple et al., 2015)
(SHS) levels in homes

Szﬁsrgor;r’:ﬁ’;gggfe:ﬁ:’:loﬁéme PM. 8 Dylos (DC1100) (Dacunto et al., 2015)
Indoor Cﬁ?g%'?dg::nms'dence 66 Specks monitorsSyhitech DSM501A (Zikova et al., B17)
Evaluation of sensors in 5 Fodot FBT0002100 (MorenoRangel et al.,

residential environments (TVOCs, PM.) 2018)

Performance of lovgost PMzs HAPEX, TZOAR

. . . (Curto et al., 2018)
sensors in residential home CO: EL-USB-CO

Response of consumer and PM..s: Shinyei PPD60PV (AirBeam 1),
b Shinyei PPD60AIr Quality Egg),AVPM25b

uﬁﬁeiﬁiﬁ.?é?éjfo'?éjé’gﬁtﬂ (AirVisual Node), ShampGP2Y: 1010 (Singer and Delp, 2018)
q sozrces of fine particles (Footbot) Plantower PMS5003 (Purple Air
P PA- Il), Syhitech DSM501A (Speck)

CO: COB4 (Alphasense)

Development and calibration COz: Netatmo weather station

EMMA platform ( the .
Environmental Multipollutant ~ NO- NOz: NO-B4, NO..B43F (Alphasense) (Gillooly et al., 2019)

Monitoring Assembly) PM..s. OPGN2 particle monitor,

(Alphasense), miniPEM (Harvard)

Field and Laboratory
Evaluations of the LowCost

Plantower Particulate Matter PM.s: 3 Plantower (PMS A003) (Levy Zamora et al., 2019
Sensor
6 PM sensors: Plantower PMS5003(Air
Quiality Egg), AirVisual AVPM25b
Perg’gg"grgzes‘:n'g;f:f:ﬂ%-s (AirVisual Pro), Pantower PMS3003 (Wang et al., 2020)
resi de(;nial sources (Kaiterra Laser Egg), Honeywell 9 "
HPMA115S0 (Awair), Plantower PMS100:

(PurpleAir), TGF PM D4 (lkair)

Indoor Household PM Using PMzsand PMg: 4 Dylos DC1100 Pro
Low-cost Sensors (UMDS), 2 Plantower PMS sensor (AirU) (Hegde etal., @20)

Response of loveost particles
sensors in real home
environment

PM: 3 bare sensors (BS) and 5 integrate:
devices (ID) (Zou et al., 202D
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In terms of metrology and sensor deployment, there haverbeeystudies in outdoor
air, but mucHess in indoor airTable I1- 5 summarizeseverakevaluation studies dbw-cost
sensors inndoorenvironments. As indicated above, the evaluation of sensors performance in
field conditions suffers from many more probletinan in laboratory conditions.

Some of tlese studiesndicatedthat probably all PM and gasensors werdikely in
agreement witthereferencegGillooly et al., 2019; Hegde et al., 2020; MoreRangel et al.,
2018) with sufficientaccuracy and reliabilitio detect a large indoor sourcgiinger and Delp,

2018) (Dacunto et al., 2015jound thatPM sensors arenore suitable to be usefbr
instantaneousmission rather than long one. Howevesnse of these evaluatisrhave shown
thatthecorrelation between sems and references are mode&arto et al., 2018)especially

whenthe sensors exposed to low concentratiommsloors (Zikova et al., 2017)(Wang et al.,

2020; Zou et al., 2020k ported that for @rticle sensorwith emitted particles leghan 0.250

em (candle fl ames or c oo thesengor matveryhligledr nof r yi ng
responseln addition,(Gillooly et al., 2019showed that N@&nd NQ sensors were sensitive

to temperature change, and therefore a correction is neddeeover,(Levy Zamora et al.,

2019) investigatethe performance of an OPC and showed that the accuracy of PM sensors
decreases at RH > 50.

In conclusion, sensors have the potential to monitor indoor air quality undevaedl
conditions, and they are abledetect pollution events, which reference instruments cannot do,
in order to understand what is occurring in the real world.
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Chapter 3: The QARPEDIEM mubkiensors system

In thischapter,wewill describe th€QARPEDIEMsensorsystem thatvehave usedrom
the choice of sensors, their integration in a staitmhe system, to theata management and
processingFurthermore,the computingools used in order to collect and analyze data from
sensorwill be presented

I. The Qarpediem low-cost sensorsietwork

QARPEDIEM, the black box, is anulti-sensor systengevelopedn the laboratorywhere
various sensors and their associated eleicisdmave beemassembled togethdéo form a
complete and autonomous monitoring mogdatepresenteth Figure 11l - 2.

The design oportable and autonomoggstem based on commercial gas sensors, for the
detection of the main indoor air pollutants was the first step of the whi&h has been carried
out in the framework oflexandre Caron's PhD thesis in 20§ establishing the strategy for
the conception of gas detection systefrmm the choice of sensors, their integration in an
autonomous system, to the mgement and processing of data.

According to the literature and timeetrological evaluationstudies Alphasense sensors
were chosen amonthose that performed very well. These sensamd their associated
electronics are assembled in a specific aluminium case, specially made in the laboratory,
resulting ina complete and autonomous monitonmgdule, whichis presented irrigure Il -

1. Lateral holes allow the contact of air with the sensors surface by diffusion through the
permeable surface, without any air circulation system in the deviéereed air intake by

pumping.

Figure Il - 1: Aluminium module containing 5 Alphasense sensors, a Raspberry Pi and their
associated electronics.

Unfortunately,at that time, they encountersdveralimitations related to the use of this
deviceunderthe right conditionswhich requird further optimization. The difficulty before
consists in the lossf reattime information.There was no instantaneous visualization of the
data, which did not lead to the identification of a potential malfunction adstva of the
acquisition system. Other electronic problems have been identified, mainly occurring during
unexpected system shutdowns, which could lead to sensor malfunction such as saturation,
baselhe changes or increased noise.
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Figure lll - 2: QARPEDIEM sensor node

In view of the problems mentioned above, several laboratories within the University of
Lille, France, havegatheredtheir expertisewithin the APOLLINE project (Air Pollution
andindividual Exposure),and they have conceived the QARPEDIEM prototypes.
QARPEDIEMis a complete infrastructure based orilical (NO, NQ, Oz, CO, CQ, VOCs,
PM) and physical (P, T, RH, light, sounuiotior) sensor nodes. Thraw data of this node are
visualized and analyzed edftein reattime by sending themontinuously to the APISENSE®
cloud platformthrough Ethernet or Wki. The network was successfully deployed since July
2018, after several years of implementation. In this box, all problecaietered before have
been solved as showvim Figure Il - 2. The grid on topallows air contact with the surface of
the sensors, without any airculation system in the device or forced air supply by pumping
except for a fan on the side

T, RH, P, light, motion PM counter

Advanced
noise analysis
(wavely.fr)

Communication

module Gas sensors

Figure Il - 3: Photograph of a black box module containing sensors, a Raspberry Pi and their
associated electronics
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Figure Il - 3 illustratesthe interior of themodulewith gas, particles, environmental
parameters sensors, a Raspberry Bitheir associated electrion. In general, the basic sensing
element used for the detection and a number of similar components are common to sensors
systems, such as hardware for signal amplification, artaldggital conversion, signal
processing, power management, batteries,singlweatherproofingand finally software
components for data processing, data storage, data transmissidf, (Bthernet) and
visualization.

The datapoler program
takes every 30 seconds
data from the Arduino

Sensors
database
(data, id-sensor)

Polls database
(ID, time, sent)

The datasender program
allows to send every 30
minutes (by the Lora
program) or all 30
seconds per IP
(WIFI/Bluetooth)

Figure Il - 4: Architecture of the radio and communication paRaspberryArduino

Figure IIl - 4 presents the architecture tife severalcomponentf the multi-sensor
system QARPEDIEMThe Arduino collectslatafrom the sensors. A firgirogram (datapoler)
takes every 30 seconds data from the Arduino, and stores tlaemniernaldatabase. A second
program(datasendé@raims tosend tlese data every 30 seconds per IR-§ Ethernet)to the
remote APISENSE dabase.
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I1. Sensors

The choice ofcommercialsensors was established according to the different types of
sensorsthe types of pollutantshesimplicity of theirimplementationthe intended application
the detection rangand the reproducibility Based onthe literature onthe metrological
performance evaluations and the specifications of Alphasense sensors(@arog, 2016)
work, the sensorproposed by the company Alphasehsee been selecteinong those that
performed very wellfor the development of a completeonitoring system Alphasense
proposes relatively miniature sensors (a few tens of centimeters) which, associated with an
electronic board, allow an easyegrationinto an autonomous and portable detection system.
Thesesensors are available in different detection ranges, including a lower range, designed for
environmental applications and adapted to indoor environments. The sensors are-also pre
calibrated by the manufacturer. These differagspectgustify the selectiorof Alphasense
sensors.

Several sensaifrom Alphasense company are implemented in the QARPEEW®m:
aNDIR-A1 sensor folCO, (0 - 5000 ppm)aPID-Al detectorequipped with 10.6 eV lamps (5
ppb- 50 ppmequivalentisobutylene)electrochemicaB4 type with higher sensitivityfor the
detection of CO, NO, N©and Q, and finallyan OPGN2 for particulate matteiRegarding
environmental parameters, suchtesiperature, sound, relative humiditgise, motion and
luminogty, various sensors have been includdd the sensonode

11.1.1. NDIR-A1 sensor

Thenon-dispersive infrared (NDIR) gasensor consistsf a cylinder withdimensions of
20 mm diameter x 16.5 mm heigfithese sensors use tgbannel detectors, an acticleannel
and a reference channel. The active channel is equipped with a filter passing only wavelengths
absorbed by carbon dioxideghtedo n = 4.2 um) while the reference channel is equipped
with a filter passing wavelengths without absorption baftisinks to theséwo channels,
crosssensitivities to other gasasebelow the limit of detectiofHodgkinson et al., 2013)

102

124763117

gy 042

Top view Base view

Figure lll - 5: Representation of an NDIRAL sensor on its IRETX acquisition board
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The NDIR-A1 sensors are supplielirectly with their own acquisition board (IRTX),
which allows the measurement atie correction of the signal concenti@ati as well as the
sending of datdFigure 11l - 5). A USB connections usedto supply anceasily retrieve the

measurements transmitted by the sensor. The characteristics of these sensors tested by the

manufacturer and available in the tedahidocumentation show excellent performartbe
response time is lower than 48condsthe signal noise is relatively low allowing a resolution
of 15 ppm as well as a good stability and repleitity of measurement 050 ppm. The
manufacturer has estimated the lifetimehaf sensor to be about 5 years.

These sensors are pralibrated by the manufacturer who establishes the relationship
between the measured absorbance and thge ddo@centration aarding to the followng
formula

0 .. ;
66"p o YOo8p A@BGm

where ABS is the absorbances themeasured intensity dfieradiation at the active detector,

lo is theinitial incident radiation SPAN is the proportion of the radiation arriving at the active
element of the detectdhat has the capacity to be absorbed by the, @@ose value is
determined during calibration, x is the concentration, b and c are the linearization cosfficient
calcubted during calibratim, for each concentration rang&herefore, the calibration
determined is very close to the theoretical curve established byLBedrert's law as shown

in Figure 111 - 6.
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Figure Il - 6: Calibration curve of absorbance measured by NDFR. sensors as a function of GO

concentrationin the range 0- 5000 ppm (technicaspecifications of the IREAL sensor).

Alphasensalso corrects thEDIR sensoputput with respect ttemperatureA thermistor

installed inside the sensors enables the temperature to be measured constantly and thus

compensatefor signal variations. These corrections as well as the determination of the CO
concentration are directly managed by the HRC electronic board, which also sends the
temperature and concentration values to the computer. Howeigneitessary to chkdhe
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validity of the measurements made by the NDIR sensors lhgasviheir evolution over time
(see chapter 4).

11.1.2. ElectrochemicalB4 sensors

The electrochemical sensors developed by Alphasense-aextdode amperometric
sensors witllimension of 16.5 ah32mm for height and width respectivedg show in Figure
Il - 7. The fourth electrodeimproves the sensors' performance in terms of stability
(interference, effect of temperatire

e

CARBON rvp?!?’f’:f,
CO-B4 162517*
\ 72

\'—2"’

Figure Il - 7. CO-B4 electrochemical sensor adapted on an Individual Sensor Board (ISB)

The electrochemical senséamily is combined with arndividual Sensor Board (ISB)
designed by the manufacturer Alphasense as shokigume IIl- 7. This board provids a twe
channel voltage outputhhe OP1 signal (in mV) corresponding to the signal measured by the
working electrode and the OP2 signal (in mV) coming from the auxiliary electrode, which
compensates the signal at zero current. The response of the életical sensors is defined
by the difference leeen these two signals OPDP2 Unlike NDIR type sensors, no signal
adjustment is made directly on the ISB. However, the sensor/ISB pairs are individually
calibratedby the manufacturer in advandeside he QARPEDIEM prototype, eactensor
board hadeengiven a numberapsl for CO, aps2 for NQaps3 for NO, aps6 for{OAs the
sensor does not display its name, it is necessary to identify the serial number of the interface
card of each sensor, to Ableto rename it afterwards.

The technical specification sheets thiese sensors providanformation about the
characteristics of the signal measured by these electrochemical sensors (sensitivity, response
time), the lifetime and temporal stability of thigrsl (Table 11l - 1). Moreover, the technical
documentation of these various sensors showbrbar evolution of thesensoresponsén a
low concentration range (0200 ppb) for NO, N@and Q, andup to 1 ppm for COOverall,
these sensoltsavea theoretical resolutioof aroundl0 ppb.

The anbient temperature affects the response of electrochemical sensors, on the one hand
on their sensitivity and on the other hamdaffectingthe value of the zero current response.
As far as indoor environments arevolved the temperature is generally nelgted ad the
variations are smalltherefore sensors are slightly affected by this factor. Indeed, for
temperatures between 10 and®@0 the variations in sensitivity are less thar?d With respect
to the reference (2TC). It is also &tedthat humidty has an influence on the baselinethe
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order of a few mV for a variation of 298 RH), but this does not modify the sensitivity of the
sensor itself.

Table Il - 1. Characteristicsof Alphasense C&B4, NO-B4, NO,-B4 and Q-B4 electrochemical
sensors according tthe technicalspecifications of the sensors.

CO-B4 NO-B4 NO2-B4 Os-B4
Sensitivity (nA/ppm) 420 to 650 500 to 850 -250 t0-600 -250 to-550
Response Time (s) <15 <45 <15 <15
Noise: N 2 0 4 15 12 4
Range (ppm) 0-1000 0-20 0-20 07 5
Zero current (nA/20 °C) +30 to-250 30 to 200 -80 to +80 0to 120
Temperature range (°C) -30 to 50 -30 to 40 -30 to 40 -20 to 50
Humidity range (%) 15to 90 1510 85 15to 85 151t0 85
Zero drift (ppb/year) < ° 100 0to 50 0to 20 0to 50
Sensitivity drift (%/year) <10 0to-20 -20 to0-40 -20 t0-35
Operating life (month) > 36 > 24 > 18 >18

Somegases, known as "interfering" gases, present in the same atmosphanégréare
with the signadespite the fact that these sensors are developed to provide an optimal response
to a target gasand even in the presenoé chemicalfilters, which equip electrochemical
sensorsNeverthelessilphasense provides average cross sensitivity values fordjoeity of
interfering gases in its range of electrochemical sensors, determined at given concentrations.
The interfering gas sensitivities for G&4, NO-B4, NO-B4 and Q-B4 sensors, determined
by the manufacturer at 2@, areshown inTable Il - 2.

Table Il - 2: Percentage oensitivities of interfering gases on the signal of electrochemical
sensorqCaron, 2016)AlphasenseApplication Note AAN 10902

Interferent gas CO-B4 NO-B4 NO2-B4 O3-B4
(Iig g EE:; <-3 %%///////////}///}///}///////////% <<04.11 <<O41
0x(100 pob) - e
chaomm <l W
obxch Wl s e
SO (5 ppm) <01 <5 <-20 <-5
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The percentage of interferenioe the majority of interfering gas at ppm concentration is
negligible. These interferent gas have either a positivie a negativeeffect on the sensor
signal,leadingto anover or undeestimaion of the values of the gases in the atmosphere. For
example, HS leads to an underestimationtbe values othe NO. sensor, and overestimates
those ofthe Os sensor. In addition, a high cross sensitivity exists between oxidizing species
NOzand Q (from 30 b 120 %), whichwill be detailed in chapter 4.hEe presence of several
interferentswith a strong influenceiill be a major concern fdhe interpretation of the results

11.1.3. PID-AH sensor

The PIDAH areequipped with a 10.6 eV lamBince thePID sensorswhich providea
voltage directly as an output signal, are not delivered with an acquisitiontlearelectronic
teamof the APOLLINEhas builtan electronic bard (igure 1l - 8), with the same connectors
and dimensions as th8B sensoboardsuppliedby the manufactureffhe advantage of such
electronic board is that the board developed within this project is kuitath any type of
sensor, since it has the same connection and the same pdsiga@onnectors are standardized,
so that in case it is necessary to replace the sensor by ¥@évsensorpr another type of
electrochemical sensqiNO, CO, NQ), even froma different manufacturer other than
Alphasensgthe same acquisition card can be used. The serial number of the VOC acquisition
card is aps7.

Figure lll - 8: Representation of a PIPAH sensor and its electroniboard

ThePID-AH is factory-calibrated using isobutylene. Its sensitivity dependtherVOG
detectedThe response factor is a number that relates the PID response to a particular compound
to the PID response to a reference gas, isobutylene. If thansespba PID to a particular VOC
were 5 times smaller than it is for the same concentration of isobutylene, then the response
factor would be five. In addition, if the response factor for a given VOC is 0.5, then the PID
response is twicas high ashat d isobutylendor the same concentration. Alphasense provides
correction factors foalmost all volatile organicompounds, examples of which afgwn in
Table 111 - 3. This table shows the correction factors of VOCs of interest in term of the Indoor
Air Quality Index thawill be developed in Chapter & should be mentioned that the PID with
the 10.6 eV dmp present in the sensor node does not detect formaldehyde, which is a key
determinant for indoor air pollutiordnder real world conditions, the real compositionaof
mixture of VOCs is rarelyknown therefore, the signal correction is difficult to apply.

Asthelampages, the minimum operating voltage imases slowly untthe sensitivity to
VOC gases is also degraded by a lower light inten&gythe temperature risabe sensitivity
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of PIDs increases slightlyAt 50 °C, the sensitivityis about 1% higher than thaat 20 °C.
Likewise, at 20 °C, the sensitivity wllbe 3% lower than thaat20 °C. This error is negligible
and the temperature correction canidgr@red The lifetime of these lamps is the order of
2000 to 6000 hours depending on the conditions of use (duration and concentsémicim)vas
verified during our campaigns in real environmefitas autonomy may seem relatively low if
continuous use of thiype of sensor is considered

Table Il - 3: Correction factors for some VOCS to isobutylene (Application Note AAN-8685h

Response MinimL!m lonisation
VOC Formula Factor Detection potential (eV)
Level (ppb)

Toluene CiHe 05 3 8.82
Limonene CioH1s6 0.9 5 8.6
Undecane Ci1H24 1.1 5 9.56
Pineng, - U CioH16 0.3 2 8.17
Xylene, m CeH1o 0.5 2 8.56
Xylene, o CsH1o 0.5 3 8.56
Xylene, p- CsH1o 0.5 3 8.44
Decane, R CioH22 1.2 5 9.65

Dichlorobenzene, p CeH4Cl2 0.5 9.06
T”mrent%'ﬁzgze”e CoHiz 0.3 8.41
Ethylbenzene CsH1o 0.56 3 8.76
Naphthalene CioHs 0.4 2 8.14
Benzene CeHs 05 3 9.25
Methoxypropan-2-ol, 1- C4H1002 1.6 15 9.6
Butoxyethanol, 2 CsH140- 1.1 6 8.68
Butyl acetate CsH120- 25 10 9.91
Ethyl hexanol, 2 CeH1e0 15 - 9.8
Tetrachloroethylene C.Cls 0.4 4 9.33
Trichloroethylene C:HCl3 0.6 3 9.45
Styrene CeHs 0.45 2 8.40
Acetaldehyde CH.0 49 25 1023
Acrolein CsH.O 3.2 20 10.22
Formaldehyde CHO - - 10.87
Hexylaldehyde CsH120 1.2 - 9.72

11.L1.4. OPC-N2 sensor
The Optical Particulate Matter, OR@ (Figure Il - 9), meaures particleffom 0.38 to

A

17 um in diameterusinga ¢ p u-inp s s 6 TleeOPENG olassifies each particle siziey
recordingtheparticle sizeno n e o f ods®llowisb0.38, .54, 0.78, 1, 1.3, 1.6, 2.1, 3, 4,
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5, 6.5, 8, 10, 12, 14, 16 and IThe OPCN2 provides both PM readings and real time particle
size histogramdParticle mass loadind®M:, PMzsor PMyo are obtained from the particle size
spectra ad concentration data, assumipagrticle density and refréee index (RI) at 1.65 g/ml
and1.5+0i respectively

Mounting Holes
4 off M3 inserts

-

r

<
-

Figure Il - 9: Dimension of an OPEN2 sensor

The OPCGN2 usa a laser light soice with integrated diode, whichperatesat a
wavelength of 658 nnmAs for the PID sensorhe electronic team built an electronic botod
the OPQn order to communicate with the acquisition systagashownin Figure 111 - 10.

Figure 11l - 10. OPC-N2 with its electronic board built in the laboratory

The Alphasense ORN2 has neithepumpnor particle filter Theyhave beemeplaced by
an elliptical mirror and a dualement photodetector to create a "virtual detection zone" in the
center of an open diffusion amder, which means tharacticallyall sampled particlepass
directly through the sensor withobeing depositedThe OPCGN2 to operate for very long
periods (>1 year) withoutquiringregular maintenance or cleaning.

The OPCGNZ2 is precalibratedby Alphasensesing Polystyrene Spherical Latex Particles
of known dameter andefractive index Correction factors cabe applied foerrors resulting
from different particles densitiek our work,the particle sensors will be calibrated using real
particles
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I1.1.5. Other sensors

Environmental sensor§l, RH) have been integrated into t@PARPEDIEM prototype
because they aneecessary to qualify indoor environmenBther sensors (noise, presence,
light, pressure, motion) were also installed by the electronics team but are not used in the present
work.

TheVelleman MPXHZ6115A sensormodule is used to nmasure atmospheric pressu
ThePIR sensoris used to detect ntion. The TSL2561sen®r is used folight detection The
SEN12642sensorfrom the SparkFun3B:acts to the surrounding noigedure Il - 11).

(a) (b)

(©) (d)

Figure lll - 11. Environmental sensors: (a) pressure sensor, (b) light sensor, (¢c) motion sensor and
(d) sound sensor

The temperature and humidity sensor, type AM2302s a compact, higiprecison
sensorwhich can transmit both temperatued humidity at the same tingEigure 1l - 12).
The sensor consists of a capacitivemidity and temperature componenke product haan
excellent quality, fast response, high anterferencecapability and high cost. This sensor is
fast and easy to integrateith asmall size and low power consumption.
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Figure lll - 12 Temperature and relative humidity sensor

III. Data acquisition and treatment system

Insidethe Qarpediem prototypehere are on the one hand the sensors and on the other
hand the computer communicatiorodulesallowing dataacquisition,collection storageand
transmissiorio the server

The Arduino megaATMega2560, an electronic board with a microcontrolieable to
retrieve the data from a particular sensor and $keeaoh directly to the communication part
(Raspberry Pi on which a microcontroller is basddhjs is the case dhe following sensors
luminosity, particles COp, pressuremnotion, temperature ancelative humidity, where thedata
are transmittetb theArduino through a direct link.

As mentioned abovehe (CO, NO, NQ, VOC, HS) sensorsmeasuredwo output
voltages OP1 and OP2The resul cannot be interpreted correctly if the differerafethe
output voltagg OP2- OP1) is not recoveredn orderto obtainan analog signalyhich can
then be converted into ppm or pgaiherefore, in order to connettiese output voltage® the
Raspberry Rithe Arduino Mega 2560 (AMega2560)is used in complementary with
multiplexer ADG708 and a 24bit CAN PmodAD5 (Digilent) aalogue/digital conerter
(ADC), asshown inFigure Il - 13.

The multiplexerrecovers the difference between the two sensor oytpmis the
CAN24bits (Analog to Digital Converteconverts this difference into a digital sigriglgure
[l - 13). The multplexer and the CAN24bits allotte Arduino to retrieve data very easiBy
controlling the multiplexerthe Arduinocanselect the desired sensor ang adaligital value at
the CAN24bitsoutput. The 2-bit precision of the CANvill provide highly accurat€O/VOC
sensor values itheorder of 10 ppb.

A digital LED on the sensocase is used to give the user the status ohdue,if the
power supply is correct, if all the sensors are connected (and respond well), and if the
communication with the Raspberry part is operational.
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.........

(@)

(b) ()

Figure Il - 13 The multiplexer ADG708(a), theCAN PmodADS5(b) and the Arduinoc]

IV. Data collection and storage system

The communicatiomoduleaimsto retrieve the data from the sensor part, store them, then
send them via communication mod¥i¢Fi, Ethernete t §. €he data fom the specific sensors
aretransmitted toa Raspberryri 3. The Raspberry P(Figure Ill - 14) is a low costnanc
computer, offering sufficient performance for basic computing applications. This nsodel
equipped withd USB 2.0 portsto which NDIRandArduino microcontrolles are connected. A
program, in C/C++4anguage, allows (i) to retrieve the sensor data sent to the USB ports of the
Raspberry, (ii) to date and time stamp the data and (iii) to creexeé farmatfile groupirng the
datby sensor typeOncethedata are collectethe RaspberryiR3 storesthe dataon a database
accessible directly from the raspberry pi (database on the memoryuaéitd) can make an
entire frame with all the data from the sensors and send it by the desodds(Wi-Fi -
Ethernet) directly t@n InfluxDB database server.
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Figure Il - 14: Raspberry Pi
V. Data transmission

This third partoversthetransferof dataand their storage in order to make them accessible
on a platform (website, application, etc.lr).order to send the different dataARPEDIEM
has the choice of several communication modsies asXBEE, LORA, Wi-Fi or Ethernet
(Figure Il - 15). Actually, Wi-Fi and Ehernet are operating while XBEE and LOR#estill
underdevelopmentTransmission via Ethernet works very welli-¥ transmission is less
reliable on the University of Lille campus because of configuration and security. i3hges
internal data storags usedas a backup in ca®f problems with W4Fi or Ethermt In addition,
even if there is no access to EtherneWitFi, the sensonodecan still be deployed arttie
data can be retrieved from the internal storage.

(@) (b)
Figure lll - 15 The LORA (b) and XBEE (a) communation module inthe presence of the
Raspberry shield

Finally, the dataresentto adatabase storage influx.db within tinérastructureplatform
APISENSE where they willbe stocked.APISENSE (http://apisense.io) is a crosehsing
platform that allows the collection of field data at s¢cadnd therefore make easier for
researchert collect data by reducing time, power and energy.
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VI. Data recuperation

The collected data can be visualized inteak, wherever the node deployedthrough
aweb-based display platformrAPISENSE:http://lilliad.apisense.ig/asshownin Figure 11l -
16. By choosing theaectedsensor node, the raw data of all the sensors can be visuaiihed
a single click.

Figure lll - 16: Sensors response during several days

Initially, thevisualization and the collection datawas donemanually througimultiple
command linesFor the visualization,aeh querywasdedicated to a single type of sensas,
shown in the example belowhe first stepwasto connectto the databasaddress with the
browser,thenchoosingthe Qarpediem database that corresponds to the fixed sensors, which
will providea list of the data stored in this database, in the form of different codes for a selection
of sensors like apsl for CO, aps2 for N@ps3 for NO, aps6 for{£and aps7 for V@, the
other sensors have the same name.ndues of sensors are named from Q1 t0.@inally,
thefollowing querymustbe launched

ASELECT timevalue FROM apsl WHERE device = 'Q3' and time > nevif) ORDER BY
deso

Thisquery leadso retrieve theecorded data of the last 2 days from the CO sensor of the
Qs sensors node.

It is important to be vigilanbecause in some cases requests can take a long time to answer
(few hours) In orderto retrieve the data frorhe 16 sensor§PM sensor with 19 variables)
implementedn the box, it takeseveral days to retrieve data framingle node of sensors
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In order tocollect datait may be possibléeo write a querydata in InfluxDBvia a GET
request:

Curl -G 'http://limonair.apisense.io:8086/query?pretty=trug@ataurlencode "db=qarpediem"
--dataurlencode "q=SELECT time,value FROWaps1" WHERE device = 'Q3' and time <
now() + 2d ORDER BY desc">>CO_manipe.json

This queryallows us to obtain data in JSONtfwat. In order to transform this content into
CSV format a specific code on the R software is writtendthusa visible andcomprehensible
file is the resultDatain InfluxDB are stored and reported in UTE order to convert the
timestampsit is necessary to add some command.

Faced withthis problem,eading toa loss of time in retrieving data from sensdhe
IRCICA teamhas developedneasyto-usetool for data recovenyA full dataset of 15 days can
be retrieved from the server in about 48conds with a Python programhe program
Qarpediem.pythoran retrievethe datafrom the InfluxDB databaseusing the"Connect to
InfluxDB" option Thenseveral parameters must be selectedntimeberof the sensor node in
the device,the type of data in the data set didhlly the period of time In the examplen
Figurelll - 17, the data were collected from node f@@m June 17ntil June 19, 2020

el
B Qarpediem Crawler — m} X
Database
Connect to InfluxDEB Load a database file
Parameters

Device Q3 ~ Data set | quality From Date |17/06/2020 [E~= To Date [19/06/2020 [~

apsl aps2 aps3 aps4 aps5 apsé aps7? apss co?2 dust_bin@d_pa A
2020-86-17 @1:90:14+82:80 132.886628 11.591315 11.355281 ©.801192 6.800596 2.427181 47.2491599 ©.801192 265.288812 .67
2020-86-17 @1:00:46+82:80 132.856369 11.196136 12.588752 ©.001738 ©.801788 1.329863 47.222973 -D.008394 256.399994 .85
2020-86-17 @1:@1:18+82:8@ 138.288258 18.168552 11.166334 -8.800298 -8.800894 1.823412 47.253967 -8.808298 283.300018 @2.34
2020-86-17 @1:01:50+82:98 134.733917 12.941957 12.276769 ©.6@1192 0.880596 -0.379988 47.214831 ©.8805096 261.800000 @.67
20820-86-17 @1:02:22+82:@8 129.939316 10.429621 12.263868 ©.000596 0.801192 -8.196993 47.198189 -9.800298 262.399994 @8.57
282e-86-17 @1:83:83+82:8@ 131.819839 18.873675 12.8616088 6.801192 0.888596 2.838479 47.283899 0.808596 259.788812 8.67
2828-86-17 @1:83:44+82:8@ 129.889847 12.764931 12.1@892868 6.801788 @.888596 -1.381338 47.289858 ©0.802384 263.6000886 8.93
2029-86-17 @1:04:16+82:00 129.286772 18.544862 11.698355 -0.0002958 -0.800298 1.552781 47.290928 ©0.801738 270.8600018 8.57
2020-86-17 @1:84:49+482:80 132.411118 11.84176@ 11.931862 ©.888596 -8.880894 1.915693 47.385824 -9.@@8298 269.399994 2.94
2928-86-17 @1:@5:28482:8@ 129.79567@ 9.492636 13.238443 ©9.608596 ©.888596 2.428545 47.287346 B.808596 278.3e0018 @8.58
20820-86-17 @1:085:52+82:88 133.6920832 1@.539889 11.675954 0.881192 -0.880298 -8.146329 47.239867 8.808506 281.360018 8.54
2820-86-17 @1:06:28+82:00 130.860809 11.981259 18.414124 ©.0008596 @.880596 @.875592 47.267878 ©.001788 275.600006 @8.45
2828-86-17 @1:87:83+82:8@ 129.384399 18.429625 11.484157 6.881788 6.881192 1.143813 47.269453 ©.8088596 261.168886 .58
2020-86-17 @1:07:34+82:00 130.227203 12.289882 12.524123 ©.008596 -0.860295 21.1529286 47.225357 ©.001192 271.399994 .84
2@20-86-17 @1:95:06+82:80 131.182798 9.856828 12.36@298 -9.800594 ©@.801192 1.787@77 47.26231@ ©.008596 285.399994 .44
2020-86-17 @1:@5:38+82:8@ 132.179855 11.128187 18.2908146 ©.88059: ©.808596 2.338299 47.217686 ©.808596 259.800018 @8.55
2020-86-17 @1:09:14+82:08 128.779419 10.548838 11.524558 0.801783 -0.880298 1.182898 47.285688 8.801192 250.960800 @.55
20820-86-17 @1:09:45+82:@88 132.225159 11.963248 11.767745 ©.001192 -0.800894 2.754927 47.272446 ©.801192 276.3600018 8.47
2828-86-17 @1:18:17+82:8@ 133.528717 18.817851 12.854443 B.801788 6.868596 3.858566 47.228931 £.801192 269.360818 @8.95 o
AAAA AC 17 A1.1A.CAIAG.AR 131 £oA1T4 A AGACEA 14 1ACTIAC A AATIAT A ARAEAC A AEASES AT ATTANA A AATTOS  AAc £AAnnT -
< >

Save CSV as... Exit

© PIRVI/IRCICA/CRIStAL

Figure Il - 17: Collecting data tansmitted via WAFi and Ethernet

The program camlso be used to transform the data staneithe internal storage of the
node and transform ihto csv format using the'Load a database filedption, as shown in
Figure IlI- 18 below. Then th@eriodmust be selected. In this example, a file thas retrieved
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directly fromthes ensor 6 s i nt er nantdthenthe datadoe aysabstweand d e d
May 15tand May 1%, 2020, werecollected.With this methodiit is possible to retrieve up to
one month of data with one clieind a few seconds

® ' Qarpediem Crawler — ] *

Database

Connect to InfluxDBE Load a database file

Parameters

Device |NONE Dataset |NOME ~ From Date |01/05/2020 [E~ To Date |15/05/2020 [E~

motion sound luminosity  humidity pressure temperature apsl aps2 aps3 -
2828-85-81 8e:88:17+82:88 e.eeBRRE 1492.431641 8.8 38.380801 3994148625 28.5800608 583.442291 -23.827361 33.363166 @
2828-65-81 86:88:45+82:88 @.eaBe0E 1474.568726 8.8 3e.4e0808 3989.257812 28.5600680 5@@.527839 -24.847195 34.796537 @
2828-85-81 20:01:25+02:08 @.peaeea 1479.817749 8.8 3e.4p0008 3994148625 28.5@0000  497.89@717 -25.148@94 33.342838 @
2828-85-81 2@:01:55+82:80 @.peeeea 1528.874823 8.8 3@.400008 3994,148625 28.4@0008  496.854291 -23.687183 33.853649 @
2828-85-81 8@:82:27+82:08 e.eeeeRe 1562.887617 8.8 3e.480888 3984.375088 28.4800608 493,211731 -24.197399 32.96@8175 @
2828-65-81 8@:82:55+02:00 @.ea@@08 1518.758857 8.8 3e.4e@ep@ 3989.257512 28. 460060 491.83@8189 -23.238612 33.855542 @
2820-85-81 @0:83:29+82:00 @.pa0ea8 1514.567817 8.8 3@.498000 3994148625 25.400000  489.794886 -25.855111 34.192882 @
2828-85-81 2@:04:00+02:00 @.peeeea 1514.363647 8.8 3@.4p8@88 3989.257812 28.400000  487.@58415 -24.215873 33.121189 @
2028-85-81 20:04:32+82:080 @.peeeea 1497.118982 8.8 3@.500@88 3989,257812 28.460000  485.458@43 -24.7@7615 34.232148 @
2820-85-01 80:85:04+02:00 @.eeE0RE 1507.568359 8.8 3e.5008B@ 3989.257812 28.460060 483.13678@ -23.756922 33.859128 @
2828-85-81 8@8:85:35+82:88 @.eaBe0E 1588.26@8132 8.8 38.580888 3984.375088 28. 460060 452.819892 -23.343861 33.8929%9@ @
2828-85-81 20:06:06102:00 @.peeee8 1485.758423 8.8 3@.ceeeoe 3994148625 28.4@0000  479.893097 -26.122034 34.274468 @
2828-85-81 2@:06:38+02:080 @.peeeea 1502.237915 @.8 3@.ceeeee 3989.257812 28.4@0008  477.188232 -23.529232 32.882692 @
2828-85-81 8e:87:18+82:88 @.eeeRRE 1498.372437 8.8 3@.0B0BBE 3989.257812 28.380001 477.418553 -26.123821 33.969284 @
2828-85-81 808:87:41+82:88 @.eaB@08 1488.877759 8.8 3e.6e@8B@ 3989.257812 28. 3600681 473.275787 -22.875368 32.997726 @
2828-85-81 20:08:13+02:080 @.ppeeee 1486.979126 @.e 3e.7ee@@l 3989.257812 28. 300081 47@.657959 -23.627579 34.780582 @
2020-85-81 20:03:44+02:00 @.peeeea 1479.5549@7 8.8 3@.7ee@@l 3989.257812 28. 360081 472.419861 -24.547874 34.852132 @
2828-85-81 8e:89:15+82:88 @.eeeepe 1513.861523 8.8 3e.792881 3994148625 28. 380881 467.553131 -24.290979 32.543541 @
2828-65-01 80:89:46+02:00 @.eae@08 1510.891187 8.8 3e.7e@@pl 3989.257812 28. 3600681 467.143@66 -24.713575 33.217667 @
2820-85-81 @0:10:15+82:08 @.ea0008 1486.368774 8.8 38.708001 3994148625 28. 360081 463.265778 -24.339855 33.615829 @
IBOB-AS-AT BG-16-5ILAT 66 6 GARGRR 1540 155973 6 8 20 2(GAGT 2004 14BRIS 98 2/ARAT  ARD REANGR D5 AIRIRG 32 MWIRAL a0 Y
< >

Save CSV as.. Exit

© PIRVI/IRCICA/CRIStAL

Figure lll - 18 Collecting data from the internal storage of the sensor
VII. Data Analysis

Once the sensor files are in csv. format, the size of normdhgGneasurement file is
around 50 MB. The sensor transmits one datasecond, therefore for one month of
measurement, the file must contain 86400 data, which is not possible to manipthd&rcei.

Hence the need to work with a program that can handle this type of files, such as R software
with Rstudio interfaceR also offers the option to work direcly on the influx3Brver;this

option has not been used up to now, but will be so ircdneing yearsThe methodologyf
analysishas been developed progressivaher the 3 years of thesis

First, the data must be cleaned in order to transtbeminto aclearformat,throughseveral
steps as follows:

- Cleanthe file before reading it in R: have simple column names without spaces, remove
unnecessary comments and formatting.

- Checkthat there is no problem in the raw file of the sensors, no transfer problem.

- Define the path of the files to be read and add teeessary arguments to import the
dataset (column separator; decimal separator, etc...).

- Organiz the data table: formakzwhat is variable and observation unit, assign titles
(sensor name) to the variable, as it is not indicated in the raw file.
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Check thedata structure by choosing the types of data conversions in numerical format;
Convert the date column to proper date format, as the date always presents problems.
Find missing and duplicate values and marthgm.

Find errors in the observation values.

Sawethe file in order to analyse it, by type of experience, date, node of sensors number.

This cleaning stepas beermutomated for alkensor nodesThe type of experience, date,
number of the node of sensors will change frame script to another. Thushe sensor data
files will be transformed into a visible format, ready toabpalysed

Beforeanalying data, several stepsust be takedependhg on the purpose of the work:

For calibration tasks, sensor data must be merged thatdata from theeference
instrumentgcleaned befoilgand.

For intercomparison between the sensor nodes, the sensors datasets must be combined
together

For campaign evaluations, the dataouldbe converted from mV to concentration
during the data cleaning procedure, and the statistical anshgaigdbe automated.

R allows to automate as much as possible the merging of several sensor files according to time
or even merging the data files oftheference analysers in order to create a single final file
including both analyser and sensor data.

After preparingthe final file for analysis, several analyses will take place and will be

repeated when calibrating the sensors against the referencaniests. After aveagng the
data into 3 minutes, tke analyses are automatically performed by theograms In addition,
thanks to R, the analysis of data from sensors deployed in different environmentdaord in
environments is automated.
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Chapter 4: Laboratory evaluation of the QARPEDIEM sensors

This chapter is dedicated tbe study the performanseand limitations of our sensors in
semicontrolledlaboratoryconditions

I. Materials and methods

This section descrilsethe different configuratios and experimental conditions under
which the sensorwere evaluated. The sensors were deployed in ar? @xposure chamber
within the PC2A laboratoryin parallel with conventional analytical instruments)der
different conditions in order to test their performance.

I.1. Exposure chamber and references instruments

Thenodes of identical sensors were evaluateah experimental chamber of & (@m x
2m x 2m) The structure of this chambétigure IV - 2) is made of aluminum and the walls are
made of ply-methyl methacrylate (PMMA)Ambient airfrom the laboratoryentersthe
experimental chamber through the lower parts of the walls, vialeditiers (Sairvice, Forest
on Marque, France) tyg@4 (retains coarse particles with an efficierc5%). The aircan be
extracted outside the laboratory by a mechanical system through an openingppehgart
of the chamber.

This chambewasdesignedn 2009 to study the emissions from space hedi€esteret et
al., 2012) This type of chamber presents several advantages. It prevents the diffusion of the
pollutantsand odors generatex well asany compounds that may be harmftlprotecs the
manipulation in progress from any perturbation due to the openthgador, tothe movement
of air generated by the scientist, eifie control of the experimental conditions enables the
guantification of different pollutants. The air exchange @&#tthe chambenas been derived
from the decay rate of C{after a pollution event, assumitigatno one was in the enclosure
and that door waslosed,based orthe following standardequation(Penman, 1980; Peran
and Rashid, 1982 and Smith, 1988)

C(t) = (CO - Ca) *e Tkt + Ca

whereCo: initial concentration (maximumza: background concentration (minimunk) air
exchange rate

A few examples are given Figure IV- 1, where theaverage of ACR is abo0t74 h'tin
compliance with Europeastandards or guidelines of ventilation requiremeatd - 0.7 h')
stipulated foresidential building§Yoshino et al., 2004)An ACR of 0.74 h'l is equivalent to
aroomwith open windowsaccording ta study in two homes in USAlowardReed et al.,
2002)
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Figure IV - 1: Air exchange rate inside the chamber

The cwbe is equipped with a TSI probe measuringgCDand RH(Q-Tr a ¢ k
7575 and anoptical particulate countefOPC Lighthouse HANDHELD 30161AQ)
measuringparticulate mattersThe airin the cube is analyzed dme via sampling

allowing to study the evolution of the concentrations of the diffgreltitants(Figure 1V -

T
21:00

E,
for
lines
2).

The list of analyzers is presentedTiable 1V - 1. We used a Thermo Fisher Scientififodel
49i automatic Ozone AnalyzeModel 42i- automaticnitrogenoxide (NO/NQ/NOXx) analyzer
and a Model 48carbonmonoxideanalyzer.For VOCs,a BTEX Chromatotec/PIQvasused.

The analyzers wenegularlycalibrated.

mo d e

A fan wasinstalled in the corner of the chamber in order to ensure homogeneity. The
chamber seems to be homogeneous since many studies (with the presencbafefdrden
conducted inside the chamlir(Carteret et al., 2012york and during my workyith different

positiors of thereference analyzers and sensors. Therefore, the exact position of thamebdes

of the pollution sourcesnside the cube will not affect our resulthe semicontrolled
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experiments were conducted within the enclosure at ambient temperature and relative humidity
and in some cases at variable temperature (heater) and humidity (humidifier inside the

chamber)

Figure IV - 2: Experimental seup, chamber with the analyzers and 8 sensor nodes.

Table IV - 1. Reference Analyzers

Instrument Measured parameters Time Resolution
QTrack E (mode T, HR, CQ 1 min
OPCLighthouse- HANDHELD 3016 PM 2 min
Chromatotec/PID BTEX 15-30 min
Thermo Fisher Scientifidnalyzer49i O3 1 min
Thermo Fisher Scientifidnalyzer42i NO, NGO 1 min
Thermo Fisher Scientific Analyzd8i CcO 1 min

[.2. Pollutant sources

Pollutants were generated either from gas cylinflé@, NO) or from the evaporation of
liquid compounds (VOCs/toluene), but also from gas generatpos g, as well as or from real
sources (incense, candiesdeventuallyfrom ambient air.

For the generation of GOCO, NO and N@ we choose a real saar of these gases that
we can find inside any dwellinin order taeproduce the real profile of pollutasdncentratios
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in indoor environments. The burning of incense releases a large number chemicalsdue

to the combinationf fragrant gums, resins, woaahd spices during its manufacturing. Incense
hasbeen found to ba significant source of polycyclic aromatic hydrocarbons (PAHS), carbon
monoxide, benzene, isoprene and particulate magirdo et al., 2000; Fan and Zhang, 2001;
Li and Ro, 2000; Madany and Crump, 199@€pndle burningeleases a variety of toxic
chemicalsin indoor environmentsincluding acetaldehyde, formaldehyde, acrolein, and
polycyclic aromatt hydrocarbonsyhich are well known for their carcinogenicifizau et al.,
1997; Lee and Wang, 2006; Orecchio, 201@jher emissions of coam include cdyon
monoxide, carbon dioxid@jtrogen oxidesand particulate matters

ThePID sensorsvere calibrated with toluen&oluene was evaporated in the chamber in
order to compare the response of VOCs sensor to BTEX.

A C-Lasky GL0O10DS was used to gerate ozoneDzone wasalsofound in the ambient
air during the summer

.3. Performanceevaluation methods

The comparisorbetween the data collected by gensorsand the reference instrument
is based on statisticaletrics, as discussed abangChapter2. IV). The European Air Quality
Directive hasestablishedhe Data Quality Objective (DQQhat must bemet by ambient
monitoring instrumentsbefore they can be used fised, indicative modellingor objective
measurementmstrumentdor regulatory purpose§he DQO is a measure of the acceptable
uncertaintyof different measurementsnethods as shown ifable IV - 2. The European
Committee for Standaizhtion (CEN/TC264/WG42) whiclis working on the definition of
technical specifications ofpformance requirements for levost sensors is in agreementtwit
the European directiveBased on thidyased orfRedon et al., 201 @nd(Castell et al., 2017)
the sensors measurememiere used as an indicative methodence, the sensors will be
sufficiently accurate if their uncertainty isss than the DQG@or indicative measurement
methods.

Table IV - 2: Data Quality Objectiveslefined by the WG42 of the European Committee for
Standardization(Redon et al., 2017

Measurement Method

Pollutant
Fixed Indicative Modelling Objective Estimation
SO, NO/NG,, CO +15% +25% +50% +75%
Os +25% +30% +50% +100%
PM; g/PMio +15% +30% +50% +100%

[.3.1. Calibration of sensors at ambient temperature andelative humidity

Various models were used to calibrate the sensors and to assess their perf@mgiece.
calibrationis taken into consideration indepentg on temperature and relative humidity:
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Model 1:[Pollutant] = a. S + [§1)

where3 is the sensor responskis the sensor response sensitivity @is$ the intercept in
concentration; a and b will be determined.

[.3.2. Calibration of sensors at different relative humidity

The deployment of sensors in reabrld conditions is affected byomplex and dynamic
environmental conditionsuch as temperature and relative humiditiz crucial to evaluate the
sensor performance and compensate the influence of ambient factors on sensors response

It has been shown in several studies that chaingedative humidity have an impact on
sensorresponseThe mpactof relative humidity, was when necessary taken into account as a
solution.Based on the results of the study investigated by (Wei et al., 2018), a and b will be
affected by RH and hence Eaiion (1) can be generalized by theldaling simple linear
equations:

arH=a*RH +a (2)
brr=t1 X RH + I3 (3)

If the impact of relative humidity is considered, Modehay be further tranefmed to
Model 2:

Model 2:[Pollutant]= (e x RH + @) x S+ by x RH + » (4)
IT1. Results and discussion

Several sensonsereplaced in thehamberWewill focus on the calibration dfie sensor
nodesQsz and Q. The calibratio of CO, NO and ewill be detailed.Then, through a unique
experiment, almost all tr@ensors (CO, NO, PM, G@nd NQ) will be calibrated at the same
time. Then,the calibration of ozone and interference with Nl be discussed, followed by
a study of théong-termdrift and finally the intercomparison betweethe sensors.

[1.L1. CO sensor

Different experimentsvere carried ounside the chambext 25 °C and 4@ RHin order
to comparehe performance afarbon monoxidsensors by using real, eamydcheap sources
and byusingcylindersof pure CO The experimenttook placeby injecting pure CO from CO
cylinder, burning incense and igniting candleparately.
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Figure IV - 3: Q7 CO sensor respondeed line) andreference analyzer (black line) for pure CO (a),
candle(b) and incensgJune 13 and 142019

The timeseries datarom the lowcost sensors of the nod®;, and the reference
instruments measuring the emission of CO fromd@lihder, candle and incense are shown in
Figure IV - 3. The concentration recorded the CO analyzer and the output voltage recorded
by CO sensor increase during the generation period and decay ovértersensor output has
the same evolutioshape compared to the CO concentration meddwéhe analyzer during
the experimentSincethe dynamic evolution of the CO reported by sensor and analyzer is
similar, this relationship can be verified the mathematical linearegression, model: 1

[CO] = a.Sco+b

where3 is theCO sensoresponsgAis the sensor response sensitivity (ppb/mV) Arisl the
intercept in concentration. These regressions are represefitablénlV - 3.

For the three experimentghe leastsquare regression values between the references
analyzers and the sensors show a high correlatibn QF99) for alltests The relative standard
deviationbetween thelifferentslopes is about % maximum
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Table IV - 3: Linear regression parametaifor the comparison between CO sensor with CO

analyzer
Reference Sensor
Range of . Sensor _ 2
Source concentration Unit signal (S) [COI=1(S) R
Pure CO 0- 12000 ppb mV 3.19x-392.99 0.99
Candle 0-6000 ppb mV 3.19x-314.85 0.99
Incense 0-11000 ppb mV 3.23x-392.43 099

It should be mentioned that during other calibrations CO sensor was saturated in presence
of CO concentration higher than 1pm. Therefore, we did not take into account these
experiments while calibrating our sensors.

Figure IV - 4 compares the concentrations resulting from the calibration equations of the
CO sensor by candle and incemsehat resulting from pure C@ken as a referencall the
curves have the sameadurtion response for a sensor signal between 0 and 3000vhidh is
equivalent to a concentration range between 0 and 10 Pppencomparison shows that the
calibration models are highly correlated wRh> 0.99 and slope arourahe

@ Candle @ Incense

10000

9000 y=1,0134x ...

R2=1 @
8000
y=1,0127x
7000 - ...0'... RZ=0,9998
6000
o®
5000 ‘..0'.
o
4000 ...0'
o
3000 ..o"
o
2000 ..0'.
o
1000 .‘....
o

0 ®
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

[cO] ppb fitted from CO bottle

[cO] ppb fitted from candle and incense

Figure IV - 4: Sensor calibration curvesvith different sources

During our work, ve have noticed that the CO sensor responds with a significant signal
in presence of alcohol, deodorant and acetone, while the CO analyzer does not, l@spond
shown inFigure IV - 5. According to our work anthat of (Caron, 2016)the response of the
CO electrochemical sensor is linearly correlated to the presence of efffagretfore the CO
sensorreactsto the presence of ethanol in the air, making it a major inerfext high
concentratioa Thisis not, howeverindicated in the list of crossensitivitiesprovided by the
manufacturer.
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Figure IV - 5: Q3 CO sensor respondeed line) andCO reference analyzer (black line)ile
burning incense and spritzing deodoriz8december 18, 2018

As mentioned above, the charigerelative humiditymay haveanimpacton the sensor
responeTherefore we haveinvestigated the impact of relative humidity the CO sensorlf
there isno effect, the model 1 will be used for calibration of our sensors and if there is an
impact, the model 1 will be transformed into a model 2. Both models were discu@Shdpter
47 111.3). In this study, the performance of seng@&», CO, NO and N under various RHs,
(33 %, 60 % and 75 % respectivelyas assessed for the node ©he relative humidity was
controlled using a humidifier in the center of the chamblee. experiment ibased on brning
candleand incensen the chamber during the ped between Marctb and 14,2019. A
calibration curve at each relative humidity was established between the gas analyzers and the
sensors. Therefore, a correction of model gravidedif the relative humidity has an impact
on the sensors.

For CQ duringdifferentexperiments at variouglative humidity levelsthe CO sensor
responsenas the same evoluticas the CO analyzerTable IV - 4 showsthe relationship
between CO sensors and analyzers at different RHs. For the three experiments, the least square
regression values between the references analyzers and the sensors show a high corfelation (R
over 0.99), withrsubstantiallythe same slope arouid

Table IV - 4. Linear relationship between CO sensors and reference under different RH

CO (Q3) aco (ppb/mV) b (ppb) R2
33% 3.486+ 0.021 -608624+ 0.406 0.995
60 % 3.095+ 0.019 -646114+ 18.967 0.995
75% 2.943+ 0.037 -1198000+ 72.390 0.992
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In order to establish the relatsimp between the relativeumidity and thesensor output
voltage, the slopproducedby the regression of each linear test under each relatiredity
condition wasplotted inFigure IV- 6. A negative linear correlation between the sensor response
slope and relative humidityas found

3,6

35

31 Slope
R?=0,9946

0 10 20 30 40 50 60 70 80
RH (%)

Figure IV - 6: Variation of the CO sensor slope as a function of relative humidity

The maximum deviation 6 %) of the slopes of the calibration curves may be due to the
random variability of measurementoreover the baseline shifteilom - 609 mV to- 1198
mV when the relative humidity increased from 33 % to%5equivalent to a drift of CO
concentration of about 1.4 ppm, according to the calibration equation abf33¢4 which is
not negligible. hesensor response influenced bg &mbient factor clearly indicates the need
to include a correction to the model 1, especially when applying sensomddaor
environmentamonitoring with different environmental conditions.

Based on these resultghen consideringhe impact of humiditywe need to usk¥lodel
2. Thereforethecorrected concentration can be calculated by the following equation, with a R
coefficient of 0.994

[CO] =3.929 * $o+ 0.487 * RHi 0.0137 *$o* RH - 590

Takinginto consideratiothe data quality objectives and the complexity of this model, w
compare the estimated CO sendata from thdinear regression and cross regressiuith the
actualmeasured CQaluesfor all the relative humidity (33 75 %), and we calculate the
relative error forbothmodels as shown iRigure IV- 7. As canbeseae, the relative error for
the two models is less than 25, which is equivalent to th®QO target exduding the
concerrations lower than 100pb, whichare far below the levels of interest indodrserefore,
the linear model could replace safely this complex model in ordsditrate the sensor
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Figure IV - 7: Comparison of theCO calibration model betwee@O sensor and reference
instrument

[1.2. NO sensor

NO was generatettom a cylinderof pure NO orby burning candle. The different
experiments took place inside the chamber at ambient tempe2&atd@ and 40% relative

humidity with the fan on for mixinghe air
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Figure IV - 8: Q;NO sensorresponsgred line) andreference analyzer (black line) for pure NO (a)
and candle (bYJune 14 and 192019

Thetime-series data for tlow-cost sensors in the no@e and the reference instruments
measuring NO fromNO cylinder and candle emissions are shown Figure IV - 8. The
concentration recorded by each instrument increases during the generation period and decays
over time. Forboth experimentsthe concentratiorreported by the NO sensor has the same
pattern of change with respetd the reérence during the experimerthe least square
regression valuebetween the referencanalyzes and the sensor show a high correlation
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(mostly R over 0.99) for alltests(Table IV - 5). The linear regression slopes from the
correlations between the legost sensor measuring NO and the reference instrument have
almost the sae value between @Mznd 0.2, with acoefficientdeviation of2 %.

Table IV - 5: Linear regression parameters for the comparison between NO sensor with NO

analyzer
Reference Sensor
Source cosca:ngt(raa?ifon Unit i%nnsg [NO] =1 (9 R?
Pure NO 0-80 ppb mV 0.21x-3.89 0.99
Candle 0-80 ppb mV 0.20x-3.65 0.99

Regarding the effect of relative humidity on NO sensor in nogletlig¢ correlation
coefficient shows ahigh linear relationship betwedie sensoresponse anthe concentration
measured by NO analyzar different relative humiditgTable V- 6). These calibration curves
almost coincidao each othertherefore, lie calibrationof the sensoris identical at different
RHs. The maximum deation (x 3%) from theslopes and (x 66) baseline of calibration
curves may be due to the random variability of measurements. Thereby, based on these results,
the model 1 not taking into consideration RHs effewtas used. Thus, the corrected
concentration for the three experiments at different RHs can be calculated by the following

Equation:

[INO] 5 107 ndi 6 S6WiOt, h a

c boeff f0i.c9 9%4n.t R

Table IV - 6: Linear relationship between NO sensors and reference under different RH

NO (Qs) R2 ano (ppb/mV) b (ppb) Rz
33 % 0.997 0.522+ 0.002 -6.517+ 0.406 0.997
60 % 0.906 0.546+ 0.003 -7.287+0.335 0.999
75% 0.971 0.494+ 0.004 -7.869+ 0.644 0.997

[1.3. Joint calibration for CO, CO>, NO and NO, sensors

Candles and incense can be considered as an alternative way to generate most of indoor
environments pollutants. Accordingly, in the rest of the calibration test candles wdkeden
order to generate NO, N@nd CQ, and incense will be used to generate CO for dfibration
tests of our sensar&dditionalcalibration tests took place inside the chamber during the period
between Februar019and Februar020.All sensornodes were tested during this period,
although only @ was permanently placed in the chamber as a reference node in order to
calibrate the others and study the ldagn drift of the sensors.

109



Chapter 4: Laboratory evaluation of the QARPEDIEM sensors

An exampleof acalibration test is shown iRigure 1V - 9. The timeseries data for &
low-cost sensors in the no@g, and the reference instruments measuring candles and incense
emissions argresentedin Figure IV - 9. The concentration recorded by each instrument
increases during the generation period and decays over time.
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Figure IV - 9: Qssensorgesponse (red line) and reference analyzéblack line) and for (a) CO,
(b) CQ, (€) NG, (d) NO while burning candle and inceng®March 27,2019

For incense and candkbaeconcentratioareported by the C&reference instrumentere
consistently higher thatmat ofthe CQ sensor in @ with the same evolution shapghe other
sensorshave the same evolutiopatterncompared to the references during the experiment.
Table IV- 7 provides a summary of the least square regression values between the references
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analyzers and the sensors ig @nalyzers and sensors display high correlatioh<R.96-
0.99, for bothincerse and candles.

Table IV- 7: Linear regression parameters for the comparison betweersé€nsors and reference

analyzers
Qsnode Reference Sensor
Confidence
Pollutant Range qf Unit Sgnsor Parameter = f R? interval
concentration signal ©)
(2.5 %, 97.5 %)
(1.01,1.2)
CO 0-11000 ppb mV 3.34x-78397 0.99
(33545, 33904)
(3.32,3.37)
CO; 600- 1600 ppm ppm 1.01x +337.24 0.99
(-804.71, -76315)
(0.37,0.36)
NO 0-90 ppb mV 0.35x-6.86 0.99
(-7.18, -6.63)
(0.78,0.81)
NO: 0-50 ppb mV 0.79x+201 0.98
(1.75, 2.26)
(1.43, 1.46)
RH 22-26 % % 144x-1045 0.99
(-10.69, -9.97)
(.01, 1.06)
T 25-27 Celsius Celsius 1.03x-267 0.99
(-3.35, -1.98)

The calibration of different nodes was repeated many tomesg the period between
February 201%nd February202Q in order to calibrate the sensors and study the-teng
drift. The annex shows an example about the calibration combining incense and candles for all
nodegQ1, @, Qs, Qs, Qu, Q10) While using fan for air mixingAs we said before, analyzand
sensors from different nodes display high correlatioh<R.97- 1), for both incense and
candles as showinom Tablel to Table®6.

The calibration curveshown inFigure IV - 10 provide a relative erroaround 5 %
significantly lower than the 2% expected in the Data Quality Objectifesthe full range of
concentratioa Indeed, the ma conclusion of these tests related tothe validity of the
protocol and in particular the choice of the sourd@é®refore, our sensors can be deployed in
indoor environments in order &ssess the indoor air quality.
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Figure IV - 10. Comparison of the calibration model betwe&®,, NO, and NOsensors and
reference instruments

As wehave alreadyliscussed the effect of relative humidity on-B8® and NOB4, we
will investigatethe effect of relative humidity o680, and NQ sensors of)z node.For CQ,
the slope and intercept from the regression of each linear test underksdiste humidity
calibration areplotted inFigure IV - 11. The change of slope witin increase iRH from 33
to 75 % is approximatively 1%. The interceptdecreased fron330 to 307 ppm which is
significantly low (3%). The maximum derivation (+ %) of slopes and (& %) ofthe intercept
of the calibration curves may be due to the random variability of measurerB@periments
demonstrate that G@ensomperformances consistent at different RHs.
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Figure IV - 11: Slope and intercept oE£O; calibration models at different relative humidity

It can therefore be deduced thia¢ calibration of the Cfsensor is not affected by the
variation in relative humidityHence, dinearcalibration equation is derived from the different
calibrations of CQ@taking into consideration all relae humidity values

[COz] = 1.037 *[COy] sensor 320, with a

coef foib9P% nt R

For NO, the correlation coefficient shows a high lineatationship between NcB4
response and concentration measureN®yanalyzer at different relative humidifyable IV
- 8). However, the maximum deation (£ 14 %) of slopes and (+ 1%) of baselines ofhe
calibration curves shows that M€ensotis affected bythe relative humidity

Table IV - 8: Linear relationship betweeiNO, sensors and reference under different RH

NO: (Qs) anoz (ppb/mV) b (ppb) R2
33% 1.151+ 0.005 -6.138+ 0.168 0.998
60% 0.870+ 0.024 -4557+ 0.634 0.971
75% 0.859+ 0.020 -5.556+ 0.726 0.980

When consideringhe calibration equation at 38 RH, the baseline shifted from6.138
to - 4.557 ppb when RH increagkfrom 33 % to 60%, which is equivalent toa NO&
concentration drift of about 8 pplvhich is not negligible. Hence, a correction is needed, taking
into account the effect of RHs dhe sensor outputWe therefore usdlodel 2. Thus, the
corrected concentration for the three experiments at different RHs can be calculated by the
following Equation:

[NQ]= 410 55ug2+ .0 08 19 . BEBos*

RB6 1L,Wwi t h

a

c ooef f fOi. c9i9edn t
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Figure IV - 12 Comparison of theNO; calibration model between sensors and reference
Instruments

Taking into accounthe data quality objectiveand the complexity of this modele
compare the estimat®&D, sensodatafrom the linearand cross regression to the real measured
values ofNO: for all the réative humidity (337 75 %), andcalculate the relative error for the
two models as showin Figure IV - 12. Asillustrated the relative error for the two models is
higher tharDQO of 25 % for the @mncentrations lower than 10 ppb, which is consistent with
the specification of the Nensor given by the manufacturéable Il - 1).

The data obtained by a linear model without taking into account the effect of humidity are
not superimposed, they are on the sagaebut wecan noticeghe presence of several slopes
which gives uncertainties 25 % up to 30 ppbFor concentrations 30 ppb, the uncertainties
decrease to 1% althoughthey arenot yet negligible. However, if we take into account the
model integrating th relative humidity, we have an error dfbmaximum, which will be more
accuratethoughit will be more complicated.

We can therefore work with a linear model since we are within the range of the data quality
objectives even though we know that it ok less accurate than tbemplex modekince
humidity has a major role in the response of the B&hsor.

I1.4. Ossensor

The calibrationof ozonesensors waperformedseveratimes during the period between
May 28 andJune3, 2019,using an ozone generator the source, since L0s a secondary
pollutant
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Figure IV - 13 Q; Oz sensor response (red line) and reference analyzer (black line) (May 28 till
June 3, 2019)

Figure IV - 13 depictsthe timeseries data fothe ozone sensor in the no@g and the
reference instrument. The concentration recorded by each instrument intheaisglsouthe
generation period and decays over time. The output voltage measured by the sensor is linearly
proportional to the gas concentratibmough the entireange.

3.0-

2.97

I T
e e el —

26-

Oj3 Calibration slope

2:85
2 4 6
Number of experiment
Figure IV - 14: Os calibration dopesduring successivéests

Figure IV - 14 compars the linear regression slopeased on correlation between the
low-costozonesensors and reference analyZan alltests the slopesarealmostidentical2.7
- 2.8 with a standard error < 0.05 and a maximum deviation @f. In the sameavay, the
interceps vary between 35 and 37 with a maximun?/® of deviation A significant linear
relationship can be observed betweenséesor output voltage and Gncentratiorduring all
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the calibration periodAccordingly, the real concentration measured from ozone sensor is as
follows:

[O3] (ppb) = 28 * Q7 sensor signal (mV) 87.
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Figure IV - 15: Comparison of theDs calibration model between sensand reference instrument

Figure IV - 15 provides the scatter plot between the reference analyzer and the sensor for
all ozone generation experiments. A significant linear relationship with a coefficiehDF9
can be observed tveeen thefitted concentration fron®s sensor and ©analyzer The sensor
could correctly meet the Data Quality Objectives@aiconcentration valuegbovelO ppb.

[1.5. Cross interference between ®@and NO. sensors

A high crosssensitivity isexpectedoetween oxidizing species N@nd Q, from 30 to
120 %,accordingo thetechnical sheet provided by the manufactufdpliasense Application
Notes AAN 10902).

In order tomeasurethe true concentration of each pollutarite tomparisonof the
response of the NEB4 and Q-B4 sensors with the nitrogen dioxide and ozone concentration
measured by the automatic analyzers is carrieceitherby linear regressiorigke model 1

Y O 800 O
Y ® 80 (22

or by multilinear regressions

Y e 800 w80 e
where R represents the response of Gaeor NO; sensor,d and@ the cawersion
coefficients associated respectively with the concentration of nitrogen dioxide and ozone and

A

c,d® the intercept.
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With the aimto quantifythis cross interference, vaarried outseveral experiment3he
first experiment was while generating pure ozone (excess ozone) when injecting 409 ppb O
into the chamber oMay 31, 2019. During the calibration afzone inside the test chamber
using the GLasky generator, only ozomeasinjected inside the test chamb&heNO: sensor
responédto ozae concentration in the chamber as showfigure 1V- 16.
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Figure IV - 16. Q; O3 (red square) NO; (red cross)xensors response ar@; (black square) NO-
(black crossyeference analyzerduring generatingOs; on May 312019

Figure 1V - 16 shows the concentration tirseries during ozone calibration for both O
and NQ sensorgrom Qznode and referenc@sstrumentsThe concentration recorded by each
instrument increases during the generation period and decays over time. In this study, the output
voltages of the ®@sensorincreased linearlyrom 0 mV to 120 mV as ozone concentration
increased from O ppb to 400 ppthe NG sensor responds ozone, andts output voltages
linearly increase from 0 mV to 20 mV.

Table IV - 9: Linear and multilinear regressions for the calibration of N&B4 and Q-B4 sensors
in excess of @

Residual
Sensor anoz (mV/ppb) bos (mV/ppb) ¢ (mV) R2 Standard Error
(mV)
Linear Regression
NO2-B4 (Q7) 0.021+ 0.000 -20.771+£ 0.094 0.852 0.880
03-B4 (Qv) 0.369+ 0.002 -13.288+ 0.261 0.995 2444
Multilinear Regression

NO2-B4 (Q7) 0.358+ 0.002 0.024+ 0.000 -22220+0.117 0.931 0.565
03-B4 (Qv) 0.223+ 0.104 0.371+ 0.002 -14.201+ 0499 0.996 2415

The parameters of the different regressionslafieed inTable IV- 9. Taking into account
the G concentration, which was relatively high (400 ppb) during this injection, the multilinear
regression performed on the response of the different sensors dogsdfiptsignificantlythe
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value of the correlation coefficieno) since ozone is in large excess relative to nitrogen
dioxide.

Thesecondexperiment takes into consideration this timedtecentration oNO2, which
was relatively low (30 ppb) duringandles burning. In th experiment, there is no ozonside
the chamber

O, analyzer
O, sensor
NO, analyzer
NO, sensor
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Figure IV - 17: Q; O3 (red square), NQ@(red cross) sensors response abgl(black square), N@
(black cross) reference analyzers during burning candle on June 14 2019

Figure IV - 17 shows the cross interference between the ozone and the nitrogen dioxide
sensors. The interference was observed during periods whereMgs werehigh. When
burning candlesthe ozone sensareported a higher output voltage than the nitrogen dioxide
sensor. It was observed that the output voltages of thesél@3or increased linearly from 0 mV
to 60 mV for Q, while the nitrogen dioxide concentration increased from 0 ppb to 30 ppb. On
the other hand, the ©sensor responds simultaneously to nitrogen dioxide, and its output
voltages linearly increase from 0 mV to 80 piNgher than the output voltage of N€ensor.

The response of the sensassstrongly correlated with the nitrogen dioxidencentration,
indicating the correlation coefficients are greater than 0.95. The parameters of the different
regressions argivenin Table IV- 10. Theozone sensor shows a sensitivity of 2.913 mV/ppb,
higher than the sensitivity of NOsensors to nitrogen dioxide (2.463 mV/ppb). This
characterizes the strong intedace between these two oxidants.
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Table IV- 10: Linear and multilinear regressions for the calibration of N€B4 and Q-B4 sensors
in excess of N@

Residual
Sensor anoz (mV/ppb) bos (mV/ppb) c (mV) R2 Standard Error
(mV)
Linear Regression
NO2-B4 (Qr) 2460+ 0.024 -27.881+ 0.328 0.983 2.498
03-B4 (Q) 2,902+ 0.034 -19.663+ 0.462 0.975 3517
Multilinear Regression
NO2-B4 (Qr) 2463+ 0.024 0.239+ 0.131 -28.132+ 0.354 0.985 2.482
03-B4 (@) 2913+ 0.032 0.856+ 0.176 -20.558+ 0.474 0.979 3.321

This crossinterference was also characterizeanixtures (Q + NO), using the outdoor
air as the sourc&@hedata between June 20 and JungZPd 9weretakeninto consideration to
studythe crosssensitivity. There \wreno injectiors performed irthe room during this period.
Figure IV - 18 below shows the concentrations measured by the reference analyzers and the
ozone and nitrogen dioxide sensors at the same time. If weipommJune 21, weannotice

that the nitrogen dioxideoncentratiorincreases to 10 ppb, while the ozone concentration is
almost zermn that day.
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Figure IV - 18 Q; Os (red square), NQ@(red cross) sensors response aDgl(black square), N@
(black cross) reference analyzers between June 20 and 22, 2019

Table IV - 11 showsthe parameters of the diffent regressions. Asan be sea, the
correlation coefficient increasérom linear to multilinear regression, but in all cases, it does
not affect the whole multilinear relationship as tiygical concentration of tése oxidantsn

119



Chapter 4: Laboratory evaluation of the QARPEDIEM sensors

indoor airis muchlow compared tahe concentratioof pure ozone and nitrogen dioxide used
for separated calibrations.

Table IV- 11 Linear and multilinear regressions for the calibration of N&B4 and Q-B4 sensors
betweenJune 20 and 22, 2019

Sensor anoz (mV/ppb) bos (MV/ppb) c (mV) R2 Residual Standard

Error (mV)
Linear Regression
NO2-B4 (Qr) 0.578+ 0.013 -22.372+ 0.046 0.560 0.887
03-B4 (@) 0.381 +0.004 -10.072+ 0.070 0.800 1.619
Multilinear Regression
NO2-B4 (Qr) 0.622+ 0.015 0.017+ 0.003 -22.697+ 0.075 0575 0.879
03-B4 (@) 0.207+ 0.005 0.207+ 0.027 -10.936+ 0.136 0.812 1.590

The crosssensitivity of the N@B4 and Q-B4 sensors to ozorend nitrogen dioxide
respectivelyhas been demonstratdthese sensorbave a good accuracy ahidh linearity with
the concentrations measuredthg reference analyzers. However, these sensors are not very
selective and have equivalent sensitivities to the two oxidangsaf@ NQ). This can
significantlymodify the interpretation of theignals and the concentratioestimated by these
sensors in environments whehe twocompounds are present. It is therefmeommendetb
estimatesimultaneouslythe concentrations of nitrogen dioxide and ozone from the/®§O
Sensors.

We estimagd the concentration of these compounds by multilinear regression over the
period from Jun3 to 29 2019, by using pure ozone calibratiatata(between May28 and
June3, 2019), candleslata(Junel4, 2019) andoutdoor airdata (betweedune20 and 22
2019).

Table IV- 12 Linear and multilinear regressions for the calibration of N&B4 and Q-B4 sensors
during the period between Ma38 andJune 22, 2019

Residual
Sensor ano2 (mV/ppb) bos (MV/ppb) c (mV) R2 Standard Error
(Ppb)
Linear Regression
NO2-B4 (Q) 2.053+0.018 - 25949+ 0.089 0.843 3.077
03-B4 (@) 0.337+ 0.028 -8.273+0.213 0.858 9.383
Multilinear Regression

NO2-B4 (Q) 2101+ 0.017 0.018+ 0.018 -26.730+ 0.089 0.869 2.812
03-B4 (@) 2.327+0.029 0.353+ 0.008 -16.947+ 0.154 0.962 4877

The parameterof the linear and multilinear regressions, performed under these
conditions, are presentedTiable IV- 12. The sensitivity of the ©B4 sensor to N of 2.327
mV/ppb, is even higher than its sensitivity fog (0.353 mV/ppb). In contrasthe sensitivity
of the NQ-B4 sensor to N&is lower, which again shows the strong competition between the
two oxidantsto which these two types of sensors are sensitive. The results also highlight the
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fact that @Q-B4 sensors are more sensitive than the-B® sensor in the presence of both
nitrogen dioxide and ozonavhich verifesthe results of crossensitivities by the manufacturer
(Table IIl - 2, Chapter 3 By taking the ozone concentratiamto account, the multilinear
regressions increase the value of the correlation coefficient and thus improve the calibration of
the sensor responsehe parameters of multilinear regression are presentédhble 1V - 13,
respectively ira range obzone oncentration G 700 ppb and - 40 ppb for nitrogen dioxide

Table IV - 13. Multilinear regression parameters for Noand O; concentration estimation from
NO.-B4 (@) sensor and @B4 (Q;) sensor response

Residual
Concentration  anoz2 (mV/ppb) bos (MV/ppb) c (mV) R2 Standard Error
(ppb)
Estimated NOz 0.444+ 0.004 - 0.027+ 0.001 11912+ 0.072 0.888 1.232
Estimated O3 -3.361+ 0.026 2.950+ 0.008 - 38504+ 0536 0.982 9.203
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Figure IV - 19: Time evolution of @and NG, concentrations between Jur23 and 29, 2019

Figure IV - 19 illustratesthe ozone and nitrogen dioxide concentrations estimated from
the responses of the NB4 and Q-B4 sensors and the concentrations measured by the
reference analyzers during the ipdrfrom June23 and29, 2019

The ozone concentratiosa measured by the senseith an accuray of 10% under real
conditions However the nitrogen dioxide concentration estimated using these two sensors does
not always follow thevariations in theNO- concentration measured in the chamber. The most
important differences are duringetincrease in concentratiodufe25). Indeed, the difference
betweenactualand estimated values sometimes greaténan 50 %. tlis difficult to separate
the part otthe signal associated with N@om that associated withz@nd viceversa.

Despitethe good linear correlatiofoetween these two sensors &hd concentrations
measured against a compound in large excess, the interference between ozone and nitrogen
dioxide, for which the two sensors have equivalent sensitivities, does not allow a correct
interpretation of the signal. This correlation is themlanitation of the useof thesesensors
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individually. However, it can be nicedthat in the recent version tdiesesensors, not tested
in this work, Alphasense installs an ozone filter oreNBA2F type sensors for the measurement
of nitrogen dioxide whHe OX-B421 sensors can detect the amount o9& NQ. The ozone
measurement is thararried ouby measuring thelifference between the sigrfabm theOX-
B421sensorndthat of theNO,-B42F sensor

However ozoneis not found at high concentration in indoor environmentor NO
except from combustion processes. Hence, we willaooisiderthis crossinterferenceas
importantin thebackgroundf indoor air pollution.

[1.6. VOCssensor

TheVOCs calibration was testdyy evaporatingoluene as asource. However, a technical
problem with the BTEX analyzer did not allow us to calibrate all the nddexsddition,we
have problems with the lortgrm responsef the VOCs sensoas the lamp dies very quickly
after 6months(Chapter 5l1.2), thereforethe VOC calibration will not be discussed here.

[I.7. Long-term drift

The dift is one of the most serioligitations ofgas sensor@Vei et al., 2018)It can be
considerechs aprogressivechange in the sensor response over a fmrgpdunder costant
conditions

During the period between February 2018ebruary202Q several calibrationsvere
performedon sensor node Qvithin the chamber of PC2AAccordingly, theevolution of the
calibration modebver timewas examined

Figure IV - 20displaysthe evolution othecalibrationsof CO, NO and C@as a function
of the sensorsignal for different calibration tesbver the period February 2019 February
2020 For CQ, thecalibration curves at any given time are almost coinciderg.parameters
of the linear regressiooarried ouunder these conditions, are presentethible 1V- 14. There
is nochange irestimated concentration from differezalibration equationst tan be deduced
that the calibrations do not vaoyertime for CO;; thereforea single total calibration equation
will be derivedfrom the different C@calibrations

For CO and NO.the calibration curves are almost coincident for the period between
February and Mag019(sensitivity is around and0.3 ppb/mV for CO and NO respectively
However,the calibration curves vary beeen this period an8eptemberFor CO, the sensor
sensitivity decreased from 3 to/2opb/mVfrom the period of May to the period of September
and October 20 and increasedgain in February 2020. Wreave no informatioonthe reason
for this change. @erall, below5 ppm COthe difference is negligiblegnroughout theperiod,
and from 5 ppm, a nenegligible difference will occur. Hence the need to check the calibration
of the CO sensor from time to time.
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For NO, the calibration curves from February to May 2019 are in the same range, although
there is some dispersion, whereas from September 2019 the calibration equationllwas we
deviated with an increase in slope from 0.3 fpbMmV. For October 2019 arfeebruary 2020
calibrations, the calibration curvesoincide with September calibration. Therefore, the
sensilvity decreasevith the timeand remaiad stable.

The parametersf the linear regression, performed under these conditions, are presented
in Table IV - 14. The sensors response is linearly correlated with the measymsd
concentration (R% 0.9) for each calibration curve for carbon monoxide, nitrogen monoxide
and carbon dioxidd=or CO and NOa periodiccalibration may beequired

Table IV- 14: Linear regression parameters for GONO and CO during calibrations between
February 8, 2019and February 17, 2020

) aco2 2
CO-B4(Qs) (ppb/mV) b (ppb) R
8 February 2019 3.155+ 0.041 - 360184+ 54.602 0.992
27 March 2019 3.344+ 0.011 - 783970+ 1057 0.999
12 April 2019 3.102+ 0.135 - 309070+ 134,421 0.990
9 May 2019 2.721+0.009 - 378248+ 12.951 0.998
17 September2019 2.854+0.011 -314.419+ 3.373 0.991
11 October 2020 3.064+ 0.019 - 268.613+ 5.172 0.990
dco2 2
8 February 2019 1.021+ 0.004 289852+ 3.679 0.999
27 March 2019 1.013+ 0.002 337240+ 0.915 0.999
12 April 2019 1.057+ 0.004 344228+ 2.584 0.999
9 May 2019 1.030+ 0.008 334614+ 11136 0.999
17 September2019  1.003+ 0.003 386967+ 2.085 0.999
11 October2020 1.042+ 0.002 342.170+ 0.812 0.998
NO-B4(Qy) oo b (ppb) R?
(ppb/mV)
8 February 2019 0.383+ 0.006 -2.171+1.050 0.988
27 March 2019 0.352+ 0.002 -6.860+ 0.140 0.995
9 May 2019 0.364+ 0.002 -3.557+ 0.297 0.999
17 September2019  1.014+ 0.005 - 16.168+ 0.546 0.996
11 October2019 0.968+ 0.001 -12.138+ 0.025 0.999
17 February 2020  0.983+ 0.002 - 10.256+ 0.09 0.999
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[1.8. Inter-comparison of sensors

In order toinvestigatethe intercomparison between sensonge haveadoptedhe same
example above for the calibration byrning incense and candles Miarch 27,2019 but for
node Q7 now. This node will be compared twde Qs node placed permanently insitlee
chamberThecomparisos of the lowcost monitor®f node Q, with the reference analyzer are
similar to thosef the sensors of Qwith ahigh correlation with the monitors {R 0.98-1.00).
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Figure IV - 21: Time series comparison of sensors betweer(liue line) and Q (red line) for (a)
CO, (b) CQ, (c) NG, (d) NO on March27,2019

Thevariability of measurements betwetie sensors in node;@nd Q is shown inFigure
IV - 21. The response of the sensors at different nodes is substantially similar with the same
time profile between the nodes showing small variability in the bas@&laide V- 15 presents
the parametersof calibration of node @versusnode Q in March and September 2019.
Comparison®f the lowcost monitors with each othshow a high correlation @R 0.96- 1).
In addition, the intercomparison did not change betweerciMand September 2019, the
maximum deviation was aroundf which implesthat even if the sensodrift with time, the
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relation will be stable over thigeriod.Hence, one node is sufficient to calibrate other nodes,
and each node will then be corrected against nade Q

Table IV - 15: Calibration of Q; node vs Q(March - Septembe019

Parameters March September Unit R?
CoO 1.05x +8.62 1.05x +9.99 mvV 0.998
COo 1.08x-314.56 1.06x-318.44 ppm 0.993
NO 1.04x -9.22 1.03x -8.49 mV 0.998
NO:2 1.11x+33.49 1.11x+31.43 mV 0.983

Relative Humidity 1.11 x-3.01 1.08 x-3.11 % 0.993

Temperature 1.10x - 2.87 1.11x-3.95 Celsius 0.962

Table IV- 16 shows the intercomparison between all sensors n@itegQs sensor node.
The comparison between the sensors nodes ambdeshows a high correlatiorbetween
sensors of the different nod@®® = 0.99), which provide the linearity between different nodes.

The majority of the amparisons have the same slope around 1, some prove a difference
of 40 %, for example th&lO> sensor of the @nodecompared to the £nodeis 1.4. Forthe
baselinesthey all have the same offset with negligible differences. For exathpldifference
in thebaseling between the CO sensor of hd Qis 31.15 mV. This difference is negligible
0.4% compared to the measdrange ofCO signal (15G 4000mV).
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Table IV - 16: Calibration of different sensors node vssQode

Range of signal Q4/Qs Q2/Q3 Q4/Qs Qe/Qs Qs/Qs Qd/Qs Q10/Qs
CcO 150-4000mV  0.99x-14.17 1.11x-1.24 0.97x +9.91 1.09x - 16.67 1.08x + 10.39 0.99x + 31.15 0.96x + 2.96
CO 300- 2500ppm 1.10x-17400 1.00x -445 0.99x -17.72 1.24x - 150 1.11x7 15100 1.02x7 31600 1.23x - 62.69
NO 14-750mV 1.04x-10.84 1.03x +14.02 1.01x - 5.57 0.98x + 3.43 0.98x-0.48 0.98x -5.87 1.02x - 4.09
NO2 8-150mV 1.05x-5.37 1.17x+2.36 1.28x + 17.65 1.17x+11.8 1.39x + 6.47 1.11x + 18.57 0.99x - 9.46
RH 30-75% - 1.06x-1.28 1.18x-2.77 0.88x +6.37 1.06x - 1.05 1.15x -3.90 0.96x -2.12
T 20-30°C 0.98x-0.87 1.16x-4.41 1.26x -7 .07 1.05x - 2.05 1.17x-4.73 1.145x - 3.0 0.86x - 3.19

In bold: non negligible difference, slope > 15 %
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ITI. Conclusion

We evaluated the lowost sensolsystem The sensors present sufficiently accurate
responses, allowing the detection of low concentrations in accordance with the levels present
in indoor environments. The performance of the sensors was evaluated from various
measurements. Theyerecalibrated etter directly by comparing the sensor responses to those
of the reference analyzers, or by using a reference sensor node permanently placed inside the
CUBEn PC2A laboratory in order to assess the accuracy of the other nodes.

The response of the sensBnear with respect to the gas concentrations measured with
reference instruments. Several limitations can be observed for this sensor system in terms of
interference, lifetime, reliability and comparison between the same sensors. CO sensors have
only proven reliable at environmental concentrations below 13 ppm. In addition, the CO sensor
reacts to the presence of alcohol inside the chamber. The oxidative gas sensors were sensitive
to Oz and NQ. PID sensors are known for their lack of selectivity. Tiediine of the PID lamp
is about 6 months, which leadsltmgterm problems. High relative humidity can affect the
response of N&and CO sensors.

Finally, the metrological characterization procedure for the sensors is incomplete,
although it is sufficienfor our objective, which is to know whether the sensors can sufficiently
detect the pollutants of interest in indoor environments.
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Chapter 5: Indoor measurements campaigns

This chapter investigasethe indoor air quality in different indoor environments by
deployingthe nodes of sensorpreviously calibrated with or without al og o f peopl
activities

In the first sectionwe will describethe different campaigns in residential ambn
residentialbuildings,and thenin thesecond section weill investigatethe indoor air quality
determinants.

I. Indoor air determinant thresholds

Fromguidelines and standard summarized able I- 14andTable I- 15, we have chosen
for our work several thresholda order to evaluate tha&adoor air quality duringall the
campaigs, regardless of the type of the indoor environment and without a sppetiicd
(Table V- 1). Thechoice was arbitrary abkereareno criteria for instantaneous expostwe
any type of pollutantGuidelines for long and shorterm exposure are included in the
calaulation of ashorttermindoor air quality indexwhich will bediscussed in the neghapter.
For NO, there are no guidelines, hence the proposal of an arbitrary threshold of 50 ppb, to be
ableto detectinstantaneoupollution eventf NO when they occurlt is amerely indicative
threshold, even if it is not integrated in the calculation of the instantaneous index, it can
probably be used as a discriminaht shoritermcombustion episode

Table V- 1: Pollutants thresholds used in ouwork

Air component Limit/Range References
Carbon Dioxide (CO) 1000 ppm 8-h average (WHQD
Carbon Monoxide (CO) 8.7 ppm 8-h average(WHO)
100 ppb 1-h average(WHO)
Nitrogen Dioxide (NO,)
20 ppb 1-yearaverage(WHO)
Nitrogen monoxide (NO) 50 ppb
50 pg/n¥ 24-h average(WHO)
P 20 ug/m? 1-yearaverage(WHO)
25 pg/nt 24-h average(WHO)
PMas 10 pg/m? 1-yearaverage(WHO)
TVOCs 300 pg/n?¥ 8-h averagéBluyssen, 2010)
Temperature 20-26°C U.S. ASHRAE
Relative Humidity (RH) 30-60 % U.S. ASHRAE
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I1. Measurements in different ndoor micro-environments

After severakalibratiors onOctoberll, 2019at25 + 2 °C and 40 + 2 %he sensonode
Q7 wasdeployed in residenti@nd norresidentiabuildings inthe suburban Lille area between
October2019 and Septemb202Q A verification of the calibration was performed on February
22, 2020 that did not show significant variatidrable V - 2 presents the summary of all
campaigns durinthiswork. Severalstudies will nd bedescribed her@amelytheunderground
garage the Tipeeexperimental hous¢he organiachemistrylaboratory and thébrary of the
University of Lille, as the focus here is on residential areas and affices

Table V- 2: Summaryof all campaigns

Campaign Ty pe of Location Period
environment
Home 1 Residential Ennevelin  25/10/2019 02/11/2019
(winter) . . _ 09/11/2019 17/11/2019
Home 2 Residential Croix
(summer) 17/06/2020 25/02020
: : 26/11/2019- 04/122019
Home 3 (winter) Residential V'(Ijlep e:ve
(summer) 0 AS C 13/042020- 11/052020
CNRS office Offices Lille 28/12/2019 03/01/2020
PC2A office Offices Villeneuve 5510112020 02/02/2020
dbéAsc
Underground garage Nonresidential Lille 05/12/2019 15/12/2019
. - . . Villeneuve
University library Nonresidential d6As c July 2018- now
Tipee Platform Nonresidential La Rochelle 31/07/2020 now
Organic Chemistry Nonresidential Y NeNEWE  1g/11/5019 22/11/2019
Laboratory dbéAsc

The sensor node was deployed in three different type of dwellings, whose characteristics
are represented Fable V- 3. Within the three dwellings, the sensor node plased near the
most frequently occupied roontypically the living room or opertoncept kichen/living
dining room) where occupastwere expectetb spend mostfdaheir time (bedroom excluded).
In addition, the sensor node wasese tothe kitchen, where large emissions are expected. Due
to differences between dwellings, the exact locatiothefsensor nodes is an issue that needs
to be considered when interpreting the dataaingiven environment and comparing
measuremes from different environmenti the three winter campaigns in private dwellings,
theoccupantsvere asked t&eepa log of timemicroenvironmenfctivity, whichwasused to
get the contextual information to explain the observed variations in pollutant concentrations.
At the beginning of the measurement period, the occupants were briefly informed aieactivi
that midht be of interestsuch as cooking, cleaning, smoking, burning incense and candles, the
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number of o ¢cheyweratold ndté limit themselves to writthese activities, and
to try to be as exhaustive as they could in filling out the log, as mhigie be other sources of
pollution which wehadnotanticipated.

Two more campaigns were conducted during the sumniésnme 2 and ldme 3, in order
to check the reproducibility of sensors data, study the change of environmental parameters, the
0 ¢ ¢ u pbahatiodrsando find out if the eventdetected during theinter campaignsould
berecognize.

Table V- 3: Summary of site information.

Home 1 Home 2 Home 3
Type of building Single detached Single attached Apartment
Year of construction 1992 1968 2015
Floor area (m?) 90 26 23
Usual no. of occupants 4 4 1
Type of ventilation Natural Natural Natural
Heating system Electrical Gas Electrical
Stove type Gas + Range Hooc Gas Eledrical

Two measuremerntampaigs werecarriedout in CNRS and PC2A office buildingBhe
measurements in PC2A were performed to check the influence of occupancy. The campaign at
CNRS DR18 was performed because the building was undergoing heavy renovatiomwork.
addition, hesestudeshelpeal to assess the performance of sensors without daily log actjvities
identify the temporal profile of pollutastandcompare them with those permitted byereint
standards stipulated

Theelectronics of theensor requiretwo hours in order to stabilize. For this reason, the
data from the firstwo hourswere removedor all campaignskor clarity, he data presenteuh
all the followinggraphswereaveragd with a time step of 3 mutes The thresholddom Table
V - 1 are systematicallgddedfor comparison

Moreover, data on outdoor temperature and relative humidity, have beeifi lussel data
were collected from thatmospheriglatformlocated on the rooftop of the LOAboratory

[1.1. Resultsof Home 1

The field measurement was conducted from Octobert@®ovember 2, 2019The
building was & floorssinglefamily detached home in a quiet rural area in the North of France.
No heatingsystemwas operated during the campai@uring the campaign, the house was
occupiedat nighttime and much of the daytim&he natural ventilation was performed by
openingwindows. Theoccupanused a range hood system as a mechanical ventilation during
cooking time. The node of sensors was placed 50 cm above thenfitthe entrance of the
house, which was adjacent to the kitchen, the dining room andsiting room as sbwn in
Figure V- 1. The sensor node was placed in this location in order to be deployed next to the
Ethernet cable and electricityhe surface of the ground floor including kitchen living room
and dining room was 90n
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Figure V - 1: sensords |l ocation inside Home

Figure V- 2 presents the time series measurements during the canp&igme 1 The

occupant 0s ircluded tovthetgraph g1 ordee to reldke observed pollution events
to their specific actities.

According toFigure V- 2, tenperature rangkbetweerl5 and 20 °@ndoors, and between
2 and 19 °C outdoorSimilarly, the relative humidity varies from 45 to @&indoors and from
63 and 96 % outdoord.he indoor tenperatureis not within the given comfort range from
ASHRAE (20- 26 °C),however the indoor RH value fall in the comfort range given by
ASHRAE (30 - 60 %). Throughoutthe measurements periodjetindoor and outdoor
temperaturdnave the same evolution shape, evesoihetimes theyalnot follow each other.
As the heating was switched off during the measuring time, the indoor temperature is
determined by the outdoor temperatutiewever, a difference is observed betwesloor and
outdoor relative humidity.

Windows openingis detectedoy a sudden change of temperature adtive humidity.
These changes are consistent with the Fayg.example, Wwenthey openedhe windowsonly
for 25 minutes during@ctober29 and 31the temperatre decreased to 7 “&hdthe relative
humidity increases

The emperature and r&ive humidity increase whileookingusing the gas stow@uring
the day.

It should be noted thatvery night, there were periodic variations of relative humidity and
temperature.
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The CO time series grapidlows he depicton of the majority of indoor activities during
this campaign, such asoking, type of cookingfrying, boiling, and grilling), candleburning
cleaning activitiesand perfumeuse The mechanical ventilatiofrange hood)was reported
every time they wereooking Theuse of range hood was not included intoltw therefore,
the operational time of the range hood was deteatd exactlyduring cooking For CO, as a
primary pollutant from incomplete combustion, the increase of its concentration is tearrela
to cooking activities and candles burgias reported above kigure V- 2. CO concentration
varied between 0 and 4000 ppithese concentratiorare below thethreshold used fo€O
(8700 pph. This can be explained by the use of range hood duringrgpand thdocation of
the sensors between the kitchen and the living roloeneforenot indirectcontact with cooking
activities.

CO, concentrations vary between 500 and 2200 pgpoughout theperiod. Based on the
time micro-environmentactivity, CQO, concentrations increased while cooking usangas
stove, and with the number of occupants inside h@nethe other handt decreasedharply
while opening windows. The concentration of Oflas generally lower than the threshold
specified by WHO guidaties (1000 ppm) during thaghttime and exceeed it during the
daytime. The log specifying daily activities on the 8Qriations gaph is not displayesince
we cannot detect the number of people inside the home througke@8or. According to the
daily log, CQ sensor hasot beenaffected by the number of people since the surface of the
room where the sensor was installed is very high (90with thekitchen open to the dining
and living room. In additionthe CO; variations could be more influenced by cooking
actiities than by the presence of people.

Nitrogen oxides N@and NOhave beercorrelatedwith combustion activies such as
burning candles and different type of cooking. iilicentrationsarybetween 0 and 150 ppb,
and they exceed thkresholds of 50 ppb durintgecooking period. NO2 concentratioa varied
from O to 70 ppb. Tése concentrationserebelowthe 1-hourthreshold and for 99 of time
within the 1-yearthreshold, except fashortterm pollution episodeswhenthey exceedhe
long-term threshold.During October 28 at 11:30 am and 4 pnOctober 2% at 3 pmand
October 28 at 10:30 am, the signal from the N€ensor changes suddenly, with the brutal
change in relative humidity.ikewise, during October 28 and 3'at 8:30 am, the Ngsensor
signal changes with the relative humidity when the windows were opened. These variations of
NO: signals confirm the effect of relative humidity on thedé$@nsor response discussed in the
previous chapter. Howeven irregulavariation of NQ signalduring October 3@t 8 pm is
not correlatedvith the variations in relative humidity. According to the,ldgan be noticed
that NQ vairied for 3 consecutive hours, atitis was during cookingf thepepper soup. This
variationis unexplained, but mighue related to thase of theange hood.

Forparticulate matters (PM and PMy), the daily concentrations vadfrom O to 50 and
from 0 to 200 pg/rhfor PMzsand PMorespectively, except for the day October29" when
the concemttions of particles increasaap to 200 and 800 pg/Mmfor PMzs and PMo
respectivelyln generalparticles concentratiordo not exceethe PMo and PM sthresholds
10 and 25 pg/rhfor PMzs, 20 and 50 pg/mfor PMio for 90 % of the time.The high
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concentrationsf particleswere correlatedhainly with cooking activitiescandles burning and
cleaning activities. Particles were also released in presence of oxngaidthe home, by
door opening and cleaning activitigor the OctobeR9, the concentration of particlegas
very high sincehey were cooking gandgrilled steak. Thereforef can be arguedhat the
emissions of particles vary with the type of meal cookrding the day, when there are a lot
of occupants inside home, the particles fluctuatgely, while duringthe night when the
occupantsre sleepinghe particlesconcentrationsre arounaera The daytime levek lower
thanthe 24-hour threshold (5Qig/m?). Therefore, it could be argued tHRivio are not reliable
indicators for indoor air quality, deey areoo sensitive to the presence of people in a rabm.
will be difficult to obtainclear conclusions from PM sensors in the absence of very high
particulate pollution episodeBM. sis more suitable in terms attivity indicator

For VOCs, asthe sensor wasot calibratedbefore the sensor responseannot be
transformednto concentrations. Therefqrthe VOCs sensor response was presented with a
mV output and not concentratioOCs insidehome were generated by several activisiesh
as cooking, burning candles, perfumeeand house cleaningvoreover, it ircreasd with
perfume, candles and cleaning activities insidhome. TheVOCs sensowasvery sensitive
to theopeningof doors. It could betheresultof any change related to outdoor air while opening
the principal door of the house. Furthermore, VOCs semastoo sensitive to the entree of
people inside thpiece which could be also explained by possible body care products emitted
by the occupants, or their clothes, or by activities in adjacent rooms

NO and CChave beertorrelated togethewith cookingactivities since they are primary
pollutans from combustion. In the combustion zone, the emission level of CO is dominant
since during the combustion process temperature used is very low, with insufficient oxygen and
poor mixing of fuel with combustionri,  €Tissa# et al., 2009However, he CO profile
is not the same a$0O during the campaigi.he onlydifferencesin the profile ofboth CO and
NO were reported orOctober26, the first and the second of November, where a high
concentrationwhile using perfume. This could be explained by the fact that the CO séswsor
responds strongly tethanol (Chapter #11.1).

[1.2. Results of Home 2

A winter campaignin Home 2took pla@ from November 9 to 17, 2019 aadummer
campaign from June 17 to 2Z5020.Thedwelling is atwo floors singlefamily attached home
in an urkan area in the North of France, with a surfaio®2 n?. A heating system as operated
during thewinter campaign, with anatural ventilation by openingimdows only The house
was fully occupiediay and night, since there are two babldé® node of sensors was sethe
ground floor,1 m above the floor near the entrance of the hduseveen the kitchen and the
living room (in the corridor)where largeemissiongrom the kitcherare expecteds shown in
Figure V- 3. Moreover, the sensor node was placed in this location in order to be deployed next
to the Ethernet cable and electricitdl data were collected continuouslguring the
measurement periodhe winter campaigrwas conducted in presence of a daily lapjch
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recordedall activities duing the neasurement period; however, themmercampaign was
investigated withoui.

FigureV-3: sensordéds |l ocation inside Home

Figure V- 4 depicts the measurements during the winter campaign in Hoimawling
cooking, type of cooking, candle burning, incense, perfume and clearingughout the
measuremenperiod of the wintecampaign, temperature ranged from 16 and 25 °C indoors,
and from 3 and 9 °C outdoorkdoor temperature is significantly higher than the outdoor
temperatureRelative humidity varied from 41 to 80 % indoor, and from 74 and 96 % outdoor.
Indoor temperatwr and relative humidity values were within the comfort range from ASHRAE.

Duringthe measurements periadgdoor temperaturand relative humidity wenelatively
stable,not affectedby the outdoortemperatureand relative humiditysince windows were
usually closed. This implies that building is insulated and the heating systésnworking
efficiently.

A daily cycle of temperaturevas observediue to the automatic heating system in the
house, which regulates the indoor temperature during thdrdbpa relative humidity idow
in presence of the heating system. It increases during cooking and changes brutally when the
windows and door are opened. The relative humidity also drops when there is no one in the
dwelling.

COincreased while they cooked, burn incense and earall reported iRigure V- 4.
The CO concentration vad between 0 and4D00 ppb It should be na&d that CO sensor
measures a maximum concentration & gpom, as mentioned in (Chapter 3-1), and
sometmes the CO sensor was saturdtegresence of concentration higher th&yppm, for
example on November 18s can be seerthese concentrations weexceedingly higher than
the 8hourCO threshold(8.7 ppm).
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Chapter 5: Indoor measurements campaigns
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Figure V - 4: Measurements in Home 2 during th&inter campaign
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