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The scientific and environmental institutions give a considerable attention to the Indoor 

Air Quality (IAQ), aiming to enhance the comfort, health, and wellbeing of building occupants 

(Cincinelli and Martellini, 2017). Inadequate indoor air quality has the potential to be just as 

damaging as outdoor air pollution, or even more so, even in the largest and most industrialized 

cities (US EPA, 2014a), since humans spend nearly 90 % of their time in closed places, such as 

homes, gyms, schools, workplaces, transportation 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 mortality, especially for 

vulnerable groups such as children, elderly, or patients suffering from chronic respiratory 

and/or cardiovascular diseases (Cincinelli and Martellini, 2017). There is also a socio-economic 

costs induced by poor IAQ, as the exposure to six indoor pollutants (Radon, CO, ETS, benzene, 

trichloroethylene, and PM2.5) is estimated to approximatively 20 billion euros per year in 

France, with exposure to particles representing 75 % of this cost (Boulanger et al., 2017). 

The problems in buildings can be associated to indoor contaminants, which originate from 

an inadequate ventilation, emissions from building materials, furnishings, cleaning products, 

central heating and cooling systems, humidification devices, occupantôs behavior, and from 

outdoor sources. Yet buildings, conceived to be less and less energy consuming, become more 

hermetic, so reducing the removal of pollutants by transfer towards the outdoors.  

 In order to 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 France. This organization conducted a measurement 

campaign at the national level between 2003 and 2005 (Kirchner et al., 2008a). This campaign, 

carried out in 567 housing units, is representative of the 24 million housing units in metropolitan 

France. This study highlighted the particularity of the air inside dwellings, with 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, and sources, of pollutants in many indoor environments, are 

scarcely known. This is due partly to the inadequacy of conventional analytical equipments, 

usually cumbersome, noisy and expensive, that cannot therefore be conveniently massively 

deployed, in particular in the presence of occupants. Other reasons pertain to the multiplicity 

and variety of indoor private environments and activities, and to legal and privacy issues. The 

metrological performance of the instruments also need to be taken into account, since 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 approximately one minute so as to 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 been made on measurement techniques. Several 

companies have developed and commercialized alternative techniques, such as low-cost 
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particle and gas sensors. These techniques are extremely interesting candidates that can meet 

these requirements, and can be instrumental in characterizing the variability of pollutants 

concentration in such environments, with a high spatial and temporal resolution. Such 

instruments can change the ways IAQ is managed (Kumar et al., 2016). These sensors are used 

extensively in outdoor and indoor air quality studies, as well 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 sensors (Karagulian et al., 2019) 

In the present work, we propose the application of these miniature sensors for the 

monitoring of pollutants in indoor environments. This work is part of the 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 for IAQ research and education. This network aims to 

develop miniature, reliable and inexpensive instruments to meet this monitoring requirement 

for gas and particle and environmental factors. This network is based on mobile and fixed sensor 

systems. The fixed sensor nodes, QARPEDIEM (from the name of the subproject funded by 

IRCICA in 2017 ñQualit® de lôAir ï R®alisation dôun Prototype pour lôEtude de la Dynamique 

de lôAir en Milieux Confin®sò), will be use in this PhD work. It consists of chemical (CO2, CO, 

NO2, NO, O3, TVOC, particles (0.3-10 µm) and physical (T, R, RH, light, sound, motion) 

sensors. The raw data are transmitted with a 30-s time resolution to the APISENSE crowd-

sensing platform through Ethernet or different wireless technologies, which allow an offsite 

real time visualization and analysis of the data. The system is fully operational 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 indoor environments thanks to 

QARPEDIEM multi-sensor 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 measurements taken at real scale and in conditions close 

to those encountered in buildings. These measurements are based, in particular, on experiments 

carried out in an 8 m3 experimental room within the PC2A Laboratory, with real sources of 

pollution. This work also aims to implement measurement campaigns in different indoor 

environments, whether residential or non-residential, in order to identify the determinants of 

indoor air pollution from the measurements of different sensors. Finally, an instantaneous 

indoor air quality index is developed and validated thanks to the sensor measurements. 

The first chapter identifies indoor air quality issues, outlines the primary pollutants, their 

sources of emissions and their health impacts in this enclosed places. The various standards and 

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 systems and the importance of using low-cost 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 evaluation of 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 principle 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 performances and limitations of 

our sensors in semi-controlled conditions. The results of these different studies, under different 

conditions used to determine the performance of the sensors, are presented. Chapter 5 

investigates the indoor air quality in residential and non-residential buildings using the sensor 

nodes, and reports the key determinants of indoor air quality that we have identified. Finally, 

the last chapter illustrates the development and the validation of an instantaneous indoor air 

quality index based on the QARPEDIEM monitoring system. 
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As we spend most of our lives in closed places, such as homes, schools and offices, indoor 

air quality is a major health issue. Many pollutants present in buildings, are directly emitted 

by indoor sources or coming from outdoor. The diversity of indoor environments, coupled with 

the lack of regulations and standardized techniques of measurement, increases the difficulty to 

assess and control indoor air quality.  

The first chapter is dedicated to the issues of indoor air quality assessment in closed 

environments. It will first set out the general context related to the indoor air problematic. The 

various pollutants, their emission sources, the main measurement campaigns that have 

characterized indoor air pollution in different types of buildings and the health effects caused 

by exposure to these pollutants, will be described. This chapter will then present the 

conventional monitoring systems for indoor air quality. Finally, the last section will outline the 

shortcomings in using conventional systems for indoor air quality monitoring and outline the 

importance of sensors in assessing indoor air pollutants in such environments. 

 

  Importance of Indoor Air Quality  Assessment 

The Environmental Protection Agency, U.S EPA ñrefers the indoor air quality (IAQ) to 

the air quality within and around buildings and structures, especially as it relates to the health 

and comfort of building occupantsò (US EPA, 2014). Indoor air quality is therefore a concept 

of what we breathe in closed environments. It concerns the contaminants having potentially 

harmful effects on the occupantôs health, and takes into consideration the parameters of comfort 

(temperature and relative humidity). It depends on outdoor pollution, indoor sources, outdoor 

and indoor climatic conditions, ventilation and the presence of occupants. Indoor contamination 

has many origins: the occupants themselves and their activities such as 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, such as air quality, lighting, visual quality, acoustics 

and thermal comfort (Frontczak 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 air pollution has been the subject of growing interest in recent decades 

(Jones, 1999). Indeed, this recent awareness is due to the increase in health effects linked to 

exposure to various indoor air pollutants. According to the World Health Organization (WHO), 

air pollution was responsible for approximately 7 million deaths in 2012, 4.3 million of which 

are attributable to indoor air pollution (WHO, 2014). In France, the economic cost linked to an 

exposure to six indoor pollutants is evaluated to 20 billion euros per year (Boulanger et al., 

2017).  
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Figure I - 1: Emergence of interest in indoor air pollutants over time, according to (Salthammer 

and Bahadir, 2009) 

In the middle of the 19th century, the work of the German hygienist Max von Pettenkofer 

linked CO2 levels to indoor air quality, therefore defining a CO2 threshold limit equal to 1000 

ppm to ensure satisfactory air quality conditions (Figure I - 1). However, until the middle of the 

20th century, scientific work focused more on outdoor air pollution. In 1973, with the first oil 

crisis and the need for energy savings, the indoor environment has been affected, which 

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, building 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 indoor air. Therefore, these new 

structures lead to more confined indoor environments in which the removal of pollutants by 

transfer towards the outside is reduced (Wallace et al., 1987). As a result, the concentration of 

the majority of indoor pollutants is often much higher than outdoors (Zhang et al., 1994). 

Initially, because of the problems associated with outdoor pollution and its impact on 

indoor environments, harmful substances from outdoor sources, particularly sulphur dioxide, 

ozone, particles and nitrogen oxides received special attention indoors (Andersen, 1972; 

Weyant et al., 2019; Yocom et al., 1971). Subsequently, interest has extended to specific 

pollutants that were in particular relation with indoor environments such as radon, asbestos, 

tobacco smoke and volatile organic compounds (National Research Council, 1981). The 

development of technology and the improvements in the performance of analytical instruments 

led to the increase of the number and the type of pollutants measured indoors, especially for 

organic compounds measured by capillary gas chromatographs coupled to mass spectrometers.  

Since the 80's and until today, formaldehyde has received most of the attention of the 

public and the scientific community: while outdoor concentrations generally do not exceed a 
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few µg.m-3, indoor concentrations of this compound, classified as a definite carcinogen, can 

reach values 100 times higher (Daily et al., 1981; Salthammer et al., 2010). 

The state of pollution in indoor environments is very complex since air quality change 

with the diversity of types of buildings such as homes, workplace, schools, occupantôs activities 

and outdoor environments. From surveys documenting the space-time budget of individuals, it 

is estimated that the city dwellers spend 70 % of their time inside homes (Figure I - 2). 

 

Figure I - 2: Space-time budget of a city dweller, according to the National Human Activity Pattern 

Survey (Klepeis et al., 2001) 

Air quality in indoor environments, where we spend most 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 contaminants. In order to improve knowledge of indoor air quality and to assess 

the risks associated with exposure to pollutants, the Observatory of Indoor Air Quality (OQAI), 

led by the Centre Scientifique et Technique du Bâtiment (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, living areas frequented by children or 

offices, making it possible to provide information on chemicals affecting indoor air quality and 

to establish a classification of priority pollutants. 

I.2.  Characteristics of indoor environments  

Indoor environments are characterized by different specific parameters compared to outdoors: 

 

-  Occupancy density: the number of people per area or volume is variable according to 

the different closed places (houses, schools, offices, places of leisure, etc.), and it is 

more important inside than outside. A high density of occupancy modifies the indoor 

pollution and the thermal comforts levels such as temperature and humidity, where 

airflow may be minimal, hence the importance of ventilation or air conditioning. 
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-  Duration of occupancy: Studies on time spent and activities carried out by individuals, 

called Space-Time-Activities Budget agree that city dwellers spend more than 80 % of 

their time inside confined spaces (Klepeis et al., 2001; Leech et al., 1996; Mandin et al., 

2009). A study conducted in the United States shows that, on average, an individual 

spends 88 % of his day inside buildings (homes, offices, schools), 7 % in a vehicle and 

only 5 % outside (Jones, 1999; Robinson and Nelson, 1995). In France, the national 

representative campaign conducted by the Observatory of Indoor Air Quality (OQAI) 

showed that the average time spent in home is 16 h 10 per day and for 25 % of the 

population, it is above 20 hours (Zeghnoun et al., 2010). 

-  The surface-volume ratio: indoor environments are characterized by high S/V ratio. 

These surfaces represent as many possibilities of interactions with substances and 

particles presents in the air. This surface-volume ratio (S/V) varies according to: 

- The dimensions of the room; 

- The proportion of surfaces covered by construction or decoration products; 

- The furniture present; 

- The number of occupants; 

A small room will have a S/V ratio greater than a larger room. In general, the surface-

volume ratio in the premises is > 2 m2.m-3. This ratio is estimated around 0.01 m2.m-3 

in outdoor area (Nazaroff et al., 2003). It highlights the important role of surfaces as 

sources and sinks of indoor air pollutants. 

-  The presence of specific pollutants: the composition of the indoor air can be different 

from the composition of the outdoor air because of the nature of the sources. Most 

importantly, certain contaminants (mainly volatile organic compounds) are found at 

higher levels inside, for example, formaldehyde with average concentrations of 

23 Õg/mį for European households against 4.31 Õg/mį in ambient air (Salthammer, 

2019). In France, formaldehyde national median was 19.7 Õg.m-3 inside against 1.9 

Õg.m-3 outside (Kirchner et al., 2007). 

-  The ventilation: Constructed buildings have become increasingly hermetic and, as a 

result, the volume of air supplied for ventilation is reduced, which can lead to an 

accumulation of indoor pollutants  

I.3.  Indoor air pollutants  

It has been recognized that a large number of air pollutants exist indoors. Indoor air is a 

mixture of physical, chemical and biological pollutants (Jones, 1999; Squinazi, 2002). Table I 

- 1 shows the sources of various indoor air pollutants, and their health impacts. 
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Table I - 1: Indoor air pollutants, sources and health impacts (Leung, 2015) 

Pollutant  Sources Health impact 

PM Cooking stoves; fireplaces; smoking; 

outdoor air 

Respiratory and cardiovascular illnesses 

SO2 Cooking stoves; fireplaces; outdoor air Impairment of respiratory function 

NO2 Cooking stoves; fireplaces; outdoor air Irritate the lungs and lower resistance to 

respiratory infection 

CO Cooking stoves; fireplaces; water 

heater; outdoor air 

Highly toxic and fatal at a conc. 700 

ppm 

Ozone Air cleaning device with high voltage; 

outdoor air 

Asthma and allergic triggers 

VOCs (such as 

formaldehyde, terpenes) 

Building materials including carpet, 

plywood (emit formaldehyde); Paint 

and solvents; Clothing (after dry 

cleaning) (emits tetrachloroethylene, or 

other dry cleaning fluids); air 

fresheners, incense, other scented items; 

plants (emit terpenes) 

Some are carcinogenic; can also trigger 

the formation of photochemical 

oxidants, such as peroxy acyl nitrates 

(PAN) and aldehydes, which cause eye 

irritation 

Radon Exuded from earth and rocks such as 

granite and gneiss in certain locations 

with low ventilated air and trapped 

inside houses 

Radioactive; leading cause of lung 

cancer in non-smokers 

Biological air pollutants 

(gases and airborne 

particulates) 

Pets (dander), human (dust from minute 

skin flakes and decomposed hair), dust 

mites (enzymes and µm-sized fecal 

droppings), inhabitants (methane), wall 

and air-duct (mold) 

Increase risk for people with breathing 

problems, such as asthma sufferers, and 

with compromised or underdeveloped 

immune systems 

 

I.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. CO2 is a 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., 2003) such as coal, natural gas and oil, as well as organic materials. Higher 

respiratory symptoms have been observed in young children exposed to high levels (Branco et 

al., 2015), and it has been shown that CO2 plays a role in occupant comfort and attention 

capacity (Satish et al., 2012). CO2 is considered a good indicator of building confinement 

(Chatzidiakou et al., 2015), it is used as a ñnaturalò tracer gas for estimating ventilation rates 

(Batterman, 2017). According to ANSES, CO2 concentration within buildings in France varies 

between 350 and 2500 ppm (ANSES, 2013), and varies according to the occupancy and the rate 

of renewal of air (Seppänen et al., 1999). 
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B.Carbon monoxide (CO) 

An odorless, invisible, colorless, toxic, and lethal gas, carbon monoxide is the result of 

incomplete oxidation during combustion of organic matter (wood, coal, gas, gasoline, fuel oil 

or ethanol) (OQAI, 2013). CO is responsible for the highest number of acute intoxications in 

France, and is considered the main domestic cause of accidental death by poisoning. Every year 

in France, nearly 5,000 people are victims of carbon monoxide poisoning and about 100 people 

die from it according to the report of the National Institute for Prevention and Health Education 

(INPES). Carbon monoxide primarily causes acute effects by combining with hemoglobin 

instead of oxygen to form carboxyhemoglobin preventing the blood from carrying oxygen into 

the body (INPES). Its consequences on health depend on the duration of exposure and 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 maintained combustion equipment, auto, truck or 

bus exhaust (from garages attached to the home, nearby roads or parking area) (US EPA, 

2014c). 

C.Nitrogen oxides (NOx) 

There are seven oxides of nitrogen that may be found in the ambient air. However, the 

most prevalent oxides of nitrogen are nitrogen monoxide (NO) and nitrogen dioxide (NO2) 

(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 process (Alberts, 1994). NO is 

oxidized to NO2 rapidly in air, which is facilitated by oxidants such as ozone. 

Nitrogen dioxide is a water-soluble, reddish-brown gas with a characteristic strong odor 

perceptible from a concentration of 188 ɛg/m3 (WHO, 2010a). NO2 is the result of the oxidation 

of NO with oxygen or ozone present in the air. The most important indoor sources leading to 

the formation of nitrogen oxides include combustion process such as tobacco smoke and gas-, 

wood- and oil-burning appliances (open fireplaces, woodstoves, gas boilers, water heaters and 

gas stove). 

Nitrogen oxides are irritating and toxic gases that affect the respiratory tract (Belanger et 

al., 2006). For asthmatic patients, they increase the frequency and severity of seizures, and 

promote childrenôs lung infection (WHO, 2010a). Continuous exposure to high levels of NO2 

leads to the development of acute or chronic bronchitis (US EPA, 2014c). 

D.Ozone (O3)  

Ozone is a colorless, irritating gas with a characteristic acrid odor at high concentration 

levels. It is called a secondary pollutant because it results from the transformation, under the 

effects of solar radiation, of pollutants (NO2, CO, VOC) mainly produced in urban areas by 

vehicles. The concentration of ozone in indoor environment depends mainly on the outdoor 

ozone concentration 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 

https://en.wikipedia.org/wiki/Hemoglobin
https://en.wikipedia.org/wiki/Carboxyhemoglobin
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Oxygen
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studies from office equipment such as computers, laser printers, old photocopiers (Allen et al., 

1978; Destaillats et al., 2008; Lee et al., 2001) and air purifiers (Hubbard et al., 2005). 

In the absence of indoor source and in normal aeration conditions, the indoor 

concentration of ozone represents about 20 % of its outdoor concentration; this fact can be 

explained by the high reactivity of this pollutant with the surfaces inside the houses (OQAI). 

Ozone is a harmful compound for the respiratory tract, even at very low concentrations, 

since it causes bronchial hypersensitivity leading to an inflammation of the respiratory tissues 

(Weschler, 2006). 

E.Volatile Organic Compounds (VOCs)  

The Volatile organic compounds are organic chemical compounds, which evaporate under 

ambient indoor temperature and pressure. The World Health Organization (WHO) defines a 

VOC as a compound with a boiling point less or equal to 260 °C. 

VOCs represent the largest group of chemical pollutants. They have the common feature 

of being carbon compounds that are volatile at ambient temperature (Cicolella, 2008). VOCs 

could be the most important group, since they are widely used in the manufacture of many 

products, materials and decoration: paint, varnish, glues, cleaners, wood chipboard, carpet, new 

fabrics, etcé and 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 to them (Rumchev et 

al., 2007). They are also emitted by smoking, and by maintenance activities; indeed, some 

studies report more than 300 different VOCs identified in indoor environments (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 both individually and globally 

because of their common toxic properties and their role in the formation of photo-oxidative 

environmental pollutants, both externally and internally (Cicolella, 2008). 

Formaldehyde is one of the most important VOC presented in indoor environments. In 

their review, (Salthammer et al., 2010) show that the range of formaldehyde concentrations in 

indoor environments vary from 10 to 1000 ppb from normal to extreme indoor conditions, 

which is 100 times higher than its concentration in outdoor environments. 

I.3.2. Physical pollutants 

A.Particulate matter 

Particulate matter is a complex mixture of solid and/or liquid particles suspended in air. 

These particles come from anthropic activities (automobile, combustion) or have a natural 

origin (volcanism, land erosion, sea aerosolsé). A large proportion of particles from outside 

air (natural dust, pollen, fumes) enter the buildings through the ventilation system (Jones et al., 



Chapter 1: Literature Review on Indoor air quality  

 

 

27 
 

2000). Within buildings, human activities, such as smoking, cooking, heating appliances, 

cleaning and DIY are also sources of particulate emissions (He et al., 2004).  

Worldwide health organization is especially concerned about particles that are 10 

micrometers in diameter or smaller because these particles are inhalable. The size of inhaled 

particles has a direct impact on the health of occupant: particles which enter the upper airways 

have an aerodynamic diameter less than 10 ɛm (PM10) while smaller particles with a diameter 

of less than 2.5 ɛm (PM2.5) penetrate deep into the respiratory tract where they accumulate and 

may cause impaired respiratory function (Oberdörster, 2001). The mass concentration of fine 

particles has been linked to the frequent occurrence of asthma, particularly for children and 

elderly people (Fan et al., 2016), and the cardiovascular-disease-related morbidity and mortality 

(Brook et al., 2010). The increased rate of lung cancer cases has also been associated with the 

increased exposure of fine particles (Tie et al., 2009). In short-term, when the concentration 

increases by 10 ɛg/m3, the risk of a childrenôs hospital admissions or emergency department 

for asthma visit increases by 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. It cannot be seen, smelled, or tasted. In the habitat, radon comes mainly 

from underground emissions, enter into buildings through leakage faults (cracking of the 

surface in contact with the adjacent ground, clay floors, porous materials), but the 

concentrations decrease rapidly with the height above ground (Baysson et al., 2004; Nazaroff 

and Nero, 1988). 

Radon is recognized as a carcinogen by the International Agency for Research on Cancer 

(IARC, 1988). Several studies such as (Ajrouche et al., 2017) , (Axelsson et al., 2015), etc. have 

assessed the health risk of radon by estimating the fraction of lung cancer from exposure of 

indoor radon. In France, the first quantitative risk assessment was done in 2006, they estimated 

that the proportion of lung cancer due to radon varied between 2 and 12 % (Catelinois et al., 

2006). This results was confirmed by (Ajrouche et al., 2018). 

C.Fibers 

The fibers are defined as elongated particles whose length is at least three times larger 

than the diameter (INRS, 2018). There are different types of fibers (natural, synthetic or 

artificial fibers) and they can be classified according to their chemical nature: organic fibers 

(cotton, cellulose acetate, etc ...) or inorganic fibers (asbestos, insulation wool, etc ...). 

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 France by the European Directive 99/77/EC, 

which prohibits any extraction, manufacture, or processing of asbestos. Yet millions of square 

meters of materials containing them are still in place in some buildings, devices and 
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installations, that is 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 upon disturbance, the fibers may be released into the air. If inhaled, the 

fibers become trapped in the lungs, where accumulation may lead to lung cancer and 

mesothelioma, which is the most common form of cancer associated with asbestos exposure 

(ANSES, 2016). 

I.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 such as pollen are other causes of 

allergic diseases (Carrer et al., 2001). It should be noted that the risk of allergy persists for 

several years after the animal's departure because the allergenic particles are always present in 

the carpet, in the curtains (Reboux et al., 2010). Cats are responsible for 2/3 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 susceptible individuals, allergen 

exposure to the indoor environment is a sensitizing factor. Symptoms suggestive of allergy 

include rhinitis such as runny noses and sneezing (Maquin et al., 2003), conjunctivitis (eye 

irritation), rash, eczema, and asthma conducting to a difficulty of breathing, wheezing and 

coughing (Bardana, 2001). 

C.Microorganisms and molds 

Microorganisms (fungi, bacteria and viruses) are an important part of biological pollution 

in indoor environments (Husman, 1996). Molds are microscopic fungi capable of colonizing 

different substrates (wood, paper, fabrics, foodstuffs). They grow best in warm, damp and 

poorly ventilated rooms. In temperate zones, several hundred species of mold are present. Mold 

spores enter the buildings through openings or occupants by their clothing. Inhaling mold can 

cause allergic reactions or asthma attacks in sensitive people, by releasing many substances 

such as mycotoxins or volatile organic compounds that can promote allergic manifestations and 

mucosal irritations (Koskinen et al., 1999). In addition, molds can cause fungal infections. 

I.4.  Emissions and sources  

Indoor air quality is, in part, a function of outdoor air quality. The outdoor environment 

including external sources of pollution, the nature of the soil, its level of contamination, and the 

climatic and meteorological conditions are in perpetual interaction with the indoor environment 

(Institute of Medicine, 2011). The outdoor air that enters into a building may be polluted, that 

https://medlineplus.gov/allergy.html
https://medlineplus.gov/fungalinfections.html
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is why we should consider it as a potential contributing factor to poor IAQ. The air circulates 

from outdoor to indoor freely (natural ventilation by windows opening) or according to 

constraints (infiltrations through openings, joints, cracks in walls, floors, and ceilings). The 

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 the building 

(Blondeau et al., 2005). Contaminants in the outdoor environment mainly include carbon 

dioxide, carbon monoxide, sulfur dioxide and oxides of nitrogen etc., which are associated with 

vehicular traffic and industrial activities. 

Inside the buildings, pollutants are essentially released from buildings materials (Harrison 

and Hester, 2019). (Al horr et al., 2016; Frontczak and Wargocki, 2011; Kamaruzzaman et al., 

2011; Vardoulakis et al., 2015) reported that, with the aim of having a good quality of indoor 

environment within a building, many building-related factors should be taken into consideration 

at the first stage of designing the building. Construction systems and components may have a 

direct and/or indirect influence on indoor air quality. Chemicals that occupants are exposed to 

nowadays are very different from those that occupants experienced from 50 years ago 

(Weschler, 2009). This can be explained by the major changes in buildings materials and 

consumer products used indoors.  

In addition, the indoor air also depends on occupantsô factors (Martellotta et al., 2016; 

Vardoulakis et al., 2015). The occupant has a determining role on the pollution levels to which 

he is exposed. His activities and lifestyle contribute to weakening the quality of the indoor 

environment as according to (Lai et al., 2004), occupantôs behavior and activities such as 

smoking, cleaning, cooking, use of combustion devices, ventilation habits, presence of pets, 

cleaning products, DIY activities, etc. lead to high exposure to pollutants, such as toluene 

(Isaxon et al., 2015; Morawska et al., 2017). (Kruza and Carslaw, 2019) have shown that the 

presence of humans can also be an important source of pollution indoors, through natural 

emissions from breath and skin, in high occupancy environments. The occupantsô factors must 

be considered in order to design suitable construction materials (Kamaruzzaman et al., 2017). 

Several studies have taken place in a national or international scale in order to assess the 

contribution of different sources to indoor air pollution. Table I - 2 groups the major sources of 

gas and particles emissions characterized in indoor environments and dwellings.  

The two major pollutants commonly found in indoor environments are particulate matter 

and VOCs (Stamatelopoulou et al., 2019). The concentration of pollutant can change depending 

on its type, its source and mixing condition, even within small spatial scales (National Research 

Council, 1981). 

Adding to occupantôs activities and buildings materials, indoor climate conditions 

constitute a very important factor affecting indoor air quality. The occupants or the building 

manager often adjust the indoor climatic conditions through the 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 thermal comfort may affect the satisfaction level of occupants 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/earth-and-planetary-sciences/indoor-environment
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towards building performance (Al horr et al., 2016; Martellotta et al., 2016; Nimlyat and 

Kandar, 2015). Kamaruzzaman et al., 2017 mentioned that thermal comfort has a potential risk 

affecting the health of the occupants in buildings. 

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

Emission sources Pollutants References 

Furniture and electrical 

appliances 
VOCs Jo et al., 2008 

Air fresheners and deodorizers VOCs Jinno et al., 2007 

Cigarette and Hookah smoking PAHs, VOCs 
Weitzman et al., 2017 

Baek and Jenkins, 2004 

Candles and incenses 
PAHs, VOC, PM, NOx, CO, 

SO2 

Derudi et al., 2014; Ji et al., 

2010; Viġiĺ et al., 2018 

Wood products VOCs, Formaldehyde Yrieix et al., 2004 

Painting VOCs, aldehyde Can et al., 2015 

Varnishes Formaldehyde, VOCs Howard et al., 1998 

Adhesives Toluene, styrene, alkanes Girman et al., 1986 

Biomass burning 
Particles, CO, VOCs, 

aldehydes 
Hedberg et al., 2002 

Electronic devices VOCs, O3, PM Bako-Biro, 2002 

Cook stoves BTEX, alkanes Tsai et al., 2003 

Gas combustion NO2 Brown et al., 2004 

 

I.5.  Levels of concentration in different indoor environments 

Several campaigns have been conducted in order to evaluate the levels of indoor pollutants 

in different environments. The majority of these studies aimed to define the levels of priority 

pollutants indoors such as VOCs. Other pollutants such as carbon monoxide, particulate matters 

or radon were also the purpose of some studies. Various studies have been carried out at 

different scales (international, European, national or regional) and include different types of 

environment (houses, offices, schools, nurseries, shopping centers, etc...). The tables below 

present a non-exhaustive list of studies related to the measurement of indoor air pollutants in 

different environments. These studies were selected according to their importance (pollutants) 

and their diversity (type of buildings, scale, and location). Table I - 3 shows different studies 

inside dwellings, Table I - 4 presents the studies inside schools and nurseries and Table I - 5 

gives an overview of the studies inside public buildings. These tables provide a summary of 

various indoor air quality studies. These studies have been conducted since the 1990s and 

continue to this day. They have changed depending on the diversity and typology of buildings, 

the target compounds, the scale and the purpose of the study. 
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Table I - 3: Indoor air quality studies inside dwellings (n: sampling number) 

Study Year Location n Measured Parameters 

(Sakai et al., 2004) 1998 
Japan 

Sweden 
64 

Formaldehyde, NO2, 6 

VOCs  

VESTA  

(Zmirou et al., 2002) 

1998 -

2000 
France 110 

Formaldehyde, 

acetaldehyde, PM2.5, NOx, 

mites 

RIOPA (Relationship between Indoor, 

Outdoor and Personal Air 

(Meng et al., 2009) 

2001 -

2008 
USA 279 PM2.5 

Campaign in France dwellings (OQAI) 

(Kirchner et al., 2007) 

2003 -

2005 
France 567 

20 VOCs, CO, CO2, PM2,5, 

PM10, allergens, radon 

AIRMEX (European Indoor Air 

Monitoring and Exposure assessment) 

(Geiss et al., 2011) 

2003 -

2008 

Europe 

(11 country) 
103 23 VOCs 

(Raw et al., 2004) 2004 England 876 
TVOCs, CO, NO2, 

formaldehyde 

Campaign in Strasbourg dwellings 

(Marchand et al., 2008) 

2004 -

2005 

Strasbourg 

(France) 
162 Aldehydes 

The Swedish National Board of 

Housing, Building and Planning 

(Langer and Bekö, 2013a) 

2007 -

2008 
Sweden 305 

TVOCs, formaldehyde, 

NO2 

(Offermann, 2009) 
2007 -

2008 
California 108 

22 VOCs, PM2.5, CO2, 

formaldehyde, acetaldehyde 

Relation between VOC and asthma 

(Chin et al., 2014) 

2009 - 

2010 

Detroit 

(USA) 
126 56 VOCs 

The first Swiss large-scale survey of 

houses (Yang et al., 2020) 

2013 -

2016  
Switzerland 650 

TVOCs, formaldehyde, 

fungi, radon 

(Broderick et al., 2017) 
2015 - 

2016 

Dublin 

(Ireland) 
15 

TVOCs, formaldehyde, 

CO2, PM2.5, CO, NO2, 

BTEX 

(Huang et al., 2020) 
2016 -

2017 

Northeast 

China 
21 

TVOCs, formaldehyde, 

CO2, PM2.5 
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Table I - 4: Indoor air quality inside schools and nurseries (n: sampling number) 

Study Year Location n Measured Parameters 

(Lee and Chang, 2000) 
1997 -

1998 

Hong Kong 

(China) 
5 

Formaldehyde, CO2, PM10, 

SO2, NO, NO2, bacteria 

AIRMEX (European Indoor Air 

Monitoring and Exposure 

assessment) 

(Geiss et al., 2011) 

2003 -

2008 

Europe  

(11 countries) 
182 23 VOCs 

(Madureira et al., 2009) 
2004 -

2005 

Porto 

(Portugal) 
11 

TVOCs, CO2, PM10, 

Bioaerosols 

Epidemiological study about PM 

(Fromme et al., 2007) 

2004 -

2005 

Munich 

(Germany) 
64 CO2, PM10, PM2.5 

Campaign inside schools and 

nurseries  

(Michelot et al., 2013) 

2009 -

2011 
France 310 Benzene, formaldehyde 

Measurement inside schools 

(Annesi-Maesano et al., 2012) 

2010 -

2011 

France 

 (6 cities) 
108 

PM2,5, NO2, formaldehyde, 

acetaldehyde, acroleine 

SINPHONIE (Schools Indoor 

Pollution and 

Health Observatory Network in 

Europe) 

(Kalimeri et al., 2016) 

2011 -

2012 

Kozani 

(Greece) 
3 

formaldehyde, CO2, PM10, 

PM2.5, NO2, CO, O3, radon, 

VOCs 

Campaign inside schools (OQAI) 

(OQAI, 2015) 

2011 -

2015 
France 300 

VOCs, CO2, PM2,5, PM10, 

allergens, radon 

Indoor air quality in urban 

nurseries at Porto city 

(Branco et al., 2014) 

2013 
Porto 

(Portugal) 
3 PM2.5, PM1, PM10, PMTotal 

(Hou et al., 2015) 2014 
Beijing 

(China) 
2 PM2.5, CO2 

Mermaid study 

(Verriele et al., 2016) 
2014 

North of 

France 
10 27 VOCs, NO2, O3 

(Majd et al., 2019) 
2015 -

2017 
United States 16 PM2.5, NO2, CO 

(Johnson et al., 2018) 2016 
Oklahoma City 

(USA) 
12 

formaldehyde, CO2, PM10, 

PM2.5, T, HR, NO2, CO, 

TVOCs 

Indoor air quality in schools 

(Becerra et al., 2020) 
2019 Spain 9 

VOCs, aldehydes, PM2.5, 

PM10, CO2 
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Table I - 5: Indoor air quality inside offices and public buildings (n: sampling number) 

Study Year Location n Measured parameters 

BASE (Building Assessment 

Survey and Evaluation) 

(Burton et al., 2000; Womble et 

al., 1995) 

1994-

1998 
United States 100 

25 VOCs, PM2.5, PM10, radon, 

bioaerosols, CO, CO2 

Restaurants, office 

(Baek et al., 1997) 

1994-

1995 
Korea  18 

Particles, CO, CO2, NO2, 

VOCs 

Shopping mall 

(Li et al., 2001) 
1999 Hong Kong 9 

CO2, CO, hydrocarbons, 

formaldehyde, PM10, bacteria 

Office, restaurants, home 

(Mahmoud et al., 2011) 

2003-

2004 
Iran 4 PM2.5 

Boston Exposure Assessment 

in Microenvironments (BEAM) 

(Loh et al., 2006) 

2003-

2005 
Boston (USA) 160 16 VOCs 

Hospitals 

(Jung et al., 2015) 

2007-

2008 
Taiwan 37 

CO, CO2, O3, TVOCs, PM2.5, 

PM10 , formaldehyde, fungi, 

bacteria 

Commercial buildings (shop, 

offices) 

(Challoner and Gill, 2014) 

2010-

2012 

Dublin 

(Ireland) 
10 NO2, PM2.5 

Commercial offices 

(Nunes et al., 2019) 

2011-

2012 

Madrid  

(Spain) 
1 VOCs 

Sports facilities: gymnasium 

(Alves et al., 2013) 
2012 

Leon  

(Spain) 
2 

CO2, CO, NO2, VOCs, 

carbonyls, PM10, HR, T 

OFFICAIR project (european 

office buildings) 

(Campagnolo et al., 2017) 

2012-

2013 

Europe 

(8 countries) 
37 VOCs, aldehydes 

Hospitals 

(Chamseddine et al., 2019) 

2013-

2016 

Beirut 

(Lebanon) 
3 CO, CO2, PM2.5, PM10, TVOC 

Hospitals 

(Baurès et al., 2018) 

2014-

2015 

Nancy, Rennes 

(France) 
2 

34 VOCs, 7 aldehydes, 13 

SVOCs, CO2, PM2.5, PM10, T, 

HR, biological pollutants 

Shopping mall 

(Shang et al., 2016) 

2014-

2015 
China 4 

CO2, TVOCs, formaldehyde, 

HR, T 

Hairdresser salons 

(Sarah and EE, 2017) 
2015 

Ibadan 

(Nigeria) 
65 CO2, PM10, TVOCs 

Printing and copying centers 

(Vicente et al., 2017) 
2015 

Aveiro  

(Portugal) 
2 

Temperature, relative 

humidity, CO2, CO, TVOCs, 

PM, O3 
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All the studies of indoor air quality within and among the countries show significant 

differences, corresponding to the differences in sources and emission strength of pollutants. 

These differences could be correlated to many factors such as the country, the geographical 

location, the lifestyle and the environment. For example, in the comparative study about VOCs 

concentration between public offices in Europe and in Singapore, (Zuraimi et al., 2006) shows 

that the mean concentration of benzene in all European buildings in the study was 14.6 ɛg.mī 3, 

while for Singapore the mean value was 87.1 ɛg.mī 3, significantly higher than in Europe. As 

said before, the geographical location has an important impact on indoor pollutants 

concentrations. This can be illustrated by Table I - 6, which shows the comparison of the 

concentrations of VOCs between different studies on different spatial scale. Regarding 

formaldehyde, (Offermann, 2009) found a higher median concentration of formaldehyde (36 

ɛg.m-3) in new single-family detached homes in the USA. This median concentration was 

remarkably higher (~ 88 ɛg.m-3) in both old and new residences in Japan (Park and Ikeda, 2006) 

and Hong Kong (Guo et al., 2009). 

Table I - 6: Comparison of indoor median concentration of VOC (ɛg.mī3). All values are medians 

except for (Park and Ikeda, 2006) (mean). 

 

(Park and 

Ikeda, 

2006) 

(Geiss et 

al., 2011) 

(Guo et 

al., 2009) 

(Offerman, 

2009) 

(Hamidin 

et al., 2013) 

Country Japan Europe 

China 

(Hong 

Kong) 

USA 

(California) 
Australia 

Formaldehyde 88 19.7 86 36  

Acetaldehyde  11.2  20  

Hexanal 4.5 24.4  7.6  

Benzene  1.9  1.1 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  

 

 The French observatory of indoor air quality (OQAI) undertook a national survey in order 

to assess the air quality inside 567 French dwelling spread over 50 departments and 74 

municipalities between 2003 and 2005 (Kirchner et al., 2007). This campaign aimed to improve 

the knowledge of the exposure of the population by collecting data in indoor environments at 

the national level and thus, it can be used for public policies development. The concentrations 

of the different pollutants measured in this study are presented in Table I - 7, Table I - 8 and 

Table I - 9. Table I - 7 also includes the comparison between the French national housing 

campaign (OQAI) and the European housing campaign (AIRMEX). 
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Table I - 7: Characteristics of VOCs inside and outside dwellings of the OQAI housing campaign in 

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

 

France (OQAI housing 

campaign) 

n= 567 

Europe (AIRMEX housing 

campaign) 

n= 103 

 VOCs Compounds 
Median [P10-

P95] (µg/m3) 
I/O 

Median [P5-P95] 

(µg/m3) 
I/O 

Aldehydes 

Acetaldehyde 11.6 [5.3 - 30] 8.9 11.2 [4.9 - 24.8] 4.0 

Acrolein 1.1 [0.5 - 3.4] 3.6   

Formaldehyde 19.6 [9.3 - 46.6] 10.3 19.7 [7.9 - 44.2] 5.9 

Hexaldehyde 13.6 [5.9 - 50.1] 27.2   

Hydrocarbons 

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 [0.4 - 3.8] 1.2 

n-decane 5.3 [1.9 - 53.0] 2.8 15.6 [9.8 - 30.5] 1.4 

n-undecane 6.2 [2.2 - 72.4] 3.4   

Styrene 1.0 [0.5 - 2.7] 2.5 0 [0 - 1 .0]  

Tetrachloroethylene 1.4 [< LD - 7.3] 1.2   

Toluene 12.2 [4.5 - 82.9] 3.5 6.5 [2.5 - 28.4] 1.5 

Trichloroethylene 1.0 [< LD - 7.3] 1.0   

1,2,4-trimethylbenzene 4.1 [1.7 - 21.2] 2.9 1.1 [0.3 - 6.6] 1.3 

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] 2.1 1.2 [0.5 - 3.7] 1.3 

Glycol ethers  

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

2-butoxy-ethylacetate < LD(= 0.3) 1.0   

1-methoxy-2-propanol 1.9 [<  LD - 17.5] 3.8   

1-methoxy-2-

propylacetate 
< LD (= 0.7) 1.0   

LD: Limit of Detection 

LQ: Limit of Quantification 

I/O: ratio between indoor concentration and outdoor concentration 

 

 

 

Table I - 8: Concentrations of CO inside French dwellings (Kirchner et al., 2007) 

 Median (ppm) P95 (ppm) 

Cumulated mean over 15 minutes 2.9  15.3 

Cumulated mean over 30 minutes 2.7  14.3 

Cumulated mean over 1 hour 2.0 13.1 

Cumulated mean over 8 hours 0.5  6.3 
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Table I - 9: Mass concentrations in µg/m3 of particles inside French dwellings (Kirchner et al., 

2007) 

 Median P90 

PM10 (all) 31.3 108 

PM10 (nonsmokers) 26 52 

PM2.5 (all) 19.1 69 

PM2.5 (nonsmokers) 16 33 

 
 As can be seen from Table I - 7, the primary volatile organic compounds were present in large 

amounts in dwellings at the national and European scales. The frequency of appearance of these 

compounds in the French housing investigated (not including glycol ethers) ranged between 

68.4 % (trichlorethylene) and 100 % (formaldehyde and hexaldehyde), with median 

concentrations between 1.0 and 19.6 ɛg.m- 3 (Kirchner et al., 2007). Aldehydes and aromatic 

hydrocarbons are the most common compounds present in 80 % to 100 % of dwellings and 

have high concentrations with important indoor-outdoor concentration ratios, which means that 

these compounds are emitted from indoor sources. Those results confirm the presence of 

significant emission sources of volatile organic compounds in French and European homes. 

Nevertheless, it is observed that the ratios determined for French dwellings are twice as high as 

those determined during the AIRMEX campaign. A likely explanation for this observation 

would be the difference in outdoor pollution levels, which were moderately lower in the French 

housing campaign since the AIRMEX campaign focused particularly on urban environments. 

The levels of carbon monoxide measured during this national campaign are relatively low 

in the different rooms of the house, whatever the duration of measurement (15 minutes, 30 

minutes, 1 hour and 8 hours). The service areas such as kitchens, bathrooms, toilets, corridors 

and the annexes (cellar, garage, and loft) 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 

Occupational Health & Safety (ANSES). Within some dwellings, higher values were observed 

according to the exposure time. Thus, the CO concentrations decreased when the time of 

sampling increased, reflecting the presence of high emission episodes of CO over short periods 

of time, however not identifiable for long-term average values, hence the importance of 

measuring pollutants with a higher time resolution. 

The median mass concentrations of PM10 and PM2.5 in OQAI study increased from 

26 ɛg.m-3 and 16 ɛg.m-3 respectively in nonsmokerôs dwellings to 72 ɛg.m-3 and 54 ɛg.m-

3 with 1 smoker in the dwellings (Kirchner et al., 2011). The median concentrations of PM10 and 

PM2.5 in non-smoker dwellings were 31.1 ɛg.m-3 and 19.1 ɛg.m-3, similar to the median values 

for residences, i.e., 35 ɛg.m-3 and 18 ɛg.m-3, reviewed by (Morawska et al., 2013). Five per cent 

of dwellings had concentrations higher than 133 ɛg.m-3 (PM2.5) and 182 ɛg.m
-3 (PM10) 

(Kirchner et al., 2007). 
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The thermal comfort parameters, such as temperature, relative humidity and CO2 were 

primarily assessed throughout the OQAI campaign. The median of temperature and relative 

humidity were around 21 ° C and 49 % respectively during the study. The weekly average of 

carbon dioxide in the dwellings is 756 ppm, with mobile mean over 1 hour exceeding 1689 

ppm. In 5 % of the dwellings, the average CO2 concentration exceeded 1484 ppm with hourly 

values that can exceed 4449 ppm, indication of a bad ventilation system inside dwellings. 

I.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 impacts of deteriorating indoor air quality. According to the European Commission 

report "Directorate-General for Health & Consumers" of 2011, two million years of healthy life 

would be lost each year due to poor indoor air quality, 60 % of which corresponds to 

cardiovascular diseases and 35 % to respiratory diseases, asthma and lung cancer (Figure I - 3). 

In total, two thirds of the health impact of indoor air quality could be caused by the exposure to 

fine particles (Jantunen et al., 2011). Recently, (Sarigiannis et al., 2019) summarized the 

relative risks associated with different types of diseases for PM10, formaldehyde, benzene, CO, 

NO2, dampness and mold. A significant correlation and dose-effect relationship between PM2.5 

and asthma diagnosis has been found by (Fabien et al., 2019). 

 

Figure I - 3: Total calculated burden of disease attributable to IAQ (DALY/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 time and the sensibility of the subject. 

The quality of the air breathed in indoor environments can have effects on health, from 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, etc. (Viegi et al., 2004). For example, short time exposure to high carbon 

monoxide concentration leads 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 allergies and people with 

respiratory insufficiencies.  

Among the commonly encountered pathologies resulting from the exposure of a cocktail 

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 smooth muscle, thereby leading to a series of spasmodic attacks of wheezing 

and shortness of breath (SOB). It leads to fatigue and lack of sleep. The risk is higher in 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. Sometimes no allergic 

factors are involved and other sources are identified such as infection, pollution, stress, etc. 

Some studies have shown a link between formaldehyde and asthma (Wieslander 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, 

neurological and dermatological symptoms. The pathophysiological mechanism is not yet 

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 induced changes in architecture, building materials, building equipment and air 

conditioning systems to save energy. Many people complained of discomfort, even pathology: 

indoor air quality is often questioned (Perdrix et al., 2005). The study of (Ezzati, 2005) has 

emphasized that the combination of contaminants in inhaled air has effects on a combination of 

symptoms. In some studies, formaldehyde levels are implicated in the occurrence of SBS (Ten 

Brinke, 1998), but the relationship between SBS and indoor air quality is not always systematic, 

so many other psycho-sociological factors can be taken into consideration (Marchand et al., 

2013; Norhidayah et al., 2013). The symptoms of SBS are non-specific, and they are particular 

to the building occupied by people (Table I - 10). That is why the study of cases of SBS is 

important in order to provide evidence of relationships between indoor air pollution and health 

(Jones, 1999). 
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Table I - 10: Common symptoms of sick building syndrome (Wallace, 1988) 

Headache and nausea 

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

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

Eye problems (dry, itching, tearing, or sore eyes, blurry vision, burning eyes, problems with contact 

lenses) 

Throat problems (sore throat, hoarseness, dry throat) 

Fatigue (unusual tiredness, sleepiness, or drowsiness) 

Chills and fever 

Muscle pain (aching muscles or joints, pain or stiffness in upper back, pain or stiffness in lower back, 

pain or numbness in shoulder/neck, pain or numbness in hands or wrists 

Neurological symptoms (difficulty remembering or concentrating, feeling depressed, tension, or 

nervousness) 

Dizziness 

Dry skin  

 

(Andargie and Azar, 2019) work shows that indoor environmental parameters such as 

lighting level, noise level, temperature and relative humidity have a considerable impact on the 

comfort, happiness and cognitive abilities of the occupants. 

Indoor air quality also has an impact on the quality of life in dwellings and work 

performance in the office (Olesen, 2007). (Fanger, 2000; Langer and Bekö, 2013b; Ng et al., 

2012) confirmed experimentally the impact of indoor air quality on the business sector. The 

effect concerns the productivity of people on daily tasks, such as basic mathematical operations, 

text input or proofreading.  

 
Figure I - 4: Impact of CO2 on human decision-making performance. Error bars indicate 1 SD 

In his study, (Satish et al., 2012) has reported the percentile scores on the nine scales for 

three CO2 conditions with the percentile limits for five normative performance level: superior, 

very good, average, marginal, and dysfunctional as shown in (Figure I - 4). At 1000 ppm CO2 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/engineering/environmental-parameter
https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/social-sciences/noise-pollution
https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/engineering/relative-humidity


Chapter 1: Literature Review on Indoor air quality  

 

 

40 
 

compared to 600 ppm, percentile ranking was moderately reduced. However, at 2500 ppm CO2, 

percentile ranking for five performance scales decreased to levels associated with marginal or 

dysfunctional performance. 

Exposure to particulate matters leads to several health problems such as irregular 

heartbeat, aggravated asthma, developing pulmonary disease and decreasing lung functions 

(Cadelis et al., 2014). Indoor exposure to high concentrations of nitrogen dioxide induce the 

reducing of the resistance of the body to bacterial and viral infections (Maynard, 2019). 

Several international studies have looked at the costs of poor air quality (Fisk and 

Seppanen, 2007; Fisk and Rosenfeld, 1997; Mendell et al., 2002). Few researches focused on 

specific indoor air pollutants, such as (Mudarri and Fisk, 2007), which evaluated the annual 

cost of dampness and mold exposure to $3.5 billion per year in the United States. Some studies 

have investigated the economic amounts of indoor air pollution according to cost-benefit 

analyses. (Fisk et al., 2011) have conducted a cost-benefit analysis in office buildings. The aim 

of this study was to show that the improvement of indoor air quality, for example by enhancing 

ventilation rates and decreasing mold and dampness, costs less than the return on benefits from 

reducing symptoms of sick building syndrome and absenteeism in buildings. The EU-funded 

HEALTHVENT project created in 2010 - 2013 a framework in order to develop health-based 

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 20 % to almost 50 %, corresponding to 400 

000 and 900 000 saved DALYs in EU-26 (Asikainen et al., 2016). The United States Green 

Building Council (USGBC) has reported that improving indoor conditions in green buildings 

can result in $90 billion worth of occupant productivity increase by 2030 (USGBC, 2015). 

Another approach was related to the socio-economic 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 (Radon, CO, ETS, benzene, trichloroethylene, and PM2.5). The cost to the community 

that are exposed to these six pollutants is approximatively 20 billion euros per year in France, 

where particles represented 75 % of this cost. 

Through other studies, the impacts of poor indoor air quality have been estimated in terms 

of disability-adjusted life-years (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 above in Figure I - 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 VOCs (Jantunen et al., 2011). 

 Indoor air pollution management policy 

II.1.   Monitoring policy  

Indoor air regulations are not as extensive as those for outdoor air, at least in France. The 

only compounds regulated until now are radon, asbestos and carbon monoxide. According to 

the decree of 22/07/2004, for a concentration < 400 Bq.m-3 for radon, there is no need for 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/earth-and-planetary-sciences/green-building
https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/earth-and-planetary-sciences/green-building
https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/social-sciences/administrative-structure
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corrective actions. Between 400 and 1000 Bq.m-3, simple corrective actions are needed, 

however for concentration higher than 1000 Bq.m-3, there is a need for mandatory corrective 

actions on a large scale. This regulation concerns public places such as educational facilities, 

health and social institutions, thermal baths, and prisons in 30 departments where there is a risk 

of radon emission. For carbon monoxide, the policies refer to buildings equipped with a heater 

with an output between 4 and 400 kW. Regarding 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 risk. Asbestos regulations settled by the article 

R1334-18 of public health are applied to buildings constructed before 1997. A concentration 

higher than 5 fibers.L-1 requires mandatory construction working. 

In France, several government actions aiming to reduce the concentrations of volatile 

organic compounds in indoor environments have been carried out, as shown in Table I - 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 improve knowledge 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, PNSE 2 (Lafon 

and Lafon, 2009), as well as in the Grenelle 2 decree n° 2010-788 of 12 July 2010 establishing 

a national commitment to the environment (Article 180). This law aims to reduce the 

population's exposure to volatile organic compounds released from construction and decoration 

materials. In this context, decree n°2011-321 forces the labelling of emissions from building 

materials in order to reduce the impact of furnishings on IAQ. The Grenelle 2 law differs on 

the one hand by prohibiting the use of trichloroethylene, benzene, di (2-ethylhexyl) phthalate 

and dibutylphthalate in building and decorative materials and, on the other hand, by imposing 

IAQ monitoring in Public Access buildings. The parameters monitored are formaldehyde, 

benzene and carbon dioxide concentrations, as well as the control of ventilation systems, to be 

carried out at the expense of the owner or operator of the establishment (Decrees n°2011-1727, 

2011-1728 and 2012-14). The application 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 two years thereafter, if the reference 

value set for at least one pollutant is exceeded, together with an expert assessment in order to 

address the sources. 

The Decree 2015-1000 of 17 August 2015 on 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 for the management of indoor air 

quality. After 10 years of actions aiming to improve IAQ and to prevent environment-related 

health risks, PNSE 3 makes it possible to consolidate the progress already made but also to 

propose a new approach to environmental health that is stronger, more positive and more rooted 

in the territories.  
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Table I - 11: IAQ improvement decrees in France 

 Date Indoor air content 

PNSE 1 2004-2008 

Action 14: Better understand the determinants of indoor air quality and 

strengthen regulations 

Action 15: Set up a labelling system for the health and environmental 

characteristics of building materials 

Grenelle 1 Act  2009 
Emphasizes the need to improve IAQ, especially in public places serving 

vulnerable audiences 

PNSE 2 2009-2013 

Key measure 2: Implementation of sanitary labelling of construction and 

decoration materials 

Key measure 9: Reduce public exposure to the determinant substances in 

indoor air in buildings in presence of children. 

Key measure 10: Developing the profession of Indoor Healthy Housing 

Consultants 

Grenelle 2 Act 2010 

Prohibition of the use of trichloroethylene, benzene, di-2-

ethylhexyphthalate and dibutylphthalate in the manufacture of building 

and decorative materials 

Implementation of mandatory monitoring of IAQ in establishments open 

to the public (schools, nurseries,) 

(Decrees n°2011-1727, 2011-1728 and 2012-14) 

Introduction of mandatory labelling of emissions from construction and 

decoration products. (Decree n°2011-321) 

PNSE 3 2015-2019 

Establish a government roadmap to reduce the impact of environmental 

degradation on our health 

Continue and amplify the actions carried out by the two previous PNSE in 

the field of environmental health 

 Decree  

2015-1000 

2015 
Simplification of decree n°2015-14 related to the evaluation of aeration 

methods and the measurement of pollutants in the public access building 

 Decree  

2017-946 

2017 
Since 1 January 2019, combustion air fresheners have labels indicating the 

precautions to be taken when using these products. 

PNSE 4 2020-2024 

Improve knowledge of environmental exposures and effects on the health 

of populations (exposome) 

Inform, communicate and train professionals and citizens 

Reduce environmental exposures affecting our health 

Increase the number of concrete actions carried out in the territories 

PNSE: National Environmental and Health Plan 
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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 n° 2017-946 of 10 May 2017). 

"My Environment, My Health" plan, the 4th National Health and Environment Plan, was 

announced at the opening of the National Health and Environment Meetings on January 14 and 

15, 2019 in Bordeaux. This plan aims to introduce the concept of exposome, which takes into 

consideration individual exposure during the whole lifetime. 

II.2.  Classification of priority pollutants  

The french indoor air quality observatory (OQAI) carried out risked-based ranking 

analysis with the aim of prioritizing indoors pollutants in dwellings (Mosqueron et al., 2003). 

This method was based on (i) toxicological properties of pollutants, (ii) population exposure, 

(iii) the pollutant frequency detection in indoor environments. This approach makes it possible 

to establish a Ranking Index (RI) specific for each pollutant, which is calculated by summing 

3 sub-indices: an ñAcute indexò (AI with score between 0 and 5), a ñChronic indexò (CI with 

score between 0 and 10) and a ñFrequency indexò (FI with score between 0 and 5). RI was rated 

over 20. The main pollutants are thus divided into two distinct classes. Pollutants with an RI 

greater than or equal to 15 are designated as "high priority" while compounds with an RI greater 

than or equal to 10 are classified as "very high priority". Regarding the acute and chronic health 

effects and the concentrations of pollutants in dwellings, 17 indoor pollutants were classified 

as ñvery high priorityò among more than 70 indoor pollutants that were assessed. 

At the European level, the INDEX project (Indoor Exposure Limits in EU) aimed to 

develop a list in the future to provide suggestions and recommendations for indoor air quality 

guidelines (Kotzias et al., 2005). The project has prioritized individual chemical compounds 

that are not subject to directives or regulations, with known health impacts, and identified 

indoor sources of emissions. The final classification is based on a list of 14 compounds of 

interest divided into three distinct groups: "high priority" chemicals, "low priority" chemicals 

and additional chemicals of interest. 

The French Agency for Environmental and Occupational Health & Safety (AFSSET, now 

ANSES), drew up its own list of candidate chemicals in order to propose its own indoor 

guidelines in 2007 (INERIS, 2009). The priority pollutants were chosen after a prioritization 

based on the work of the OQAI and the INDEX project. These two previous classifications 

consider formaldehyde and benzene as "high priority" but are not consistent for the rest of the 

compounds. The differences are due to different ranking methods and updated toxicological 

data between the two studies, as the results of the INDEX project are more recent than the 

OQAI study. 

Table I - 12 provides a summary of the ranking of prioritization of VOCs in indoor air 

according to the three studies: the chemicals defined as " highly priority" (Group A) and " high 

priority" (Group B) by the French observatory in different indoor environments such as 

dwellings, schools and offices, the "high priority" (Group G1) and "low priority" (Group G2) 

substances from the INDEX prioritization, and the assessment proposed by ANSES. 
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Table I - 12: Ranking of "high priority" indoor air pollutants according to OQAI (Mosqueron et 

al., 2003), the INDEX project (Kotzias et al., 2005) and the ANSES (INERIS, 2009). 

Pollutants 
OQAI  

INDEX  ANSES 
Dwellings Schools Offices 

Acetaldehyde A A B G2 B 

Formaldehyde A A A G1 A 

Acrolein A B - - - 

Chloroform A B - - A 

di-2-ethylhexylphtalate A B - - A 

Mix PCB 

(polychlorinated 

biphenyls) 

B - A - - 

Naphtalene - - - G1 A 

Styrene - - - G2 B 

Toluene - - - G2 B 

Xylenes - - - G2 B 

Ethylbenzene B B A - - 

Benzene A A A G1 A 

1,4-dichlorobenzene A B B - A 

Benzo[a]anthracene A B - - - 

Benzo[a]pyrene A B - - - 

Lead A B B - B 

Carbon monoxide A - - G1 A 

Nitrogen dioxide - - - G1 A 

PM10 A A - - A 

PM2,5 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 policies, within the framework of the Grenelle Act of the 

environment, a 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 in the environmental code. Since January 1, 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 September 2013. 

The label (Figure I - 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, and on the other hand, they 

may present a high health risk. This labelling prohibits carcinogenic, mutagenic or toxic 

compounds, such as trichloroethylene and benzene in the manufacture of construction and 

decorative products. The emission class of a product is defined according to the exposure 

concentration calculated from a measured emission rate for the 10 VOCs list shown. This 



Chapter 1: Literature Review on Indoor air quality  

 

 

45 
 

concentration is then compared to the emission class levels for each VOC being controlled to 

conclude with an emission class associated with each compound (Table I - 13). 

 

 

Figure I - 5: Environmental labelling of indoor air emissions from building materials 

(https://www.anses.fr/) 

 

Table I - 13: List of the 10 controlled VOCs and concentration levels (ɛg.m-3) associated with the 4 

emission classes according to the Grenelle 2 law. 

Chemical 
Concentration levels (µg.m-3) 

Class C Class B Class A Class A+ 

Formaldehyde >120 <120 <60 <10 

Acetaldehyde >400 <400 <300 <200 

Toluene >600 <600 <450 <300 

Tetrachloroethylene >500 <500 <350 <250 

Xylene >400 <400 <300 <200 

1,2,4-trimethylbenzene >2000 <2000 <1500 <1000 

1,4-dichlorobenzene >120 <120 <90 <60 

Ethylbenzene >1500 <1500 <1000 <750 

2-butoxyethanol >2000 <2000 <1500 <1000 

Styrene >500 <500 <350 <250 

TVOCs >2000 <2000 <1500 <1000 

II.3.  Indoor Air Quality Guidelines (IAQG s) 

In order to deal with health impacts due to poor indoor air quality, the law of 1 August 

2008 on environmental responsibility requires the definition of "guidelines values for indoor 

air". The commonly accepted definition for an indoor air quality guideline value (IAQGs) is 

the following, given by ANSES: " Indoor air quality guidelines (IAQGs) 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 current state of knowledge". The aim of 

these guidelines is to contribute as reference of public health from adverse health effects in 

presence of short and chronic exposure to indoor air pollutants, and to reduce to a minimum 

exposure to those pollutants. IAQGs are assessed using toxicological, clinical and 

epidemiological data and are therefore used as health values. The IAQGs are available for 

guidance only and have no legislative value (ANSES, 2004). 

https://www.anses.fr/
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 The indoor guidelines for formaldehyde and benzene are defined by Decree 2011-1727 

of 2 December 2011. The guideline for formaldehyde is set for long-term exposure at 30 ɛg.m-

3 on 1 January 2015 and will decrease to 10 ɛg.m-3 on 1 January 2023. The guideline settled for 

benzene for long-term exposure is 5 ɛg.m-3 by 1 January 2013 and 2 ɛg.m-3 by 1 January 2016. 

In France, these IAQGs are established by the Agence Nationale de Sécurité Sanitaire de 

l'Alimentation, de la Santé et du Travail (ANSES). In addition, the High Council for Public 

Health (HCSP) provides "management" values to supplement the information given by ANSES 

(HCSP, 2009). Internationally, IAQGs were proposed for indoor air pollutants by the World 

Health Organization WHO (WHO, 2010a), by the European project INDEX (Sarigiannis et al., 

2011) and others international institutions. All these guide values are shown in Table I - 14 and 

Table I - 15. 

Table I - 14: Indoor Air Quality guideline values 

 

France International  

ANSES Europe/ 

Index 
WHO Others 

Carbon Monoxide 

24 hours -  
7 mg.m-3 (6.1 

ppm) - 

8 hours 
10 mg.m-3 

(8.7 ppm) 

10 mg.m-3 

(8.7 ppm) 

10 mg.m-3 

(8.7 ppm) 

Belgium 9 ppm 

Finland 

1.7 ppm 

(Very good) 

2.7 ppm 

(Good) 

7 ppm (Not 

bad) 

Germany 30 ppm 

U.K 10 ppm 

1 hour 
30 mg.m-3 

(25 ppm) 

30 mg.m-3 

(25 ppm) 

35 mg.m-3 

(30 ppm) Germany 60 ppm 

30 minutes 
60 mg.m-3 

(51 ppm) 
- - - 

15 minutes 
100 mg.m-3 

(90 ppm) 
- 

100 mg.m-3 

(90 ppm) 
 

- 

Nitrogen Dioxide 

1 hour 
200 µg.m-3 

(100 ppb) 

200 µg.m-3 

(100 ppb) 
200 µg.m-3 

Germany 

250 µg.m-3 

(125 ppb)    

80 µg.m-3 (40 

ppb) 

Long-term 

20 µg.m-3 

(10 ppb) (> 

1 year ) 

40 µg.m-3 

(20 ppb) (> 

1 year ) 

40 µg.m-3 (20 

ppb) (> 1 

year ) 
- 

PM2,5 

24 hours (e) - 25 µg.m-3 - 

Long-term (e) - 
10 µg.m-3 

(> 1year ) 
- 

8 hours  -  Finland 20 µg.m-3 
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PM10 

24 hours (e) - 50 µg.m-3 ASHRAE 50 µg.m-3 

Long-term (e) - 
20 µg.m-3 

(> 1 year ) 
- 

TVOCs 

24 hours - -  Belgium 200 µg.m-3 

8 hours - - - 

U.K 300 µg.m-3 

Finland 

200 µg.m-3 

(excellent) 

600 µg.m-3 

(Good) 

Long-term    
Germany 

 

100 µg.m-3 

(> 1 year ) 

CO2 15 minutes    U.K 15000 ppm 

 1 hour    Germany 10000 ppm 

 8 hours    
U.K 5000 ppm 

Germany 5000 ppm 

    1000 ppm 
Finland 

700 ppm 

Excellent 

900 ppm 

good 

1200 ppm 

satisfactory 

 

U.S EPA 800 ppm 

 (e) ANSES recommends the use of the values proposed by WHO 
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Table I - 15: Indoor Air Quality guideline values for specific Volatile Organic Compounds (VOC) 

 

France International  

ANSES HCSP Europe/Index WHO 

Formaldehyde 

Short term 100 µg.m-3  - 

30 µg.m-3 

 (30 min) 

100 µg.m-3  

(30 min) 

Long term 

10 µg.m-3 

(> 1 year) 

Fast action value: 

100 µg.m-3 

- 

100 µg.m-3 

(> 1 year) 

Information and 

recommendation 

values: 50 µg.m-3 

Benchmark 

value: 30 µg.m-3 

Target value:  

10 µg.m-3 

Benzene 

Short term 
30 µg.m-3 (1-

14 days) 
- 

Concentration as 

low as possible 

- 

Long term  

 

10 µg.m-3  

(> 1 year) 

Fast action value: 

10 µg.m-3 
- 

2 µg.m-3- for 

lifelong 

exposure 

corresponding 

to a risk level 

of 10-5 (a) 

Benchmark 

value: 5 µg.m-3 

1,7 µg.m-3 for 

lifelong 

exposure 

corresponding 

to a risk level 

of 10-5 (a) 

Target value : 2 

µg.m-3 

Trichloroethylene 

Short term - - - - 

Long term  

20 µg.m-3 for 

lifelong 

exposure 

corresponding 

to a risk level 

of 10-5 (b) 

Fast action value: 

10 µg.m-3 

- 

23 µg.m-3 for 

lifelong 

exposure 

corresponding 

to a risk level 

of 10-5 (b) 

Benchmark 

value: 2 µg.m-3 

Tetrachloroethylene 

Short term 
1380 µg.m-3 

(1-14 days) 
- - - 

Long term 250 µg.m-3 
Fast action value: 

1250 µg.m-3 
- 250 µg.m-3 
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(> 1 year) Benchmark 

value: 250 µg.m-3 

(> 1 year) 

Benzo(a)pyrene 

Short term - - - - 

Long term - - - 

0.12 ng.m-3 for 

lifelong 

exposure 

corresponding 

to a risk level 

of 10-5 (c) 

Acetaldehyde 

Short term 
3000 µg.m-3 

(1h) 
- 200 µg.m-3 (d) - 

Long term 

160 µg.m-3 

(> 1 year) 

- 

200 µg.m-3 

(> 1 year) 

- 

Xylenes 

Short term - - 20 mg.m-3 (d) - 

Long term - - 

200 µg.m-3 

(> 1 year) 

- 

Toluene 

Short term 20 mg.m-3 - 15 mg.m-3 (d) - 

Long term 20 mg.m-3 - 

300 µg.m-3  

(> 1 year) 

- 

Styrene 

Short term - - 2000 µg.m-3 (d) - 

Long term - - 

250 µg.m-3  

(> 1 year) 

- 

(a) ANSES and WHO also propose values respectively equal to 0.2 and 0.17 ɛg.m-3
 for a lifetime exposure 

corresponding to a risk level of 10-6. 

(b) ANSES and WHO also propose values respectively equal to 2 and 2.3 ɛg.m-3
 for a lifetime exposure 

corresponding to a risk level of 10-6. 

(c) WHO also proposes a value equal to 0.012 ng/m3 for a lifetime exposure corresponding to a level risk of 10-6. 

(d) Unspecified duration for IAQGs 

 

 Assessment methods of analysis for indoor air pollutants 

Indoor air pollution assessment requires powerful analytical detection systems to identify 

the pollutants present and monitor the evolution of their concentrations in confined 

environments. In 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 

problems arise: 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 reference method for measuring indoor air pollutants. The methods 

currently used are very diverse due to the lack of regulations for the measurement of indoor 

pollutants and they are dependent on the intended application (IAQ diagnosis, rapid process 

studies, reactivity, source identification and exposure). The techniques that we have to use 

might depend essentially on the problem considered and its cost. In order to choose a 

measurement protocol, two main factors are taken into consideration: the characteristics of the 

analytical technique (its limit of detection/quantification adapted to the indoor concentrations, 

its accuracy, and the sampling method (active or passive)) and the strategy of sampling adapted 

to the problem (sampling time, spatial and temporal distribution). Thus, the size of the analyzer 

(mobility and portability) is a primary criterion, as is its size or the noise it can generate.  

There are three types of techniques used to sample indoor pollutants. The first one consists 

of grab or spot air sampling, either by sampling of whole air in special recipients, or by 

collection onto solid adsorbents, followed by a delayed analysis. The second method concerns 

integrated samples providing a time average concentration over a specified period followed by 

a delayed analysis. Indeed, it may be more appropriate to determine a concentration of pollutant 

over long periods in order to obtain an average of its concentration over a given time scale, 

representative of the overall air quality. Through this, the presence at low levels of a pollutant 

can be highlighted in term of chronic health effects from long- exposure time. However, there 

is no indication for acute effects if the compound is toxic at high concentrations over limited 

times. The last technique is based on a direct and continuous measurement (on-line 

measurements) of one or more determined pollutants, using automatic analyzers in-situ (real 

time analysis).         

III.1.  Sampling and monitoring techniques 

III.1.1.  Continuous sampling (on-line methods) 

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 the real-time 

concentration of indoor pollutants. Thanks to these real-time sampling methods, short-term 

peaks of concentrations can be detected. Adding to this, the measurement concentration can be 

correlated to sources, infiltration from outdoor or others characteristics.  

The principle of detection depends on many factors, such as the chemical properties of the 

pollutant and the range of concentrations to be measured. These analyzers continuously collect 

ambient air by aspiration, with possibly a step of pre-concentration of the sample and then 

thermal desorption if necessary, and deliver a signal representative of the concentration of the 

analyzed pollutant. Their temporal resolution can be as fast as a few seconds can. They have 

been developed and are usually used for outdoor and laboratory measurements. Typically, 

pollutants are measured 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 the French 

Association for Standardization (AFNOR). All the on-line analyzers have a short-time 

resolution except for VOCs. 

The carbon monoxide analyzer is based on infrared absorption at a wavelength of 4.6 

microns. Regarding nitrogen oxide analyzer (NO / NO2 / NOx), this instrument is based on 

chemiluminescence. Ozone analyzer uses the principle of ultraviolet photometry, while SO2 is 

based on the UV pulsed fluorescence. For the detection of VOCs, the PTR-MS (Proton Transfer 

Reaction Mass Spectrometer), SIFT-MS (Selected Ion Flow Tube Mass Spectrometer) and CI-

MS (Chemical Ionization Mass Spectrometry) methods are high-performance techniques with 

a time resolution in the order of one second and relatively low detection limits (a few ppt to a 

few ppb). The micro-GC (gas chromatography) or portable GCs allow 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 automatic analyzers for the measurement of VOCs 

such as total hydrocarbon analyzers with flame ionization detection or BTEX analyzers with 

photoionization detection. 

III.1.2.  Passive Sampling 

In passive sampling methods, which investigate the measurement of accumulated 

pollutants at the collection site or in a laboratory, pollutants are collected over some period, 

ranging from several minutes to several weeks or months. The results are expressed as an 

average concentration during the sampling period. Thanks to this method, a large variety of 

pollutants can be detected. Particles can be adsorbed on filter media for later gravimetric and 

chemical analyses, and then in order to measure mass concentrations, a gravimetric technique 

is used, x-ray fluorescence, neutron-activation analysis, etc., are used to determine the 

elemental composition of samples, and the chemical composition is determined by separation 

and analytic techniques.  

Gaseous substances can be collected by passive (diffusion-controlled) samplers, which are 

based on open-faced óbadgesô or cartridges containing sorbents such as charcoal. In order to 

assess individual exposure, wearable badges have been developed. These badges are packed 

with active charcoal, a high-capacity adsorbent, which is eluted by carbon sulphide. These 

badges consist of a bed of activated charcoal covered 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 results (Gair and Penkett, 1995). Trapped organic compounds must be extracted by 

solvent elution and then analyzed by gas chromatography. The GABIE and 3M badges are the 

most widely used and appropriate in terms of performance and facility in for the study of 

volatile organic compounds (Oury et al., 2006). OGAWA badges allow simultaneous analysis 

of NO2 and NOX. 

There are two geometries for cartridge sorbents type of sampler: (i) radial samplers 

offering options for thermal desorption (TD) or solvent extraction or (ii) axial diffusive 

samplers based on stainless steel or inert-coated steel thermal-desorption 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 l'Air for the measurement of benzene in ambient air (LCSQA, 

2014). 

III.1.3.  Active Sampling  

This type of sampling consists, on the one hand, of collecting and storing an air sample 

directly, either by pumping (plastic bag) or by pressure difference in canisters. The compounds 

to be analyzed can also be trapped on a tube containing an adsorbent. 

Plastics bags are simple to use, inexpensive and available in various sizes. They allow the 

collection of several gaseous compounds (light VOCs, CO2, CO, O2 ...), and they are reusable. 

According to the type of chemicals to be measured, the type of bag can change (e.g., Tedlar, 

Teflon or aluminized Tedlar). In a Tedlar bags, the compounds may not remain stable for more 

than 24 ï 48 hours (Wang and Austin, 2006). Teflon bag is suitable for VOCs sampling. It is 

also permeable to certain chemicals. The use of a pre-filter at the bag inlet is recommended if 

a significant amount of dust is present in the medium. In addition, they can allow humidity to 

diffuse when relative humidity levels differ between inside and outside (Ras et al., 2009). 

Unlike the plastics bags, metal canisters have a high initial cost. They are spherical 

stainless steel containers with an inner wall treated to eliminate any possible interaction with 

the sample. Canisters must be cleaned prior to use, in order to avoid contamination. Samples 

are carried out by opening valve using two sampling methods (grab or time-integrated). The 

active method consists on the pressurization of the sample and the collection of larger volumes, 

which are not limited by the volume of the container (Ras et al., 2009). In the laboratory, the 

VOCs captured in the canisters are pre-concentrated on an adsorbent and then thermally 

desorbed for analysis by gas chromatography. This technique allows the measurement of a wide 

range of light VOCs, such as C2 - C9 hydrocarbons and oxygenates (Hoshi et al., 2007). 

 Adsorption trapping allows 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 adjustable and the 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 DNPH-based adsorbent allows the sampling of 

carbonyl compounds followed by acetonitrile elution and then analysis by UV-HPLC. Organic 

polymers (Tenax) are preferred for the sampling of hydrocarbons such as BTEX (Benzene, 

Toluene, Ethylbenzene, Xylenes). The trapped compounds are then thermally 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 ISO 16000-3 and ISO 16000-6. 

III.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 type of pollutant that we want to analyze. As we said 
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before, there is no regulated methods to study the indoor air pollutants. Approaches like the 

usual measurement techniques that we have talked about above are state-of-the-art for 

environmental research, but typically, only experts can operate these complex instruments and 

interpret their data. They require frequent calibration and routine maintenance; they have their 

own power and ambient-temperature requirements and can create safety, heat, and noise 

problems if they are placed at the sampling points. They are expensive, bulky, and non-

destructive analytical techniques that cannot be deployed in number or presence of occupants. 

Another hindrance is the laws that protect the privacy linked to dwellings and several indoor 

environments, where the private lives are protected from the social intrusion of 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 buildings. Hence, the scarcity of information 

about indoor air quality.  

Therefore, it is important to have a compromise between the desired measurement and the 

cost, sophistication of the device and its potential for large-scale deployment, which are often 

in a big conflict. This is due to large-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), which require tools that can be made available to individuals or intended to 

be implemented by individuals for long-term measures. This type of fixed-station monitoring 

is not suitable for large-scale surveys, because of time and cost considerations. 

This requirement has motivated the development of battery-operated low power devices 

known as sensors (Mead et al., 2013). Those small sensors can overcome these disadvantages 

and offer a wider range of applications (Snyder et al., 2013). They are relatively inexpensive, 

lightweight, low power consumption and portable (Holstius et al., 2014). They have an 

acceptable level of efficiency sensitivity and selectivity. They enable observations at high 

spatial resolution over a wide geographical area in near real time and provide new opportunities 

to simultaneously enhance existing reference analyzers, as well as engage citizens in 

active environmental monitoring. Those sensors are being studied and are of interest in many 

areas, including several environmental applications (Capelli et al., 2014). Such devices have 

recently been developed within the APOLLINE project led by PC2A laboratory since 2014, 

and studied in the framework of the PhD of Alexandre Caron, 2016. 
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This chapter first outlines the operating principle of a sensor, followed by its metrological 

characterizations. 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 processes...). Then, we will present a non-exhaustive list of 

studies of quantitative evaluation of sensors versus references measurements. Finally, the last 

section will present examples of studies on the evaluation of low cost sensors in indoor 

environments. 

 Definition of low cost-sensors  

A sensor generally consists of a material whose operation is based on a physical, chemical 

or biological phenomenon allowing a physico-chemical quantity to be transformed into a 

generally electrical signal. Examples include physical sensors for temperature, acceleration 

rate, and pressure. 

In general, chemical sensors allow the determination of chemical measurand (partial 

pressure, concentration, etc.), and generally combine the identification and quantification 

function. They consist of a sensitive layer and a transduction system (Permuy et al., 2004). This 

layer reacts with its gaseous environment that in turn changes its physical properties as shown 

in Figure II - 1. This change can take the form of a change in conductance (ȹů), a change in 

mass (ȹm), or a change in light intensity in the case of a fluorescent material (ȹIlum). The 

transduction system will translate this change in physical properties into an electrical signal 

(ȹI), a change in emitted light intensity (ȹIlum), or a change in frequency (ȹF) (in the case of a 

quartz microbalance). This is the reason why the principles of transduction, in terms of gas 

sensors, are very varied: optical, mass, thermoelectric, electrical, electrochemical... (Hulanicki 

et al., 1991).  

 
Figure II - 1: The sensitive layer in a chemical sensor, and the gas molecules that interact with it 

(Thery-Merland et al., 2005) 

Sensors are often called ñlow costò, since their price is significantly lower than the cost of 

the regulated reference instrument for its target pollutant. Ideally, their weight, dimensions, and 

size, must be modest enough to consider the easy portability of the instrument by an individual 

without complications. The information delivered by the sensor, must be directly readable, 
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either through a display positioned on the sensor housing or through a software interface 

provided by the manufacturer, without any other form of signal processing (Redon et al., 2017). 

Chemical sensors are used in various fields (Fabry and Gondran, 2008): the environment 

(effluent analysis, control of gas emissions, etc.), the automotive sector (combustion control, 

passenger compartment control, etc.), the food industry (process and product quality control), 

agriculture (soil and irrigation water analysis), biomedical sectors (diagnostics) and smart 

homes. Their field of activity also extends to consumer or home automation applications. 

 Types of gas and particles sensors 

Low-cost commercial sensors represent a great opportunity to build sensor networks in 

order to monitor ambient gases in large urban areas and spots. Table II - 1 represents a synthesis 

of the characteristics of the different types of gas sensors which coincide with the criteria 

generally found in the literature. 

Table II - 1 : Measurement parameters for sensors performance (Penza, 2020) 

Transducer Sensitivity Selectivity Stability  
Limit of 

detection 

Electrochemical High Variable Good ppb 

Infrared Absorption  High Variable Low ppm 

Photoionization 

detector 
High Low Good ppm 

Optical particulate 

counter 
High Improved Good ɛg/m3 

Metal oxides High Variable Low sub-ppm 

 

In order to meet a high requirement in terms of performance, gas sensors should be as 

sensitive as possible and preferably be selective to the target gas in concentration ranges guided 

by the field of application, i.e. the presence of interferents should not influence the sensor 

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 for low-cost 

industrial production. Nowadays, despite the diversity of gas sensor technology, no sensor 

meets all these criteria simultaneously. Here, a brief overview of the operating principles for 

sensors used in air quality monitoring is detailed in the section below. Almost the totality of the 

small commercial gas sensors available belong 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 infrared absorption (NDIR) sensors provide highly accurate and reliable 

CO2 measurements (excellent sensitivity, selectivity and precision). Photoionization detectors 
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(PID) are very sensitive for VOCs and precise but have low selectivity. Electrochemical sensors 

are used for the selective measurement of many gaseous compounds such as NOx, carbon 

monoxide and oxygen. Metal oxide sensors are sensitive to various species. The principle of 

these technologies is described below. 

II.1.  Non-Dispersive Infra-Red (NDIR) 

This optical technology is based on infrared gas absorption. Many gases have absorption 

bands in the infrared zone of the electromagnetic light spectrum. The target gas absorbs 

radiation at a specific wavelength depending on its vibrational energy. The reduction of the 

energy of the infrared radiation is measured by a detector and is proportional to the 

concentration of the gas subjected to detection, according to the Lambert-Beer law: 

ὃ ÌÏÇ
Ὅ0

Ὅ
eȢὰȢὧ 

where ὃ is the absorption, Ὅ is the light intensity measured, Ὅ0 is the light incident on the 

cell, e is the molar absorption coefficient that depends on the gas and the frequency, ὰ is length 

of the path of the light and ὧ the gas concentration. 

A non-dispersive infrared sensor is based on infrared sources which target a specific 

wavelength for which the molecule to be analyzed has a maximum absorption. NDIR is 

composed of many components: infrared sources (lamps), sample chambers, wavelength filters, 

and infrared detectors. In the case of non-dispersive infrared detection, the gas diffuses into the 

sample chamber and the light from the lamps passes through the optical cavity where it interacts 

with the gas. The target gas absorbs a specific wavelength in the infrared. This light is redirected 

inside the chamber towards the detector. A band pass filter in front of the detector selects the 

wavelength of the target gas as shown in Figure II - 2 (Delebarre et al., 2018; Pandey and Kim, 

2007). Due to this principle of operation, other molecules should ideally not interfere with the 

detection of the target compound. However, some 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. 

 
Figure II - 2: I nfrared absorption within NDIR sensor (Hodgkinson et al., 2013) 

NDIR-type sensors can be used in order to measure almost all organic and inorganic 

gaseous compounds that absorb in IR, including carbon dioxide, which has a characteristic 
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absorption band (ů = 2349 cm-1). This makes the sensors very selective to CO2 (Pandey and 

Kim, 2007). In our work, we will use an Alphasense NDIR-A1 sensor, which is specific to 

measure the concentration of carbon dioxide between 0 and 5000 ppm. In this sensor, the 

channel is equipped with a filter that allows only 4.26 µm wavelength to pass, where CO2 has 

a strong absorbance (Lang et al., 1996). 

II.2.  Electrochemical sensors  

Electrochemical sensors convert electrochemical oxidation or reduction reactions (the 

reaction between an electrode and analyte) into an applicable qualitative or quantitative current 

signal, which is proportional to target gas concentration. This electrochemical sensor is 

typically based on a working electrode, a counter electrode and a thin electrolyte layer that 

separates the two electrodes. They are mainly divided into two types: potentiometric and 

amperometric. 

II.2.1. Amperometric sensors 

The amperometric sensors generally consist of three components as shown in Figure II - 

3. The gas chamber includes a chemical filter, which regulates gas access and sensor sensitivity 

and may improve gas selectivity. The amperometric sensor requires basically two electrodes, 

the working electrode and the counter electrode. They are impregnated with an electrolyte 

solution operating at a constant applied voltage in the middle section (Stetter and Li, 2008). 

Amperometric sensors typically require a 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 third electrode 

(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 shown in Figure II - 3 below. The lower section 

is a reservoir. Since the relative humidity varies while using organic electrolyte, this reservoir 

adjusts the changes in equilibrium electrolyte concentration.  

 
 

Figure II - 3 : Design of an amperometric sensor with four electrodes (Baron and Saffell, 2017) 

In general, gases enter through the dust filter into the gas chamber, where the target gas 

then diffuses through the gas porous membrane and meets the liquid electrolyte and the 

electrodes. The working electrode reaction takes place at this phase. The sensor signal is the 

measurement of the current diffusion during oxidation or reduction reactions between the gas 
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and the electrolyte, when applying a proper potential between the two electrodes (Baron and 

Saffell, 2017). 

The current output signal is proportional to the concentration of the gas being detected 

(Baron and Saffell, 2017; Jacquinot et al., 1999), and allows to determine the gas concentration 

following the Nernst law for electrochemical reactions (Kumar and Fray, 1988).  

If we take the example of amperometric CO gas sensors, once carbon monoxide is in 

contact with the working electrode, chemical reaction between CO and water molecules in the 

air will take place, leading to the oxidation of CO.  

CO + H2O = CO2 + 2H
+ + 2e- (1) 

(H+) generated on the working electrode flows toward the counter-electrode through the 

ion conductor. In addition, generated electrons move to the counter-electrode. H+ reacts with 

oxygen in the air on the counter-electrode. 

 O2 + 2H
+ + 2e- = H2O (2) 

The overall reaction is: 

CO + 1
2
 O2 = CO2 (3 (Baron and Saffell, 2017) 

These sensors can detect many air pollutants such as: CO, NH3, NO, NO2, O2, O3 or SO2, 

but they seem to have a limited lifetime related to the consumption of the electrolyte (Stetter 

and Li, 2008). The electrochemical sensors have a very high stability among time, but they 

suffer sometimes from cross-sensitivities (Aleixandre and Gerboles, 2012). Several 

electrochemical sensors of amperometric types with four electrodes, from the Alphasense 

company, will be used during this work. 

II.2.2.  Potentiometric sensor 

In this type of sensors, the electrolyte is solid. The mechanism is based on electrochemical 

reactions that occur between the gas within the sensor and the solid electrolyte. This can be 

presented by transfer of electrical charges between the target gas and the electrolyte ions. These 

sensors are more precisely called solid-state electrolyte sensors. The scheme of solid electrolyte 

gas sensors is shown in Figure II - 4. 

 
Figure II - 4: Principle of potentiometric sensor (Asch, 2010). 

The solid electrolyte is connected to a reference electrode and a working electrode. A 

reference environment containing a mixture of air and the compound to be measured is 
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maintained at a constant pressure ὴ . This environment is separated from the measurement 

compartment where ὴ  is determined. By measuring the potential difference between the two 

electrodes, an electric current is determined which is dependent on the gas concentration: 

DὉ
ὙὝ

ςὊ
ÌÎ
ὴ
ÍÅÓ

ὴ
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where R the gas constant, T the temperature and F the Faraday constant. 

Potentiometric sensors based on zirconia ZrO2 are well known industrially for the 

detection of different gases (Fergus, 2007; Miura et al., 2014). 

II.3.  Photo Ionization Detector 

The principle of photoionization detection, based on a photoelectric effect, consists in 

ionization of neutral chemical compounds. The sensor is equipped with a UV lamp, which emits 

high-energy photons onto a sample of ambient air inside the sensor chamber, as shown in Figure 

II - 5. The absorption of the photon (hv) by the gas atom (B) allows the extraction of an electron 

(eī) from the latter, and therefore, the gas atom is ionized (B+), as shown in the follow equation 

(Eiceman et al., 2013): 

B + Ὤὺ = B++ e- 

These charged ions are then attracted by an external electric field, generated by two 

electrodes (cathode and anode), and create an electric current. This signal is collected by the 

sensor then amplified. It is proportional to the number of ions formed and therefore to the 

concentration of ionized molecules. The greater the concentration of compound in the air 

sample is, the greater the current that will be generated and detected by the PID sensor is 

(Aleixandre and Gerboles, 2012; SzulczyŒski and Gňbicki, 2017).  

 
Figure II - 5: Basic principle of a conventional photoionization detector (PID) (Zimmer et al., 2015) 

This type of sensors is frequently applied to measure the concentration of volatile organic 

compounds (Boeker, 2014; Stetter and Penrose, 2002). PID sensors can detect volatile organic 

compounds having ionization potential lower than the ionizing potential by the UV lamp. This 

energy depends on the type of lamp used: Xenon = 9.6 eV, Deuterium = 10.2 eV, Krypton = 

10.6 eV and Argon = 11.7 eV. The main air compounds, oxygen and nitrogen, do not ionize at 
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this photon energy (Laurent Spinelle et al., 2017a). The list of volatile organic compounds that 

can be detected by these different lamps is shown in Table II - 2. 

Table II - 2: Volatile organic compounds measured depending on lamp type (Alphasense, 2010) 

Type of lamp VOCs detected 

Xenon (9.6 eV) 

Many aromatics and unsaturated VOCs compounds containing at least 6 

carbon atoms or more are detected. 

BTEX 

Krypton (10.6 eV) 

Some C2, and most C3, C4+ VOCs are detected. Exceptions usually contain 

chlorine, fluorine or bromine. 

- All hydrocarbons, whose chemical names end in the letters ïane, ï

ene or ïyne, except methane, ethane, propane, and acetylene, and also 

except if the name includes óchloroô, ófluoroô or óbromoô 

- All alcohols, whose chemical names end in ïol, except methanol, or 

frequently if the name includes óchloroô, ófluoroô or óbromoô 

- All aldehydes, whose names end in aldehyde, except formaldehyde, 

or sometimes if the name includes óchloroô, ófluoroô or óbromoô 

- All ketones, whose chemical names end in ïone, except rarely if the 

name includes óchloroô, ófluoroô or óbromoô  

- All esters, whose names end in ïate, except rarely if the name includes 

óchloroô, ófluoroô or óbromoô 

- All amines, sulfides 

 

Argon (11.7 eV) 

All VOCs detectable with the kryton lamp, plus acetylene, methanol, 

formaldehyde and about 80% of VOCs whose chemical names include 

ófluoroô, óchloroô and óbromoô. 

 

Therefore, the peak photon energy generated by the detector depends on the PID lamp 

used. Hence, an Argon lamp can detect a wide range of VOCs while a Xenon lamp can increase 

the selectivity to most aromatics and unsaturated compounds containing at least 6 carbon atoms. 

Standard lamps at 10.6 eV and 11.7 eV are rarely used because of their very limited lifespan (a 

few months). As for the 9.6 eV lamps, they are particularly dedicated to the detection of 

aromatic compounds (Alphasense, 2010). Thus, PID sensors are not selective, by the fact that 

they ionize all molecules with an ionization energy less than the lamp output (Aleixandre and 

Gerboles, 2012; Laurent Spinelle et al., 2017a). 

In this work, a PID-A1 detector from Alphasense equipped with a 10.6 eV lamp will be 

used for VOC monitoring indoors. 

II.4.  Metal oxide semi-conductor sensors 

Although there are several materials that can form the sensitive surface of semiconductor 

sensors, such as polymers, elementary semiconductors or organic compounds, metal oxides are 

currently the main components of these sensors. The metal oxide semi-conductor sensors are 

resistive sensors. The first gas sensor based on oxides was proposed by Seiyama (Seiyama et 
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al., 1962) in the 1960s. Then, the Figaro company filed the first patent for a gas detector using 

a sensitive surface based on tin dioxide (Taguchi, 1962). This company has been marketing 

semiconductor metal oxide sensors since the 1970s and has nearly the largest market to date. 

 
Figure II - 6: Metal Oxide Based Gas sensor 

The mechanism of these sensors consists in the changes in resistance or conductivity of a 

metal oxide when it is exposed to different gases. The most widely used metal oxides are tin 

oxide (SnO2) doped with Pd or Pt, since it reacts with almost all gases and has strong changes 

on its resistance. The principle of this sensors is as follows: the tin oxide reacts with the 

molecules of ambient gas in presence of oxidizing gas such as oxygen, resulting in trapping 

electrons on the surface of the metal oxide as shown in Figure II - 6. As a result, 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 the electrons. The operating temperature for metal 

oxide semi-conductor gas sensor is between 200 °C and 500 °C, in order to speed up reaction 

rate. Thus, the manufacturers incorporate a heater into the sensors (Aleixandre and Gerboles, 

2012). The resistive sensors respond to a wide range of concentrations of the gases and the 

response time is between few seconds to few minutes (Katulski et al., 2011). 

The limiting factors of metal oxide sensors are given below: 

- The MOS are less specific than other gas sensors and have the highest cross-sensitivity 

of all, since they react with several types of gas, such as reacting to toxic gases like 

NOx, or volatile organic compounds, leading to many false positives. In order to deal 

with this cross-sensitivity, manufacturers incorporate doping agent or filters into the 

sensors. 

- The MOS sensorôs performance is affected by the fact that these sensors are extremely 

sensitive to humidity and temperature.  

- The MOS sensors are not stable over time (hence the need for periodic calibration). 

We did not select any metal-oxide semi-conductor sensor in our work. 

II.5.  Optical Particles Counter 

The optical particles counter works according to the light scattering principle. The 

physical principle is as follows (Figure II - 7): first, the air is sucked in by the fan of the counter. 
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Therefore, the coarser particles are removed when air flows through the detection chamber, and 

only fine particles will be retained. Thus, the air charged with particles, passes through the 

optical beam emitted by a light source (usually a laser diode or LED emitting in the visible or 

near infrared range), and a part of the light beam is scattered. The scattered light is converted 

into an electrical signal by a photosensitive sensor. Then, an algorithm classifies particles by 

size, according to the scattering angle, the distance separating the particle from the detector, as 

well as the intensity and the wavelength ɚ. The particles will then be analyzed. 

 
Figure II - 7: Example of particle counter (Honeywell, HPM series) (Redon et al., 2018) 

It is important to take into consideration that these micro-sensors do not provide any 

information on the nature of the particle. The algorithm converts the data into mass 

concentration [ɛg/m3] considering a particle 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 size (Redon et al., 2018). Within Apolline project, the 

OPC-N2 from Alphasense were selected for QARPEDIEM. 

 Sensors systems 

Sensors can be used as single sensors (original equipment manufacturers: OEM), or as 

sensor systems (SSys) that include the original equipment manufacturers (OEMs) in a 

protective box, with power supply and electronic hardware and software, in which data 

acquisition, processing and transfer are automatic (Lewis et al., 2018). SSys are ready-to use 

while OEMs are used in a single way, which is not practice. 

Since the low-cost sensors have become a major interest for citizen science initiatives, 

several manufacturers or company or even research institutions have implemented their own 

sensor systems. Plenty of these systems are available, and can be deployed by users aiming to 

monitor the air quality in specific environments. 
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Table II - 3: Models of sensor systems by pollutant type and price 

 Pollutant Type Reference Price ($) 

ARISense NO2, CO, 

NO, O3 

Electrochemical (Cross et al., 2017) - 

CAM  

PM10, PM2.5, 

NO2, CO, 

NO 

OPC, 

Electrochemical 
(Borrego et al., 2018) - 

EMMA  
PM2.5, CO, 

NO2, NO 

OPC, 

Electrochemical 
(Gillooly et al., 2019) - 

RAMP CO, NO2 Electrochemical (Zimmerman et al., 2018) - 

SNAQ 
NO2, CO, 

NO 
Electrochemical 

(Mead et al., 2013; Popoola et al., 

2016) 
- 

Urban AirQ  NO2 Electrochemical (Mijling et al., 2017) - 

PA-I-Indoor  PM2.5, PM10 OPC (AQ-SPEC) 180 

Cair  
PM2.5, 

PM10ï2.5 
OPC (AQ-SPEC) 200 

Foobot PM2.5 OPC (AQ-SPEC) 200 

Egg v.2 CO, NO2, O3 Electrochemical, (AQ-SPEC) 240 

Egg (2018) 
PM1, PM2.5, 

PM10 
OPC (AQ-SPEC) 249 

Dylos DC1700 

PM2.5ï0.5, 

PM10, 

PM10ï2.5, 

PM3, PM2, 

PM2.5 

OPC 

(Dacunto et al., 2015; Han et al., 

2017; Holstius et al., 2014; 

Jovaġeviĺ-Stojanoviĺ et al., 2015; 

Manikonda et al., 2016; Northcross 

et al., 2013; Sousan et al., 2016; 

Steinle et al., 2015) 

475 

Spec CO, NO2, O3 Electrochemical (AQ-SPEC) 500 

CairClip  

O3/NO2 
O3, NO2 Electrochemical 

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

2018; Jiao et al., 2016; Spinelle et 

al., 2015a; Williams et al., 2014b) 

600 

AirThinx  PM1, PM2.5 OPC (AQ-SPEC) 1000 

AirSensEUR 

(v.2) 

CO, NO, NO2, 

O3 
Electrochemical (Karagulian et al., 2019) 1600 

Air Quality  

Station 
PM1, PM2.5 OPC (AQ-SPEC) 2000 

AQT-420 
NO2, O3, 

PM2.5 

Electrochemical, 

OPC 
(Crunaire et al., 2018) 3256 

AirCube NO2, O3, NO Electrochemical 
(Bigi et al., 2018; Mueller et al., 

2017) 
3538 

AQT410 v.1.11 O3 Electrochemical (AQ-SPEC) 3700 

Vaisala AQT410 

v.1.15 
CO, NO2 Electrochemical (AQ-SPEC) 3700 

ECOMSMART  

NO2, O3, 

PM1, PM10, 

PM2.5 

Electrochemical, 

OPC 
(Crunaire et al., 2018) 4560 

Watchtower 1 
PM10, PM2.5, 

O3 

Electrochemical, 

OPC 
(Crunaire et al., 2018) 5000 

AQMesh v.4.0 
NO2, CO, 

NO, O3 
Electrochemical 

(Cordero et al., 2018) 

(Castell et al., 2017) 

(Borrego et al., 2018) 

(Crunaire et al., 2018), (AQ-SPEC) 

10000 
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Table II - 3 presents a non-exhaustive 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 commercial or research purposes. Different sensor systems combine 

the same group of individual gas and particles sensors. Most of those systems gather either 

particles sensors (PA-I-Indoor, Cair, Foobot, 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 

environmental parameters such as humidity or temperature. When considering the use of 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 from few hundreds to thousands of dollars, 

even if they include the same original manufactured sensors. For example, the cost of AQMesh 

v.4.0 sensor system is around $10000. 

 Characteristics and evaluation of sensors 

IV.1.  Metrological characteristics of sensors 

It is important to present the main characteristics of the sensor component in order to 

characterize its 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 limit, response and recovery time are characteristics of sensors. These 

characteristics have been taken into account in order to evaluate the performance of sensors. 

IV.1.1. Sensitivity 

The sensitivity is the ratio between the elementary change in the output variable provided 

by the sensor (measured signal) and the elementary change in the measured variable of the 

analyte (concentration). For a semiconductor gas sensor, the sensitivity will be the change in 

conductance of its sensitive part in relation to the variation in the concentration of the gaseous 

species to which it is dedicated, as shown in Figure II - 8. If the sensor response is linear, the 

sensitivity will be constant, which is rarely the case for gas sensors (Kamionka, 2005). Thus, it 

will be defined for a given concentration. The response of gas sensors is generally highly non-

linear, so the sensitivity is not constant. For gas sensors, the problem is more complex, because, 

apart from non-linearity, the signal measured (generally electrical conductance in the case of 

semiconductor sensors), is not zero at zero concentration. 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 calculations are used as 

"Relative Response", and therefore a relative sensitivity is calculated. A gas sensor is sensitive 

if a small change in concentration leads to a large change in the sensor output signal (Kamionka, 

2005; Pijolat, 1997). 
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Figure II - 8: Non-linear response of metal oxide sensor (Barakeh, 2012). 

IV.1.2. Selectivity 

The selectivity is one of the most important characteristics of gas sensors. By definition, 

the selectivity is the ability of a device to detect 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 species. Relative selectivity occurs if a gas sensor responds to different species that 

could be present in its environment. This problem has then a solution, which is called multi-

sensor approach or multivariate approach (Pijolat, 1997). 

IV.1.3. Stability  

The stability 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 sensors (Tsujita et al., 2005), i.e. a 

measurement in a reference atmosphere (generally under a controlled air composition, called 

"zero air"). However, this approach has two disadvantages. On the 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 quantity drifts, whereas, the sensitivity 

itself may also drifts. Other methods seek to find the specific model in order to correct the drift 

(Romain and Nicolas, 2010; Tomic et al., 2002). Nevertheless, they require large computational 

resources, and their implementation in a real-time system will complexify more the 

measurement tool (De Vito et al., 2009). 

Several parameters are also included in the sensor characterization, such as detection limit, 

response and recovery time. The detection limit is the lowest concentration detectable by the 

sensor under given conditions. The response time is the time required to reach 90 % of the full 

signal response once the gas is introduced and the recovery time is the time taken for the sensor 

signal in order to return to its initial value (Bochenkov and Sergeev, 2010). The reproducibility 

of a gas sensor is the ability to produce the same response to a specific gas. The system is 
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reproducible when it responds to a gas in the same way either as the number of measurements 

or as the time between measurements.  

Other characteristics that do not directly reflect the measurement performance of the 

sensors may be taken into consideration when selecting the sensor for a given application. 

Examples include the life span of the sensor and its robustness, the maintenance it may require 

as well as its easy-friendly design, its ability to be miniaturized and thus its ability to be 

integrated into autonomous and portable systems, and especially its cost.  

IV.2.  Evaluation studies of gas and particles sensors 

Regarding the evaluation studies of low-cost sensors, there is no legislations and directives 

nowadays aiming the regulation of their use (Karagulian et al., 2019; Lewis et al., 2016). 

Furthermore, due to the lack of information about their performance, it is crucial to choose the 

proper low-cost sensors in order to monitor air quality for different objectives. The development 

of accurate and reliable low-cost air quality sensors has become unifying concern for all 

manufacturers and scientists who are blocked by the complex nature of low-cost sensors 

(Clements et al., 2017; Papapostolou et al., 2017). 

These low-cost gas sensors must be selective to their target pollutants as mentioned in the 

metrological characteristics, and at the same time, they do not have to interfere with other 

species and environmental factors to which they are exposed. In addition, their response change 

as they age, depending on how long they are used. Herein, the necessity of several recalibrations 

over time, in order to correct their drift. The calibration process requires expensive and specific 

reference instruments. These issues reduce their cost-advantage. Moreover, low-cost sensors 

have been shown to be sensitive to different types of environments, making mobile deployments 

more difficult (Arfire et al., 2016). Finally, the user has to convert the sensorôs signal into air 

pollution concentrations via various algorithms and processing procedures in different types of 

sensors. Accordingly, relevant air quality informationôs cannot be provided by all low-cost 

sensors (Williams et al., 2014a). Therefore, a comprehensive evaluation of sensor performance 

must take place under different environmental conditions and pollutant levels in attempt to 

ensure data quality. 

Current research involves a large number of sensors in order to identify cross-sensitivities 

and work on their resolution and quantification by calibrating them using advanced reference 

instruments. It should be taken into consideration that it is difficult to stay up to date regarding 

the sensors market sector. Many reviews have been published on the suitability of low cost 

sensors for ambient air and some for indoor air. Regarding the quantitative evaluation of sensors 

performance, many studies have been published under laboratory or under real-world 

conditions. Currently, several notable programs have been implemented in order to characterize 

the performance of low-cost gas sensors and to make the results of these assessments available 

to all potential users. Sensors have been evaluated in laboratory conditions by exposing sensors 

to known pollutants concentrations within a chamber or under real field conditions by placing 

sensors alongside traditional reference instruments. The programs are: The Air Quality Sensor 

Performance Evaluation Center (AQ-SPEC) operated by the South 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 

Commissionôs Science and Knowledge Service and the EuNetAir Air Quality Joint 

Intercomparison Exercice in Portugal. Sensor evaluation of these programs are available on the 

websites located at www.aqmd.gov/aq-spec (AQ-SPEC), www.epa.gov/air-sensor-toolbox (US 

EPA, 2016) and through research published papers (Austin et al., 2015; Zikova et al., 2017) and 

reports (Lewis et al., 2018; Spinelle et al., 2015a, 2015b, 2013). 

In the other side several protocols have been standardized such as CEN/TC 264 Air 

qualityðPerformance evaluation of air quality sensors and ASTM WK64899ðNew Practice 

for Performance Evaluation of Ambient Air Quality Sensors and Other Sensor-Based 

Instrumentsð US-EPA: Draft Performance Parameters and Test Protocols for Ozone and 

particulate matter Air Sensors. Protocols cited above, lead to define requirements for sensors 

use, such as data treatment procedure, the reliability of sensors data, the duration of calibration 

test while choosing the best fitted type of reference measurements to which sensor data are 

compared to and the time needed in order to recalibrate sensors.  

Due to the lack of internationally accepted standard protocols for low-cost sensors testing, 

the compliance between different calibration studies would be crucial. Therefore, it is difficult 

to compare the performance strategies of low-cost sensors from a studie to anotherôs (Williams 

et al., 2019). 

As shown in Figure II - 9, a few number of preliminary studies about the quantitative 

performance of low-cost sensors compared to reference instruments were published between 

2010 and 2014. It was not until 2015, that the studies about the performance of low-cost sensors 

have emerged, with 27 studies publishing results on performances of low-cost sensors on this 

year. 

 
 

Figure II - 9: Number of references about quantitative assessment of low-cost sensors with 

references instruments, according to (Karagulian et al., 2019) and updated in our study until 

October 2020 
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These publications were reported from laboratory or field tests such as urban sites, rural 

or traffic sites and indoor environments (Karagulian et al., 2019). Herein, Table II - 4 presents 

the results of non-exhaustive studies about calibration of low-cost gas and particle sensors by 

type of sensor. These quantitative assessments have been conducted in laboratory and field 

conditions, gathered from the existing literature according the technologies used in our work 

(NDIR, PID, OPC and electrochemical). 

For the evaluation of the sensors performance, the largest number of tests were carried out 

for optical particles counter (OPC) measuring PM2.5 with 35 publications including around 800 

laboratory and field tests. For gaseous pollutants, NO2 was the most studied since NO2 sensors 

showed the largest cross-sensitivities towards different species, followed by CO, O3 and NO. 

As CO2 is not included in the European directive on air quality as a compound of interest, only 

few studies have been reported for the assessment of CO2. Concerning 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 study (Laurent Spinelle et 

al., 2017b). 

From this table, we can conclude that there have been many investigations about the 

metrology of sensors, and in general, there are sensors that perform very satisfactorily, with a 

very good metrological characteristic, and there are some that do not operate properly.  

Among these evaluation studies, the methodologies investigated in order to evaluate the 

sensors are not the same. First, evaluation models relying on field test are not the same as those 

carried out in laboratory conditions. In real environments, it will be difficult to isolate the 

interference and cross sensitivities effects, due to the correlation between gases to each otherôs 

and to metrological parameters. Moreover, evaluation vary from a field site to another 

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 deviation, the uncertainty, the bias, etc. 

In their review about the performance of low-cost sensors, (Karagulian et al., 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 determination (R2), 

the slope and the intercept of a linear regression line between sensors and reference 

measurements, and only few studies were based on RMSE, bias and the mean absolute error 

(MAE). 

(Fishbain et al., 2017) has developed an Integrated Performance Index (IPI), an accepted 

methodology. This includes eight performance metrics such as RMSE, correlation coefficients, 

the presence measures explaining sensorôs availability among time, the source analysis 

presenting the accuracy of sensors in capturing pollution sources, the match score which 

evaluates the accuracy of the sensor when the measured concentrations are in the form of 

fractions and the lower frequency energy that describe the capability of sensors to measure the 

temporal variability of pollutants. 
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Table II - 4: Summary of publications for quantitative assessment of low-cost sensors by pollutant 

and by type of technology (Karagulian et al., 2019) 

Pollutant Type References 

CO electrochemical 

(Malings et al., 2019), (Chatzidiakou et al., 2019), (Munir et al., 2019), 

(Topaloviĺ et al., 2019), (Collier-Oxandale et al., 2020), (AQ-SPEC), (Jiao et al., 

2016), (Sun et al., 2016), (Marjovi et al., 2017), (Casey et al., 2019), (Mead et 

al., 2013), (Popoola et al., 2016), (Borrego et al., 2018), (Cross 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., 2017c), (Spinelle et 

al., 2017) 

NO electrochemical 

(Malings et al., 2019), (Chatzidiakou et al., 2019), (Munir et al., 2019), 

(Topaloviĺ et al., 2019), (AQ-SPEC) , (Jiao et al., 2016) , (Mead et al., 2013), 

(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., 2017c), (Crunaire et al., 2018), (Bigi et al., 2018) 

NO2 electrochemical 

(Malings et al., 2019), (Chatzidiakou et al., 2019), (Munir et al., 2019), 

(Weissert et al., 2019), (van Zoest et al., 2019), (Topaloviĺ et al., 2019) , 

(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) , 

(Borrego et al., 2018) , (Cross et al., 2017), (Gillooly et al., 2019), (Wei et al., 

2018), (Zimmerman et al., 2018), (Castell et al., 2017), (Gerboles et al., 2015), 

(Crunaire et al., 2018), (Bigi et al., 2018), (Williams et al., 2014b), (Mijling et 

al., 2017), (Vaughn et al., 2010), (Spinelle et al., 2015b), (Mueller et al., 2017), 

(Duvall et al., 2016), (Cordero et al., 2018) 

O3 electrochemical 

(Malings et al., 2019), (Chatzidiakou et al., 2019), (Ripoll et al., 2019), 

(Topaloviĺ et al., 2019) , (Collier-Oxandale et al., 2020), (AQ-SPEC) , (Jiao et 

al., 2016) , (Marjovi et al., 2017) , (Borrego et al., 2018) , (Cross et al., 2017), 

(Wei et al., 2018), (Zimmerman et al., 2018), (Castell et al., 2017), (Gerboles et 

al., 2015), (Crunaire et al., 2018), (Spinelle et al., 2015b), (Mueller et al., 2017), 

(Duvall et al., 2016), (Feinberg et al., 2018) 

PM1 OPC 
(Chatzidiakou et al., 2019), (AQ-SPEC), (Williams et al., 2014a), (Crunaire et 

al., 2018), (Crilley et al., 2018),(Sousan et al., 2016) 

PM2.5 OPC 

(Malings et al., 2020), (Chatzidiakou et al., 2019), (Feenstra et al., 2019), (Bulot 

et al., 2019), (Kim et al., 2019), (Topaloviĺ et al., 2019), (Omidvarborna et al., 

2020), (Zusman et al., 2020), (Wang et al., 2020),(Mehadi et al., 2020), (AQ-

SPEC) , (Jiao et al., 2016) , (Borrego et al., 2018), (Gillooly et al., 2019), 

(Castell et al., 2017), (Crunaire et al., 2018), (Williams et al., 2014a), (Feinberg 

et al., 2018) , (Crilley et al., 2018), (Sousan et al., 2016), (Budde et al., 2018), 

(Jovaġeviĺ-Stojanoviĺ et al., 2015), (Han et al., 2017), (Cavaliere et al., 2018), 

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

al., 2015), (Dacunto et al., 2015), (Northcross et al., 2013), (Zheng et al., 2018), 

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

PM10 OPC 

(Chatzidiakou et al., 2019), (Wang et al., 2020), (AQ-SPEC) , (Borrego et al., 

2018), (Castell et al., 2017), (Crunaire et al., 2018), (Williams et al., 2014a), 

(Feinberg et al., 2018), (Crilley et al., 2018), (Sousan et al., 2016), (Budde et al., 

2018), (Jovaġeviĺ-Stojanoviĺ et al., 2015), (Han et al., 2017), (Cavaliere et al., 

2018), (Manikonda et al., 2016) 

CO2 NDIR 

(Malings et al., 2019), (Zimmerman et al., 2018), (Laurent Spinelle et al., 

2017c), (Moreno-Rangel et al., 2018), (Martin et al., 2017), (Yasuda et al., 

2012), (Mendes et al., 2015), (Delebarre et al., 2018), (Casey et al., 2019) 

VOCs PID 

(Malings et al., 2019), (Goletto et al., 2020), (Moreno-Rangel et al., 2018), 

(Laurent Spinelle et al., 2017b), (Agbroko and Covington, 2018), (Williams et 

al., 2015) 
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Table II - 5: Summary of laboratory and field assessment of gas and particles sensors in indoor 

environments 

Study Sensors References 

Low-cost air quality sensor to 

quantify second-hand smoke 

(SHS) levels in homes 

PM2.5: Dylos DC 1700 (Semple et al., 2015) 

Performance of low-cost 

sensors in residential home 
PM2.5: 8 Dylos (DC1100) (Dacunto et al., 2015) 

Indoor campaign at a residence 

in Potdsam 
66 Specks monitors : Syhitech DSM501A (Zikova et al., 2017) 

Evaluation of sensors in 

residential environments 

5 Foobot FBT0002100 

(TVOCs, PM2.5) 

(Moreno-Rangel et al., 

2018) 

Performance of low-cost 

sensors in residential home 

PM2.5: HAPEX, TZOA-R 

CO: EL-USB-CO 
(Curto et al., 2018) 

Response of consumer and 

research grade indoor air 

quality monitors to residential 

sources of fine particles 

PM2.5: Shinyei PPD60PV (AirBeam 1), 

Shinyei PPD60 (Air Quality Egg), AVPM25b 

(AirVisual Node), Sharp GP2Y- 1010 

(Footbot), Plantower PMS5003 (Purple Air 

PA- II), Syhitech DSM501A (Speck) 

(Singer and Delp, 2018) 

Development and calibration of 

EMMA platform ( the 

Environmental Multi-pollutant 

Monitoring Assembly) 

CO: CO-B4 (Alphasense) 

CO2: Netatmo weather station 

NO- NO2: NO-B4, NO2-B43F (Alphasense) 

PM2.5: OPC-N2 particle monitor, 

(Alphasense), miniPEM (Harvard) 

(Gillooly et al., 2019) 

Field and Laboratory 

Evaluations of the Low-Cost 

Plantower Particulate Matter 

Sensor 

PM2.5: 3 Plantower (PMS A003) (Levy Zamora et al., 2019) 

Performance of low-cost PM2.5 

and PM10 sensors from 

residential sources 

6 PM sensors: Plantower PMS5003(Air 

Quality Egg), AirVisual AVPM25b 

(AirVisual Pro), Plantower PMS3003 

(Kaiterra Laser Egg), Honeywell 

HPMA115S0 (Awair), Plantower PMS1003 

(PurpleAir), TGF PM D4 (Ikair) 

(Wang et al., 2020) 

Indoor Household PM Using 

Low-cost Sensors 

PM2.5 and PM10: 4 Dylos DC1100 Pro 

(UMDS), 2 Plantower PMS sensor (AirU) 
(Hegde et al., 2020) 

Response of low-cost particles 

sensors in real home 

environment 

PM: 3 bare sensors (BS) and 5 integrated 

devices (ID) 
(Zou et al., 2020) 
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In terms of metrology and sensor deployment, there have been many studies in outdoor 

air, but much less in indoor air. Table II - 5 summarizes several evaluation studies of low-cost 

sensors in indoor environments. As indicated above, the evaluation of sensors performance in 

field conditions suffers from many more problems than in laboratory conditions. 

Some of these studies indicated that probably all PM and gas sensors were likely in 

agreement with the references (Gillooly et al., 2019; Hegde et al., 2020; Moreno-Rangel et al., 

2018), with sufficient accuracy and reliability to detect a large indoor sources (Singer and Delp, 

2018). (Dacunto et al., 2015) found that PM sensors are more suitable to be used for 

instantaneous emission rather than long one. However, some of these evaluations have shown 

that the correlation between sensors and references are moderate (Curto et al., 2018), especially 

when the sensor is exposed to low concentrations indoors (Zikova et al., 2017). (Wang et al., 

2020; Zou et al., 2020) reported that for particle sensors with emitted particles less than 0.250 

ɛm (candle flames or cooking without frying or grilling), the sensor had very little or no 

response. In addition, (Gillooly et al., 2019) showed that NO and NO2 sensors were sensitive 

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

2019) investigate the 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 under real-world 

conditions, and they are able to detect pollution events, which reference instruments cannot do, 

in order to understand what is occurring in the real world. 
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In this chapter, we will describe the QARPEDIEM sensors system that we have used, from 

the choice of sensors, their integration in a stand-alone system, to the data management and 

processing. Furthermore, the computing tools used in order to collect and analyze data from 

sensors will be presented.  

 The Qarpediem low-cost sensors network 

QARPEDIEM, the black box, is a multi-sensor system, developed in the laboratory, where 

various sensors and their associated electronics have been assembled together to form a 

complete and autonomous monitoring module, as presented in Figure III - 2.  

The design of portable and autonomous system, based on commercial gas sensors, for the 

detection of the main indoor air pollutants was the first step of the work, which has been carried 

out in the framework of Alexandre Caron's PhD thesis in 2014, by establishing the strategy for 

the conception of gas detection systems from the choice of sensors, their integration in an 

autonomous system, to the management and processing of data. 

According to the literature and the metrological evaluations studies, Alphasense sensors 

were chosen among those that performed very well. These sensors and their associated 

electronics are assembled in a specific aluminium case, specially made in the laboratory, 

resulting in a complete and autonomous monitoring module, which is presented in Figure III - 

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 device or forced air intake by 

pumping.  

 

Figure III - 1: Aluminium module containing 5 Alphasense sensors, a Raspberry Pi and their 

associated electronics. 

Unfortunately, at that time, they encountered several limitations related to the use of this 

device under the right conditions, which required further optimization. The difficulty before 

consists in the loss of real-time information. There was no instantaneous visualization of the 

data, which did not lead to the identification of a potential malfunction or shutdown 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, 

baseline changes or increased noise. 
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Figure III - 2: QARPEDIEM sensor node 

In view of the problems mentioned above, several laboratories within the University of 

Lille, France, have gathered their expertise within the APOLLINE project (Air Pollution 

andIndividual Exposure), and they have conceived the QARPEDIEM prototypes. 

QARPEDIEM is a complete infrastructure based on chemical (NO, NO2, O3, CO, CO2, VOCs, 

PM) and physical (P, T, RH, light, sound, motion) sensor nodes. The raw data of this node are 

visualized and analyzed off-site in real-time by sending them continuously to the APISENSE® 

cloud platform through Ethernet or Wi-Fi. The network was successfully deployed since July 

2018, after several years of implementation. In this box, all problems encountered before have 

been solved as shown in Figure III - 2. The grid on top allows air contact with the surface of 

the sensors, without any air circulation system in the device or forced air supply by pumping, 

except for a fan on the side.  

 
Figure III - 3: Photograph of a black box module containing sensors, a Raspberry Pi and their 

associated electronics 
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Figure III - 3 illustrates the interior of the module with gas, particles, environmental 

parameters sensors, a Raspberry Pi and their associated electronics. 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, analog-to-digital conversion, signal 

processing, power management, batteries, housing/weatherproofing, and finally software 

components for data processing, data storage, data transmission (Wi-Fi, Ethernet) and 

visualization.  

 

 
Figure III - 4: Architecture of the radio and communication part Raspberry-Arduino 

 

Figure III - 4 presents the architecture of the several components of the multi-sensor 

system QARPEDIEM. The Arduino collects data from the sensors. A first program (datapoler) 

takes every 30 seconds data from the Arduino, and stores them in an internal database. A second 

program (datasender) aims to send these data every 30 seconds per IP (Wi-Fi/ Ethernet) to the 

remote APISENSE database.  
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 Sensors 

The choice of commercial sensors was established according to the different types of 

sensors, the types of pollutants, the simplicity of their implementation, the intended application, 

the detection range and the reproducibility. Based on the literature on the metrological 

performance evaluations and the specifications of Alphasense sensors during (Caron, 2016) 

work, the sensors proposed by the company Alphasense have been selected among those that 

performed very well for the development of a complete monitoring system. Alphasense 

proposes relatively miniature sensors (a few tens of centimeters) which, associated with an 

electronic board, allow an easy integration into an autonomous and portable detection system. 

These sensors 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 different aspects justify the selection of Alphasense 

sensors. 

 Several sensors from Alphasense company are implemented in the QARPEDIEM system: 

a NDIR-A1 sensor for CO2 (0 - 5000 ppm), a PID-A1 detector equipped with 10.6 eV lamps (5 

ppb - 50 ppm equivalent isobutylene), electrochemical B4 type with higher sensitivity for the 

detection of CO, NO, NO2 and O3, and finally an OPC-N2 for particulate matter. Regarding 

environmental parameters, such as temperature, sound, relative humidity, noise, motion and 

luminosity, various sensors have been included into the sensor node. 

II.1.1. NDIR-A1 sensor 

The non-dispersive infra-red (NDIR) gas sensor consists of a cylinder with dimensions of 

20 mm diameter × 16.5 mm height. These sensors use two-channel detectors, an active channel 

and a reference channel. The active channel is equipped with a filter passing only wavelengths 

absorbed by carbon dioxide (centred on ɚ = 4.2 µm), while the reference channel is equipped 

with a filter passing wavelengths without absorption bands. Thanks to these two channels, 

cross-sensitivities to other gases are below the limit of detection (Hodgkinson et al., 2013).  

 
Figure III - 5 : Representation of an NDIR-A1 sensor on its IRC-TX acquisition board. 
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The NDIR-A1 sensors are supplied directly with their own acquisition board (IRC-TX), 

which allows the measurement and the correction of the signal concentration as well as the 

sending of data (Figure III - 5). A USB connection is used to supply and easily retrieve the 

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

manufacturer and available in the technical documentation show excellent performance: the 

response time is lower than 40 seconds, the signal noise is relatively low allowing a resolution 

of 15 ppm as well as a good stability and repeatability of measurement of 50 ppm. The 

manufacturer has estimated the lifetime of the sensor to be about 5 years. 

These sensors are pre-calibrated by the manufacturer who establishes the relationship 

between the measured absorbance and the CO2 concentration according to the following 

formula: 

ὃὄὛρ
Ὅ

Ὅ
ὛὖὃὔȢρ ÅØÐὦὼ  

where ABS is the absorbance, I is the measured intensity of the radiation at the active detector, 

I0 is the initial incident radiation, SPAN is the proportion of the radiation arriving at the active 

element of the detector that has the capacity to be absorbed by the CO2 whose value is 

determined during calibration, x is the concentration, b and c are the linearization coefficients 

calculated during calibration, for each concentration range. Therefore, the calibration 

determined is very close to the theoretical curve established by Beer-Lambert's law as shown 

in Figure III - 6. 

 

Figure III - 6: Calibration curve of absorbance measured by NDIR-A1 sensors as a function of CO2 

concentration in the range 0 - 5000 ppm (technical specifications of the IRC-A1 sensor). 

Alphasense also corrects the NDIR sensor output with respect to temperature. A thermistor 

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

compensates for signal variations. These corrections as well as the determination of the CO2 

concentration are directly managed by the IRC-TX electronic board, which also sends the 

temperature and concentration values to the computer. However, it is necessary to check the 
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validity of the measurements made by the NDIR sensors as well as their evolution over time 

(see chapter 4). 

II.1.2. Electrochemical-B4 sensors  

The electrochemical sensors developed by Alphasense are 4-electrode amperometric 

sensors with dimension of 16.5 and 32 mm for height and width respectively as shown in Figure 

III - 7. The fourth electrode improves the sensors' performance in terms of stability 

(interference, effect of temperature).  

 

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

The electrochemical sensor family is combined with an Individual Sensor Board (ISB) 

designed by the manufacturer Alphasense as shown in Figure III - 7. This board provides a two-

channel voltage output, the 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 electrochemical sensors is defined 

by the difference between these two signals OP1 - OP2. Unlike NDIR type sensors, no signal 

adjustment is made directly on the ISB. However, the sensor/ISB pairs are individually 

calibrated by the manufacturer in advance. Inside the QARPEDIEM prototype, each sensor 

board has been given a number, aps1 for CO, aps2 for NO2, aps3 for NO, aps6 for O3. As the 

sensor does not display its name, it is necessary to identify the serial number of the interface 

card of each sensor, to be able to rename it afterwards. 

The technical specification sheets of these sensors provide information about the 

characteristics of the signal measured by these electrochemical sensors (sensitivity, response 

time), the lifetime and temporal stability of the signal (Table III - 1). Moreover, the technical 

documentation of these various sensors shows the linear evolution of the sensor response in a 

low concentration range (0 - 200 ppb) for NO, NO2 and O3, and up to 1 ppm for CO. Overall, 

these sensors have a theoretical resolution of around 10 ppb. 

The ambient temperature affects the response of electrochemical sensors, on the one hand 

on their sensitivity and on the other hand by affecting the value of the zero current response. 

As far as indoor environments are involved, the temperature is generally regulated and the 

variations are small, therefore sensors are slightly affected by this factor. Indeed, for 

temperatures between 10 and 30 °C, the variations in sensitivity are less than 10 % with respect 

to the reference (20 °C). It is also stated that humidity has an influence on the baseline (in the 
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order of a few mV for a variation of 10 % RH), but this does not modify the sensitivity of the 

sensor itself. 

Table III - 1: Characteristics of Alphasense CO-B4, NO-B4, NO2-B4 and O3-B4 electrochemical 

sensors according to the technical specifications of the sensors. 

 CO-B4 NO-B4 NO2-B4 O3-B4 

Sensitivity (nA/ppm) 420 to 650 500 to 850 -250 to -600 -250 to -550 

Response Time (s) < 15 < 45 < 15 < 15 

Noise : Ñ 2 ů (ppb) 4 15 12 4 

Range (ppm) 0 - 1000 0 - 20 0 - 20 0 ï 5 

Zero current (nA/20 °C) +30 to -250 30 to 200 -80 to +80 0 to 120 

Temperature range (° C) -30 to 50 -30 to 40 -30 to 40 -20 to 50 

Humidity range (%)  15 to 90 15 to 85 15 to 85 15 to 85 

Zero drift (ppb/year)  <  ° 100 0 to 50 0 to 20 0 to 50 

Sensitivity drift (%/year)  < 10 0 to -20 -20 to -40 -20 to -35 

Operating life (month) > 36 > 24 > 18 > 18 

 

Some gases, known as "interfering" gases, present in the same atmosphere, can interfere 

with the signal despite the fact that these sensors are developed to provide an optimal response 

to a target gas, and even in the presence of chemical filters, which equip electrochemical 

sensors. Nevertheless, Alphasense provides average cross sensitivity values for the majority of 

interfering gases in its range of electrochemical sensors, determined at given concentrations. 

The interfering gas sensitivities for CO-B4, NO-B4, NO2-B4 and O3-B4 sensors, determined 

by the manufacturer at 20 °C, are shown in Table III - 2. 

Table III - 2: Percentage of sensitivities of interfering gases on the signal of electrochemical 

sensors (Caron, 2016) Alphasense Application Note AAN 109-02 

Interferent gas CO-B4 NO-B4 NO2-B4 O3-B4 

CO (5 ppm)  < 0.3 < 0.1 < 0.1 

NO (5 ppm) < -3  < 4 < 4 

NO2 (5 ppm) < 1 < 4  60 to 120 

O3 (100 ppb)  < 4 30 to 65  

C2H4 (100 ppm) < 1  < 0.1 < 0.1 

Cl2 (5 ppm) < 1 < 3 < 100 < 50 

CO2 (5 % Vol)  < 0.1 < 0.1 < 0.1 

H2 (100 ppm) < 10 < 0.1 < 0.1 < 1 

H2S (5 ppm) < 1 < 10 < -130 < 90 

Halothane (100 ppm)  < 0.1 < 0.1  

NH3 (5 ppm) < 0.1 < 0.1 < 0.1 < 1 

SO2 (5 ppm) < 0.1 < 5 < -20 < -5 
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The percentage of interference for the majority of interfering gas at ppm concentration is 

negligible. These interferent gases have either a positive or a negative effect on the sensor 

signal, leading to an over- or underestimation of the values of the gases in the atmosphere. For 

example, H2S leads to an underestimation of the values of the NO2 sensor, and overestimates 

those of the O3 sensor. In addition, a high cross sensitivity exists between oxidizing species 

NO2 and O3 (from 30 to 120 %), which will be detailed in chapter 4. The presence of several 

interferents with a strong influence will be a major concern for the interpretation of the results. 

II.1.3. PID-AH sensor 

The PID-AH are equipped with a 10.6 eV lamp. Since the PID sensors, which provide a 

voltage directly as an output signal, are not delivered with an acquisition card, the electronic 

team of the APOLLINE has built an electronic board (Figure III - 8), with the same connectors 

and dimensions as the ISB sensor board supplied by the manufacturer. The advantage of such 

electronic board is that the board developed within this project is suitable with any type of 

sensor, since it has the same connection and the same position. The connectors are standardized, 

so that in case it is necessary to replace the sensor by a new VOC sensor, or another type of 

electrochemical sensor (NO, CO, NO2), even from a different manufacturer other than 

Alphasense, the same acquisition card can be used. The serial number of the VOC acquisition 

card is aps7. 

 
 

Figure III - 8: Representation of a PID-AH sensor and its electronic board 

The PID-AH is factory-calibrated using isobutylene. Its sensitivity depends on the VOCs 

detected. The response factor is a number that relates the PID response to a particular compound 

to the PID response to a reference gas, isobutylene. If the response of a 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 twice as high as that of isobutylene for the same concentration. Alphasense provides 

correction factors for almost all volatile organic compounds, examples of which are shown in 

Table III - 3. This table shows the correction factors of VOCs of interest in term of the Indoor 

Air Quality Index that will be developed in Chapter 6. It should be mentioned that the PID with 

the 10.6 eV lamp present in the sensor node does not detect formaldehyde, which is a key 

determinant for indoor air pollution. Under real world conditions, the real composition of a 

mixture of VOCs is rarely known; therefore, the signal correction is difficult to apply. 

As the lamp ages, the minimum operating voltage increases slowly until the sensitivity to 

VOC gases is also degraded by a lower light intensity. As the temperature rises, the sensitivity 
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of PIDs increases slightly. At 50 °C, the sensitivity is about 1 % higher than that at 20 °C. 

Likewise, at - 20 °C, the sensitivity will be 3 % lower than that at 20 °C. This error is negligible 

and the temperature correction can be ignored. The lifetime of these lamps is in the order of 

2000 to 6000 hours depending on the conditions of use (duration and concentration), which was 

verified during our campaigns in real environments. This autonomy may seem relatively low if 

continuous use of this type of sensor is considered. 

Table III - 3: Correction factors for some VOCS to isobutylene (Application Note AAN 305-05). 

VOC Formula 
Response 

Factor 

Minimum 

Detection 

Level (ppb) 

Ionisation 

potential (eV) 

Toluene C7H6 0.5 3 8.82 

Limonene C10H16 0.9 5 8.6 

Undecane C11H24 1.1 5 9.56 

Pinene, Ŭ- C10H16 0.3 2 8.17 

Xylene, m- C8H10 0.5 2 8.56 

Xylene, o- C8H10 0.5 3 8.56 

Xylene, p- C8H10 0.55 3 8.44 

Decane, n- C10H22 1.2 5 9.65 

Dichlorobenzene, p- C6H4Cl2 0.5  9.06 

Trimethylbenzene 

mixtures 
C9H12 0.3  8.41 

Ethylbenzene C8H10 0.56 3 8.76 

Naphthalene C10H8 0.4 2 8.14 

Benzene C6H6 0.5 3 9.25 

Methoxypropan-2-ol, 1- C4H10O2 1.6 15 9.6 

Butoxyethanol, 2- C6H14O2 1.1 6 8.68 

Butyl acetate C6H12O2 2.5 10 9.91 

Ethyl hexanol, 2- C8H18O 1.5 - 9.8 

Tetrachloroethylene C2Cl4 0.4 4 9.33 

Trichloroethylene C2HCl3 0.6 3 9.45 

Styrene C8H8 0.45 2 8.40 

Acetaldehyde C2H4O 4.9 25 10.23 

Acrolein C3H4O 3.2 20 10.22 

Formaldehyde CH2O - - 10.87 

Hexylaldehyde C6H12O 1.2 - 9.72 

 

II.1.4. OPC-N2 sensor 

The Optical Particulate Matter, OPC-N2 (Figure III - 9), measures particles from 0.38 to 

17 µm in diameter using a ópump-lessô design. The OPC-N2 classifies each particle size, by 

recording the particle size in one of 16 ñbinsò as follows: 0.38, 0.54, 0.78, 1, 1.3, 1.6, 2.1, 3, 4, 
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5, 6.5, 8, 10, 12, 14, 16 and 17. The OPC-N2 provides both PM readings and real time particle 

size histograms. Particle mass loadings PM1, PM2.5 or PM10 are obtained from the particle size 

spectra and concentration data, assuming particle density and refractive index (RI) at 1.65 g/ml 

and 1.5+0i respectively.  

 
 

Figure III - 9: Dimension of an OPC-N2 sensor 

The OPC-N2 used a laser light source with integrated diode, which operates at a 

wavelength of 658 nm. As for the PID sensor, the electronic team built an electronic board for 

the OPC in order to communicate with the acquisition system, as shown in Figure III - 10.  

 
 

Figure III - 10: OPC-N2 with its electronic board built in the laboratory 

The Alphasense OPC-N2 has neither pump nor particle filter. They have been replaced by 

an elliptical mirror and a dual-element photodetector to create a "virtual detection zone" in the 

center of an open diffusion chamber, which means that practically all sampled particles pass 

directly through the sensor without being deposited. The OPC-N2 to operate for very long 

periods (>1 year) without requiring regular maintenance or cleaning. 

The OPC-N2 is pre-calibrated by Alphasense using Polystyrene Spherical Latex Particles 

of known diameter and refractive index. Correction factors can be applied for errors resulting 

from different particles densities. In our work, the particle sensors will be calibrated using real 

particles. 
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II.1.5. Other sensors 

Environmental sensors (T, RH) have been integrated into the QARPEDIEM prototype 

because they are necessary to qualify indoor environments. Other sensors (noise, presence, 

light, pressure, motion) were also installed by the electronics team but are not used in the present 

work. 

The Velleman MPXHZ6115A sensor module is used to measure atmospheric pressure. 

The PIR sensor is used to detect motion. The TSL2561 sensor is used for light detection. The 

SEN12642 sensor from the SparkFun38 reacts to the surrounding noise (Figure III - 11). 

 

 

 

 

 

 

  (a)                                                                                                  (b) 

 

 

 

 

 

 

(c)                                                                                         (d) 

Figure III - 11: Environmental sensors: (a) pressure sensor, (b) light sensor, (c) motion sensor and 

(d) sound sensor 

The temperature and humidity sensor, type AM2302 is a compact, high-precision 

sensor, which can transmit both temperature and humidity at the same time (Figure III - 12). 

The sensor consists of a capacitive humidity and temperature component. The product has an 

excellent quality, fast response, high anti-interference capability and high cost. This sensor is 

fast and easy to integrate, with a small size and low power consumption. 
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Figure III - 12: Temperature and relative humidity sensor 

 

 Data acquisition and treatment system 

Inside the Qarpediem prototype, there are on the one hand the sensors and on the other 

hand the computer communication modules allowing data acquisition, collection, storage, and 

transmission to the server. 

The Arduino mega ATMega2560, an electronic board with a microcontroller, is able to 

retrieve the data from a particular sensor and send them directly to the communication part 

(Raspberry Pi on which a microcontroller is based). This is the case of the following sensors: 

luminosity, particles, CO2, pressure, motion, temperature and relative humidity), where the data 

are transmitted to the Arduino through a direct link.  

As mentioned above, the (CO, NO, NO2, VOC, H2S) sensors measured two output 

voltages: OP1 and OP2. The results cannot be interpreted correctly if the difference of the 

output voltage (OP2 - OP1), is not recovered, in order to obtain an analog signal, which can 

then be converted into ppm or ppb. Therefore, in order to connect these output voltages to the 

Raspberry Pi, the Arduino Mega 2560 (ATMega2560) is used in complementary with a 

multiplexer ADG708 and a 24-bit CAN PmodAD5 (Digilent) analogue/digital converter 

(ADC), as shown in Figure III - 13. 

The multiplexer recovers the difference between the two sensor outputs, and the 

CAN24bits (Analog to Digital Converter) converts this difference into a digital signal (Figure 

III - 13). The multiplexer and the CAN24bits allow the Arduino to retrieve data very easily. By 

controlling the multiplexer, the Arduino can select the desired sensor and has a digital value at 

the CAN24bits output. The 24-bit precision of the CAN will provide highly accurate CO/VOC 

sensor values in the order of 10 ppb. 

A digital LED on the sensor case is used to give the user the status of the node, 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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                        (a) 

 

 

    (b)                                                                                       (c) 

Figure III - 13: The multiplexer ADG708 (a), the CAN PmodAD5(b) and the Arduino (c) 

 

 Data collection and storage system 

The communication module aims to retrieve the data from the sensor part, store them, then 

send them via communication mode (Wi-Fi, Ethernet, etcé). The data from the specific sensors 

are transmitted to a Raspberry Pi 3. The Raspberry Pi (Figure III - 14) is a low cost nano-

computer, offering sufficient performance for basic computing applications. This model is 

equipped with 4 USB 2.0 ports to which NDIR and Arduino microcontrollers are connected. A 

program, in C/C++ language, 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 create a text format file grouping the 

data by sensor type. Once the data are collected, the Raspberry Pi 3 stores the data on a database 

accessible directly from the raspberry pi (database on the memory card) until it can make an 

entire frame with all the data from the sensors and send it by the desired modes (Wi-Fi - 

Ethernet) directly to an InfluxDB database server. 
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Figure III - 14: Raspberry Pi 

 Data transmission  

This third part covers the transfer of data and their storage in order to make them accessible 

on a platform (website, application, etc...). In order to send the different data, QARPEDIEM 

has the choice of several communication modules such as XBEE, LORA, Wi-Fi or Ethernet 

(Figure III - 15). Actually, Wi-Fi and Ethernet are operating while XBEE and LORA are still 

under development. Transmission via Ethernet works very well. Wi-Fi transmission is less 

reliable on the University of Lille campus because of configuration and security issues. The 

internal data storage is used as a backup in case of problems with Wi-Fi or Ethernet. In addition, 

even if there is no access to Ethernet or Wi-Fi, the sensor node can still be deployed and the 

data can be retrieved from the internal storage. 

 

(a)                                                                 (b)  

Figure III - 15: The LORA (b) and XBEE (a) communication module in the presence of the 

Raspberry shield 

Finally, the data are sent to a database storage influx.db within the infrastructure platform 

APISENSE, where they will be stocked. APISENSE (http://apisense.io) is a crowd-sensing 

platform that allows the collection of field data at scale, and therefore make it easier for 

researchers to collect data by reducing time, power and energy.  
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 Data recuperation  

The collected data can be visualized in real-time, wherever the node is deployed, through 

a web-based display platform, APISENSE: http://lilliad.apisense.io/, as shown in Figure III - 

16. By choosing the selected sensor node, the raw data of all the sensors can be visualized with 

a single click. 

 

Figure III - 16: Sensors response during several days 

Initially, the visualization and the collection of data was done manually through multiple 

command lines. For the visualization, each query was dedicated to a single type of sensor, as 

shown in the example below. The first step was to connect to the database address with the 

browser, then choosing the Qarpediem database that corresponds to the fixed sensors, which 

will provide a list of the data stored in this database, in the form of different codes for a selection 

of sensors like aps1 for CO, aps2 for NO2, aps3 for NO, aps6 for O3 and aps7 for VOC, the 

other sensors have the same name. The nodes of sensors are named from Q1 to Q10. Finally, 

the following query must be launched: 

ñSELECT time, value FROM aps1 WHERE device = 'Q3' and time > now() - 2d ORDER BY 

descò 

This query leads to retrieve the recorded data of the last 2 days from the CO sensor of the 

Q3 sensors node.  

It is important to be vigilant, because in some cases requests can take a long time to answer 

(few hours). In order to retrieve the data from the 16 sensors (PM sensor with 19 variables) 

implemented in the box, it takes several days to retrieve data from a single node of sensors.  

http://lilliad.apisense.io/
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In order to collect data, it may be possible to write a query data in InfluxDB via a GET 

request: 

Curl -G 'http://limonair.apisense.io:8086/query?pretty=true' --data-urlencode "db=qarpediem" 

--data-urlencode "q=SELECT time,value FROM \"aps1\" WHERE device = 'Q3' and time < 

now() + 2d ORDER BY desc">>CO_manipe.json 

This query allows us to obtain data in JSON format. In order to transform this content into 

CSV format, a specific code on the R software is written, and thus a visible and comprehensible 

file is the result. Data in InfluxDB are stored and reported in UTC. If order to convert the 

timestamps, it is necessary to add some command. 

Faced with this problem, leading to a loss of time in retrieving data from sensors, the 

IRCICA team has developed an easy-to-use tool for data recovery. A full dataset of 15 days can 

be retrieved from the server in about 10 seconds with a Python program. The program 

Qarpediem.python can retrieve the data from the InfluxDB database, using the "Connect to 

InfluxDB" option. Then several parameters must be selected: the number of the sensor node in 

the device, the type of data in the data set and finally the period of time. In the example in 

Figure III - 17, the data were collected from node Q3 from June 17 until June 19, 2020.  

 
Figure III - 17: Collecting data transmitted via Wi-Fi and Ethernet 

 

The program can also be used to transform the data stored in the internal storage of the 

node and transform it into csv. format, using the "Load a database file" option, as shown in 

Figure III - 18 below. Then the period must be selected. In this example, a file that was retrieved 
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directly from the sensorôs internal storage was added, and then the data for 15 days between 

May 1st and May 15th, 2020, were collected. With this method, it is possible to retrieve up to 

one month of data with one click and a few seconds. 

 
Figure III - 18: Collecting data from the internal storage of the sensor 

 Data Analysis 

Once the sensor files are in csv. format, the size of normal 30-day measurement file is 

around 50 MB. The sensor transmits one data/30 seconds, therefore for one month of 

measurement, the file must contain 86400 data, which is not possible to manipulate with Excel. 

Hence, the need to work with a program that can handle this type of files, such as R software 

with Rstudio interface. R also offers the option to work direcly on the influxDB server; this 

option has not been used up to now, but will be so in the coming years. The methodology of 

analysis has been developed progressively over the 3 years of thesis. 

First, the data must be cleaned in order to transform them into a clear format, through several 

steps as follows: 

- Clean the file before reading it in R: have simple column names without spaces, remove 

unnecessary comments and formatting. 

- Check that 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 the necessary arguments to import the 

dataset (column separator; decimal separator, etc...). 

- Organize the data table: formalize what 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 the data 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 manage them. 

- Find errors in the observation values. 

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

This cleaning step has been automated for all sensor nodes. The type of experience, date, 

number of the node of sensors will change from one script to another. Thus, the sensor data 

files will be transformed into a visible format, ready to be analysed. 

Before analyzing data, several steps must be taken depending on the purpose of the work: 

- For calibration tasks, sensor data must be merged with the data from the reference 

instruments (cleaned beforehand). 

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

together. 

- For campaign evaluations, the data should be converted from mV to concentration 

during the data cleaning procedure, and the statistical analysis should be automated. 

R allows to automate as much as possible the merging of several sensor files according to time 

or even merging the data files of the reference analysers in order to create a single final file 

including both analyser and sensor data. 

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

repeated when calibrating the sensors against the reference instruments. After averaging the 

data into 3 minutes, these analyses are automatically performed by the R programs. In addition, 

thanks to R, the analysis of data from sensors deployed in different environments and indoor 

environments is automated. 
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This chapter is dedicated to the study the performances and limitations of our sensors in 

semi-controlled laboratory conditions.  

 Materials and methods 

This section describes the different configurations and experimental conditions under 

which the sensors were evaluated. The sensors were deployed in an 8 m3 exposure chamber 

within the PC2A laboratory, in parallel with conventional analytical instruments, under 

different conditions in order to test their performance. 

I.1.  Exposure chamber and references instruments 

The nodes of identical sensors were evaluated in an experimental chamber of 8 m3 (2m x 

2m x 2m). The structure of this chamber (Figure IV - 2) is made of aluminum and the walls are 

made of poly-methyl methacrylate (PMMA). Ambient air from the laboratory enters the 

experimental chamber through the lower parts of the walls, via particle filters (Sairvice, Forest 

on Marque, France) type G4 (retains coarse particles with an efficiency > 95 %). The air can be 

extracted outside the laboratory by a mechanical system through an opening in the upper part 

of the chamber.  

This chamber was designed in 2009 to study the emissions from space heaters (Carteret et 

al., 2012). This type of chamber presents several advantages. It prevents the diffusion of the 

pollutants and odors generated as well as any compounds that may be harmful. It protects the 

manipulation in progress from any perturbation due to the opening of the door, to the movement 

of air generated by the scientist, etc. The control of the experimental conditions enables the 

quantification of different pollutants. The air exchange rate of the chamber has been derived 

from the decay rate of CO2 after a pollution event, assuming that no one was in the enclosure 

and that door was closed, based on the following standard equation (Penman, 1980; Penman 

and Rashid, 1982 and Smith, 1988): 

C(t) = (C0 - Ca) *e ïk*t + Ca      

where C0: initial concentration (maximum), Ca: background concentration (minimum), k: air 

exchange rate. 

A few examples are given in Figure IV - 1, where the average of ACR is about 0.74 h-1 in 

compliance with European standards or guidelines of ventilation requirements (0.4 - 0.7 h-1) 

stipulated for residential buildings (Yoshino et al., 2004). An ACR of 0.74 h-1 is equivalent to 

a room with open windows, according to a study in two homes in USA (Howard-Reed et al., 

2002). 
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Figure IV - 1: Air exchange rate inside the chamber 

The cube is equipped with a TSI probe measuring CO2, T and RH (Q- Track Ê, model 

7575) and an optical particulate counter (OPC Lighthouse- HANDHELD 3016-IAQ) for 

measuring particulate matters. The air in the cube is analyzed on-line via sampling lines 

allowing to study the evolution of the concentrations of the different pollutants (Figure IV - 2). 

The list of analyzers is presented in Table IV - 1. We used a Thermo Fisher Scientific Model 

49i automatic Ozone Analyzer, Model 42i- automatic nitrogen oxide (NO/NO2/NOx) analyzer 

and a Model 48i carbon monoxide analyzer. For VOCs, a BTEX Chromatotec/PID was used. 

The analyzers were regularly calibrated. 

A fan was installed in the corner of the chamber in order to ensure homogeneity. The 

chamber seems to be homogeneous since many studies (with the presence of fan) have been 

conducted inside the chamber by (Carteret et al., 2012) work and during my work, with different 

positions of the reference analyzers and sensors. Therefore, the exact position of the nodes and 

of the pollution sources inside the cube will not affect our results. The semi-controlled 
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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 set up, chamber with the analyzers and 8 sensor nodes. 

 

Table IV - 1: Reference Analyzers 

Instrument  Measured parameters Time Resolution 

Q-Track Ê (model 7575) T, HR, CO2 1 min 

OPC Lighthouse - HANDHELD 3016 PM 2 min 

Chromatotec/PID BTEX  15 - 30 min 

Thermo Fisher Scientific Analyzer 49i O3 1 min 

Thermo Fisher Scientific Analyzer 42i NO, NO2 1 min 

Thermo Fisher Scientific Analyzer 48i CO 1 min 

I.2.  Pollutant sources 

Pollutants were generated either from gas cylinders (CO, NO) or from the evaporation of 

liquid compounds (VOCs/toluene), but also from gas generators (ozone), as well as or from real 

sources (incense, candles) and eventually from ambient air.  

For the generation of CO2, CO, NO and NO2, we choose a real source of these gases that 

we can find inside any dwelling in order to reproduce the real profile of pollutant concentrations 
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in indoor environments. The burning of incense releases a large number of toxic chemicals due 

to the combination of fragrant gums, resins, wood and spices during its manufacturing. Incense 

has been found to be a significant source of polycyclic aromatic hydrocarbons (PAHs), carbon 

monoxide, benzene, isoprene and particulate matters  (Endo et al., 2000; Fan and Zhang, 2001; 

Li and Ro, 2000; Madany and Crump, 1994). Candle burning releases a variety of toxic 

chemicals in indoor environments, including acetaldehyde, formaldehyde, acrolein, and 

polycyclic aromatic hydrocarbons, which are well known for their carcinogenicity (Lau et al., 

1997; Lee and Wang, 2006; Orecchio, 2011). Other emissions of concern include carbon 

monoxide, carbon dioxide, nitrogen oxides and particulate matters. 

The PID sensors were calibrated with toluene. Toluene was evaporated in the chamber in 

order to compare the response of VOCs sensor to BTEX. 

A C-Lasky C-L010DS was used to generate ozone. Ozone was also found in the ambient 

air during the summer. 

I.3.  Performance evaluation methods 

The comparison between the data collected by the sensors and the reference instruments 

is based on statistical metrics, as discussed above in (Chapter 2. IV). The European Air Quality 

Directive has established the Data Quality Objective (DQO) that must be met by ambient 

monitoring instruments before they can be used as fixed, indicative, modelling or objective 

measurements instruments for regulatory purposes. The DQO is a measure of the acceptable 

uncertainty of different measurements methods as shown in Table IV - 2. The European 

Committee for Standardization (CEN/TC264/WG42) which is working on the definition of 

technical specifications of performance requirements for low-cost sensors is in agreement with 

the European directives. Based on this, based on (Redon et al., 2017) and (Castell et al., 2017), 

the sensors measurements were used as an indicative method. Hence, the sensors will be 

sufficiently accurate if their uncertainty is less than the DQO for indicative measurement 

methods.  

Table IV - 2: Data Quality Objectives defined by the WG42 of the European Committee for 

Standardization (Redon et al., 2017) 

Pollutant 
Measurement Method 

Fixed Indicative Modelling Objective Estimation 

SO2, NO/NO2, CO ± 15 % ± 25 % ± 50 % ± 75 % 

O3 ± 25 % ± 30 % ± 50 % ± 100 % 

PM2.5/PM10 ± 15 % ± 30 % ± 50 % ± 100 % 

 

I.3.1. Calibration of sensors at ambient temperature and relative humidity  

Various models were used to calibrate the sensors and to assess their performance. Single 

calibration is taken into consideration independently on temperature and relative humidity: 
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Model 1: [Pollutant] = a. S + b (1) 

where 3 is the sensor response, Á is the sensor response sensitivity and Â is the intercept in 

concentration; a and b will be determined. 

I.3.2. Calibration of sensors at different relative humidity 

The deployment of sensors in real-world conditions is affected by complex and dynamic 

environmental conditions such as temperature and relative humidity. It is crucial to evaluate the 

sensor performance and compensate the influence of ambient factors on sensors response. 

It has been shown in several studies that changes in relative humidity have an impact on 

sensor response. The impact of 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 Equation (1) can be generalized by the following simple linear 

equations: 

aRH= a1 × RH + a2  (2) 

bRH = b1 × RH + b2 (3) 

If the impact of relative humidity is considered, Model 1 may be further transformed to 

Model 2: 

Model 2: [Pollutant] = (a1 × RH + a2) × S + b1 × RH + b2 (4) 

 Results and discussion 

Several sensors were placed in the chamber. We will  focus on the calibration of the sensor 

nodes Q3 and Q7. The calibration of CO, NO and O3 will be detailed. Then, through a unique 

experiment, almost all the sensors (CO, NO, PM, CO2 and NO2) will  be calibrated at the same 

time. Then, the calibration of ozone and interference with NO2 will be discussed, followed by 

a study of the long-term drift and finally the inter-comparison between the sensors. 

II.1.  CO sensor 

Different experiments were carried out inside the chamber at 25 °C and 40 % RH in order 

to compare the performance of carbon monoxide sensors by using real, easy and cheap sources 

and by using cylinders of pure CO. The experiments took place by injecting pure CO from CO 

cylinder, burning incense and igniting candle separately.  
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Figure IV - 3: Q7 CO sensor response (red line) and reference analyzer (black line) for pure CO (a), 

candle (b) and incense (June 13 and 14, 2019) 

The time-series data from the low-cost sensors of the node Q7, and the reference 

instruments measuring the emission of CO from CO cylinder, candle and incense are shown in 

Figure IV - 3. The concentration recorded by the CO analyzer and the output voltage recorded 

by CO sensor increase during the generation period and decay over time. The sensor output has 

the same evolution shape compared to the CO concentration measured by the analyzer during 

the experiment. Since the dynamic evolution of the CO reported by sensor and analyzer is 

similar, this relationship can be verified by the mathematical linear regression, model 1:    

[CO] = a. SCO + b 

where 3 is the CO sensor response, Á is the sensor response sensitivity (ppb/mV) and Â is the 

intercept in concentration. These regressions are represented in Table IV - 3. 

For the three experiments, the least-square regression values between the references 

analyzers and the sensors show a high correlation (R2 > 0.99) for all tests. The relative standard 

deviation between the different slopes is about 1 % maximum. 
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Table IV - 3: Linear regression parameters for the comparison between CO sensor with CO 

analyzer 

 Reference Sensor 

Source 
Range of 

concentration 
Unit  

Sensor 

signal (S) 
[CO] = f (S) R2 

Pure CO 0 - 12000 ppb mV 3.19 x - 392.99 0.99 

Candle 0 - 6000 ppb mV 3.19 x - 314.85 0.99 

Incense 0 - 11000 ppb mV 3.23 x - 392.43 0.99 

 

It should be mentioned that during other calibrations CO sensor was saturated in presence 

of CO concentration higher than 13 ppm. 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 incense to that resulting from pure CO taken as a reference. All the 

curves have the same evolution response for a sensor signal between 0 and 3000 mV, which is 

equivalent to a concentration range between 0 and 10 ppm. The comparison shows that the 

calibration models are highly correlated with R2 > 0.99 and slope around one. 

 

Figure IV - 4: Sensor calibration curves with different sources 

During our work, we have noticed that the CO sensor responds with a significant signal 

in presence of alcohol, deodorant and acetone, while the CO analyzer does not respond, as 

shown in Figure IV - 5. According to our work and that of (Caron, 2016), the response of the 

CO electrochemical sensor is linearly correlated to the presence of ethanol. Therefore, the CO 

sensor reacts to the presence of ethanol in the air, making it a major interferent at high 

concentrations. This is not, however, indicated in the list of cross-sensitivities provided by the 

manufacturer.  
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Figure IV - 5: Q3 CO sensor response (red line) and CO reference analyzer (black line) while 

burning incense and spritzing deodorizer (December 18, 2018). 

As mentioned above, the change in relative humidity may have an impact on the sensor 

respone. Therefore, we have investigated the impact of relative humidity on the CO sensor. If 

there is no 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 discussed in (Chapter 

4 ï III.3). In this study, the performance of sensors (CO2, CO, NO and NO2) under various RHs, 

(33 %, 60 % and 75 % respectively) was assessed for the node Q3. The relative humidity was 

controlled using a humidifier in the center of the chamber. The experiment is based on burning 

candle and incense in the chamber during the period between March 5 and 14, 2019. A 

calibration curve at each relative humidity was established between the gas analyzers and the 

sensors. Therefore, a correction of model 1 is provided if the relative humidity has an impact 

on the sensors.  

For CO, during different experiments at various relative humidity levels, the CO sensor 

response has the same evolution as the CO analyzer. Table IV - 4 shows the 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 correlation (R2 

over 0.99), with substantially the same slope around 3.  

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 -608.624 ± 0.406 0.995 

60 % 3.095 ± 0.019 -646.114 ± 18.967 0.995 

75 % 2.943 ± 0.037 -1198.000 ± 72.390 0.992 
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In order to establish the relationship between the relative humidity and the sensor output 

voltage, the slope produced by the regression of each linear test under each relative humidity 

condition was plotted in Figure IV - 6. A negative linear correlation between the sensor response 

slope and relative humidity was found.  

 

 

 

 

 

 

 

 

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 measurements. Moreover, the baseline shifted from - 609 mV to - 1198 

mV when the relative humidity increased from 33 % to 75 %, equivalent to a drift of CO 

concentration of about 1.4 ppm, according to the calibration equation at 33% of RH, which is 

not negligible. The sensor response influenced by the ambient factor clearly indicates the need 

to include a correction to the model 1, especially when applying sensors in indoor 

environmental monitoring with different environmental conditions.  

Based on these results, when considering the impact of humidity, we need to use Model 

2. Therefore, the corrected concentration can be calculated by the following equation, with a R2 

coefficient of 0.994: 

[CO] = 3.929 * SCO + 0.487 * RH ï 0.0137 *SCO* RH - 590 

Taking into consideration the data quality objectives and the complexity of this model, we 

compare the estimated CO sensor data from the linear regression and cross regression with the 

actual measured CO values for all the relative humidity (33 ï 75 %), and we calculate the 

relative error for both models as shown in Figure IV - 7. As can be seen, the relative error for 

the two models is less than 25 %, which is equivalent to the DQO target, excluding the 

concentrations lower than 100 ppb, which are far below the levels of interest indoors. Therefore, 

the linear model could replace safely this complex model in order to calibrate the sensor. 
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Figure IV - 7: Comparison of the CO calibration model between CO sensor and reference 

instrument 

II.2.  NO sensor 

NO was generated from a cylinder of pure NO or by burning candle. The different 

experiments took place inside the chamber at ambient temperature 25 °C and 40 % relative 

humidity with the fan on for mixing the air.  

Figure IV - 8: Q7 NO sensor response (red line) and reference analyzer (black line) for pure NO (a) 

and candle (b) (June 14 and 19, 2019) 

The time-series data for the low-cost sensors in the node Q7 and the reference instruments 

measuring NO from NO cylinder and candle emissions are shown in Figure IV - 8. The 

concentration recorded by each instrument increases during the generation period and decays 

over time. For both experiments, the concentration reported by the NO sensor has the same 

pattern of change with respect to the reference during the experiment. The least square 

regression values between the reference analyzers and the sensor show a high correlation 
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(mostly R2 over 0.99) for all tests (Table IV - 5). The linear regression slopes from the 

correlations between the low-cost sensor measuring NO and the reference instrument have 

almost the same value between 0.20 and 0.21, with a coefficient deviation of 2 %. 

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

analyzer 

 Reference Sensor 

Source 
Range of 

concentration 
Unit  

Sensor 

signal 
[NO] = f (S) R2 

Pure NO 0-80 ppb mV 0.21 x - 3.89 0.99 

Candle 0-80 ppb mV 0.20 x - 3.65 0.99 

 

Regarding the effect of relative humidity on NO sensor in node Q3, the correlation 

coefficient shows a high linear relationship between the sensor response and the concentration 

measured by NO analyzer at different relative humidity (Table IV - 6). These calibration curves 

almost coincide to each other; therefore, the calibration of the sensor is identical at different 

RHs. The maximum deviation (± 3 %) from the slopes and (± 6 %) baselines 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 effect was used. Thus, the corrected 

concentration for the three experiments at different RHs can be calculated by the following 

Equation: 

[NO]= 0.517 * SNO ï 6.670, with a coefficient R2 of 0.994. 

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

NO (Q3) R² aNO (ppb/mV) b (ppb) R² 

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 

 

II.3.  Joint calibration for CO, CO2, NO and NO2 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 will be used in 

order to generate NO, NO2 and CO2, and incense will be used to generate CO for the calibration 

tests of our sensors. Additional calibration tests took place inside the chamber during the period 

between February 2019 and February 2020. All sensor nodes were tested during this period, 

although only Q3 was permanently placed in the chamber as a reference node in order to 

calibrate the others and study the long-term drift of the sensors. 
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An example of a calibration test is shown in Figure IV - 9. The time-series data for the 

low-cost sensors in the node Q3, and the reference instruments measuring candles and incense 

emissions are presented in Figure IV - 9. The concentration recorded by each instrument 

increases during the generation period and decays over time.  

 

 

(a)                                                                                        (b) 

(c)                                                                                                  (d) 

Figure IV - 9: Q3 sensors response (red line) and reference analyzers (black line) and for (a) CO, 

(b) CO2, (c) NO2, (d) NO while burning candle and incense (March 27, 2019) 

For incense and candle, the concentrations reported by the CO2 reference instrument were 

consistently higher than that of the CO2 sensor in Q3, with the same evolution shape. The other 

sensors have the same evolution pattern compared 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 in Q3. Analyzers and sensors display high correlation (R2 = 0.96 - 

0.99), for both incense and candles.  

Table IV - 7: Linear regression parameters for the comparison between Q3 sensors and reference 

analyzers 

Q3 node Reference Sensor 

Pollutant 
Range of 

concentration 
Unit  

Sensor 

signal 

Parameter = f 

(S) 
R2 

Confidence 

interval  

(2.5 %, 97.5 %) 

CO 0 - 11000 ppb mV 3.34 x - 783.97 0.99 
(1.01, 1.02) 

(335.45, 339.04) 

CO2 600 - 1600 ppm ppm 1.01 x + 337.24 0.99 
(3.32, 3.37) 

(-804.71, -763.15) 

NO 0-90 ppb mV 0.35 x - 6.86 0.99 
(0.37, 0.36) 

(-7.18, -6.63) 

NO2 0-50 ppb mV 0.79 x + 2.01 0.98 
(0.78, 0.81) 

(1.75, 2.26) 

RH 22 - 26 % % 1.44 x - 10.45 0.99 
(1.43, 1.46) 

(-10.69, -9.97) 

T 25 - 27 Celsius Celsius 1.03 x - 2.67 0.99 
(1.01, 1.06) 

(-3.35, -1.98) 

 

The calibration of different nodes was repeated many times during the period between 

February 2019 and February 2020, in order to calibrate the sensors and study the long-term 

drift. The annex shows an example about the calibration combining incense and candles for all 

nodes (Q1, Q2, Q4, Q8, Q9, Q10) while using fan for air mixing. As we said before, analyzers and 

sensors from different nodes display high correlation (R2 = 0.97 - 1), for both incense and 

candles as shown from Table 1 to Table 6.  

The calibration curves shown in Figure IV - 10 provide a relative error around 5 % 

significantly lower than the 25 % expected in the Data Quality Objectives for the full range of 

concentrations. Indeed, the main conclusion of these tests is related to the validity of the 

protocol and in particular the choice of the sources. Therefore, our sensors can be deployed in 

indoor environments in order to assess the indoor air quality. 
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Figure IV - 10: Comparison of the calibration model between CO2, NO2 and NO sensors and 

reference instruments 

 

As we have already discussed the effect of relative humidity on CO-B4 and NO-B4, we 

will investigate the effect of relative humidity on CO2 and NO2 sensors of Q3 node. For CO2, 

the slope and intercept from the regression of each linear test under each relative humidity 

calibration are plotted in Figure IV - 11. The change of slope with an increase in RH from 33 

to 75 % is approximatively 1 %. The intercept decreased from 330 to 307 ppm which is 

significantly low (3 %). The maximum derivation (± 1 %) of slopes and (± 3 %) of the intercept 

of the calibration curves may be due to the random variability of measurements. Experiments 

demonstrate that CO2 sensor performance is consistent at different RHs. 
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Figure IV - 11: Slope and intercept of CO2 calibration models at different relative humidity 

It can therefore be deduced that the calibration of the CO2 sensor is not affected by the 

variation in relative humidity. Hence, a linear calibration equation is derived from the different 

calibrations of CO2 taking into consideration all relative humidity values: 

[CO2] = 1.037 * [CO2]  sensor + 320, with a coefficient R2 of 0.999 

For NO2, the correlation coefficient shows a high linear relationship between NO2-B4 

response and concentration measured by NO2 analyzer at different relative humidity (Table IV 

- 8). However, the maximum deviation (± 14 %) of slopes and (± 11 %) of baselines of the 

calibration curves shows that NO2 sensor is affected by the relative humidity. 

Table IV - 8: Linear relationship between NO2 sensors and reference under different RH 

NO2 (Q3) aNO2 (ppb/mV) b (ppb) R² 

33 % 1.151 ± 0.005 -6.138 ± 0.168 0.998 

60 % 0.870 ± 0.024 -4.557 ± 0.634 0.971 

75 % 0.859 ± 0.020 -5.556 ± 0.726 0.980 

 

When considering the calibration equation at 33 % RH, the baseline shifted from - 6.138 

to - 4.557 ppb when RH increased from 33 % to 60 %, which is equivalent to a NO2 

concentration drift of about 8 ppb, which is not negligible. Hence, a correction is needed, taking 

into account the effect of RHs on the sensor output. We therefore use Model 2. Thus, the 

corrected concentration for the three experiments at different RHs can be calculated by the 

following Equation: 

[NO2] = 1.405 * SNO2 + 0.008 * RH ï 0.007 * SNO2 * RH ï 6.617, with a coefficient R2 of 0.994 
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Figure IV - 12: Comparison of the NO2 calibration model between sensors and reference 

instruments 

Taking into account the data quality objectives and the complexity of this model, we 

compare the estimated NO2 sensor data from the linear and cross regression to the real measured 

values of NO2 for all the relative humidity (33 ï 75 %), and calculate the relative error for the 

two models as shown in Figure IV - 12. As illustrated, the relative error for the two models is 

higher than DQO of 25 % for the concentrations lower than 10 ppb, which is consistent with 

the specification of the NO2 sensor given by the manufacturer (Table III - 1). 

The data obtained by a linear model without taking into account the effect of humidity are 

not superimposed, they are on the same scale but we can notice the presence of several slopes 

which gives uncertainties > 25 % up to 30 ppb. For concentrations > 30 ppb, the uncertainties 

decrease to 15 % although they are not yet negligible. However, if we take into account the 

model integrating the relative humidity, we have an error of 5 % maximum, which will be more 

accurate, though it 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 will be less accurate than the complex model since 

humidity has a major role in the response of the NO2 sensor. 

II.4.  O3 sensor 

The calibration of ozone sensors was performed several times during the period between 

May 28 and June 3, 2019, using an ozone generator as the source, since O3 is a secondary 

pollutant. 
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Figure IV - 13: Q7 O3 sensor response (red line) and reference analyzer (black line) (May 28 till 

June 3, 2019) 

Figure IV - 13 depicts the time-series data for the ozone sensor in the node Q7, and the 

reference instrument. The concentration recorded by each instrument increases throughout the 

generation period and decays over time. The output voltage measured by the sensor is linearly 

proportional to the gas concentration through the entire range.  

 
Figure IV - 14: O3 calibration slopes during successive tests 

Figure IV - 14 compares the linear regression slopes based on correlation between the 

low-cost ozone sensors and reference analyzer. For all tests, the slopes are almost identical 2.7 

- 2.8 with a standard error < 0.05 and a maximum deviation of 1 %. In the same way, the 

intercepts vary between 35 and 37 with a maximum 5 % of deviation. A significant linear 

relationship can be observed between the sensor output voltage and O3 concentration during all 
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the calibration period. Accordingly, the real concentration measured from ozone sensor is as 

follows: 

[O3] (ppb) = 2.8 * Q7 sensor signal (mV) + 37. 

 

Figure IV - 15: Comparison of the O3 calibration model between sensor and 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 coefficient R2 of 0.99 

can be observed between the fitted concentration from O3 sensor and O3 analyzer. The sensor 

could correctly meet the Data Quality Objectives for O3 concentration values above 10 ppb. 

II.5.  Cross interference between O3 and NO2 sensors 

A high cross-sensitivity is expected between oxidizing species NO2 and O3, from 30 to 

120 %, according to the technical sheet provided by the manufacturer (Alphasense Application 

Notes AAN 109-02).  

In order to measure the true concentration of each pollutant, the comparison of the 

response of the NO2-B4 and O3-B4 sensors with the nitrogen dioxide and ozone concentration 

measured by the automatic analyzers is carried out, either by linear regressions like model 1 

Ὑ ὥ Ȣὔὕ ὧ 

 Ὑ ὦ Ȣὕ ὧᴂ 

or by multilinear regressions  

Ὑ ὥᴂ Ȣὔὕ  ὦᴂȢὕ ὧᴂ 

where R represents the response of the O3 or NO2 sensor, ὥ  and ὦ  the conversion 

coefficients associated respectively with the concentration of nitrogen dioxide and ozone and 

c, cô the intercept. 
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With the aim to quantify this cross interference, we carried out several experiments. The 

first experiment was while generating pure ozone (excess ozone) when injecting 400 ppb O3 

into the chamber on May 31, 2019. During the calibration of ozone inside the test chamber 

using the C-Lasky generator, only ozone was injected inside the test chamber. The NO2 sensor 

responded to ozone concentration in the chamber as shown in Figure IV - 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV - 16: Q7 O3 (red square), NO2 (red cross) sensors response and O3 (black square), NO2 

(black cross) reference analyzers during generating O3 on May 31 2019 

 

Figure IV - 16 shows the concentration time-series during ozone calibration for both O3 

and NO2 sensors from Q7 node and references instruments. The concentration recorded by each 

instrument increases during the generation period and decays over time. In this study, the output 

voltages of the O3 sensor increased linearly from 0 mV to 120 mV as ozone concentration 

increased from 0 ppb to 400 ppb. The NO2 sensor responds to ozone, and its output voltages 

linearly increase from 0 mV to 20 mV.  

Table IV - 9: Linear and multilinear regressions for the calibration of NO2-B4 and O3-B4 sensors 

in excess of O3. 

Sensor aNO2 (mV/ppb) bO3 (mV/ppb) c (mV) R² 

Residual 

Standard Error 

(mV) 

Linear Regression 

NO2-B4 (Q7)  0.021 ± 0.000 -20.771 ± 0.094 0.852 0.880 

O3-B4 (Q7)  0.369 ± 0.002 -13.288 ± 0.261 0.995 2.444 

Multilinear Regression 

NO2-B4 (Q7) 0.358 ± 0.002 0.024 ± 0.000 -22.220 ± 0.117 0.931 0.565 

O3-B4 (Q7) 0.223 ± 0.104 0.371 ± 0.002 - 14.201 ± 0.499 0.996 2.415 

 

The parameters of the different regressions are defined in Table IV - 9. Taking into account 

the O3 concentration, which was relatively high (400 ppb) during this injection, the multilinear 

regression performed on the response of the different sensors does not modify significantly the 
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value of the correlation coefficient bO3, since ozone is in large excess relative to nitrogen 

dioxide. 

The second experiment takes into consideration this time the concentration of NO2, which 

was relatively low (30 ppb) during candles burning. In this experiment, there is no ozone inside 

the chamber.  

 

 

 

 

 

 

 

 

 

Figure IV - 17: Q7 O3 (red square), NO2 (red cross) sensors response and O3 (black square), NO2 

(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 when NO2 levels were high. When 

burning candles, the ozone sensor reported a higher output voltage than the nitrogen dioxide 

sensor. It was observed that the output voltages of the NO2 sensor increased linearly from 0 mV 

to 60 mV for Q7, while the nitrogen dioxide concentration increased from 0 ppb to 30 ppb. On 

the other hand, the O3 sensor responds simultaneously to nitrogen dioxide, and its output 

voltages linearly increase from 0 mV to 80 mV, higher than the output voltage of NO2 sensor. 

The response of the sensors is strongly correlated with the nitrogen dioxide concentration, 

indicating the correlation coefficients are greater than 0.95. The parameters of the different 

regressions are given in Table IV - 10. The ozone sensor shows a sensitivity of 2.913 mV/ppb, 

higher than the sensitivity of NO2 sensors to nitrogen dioxide (2.463 mV/ppb). This 

characterizes the strong interference between these two oxidants. 
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Table IV - 10: Linear and multilinear regressions for the calibration of NO2-B4 and O3-B4 sensors 

in excess of NO2. 

Sensor aNO2 (mV/ppb) bO3 (mV/ppb) c (mV) R² 

Residual 

Standard Error 

(mV) 

Linear Regression 

NO2-B4 (Q7) 2.460 ± 0.024  -27.881 ± 0.328 0.983 2.498 

O3-B4 (Q7) 2.902 ± 0.034  -19.663 ± 0.462 0.975 3.517 

Multilinear Regression 

NO2-B4 (Q7) 2.463 ± 0.024 0.239 ± 0.131 -28.132 ± 0.354 0.985 2.482 

O3-B4 (Q7) 2.913 ± 0.032 0.856 ± 0.176 -20.558 ± 0.474 0.979 3.321 

 

 

This cross-interference was also characterized in mixtures (O3 + NO2), using the outdoor 

air as the source. The data between June 20 and June 22, 2019 were taken into consideration to 

study the cross-sensitivity. There were no injections performed in the 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 we zoom in on June 21, we can notice 

that the nitrogen dioxide concentration increases to 10 ppb, while the ozone concentration is 

almost zero on that day.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV - 18: Q7 O3 (red square), NO2 (red cross) sensors response and O3 (black square), NO2 

(black cross) reference analyzers between June 20 and 22, 2019 

 

Table IV - 11 shows the parameters of the different regressions. As can be seen, the 

correlation coefficient increases from linear to multilinear regression, but in all cases, it does 

not affect the whole multilinear relationship as the typical concentration of these oxidants in 
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indoor air is much low compared to the concentration of pure ozone and nitrogen dioxide used 

for separated calibrations. 

Table IV - 11: Linear and multilinear regressions for the calibration of NO2-B4 and O3-B4 sensors 

between June 20 and 22, 2019 

Sensor aNO2 (mV/ppb) bO3 (mV/ppb) c (mV) R² 
Residual Standard 

Error (mV)  

Linear Regression 

NO2-B4 (Q7) 0.578 ± 0.013  -22.372 ± 0.046 0.560 0.887 

O3-B4 (Q7)   0.381 ± 0.004 -10.072 ± 0.070 0.800 1.619 

Multilinear Regression 

NO2-B4 (Q7) 0.622 ± 0.015 0.017 ± 0.003 -22.697 ± 0.075 0.575 0.879 

O3-B4 (Q7) 0.207 ± 0.005 0.207 ± 0.027 -10.936 ± 0.136 0.812 1.590 

 

The cross-sensitivity of the NO2-B4 and O3-B4 sensors to ozone and nitrogen dioxide 

respectively has been demonstrated. These sensors have a good accuracy and high linearity with 

the concentrations measured by the reference analyzers. However, these sensors are not very 

selective and have equivalent sensitivities to the two oxidants (O3 and NO2). This can 

significantly modify the interpretation of the signals and the concentrations estimated by these 

sensors in environments where the two compounds are present. It is therefore recommended to 

estimate simultaneously the concentrations of nitrogen dioxide and ozone from the NO2/O3 

sensors.  

We estimated the concentration of these compounds by multilinear regression over the 

period from June 23 to 29, 2019, by using pure ozone calibration data (between May 28 and 

June 3, 2019), candles data (June 14, 2019) and outdoor air data (between June 20 and 22, 

2019).  

Table IV - 12: Linear and multilinear regressions for the calibration of NO2-B4 and O3-B4 sensors 

during the period between May 28 and June 22, 2019. 

Sensor aNO2 (mV/ppb) bO3 (mV/ppb) c (mV) R² 

Residual 

Standard Error 

(ppb) 

Linear Regression 

NO2-B4 (Q7) 2.053 ± 0.018   - 25.949 ± 0.089 0.843 3.077 

O3-B4 (Q7)   0.337 ± 0.028 - 8.273 ± 0.213 0.858 9.383 

Multilinear Regression 

NO2-B4 (Q7) 2.101 ± 0.017 0.018 ± 0.018 - 26.730 ± 0.089 0.869 2.812 

O3-B4 (Q7) 2.327 ± 0.029 0.353 ± 0.008 - 16.947 ± 0.154 0.962 4.877 

 

The parameters of the linear and multilinear regressions, performed under these 

conditions, are presented in Table IV - 12. The sensitivity of the O3-B4 sensor to NO2, of 2.327 

mV/ppb, is even higher than its sensitivity for O3 (0.353 mV/ppb). In contrast, the sensitivity 

of the NO2-B4 sensor to NO2 is lower, which again shows the strong competition between the 

two oxidants to which these two types of sensors are sensitive. The results also highlight the 
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fact that O3-B4 sensors are more sensitive than the NO2-B4 sensor in the presence of both 

nitrogen dioxide and ozone, which verifies the results of cross-sensitivities by the manufacturer 

(Table III - 2, Chapter 3). By taking the ozone concentration into account, the multilinear 

regressions increase the value of the correlation coefficient and thus improve the calibration of 

the sensor response. The parameters of multilinear regression are presented in Table IV - 13, 

respectively in a range of ozone concentration 0 - 700 ppb and 0 - 40 ppb for nitrogen dioxide. 

Table IV - 13: Multilinear regression parameters for NO2 and O3 concentration estimation from 

NO2-B4 (Q7) sensor and O3-B4 (Q7) sensor response 

Concentration aNO2 (mV/ppb) bO3 (mV/ppb) c (mV) R² 

Residual 

Standard Error 

(ppb) 

Estimated NO2 0.444 ± 0.004 - 0.027 ± 0.001 11.912 ± 0.072 0.888 1.232 

Estimated O3 - 3.361 ± 0.026 2.950 ± 0.008 - 38.504 ± 0.536 0.982 9.203 

 

Figure IV - 19: Time evolution of O3 and NO2 concentrations between June 23 and 29, 2019 

Figure IV - 19 illustrates the ozone and nitrogen dioxide concentrations estimated from 

the responses of the NO2-B4 and O3-B4 sensors and the concentrations measured by the 

reference analyzers during the period from June 23 and 29, 2019.  

The ozone concentration is measured by the sensor with an accuracy of 10 % under real 

conditions. However, the nitrogen dioxide concentration estimated using these two sensors does 

not always follow the variations in the NO2 concentration measured in the chamber. The most 

important differences are during the increase in concentration (June 25). Indeed, the difference 

between actual and estimated values is sometimes greater than 50 %. It is difficult to separate 

the part of the signal associated with NO2 from that associated with O3 and vice versa.  

Despite the good linear correlation between these two sensors and the 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 the main limitation of the use of these sensors 
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individually. However, it can be noticed that in the recent version of these sensors, not tested 

in this work, Alphasense installs an ozone filter on NO2-B42F type sensors for the measurement 

of nitrogen dioxide while OX-B421 sensors can detect the amount of O3 and NO2. The ozone 

measurement is then carried out by measuring the difference between the signal from the OX-

B421 sensor and that of the NO2-B42F sensor. 

However, ozone is not found at high concentration in indoor environments, nor NO2 

except from combustion processes. Hence, we will not consider this cross-interference as 

important in the background of indoor air pollution. 

II.6.  VOCs sensor 

The VOCs calibration was tested by evaporating toluene, as a source. However, a technical 

problem with the BTEX analyzer did not allow us to calibrate all the nodes. In addition, we 

have problems with the long-term response of the VOCs sensor, as the lamp dies very quickly 

after 6 months (Chapter 5-II.2), therefore the VOC calibration will not be discussed here. 

II.7.  Long-term drift  

The drift is one of the most serious limitations of gas sensors (Wei et al., 2018). It can be 

considered as a progressive change in the sensor response over a long period under constant 

conditions.  

During the period between February 2019 - February 2020, several calibrations were 

performed on sensor node Q3 within the chamber of PC2A. Accordingly, the evolution of the 

calibration model over time was examined.  

Figure IV - 20 displays the evolution of the calibrations of CO, NO and CO2 as a function 

of the sensor signal for different calibration tests over the period February 2019 - February 

2020. For CO2, the calibration curves at any given time are almost coincident. The parameters 

of the linear regression, carried out under these conditions, are presented in Table IV - 14. There 

is no change in estimated concentration from different calibration equations. It can be deduced 

that the calibrations do not vary over time for CO2; therefore, a single total calibration equation 

will be derived from the different CO2 calibrations. 

For CO and NO, the calibration curves are almost coincident for the period between 

February and May 2019 (sensitivity is around 3 and 0.3 ppb/mV for CO and NO respectively). 

However, the calibration curves vary between this period and September. For CO, the sensor 

sensitivity decreased from 3 to 2.7 ppb/mV from the period of May to the period of September 

and October 2019 and increased again in February 2020. We have no information on the reason 

for this change. Overall, below 5 ppm CO, the difference is negligible throughout the period, 

and from 5 ppm, a non-negligible difference will occur. Hence the need to check the calibration 

of the CO sensor from time to time.  
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Figure IV - 20: Sensor calibrations for CO2, CO and NO between February 2019 and February 

2020. 
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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 equation was well 

deviated with an increase in slope from 0.3 to 1 ppb/mV. For October 2019 and February 2020 

calibrations, the calibration curves coincide with September calibration. Therefore, the 

sensitivity decreased with the time and remained stable. 

The parameters of the linear regression, performed under these conditions, are presented 

in Table IV - 14. The sensors response is linearly correlated with the measured gas 

concentration (R² > 0.9) for each calibration curve for carbon monoxide, nitrogen monoxide 

and carbon dioxide. For CO and NO, a periodic calibration may be required. 

 

Table IV - 14: Linear regression parameters for CO2, NO and CO during calibrations between 

February 8, 2019 and February 17, 2020 

CO-B4 (Q3) 
aCO2 

(ppb/mV) 
b (ppb) R² 

8 February 2019 3.155 ± 0.041 - 360.184 ± 54.602 0.992 

27 March 2019 3.344 ± 0.011 - 783.970 ± 10.57 0.999 

12 April  2019 3.102 ± 0.135 - 309.070 ± 134,421 0.990 

9 May 2019 2.721 ± 0.009 - 378.248 ± 12.951 0.998 

17 September 2019 2.854 ± 0.011 - 314.419 ± 3.373 0.991 

11 October 2020 3.064 ± 0.019 - 268.613 ± 5.172 0.990 

 

CO2 (Q3) 
aCO2 

(ppb/mV) 
b (ppb) R² 

8 February 2019 1.021 ± 0.004 289.852 ± 3.679 0.999 

27 March 2019 1.013 ± 0.002 337.240 ± 0.915 0.999 

12 April  2019 1.057 ± 0.004 344.228 ± 2.584 0.999 

9 May 2019 1.030 ± 0.008 334.614 ± 11.136 0.999 

17 September 2019 1.003 ± 0.003 386.967 ± 2.085 0.999 

11 October 2020 1.042 ± 0.002 342.170 ± 0.812 0.998 

 

NO-B4(Q3) 
aNO  

(ppb/mV) 
b (ppb) R² 

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 September 2019 1.014 ± 0.005 - 16.168 ± 0.546 0.996 

11 October 2019 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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II.8.  Inter -comparison of sensors 

In order to investigate the inter-comparison between sensors, we have adopted the same 

example above for the calibration by burning incense and candles on March 27, 2019 but for 

node Q7 now. This node will be compared to node Q3 node placed permanently inside the 

chamber. The comparisons of the low-cost monitors of node Q7, with the reference analyzer are 

similar to those of the sensors of Q3 with a high correlation with the monitors (R2 = 0.98-1.00). 

 

Figure IV - 21: Time series comparison of sensors between Q7 (blue line) and Q3 (red line) for (a) 

CO, (b) CO2, (c) NO2, (d) NO on March 27, 2019. 

The variability of measurements between the sensors in node Q7 and Q3 is shown in Figure 

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 baseline. Table IV - 15 presents 

the parameters of calibration of node Q7 versus node Q3 in March and September 2019. 

Comparisons of the low-cost monitors with each other show a high correlation (R2 = 0.96 - 1). 

In addition, the intercomparison did not change between March and September 2019, the 

maximum deviation was around 5 %, which implies that even if the sensors drift with time, the 
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relation will be stable over this period. Hence, one node is sufficient to calibrate other nodes, 

and each node will then be corrected against node Q3. 

Table IV - 15: Calibration of Q7 node vs Q3 (March - September 2019) 

Parameters March September Unit  R2 

CO 1.05 x + 8.62 1.05 x + 9.99 mV 0.998 

CO2 1.08 x - 314.56 1.06 x - 318.44 ppm 0.993 

NO 1.04 x - 9.22 1.03 x - 8.49 mV 0.998 

NO2 1.11 x + 33.49 1.11 x + 31.43 mV 0.983 

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

Temperature 1.10 x - 2.87 1.11 x - 3.95 Celsius 0.962 

 

Table IV - 16 shows the intercomparison between all sensors nodes versus Q3 sensor node. 

The comparison between the sensors nodes and Q3 node shows a high correlation between 

sensors of the different nodes (R2 = 0.99), which provide the linearity between different nodes. 

 The majority of the comparisons have the same slope around 1, some prove a difference 

of 40 %, for example the NO2 sensor of the Q8 node compared to the Q3 node is 1.4. For the 

baselines, they all have the same offset with negligible differences. For example, the difference 

in the baselines between the CO sensor of Q9 and Q3 is 31.15 mV. This difference is negligible 

0.4 % compared to the measured range of CO signal (150 ï 4000 mV).  
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Table IV - 16: Calibration of different sensors node vs Q3 node 

 Range of signal Q1/Q3 Q2/Q3 Q4/Q3 Q6/Q3 Q8/Q3 Q9/Q3 Q10/Q3 

CO 150 - 4000 mV 0.99 x - 14.17 1.11 x - 1.24 0.97 x + 9.91 1.09 x - 16.67 1.08 x + 10.39 0.99 x + 31.15 0.96 x + 2.96 

CO2 300 - 2500 ppm 1.10 x -174.00 1.00 x - 445 0.99 x - 17.72 1.24 x - 150 1.11 x ï 151.00 1.02 x ï 316.00 1.23 x - 62.69 

NO 14 - 750 mV 1.04 x - 10.84 1.03 x + 14.02 1.01 x - 5.57 0.98 x + 3.43 0.98 x - 0.48 0.98 x - 5.87 1.02 x - 4.09 

NO2 8 - 150 mV 1.05 x - 5.37 1.17 x + 2.36 1.28 x + 17.65 1.17 x + 11.8 1.39 x + 6.47 1.11 x + 18.57 0.99 x - 9.46 

RH 30 - 75 % - 1.06 x - 1.28 1.18 x - 2.77 0.88 x + 6.37 1.06 x - 1.05 1.15 x - 3.90 0.96 x - 2.12 

T 20 - 30 °C 0.98 x - 0.87 1.16 x - 4.41 1.26 x -7 .07 1.05 x - 2.05 1.17 x - 4.73 1.145 x - 3.90 0.86 x - 3.19 

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

We evaluated the low-cost sensor system. 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. They were calibrated either directly by comparing the sensor responses to those 

of the reference analyzers, or by using a reference sensor node permanently placed inside the 

CUBE in PC2A laboratory in order to assess the accuracy of the other nodes. 

The response of the sensors is linear 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 O3 and NO2. PID sensors are known for their lack of selectivity. The lifetime of the PID lamp 

is about 6 months, which leads to long-term problems. High relative humidity can affect the 

response of NO2 and CO sensors. 

Finally, the metrological characterization procedure for the sensors is incomplete, 

although it is sufficient for our objective, which is to know whether the sensors can sufficiently 

detect the pollutants of interest in indoor environments. 
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This chapter investigates the indoor air quality in different indoor environments by 

deploying the nodes of sensors previously calibrated, with or without a log of peopleôs 

activities. 

 In the first section, we will describe the different campaigns in residential and non-

residential buildings, and then in the second section we will investigate the indoor air quality 

determinants. 

 Indoor air determinant thresholds 

From guidelines and standard summarized in Table I - 14 and Table I - 15, we have chosen 

for our work several thresholds in order to evaluate the indoor air quality during all the 

campaigns, regardless of the type of the indoor environment and without a specific period 

(Table V - 1). The choice was arbitrary as there are no criteria for instantaneous exposure to 

any type of pollutant. Guidelines for long- and short-term exposure are included in the 

calculation of a short-term indoor air quality index, which will be discussed in the next chapter. 

For NO, there are no guidelines, hence the proposal of an arbitrary threshold of 50 ppb, to be 

able to detect instantaneous pollution events of NO when they occur. It is a merely indicative 

threshold, even if it is not integrated in the calculation of the instantaneous index, it can 

probably be used as a discriminant of a short-term combustion episode. 

Table V - 1: Pollutants thresholds used in our work 

Air component Limit/Range References 

Carbon Dioxide (CO2) 1000 ppm 8-h average (WHO) 

Carbon Monoxide (CO) 8.7 ppm 8-h average (WHO) 

Nitrogen Dioxide (NO2) 
100 ppb 1-h average (WHO) 

20 ppb 1-year average (WHO) 

Nitrogen monoxide (NO) 50 ppb  

PM10 
50 µg/m3  24-h average (WHO) 

20 µg/m3 1-year average (WHO) 

PM2.5 
25 µg/m3  24-h average (WHO) 

10 µg/m3 1-year average (WHO) 

TVOCs 300 µg/m3 8-h average (Bluyssen, 2010) 

Temperature 20 - 26 ° C U.S. ASHRAE 

Relative Humidity (RH) 30 - 60 % U.S. ASHRAE 
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 Measurements in different indoor micro-environments 

After several calibrations on October 11, 2019 at 25 ± 2 °C and 40 ± 2 %, the sensor node 

Q7 was deployed in residential and non-residential buildings in the suburban Lille area between 

October 2019 and September 2020. A verification of the calibration was performed on February 

22, 2020 that did not show significant variation. Table V - 2 presents the summary of all 

campaigns during this work. Several studies will not be described here, namely the underground 

garage, the Tipee experimental house, the organic chemistry laboratory and the library of the 

University of Lille, as the focus here is on residential areas and offices. 

Table V - 2: Summary of all campaigns 

Campaign 
Type of 

environment 
Location Period 

Home 1 Residential Ennevelin 25/10/2019 - 02/11/2019 

Home 2 
(winter)  

Residential Croix 
09/11/2019 - 17/11/2019 

(summer) 17/06/2020 - 25/02020 

Home 3 
(winter) 

(summer) 
Residential 

Villeneuve 

dôAscq 

26/11/2019 - 04/12/2019 

13/04/2020 - 11/05/2020 

CNRS office Offices Lille 28/12/2019 - 03/01/2020 

PC2A office Offices 
Villeneuve 

dôAscq 
22/01/2020 - 02/02/2020 

Underground garage Non-residential Lille 05/12/2019 - 15/12/2019 

University library  Non-residential 
Villeneuve 

dôAscq 
July 2018 - now 

Tipee Platform Non-residential La Rochelle 31/07/2020 - now 

Organic Chemistry 

Laboratory  
Non-residential 

Villeneuve 

dôAscq 
18/11/2019 - 22/11/2019 

 

The sensor node was deployed in three different type of dwellings, whose characteristics 

are represented in Table V - 3. Within the three dwellings, the sensor node was placed near the 

most frequently occupied room (typically the living room or open-concept kitchen/living-

dining room), where occupants were expected to spend most of their time (bedroom excluded). 

In addition, the sensor node was close to the kitchen, where large emissions are expected. Due 

to differences between dwellings, the exact location of the sensor nodes is an issue that needs 

to be considered when interpreting the data in a given environment and comparing 

measurements from different environments. In the three winter campaigns in private dwellings, 

the occupants were asked to keep a log of time-microenvironment-activity, which was used 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 of activities 

that might be of interest, such as cooking, cleaning, smoking, burning incense and candles, the 
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number of occupantsé but they were told not to limit themselves to write these activities, and 

to try to be as exhaustive as they could in filling out the log, as there might be other sources of 

pollution which we had not anticipated. 

Two more campaigns were conducted during the summer in Home 2 and Home 3, in order 

to check the reproducibility of sensors data, study the change of environmental parameters, the 

occupantôs behaviour, and to find out if the events detected during the winter campaigns could 

be recognized. 

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 (m2) 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 Hood Gas Electrical 

 

Two measurement campaigns were carried out in CNRS and PC2A office buildings. The 

measurements in PC2A were performed to check the influence of occupancy. The campaign at 

CNRS DR18 was performed because the building was undergoing heavy renovation work. In 

addition, these studies helped to assess the performance of sensors without daily log activities, 

identify the temporal profile of pollutants and compare them with those permitted by relevant 

standards stipulated.  

The electronics of the sensor requires two hours in order to stabilize. For this reason, the 

data from the first two hours were removed for all campaigns. For clarity, the data presented on 

all the following graphs were averaged with a time step of 3 minutes. The thresholds from Table 

V - 1 are systematically added for comparison. 

Moreover, data on outdoor temperature and relative humidity, have been used. These data 

were collected from the atmospheric platform located on the rooftop of the LOA laboratory. 

II.1.  Results of Home 1 

The field measurement was conducted from October 25 to November 2, 2019. The 

building was a 2 floors single-family detached home in a quiet rural area in the North of France. 

No heating system was operated during the campaign. During the campaign, the house was 

occupied at nighttime and much of the daytime. The natural ventilation was performed by 

opening windows. The occupant used a range hood system as a mechanical ventilation during 

cooking time. The node of sensors was placed 50 cm above the floor in the entrance of the 

house, which was adjacent to the kitchen, the dining room and the living room as shown in 

Figure V - 1. The sensor node was placed in this location in order to be deployed next to the 

Ethernet cable and electricity. The surface of the ground floor including kitchen living room 

and dining room was 90 m2.  
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Figure V - 1: sensorôs location inside Home 1 

 

Figure V - 2 presents the time series measurements during the campaign in Home 1. The 

occupantôs activities were included to the graph in order to relate the observed pollution events 

to their specific activities. 

According to Figure V - 2, temperature ranged between 15 and 20 °C indoors, and between 

2 and 19 °C outdoors. Similarly, the relative humidity varies from 45 to 65 % indoors and from 

63 and 96 % outdoors. The indoor temperature is not within the given comfort range from 

ASHRAE (20 - 26 °C), however the indoor RH values do fall in the comfort range given by 

ASHRAE (30 - 60 %). Throughout the measurements period, the indoor and outdoor 

temperature have the same evolution shape, even if sometimes they do not follow each other. 

As the heating was switched off during the measuring time, the indoor temperature is 

determined by the outdoor temperature. However, a difference is observed between indoor and 

outdoor relative humidity. 

Windows opening is detected by a sudden change of temperature and relative humidity. 

These changes are consistent with the log. For example, when they opened the windows only 

for 25 minutes during October 29 and 31, the temperature decreased to 7 °C and the relative 

humidity increases.  

The temperature and relative humidity increase while cooking using the gas stove during 

the day. 

It should be noted that every night, there were periodic variations of relative humidity and 

temperature.  
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Figure V - 2: Measurements in Home 1 
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The CO time series graph allows the depiction of the majority of indoor activities during 

this campaign, such as cooking, type of cooking (frying, boiling, and grilling), candle burning, 

cleaning activities and perfume use. The mechanical ventilation (range hood) was reported 

every time they were cooking. The use of range hood was not included into the log; therefore, 

the operational time of the range hood was not detected exactly during cooking. For CO, as a 

primary pollutant from incomplete combustion, the increase of its concentration is correlated 

to cooking activities and candles burning as reported above in Figure V - 2. CO concentration 

varied between 0 and 4000 ppb. These concentrations are below the threshold used for CO 

(8700 ppb). This can be explained by the use of range hood during cooking and the location of 

the sensors between the kitchen and the living room, therefore not in direct contact with cooking 

activities.  

CO2 concentrations vary between 500 and 2200 ppm throughout the period. Based on the 

time micro-environment-activity, CO2 concentrations increased while cooking using a gas 

stove, and with the number of occupants inside home. On the other hand, it decreased sharply 

while opening windows. The concentration of CO2 was generally lower than the threshold 

specified by WHO guidelines (1000 ppm) during the nighttime and exceeded it during the 

daytime. The log specifying daily activities on the CO2 variations graph is not displayed since 

we cannot detect the number of people inside the home through CO2 sensor. According to the 

daily log, CO2 sensor has not been affected by the number of people since the surface of the 

room where the sensor was installed is very high (90 m2) with the kitchen open to the dining 

and living room. In addition, the CO2 variations could be more influenced by the cooking 

activities than by the presence of people. 

Nitrogen oxides NO2 and NO have been correlated with combustion activities, such as 

burning candles and different type of cooking. NO concentrations vary between 0 and 150 ppb, 

and they exceed the thresholds of 50 ppb during the cooking periods. NO2 concentrations varied 

from 0 to 70 ppb. These concentrations were below the 1-hour threshold and for 90 % of time 

within the 1-year threshold, except for short-term pollution episodes, when they exceed the 

long-term threshold. During October 26th at 11:30 am and 4 pm, October 27th at 3 pm and 

October 28th at 10:30 am, the signal from the NO2 sensor changes suddenly, with the brutal 

change in relative humidity. Likewise, during October 29th and 3st at 8:30 am, the NO2 sensor 

signal changes with the relative humidity when the windows were opened. These variations of 

NO2 signals confirm the effect of relative humidity on the NO2 sensor response discussed in the 

previous chapter. However, an irregular variation of NO2 signal during October 30 at 8 pm, is 

not correlated with the variations in relative humidity. According to the log, it can be noticed 

that NO2 varied for 3 consecutive hours, and this was during cooking of the pepper soup. This 

variation is unexplained, but might be related to the use of the range hood. 

For particulate matters (PM2.5 and PM10), the daily concentrations varied from 0 to 50 and 

from 0 to 200 µg/m3 for PM2.5 and PM10 respectively, except for the day of October 29th when 

the concentrations of particles increased up to 200 and 800 µg/m3 for PM2.5 and PM10 

respectively. In general, particles concentrations do not exceed the PM10 and PM2.5 thresholds, 

10 and 25 µg/m3 for PM2.5, 20 and 50 µg/m3 for PM10 for 90 % of the time. The high 
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concentrations of particles were correlated mainly with cooking activities, candles burning and 

cleaning activities. Particles were also released in presence of occupants inside the home, by 

door opening and cleaning activities. For the October 29, the concentration of particles was 

very high since they were cooking a pan-grilled steak. Therefore, it can be argued that the 

emissions of particles vary with the type of meal cooked. During the day, when there are a lot 

of occupants inside home, the particles fluctuate largely, while during the night when the 

occupants are sleeping, the particles concentrations are around zero. The daytime level is lower 

than the 24-hour threshold (50 µg/m3). Therefore, it could be argued that PM10 are not reliable 

indicators for indoor air quality, as they are too sensitive to the presence of people in a room. It 

will be difficult to obtain clear conclusions from PM10 sensors in the absence of very high 

particulate pollution episodes. PM2.5 is more suitable in terms of activity indicator.  

For VOCs, as the sensor was not calibrated before, the sensor response cannot be 

transformed into concentrations. Therefore, the VOCs sensor response was presented with a 

mV output and not concentration. VOCs inside home were generated by several activities such 

as cooking, burning candles, perfume use and house cleaning. Moreover, it increased with 

perfume, candles and cleaning activities inside the home. The VOCs sensor was very sensitive 

to the opening of doors. It could be the result of any change related to outdoor air while opening 

the principal door of the house. Furthermore, VOCs sensor was too sensitive to the entrance of 

people inside the piece, 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 CO have been correlated together with cooking activities since they are primary 

pollutants 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 combustion air, etcé (Tissari et al., 2009). However, the CO profile 

is not the same as NO during the campaign. The only differences in the profile of both CO and 

NO were reported on October 26, the first and the second of November, where a high 

concentration, while using perfume. This could be explained by the fact that the CO sensor also 

responds strongly to ethanol (Chapter 4 ï II.1). 

II.2.  Results of Home 2 

A winter campaign in Home 2 took place from November 9 to 17, 2019 and a summer 

campaign from June 17 to 25, 2020. The dwelling is a two floors single-family attached home 

in an urban area in the North of France, with a surface of 62 m2. A heating system was operated 

during the winter campaign, with a natural ventilation by opening windows only. The house 

was fully occupied day and night, since there are two babies. The node of sensors was set in the 

ground floor, 1 m above the floor near the entrance of the house, between the kitchen and the 

living room (in the corridor), where large emissions from the kitchen are expected as 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 electricity. All data were collected continuously during the 

measurement period. The winter campaign was conducted in presence of a daily log, which 
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recorded all activities during the measurement period; however, the summer campaign was 

investigated without it. 

 

Figure V - 3: sensorôs location inside Home 2 

Figure V - 4 depicts the measurements during the winter campaign in Home 2 including 

cooking, type of cooking, candle burning, incense, perfume and cleaning. Throughout the 

measurement period of the winter campaign, temperature ranged from 16 and 25 °C indoors, 

and from 3 and 9 °C outdoors. Indoor temperature is significantly higher than the outdoor 

temperature. Relative humidity varied from 41 to 80 % indoor, and from 74 and 96 % outdoor. 

Indoor temperature and relative humidity values were within the comfort range from ASHRAE.  

During the measurements period, indoor temperature and relative humidity were relatively 

stable, not affected by the outdoor temperature and relative humidity, since windows were 

usually closed. This implies that building is insulated and the heating system is working 

efficiently.  

A daily cycle of temperature was observed due to the automatic heating system in the 

house, which regulates the indoor temperature during the day. Indoor relative humidity is low 

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. 

CO increased while they cooked, burn incense and candles as reported in Figure V - 4. 

The CO concentration varied between 0 and 14000 ppb. It should be noted that CO sensor 

measures a maximum concentration of 13 ppm, as mentioned in (Chapter 3, II-1), and 

sometimes the CO sensor was saturated in presence of concentration higher than 13 ppm, for 

example on November 13. As can be seen, these concentrations were exceedingly higher than 

the 8-hour CO threshold (8.7 ppm). 
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Figure V - 4: Measurements in Home 2 during the winter campaign 
























































































































































































































