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Abstract

This publication closes the series of publications on assessment of children’s health risks from 
exposure to multiple chemicals in indoor air in schools, kindergartens and day-care centres. It provides 
a selection of evidence-informed risk-reduction measures that can be considered for implementation 
in public settings for children at the local level based on the results of health risk assessments. The 
publication is intended for public health professionals, teachers, administrators of public settings for 
children, and other specialists responsible for creating healthy environments in places where children 
learn and play.    
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1. INTRODUCTION

Good indoor air quality is essential for the healthy development of children, and thus the 
creation of safe and health-promoting indoor environments, with clean air being of the utmost 
importance. As children spend a large amount of time in public settings, the indoor air quality 
in these buildings has come into focus. 

The indoor air quality in educational settings for children can be influenced by many 
factors, including the presence of indoor sources of air pollutants, building maintenance 
practices, outdoor air quality, the infiltration rate of outdoor pollutants, occupancy, and 
occupant behaviours, etc. A number of studies focusing on the most commonly detected air 
pollutants in European preschools and schools and their co-occurrence have highlighted a 
potential relationship between co-occurring multi-pollutant exposures and adverse health 
outcomes (1–4). 

To promote a transition from risk-assessment models based on exposure to individual 
chemicals to more realistic evaluations considering combined exposures to multiple 
chemicals co-existing in indoor air, the WHO European Centre for Environment and Health 
of the WHO Regional Office for Europe developed a screening tool for the assessment of 
health risks from combined exposure to multiple chemicals in indoor air in public settings 
for children (IAQRiskCalculator). The screening tool also allows for the identification of 
chemicals that contribute most substantially to health risks (5).

If the risk of co-exposures to chemical pollutants is unacceptable, public health professionals 
and experts responsible for promoting indoor air quality are expected to consider the 
implementation of risk-reduction measures. Risk-reduction approaches are well known 
and, depending on a given situation, vary from measures to reduce outdoor air pollution to 
responsible design, construction, and maintenance of educational buildings. 

For example, in the Schools Indoor Pollution and Health Observatory in Europe (SINPHONIE) 
project, based on the results of monitoring campaigns carried out in 115 schools in 23 
European countries, a wide range of risk-reduction measures were suggested to improve 
the quality of indoor air in different locations of the school buildings, such as classrooms, 
laboratories, gymnasiums, lunch rooms and dressing rooms (6).

The purpose of this paper, developed as a supplementary publication to the screening tool, 
is to support decisions on measures for reducing indoor air pollution with chemicals that pose 
the greatest health risks, and to cut down on or eliminate the sources of these chemicals. It 
provides a selection of evidence-informed risk-reduction measures that can be considered 
for implementation in schools, kindergartens and other public settings for children at the 
local level in response to the results of health risk assessments. 

The information on chemical pollutants, their sources and mitigation techniques is 
continuously growing. The risk-reduction measures summarized in this paper are based on 
recently published reviews on determinants of indoor air quality and effective measures that 
can be considered for improving it in public settings for children.
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A number of airborne pollutants, such as particulate matter (PM), inorganic compounds, 
volatile and semi-volatile organic compounds (VOCs and semi-VOCs), and aldehydes (oxy-
VOCs), can pollute indoor air. VOCs, aldehydes and semi-VOCs are most often found in 
higher concentrations indoors than outdoors; conversely, some VOCs emitted from transport, 
residential heating, industry, etc. are present in higher concentrations in outdoor air. 

For example, benzene is usually reported to be primarily of outdoor origin (from vehicle 
exhaust), as there are restrictions on its inclusion in solvents and adhesives for indoor use. 
Benzene’s indoor/outdoor concentration ratio (I/O ratio) has been found to be between 0.5 
and 2 in most investigations of indoor air quality in children’s settings (7,8). 

Some studies of indoor air quality revealed that contributions from sources within school 
classrooms are often even greater than those from outdoor sources (9). Some chemicals, 
such as ethylbenzene, toluene, xylenes and formaldehyde, can originate from both indoor 
and outdoor sources (8). 

An I/O ratio greater than 1 shows the presence of an indoor source. A mixture of indoor 
and outdoor sources can be assumed for an I/O ratio between 1 and 4, and the presence 
of predominantly indoor sources can be suspected when I/O ratios are higher than 5 (8). A 
significant correlation between indoor and outdoor concentrations suggests a considerable 
contribution of outdoor sources, while significant differences along with an I/O ratio above 1 
indicate contributions mainly from indoor sources. 

Several kinds of risk-reduction measures can be put in place to minimize indoor air pollution 
by chemicals of both indoor and outdoor origins, including: 

	♦ legislative (regulating emissions from products, land planning, setting limits and thresholds);

	♦ engineering (establishing construction standards, ventilation techniques, building 
regulations for ventilation);

	♦ administrative/organizational (regulating density of occupants/number of children per m2, 
working hours, duration of breaks, ventilation habits, cleaning customs, number of pupils 
in a class and organization of breaks).

Generally, no single measure is sufficient in itself for the desired improvement of indoor air 
quality. A complex approach that includes mitigation measures adapted to local conditions 
is required.

2. MAIN SOURCES OF CHEMICAL POLLUTANTS IN 
INDOOR AIR IN PUBLIC SETTINGS FOR CHILDREN AND 
MEASURES TO REDUCE EXPOSURE 
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2.1. Measures to reduce health risks attributable to chemicals mainly 
from outdoor sources

2.1.1. Sources of outdoor air pollution

Indoor air quality can be strongly influenced by outdoor air pollution. The main outdoor 
sources of indoor pollutants are heavy-traffic roads, parking lots and petrol stations in the 
vicinity of buildings; residential heating and power generation; and industrial emissions, 
waste incineration and agricultural activities, including those within greater distances (10). 

Besides the proximity of pollutant sources and meteorological conditions, other factors that 
affect the penetration of outdoor pollutants into buildings include urban form and surrounding 
buildings; landscapes and green barriers; ventilation techniques and habits; and infiltration 
rates through cracks and leaks in the building envelope. 

Differences have been observed in the concentration of pollutants of outdoor origin in 
public settings for children located at different levels of a given building due to construction 
characteristics, distribution of pollutants emitted from road traffic, etc. Furthermore, pollutants 
have been found in higher concentrations in classrooms facing a street than in those facing 
a schoolyard or other green area (11, 12). Car queuing on school premises also increases 
concentrations of outdoor pollutants during drop-off and pick-up hours (13). 

2.1.2. Airborne chemicals originating mainly from outdoor sources

A wide range of air pollutants are emitted from outdoor sources, both natural and 
anthropogenic. Vehicular traffic is the main source of nitrogen dioxide (NO2) and has a 
considerable influence on the ambient concentrations of other air pollutants such as PM, 
carbon monoxide (CO), benzene, ethylbenzene, toluene, xylenes and polycyclic aromatic 
hydrocarbons (PAHs). As a consequence, traffic-related emissions influence the indoor air 
quality in buildings (9,14–16). 

Solid-fuel burning, including within homes, is still a major issue in many Member States. It 
can significantly contribute to total emissions of noxious air pollutants, including PM and 
PAHs, especially in the case of waste burning (16–20). Forest fires can also be sources of 
these pollutants. 

A wide range of chemicals can be emitted by industries; the type and intensity of local 
industrial activities determine the range and the concentration of chemicals released 
into outdoor air. Besides the pollutants emitted directly by combustion sources (primary 
pollutants), some chemicals (for example, formaldehyde) are formed in the air (secondary 
pollutants) through complex processes involving gaseous precursors originating from 
combustion sources, agriculture, other anthropogenic processes and natural processes 
such as biogenic emissions (21).

2.1.3. Risk-reduction measures targeting chemicals originating from outdoor 
sources

As outdoor air pollution is an important determinant of indoor air quality, actions must be taken to 
control the air quality surrounding buildings in line with standards and guidelines (21,22). In this 
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context, national and local authorities can decisively intervene at the level of urban planning 
and controlling emissions from different activities (for example, industrial emissions). 

The consideration of proximity to heavy-traffic roads, industrial sites and other major sources 
of emissions should be mandatory in planning the locations of new public buildings for 
children, as should specific measures to reduce air pollution around the buildings.

2.1.3.1. Regulation of traffic around buildings

Actions to promote changes in mode of commuting to schools, kindergartens and day-care 
centres can lead to decreases of air pollution around the buildings. These include prioritizing 
active travel (23), regulating traffic in drop-off zones, adopting one-way traffic and creating 
clean air zones around schools, with road closures as a long-term intervention (24). 

Whenever possible, efforts should be taken to avoid traffic-generating establishments and 
events in the vicinity of buildings. Vehicular emissions can also be decreased by not allowing 
school buses or the cars of parents/caregivers to idle. Anti-idling policies as well as relocating 
drop-off/pick-up points and parking places away from school entrances and windows can be 
beneficial (13).

2.1.3.2. Creation of green areas around buildings

Green infrastructure (areas of trees and shrubs) around buildings may reduce exposure to 
outdoor air pollutants (25, 26, 27). Green barriers between outdoor sources of pollutants 
and premises for children are also commonly effective for reducing local outdoor air pollution 
(13). Greenness within and surrounding school boundaries and higher numbers of trees 
around school buildings have been associated with lower concentration of NO2 and other 
traffic-related air pollutants and reducing noise level (28,29). 

Furthermore, greening of schoolyards and surrounding areas is a viable intervention for 
improving children’s socio-emotional status and health via increasing physical activity and 
willingness to cycle/walk to and from school (30). In fact, a recent study demonstrated that 
the characteristics of the environment surrounding schools, namely the presence of green 
spaces and species richness, can reduce risks of developing respiratory diseases among 
school-age children (31). 

The suitability of plants (tolerance, growth size, species, etc.) should be considered during the 
design of green barriers. Inappropriately planted trees and shrubs can inhibit the dispersion 
of pollutants, namely those generated at ground level, and some plant species can release 
allergenic pollen and biogenic VOCs that can present other risks to health. Small, stiff and 
complex-leafed plants are more effective, and evergreen species offer the advantage of 
filtering air throughout the year (32). 

In settings for children located within deep street canyons (where the street is flanked by tall 
buildings on either side), only green walls and low-level shrubs and hedges can be planted. 
In shallow street canyons (where the buildings on either side of the street are lower), less 
densely planted small trees may also be considered. In open-road environments, green 
barriers should be created at the immediate roadside, where leaf coverage runs from the 
ground to a minimum height of about 2 m (for example, a row of trees above a continuous 
hedge) (32). More complex and less managed green barriers have a higher capacity for air 
cleaning and climate-regulating ecosystem services (33,34).
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2.1.3.3. Improvement/optimization of ventilation 

In buildings with only natural ventilation, ventilation methods should be optimized to reduce 
occupants’ exposure to outdoor pollutants. For example, classrooms can feature windows 
that open and close automatically based on sensors that monitor the most harmful outdoor 
pollutants (35). If such techniques are not available, ventilation habits should be changed 
according to the expected level of outdoor air pollution. 

In buildings located in polluted urban areas, windows should not be opened during rush hours 
in the mornings or afternoons, or during drop-off and pick-up periods; however, classrooms 
must be adequately ventilated prior the arrival of students and during each break. A late start 
(for example, 9:00 a.m.) in schools can alter the timing of ventilation periods so they do not 
correspond to rush-hour traffic (36). Windows facing less polluted areas are preferable for 
ventilation, taking into consideration local prevailing wind directions if possible.

Ventilation with unfiltered air (that is, natural ventilation or mechanical ventilation with 
extraction fans only) should only be used in areas with low outdoor air pollution (37). When 
air quality standards are not respected, the use of mechanical ventilation systems with 
certified filters and air cleaning capabilities is preferable. 

In educational premises located in polluted industrial or urban areas, tightening the building 
envelope and insulating windows together with installing proper heating, ventilation and air 
conditioning (HVAC) systems can prevent the infiltration of outdoor air pollutants into indoor 
air. The HVAC systems used for ventilation should be properly designed, maintained and 
regularly inspected by qualified staff, and should comply with energy-efficiency requirements. 

Guidelines for the proper design and operation of ventilation systems should always be 
respected (38). Outdoor air intakes should be located as far as possible from outdoor sources 
of pollutants such as parking lots, smoking areas, exhaust air effluents and chimneys. 

In summary, as a general principle/approach for pollutants mainly of outdoor origin, effective 
mitigation measures aim at reducing pollution of ambient air surrounding schools and 
kindergartens, or at minimizing its penetration into indoor environments by, for example, 
creating green barriers and/or changing ventilation methods, including by filtering inflowing 
air. 

2.2. Measures to reduce the health risk attributable to chemicals mainly 
from indoor sources

2.2.1. Chemicals originating mainly from indoor sources

A wide range of airborne chemicals can be emitted from multiple sources inside educational 
buildings due to construction, renovation, operation and maintenance, as well as from 
materials used for educational purposes and during certain activities. 

2.2.1.1. Continuous emissions

The common groups of chemicals in indoor air in educational settings for children are 
aldehydes, VOCs (aromatic hydrocarbons, esters, terpenes and chlorinated hydrocarbons) 
and semi-VOCs (brominated flame retardants, PAHs, perfluorinated compounds, 
phthalates) (3). Aldehydes and VOCs are of high concern due to their ubiquitous presence 
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and their significant impact on human health. These compounds are emitted from multiple 
indoor sources. 

The most investigated chemical pollutants that are widely present in school environments 
and significantly affect children’s health are formaldehyde, benzene, ethylbenzene, toluene, 
xylenes, naphthalene, styrene, limonene and α-pinene. A re-analysis of the data of the 
Europe-wide SINPHONIE project showed that 29%, 19% and 11% of schoolchildren were 
co-exposed to elevated concentrations (> median value) to 2, 3 and 4 VOCs known to be 
harmful for health, respectively (39). Most of these compounds are usually found at higher 
concentrations indoors than outdoors (40). 

Furniture, floor/wall/ceiling coverings, carpets, curtains and sun blinds, window frames, 
plastics, resins, glues, and painted or varnished equipment can all continuously release 
chemicals over a long period of time, from weeks to years. The chemicals emitted by these 
products and the emission rates depend on the materials applied and other factors. The 
potential indoor sources of commonly detected chemicals are summarized in Annex 1 
(Table A.1). 

Most wood-based furnishings and flooring materials are bonded with urea formaldehyde 
resins, and thus the formaldehyde emissions of newly built products are of concern (41). 
Solid wood and wood-composite furniture coated with paints or varnishes emit formaldehyde 
and several VOCs, namely styrene, toluene, xylenes, ethylbenzene, dichlorobenzene and 
benzene (42). 

Pressed board, plywood and particle-board floorings as well as carpet backings and fabrics 
may emit formaldehyde and various VOCs. Polyvinyl chloride (PVC)/vinyl flooring may 
continue to emit aromatic hydrocarbons (toluene, benzene, ethylbenzene, xylenes, styrene, 
benzaldehyde, 2-ethylhexanol, acetophenone) and semi-VOCs such as phthalates even 
one year after installation (31,43). Besides the emissions of PVC flooring or PVC overlay 
particle boards on their own, additional emissions can be detected if they are fixed with 
adhesives and glues (44,45). Ceiling tiles can also raise formaldehyde concentrations in 
classrooms (46). 

Aldehydes in water-based paints as well as xylenes, 2-butanoxonime and other VOCs in 
solvent-based paints are considered points of concern. Overall, emissions from solvent-
based paints are much higher (43). Chemical compounds commonly used as solvents in 
conventional paints are still contained in so-called green paints, but to a smaller degree (47).

2.2.1.2. Intermittent emissions

Indoor activities using paint, glue, do-it-yourself (DIY) or art products, markers, correction 
fluids, and electronics can increase indoor concentrations of chemicals occasionally, 
particularly in cases of insufficient ventilation (48). 

Cleaning activities are among the most important sources of indoor pollutants in children’s 
settings (8,49). Cleaning and disinfecting products, as well as air fresheners, usually emit 
several hazardous chemicals, including terpenes such as limonene and α-pinene (50) 
and formaldehyde. In addition to limonene and α-pinene, cleaning windows with products 
containing ammonia has been associated with increased concentrations of toluene, butylated 
hydroxytoluene, butanol, 1-methoxy-2-propanol, nonanal, decanal, phthalic anhydride and 
phenol (31). 
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The use of cleaning products in the category of waxes and polishes may also increase the 
concentration of benzene, ethylbenzene, m/p-xylene, tetrachloroethylene and styrene (31). 
High exposure to terpenes may occur even when products contain essential oils as natural 
fragrances. Furthermore, oxidants (for example, ozone) may react with terpenes, resulting in 
secondary pollutants (51). Some cleaning methods (for example, deep cleaning with steam) 
can also facilitate the emission of chemicals from certain carpets which then accumulate in 
indoor air when ventilation is insufficient during and after cleaning (52).

In schools that reported the use of indoor pesticides (to control rodents, cockroaches and/
or ants), significantly higher concentrations of tetrachloroethylene, styrene and hexane were 
detected compared to those buildings where pesticides were not used (31).

2.2.1.3. Other factors influencing the emission or dilution of chemicals

In addition to continuous emissions from materials, an increase in temperature (solar 
radiation, floor heating, overheating) or humidity can increase emissions. Climate change 
and associated heat waves and heat-island phenomena in certain urban areas may induce 
changes in atmospheric conditions that could influence indoor air quality in different ways. 

Day-care centres, kindergartens and schools are often also characterized by high occupancy 
and/or insufficient ventilation (7,53–55). Air quality can more rapidly deteriorate in classrooms 
with a high density of occupants, and inadequate ventilation favours the accumulation of 
pollutants indoors. 

In countries with a cold winter, buildings that rely exclusively on natural ventilation often 
have high concentrations of indoor pollutants (55). In countries with a long hot season, 
the operation of wall-mounted split air conditioner units can also result in under-ventilated 
rooms due to keeping windows closed for thermal comfort. In many other cases, windows 
cannot be opened properly due to security concerns or polluted urban air (53). In addition, 
buildings have become more airtight over the years as thermal insulation has been installed 
for energy-saving purposes. 

Carbon dioxide (CO2) concentration, which is closely linked with occupancy rate, is 
commonly used as an indicator of ventilation rate in occupied rooms. Higher concentrations 
of CO2 are usually associated with higher concentrations of other indoor pollutants and 
bioeffluents (12,56-58). The Transnational Adaptation Actions for Integrated Indoor Air 
Quality Management (InAirQ) study, which involved 64 schools throughout central Europe, 
found that about 80% of the schools could not manage to comply with the recommended 
CO2 concentration range of up to 1000 parts per million (ppm) (which represents good 
air quality) (7). The mean CO2 concentration observed in the schools investigated in the 
European SINPHONIE project was also over the value of 1000 ppm; notably, it was found 
to be 1581 ppm (11,39). 

The European standard EN 16798 1:2019 allows a CO2 concentration of 550–1350 ppm 
above outdoor concentration (415 ppm with increasing trend), depending on the building. 
Some other national ventilation standards (for example, the United Kingdom’s Building 
Bulletin) (59) set a maximum value of 1500 ppm. The CO2 concentration of up to 1500 ppm 
can therefore be considered as the acceptable limit for classrooms for moderate indoor air 
quality, whereas 1000 ppm is appropriate for good indoor air quality (58). 
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2.2.2. Risk-reduction measures targeting chemicals originating mainly from 
indoor sources

2.2.2.1. Source control

The most effective mitigation measures are those that focus on the elimination of indoor 
sources of harmful pollutants. Minimizing the use of chemicals leads to reduced pollution 
and chemical waste, reduced costs and increased safety. This includes measures for using 
smaller quantities of chemicals (for example, chemicals used in school science laboratories, 
for ground maintenance and for DIY projects, as well as other products to which intermittent 
increases in indoor air pollution can be attributed) and replacing them with greener substitutes, 
if possible. The use of low-emitting products will reduce continuous emissions into indoor air.

Refurbishment: materials and timing

Over the past decades, several certification systems for low-emission materials have 
been introduced. Various mandatory and state organizations test and certify low-emission 
materials. For construction, decoration, renovation and furnishing products (for example, 
vinyl floor and composite wood boards, adhesives, varnishes, paints, synthesized resins, 
carpets, curtains, shadings), certified and labelled alternatives with no or low emissions of 
VOCs and semi-VOCs are strongly recommended for use in public settings for children. 

Management and staff should be aware of information on emissions prior to purchasing 
new materials and products, or when accepting material donations for renovation or 
redecoration. The European Union (EU) Ecolabel covers a wide range of product groups 
(textiles, coverings, furniture, paints and varnishes, lubricants, cleaning products, etc.), 
whose manufacturing and use ensures the protection of human health and the environment. 
More information on the EU Ecolabel can be found on the dedicated website of the 
European Commission.1 Several other labelling systems are Blue Angel, AgBB, Nordic 
Swan, EMICODE, M1, ANSES, Ü-mark, Danish Indoor Climate Label, Byggvarudeklaration, 
Natureplus, and Umweltzeichen. 

Floor, wall and ceiling coverings should be chosen with particular caution due to their large 
emitting surface. Solvent-free, low-emission adhesives are preferable for both hard and 
flexible floor/wall/ceiling coverings. Only low-emission wall paints are recommended for use 
(for example, lime wash, emulsion paints).

In case of refurbishing, even materials with relatively low emissions can release several 
chemicals that accumulate in indoor air; thus more intensive ventilation is needed for 3–4 
months after renovation, redecoration or acquisition of new furniture (47). Non-urgent 
renovations should be allowed only on longer breaks (such as the summer holiday) to permit 
enough time for chemicals to flush out before occupants return. If possible, indoor air quality 
checks should be implemented in refurbished schools, with the relevant assessment of 
chemicals and/or a questionnaire on health symptoms among occupants.

Furniture

Furniture products labelled low-formaldehyde or formaldehyde-free are preferable for use 
in public settings for children. Coatings and surface coverings should also be labelled low-
emission, and unnecessary varnishes and paints should be avoided. 

1	 More information on the EU Ecolabel can be found on the dedicated website of the European 
Commission. See EU Ecolabel Product Catalogue: http://ec.europa.eu/ecat/. 

http://ec.europa.eu/ecat/
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Cleaning

Improving cleaning routines, replacing products with low-emission cleaning materials, 
changing cleaning methods, and opening windows during and after cleaning can decrease 
chemical concentrations (60). The period after classes should be considered as the 
preferential time for conducting major cleaning activities. Avoiding the use of air fresheners 
or other fragranced cleaning products is strongly recommended.

Equipment

Photocopiers and printers are a source of VOCs, ozone and particles when in operation (61). 
Placing them in a separate room with proper ventilation can reduce exposure to the emitted 
pollutants (28). 

Intermittent activities

Indoor activities, art lessons and/or lessons in science laboratories that involve chemicals 
should be carefully planned to use only necessary chemicals in small quantities, and to 
use greener alternatives if possible. It is preferable to install direct-exhaust air extraction in 
science laboratories, storage rooms, duplicating rooms and kitchens to remove pollutants 
before they disperse. If this is not possible, increasing ventilation rates during and after the 
activities are recommended.

2.2.2.2. Temperature and relative humidity control

Several test chamber experiments have proven that controlling the temperature (below 26 °C 
in summer) and relative humidity (40–55%) can decrease releases of harmful chemicals from 
materials (62). Equipping building facades with external shading devices can prevent solar 
and conductive heat gains through windows. For the same purpose, external walls can be 
completely or partially covered with greenery. External living walls (where plants are rooted in 
the ground) and green facades (where plants are rooted in vertical supports on a wall) have a 
cooling effect, improve air quality and decrease noise in urban street canyons (63).

If such installations are not possible, low-emissivity, heat-reducing window films can prevent 
heat gain and improve thermal comfort. Energy-efficient lighting and electrical equipment 
can also prevent internal heat gain. If these passive measures are insufficient in warm 
climatic zones, low-energy cooling technologies can be applied.

2.2.2.3. Ventilation

Concentrations of chemicals originating from indoor sources usually decrease immediately 
during ventilation periods as polluted (indoor) air is diluted with outdoor air (37,54). Increasing 
ventilation rates and reducing CO2 concentrations in classrooms has been shown to increase 
pupils’ performance speed and improve their test performance (64).

Natural ventilation strategies

In educational buildings where ventilation mainly consists of manual airing only, concentrations 
of indoor-generated chemicals continuously increase during occupant activities when 
windows are closed, and quickly decrease in ventilation periods (65). The optimization of 
natural ventilation is effective for improving indoor air quality. A ventilation strategy in public 
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settings for children should be adapted to current concentrations of outdoor air pollution, 
thermal conditions and noise. 

Wall-mounted split air conditioning units without additional fresh air intake should not be 
used in naturally ventilated children’s settings, or should be used only with the simultaneous 
operation of CO2 monitors. Avoidance of crowding is recommended, and rooms should 
provide space of at least 2 m2  per child to prevent air stuffiness (11,66). 

The following list presents natural ventilation strategies for improving indoor air in naturally 
ventilated public settings for children where outdoor pollution is low, along with additional 
points on their use.

	♦ Natural ventilation can be increased with automatically opening windows connected to 
low-cost sensors.

	♦ The installation of CO2 monitors that feature a visual warning signal when CO2 
concentrations are elevated can be combined with instructions for teachers and students 
to open windows in response (67). 

•	 These monitors feature indicator lights that continuously show the degree of air 
stuffiness in the room (for example, orange when ventilation is recommended 
because of slightly stuffy air; red when windows and doors/windows should be 
opened immediately because the CO2 concentration is above the limit of 1500 ppm; 
and green when doors/windows can be closed to save energy because the CO2 
concentration is low). 

•	 Although higher CO2 concentrations are usually associated with the accumulation 
of other pollutants originating from indoor sources, this system is unable to provide 
direct information on the concentrations of other indoor pollutants. As such, limiting 
CO2 concentration is not always enough to prevent exceedance of guideline values 
by other pollutants (56). 

•	 If increased concentrations of chemicals are likely (when newly installed furnishings 
or decorations are present; during art or DIY activities that involve the use of 
markers, inks, adhesives or paints, etc.), extra ventilation may be needed beyond 
what is indicated by CO2 sensors. 

•	 Likewise, in the case of severe epidemics, the alert limit of sensors should be 
temporarily set at lower levels (for example, orange when CO2 concentrations are 
up to 800 ppm and red when they meet or exceed 1000 ppm) (68).

	♦ The ventilation rate can also be increased through the application of mitigation measures 
by teachers, students and collaborators.

•	 Such measures include opening widely all windows on one side and the door on 
the other side (cross ventilation) before beginning lessons and during each break 
for a certain period, depending on the temperature difference between outdoor and 
indoor air; opening windows during and after art/DIY activities, meals and cleaning 
activities; leaving the door to the inner corridor open in winter; and semi-opening 
top-hung windows at night in the warm season. 
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•	 Night ventilation strategies not only provide better indoor air quality in the mornings 
but are an effective passive-cooling method recommended for high-insulated 
buildings.

	♦ Behaviour change among teachers and students can be encouraged through awareness-
raising initiatives and educational flyers highlighting the benefits of proper ventilation on 
health and academic performance, and interactive tools for students to estimate CO2 
concentrations and generate ventilation plans (55).

•	 Different variations of low-cost measures focused on behaviour change have been 
implemented in intervention studies (55,69). Although they resulted in decreases of 
CO2 concentrations in participating classrooms, they were not always sufficient to 
lower concentrations of all indoor pollutants to below safe limits (69). 

	♦ Natural ventilation can be assisted in the warm season (when the temperature difference 
between inside and outside may not be great enough to provide adequate air exchange 
during breaks) by intermittently operating fans (70), solar chimneys or wind towers (71).

For all of the above strategies, it should be noted that increasing ventilation in areas 
with polluted ambient air without proper filtration and air cleaning may increase indoor 
concentrations of pollutants from outdoor sources and thus occupants’ exposure to them.

Mechanical ventilation strategies

In cases of building renovations, the installation of a mechanical ventilation system (or 
hybrid ventilation system) operating on a low-energy setting enables better control of indoor 
air pollution via increased air exchange, particularly in settings located in polluted urban 
or industrial areas. Setting the ventilation system to keep the CO2 concentration below 
1200 ppm can increase the removal rate of indoor-generated pollutants (37). 

The rate of ventilation should be established based on the actual needs and demands of 
occupants and not only the design parameters – that is, it should be defined and expressed 
as litre per second per person (l/s/person) or cubic metre per hour per person (m³/h/person) 
and meet relevant guidelines and standards (70). 

The recommended minimum ventilation rate for air quality in spaces polluted by human 
bioeffluents (CO2 and water vapour) without emissions from materials is 4  l/s/person 
(about 15  m3/h/person) (38, 70). This fresh air supply ensures that the concentration of 
CO2 metabolically produced by occupants stays below 1500 ppm, and that relative humidity 
stays in the normal range. In cases of higher activity rates (for example, moving, exams) or 
existing indoor pollutant sources, higher ventilation rates are recommended when guidelines 
for indoor air quality such as the WHO guidelines for indoor air quality are not met (21). 

Beyond the fresh air demand for removing human bioeffluents, an additional 0.2–1 l/s/m2 
air supply is needed in buildings with low-emission materials, and 0.8–2 l/s/m2 in buildings 
with non-low-emission materials, according to European standard EN  16798 1:2019. 
Several studies propose ventilation rates higher than the minimum requirements of 
standards and regulations (71). The lowest ventilation rate at which no negative effects 
were reported in epidemiological studies was found to be about 6–7 l/s/person (about 
22–25 m3/h/person) (70).
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2.2.2.4. Filtration and other removal techniques

In cases when indoor or outdoor emissions cannot be eliminated immediately, in addition 
to limiting them as much as possible and improving ventilation, filtration techniques may be 
regarded as a complementary measure for lowering levels of chemical pollutants in indoor 
air. As described above, properly operated HVAC systems with adequate filters and air-
cleaning capabilities in buildings can remove most pollutants from both outdoor and indoor 
sources and decrease occupants’ exposure (71). 

In certain cases, filtration with high-performance portable air cleaners also seems to be an 
effective supplement to source-control and ventilation strategies (72,73). Besides filtering 
particles, some air cleaners have gas purifier technology. Adsorbent and chemisorbent 
media air filters can remove certain pollutants without producing secondary emissions, 
albeit with a finite capacity for adsorption. However, some air cleaners may emit harmful 
by-products (for example, aldehydes, NO2, CO and ozone) (74,75). In addition, mobile air 
cleaners can filter the air only in a single room or in a restricted area due to their limited 
performance (74,75). Those with higher fan speeds that could efficiently filter the air of a 
classroom are usually too large and noisy for educational contexts. As these devices do not 
provide fresh air but rather circulate the air already in the room, they should not be used in 
public settings for children without fresh air intake. Their use is therefore not recommended; 
however, they can be applied as an interim complementary solution in specific cases. In 
such cases, an effectiveness test under real-room conditions should be obtained from the 
manufacturer before purchasing the equipment.

To meet energy-saving requirements, energy-efficient means of improving indoor air quality 
should also be considered. Although indoor plants are known to remove some VOCs, CO2 
and PM, large numbers of plants (10–1000 plants/m2) would be needed to control indoor air 
pollution (76). Likewise, indoor green walls of sufficient size (˃ 5 m2) with appropriate density 
of plants and proper lighting could be capable of removing pollutants, but only to a limited 
extent (77). 

Further studies are needed to evaluate all of the pros of indoor green walls (improved air 
quality, positive emotional effects) as well as the cons (mould and increased moisture), 
and to investigate other alternative biofiltration technologies. In the case of the large-scale 
installation of plants, special attention should be paid to the prevention of exposure to 
microorganisms or excessive indoor humidity and mould (78–80).

Adsorption and photocatalytic oxidation with paints using catalytic nanomaterials are also 
new approaches for the removal of VOCs; however, they show low effectivity without airflow 
to carry pollutants to the reaction site. Furthermore, nanomaterials may also pose a health 
hazard (81). In some studies, paints sold with claims of purifying air were found to be 
ineffective (47), and their application can create a false sense of safety. Consequently, the 
use of these paints should be carefully considered and potential complications should be 
taken into account.

In summary, in terms of pollutants mainly of indoor origin, effective mitigation measures aim 
at reducing releases of pollutants through both source-control strategies and strategies to 
enhance the dilution/removal of pollutants by ventilation or filter absorption. 
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3. CASE STUDIES ON INDOOR AIR QUALITY 
IMPROVEMENTS

Case studies have been carried out to test the efficiency of different measures to improve 
indoor air quality. Some details of these documented intervention studies are summarized 
in Table 1. 

Table 1. Intervention studies on the improvement of indoor air quality in public 
settings for children

Location, number  
of study sites

Interventions Conclusions References

Different districts in 
Switzerland
23 classrooms in the 
heating season

•	Verbal and written 
instructions

•	Awareness-raising via 
a school lesson and an 
interactive tool for students 
to estimate required 
duration of ventilation

•	Median CO2 concentration 
decreased

•	Time to reach 1500 ppm 
increased

Vasella et al., 
2021 (55)

London, United 
Kingdom
6 nurseries

•	Application of different air 
filtration systems

•	All the air filtration systems 
were successful in reducing 
PM2.5 concentrations and 
to a lesser extent NO2 
concentrations

Greater 
London 
Authority, 
2020 (82)

Porto district in 
Portugal
2 nurseries, 2 
preschools and 2 
primary schools

•	Awareness-raising of 
impact of ventilation, 
cleaning products, art 
materials, etc. on indoor 
air quality

•	Promotion of behavioural 
changes (ventilation and 
cleaning methods)

•	PM mass, CO2 
concentrations decreased; 
however, measures not 
always sufficient to decrease 
concentrations of pollutants 
to those considered safe for 
human health

•	Poor results in case of 
formaldehyde

•	CO, NO2, O3, total VOCs 
and radon did not present 
concerning situations in the 
studied rooms

Sá et al., 
2017 (69)

North-eastern 
United States of 
America
18 classrooms 
(9 control, 9 
intervention) in 3 
urban elementary 
schools

•	Application of a classroom-
based commercial air 
cleaner with high efficiency 
particulate air (HEPA) filter

•	Significant reductions in 
PM with an aerodynamic 
diameter of less than        
2.5 µ (PM2.5) and black 
carbon concentrations

Jhun et al., 
2017 (83)
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Location, number 
of study sites

Interventions Conclusions References

Ottawa, Canada
2 early-start 
(8:00 a.m.) 
classrooms and 2 
late-start (9:00 a.m.) 
classrooms

•	Adjustment of HVAC 
system operation: in the 
morning 1 hour prior to 
planned occupancy, then 
off from beginning of 
morning rush hour until 
the systems were required 
to be operational for 
occupation of the building 
(start of the school day)

•	Significant decreases 
in concentrations of 
traffic-related pollutants 
(PM, benzene, toluene, 
ethylbenzene, and           
m/p-xylene) in late-start 
classrooms, but not in early-
start classrooms.

MacNeil et 
al., 2016 (36)

Copenhagen, 
Denmark
1 naturally ventilated 
and 1 mechanically 
ventilated classroom 
during the heating 
season
2 naturally ventilated 
classrooms (with 
and without air 
conditioning) during 
the cooling season

•	Provision of visual 
feedback with CO2 sensor

•	Reduced CO2 concentrations 
as more windows were 
opened 

Wargocki et 
al., 2015 (67)

North-eastern 
Netherlands
18 classrooms 
from 17 schools 
(12 experimental 
classrooms and 6 
control classrooms)

•	Use of specially designed 
and installed mechanical 
ventilation device

•	Significant decreases in CO2 
concentrations in intervention 
classrooms

Rosbach et 
al., 2013 (37)

Denmark
10 classrooms in 5 
schools 

•	Installation of electrostatic 
air cleaners in classrooms 
that were either operated 
or disabled (blind 
crossover study)

•	Decreased concentration of 
particles in the classrooms 
where electrostatic air 
cleaners were operated

•	No consistent effects on 
performance of schoolwork, 
on children’s perception of 
the classroom environment, 
on symptom intensity, or on 
air quality as perceived by 
the sensory panel

Wargocki et 
al., 2008 (84)

Barcelona, Spain
39 classrooms in 39 
schools

•	Assessment of greenness 
within a 50 m buffer 
around schools with 
Normalized Difference 
Vegetation Index derived 
from RapidEye images

•	Higher greenness and 
higher number of trees within 
and around the schools 
associated with lower indoor 
and outdoor traffic-related 
pollutants, including NO2

Dadvand et 
al., 2015 (29)

Table 1 cont.



15

1.	 Annesi-Maesano I, Baiz N, Banerjee S, Rudnai P, Rive S, SINPHONIE Group. Indoor 
air quality and sources in schools and related health effects. J Toxicol Environ Health B 
Crit Rev. 2013;16(8):491–550. doi: 10.1080/10937404.2013.853609.

2.	 De Gennaro G, Dambruoso PR, Loiotile AD, Di Gilio A, Giungato P, Tutino M et al. 
Indoor air quality in schools. Environ Chem Lett. 2014;12:467–82. doi: 10.1007/
s10311-014-0470-6.

3.	 Literature review on chemical pollutants in indoor air in public settings for children and 
overview of their health effects with a focus on schools, kindergartens and day-care 
centres: supplementary publication to the screening tool for assessment of health 
risks from combined exposure to multiple chemicals in indoor air in public settings for 
children. Copenhagen: WHO Regional Office for Europe; 2021 (https://apps.who.int/
iris/ handle/10665/341467, accessed 6 December 2021).

4.	 Royal College of Paediatrics and Child Health, Royal College of Physicians. The inside 
story: health effects of indoor air quality on children and young people. London: Royal 
College of Paediatrics and Child Health; 2020 (https://www.rcpch.ac.uk/resources/
inside-story-health-effects-indoor-air-quality-children-young-people, accessed 14 
March 2022).

5.	 A screening tool for assessment of health risks from exposure to multiple chemicals 
in indoor air in public settings for children: methodological approach. Copenhagen: 
WHO Regional Office for Europe; 2021 (https://apps.who.int/iris/handle/10665/341629, 
accessed 6 December 2021).

6.	 Kephalopoulos S, Csobod E, Bruinen De Bruin Y, De Oliveira Fernandes E. Guidelines 
for healthy environments within European schools. Luxembourg: Publications Office 
of the European Union; 2014 (https://publications.jrc.ec.europa.eu/repository/handle/
JRC87071, accessed 6 December 2021).

7.	 Szabados M, Csákó Z, Kotlík B, Kazmarová H, Kozajda A, Jutraz A et al. Indoor air 
quality and the associated health risk in primary school buildings in central Europe – 
the InAirQ study. Indoor Air. 2021;31(4):989–1003. doi: 10.1111/ina.12802.

8.	 Marzocca A, Di Gilio A, Farella G, Giua R, De Gennaro G. Indoor air quality 
assessment and study of different VOC contributions within a school in Taranto City, 
south of Italy. Environments. 2017;4(1):23. doi: 10.3390/environments4010023.

9.	 Lucialli P, Marinello S, Pollini E, Scaringi M, Sajani SZ, Marchesi S et al. Indoor 
and outdoor concentrations of benzene, toluene, ethylbenzene and xylene in some 
Italian schools: evaluation of areas with different air pollution. Atmos Pollut Res. 
2020;11(11):1998–2010. doi: 10.1016/j.apr.2020.08.007.

10.	Majd E, McCormack M, Davis M, Curriero F, Berman J, Connolly F et al. Indoor 
air quality in inner-city schools and its associations with building characteristics 
and environmental factors. Environ Res. 2019;170:83–91. doi: 10.1016/j.
envres.2018.12.012.

REFERENCES

https://apps.who.int/iris/
https://apps.who.int/iris/
https://www.rcpch.ac.uk/resources/inside-story-health-effects-indoor-air-quality-children-young-people
https://www.rcpch.ac.uk/resources/inside-story-health-effects-indoor-air-quality-children-young-people
https://apps.who.int/iris/handle/10665/341629
https://publications.jrc.ec.europa.eu/repository/handle/JRC87071
https://publications.jrc.ec.europa.eu/repository/handle/JRC87071


MEASURES TO REDUCE RISKS FOR CHILDREN’S HEALTH FROM COMBINED EXPOSURE TO MULTIPLE CHEMICALS IN INDOOR AIR IN PUBLIC SETTINGS FOR CHILDREN

16

11.	Csobod E, Annesi-Maesano I, Carrer P, Kephalopoulos S, Madureira J, Rudnai P et 
al. Schools Indoor Pollution and Health Observatory Network in Europe: final report. 
Brussels: European Commission Directorate-General for Health and Consumer 
Protection/Institute for Health and Consumer Protection (Joint Research Centre); 2014 
(https://op.europa.eu/en/publication-detail/-/publication/b1243a1b-317b-422f-b6cf-
645b693b3cdf/language-en, accessed 6 December 2021).

12.	Rudnai P, Csobod E, Vaskovi E, Neri M, Varro M, Sinisi L. School Environment and 
Respiratory Health of Children (the SEARCH study). Epidemiology. 2012;2(5S):1–181 
(https://journals.lww.com/epidem/Citation/2012/09001/O_181___School_Environment_
and_Respiratory_Health.239.aspx, accessed 6 December 2021).

13.	Kumar P, Omidvarborna H, Pilla F, Lewin N. A primary school driven initiative to 
influence commuting style for dropping-off and picking-up of pupils. Sci Total Environ. 
2020;727:138360. doi: 10.1016/j.scitotenv.2020.138360.

14.	Villanueva F, Tapia A, Lara S, Amo-Salas M. Indoor and outdoor air concentrations of 
volatile organic compounds and NO2 in schools of urban, industrial and rural areas 
in central-southern Spain. Sci Total Environ. 2018;622–3:222–35. doi: 10.1016/j.
scitotenv.2017.11.274.

15.	Salonen H, Salthammer T, Morawska L. Human exposure to NO2 in school and office 
indoor environments. Environ Int. 2019;130:104887. doi: 10.1016/j.envint.2019.05.081.

16.	Lim H, Sadiktsis I, de Oliveira Galvão MF, Westerholm R, Dreij K. Polycyclic aromatic 
compounds in particulate matter and indoor dust at preschools in Stockholm, 
Sweden: occurrence, sources and genotoxic potential in vitro. Sci Total Environ. 
2021;755(1):142709. doi: 10.1016/j.scitotenv.2020.142709.

17.	Oliveira M, Slezakova K, Delerue-Matos C, Pereira MC, Morais S. Children 
environmental exposure to particulate matter and polycyclic aromatic hydrocarbons 
and biomonitoring in school environments: a review on indoor and outdoor 
exposure levels, major sources and health impacts. Environ Int. 2019;124:180–204. 
doi: 10.1016/j.envint.2018.12.052.

18.	Hoffer A, Jancsek-Turóczi B, Tóth Á, Kiss G, Naghiu A, Levei EA et al. Emission factors 
for PM10 and polycyclic aromatic hydrocarbons (PAHs) from illegal burning of different 
types of municipal waste in households. Atmos Chem Phys. 2020;20:16135–44. 
doi: 10.5194/acp-20-16135-2020.

19.	Residential heating with wood and coal: health impacts and policy options in Europe 
and North America. Copenhagen: WHO Regional Office for Europe; 2015 (https://apps.
who.int/iris/handle/10665/153671, accessed 14 March 2022).

20.	WHO guidelines for indoor air quality: household fuel combustion. Geneva: World 
Health Organization; 2014 (https://apps.who.int/iris/handle/10665/141496, accessed 14 
March 2022).

21.	WHO global air quality guidelines: particulate matter (‎PM2.5 and PM10)‎, ozone, nitrogen 
dioxide, sulfur dioxide and carbon monoxide. Geneva: World Health Organization; 
2021 (https://apps.who.int/iris/handle/10665/345329, accessed 6 December 2021).

22.	Air pollution and child health: prescribing clean air. Summary. Geneva: World Health 
Organization; 2018 (https://apps.who.int/iris/handle/10665/275545, accessed 
6 December 2021).

https://op.europa.eu/en/publication-detail/-/publication/b1243a1b-317b-422f-b6cf-645b693b3cdf/language-en
https://op.europa.eu/en/publication-detail/-/publication/b1243a1b-317b-422f-b6cf-645b693b3cdf/language-en
https://journals.lww.com/epidem/Citation/2012/09001/O_181___School_Environment_and_Respiratory_Health.239.aspx
https://journals.lww.com/epidem/Citation/2012/09001/O_181___School_Environment_and_Respiratory_Health.239.aspx
https://apps.who.int/iris/handle/10665/153671
https://apps.who.int/iris/handle/10665/153671
https://apps.who.int/iris/handle/10665/141496
https://apps.who.int/iris/handle/10665/345329
https://apps.who.int/iris/handle/10665/275545


17

23.	Pan-European Master Plan for Cycling Promotion. Geneva: United Nations Economic 
Commission for Europe; 2021 (https://thepep.unece.org/node/825, accessed 14 March 
2022).

24.	Osborne S, Uche O, Mitsakou C, Exley K, Dimitroulopoulou S. Air quality around 
schools: Part I – A comprehensive literature review across high-income countries. 
Environ Res. 2021;196:110817. doi: 10.1016/j.envres.2021.110817.

25.	Kumar P, Druckman A, Gallagher J, Gatersleben B, Allison S, Eisenman TS et al. 
The nexus between air pollution, green infrastructure and human health. Environ Int. 
2019;133(A):105181. doi: 10.1016/j.envint.2019.105181.

26.	Green and blue spaces and mental health: new evidence and perspectives for action. 
Copenhagen: WHO Regional Office for Europe; 2021 (https://apps.who.int/iris/
handle/10665/342931, accessed 15 March 2022).

27.	Urban green spaces: a brief for action. Copenhagen, WHO Regional Office for Europe; 
2017 (https://apps.who.int/iris/handle/10665/344116, accessed 15 March 2022).

28.	Pulimeno M, Piscitelli P, Colazzo S, Colao A, Miani A. Indoor air quality at school and 
students’ performance: recommendations of the UNESCO Chair on Health Education 
and Sustainable Development & the Italian Society of Environmental Medicine (SIMA). 
Health Promot Perspect. 2020;10(3):169–74. doi: 10.34172/hpp.2020.29.

29.	Dadvand P, Rivas I, Basagaña X, Alvarez-Pedrerol M, Su J, De Castro Pascual M et al. 
The association between greenness and traffic-related air pollution at schools. Sci Total 
Environ. 2015;523:59–63. doi: 10.1016/j.scitotenv.2015.03.103.

30.	Bikomeye JC, Balza J, Beyer KM. The impact of schoolyard greening on children’s 
physical activity and socioemotional health: a systematic review of experimental 
studies. Int J Environ Res Public Health. 2021;18(2):535. doi: 10.3390/ijerph18020535.

31.	Fonseca Gabriel M, Paciência I, Felgueiras F, Cavaleiro Rufo J, Castro Mendes F, 
Farraia M et al.  Environmental quality in primary schools and related health effects 
in children. An overview of assessments conducted in the northern Portugal. Energy 
Build. 2021;250:111305. doi: 10.1016/J.ENBUILD.2021.111305.

32.	Barwise Y, Kumar P. Designing vegetation barriers for urban air pollution abatement: a 
practical review for appropriate plant species selection. Clim Atmos Sci. 2020;3(1):12. 
doi: 10.1038/s41612-020-0115-3. 

33.	Vieira J, Matos P, Mexia T, Silva P, Lopes N, Freitas C et al. Green spaces are not all 
the same for the provision of air purification and climate regulation services: the case of 
urban parks. Environ Res. 2018;160:306–13. doi: 10.1016/j.envres.2017.10.006.

34.	Hewitt, C. N., Ashworth, K., & MacKenzie, A. R.  Using green infrastructure to improve 
urban air quality (GI4AQ). Ambio  2020 Jan;49(1):62-73. doi: 10.1007/s13280-019-
01164-3.

35.	Zhang H, Srinivasan R. A systematic review of air quality sensors, guidelines, and 
measurement studies for indoor air quality management. Sustainability. 2020;12:9045. 
doi: 10.3390/su12219045.

36.	MacNeill M, Dobbin N, St-Jean M, Wallace L, Marro L, Shin T et al. Can changing the 
timing of outdoor air intake reduce indoor concentrations of traffic-related pollutants in 
schools? Indoor Air. 2016;26(5):687–701. doi: 10.1111/ina.12252.

https://thepep.unece.org/node/825
https://apps.who.int/iris/handle/10665/342931
https://apps.who.int/iris/handle/10665/342931
https://apps.who.int/iris/handle/10665/344116


MEASURES TO REDUCE RISKS FOR CHILDREN’S HEALTH FROM COMBINED EXPOSURE TO MULTIPLE CHEMICALS IN INDOOR AIR IN PUBLIC SETTINGS FOR CHILDREN

18

37.	Rosbach J, Krop E, Vonk M, van Ginkel J, Meliefste C, de Wind S et al. Classroom 
ventilation and indoor air quality – results from the FRESH intervention study. Indoor 
Air. 2015;26(4):538–45. doi: 10.1111/ina.12231.

38.	Carrer P, de Oliveira Fernandes E, Santos H, Hänninen O, Kephalopoulos S, 
Wargocki P. On the development of health-based ventilation guidelines: principles 
and framework. Int J Environ Res Public Health. 2018;15(7):1360. doi: 10.3390/
ijerph15071360.

39.	Baloch RM, Maesano CN, Christoffersen J, Banerjee S, Gabriel M, Csobod É et al. 
Indoor air pollution, physical and comfort parameters related to schoolchildren’s health: 
data from the European SINPHONIE study. Sci Total Environ. 2020;739:139870. 
doi: 10.1016/j.scitotenv.2020.139870.

40.	Pegas PN, Alves CA, Evtyugina MG, Nunes T, Cerqueira M, Franchi M et al. Seasonal 
evaluation of outdoor/indoor air quality in primary schools in Lisbon. J Environ Monit. 
2011;13(3):657–67. doi: 10.1039/c0em00472c.

41.	Salthammer T, Mentese S, Marutzky R. Formaldehyde in the indoor environment. 
Chem Rev. 2010;110(4):2536–72. doi: 10.1021/cr800399g.

42.	Ulker OC, Ulker O, Hiziroglu S. Volatile organic compounds (VOCs) emitted from 
coated furniture units. Coatings. 2021;11(7):806. doi: 10.3390/coatings11070806.

43.	Willem H, Singe BC. Chemical emissions of residential materials and 
products: review of available information. Berkeley: Ernest Orlando Lawrence 
Berkeley National Laboratory; 2010 (https://pdfs.semanticscholar.org/3b98/
f92ce2a0ba441cfa81428ee0f35dbf715fa0.pdf, accessed 6 December 2021).

44.	Wang Q, Shen J, Cao T, Du J, Dong H, Shen X. Emission characteristics and health 
risks of volatile organic compounds and odor from PVC-overlaid particle board. 
BioRes. 2019;14(2):4385–402. doi: 10.15376/biores.14.2.4385-4402.

45.	Rizk M, Guo F, Verriele M, Ward M, Dusanter S, Blond N et al. Impact of material 
emissions and sorption of volatile organic compounds on indoor air quality in a low 
energy building: field measurements and modeling. Indoor Air. 2018;28(6):924–35. 
doi: 10.1111/ina.12493.

46.	Poulhet G, Dusanter S, Crunaire S, Locoge N, Gaudion V, Merlen C et al. Investigation 
of formaldehyde sources in French schools using a passive flux sampler. Build Environ. 
2014;71:111–20. doi: 10.1016/j.buildenv.2013.10.002. 

47.	Schieweck A, Bock MC. Emissions from low-VOC and zero-VOC paints – valuable 
alternatives to conventional formulations also for use in sensitive environments? Build 
Environ. 2015;85:243–52. doi: 10.1016/j.buildenv.2014.12.001.

48.	Pegas P, Evtyugina M, Alves C, Nunes T, Cerqueira M, Franchi M et al. Outdoor/indoor 
air quality in primary schools in Lisbon: a preliminary study. Quim. 2010;33:1145–9. 
doi: 10.1590/S0100-40422010000500027.

49.	Mishra N, Bartsch J, Ayoko GA, Salthammer T, Morawska L. Volatile organic 
compounds: characteristics, distribution and sources in urban schools. Atmos Environ. 
2015;106:485–91. doi: 10.1016/j.atmosenv.2014.10.052.

https://pdfs.semanticscholar.org/3b98/f92ce2a0ba441cfa81428ee0f35dbf715fa0.pdf
https://pdfs.semanticscholar.org/3b98/f92ce2a0ba441cfa81428ee0f35dbf715fa0.pdf
https://doi.org/10.1016/j.buildenv.2014.12.001


19

50.	De Gennaro G, Farella G, Marzocca A, Mazzone A, Tutino M. Indoor and outdoor 
monitoring of volatile organic compounds in school buildings: indicators based on 
health risk assessment to single out critical issues. Int J Environ Res Public Health. 
2013;10(12):6273–91. doi: 10.3390/ijerph10126273.

51.	Angulo Milhem S, Verriele M, Nicolas M, Thevenet F. Does the ubiquitous use of 
essential oil-based products promote indoor air quality? A critical literature review. 
Environ Sci Pollut Res Int. 2020;27(13):14365–411. doi: 10.1007/s11356-020-08150-3.

52.	Wakayama T, Ito Y, Sakai K, Miyake M, Shibata E, Ohno H et al. Comprehensive 
review of 2-ethyl-1-hexanol as an indoor air pollutant. J Occup Health. 2019;61(1):19–
35. doi: 10.1002/1348-9585.12017. 

53.	Salthammer T, Uhde E, Schripp T, Schieweck A, Morawska L, Mazaheri M et al. 
Children’s well-being at schools: impact of climatic conditions and air pollution. Environ 
Int. 2016;94:196–210. doi: 10.1016/j.envint.2016.05.009.

54.	Canha N, Mandin C, Ramalho O, Wyart G, Ribéron J, Dassonville C et al. Assessment 
of ventilation and indoor air pollutants in nursery and elementary schools in France. 
Indoor Air. 2016;26(3):350–65. doi: 10.1111/ina.12222.

55.	Vassella CC, Koch J, Henzi A, Jordan A, Waeber R, Iannaccone R et al. From 
spontaneous to strategic natural window ventilation: improving indoor air quality 
in Swiss schools. Int J Hyg Environ Health. 2021;234:113746. doi: 10.1016/j.
ijheh.2021.113746.

56.	Ramalho O, Wyart G, Mandin C, Blondeau P, Cabanes PA, Leclerc N et al. Association 
of carbon dioxide with indoor air pollutants and exceedance of health guideline values. 
Build Environ. 2015;93(1):115–24. doi: 10.1016/j.buildenv.2015.03.018.

57.	Health Effects of School Environment (HESE) – final scientific report. Brussels: 
European Commission Directorate-General for Health and Consumer Protection; 2006 
(http://ec.europa.eu/health/ph_projects/2002/pollution/fp_pollution_2002_frep_04.pdf, 
accessed 6 December 2021). 

58.	Lowther SD, Dimitroulopoulou S, Foxall K, Shrubsole C, Cheek E, Gadeberg B et al. 
Low level carbon dioxide indoors – a pollution indicator or a pollutant? A health-based 
perspective. Environments. 2021;8(11):125. doi: 10.3390/environments8110125.

59.	Building Bulletin 101. Guidelines on ventilation, thermal comfort and indoor air quality 
in schools. London: Education and Skills Funding Agency; 2014 (https://www.gov.
uk/government/publications/building-bulletin-101-ventilation-for-school-buildings, 
accessed 6 December 2021). 

60.	Nørgaard AW, Kofoed-Sørensen V, Mandin C, Ventura G, Mabilia R, Perreca E et al. 
Ozone-initiated terpene reaction products in five European offices: replacement of a 
floor cleaning agent. Environ Sci Technol. 2014;48:13331–9. doi: 10.1021/es504106j.

61.	Cacho C, Ventura Silva G, Martins AO, Fernandes EO, Saraga DE, Dimitroulopoulou C 
et al. Air pollutants in office environments and emissions from electronic equipment: a 
review. Fresenius Environ Bull. 2013;22(9):2488–97.

http://ec.europa.eu/health/ph_projects/2002/pollution/fp_pollution_2002_frep_04.pdf
https://www.gov.uk/government/publications/building-bulletin-101-ventilation-for-school-buildings
https://www.gov.uk/government/publications/building-bulletin-101-ventilation-for-school-buildings


MEASURES TO REDUCE RISKS FOR CHILDREN’S HEALTH FROM COMBINED EXPOSURE TO MULTIPLE CHEMICALS IN INDOOR AIR IN PUBLIC SETTINGS FOR CHILDREN

20

62.	Kozicki M, Guzik K. Comparison of VOC emissions produced by different types of 
adhesives based on test chambers. Materials (Basel). 2021;14(8):1924. doi: 10.3390/
ma14081924.

63.	Radić M, Brković Dodig M, Auer T. Green facades and living walls – a review 
establishing the classification of construction types and mapping the benefits. 
Sustainability. 2019;11:4579. doi: 10.3390/su11174579.

64.	Wargocki P, Porras-Salazar JA, Contreras-Espinoza S, Bahnfleth W. The relationships 
between classroom air quality and children’s performance in school. Build Environ. 
2020;173:106749. doi: 10.1016/j.buildenv.2020.106749.

65.	Schibuola L, Scarpa M, Tambani C. Natural ventilation level assessment in a school 
building by CO2 concentration measures. Energy Procedia. 2016;101:257–64. 
doi: 10.1016/j.egypro.2016.11.033.

66.	Gasparini G, Colaiacomo E, Sinisi L, de Maio F, Frateiacci S. Air quality in schools: 
everybody’s duty and children’s right. Rome: Italian Ministry for the Environment, Land 
and Sea; 2010.

67.	Wargocki P, Da Silva NA. Use of visual CO2 feedback as a retrofit solution for 
improving classroom air quality. Indoor Air. 2015;25(1):105–14. doi: 10.1111/ina.12119.

68.	Guidance for schools. Brussels: Federation of European Heating, Ventilation and 
Air Conditioning Associations (REHVA); 2021 (https://www.rehva.eu/fileadmin/user_
upload/REHVA_COVID-19_Guidance_School_Buildings.pdf, accessed 6 December 
2021).

69.	Sá JP, Branco PTBS, Alvim-Ferraz MCM, Martins FG, Sousa SIV. Evaluation of low-
cost mitigation measures implemented to improve air quality in nursery and primary 
schools. Int J Environ Res Public Health. 2017;14(6):585. doi: 10.3390/ijerph14060585.

70.	Carrer P, Wargocki P, De Oliveira Fernandes E, Hänninen O, Kephalopoulos S, Allard 
F et al. European Collaborative Action – urban air, indoor environment and human 
exposure. Report No 30. Framework for health-based ventilation guidelines in Europe. 
Luxembourg: Publications Office of the European Union; 2020 (https://publications.jrc.
ec.europa.eu/repository/handle/JRC99207, accessed 6 ecember 2021).

71.	Chenari B, Carrilho JD, da Silva MG. Towards sustainable, energy-efficient and healthy 
ventilation strategies in buildings: a review. Renewable and Sustainable Energy 
Reviews. 2016;59;1426–47. doi: 10.1016/j.rser.2016.01.074.

72.	Kelly FJ, Fussell JC. Improving indoor air quality, health and performance within 
environments where people live, travel, learn and work. Atmos Environ. 2019;200:90–
109. doi: 10.1016/j.atmosenv.2018.11.058.

73.	Cheek E, Guercio V, Shrubsole C, Dimitroulopoulou S. Portable air purification: review 
of impacts on indoor air quality and health. Sci Total Environ. 2021;766:142585. 
doi: 10.1016/j.scitotenv.2020.142585.

74.	EPA residential air cleaners: a technical summary. Third edition. Portable air cleaners, 
furnace and HVAC filters. Washington DC: United States Environmental Protection 
Agency (EPA); 2018 (https://www.epa.gov/sites/default/files/2018-07/documents/
residential_air_cleaners_-_a_technical_summary_3rd_edition.pdf, accessed 
6 December 2021).

https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_Guidance_School_Buildings.pdf
https://www.rehva.eu/fileadmin/user_upload/REHVA_COVID-19_Guidance_School_Buildings.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC99207
https://publications.jrc.ec.europa.eu/repository/handle/JRC99207
https://www.epa.gov/sites/default/files/2018-07/documents/residential_air_cleaners_-_a_technical_summary_3rd_edition.pdf
https://www.epa.gov/sites/default/files/2018-07/documents/residential_air_cleaners_-_a_technical_summary_3rd_edition.pdf


21

75.	Afshari A, Seppänen O. Effect of portable air cleaners on indoor air quality: particle 
removal from indoor air. REHVA Journal. 2021;58(2):29–36 (https://www.rehva.eu/
rehva-journal/chapter/effect-of-portable-air-cleaners-on-indoor-air-quality-particle-
removal-from-indoor-air, accessed 6 December 2021).

76.	Cummings BE, Waring MS. Potted plants do not improve indoor air quality: a review 
and analysis of reported VOC removal efficiencies. J Expo Sci Environ Epidemiol. 
2020;30:253–61. doi: 10.1038/s41370-019-0175-9.

77.	Torpy F, Zavattaro M, Irga P. Green wall technology for the phytoremediation of 
indoor air: a system for the reduction of high CO2 concentrations. Air Qual Atmos 
Health. 2017;10:575–85. doi: 10.1007/s11869-016-0452-x.

78.	Ghazalli AJ, Brack C, Bai X, Said I. Alterations in use of space, air quality, temperature 
and humidity by the presence of vertical greenery system in a building corridor. Urban 
Forestry & Urban Greening. 2018;32:177–84. doi: 10.1016/j.ufug.2018.04.015.

79.	Tudiwer D, Korjenic A. The effect of an indoor living wall system on humidity, mould 
spores and CO2 concentration. Energy Build. 2017;146:73–86. doi: 10.1016/j.
enbuild.2017.04.048.

80.	Han KT, Ruan LW. Effects of indoor plants on air quality: a systematic review. Environ 
Sci Pollut Res. 2020;27:16019–51. doi: 10.1007/s11356-020-08174-9.

81.	Baranowska-Wójcik E, Szwajgier D, Oleszczuk P, Winiarska-Mieczan A. Effects of 
titanium dioxide nanoparticles exposure on human health – a review. Biol Trace Elem 
Res. 2020;193 (1):118–29. doi: 10.1007/s12011-019-01706-6.

82.	The Mayor of London’s nursery air quality audit programme. Air filtration system trial. 
London: Greater London Authority; 2020 (https://www.london.gov.uk/sites/default/
files/2020212_afs_trial_findings_report_v8.3_inc_apdx.pdf, accessed 14 March 2022).

83.	Jhun I, Gaffin JM, Coull BA, Huffaker MF, Petty CR, Sheehan WJ et al. School 
environmental intervention to reduce particulate pollutant exposures for children 
with asthma. J Allergy Clin Immunol Pract. 2017;5(1):154–9.e3. doi: 10.1016/j.
jaip.2016.07.018.

84.	Wargocki P, Wyon DP, Lynge-Jensen K, Bornehag CG. The effects of electrostatic 
particle filtration and supply-air filter condition in classrooms on the performance 
of schoolwork by children (RP-1257). HVAC R Res. 2008;14(3):327–44. 
doi: 10.1080/10789669.2008.10391012.

https://www.rehva.eu/rehva-journal/chapter/effect-of-portable-air-cleaners-on-indoor-air-quality-particle-removal-from-indoor-air
https://www.rehva.eu/rehva-journal/chapter/effect-of-portable-air-cleaners-on-indoor-air-quality-particle-removal-from-indoor-air
https://www.rehva.eu/rehva-journal/chapter/effect-of-portable-air-cleaners-on-indoor-air-quality-particle-removal-from-indoor-air
https://www.london.gov.uk/sites/default/files/2020212_afs_trial_findings_report_v8.3_inc_apdx.pdf
https://www.london.gov.uk/sites/default/files/2020212_afs_trial_findings_report_v8.3_inc_apdx.pdf


MEASURES TO REDUCE RISKS FOR CHILDREN’S HEALTH FROM COMBINED EXPOSURE TO MULTIPLE CHEMICALS IN INDOOR AIR IN PUBLIC SETTINGS FOR CHILDREN

22

ANNEX 1. PRACTICAL MEASURES FOR REDUCING INDOOR 
CONCENTRATIONS OF CHEMICALS CONTRIBUTING 
SUBSTANTIALLY TO HEALTH RISKS

The user-friendly IAQRiskCalculator tool was developed by the WHO Regional Office for 
Europe’s European Centre for Environment and Health to assess combined exposures to 
indoor air pollutants in public settings for children. A tiered approach is applied to the risk 
calculation in the screening tool as follows: 

	♦ Tier 0 – calculates a hazard index (HI) as a sum of hazard quotients; chemicals are not 
grouped according to their adverse-effects endpoints;

	♦ Tier  1, level  1 – calculates HIs with chemicals grouped according to the five selected 
adverse effects endpoints;

	♦ Tier 1, level 2 – calculates an adjusted point of departure index (PODIadj) for the selected 
adverse effects of interest.

In case of a considerable health risk either in Tier 0 or in Tier 1 levels (HI > 1, PODIadj > 1),
indoor air quality should be improved. The tool indicates the air pollutant(s) posing the 
greatest health risks, and thus specific interventions to reduce concentrations of the risk-
driven chemical(s) can be selected and applied. Recommended measures for chemicals 
included in the screening tool are summarized in Table A.1. Potential indoor and major 
outdoor sources of the chemicals are also listed.
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