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ABSTRACT

Air pollution has been recognised as the single biggest environmental threat to human health within the European Union (EU).
Indoor air pollution has received less attention than outdoor air pollution, even though we spend most of our time indoors. It is as-
sociated with a variety of short- and long-term health effects. These include allergies and asthma with a key role for the exposure to
bioaerosols and synergistic interactions between chemical and biological pollutants. Given the dramatic rise of allergic diseases, the
prevention of symptom exacerbations and the new onset of disease are of great importance, particularly for vulnerable populations
such as children. The lack of a unified EU-wide approach involving all stakeholders represents a major unmet need. The EU-funded
IDEAL Cluster comprises seven research projects to advance knowledge on indoor air quality (IAQ) and its impact on health, inform
policies and thus promote healthier indoor environments. The ‘SynAir-G’ project forms part of this cluster and was launched in 2022
with the participation of 18 partners from 11 countries. It focuses on schools to explore synergistic interactions between chemical and
biological pollutants based on the hypothesis that these modulate major health effects. SynAir-G includes the development of low-cost
sensors, collection of health outcomes, modelling of pollution dynamics and the development of mitigation solutions. The knowledge
will be circulated to all stakeholders and the public aiming to establish standards and health-based guidelines. The scope of this posi-
tion statement is (1) to review the current evidence on indoor air pollution, its impact on health and particularly on children with aller-
gies and asthma; (2) to give an overview of the European regulatory framework; (3) to describe knowledge gaps, challenges and unmet
needs; and (4) to present SynAir-G's project goals and propose a roadmap to improve IAQ for children with asthma and allergies.

1| IAQ and Adverse Synergistic Effects—The
SynAir-G Hypothesis

Air pollution—outdoors and indoors—is recognised as the sin-
gle biggest environmental threat to human health within the
European Union (EU). According to the European Environment
Agency (EEA), it is responsible for over 1200 premature deaths
and the loss of over 110,000 disability-adjusted life years (DALYs)
in children and adolescents every year in EEA member and col-
laborating countries [1-3]. While the impact of air pollution is
most pronounced in low- and middle-income countries, signifi-
cant health effects are still observed at lower pollutant concen-
trations typical of high-income countries [4]. There is a persistent
unmet need to monitor and improve air quality to support health,
in particular in the indoor environment, where we spend most
of our time. Even though outdoor air pollution affects indoor air
quality (IAQ), air pollution found indoors may differ significantly
in source, composition, concentration and pollutants specific to
the indoor environment. Hence, it requires a separate evaluation
from outdoor air [5-9].

Indoor air pollutants form a heterogenous group, originating
from diverse sources including toxic chemicals and particles
released from building products and furnishings, natural pol-
lutants like radon, pollutants stemming from human activities
such as smoking, burning solid fuels, cooking and cleaning,
along with biological contaminants like mould, pollen, dust,
bacteria and viruses [6, 10].

The exposures to these pollutants rarely happen in isolation but
often simultaneously leading to a harmful mix with strong indi-
cations that chemical and biological pollutants interact and pos-
sibly synergise [11]. However, synergistic interactions are still
underinvestigated in terms of concentration, timing, sequence
and health effects [12, 13].

Several mechanisms have been proposed by which IAP impairs
human health leading to a variety of short- and long-term symp-
toms including recurrent respiratory infections and pro-inflamma-
tory states in the organs of direct exposure and beyond (Figure 1)
[3, 4, 14-17]. The complete scope of health effects remains largely

unknown due to scarce data and inconsistent findings from available
studies [3-5, 8, 15, 19-27].

Interventions targeting IAP fall into prevention measures to re-
duce emissions, mitigation measures to reduce concentrations
and measures to avoid individual exposure [3]. Understanding
the relationship between sources, air exchange rates and health
outcomes imposes challenges on the construction industry and
policymakers.

Against this background, the EU-funded research initiative
Indoor Air and Health Cluster (IDEAL) was launched in 2022.
The cluster comprises seven research projects committed to ad-
vance scientific knowledge on IAQ and its impact on human
health, inform policy decisions and thus promote healthier in-
door environments across Europe (Figure 2). Its objectives are to
optimise synergies, avoid overlaps and maximise the impact of
the included projects funded by the EU with €50 million under
Horizon Europe's topic ‘Indoor Air Quality and Health’ [28, 29].

The ‘SynAir-G’ (Disrupting Noxious Synergies of Indoor Air
Pollutants and their Impact in Childhood Health and Wellbeing,
using Advanced Intelligent Multisensing and Green Interventions)
project is part of the IDEAL Cluster and focuses on the school
setting aiming to explore the nature and impact of synergistic in-
teractions between common chemical and biological pollutants
based on the underlying hypothesis that these modulate major
effects on respiratory, immune and mental health [13, 30, 28].

While this hypothesis has been discussed in detail in a previous
publication [13, 30], the scope of the present work is (1) to give an
overview of the current evidence and regulatory framework; (2)
to describe knowledge gaps, challenges and unmet needs; and
(3) to present project goals and propose a roadmap to improve
IAQ for all children living with asthma and allergies [31].

2 | Children's Health and IAQ

Distinct populations such as children are particularly vulner-
able for possible health effects related to air pollution such as
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Primary effects
in the organs of exposure
upper & lower airways, skin

(i) Impaired macrophage
phagocytosis and
surface adherence

(ii) Reduced bacterial and
mucociliary clearance
(iii) Disrupted epithelial
and alveolar-capillary
barriers
(iv) Altered airway
microbiome
Dysregulated immune
response to
commensals

i

=

Secondary effects

caused by the migration of
activated inflammatory
cells

Genetic and

epigenetic changes
altering inflammatory and
oxidative stress responses

Short-term
symptoms

Long-term
symptoms

Eye irritation

Cough and wheeze

Headache

Fatigue
Respiratory tract
infections

Allergic diseases
(rhinitis, sinusitis, otitis)

Asthma new-onset
and exacerbations

Disturbance of neurobehavioral
development and cognitive
function

Exacerbation of chronic
inflammatory conditions

COPD

Lung cancer

Cardiovascular diseases

and stroke

FIGURE 1 | Overview of proposed mechanisms and resulting short- and long-term symptoms by which indoor air pollution impairs human

health. Exposure to air pollutants results in impaired macrophage phagocytosis and surface adherence, reduced bacterial and mucociliary clear-
ance, and disrupted alveolar-capillary barriers. This leads to recurrent respiratory infections and pro-inflammatory states with associated increases
in neutrophilic inflammation, proteolytic activity of matrix metalloproteinases, oxidative stress and apoptosis. Alterations in the airway epithelium
and microbiome as well as host response to commensals have been discussed. Beyond the effects in the organs of exposure such as lungs and skin,
activated inflammatory cells can migrate to cause and exacerbate chronic conditions such as autoimmune diseases in other organs. Even after the ex-
posure is removed, air pollution may result in genetic and epigenetic changes which alter inflammatory and oxidative stress responses [3-5, 14-18].

INU]RE

FIGURE 2 | Outline of the IDEAL Cluster projects' objectives. The IDEAL Cluster involves over 120 European organisations and partners across
seven projects: InChildHealth, LEARN, TwinAIR, K-HEALTHIinAIR, INQUIRE, SynAir-G and EDIAQI [29].
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acute upper and lower respiratory infections, otitis media as
well as the onset and exacerbation of allergy and asthma [3, 32—
36]. Due to their respiratory physiology, children potentially
breathe in more pollutants which penetrate deeper into the
lower respiratory tract [37-39]. Children's airways are smaller,
and their organs and immune system are still developing,
which further increases their susceptibility. In the short and
long term, lung function and lung development can be affected
both in children with pre-existing lung diseases and in healthy
children [40-42]. Beyond the effects in the organs of imme-
diate exposure such as the lungs and the skin, activated in-
flammatory cells can migrate to cause and exacerbate chronic
conditions such as autoimmune diseases in other organs [14].
A growing body of evidence indicates that fine airborne par-
ticulate matter (PM) is neurotoxic and threatens children's
neurobehavioural development and cognitive function [43].
Furthermore, a large epidemiological study in the Swedish
GAZ2LEN cohort reported that home dampness and exposure to
indoor and outdoor air pollution were significantly associated
with habitual snoring [16]. Paediatric studies show that snor-
ing predicts poorer behavioural and cognitive outcomes even
in the absence of sleep apnoea [44]. Also, a prospective cohort
study demonstrated that the exposure to traffic-related diesel
exhaust was associated with an increased risk of aeroallergen
sensitisation in children [11]. Such synergistic effects may play
an important role in health effects of indoor and outdoor air
pollution on children's health and require closer examination
[12, 13, 30].

Children with low socioeconomic status are at an even higher
risk of health effects due to higher exposure to IAP, nutrition
problems, lack of capacity to anticipate, cope and adapt to the
hazards, and reduced access to healthcare services [45].

SCHOOL INDOORS L
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h AT
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As children in Europe spend most of their time indoors, the
school environment is of paramount importance and amena-
ble to intervention (Figure 3) [3, 28, 31, 32, 35, 36]. Air pol-
lutant concentrations in school premises, playgrounds and
drop-off points are influenced by their proximity to roads,
traffic density and flow as well as green areas [34, 46]. A re-
cent study demonstrated an increase of PM, ; concentrations
by a factor of 3 at the school entrance during drop-off hours
[47]. The siting and design of schools, the installation of clean
air zones and the prevention of smoking in or around schools
can help to prevent air pollution outdoors and consequently
also indoors. Other sources specific for the indoor environ-
ment such as cleaning and painting can be scheduled after
school to minimise children's exposure, using low-emission
cleaning products and materials, prioritising wet cleaning,
fitting vacuum cleaners with high-efficiency particulate air
(HEPA) filters and using technologies like CO, monitoring in
classrooms as an indicator of IAQ [6, 40, 48].

In 2023, WHO/Europe developed an ‘Indoor Air Quality Risk
Calculator’ to support the protection of children's health in
schools, kindergartens and day-care centres. The IAQ Risk
Calculator estimates the health risks for children from combined
exposure to multiple hazardous chemicals in indoor air [46].

The US EPA published an ‘Indoor Air Quality Tools for Schools’
Action Kit, which provides institutions with access to materials,
guidelines and examples of policies intended to improve IAQ
[27, 49].

In the EU, the exposure of children to poor IAQ is the subject of

current work at the EEA and the focal area of the projects of the
IDEAL Cluster [1, 2, 50].

OUTDOORS

° Pollen and
fungal spores
Radon

Exhaust from
vehicles

Industrial
pollutants

Exhaust from the@ I I I I I
building, paint, ... 1

FIGURE 3 | Determinants of indoor air pollution in schools. Several studies have addressed the relationship between IAQ and health in school-
children, confirming that various chemical pollutants and biological contaminants are found in classrooms, sometimes at elevated concentrations,

often higher than outdoor levels and above existing guideline values [32].
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3| A Focus on Asthma and Allergies

Within the paediatric population, patients with allergies and
asthma are even more vulnerable to adverse health effects
through air pollution as they tend to have exaggerated and per-
sistent inflammation, triggered by specific and nonspecific stim-
uli [13, 30]. Up to one in four school-aged children are affected,
making allergies and asthma the leading causes of school ab-
senteeism representing a significant burden on children, their
families and societies [32, 51, 52]. The prevalences of asthma
and allergic diseases have been steadily increasing during the
last six decades in developed countries [53]. Current evidence
suggests that early life exposure to environmental stressors is a
major contributor. However, the number of high-quality studies
is limited, and their results are inconsistent.

Epidemiological and experimental studies support a link be-
tween short-term exposures to IAP and the risk of asthma
exacerbation and hospitalisation in patients with known pre-ex-
isting bronchial hyperresponsiveness or asthma [8, 54-56].
Specifically, bioaerosols can trigger asthma symptoms and act
as allergens [57].

To confirm a causative role of long-term exposure to IAP in the
new onset of asthma and allergic diseases, early follow-up ide-
ally from birth and longer observation periods are required. In
the multi-ethnic Born in Bradford cohort, low-cost commercial
sensors sampled PM, . in three rooms over a 2-week period. No
clear associations were found between asthma-related symp-
toms and PM, . metrics in mothers and children [20].

Neither could an analysis from the COPSAC (The Copenhagen
Prospective Study on Asthma in Childhood) longitudinal birth
cohort confirm an association between long-term exposure to
IAP (NO,, NO,, formaldehyde, PM, . and black smoke) and
wheezing episodes as documented by parents over 18 months
from birth. It must be noted that NO, levels in the infants’ bed-
rooms were relatively low. Also, early exposure to IAP could
impact on respiratory health later in life, which will be investi-
gated in future analyses after a longer observation period of this
cohort [23, 58].

Results from a prospective US birth cohort studied the associa-
tions of house dust organophosphate (OPFR) and replacement
brominated flame retardants (RBFR) during infancy with ad-
verse respiratory outcomes over 5 years from birth. OPFR and
RBFR levels were associated with higher risks of subsequent
wheeze, respiratory infections and/or allergies [59].

Exposure to IAP might also indirectly influence the onset of
asthma and allergic diseases by potentiating other risk factors such
as viral infections, which is supported by findings of the PARIS
birth cohort using predictive models based on measurements and
potential determinants of formaldehyde concentrations. The data
suggest that infants exposed to formaldehyde early in life have an
increased incidence of lower respiratory tract infections [25, 60].

These findings are in line with a meta-analysis that included ev-
idence from several original studies with a comparator-control
group or exposure range comparison to investigate the impact
of exposure to formaldehyde on childhood asthma diagnosis

(10 studies) and on the risk of exacerbation of childhood asthma
with wheezing and shortness of breath (five studies). The au-
thors conclude that there was sufficient evidence for associa-
tions between exposure to formaldehyde and asthma onset and
symptoms [21].

Another meta-analysis included a total of 49 studies that
measured VOCs and pulmonary health outcomes with most
of the studies being conducted in high-income countries. The
results show a medium-sized effect on pulmonary diseases,
including the onset of asthma and wheezing. The effect size
varied by country, age and disease type, and interestingly, the
effect size of VOC on respiratory health was 1.6 times higher
in the adult population than in the paediatric population (0.3
vs. 0.5) [19].

A systematic review that investigated the impact of VOC ex-
posure on the risk of developing and/or exacerbating asthma
and allergy found that approximately equal numbers of studies
reported that exposure increased risks and that exposure was
not associated with any adverse effects. The review is limited
by the heterogeneity of populations, exposures and outcomes
studied, and the overall limited body of high-quality studies.
Furthermore, the authors found that the individual included
studies had many limitations such as inadequate sampling of
VOCs, a tendency toward short-term exposure assessment (typ-
ically ? 24h), mostly area sampling rather than personal sam-
pling, a lack of standardisation in assessing health outcomes,
measurement of VOCs not related to the health outcomes of
interest and frequent inadequate adjustment for confounding
factors [23, 26].

Given this lack of robust scientific evidence, there is an unmet
need for large cohort studies investigating the association of
long-term exposure to IAP and validated relevant health out-
comes using personal exposure measurements, considering
pollutant synergies and adjusting for key potential confounding
factors and effect modifiers.

Accordingly, specific recommendations in current medical
guidelines on the management of asthma and allergies are often
sparse or vague, though the relevance of IAQ for prevention and
satisfactory disease control is highlighted.

The Global Strategy for Asthma Management and Prevention
(GINA) published recommendations in 2024 advising patients
with persisting uncontrolled symptoms and/or exacerbations de-
spite adequate treatment to assess and correct exposure to air pol-
lution. Patients are encouraged to use nonpolluting heating and
cooking sources. Adults and adolescents with difficult-to-treat
asthma should be assessed for the exposure to air pollution includ-
ing tobacco smoke and potential allergens. Children should not be
exposed to tobacco smoke for primary prevention [61].

Similarly, the 2024 asthma guideline of the UK National
Institute for Health and Care Excellence (NICE) recommends
considering environmental risk factors in the case of treatment
resistance. Patients should receive counselling for potential trig-
gers and a personalised action plan to minimise the exposure to
air pollution [62]. A separate set of recommendations is provided
to improve TAQ at home [63].
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The 2020 asthma guideline of the US National Heart Lung and
Blood Institute (NHLBI) recommends the use of air filtration
systems and air purifiers, including those with HEPA filters to
filter indoor air and remove solid particulates, such as dust, pol-
len, mould and bacteria [64].

The international Pediatric Asthma in Real Life (PeARL)
think tank has published asthma monitoring recommen-
dations in 2024. These advise, in the case of lack of disease
control, to consider clinically relevant irritant exposures, for
example, tobacco, wood smoke and dust, and that spikes in
air pollution, in particular in combination with heavy exer-
cise, are associated with increased asthma exacerbations. If a
clinically relevant allergen sensitisation has been established,
regular monitoring of allergen avoidance measures is recom-
mended [30].

In 2025, the European Academy of Allergy and Clinical
Immunology (EAACI) published specific guidance for pa-
tients and healthcare professionals (HCPs) on the impact
of important indoor air pollutants on the risk of new-onset
asthma and on asthma-related outcomes. The recommenda-
tions are based on a literature review following the GRADE
methodology. Very low to low certainty of evidence was found
for the association between exposure to indoor pollutants and
increased risk of new-onset asthma and asthma exacerbation.
Only for mould exposure moderate certainty of evidence for
new-onset asthma is available. The assessment of IAP expo-
sure is recommended, supplemented where appropriate by
the analysis of air and dust and human biomarkers in saliva
or urine. IAP should then be reduced at an individual level
through (a) reduction or removal of the sources of pollutants,
(b) ventilation with clean outdoor air, (c) use of air cleaners
to filter the air and (d) use of personal monitors and alert sys-
tems. The incorporation of a personalised adaptation and mit-
igation strategy in the asthma management plan is strongly
recommended [65].

4 | Regulatory Framework and Guidelines on IAQ

Currently, no international consensus exists about IAQ stan-
dards, policies or guidelines. Regulations from individual coun-
tries and international parties recognise and emphasise the
need for a concerted push to enhance IAQ [66-68]. A review
of TAQ recommendations from legislation and standardisation
processes demonstrated inconsistent and variable national and
regional limit values for gaseous substances and airborne PM in
the built environment concluding an unmet need to harmonise
energy efficiency, thermal comfort and TAQ [69].

The International Society of Indoor Air Quality and Climate
(ISTAQ) initiated an ISTAQ Scientific and Technical Committee
(STC34) in 2020. The committee aims to continuously monitor,
collect and organise information about indoor environmental
quality (IEQ) guidelines worldwide, and to develop IEQ recom-
mendations. For this purpose, an open database was created in
2021 that is freely accessible online on their website [70-72].

A critical analysis of standards for indoor thermal comfort and
air quality demonstrated that regional differences in climate,

building type, demographics and culture may have a significant
influence on the health risk and perception of the occupants
and might not be appropriately addressed both in national and
international standards. This questions their applicability and
points to the challenges for the development of any universal
guidance [73].

In many countries with regulations in place, these do not distin-
guish between different types of premises. While occupational
exposure values are typically based on acute impacts to healthy
adult men, values for public buildings, hospitals and schools
must also take into account more vulnerable populations such
as children, pregnant women and older people as well as long-
term health risks [66]. These considerations apply to chemical as
well as to biological determinants of IAQ [70]. For example, hos-
pitals and laboratories may require air sterility, while this does
not apply to public and residential areas, where the presence of
a microbiome has been found to be beneficial for a healthy im-
mune system [65, 70, 73].

The list of chemical contaminants found in indoor air is long,
and selecting those that should be regulated is complex. Not all
known contaminants impact on human health and wellbeing,
and not all can be quantified with current analytical methods.
Some may only be harmful after they react to form compounds
with other substances [70]. In some European countries, the list
of pollutants in the ISTAQ STC 34 database is long, for example,
Germany with 53 and Poland with 46 substances [71]. Current
regulations most frequently address formaldehyde, CO,, CO,
radon, PM and NO, [66]. In addition to single pollutants, sev-
eral countries also regulate integrated metrics for mixtures in
indoor air, including VOCs and PM [66]. A review of 26 IAQ na-
tional and international standards and certifications suggested
a classification into different levels of recommendations: ‘basic’
as a bottom line for indoor air hygiene, ‘green’ to improve IAQ
focusing on energy and sustainability and ‘health’ to promote
occupant health and well-being. Formaldehyde, benzene, CO,,
PM and radon were mostly considered in all three levels [75]. In
nonindustrial indoor environments, CO, is usually used as an
indicator for ventilation and hence regulated in the ventilation
guidelines. In Denmark and Lithuania, for example, CO, is also
regulated as a pollutant for education premises. Estonia and the
Netherlands have special requirements for CO, and Radon in
schools, the United Kingdom for C,H, toluene (PhCH,), PM, .,
styrene (CgHy), xylene and asbestos. HCHO is a known carcin-
ogen and associated with asthma in both adults and children
and is regulated in many European countries such as Poland,
Finland, France and the United Kingdom [71, 76, 66].

Over the last 35 years, the WHO has published a series of recom-
mendations on air pollution. Although not legally binding, they
equip WHO member states with evidence-driven tools to shape
legislation and policies. They are generally targeted at building
designers, authorities overseeing indoor environments, HCPs,
but also the wider public [17].

The WHO Air Quality Guidelines, initially released in 1987 and
last updated in 2021, are globally applicable, evidence-based
quantitative recommendations for six key air pollutants: PM,
and PM,, ozone (O,), nitrogen dioxide (NO,), carbon monox-
ide (CO) and sulphur dioxide (SO,). While the earlier versions

6 of 19

Indoor Air, 2026

85UB01 T SUOWIWOD SA1E8ID 3cfedldde 8Ly Aq peuseno aJe sl O ‘8sN JO S8|nJ 10} A%iq i 8UlUQ A8]I/ UO (SUONIPUOD-PUR-SULLIBY WD A8 | IM" ARe.q|1|BUUO//:SdNL) SUONIPUOD puUe SWB 1 81 89S *[9202/80/TE] Uo ARIqITauluO A8]IM ‘BISBAIIN BYSIUXYR L B8 [N T A LTY0696/2U1/SSTT OT/I0p/u0o" A3 (1M AIq 1 uljuD//Stny Wo.j pepeojumod ‘T ‘920z eu!



focused on outdoor pollutants, the 2021 revision encompasses
both outdoor and indoor environments [77].

In 2009, the WHO addressed the health effects of indoor damp-
ness and mould, offering recommendations to deal with build-
ing moisture and microbial growth [78]. In 2010, the WHO
looked at selected indoor air pollutants including benzene, NO,,
formaldehyde, PAHs, CO and radon (Table 1) [79]. In 2014, the
WHO examined the effects of household fuel combustion pro-
viding health-based guidelines on clean cooking, heating and
lighting [80].

In the United States, the Occupational Safety and Health
Administration (OSHA) sets the standards for pollutant con-
centrations in indoor workplaces based on permissible exposure
limits provided by the National Institute for Occupational Safety
and Health (NIOSH). First published in 1973 by the American
Society of Heating, Refrigerating and Air-Conditioning
Engineers, Standard 62 focuses on ventilation for acceptable
TIAQ and has become one of the most widely used standards for
ventilation in the world [81, 82]. The Environmental Protection
Agency (EPA) of the United States publishes guidelines and
tools for various indoor settings but does not mandate minimum
IAQ standards [27].

The EU to date has no comprehensive regulation for IAQ but
uses a combination of guidelines from the WHO, standards
established by the European Committee for Standardization
(CEN), directives issued by the EU and legislation enacted at the
national level (Figure 4) [68].

Implemented since the 1980s, the EU Ambient Air Quality
Directives set air quality standards for key pollutants in out-
door air that are harmful for human health and the environ-
ment, including PM, ., PM,,, O,, SO,, NO,, CO, benzene, lead,
arsenic, cadmium and nickel [83]. In May 2021, the European
Commission presented the Zero-Pollution Action Plan (ZPAP)
[84]. The ZPAP constitutes a cornerstone initiative addressing
pollution across different domains. This plan identifies a broad
range of key objectives to address water, air and soil pollution to
contribute to the EU Green Deal goal of a pollution-free environ-
ment by 2050. It explicitly underscores the significance of reduc-
ing air pollution and as a main objective seeks to reduce health
impacts by more than 55%, resulting in a considerable decrease in
premature deaths attributed to PM by 2030 [85]. In this context,
the European Committee for the first time acknowledged the lack
of an integrated approach on IAQ. The ZPAP Annex includes a
commitment to ‘assess pathways and policy options to improve
indoor air quality and propose legislative measure as relevant’
[96]. Since October 2022, as part of the Green Deal and the ZPAP,
the EU legislative framework is under revision, with the aim to
align more closely with WHO recommendations [85, 97].

The 1989 European Council Directive concerning health and
safety requirements for workplaces mandates fresh air. It em-
phasises the need to maintain ventilation systems and addresses
issues related to air conditioning or mechanical ventilation in-
stallations to ensure workers' comfort and health [98].

Similarly, Regulation EU No 305/2011 outlined conditions
for the marketing of construction products, including aspects

related to hygiene, health and the environment. While this reg-
ulation touches on the release of toxic gases, emissions of dan-
gerous substances and particles into indoor and outdoor air, it
does not provide comprehensive standards for IAQ [99].

In 2014, a guidelines framework for healthy environments
within European schools was published, which was devel-
oped within the SINPHONIE (Schools Indoor Pollution and
Health—Observatory Network in Europe) project. The guide-
lines are primarily directed at policymakers at both European
and national levels and at local authorities. A second tar-
get group includes school-building designers and managers,
schoolchildren and their parents, and teachers and other
school staff [100].

At the national level, several EU member states, including
France, Portugal, Finland, Austria, Belgium, Germany, the
Netherlands and Lithuania, have taken varied approaches to ad-
dress IAQ. These include adopted guide values, reference con-
centrations and action values, aligning with WHO guidelines.
They typically form part of national IAQ plans and dedicated
legislative acts in addition to initiatives for mandatory indoor air
monitoring as well as training programmes targeting technical
offices, managers and staff [101].

Some EU Member States have also introduced specific legisla-
tions and reference standards for individual pollutants, which
have been developed by the International Organization for
Standardization (ISO) [99]. These standards are generally con-
sidered a supporting tool to create policies, by establishing tech-
niques, methods and systems developed and agreed on by all
stakeholders, to guarantee and improve IAQ. Several standards
have been agreed at international level within the ISO, most of
them dealing with standardised sampling methodologies and
measurement techniques for different pollutants. Some stan-
dards have been adopted at European level in the frame of the
European Committee for Standardization (CEN) such as the EN
16798-1: 2019 Energy-efficient ventilation. Other standards are
not adopted by CEN, such as two standards on indoor air man-
agement, the ISO 16000-40: 2019 Indoor air—Part 40: Indoor air
quality management system and the ISO 16000-41: 2023 Indoor
air—Part 41: Assessment and classification [102-104]. This al-
lows each country in Europe to decide whether to adopt the ISO
standards as national standards (e.g., DIN ISO 16000-41, DS/
ISO 1600-41, UNI ISO 16000-41, ...) or to develop own standards
related to TAQ management and assessment.

In 2015, the European Commission has established the
Information Platform for Chemical Monitoring (IPCHEM) as
a single access point where EU, national and regional author-
ities, and researchers can find and share information about
chemical pollution. It supports policy making and helps to
evaluate the effectiveness of the EU regulation. One of its four
modules focuses specifically on IAQ [105]. In 2025, the Council
of the EU adopted the legislative package on ‘one substance,
one assessment’ (OSOA) to streamline the EU's approach to
the assessment of chemicals and support a rapid regulatory
action on emerging chemical risks. This package includes the
creation of a new common data platform on chemicals (CDPC)
managed by ECHA which will incorporate the IPCHEM plat-
form. OSOA will integrate existing data from over 70 elements
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TABLE1 | WHO regulation for selected pollutants [79].

WHO guideline Critical outcome(s) for
Pollutant type threshold Exposure time guideline definition Excess lifetime risk
Benzene 17 ugm=3 — « Acute myeloid 1/10,000
leukemia
« Genotoxicity
1.7ugm=3 — 1/100,000
0.17ugm=3 — 1/1,000,000
Carbon monoxide 100mgm=3 15min « Acute exposure-related —
35mgm-3 1h reduction of exercise o
tolerance
10mgm™3 8h « Increase in symptoms —
7mgm-3 24h of ischaemic heart .
disease
Formaldehyde 0.1mgm=3 30min » Sensory irritation —
Napthalene 0.0l mgm~™3 Annual average  « Respiratory tract —
lesions leading to
inflammation and
malignancy in animal
studies
Nitrogen dioxide 40ugm=3 Annual average  « Respiratory symptoms, —
bronchoconstriction,
increased bronchial
reactivity, airway
inflammation and
decreases in immune
defence, leading to
increased susceptibility
to respiratory infection
Polycyclic aromatic 1.2ngm=3 — « Lung cancer 1/10,000
hydrocarbons
0.12ngm™3 — 1/100,000
0.012ngm3 — 1/1,000,000
Radon 1670Bqm™3 — « Lung cancer 1/100
167Bqm™3 — 1/1000
Trichloroethylene 230ugm=3 — « Carcinogenicity 1/10,000
liver, kidney, bile duct
23ugm™3 — ( ’ ’ 1/100,000
ke and non-Hodgkin's /
2.3ugm™ — lymphoma) 1/1,000,000
Tetrachloroethylene 0.25mgm3 Annual average e« Effects in the kidney —

indicative of early renal
disease

» Impaired
neurobehavioural
performance

of EU legislation and include a database of safer alternatives to
chemicals of concern, helping to promote a transition towards
safer and more sustainable substances [106].

Under Horizon Europe, numerous projects have been funded
to further research IAQ with strong links to the IAQ-related
start-up scene [29]. In 2021, the EU opened the funding call

HORIZON-HLTH-2021-ENVHLTH-02-02 explicitly aiming
to increase the evidence on IAQ-related health effects and
to support IAQ regulations in line with the ZPAP and the
European Green Deal. Under this call, the aforementioned
seven projects have been funded: LEARN, InChildHealth,
INQUIRE, K-HEALTHinAIR, SynAir-G, TwinAIR and
EDIAQI. The IDEAL Cluster consisting of these projects has
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Zero Pollution
Action Plan

EU Construction
Products
Regulation

FIGURE 4 | EU policies on indoor air quality [28, 83-95].

seven Working Groups with members of each of the projects
to promote their collaboration and enhance project outcomes
[29, 84, 85].

5| The Role of Bioaerosols

Exposure to bioaerosols (aerosols of biological origin, such as
pollen, fungi, plant debris and fragments, etc.) and associated al-
lergic manifestations are a common public health problem of our
times. According to the latest report of the Intergovernmental
Panel on Climate Change (IPCC) [107], there is strong evidence
that noncommunicable diseases overall are responsible for more
than a million deaths per year worldwide; allergies are among
the most frequent noncommunicable diseases, with increased
frequency, severity or both across the globe, a fact that has been
traditionally attributed to altering environmental exposures
([108], and references therein). Consequently, allergy has been
termed the ‘pandemic of the century’, with half the global popu-
lation expected to exhibit at least one form of allergy until 2050
[109]. Aeroallergens (particularly airborne pollen and fungal
spores) are a major causative of respiratory allergy and asthma,
and a wide array of changing aeroallergen patterns have been
attributed to climate change-related factors. It is well known
nowadays that pollen seasons occur earlier, they are peakier
and may be extended, whereas the absolute concentrations of
airborne pollen have been dramatically increasing, frequently of
a magnitude higher than doubling or tripling over the last few
decades (e.g., [110]). Much less is known for fungal spores, but
climatic changes have also been reported to significantly alter
their abundances [111, 112]. With the rising global burden of
allergies and asthma and the changing planet and burdened ex-
posure, bioaerosols have gained the attention of physicians and
researchers over the past decades. However, bioaerosols still re-
main underestimated, completely excluded from EU Directives

Horizon Europe
Mission for Climate
Neutral and
Smart Cities

Tobacco Products
Directive

EU Healthier
Together initiative

on Air Quality and not always considered in large cohort, con-
sortia or exposure campaigns.

Air Quality has been officially and centrally monitored by the
EU, with the main objective of this Directive being °.. to set out
air quality provisions with the aim to achieve a zero-pollution ob-
jective, so that air quality within the Union is progressively im-
proved to levels no longer considered harmful to human health,
natural ecosystems or biodiversity ... (EU Directive, [113]). While
it strongly pursues the control and reduction of particle and chem-
ical pollution, it completely lacks any reference at all to other pol-
lutants, as of biological origin, with widely known dire effects to
human and environmental health [114]. The IPCC, in the latest
WGII ARG, has documented with very strong evidence that bio-
aerosols in general are the number one threat for humankind in
terms of emerging diseases and of mortality (viruses, bacteria, fun-
gal spores, pollen and other) [115]. Nevertheless, bioaerosol moni-
toring is still carried out mainly by university institutes, and most
services depend on nonprofit foundations or on research projects
with limited funding, with negligible foresight in appropriate and
urban planning, locally, nationally and especially EU-wide, as also
highlighted recently by Kim and colleagues [109].

Towards this direction, the EU ought to include the topic in the
frame of a common EU Directive of urban planning or inte-
grate bioaerosols into the Air Quality EU Directive [114]. Trans-
national collaboration in bioaerosol monitoring is especially
meaningful given the well-known fact that bioaerosols can be
transferred not only from the local or regional biodiversity, but
actually from sources up to thousands of kilometres away, even
across oceans and between continents ([116], and references
therein). Thus, we may obtain more conclusive results of bio-
aerosol exposure and associated allergy risk, and especially if the
Planetary Health approach is additionally applied: Bioaerosols
are relevant to the entirety of human and environmental
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multi-exposome, including (but not limited to) fields like climate
change impacts, plant and microbial ecology, human and public
health (including infectious and allergic diseases) [117-119], but
also aerosol and agricultural sciences, a fact which points out
the necessity for interdisciplinary research. It is therefore con-
sidered, according to Kim and colleagues [109], vital to conduct
additional research related to climate change and health that is
collaborative, multisectoral and transdisciplinary.

6 | Challenges and Unmet Needs

As identified by the first IDEAL Cluster policy brief, published
in October 2024, the EU policy discourse on IAQ faces a wide
range of challenges and unmet needs, some of which are out-
lined below [28]:

The lack of a unified EU-wide approach to improve IAQ
represents an important unmet need. On multiple occasions,
including in the context of the Zero Pollution Action Plan, the
European Commission has recognised the complex web of factors
affecting TAQ. Existing policies regulate various determinants,
including ambient air, construction materials, tobacco control,
consumer products, as well as occupational health and safety reg-
ulations. Prelegislative initiatives, research, standards and guide-
lines have been introduced, but a unified EU-wide policy is yet to
be established.

Following the COVID-19 pandemic, a report by the European
Parliament epitomised a renewed emphasis on the importance
of healthy indoor environments and underlined the need for a
comprehensive EU approach to air pollution, ensuring coher-
ence between ambient air quality, health and safety at work-
places, chemical regulations and building legislation. The report
stressed knowledge and policy gaps and highlighted socioeco-
nomic implications, emphasising that marginalised groups ex-
perience heightened exposure due to the proximity to pollution
sources both outdoors and indoors [120].

The collaboration of all relevant stakeholders is key. This
includes technical specialists, scientists, patient associations,
civil society organisations and public health experts at both the
EU and the national level.

New initiatives must be aligned with those in place. This
concerns the zero-pollution target and climate goals as well as
regulations on the national level. The latter can follow on from
overarching international guidelines considering local factors
such as the climate, available technologies, economy and pol-
icies. Especially for the rather unstable but manageable urban
settings, such an alignment is very important in order to achieve
sustainable and liveable cities.

A solid and appropriate legal basis is fundamental. It must re-
spect the subsidiarity principle, while giving the freedom to the EU
to take measures for the protection of public health and facilitating
a cross-border exchange of best practices and learning process.

The interplay and limits between individual and systemic
measures need to be defined. In this context—following
the experience of the COVID-19 pandemic and the associated

lockdowns—the social perception of public and private indoor
spaces and their impact on human health require evaluation.

Standardised criteria for the classification of IAQ are es-
sentialto design and evaluate the success of specific policy ac-
tions. The availability of standards, in best case European or
international ones, is a key enabling factor for the development
of markets in all business sectors, providing sustainability and
interoperability while allowing for competition between equip-
ment and service providers. A harmonised legal definition of
TIAQ, the standardised assessment of relevant health outcomes
and the establishment of an IAQ index can support a successful
communication.

Standardised target values and health-based exposure limits
for a broader range of pollutants are warranted. Nationally
and internationally, current regulations for indoor air pollutants
present great diversity and complexity with a large variation seen
in the number of regulated indoor pollutants and given target val-
ues. This seems to be particularly evident for pollutants without
health-based exposure limits. The newly revised WHO guidelines
provide health-based values for some, however, not all pollutants.
Establishing health-based values is time consuming and challeng-
ing as it requires a significant amount of representative epidemi-
ological and toxicological data, which should ideally be based on
standardised sampling and analytical methods. For some pollut-
ants, the evidence is derived from outdoor studies, so that differ-
ences in toxicity between outdoors and indoors might not have
been considered. In contrast to chemical pollutants, bioaerosols
and more specifically bioaeroallergens, threshold establishment is
rather challenging and requires special attention to be integrated
in guidelines and regulations. To account for real-world conditions
with multiple exposures, synergistic effects need to be investi-
gated. As air pollution is subject to the change of our environment,
technologies and climate, it should be evaluated regularly to iden-
tify emerging contaminants. Toxicological differences for distinct
populations, duration of exposure and health outcomes further
complicate the determination of target values.

Standards and recommendations for IAQ monitoring in
different environments, building types and subpopula-
tions should be a long-term goal. Vulnerable groups such as
children and the elderly at home will require different targets
compared to those for healthy adults exposed at their work-
places. Additionally, bioaerosols (bioaeroallergens) can vari-
ably affect human health (e.g., intensity and frequency), even
among populations in different areas within the same country.
Energy-efficient buildings and new construction materials,
along with more efficient ventilation/filtration systems, im-
pose new challenges calling for comprehensive standards as a
joint effort from researchers, policymakers and public health
professionals.

For the implementation of IAQ regulations, real-time pollut-
ant monitoring and modelling are required. As precision mon-
itoring instruments are expensive, several low- and medium-cost
sensors have recently been developed and are being improved to
record and monitor gaseous pollutants and (bio)aerosols. They are
small and noiseless with low air flow rates at low purchasing and
operating costs with the possibility of making the data available
online or via mobile applications. They allow for a better spatial
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and temporal coverage with real-time data to map even short-
lived emissions and variations in different microenvironments.
Disadvantages include the lack of calibration and standardisation,
low precision, accuracy and reliability, a short lifespan and inter-
ference with environmental factors [121]. If these barriers could
be overcome, low-cost sensors could provide more accurate data
compared to extrapolating the health effects from outdoor refer-
ence air quality stations when we spend most of our time indoors.
This is particularly true for bioaerosol automatic monitoring,
where the field is still in its infancy because of only recent techno-
logical advancements, even though bioaerosols' importance is so
prominent for allergy and asthma.

The translation of science into practice and the circulation
to all stakeholders and the publicis paramount. Coordinated
efforts are required to implement new knowledge on IAQ in-
cluding lifestyle interventions and measures to address inequal-
ities. Within the same context, improving outdoor air quality,
especially in urban and industrial environments, can greatly
help, directly or indirectly to improve IAQ.

7 | A Roadmap to Improve IAQ

The SynAir-G project was launched in 2023 with the participa-
tion of 18 partners from 11 countries to pursue three main ob-
jectives [31]:

1. To generate new knowledge, providing FAIR data on chem-
ical and biological indoor air pollutants and their sources.

2. To develop user and environmentally friendly solutions for
TAQ monitoring and timely intervention, including person-
alisation for the most vulnerable populations.

3. To publish the generated knowledge and proposals for
possible interventions and an improved regulatory frame-
work, including a database, guidelines and air quality

IT
Biologicals
Federations
Monitoring Agencies
Building material Manufactures
NGOs
Think Tanks
Patient Organisations
Housing Associations
Universities
CROs

Research Institutions

Academics

FIGURE 5 | A map of SynAir-G stakeholders.

standards, robustly supporting the EU Zero Pollution
Action Plan [31].

The results will be disseminated in accessible and actionable
formats to the different stakeholders, such as public authorities,
policymakers, consumer protection entities, patients’ associa-
tions and societies (Figure 5).

These aims are to be achieved through the description, quantifi-
cation and mitigation of the health effects of synergising biolog-
ical and chemical pollutants in real life by using the following
components (Figure 6):

« A range of sensors that can accurately and concurrently
survey a wide range of chemical and biological pollutants.

» Detailed and relevant health outcomes obtained from an
appropriate population in real-life settings across multiple
socioeconomic backgrounds in Europe.

« Advanced AI modelling capable of unveiling the synergistic
interaction of the complex exposures and how these interac-
tions affect children's health, resulting, that way, in useful
outcomes and insights, as well as acting in near-real time.

« Efficient mitigation strategies [31].

The SynAir-G project falls into eight work packages.

1. Developing and deploying reliable low-cost sensors: A
novel sensing system will be developed targeting atmospheric
pollutants in indoor air spaces. The calibration and evaluation
of the sensing system are to be performed in realistic indoor and
outdoor environments. One of the hypotheses is that the raw
measurements of low-cost sensors can be improved with the
dual aid of sensors' biological training and Machine Learning
and Deep Learning algorithms to attain an acceptable agree-
ment with the ground truth [100].

European Commission
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FIGURE 6 | SynAir-G roadmap to improve IAQ.

The newly developed sensing system will be used to establish
a realistic multi pollutant setting, which considers a geographi-
cal, cultural and socioeconomic cohort of school children. This
will be designed to meticulously track biological and chemical
indoor air pollutants in the cohort.

2. Collecting health outcomes: Health outcome data will
be obtained from children using a gamified application and
prospective monitoring using wearable trackers that monitor
heart rate, steps, SpO,, sleep and activities. Highly suscepti-
ble children with allergies or asthma will act as sentinels to
increase the sensitivity of the system, which will be able to
provide stratified, susceptibility-specific alerts. Explainable
AT will support the near-real-time analysis and response
(Figure 7) [122, 123].

The sensor data on air pollution and health outcomes will be uti-
lised to evaluate overall, respiratory, immune and mental health
of the participants, and to associate them with IAQ determinants.

Citizen science and participatory design principles will be used
in the establishment and follow-up of the cohorts. This will be
complemented by living lab activities, which provide a unique
platform for citizen science projects, enabling citizens to partic-
ipate in the research process in a collaborative and experiential
manner science. This not only generates valuable scientific data
but also promotes public awareness and engagement. By com-
bining living labs and citizen science, we aim to create innova-
tive solutions that are both scientifically rigorous and socially
responsible [124].

Collaborating within the IDEAL Cluster, the SynAir-G results
on health outcomes will be complemented by results from
the EDIAQI and K-HEALTHinAIR projects. The prospec-
tive EDIAQI cohort within the Zagreb pilot will consist of 200
school-aged children with asthma and nonasthmatic controls
[29, 125]. The Barcelona pilot of the K-HEALTHinAIR project
will include a prospective cohort of chronic respiratory patients
with obstructive disorders [29, 126, 127].

3. Modelling pollution dynamics: Data obtained via the
newly developed sensing systems will be collected and modelled
to identify the sources of chemical and biological indoor air
pollutants in and around schools as well as compare and depict
them with indoor and outdoor air quality interactions.

L,..—“‘

FIGURE 7 | A map of countries participating in the collection of
health outcomes. SynAir-G aims to quantify the health effects of syn-
ergising pollutants, on school-aged children, widely distributed across
Europe and stratified by socioeconomic status. IAP will be monitored
within the classrooms with the developed sensors from Work Package
1. Exposure data from additional sources (outdoor, home and trans-
ports) will be obtained in Work Package 3. Health outcomes will be as-
sessed prospectively using a gamified app, periodically obtained vali-
dated questionnaires and in a subgroup of children real-time data using
health trackers.

4. Validating pollutant synergies using in vitro and in
vivo models: Synergistic effects of pollutant co-exposures on
airway and immune cells will be measured in vitro and in vivo.
Precision-cut lung slices shall form the basis to develop a test-
ing system that evaluates the acute synergistic effect of pollut-
ants. Moreover, lung organoids will be used to generate a novel
model assessing complex dose-responses of pollutant synergies
on airway barrier and immune functions. Synergistic effects of
multiple exposures will be validated in mouse models in vivo, to
inform quality standards.

5. Developing mitigation solutions using integrated
sensing: SynAir-G aims to deploy the new sensors and in-
telligent wearable devices in a real-world setting of partici-
pating schools of five European countries. The impact of the
exposome on health will be evaluated combining mathemati-
cal, statistical and computational means, including advanced
methods from machine learning and AI. The aim is to develop
an autonomous integrated sensing platform as well as in the
next step diversified mitigation solutions for TAQ improve-
ments, user interfaces, alert systems and modules for device
connectivity. Two eco-friendly air-purifying devices will be
assessed.

6. Developing a cloud-based AI platform to monitor and
improve IAQ: Emerging research demonstrates that the in-
tegration of air pollution sensors with physiological monitor-
ing devices and geolocation data establishes a more robust
correlation between individual exposure environments and
health indicators. SynAir-G advances this paradigm through
a cross-disciplinary fusion of heterogeneous data sources,
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incorporating state-of-the-art artificial intelligence (AI) meth-
odologies and socioeconomic determinants to deliver compre-
hensive IAQ analysis.

The proposed architecture centres on a multimodal data in-
gestion engine capable of receiving, processing and forward-
ing high-fidelity data streams originating from environmental
sensors, actuators, wearables, structured questionnaires and
gamified mobile applications. Explainable AI techniques, com-
bined with mathematical pollutant dispersion models, enable
the computation of precise spatiotemporal air quality profiles
within school classroom environments. The system further
quantifies the interaction effects of chemical and biological
pollutants under varying ambient conditions on measurable
health outcomes. A cloud-based platform underpins the full
monitoring pipeline, providing real-time IAQ assessment,
threshold-based alerting and evidence-guided intervention
recommendations.

The core of the AI platform will be a multilayer AI modelling
framework designed to expose synergistic interactions among
environmental variables and infer their consequent impact on
children's health and well-being. The primary modelling layer
ingests and aligns multisource environmental measurements,
subsequently producing inferred student physiological states
via machine learning models spanning regression, classification
and clustering domains.

The next AI objective is a fully automated, multimodal data
pipeline capable of systematically mining synergistic envi-
ronmental effects and linking their health impact to individ-
ual occupants. Through the combined application of Causal
Inference, Causation Al and Explainable AI, the system will be
able to identify latent interaction effects among environmen-
tal variables, yielding interpretable and scientifically rigorous
insights into the determinants of student health within indoor
scholastic settings.

7. Establishing standards and health-based guidelines:
Guidelines and standards offer unique advantages and comple-
ment each other in their ability to effectively disseminate re-
search findings and implement them in practice.

Published standards, standards under development and ongoing
standardisation activities related to IAP, will be assessed on na-
tional, European and international level. Thus, gaps in the exist-
ing standards repository will be identified.

The intention is to create a standardised framework for quanti-
fying and assessing IAQ as a function of specific relevant pol-
lutants within their cumulative limit values. For this purpose,
standardised measurement methods and a consensus-based
approach for the assessment of IAQ are to be defined, which in-
cludes different scenarios and vulnerable groups.

Following this, the aim is to initiate a CEN Workshop Agreement
(CWA) to transfer the findings of currently available research
including results from the SynAir-G project into standardi-
sation. It aims to develop a harmonised framework for TAQ
measurement and an integrated air quality index that allows
easy interpretation and benchmarking of IAQ across different

environments. This initiative responds to the growing demand
from policymakers, building managers and researchers for a us-
er-friendly and scientifically robust approach to IAQ assessment
to bridge the gap between scientific findings and practical ap-
plications in buildings. It will focus on (1) establishing a unified
set of IAQ parameters to be measured, including pollutants such
as CO,, PM, ., PM,;, VOCs, NO,, temperature and humidity; (2)
developing a single IAQ index that aggregates these parameters
into an easy-to-interpret metric for benchmarking and compari-
son across buildings; (3) defining measurements protocols, sen-
sor specifications and data interpretation guidelines to ensure
consistency across applications; and (4) providing a framework
applicable to various building types, including residential, edu-
cational, healthcare and office environments. CWA will serve as
a reference for stakeholders such as building managers, public
authorities, certification bodies and the construction sector to
facilitate IAQ monitoring and improvement.

Such standards that ensure consistency and quality assurance
ideally are complemented by guidelines, which synergistically
create practical frameworks providing more general recom-
mendations and best practices based on current scientific
evidence.

In line with its focus on children with asthma and allergies,
SynAir-G aims to develop clinical guidelines, which will tar-
get HCPs, sensitising them to the potential risks of IAP, the
synergies with chemical and biological triggers, and potential
mitigation measures. This ties in with recommendations from
current guidelines to incorporate a personalised adaptation
and mitigation strategy in the asthma management plan. The
target is to provide a set of specific recommendations that
could be given to the patients and HCPs. These will be ob-
tained via a structured consensus process and based on cur-
rently available evidence including results from the SynAir-G
project and the IDEAL Cluster particularly the EDIAQI
asthma cohorts [125, 128].

8. Management, communication, dissemination and edu-
cation: The scientific progress of the project will be supervised,
its ethical standard assessed and the gender equality policy
implemented within the project. The project will be managed
under administrative, logistic, financial and legal aspects and
furthermore includes designing and implementing the network-
ing strategy for the project.

Communication, dissemination, exploitation and data man-
agement of the project will be organised and optimised to
reach a wide range of relevant stakeholders. Researchers,
policymakers and TAQ management organisations should
collaborate to understand pollutant interactions. Knowledge
sharing, education, multidisciplinary research and platforms
for exchanging information can assist stakeholders in design-
ing recommendations for pollutant interactions and devising
effective strategies.

8 | Conclusion

Indoor air pollution may differ significantly in source, compo-
sition and concentration from outdoor air pollution. However,
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it has been neglected in the past, even though we spend most of
our time indoors.

Its impact on health comprises short- and long-term symptoms,
including the exacerbation and new onset of allergic diseases and
asthma with children being a particularly vulnerable group. The
exposure to bioaerosols and synergistic interactions between chem-
ical and biological pollutants play an important role in this context
and have been underinvestigated so far. As projections indicate,
that by 2050 half of the world's population will be affected by aller-
gies, the prevention of symptom exacerbations and the new onset of
allergic diseases and asthma must be an important goal. The lack
of a unified EU-wide approach to improve IAQ involving all stake-
holders represents a major unmet need.

The EU-funded IDEAL Cluster comprises seven research
projects aiming to advance scientific knowledge on IAQ and
its impact on human health, to inform policy decisions and
to promote healthier indoor environments across Europe. The
SynAir-G project forms part of this cluster with a focus on the
school setting and the following objectives: developing and de-
ploying reliable low-cost sensors, collecting health outcomes,
modelling pollution dynamics, validating pollutant synergies
using in vitro and in vivo models, developing mitigation solu-
tions using integrated sensing as well as developing a cloud-
based platform to monitor and improve IAQ. The projects
results shall contribute to the standardisation of classifica-
tion, target values and health-based pollutant exposure limits
and allow real-time pollutant monitoring and modelling to
develop standards and health-based guidelines for different
environments and subpopulations.

Strengthened by the strong collaboration with the IDEAL
Cluster, SynAir-G aims for the cocreation of solid public policies
with the following goals:

1. A sound legal basis for EU action against IAP is to be estab-
lished. Article 168 of the Treaty for the Functioning of the
EU (TFEU) appears most suitable in this respect, serving as
the glue linking the heterogeneous and multifaceted chal-
lenges posed by IAP.

2. A cohesive strategic plan for IAQ will connect the numer-
ous policies relating to IAP, aligning it with existing pol-
icy objectives and integrating it in the unfolding EU One
Health Agenda.

3. A common definition for IAQ will be adopted considering
the complex interplays among the individual level and the
external factors involved.

4. The links between existing standards relevant to TAQ will
be reinforced in the framework of the European Committee
of Standardisation (CEN) and the EU regulations, while
developing new standards on IAQ management, exposure
assessment and analysis, to ensure a harmonised landscape
across the EU. Standards will be developed that establish
EU standardised criteria for the classification of IAQ in
rooms and buildings using quality classes.

5. A survey will be conducted on the public perception of in-
door spaces and the health impact of TAP [28].

After the completion of SynAir-G project, we envision the
following:

» Robust scientific evidence about the synergies between in-
door air pollutants and allergens.

« Increased interest given to research about IAQ and aller-
gens in public spaces.

« Increased awareness of the impact of IAQ on education.

« Clear guidelines on how to create cleaner indoor spaces in
schools.

« Reduced risk of exacerbations in schools for students living
with asthma and allergy.

« Informed and preventative European policies addressing
IAQ in schools.

Nomenclature

CEN European Committee for Standardization

COPD chronic obstructive pulmonary disease

CWA CEN Workshop Agreement

DALYs disability-adjusted life years

EAACI  European Academy of Allergy and Clinical
Immunology

EEA European Environment Agency

EPA Environmental Protection Agency

EU European Union

FAIR Findable - Accessible — Interoperable — Reusable
GA’LEN Global Allergy and Asthma European Network

GINA Global Strategy for Asthma Management and
Prevention

HaDEA  European Health and Digital Executive Agency
HCP healthcare professionals

HEPA high-efficiency particulate air

IAP indoor air pollution

TIAQ indoor air quality

IDEAL Indoor Air and Health Cluster

IPCC The Intergovernmental Panel on Climate Change
ISIAQ International Society of Indoor Air Quality and
Climate

ISO International Organization for Standardization
NHLBI  National Heart, Lung and Blood Institute

NICE National Institute for Health and Care Excellence
NIOSH  National Institute for Occupational Safety
and Health

OPFR organophosphorus flame retardants

OSHA Occupational Safety and Health Administration
PAH polycyclic aromatic hydrocarbons

PM particulate matter

RBFR replacement brominated flame retardants

SynAir-G Disrupting Noxious Synergies of Indoor Air
Pollutants and their Impact in Childhood Health and
Wellbeing, using Advanced Intelligent Multisensing and Green
Interventions

(T)VOC  (total) volatile organic compound

UFP ultrafine particles

WHO World Health Organization

ZPAP Zero-Pollution Action Plan
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