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Indoor air quality is a significant aspect of public health, yet it remains less studied than outdoor air pollution. Understudied
indoor pollutants include volatile organic compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs). This review
focuses on these two groups of compounds known for their health effects, including respiratory issues, neurological disorders,
and carcinogenicity. We systematically compiled and analyzed data from studies reporting measured concentrations of VOCs
and PAHs in European indoor environments—homes, schools, and offices—published in the past two decades. Concentration
levels vary substantially across studies, influenced by regional differences, climate, building type, ventilation systems, and
indoor activities. Identified sources include tobacco smoke, cooking, heating (e.g., biomass burning), and off-gassing from
construction and furnishing materials. Our analysis reveals clear geographic patterns: lower concentrations of VOCs and PAHs
are consistently reported in Northern and Western European countries, likely due to stricter air quality regulations, cleaner
outdoor air, greater use of electric heating, and more advanced ventilation systems. Conversely, higher concentrations are more
commonly observed in Southern and Eastern Europe, where biomass heating and poorer ventilation remain more prevalent.
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Seasonal variation also has a significant role, with higher indoor levels typically measured during colder months due to increased
heating and reduced air exchange. This highlights the need for improved indoor air quality management practices and regulatory
standards to minimize the health risks associated with VOCs and PAHs. This review of 46 scientific publications is aimed at
informing future studies and guiding future field measurements and risk assessments in epidemiological studies.
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1. Introduction

According to the European Environment Agency, air pollu-
tion is the most important environmental health risk affect-
ing millions [1]. Although a significant body of evidence
exists for the effects of ambient air pollution on health,
indoor air quality (IAQ) could also be regarded as a critical
aspect of environmental health. Individuals spend a signifi-
cant amount of their time indoors, particularly in developed
urban settings where most of the population lives, thus
increasing exposure to indoor air pollutants that account
for more than 3 million deaths annually [2-6]. While efforts
have been made to mitigate ambient air pollution, IAQ
remains a concern due to the presence of various pollutants,
including particulate matter (PM), volatile organic com-
pounds (VOCs), and polycyclic aromatic hydrocarbons
(PAHs). VOCs and PAHs are particularly interesting due
to their different sources and potentially adverse effects on
macromolecules [7]. Many studies have addressed these pol-
lutants individually. However, a systematic review of the
measured concentrations is needed to synthesize existing
findings, identify knowledge gaps, and guide future research
and policy efforts. This review provides a comprehensive
overview of the current evidence on VOCs and PAHs in
indoor air. It examines their sources, distribution, levels in
various indoor environments, and potential health effects.
Additionally, analysis of existing studies quantifies the over-
all levels of these pollutants and assesses regional or tempo-
ral trends. Ultimately, this review is aimed at contributing to
efforts to promote a healthier indoor environment and pro-
tect public health.

PAHs are a significant group of air pollutants that
impact human health. Their association with adverse health
outcomes, including mutagenesis and carcinogenesis, under-
scores their potency in the development of chronic diseases
and their involvement in increased morbidity and mortality
in specific susceptible populations [8-11]. While individual
PAH concentrations might not lead to immediate health
effects, their mixtures can create additive, synergistic, or
potentiating toxic effects [12-14]. Among them, benzo[a]-
pyrene (BaP) is one of the most well-known carcinogenic
PAHs, classified as a Group 1 carcinogen by the IARC
(International Agency for Research on Cancer). It has been
shown to form DNA adducts, leading to mutations and pro-
moting tumor development, especially in lung and skin tis-
sues [13, 15, 16]. Exposure to PAHs has been associated
with adverse health outcomes, respiratory and cardiovascu-
lar diseases, cancer, and developmental abnormalities [17].
The mechanism underlying PAHS’ toxicity involves DNA
damage, oxidative stress induction, gene expression alter-
ations, and epigenetic changes, all contributing to chronic
disease development [18, 19]. Of particular concern is the

chronic exposure and persistent nature of PAHs in the
human body, which further exacerbates the health implica-
tions [20]. PAHs can enter indoor spaces through various
pathways. Their primary source is the incomplete combustion
of organic materials such as fuels, coal, gas, wood, and oil
[21-25]. Other contributing sources may include cigarette
smoke, cooking processes, and the use of certain building
materials and consumer products [26, 27]. Understanding
the impact and sources of IAQ and their adverse effects on
human health is crucial for effective emission reduction strat-
egies. The presence of PAHs in various environmental matri-
ces, such as air, water, soil, and food, underscores the global
significance of their impact on public health.

VOCs are another significant air pollutants that consid-
erably impact IAQ and human health. According to the
Environmental Protection Agency, VOCs are diverse chemi-
cals that can easily evaporate at room temperature, typically
with boiling points between 50°C and 250°C. Due to their
volatility and relatively low molecular weight (LMW), they
are commonly present in the air as gases. Some of the most
frequently detected VOCs in indoor environments include
benzene, toluene, ethylbenzene, xylenes (BTEX), and form-
aldehyde. These compounds are of concern due to their
known health impacts, ranging from irritation and allergic
responses to neurotoxicity and carcinogenicity, especially
with long-term exposure [28, 29]. Despite the extensive
research on VOCs, the relationship between individual
indoor VOC concentrations and health outcomes remains
insufficiently understood. Consequently, there are no uni-
versal health-based guideline values for VOCs in Europe.
They are characterized by their high vapor pressure, allow-
ing them to evaporate into the air at room temperature read-
ily [30, 31]. Exposure to VOCs in indoor environments is of
concern due to their association with adverse health effects.
Several studies have linked VOC exposure to respiratory
issues, allergic reactions, and other severe health outcomes,
including neurodegenerative conditions [32-34] and cancer
development, further emphasizing the importance of under-
standing and mitigating their presence in indoor air [35, 36].
Various sources contribute to VOCs in indoor spaces,
including building materials, furniture, cleaning items, per-
sonal care products, and activities such as cooking and
smoking [35, 37, 38].

Additionally, VOCs can originate from outdoor sources,
such as vehicle emissions, industrial processes, and ambient
air pollution, which can infiltrate indoor environments
[39-41]. Chemical transformations and reactions occurring
indoors can significantly affect the levels and composition
of VOC:s, leading to potential health risks [42]. This review
is aimed at providing a comprehensive overview of the
behavior, sources, exposure pathways, and health implica-
tions of VOCs in indoor environments. By synthesizing
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research findings, we will explore the impact of VOCs on
IAQ and human health. Strategies for measuring, monitor-
ing, and controlling VOC levels in indoor settings will also
be discussed.

The systematic review is aimed at understanding the
sources, concentration levels, and routes of exposure of
indoor air pollutants, which is also the main goal of the
Horizon EU EDIAQI (Evidence-driven indoor air quality
improvement, https://ediagi.eu/) project (GA Number
101057497) [43]. This will help validate the user-friendly
IAQ monitoring solutions proposed by the EDIAQI project
and contribute to establishing standardized guidelines for
improving IAQ. Ultimately, this review will support policy-
makers in revising IAQ standards and implementing effec-
tive regulatory measures.

2. Materials and Methods

2.1. Search Strategy and Selection Criteria. For this analysis, a
systematic search of the PubMed database was performed,
including all relevant studies from 1 January 2010 till 1 April
2024 related to indoor measurements and health effects of
PAHs and VOCs. The entire search strategy is described in
the Supporting Information. The leading search criteria
involved scanning all publications (title/abstract) with sev-
eral keywords: Polycyclic Aromatic Hydrocarbons OR
PAH OR PAHs OR Volatile Organic Compounds OR
VOC OR VOCs AND indoor (or school, schools, office,
offices, etc.) AND exposure, OR monitoring OR measure-
ments, etc. The initial results contained 4225 papers. Limit-
ing the review period to 2010-2024 reduced the results to
3101 publications. Applying the “free full text” filter nar-
rowed the results to 1276 publications. Abstracts of these
1276 papers were extracted using Python and stored in a
designated folder.

Each abstract was then manually reviewed to determine
if it included the necessary measurements for the analysis.
Only studies conducted within the European Union were
considered, as this area was the review’s focus. The diagram
of the systematic search process and the included studies is
presented in Figure 1. A total of 46 studies were included
in the further analysis. PubMed was selected as the primary
database because it best matched the scope of our study,
which focused on measured indoor concentrations of VOCs
and PAHs, with an additional interest in studies that also
reported health-relevant information or context. While our
main objective was not to assess health effects directly, we
aimed to include studies that also provided basic interpreta-
tion of exposure implications. Given the extensive volume of
initial results over 1.200 full-text papers after filtering, we
decided to limit our search to a single database to maintain
the feasibility of manually reviewing abstracts and extracting
data. Our inclusion criteria required detailed, tabulated con-
centration data for VOCs and PAHs, which had to be veri-
fied manually across all selected studies. Expanding the
search across multiple databases would have resulted in
thousands of additional hits, rendering the screening process
impractical and potentially introducing inconsistencies. To
support reproducibility and efficient data handling, we used

Records identified through Additional records identified
PubMed database searching through other sources
n =4225 n=18

2010 - 2024
n = 4225

Free full text articles

n=1276
Articles screened T Articles excluded
n=1294 n=1248

Exclusion critetia:

(i) No available measurements
(ii) Not EU area
(iii) Not indoorspaces
(iv) Specific sources of pollution

Studies included in

review analysis:
n =46

FiGUre 1: PRISMA flow diagram of the systematic literature search
and study selection process [44].

custom Python scripts from our previous work to automate
the initial search and filtering process via PubMed’s open
and well-documented API, which offers robust access com-
pared to more restricted or commercial alternatives [45].
However, this approach may have led to the exclusion of
valuable information available in other scientific disciplines
or studies that are not easily accessible, potentially impacting
the comprehensiveness of the findings, which is the main
limitation of this study.

3. Results and Discussion

After thoroughly reviewing the abstracts of papers that met
the search criteria, 46 papers were selected that fit the spec-
ified requirements (Figure 2). Of these, 24 and 25 focus on
indoor measurements of PAHs and VOCs, respectively, in
Europe. Some papers cover measurements of both PAHs
and VOCs, which is why the total number of studies across
different environments does not match the overall number
of selected studies. Within the VOC papers, the studies are
divided into measurements of concentrations in the air in
offices, homes, and schools: 3 papers on offices, 10 on
homes, and 12 on schools. For PAHs, the division is as fol-
lows: nine papers on dust-bound PAHs, six on PM-bound
PAHs in the air in homes, and nine on PM-bound PAHs
in the air in schools.

As illustrated in the map (Figure 2), most studies are
concentrated in the southern regions of the European
Union, which is in line with the EEA’s report on European
air quality [46]. Despite the regional imbalance, the included
studies collectively span various climatic zones and urban
settings. Countries with similar climatic and regulatory con-
texts (e.g., Scandinavian countries and Southern Europe)
tend to report comparable concentration patterns, suggest-
ing that the observed trends may be cautiously generalizable
to other regions with similar environmental and indoor
characteristics. Italy has the highest number of studies, with
10, followed by Portugal with 8 studies, and Poland and
Spain with 5 and 4 studies, respectively. A limitation might
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FIGURE 2: Map with the number of studies per country in the European Union included in the review.

be that the needed data quality looked for during the search
was a limiting factor and could drive a bias towards such a
geographical distribution. In the following subsection, indoor
spaces’ individual categories (offices, homes, schools, and
dust-bound) will be assessed for either/or PAHs and VOC:s.

3.1. VOCs in Indoor Spaces. Within the VOC papers, the stud-
ies are divided into measured concentrations in offices, homes,
and schools: 3 papers on offices, 10 on homes, and 12 on
schools (Table S1). These studies’ most commonly measured
VOCs were benzene, toluene, ethylbenzene, formaldehyde,
styrene, and xylenes. These compounds were chosen due to
their prevalence and potential health impacts in indoor
environments, providing a comprehensive overview of VOC
exposure in different settings. The table with mean VOC
concentrations in households, schools, and offices and total
volatile organic compound (TVOC) concentrations in various
indoor environments can be found in the Supporting
Information (Table S1), and the average VOC concentrations
are shown as figures in the following subsections.

3.1.1. VOC Concentrations in Offices. This section presents
the findings from studies investigating VOC levels in office
environments (Tables S3-S5). Figure 3 summarizes the
results of three studies that measured the concentrations of
various VOCs in office settings. Five common VOCs
identified in all three studies were selected: benzene,
toluene, ethylbenzene, m,p-xylene, and o-xylene. These
VOCs are among the most commonly measured in indoor
spaces. The results compare the average concentrations of
these common VOCs in three different office environments
in Italy, France, and Poland. Benzene concentrations varied
across the studies, with the highest level recorded in the
survey by Gallon et al. [47] at 6.12 +10.09 ug/m> and the
lowest concentration recorded in the study by Kozielska
et al. [48] at 1.15 +0.99 ug/m’. Toluene concentrations also
varied significantly, with the highest concentration reported
at 12.73 + 4.35 yg/m> and the lowest concentration at 4.01 +
2.15ug/m>. The levels of ethylbenzene were relatively low
across all studies, with the highest being 2.00 + 0.96 yg/m’
and the lowest 0.63+0.16ug/m> in Kozielska et al.
Gallon et al. reported the highest m,p-xylene

concentration at 8.03 +2.50 yg/m>, while Kozielska et al.
reported the lowest at 0.53 +0.15ug/m’. Concentrations
of o-xylene ranged from 1.47+0.52ug/m> in Fuselli
et al. [49] to 3.68 ug/m’ in Gallon et al, with Kozielska
et al. reporting 1.18 + 0.48 ug/m’.

These findings illustrate the variability in VOC concen-
trations in office environments depending on the location,
the specific VOCs measured, and possibly the measurement
methods (given in the Supporting Information). The differ-
ences in VOC levels can be attributed to various factors such
as building materials, office equipment, ventilation systems,
and indoor activities, such as different phases of the con-
struction process and materials and solvents used for fur-
nishing [47]. The study by Gallon et al. differs from the
other two studies (Figure 3) as it was conducted during the
construction process of an office building. This context likely
contributed to the higher concentrations of certain VOCs
observed in this study. The elevated levels of benzene and
other VOCs such as m,p-xylene (8.03 ug/m’) can be attrib-
uted to emissions from construction materials, adhesives,
paints, and solvents used during the building process [47].
This finding was also reported by Liang et al. [50] in a study
from China, where similar results were observed.

In contrast, the studies by Fuselli et al. and Kozielska
et al. measured VOC levels in fully operational office envi-
ronments, where the primary sources of VOCs are typically
furniture, office equipment, and cleaning products rather
than construction materials. This difference in context
explains why the TVOC levels in Gallon et al. (23.8 yg/m’)
are higher compared to Fuselli et al. (22.17 ug/m®) and
Kozielska et al. (14.33 ug/m’). These findings highlight the
importance of considering the building phase and activities
when assessing IAQ and indicate the need for appropriate
ventilation and mitigation strategies during and after con-
struction to protect IAQ. The European project OFFICAIR
[51] is aimed at broadening the existing knowledge regard-
ing TAQ in modern office buildings. Thirty-seven office
buildings participated in the summer campaign (2012),
and 35 participated in the winter campaign (2012-2013).
Indoor concentration means (micrograms per cubic meter)
of VOCs monitored in office buildings during the OFFI-
CAIR project were as follows: benzene at 1.4 + 1.3, toluene

95U017 SUOWLLIOD BAITea1D 3ol (dde a3 Ag peusenob aJe SajolLe O SN JO Se|NJ I0} Akeiq 8UIIUO 8|1/ UO (SUONIPUD-pUe-SWLB)W00 A3 | Ae1q 1 Bul UO//SdNY) SUONIPUOD pue sWwie | aU) 885 *[5202/60/80] Uo Akeiqi suljuo Ae|im eueligni Jo AsAIUN AQ SSPSYES/RU1/SSTT 0T/I0p/wWod A 1M Arelqpul|uo//Sdiy Wwouy pepeojumod ‘T ‘SZ0Z eul



Indoor Air

20.0 4

17.5 +

15.0

12.5 1

10.0

7.5 4

Concentration (ug/m?)

5.0 4

2.5 4

0.0 -

o B

|
B

Benzene Toluene

E Fuselli et al. (2010) - Italy
I Kozielska et al. (2019) - Poland
Gallon et al. (2020) - France

Ethylbenzene

m,p-Xylene o-Xylene

VOC

FiGURe 3: The mean volatile organic compound (VOC) concentrations and standard deviations quantified in office environments

(micrograms per cubic meter) from reviewed papers.

at 8.1 + 8.5, and ethylbenzene at 1.8 + 2.0 during the sum-
mer and benzene at 2.1 + 1.7, toluene at 6.1 + 8.8, and ethyl-
benzene at 1.3 + 1.2 during the winter. These concentrations
also align with those measured in the studies discussed, sug-
gesting that standardizing the measurement of specific
VOCs could enhance the comparability of research findings.

The TAQ analysis in office environments reveals signifi-
cant challenges related to VOCs and other pollutants, under-
scoring the need for proactive management strategies.
Studies by Kozielska et al., Fuselli et al., and Gallon et al. fre-
quently identify toluene as a primary concern, suggesting
that materials used in office construction and furnishings
contribute substantially to indoor pollution. Its prevalence
is linked to emissions from paints, varnishes, adhesives, car-
pets, and office furniture, especially in newly constructed or
recently renovated buildings. Given toluene’s known neuro-
toxic effects and potential to irritate the eyes and respiratory
tract, its frequent occurrence raises essential concerns for
occupant health [52]. This shows the importance of choos-
ing low-emission building materials and ensuring adequate
ventilation, especially during and after renovation. More-
over, consistently high toluene levels across several geogra-
phically distinct studies suggest that this issue is not
isolated but may reflect a broader trend in office environ-
ments across Europe. Newly constructed or renovated office
spaces are particularly vulnerable, as VOC emissions can be
heightened due to using conventional materials, emphasi-
zing the importance of adopting low-emissive options to
mitigate health risks and comply with evolving regulatory
standards. Furthermore, the relationship between indoor
and outdoor air quality indicates that while some VOCs
originate from external sources, many originate from indoor
conditions. The presence of semivolatile organic compounds

(SVOCs) and mold, linked to increased humidity in well-
insulated buildings, raises additional health concerns, particu-
larly respiratory issues among occupants. Therefore, effective
moisture management and continuous IAQ monitoring are
essential to create healthier work environments.

3.1.2. VOC Concentration in Houses. Given the search cri-
teria, 10 studies were included in our dataset examining
VOCs in homes or apartments (Tables S6-S15). These
studies were grouped into two categories to enhance
comparability based on whether they reported TVOC or
individual VOC concentrations. First, four studies focused
exclusively on TVOC measurements, as shown in Table S1.
Salthammer has provided a critical assessment of TVOC
[53], and we advise readers to refer to that work when
interpreting these results. In a study by Rodrigues Dos
Santos et al. [54], the highest TVOC concentration
reported in Portugal was 3110 yg/m’ over 2 years.

In contrast, Wallner et al. [55] found a significantly
lower concentration of 334.5ug/m> in Austria. Meliarova
et al. [56] reported a concentration of 425 ug/m” in Slovakia,
which is higher than in Austria but much lower than in Por-
tugal. Pietrogrande et al. [57] measured a concentration of
348.6 ppb in Italy, which is considerably higher than in Aus-
tria and Slovakia but lower than in Portugal when expressed
in micrograms per cubic meter. The remaining six studies
reported concentrations of individual VOCs, offering more
detailed insights into specific pollutants. Figure S1
illustrates the number of individual VOCs measured per
study: Martins et al. measured 10 VOCs, Ninya et al. 15,
Résch et al. 50, Alves et al. 20, Alvarez-Vaca et al. 30, and
Yang et al. 25. To maintain focus, we discuss only the five
most commonly reported compounds, as listed in Table S1.
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FIGURE 4: The mean volatile organic compound (VOC) concentrations quantified in houses (micrograms per cubic meter) from reviewed
papers. Standard deviation values were not available for most of these studies.

In the study by Martins et al. [58] conducted in Portugal, VOC
concentrations were notably the highest among all reviewed
papers, with values of 4.53 ug/m® for benzene, 23.93 ug/m’
for toluene, 7.68 yg/m” for ethylbenzene, and 14.6 ug/m” for
formaldehyde (Figure 4). This study is aimed at assessing the
link between pollutant exposure and airway changes in 51
children with respiratory symptoms and found significant
associations between VOCs and adverse outcomes. The
study found significant associations between increased
exposure to pollutants like PM, ,, NO,, benzene, toluene, and
ethylbenzene and adverse respiratory outcomes. These
findings explain the impact of VOCs on respiratory health,
particularly in vulnerable populations such as children. In
several studies, toluene is the dominant VOC, with Martins
et al. in Portugal and S. Yang et al. [59] in Switzerland
showing the highest mean concentrations at 23.93 and 28 ug/
m?, respectively. Formaldehyde levels are also among the
highest, with Ninya et al. [60] in Spain reporting 10.15 ug/m”.
Rosch et al. [61] in Germany recorded a notable
concentration of 13.18 + 16.91 ug/m’ of toluene and a lower
level of styrene at 0.83 + 1.9 ug/m’. Similarly, Alves et al. [62]
in Portugal and Alvarez-Vaca et al. [63] in Luxembourg
reported moderate levels of benzene and formaldehyde.
Several studies also investigated the influence of specific
indoor activities and building characteristics. Ninya et al.
[60] monitored VOCs and semi-VOCs in homes and school
settings in Tarragona, Spain, and found that the concentra-
tions of solvents were significantly higher indoors than out-
doors, particularly due to anti-COVID-19 measures. Rosch
et al. identified the role of ventilation and furnishings in
shaping VOC profiles. Alves et al. studied VOCs in kitchens
and found that indoor sources significantly contributed to
overall VOC levels, with variations depending on the type

of cooking appliances used. Alvarez-Vaca et al. [63] analyzed
VOC levels in Luxembourg households, identifying health
risks associated with certain VOCs emitted from kitchen
appliances. Finally, S. Yang et al. [59] examined VOC con-
centrations in energy-efficient dwellings in Switzerland,
finding that energy renovation measures without adequate
ventilation could lead to higher levels of indoor pollutants.

In the home, activities like cooking, cleaning, and the use
of household products were identified as major sources of
VOCs and semi-VOCs [57, 60, 62]. Building characteristics,
such as energy-efficiency renovations, the presence of
attached garages, and the absence of mechanical ventilation
systems, contributed significantly to VOC concentrations
[59, 63]. The studies highlight concerns over the health
impacts of indoor air pollution. Some studies noted low can-
cer risk but emphasized the importance of long-term expo-
sure monitoring [62, 63]. The shift to energy-efficient
buildings has sometimes exacerbated IAQ problems, mainly
due to reduced ventilation and the use of materials emitting
VOCs. The combination of energy renovation and poor ven-
tilation increased levels of VOCs, especially formaldehyde
and toluene, which can lead to health risks [59, 61].

In most cases, indoor VOC levels were significantly
higher than outdoor concentrations, suggesting that indoor
environments are major sources of pollution. Traffic and
industrial activities largely influenced outdoor VOC levels,
whereas indoor VOCs were primarily linked to household
activities and indoor sources. Several studies observed the
influence of outdoor air quality and environmental factors
like ventilation and temperature on indoor VOC levels. For
example, outdoor PM, . during winter could increase indoor
particle levels due to less frequent ventilation [57], while sea-
sonal variations and proximity to traffic influenced VOCs’
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indoor/outdoor ratios [61, 62]. The findings suggest that even
in energy-efficient and well-maintained dwellings, IAQ man-
agement needs to prioritize reducing long-term exposure to
pollutants, particularly VOCs like formaldehyde and benzene.
Combining VOCs from different sources can create complex
exposure scenarios, complicating risk assessments.

3.1.3. VOC Concentration in Schools. In this section, 12 stud-
ies were selected for comparison in measuring VOCs in
schools (Tables S16-528). The challenges associated with
different VOC measurements remain consistent with those
previously described for offices and households, including
differences in units of measurement, especially for TVOC
concentrations. Four studies reported only TVOC
concentrations, as shown in Table SI.

In the study by Konstantinou et al. [64], the median
TVOC measured in primary schools was 2991.78 ppb, which
is approximately 4240.18ug/m’. Rufo et al. [65] and
Fuentes-Ferragud et al. [66] reported TVOC concentrations
of 170 yg/m’ and 0.08 ppm, while Ferreira and Cardoso [67]
reported TVOC concentrations of 94.04 ppb. Individual
VOC concentrations were measured in school environments
in the remaining nine studies. Table S1 shows the
concentration of the five common VOCs in these studies,
which is graphically shown in Figure S2. As can be seen,
the concentrations of the same VOCs in different schools
of different countries are similar, with two outliers for
formaldehyde in Madureira et al. [68] and Settimo et al.
[69]. The high concentration of formaldehyde could be
attributed to factors such as the presence of new building
materials, furniture, or high usage of formaldehyde-based
products in the school environment during the time of the
study. Additionally, poor ventilation systems can
exacerbate the accumulation of formaldehyde indoors.
Benzene concentrations are relatively low across all studies,
with the highest values reported by Settimo et al. (2.17 ug/
m?). Toluene concentrations vary, with the highest values
reported by Martins et al. [58] (20.68 yg/ms), Madureira
et al. (15.1 ,ug/m3), and Vornanen-Winqvist et al. [70]
(16 //tg/m3). Marzocca et al. [71] and De Gennaro et al.
[72] reported the lowest concentration values of all VOCs
compared to other studies. Xylenes show moderate variability,
with Madureira et al. (21.6ug/m®) reporting the highest
concentration. Ethylbenzene has the highest values in Martins
et al. and Ninya et al. [60]. Gibson et al. [73] reported low
VOC concentrations instead of formaldehyde, which was on
average 12ug/m’. The study by Raffy et al. [74] only
measured three infrequent VOCs: a-hexachlorocyclohexane
(0.4ng/m?),  yp-hexachlorocyclohexane  (1ng/m’), and
dichlorodiphenyltrichloroethane (1ng/m®), which were not
measured in any of the other studies for comparison.

The studies on VOCs in schools show significant varia-
tions in TAQ due to different sources and activities. Martins
et al. evaluated the relationship between air pollution and
airway changes in children. They found that increased expo-
sure to VOCs like benzene, toluene, and ethylbenzene was
associated with decreased lung function and increased air-
way inflammation. Ninya et al. [60] monitored VOCs and
semi-VOCs in a school in Tarragona, Spain, and noted that

indoor concentrations were significantly higher than out-
door levels, mainly due to increased cleaning activities and
the use of hydroalcoholic gels as part of anti-COVID-19
measures. Madureira et al. [68] studied CO,, PM,,, and
VOC:s in naturally ventilated primary schools in Porto, Por-
tugal, and identified that reduced ventilation and indoor
activities were major contributors to indoor air pollution.
Their study indicated that indoor sources, occupant behav-
ior, and maintenance activities influenced VOC levels.
Vornanen-Wingyvist et al. investigated the effects of a hybrid
ventilation system on IAQ in a school building in Finland.
They found that proper ventilation significantly reduced
the concentrations of VOCs, particularly toluene, and
improved perceived IAQ. Marzocca et al. [71] investigated
a primary school in Taranto, Italy, near an industrial com-
plex. They found that indoor VOC concentrations, particu-
larly terpenes and 2-butoxyethanol, were significantly
higher than outdoor levels, indicating strong indoor sources
likely related to cleaning activities. Settimo et al. [69] empha-
sized the importance of understanding the impact of stu-
dents’ activities on IAQ. The study highlighted that regular
air exchange and modernization of school facilities are cru-
cial for improving IAQ, especially given the high occupancy
and diverse school activities. De Gennaro et al. [72] moni-
tored VOCs in eight naturally ventilated school buildings
in Italy and identified high concentrations of terpenes such
as a-pinene and limonene indoors, with lower outdoor
levels. Gibson et al. [73] focused on libraries and archives.
They found higher concentrations of acetic acid and furfural
in locations with paper-based collections, suggesting these
compounds as markers of cellulose degradation.

The studies on IAQ in schools reveal several findings
regarding the health impacts and challenges of maintaining
air quality in educational settings. Across multiple studies,
high levels of PM, ., PM,,, CO,, VOCs, and bioaerosols
were consistently observed, often exceeding recommended
guidelines. Poor ventilation emerged as a key issue contrib-
uting to elevated pollutant concentrations, particularly in
classrooms with limited natural ventilation. This leads to
high pollutant levels despite efforts to improve air exchange.
For example, studies such as those conducted by Rufo et al.
and Konstantinou et al. showed that even with interventions,
high levels remained problematic, indicating that school ven-
tilation strategies are often inadequate, failing to maintain air
quality within safe limits. VOCs, especially those derived from
indoor activities like cleaning (e.g., 2-butoxyethanol and ter-
penes) and outdoor infiltration (e.g., BTEX compounds), were
a recurring theme. Fuentes-Ferragud et al.’s study on univer-
sity classrooms highlights the role of poor ventilation in exac-
erbating pollutant levels and contributing to the presence of
respiratory viruses such as rhinovirus/enterovirus. Interest-
ingly, several studies pointed to specific indoor sources, such
as cleaning products, materials used in classrooms, and stu-
dent activities, which significantly impacted IAQ, increasing
PM and VOC levels. For instance, Settimo et al.’s work shows
the direct impact of student activities on pollutant concentra-
tions, showing a sharp rise in pollutant concentrations during
school hours compared to nonactive periods. Seasonal varia-
tions also have a significant role, as demonstrated in Ferreira
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and Cardoso’s study in Portugal, where pollutant levels were
higher in autumn/winter due to reduced ventilation caused
by closed windows. Studies from Southern Europe, including
Cyprus and Spain, studied the impact of the COVID-19 pan-
demic measures, where increased ventilation reduced pollut-
ant levels but simultaneously led to higher indoor PM,
suggesting that existing ventilation practices were not enough
to ensure a healthy balance between controlling viral spread
and reducing other pollutants.

In summary, the reviewed studies reveal that IAQ in
schools across Europe varies considerably depending on
building characteristics, ventilation strategies, and local
activities. Portugal and Spain report some of the highest
formaldehyde levels, particularly in poorly ventilated or
newly renovated schools. Italy and Germany showed moder-
ate to low levels of VOCs, while Finnish and Swedish schools
demonstrated significantly lower levels of pollutants, espe-
cially after targeted ventilation improvements. Commonly
elevated pollutants include toluene, formaldehyde, and ben-
zene, while specific schools in industrial or densely urban-
ized areas recorded spikes in ethylbenzene and 2-
butoxyethanol. Notably, Northern European countries tend
to have cleaner indoor air in schools, likely reflecting stricter
building codes, higher ventilation standards, and less reli-
ance on emission-prone materials or cleaning agents.

Overall, these studies highlight the need for better IAQ
strategies that involve regular monitoring, better ventilation
systems, and reduced reliance on pollutant-heavy products
and activities. The research calls for policy-level interven-
tions to ensure that schools are equipped to maintain
healthy TAQ levels, particularly in older buildings or during
times of high occupancy.

Figure 5 visualizes the concentrations of five VOCs—ben-
zene, toluene, ethylbenzene, formaldehyde, and xylenes across
three different environments: schools, offices, and houses. The
benzene concentration is relatively low across all environ-
ments, with minor variations. Concentrations are lower in
schools and offices and slightly higher in houses. Toluene con-
centrations are highest in houses, followed by schools and
offices. The high/large error bars indicate a significant varia-
tion in toluene concentrations, especially in houses. Ethylben-
zene concentrations are relatively low across all environments,
similar to benzene, with minimal differences. The measure-
ment variation is also small, as indicated by the error bars.
Formaldehyde shows a notably high concentration in schools,
followed by offices and houses. The variation in formaldehyde
concentrations is significant in all environments, particularly
schools. Xylene concentrations are higher in houses, offices,
and schools. The error bars show a moderate variation in
xylene concentrations across different environments. The con-
centrations of toluene and formaldehyde were the highest
among the measured VOCs, with considerable variability.
The studies show that VOC concentrations differ significantly
across various indoor environments like schools, homes, and
offices due to diverse sources and ventilation conditions. In
schools, VOC levels tend to increase due to materials like
paints, cleaning products, and furniture, with insufficient ven-
tilation worsens the issue. Formaldehyde, in particular, often
exceeds recommended levels, posing health risks to occupants,
especially in poorly ventilated classrooms. Similarly, homes
show higher concentrations of toluene, xylenes, and formalde-
hyde, likely linked to the use of household chemicals, furni-
ture, and building materials. Offices, although generally
lower in VOC concentrations compared to homes, still exhibit

95U017 SUOWLLIOD BAITea1D 3ol (dde a3 Ag peusenob aJe SajolLe O SN JO Se|NJ I0} Akeiq 8UIIUO 8|1/ UO (SUONIPUD-pUe-SWLB)W00 A3 | Ae1q 1 Bul UO//SdNY) SUONIPUOD pue sWwie | aU) 885 *[5202/60/80] Uo Akeiqi suljuo Ae|im eueligni Jo AsAIUN AQ SSPSYES/RU1/SSTT 0T/I0p/wWod A 1M Arelqpul|uo//Sdiy Wwouy pepeojumod ‘T ‘SZ0Z eul



Indoor Air

harmful levels of compounds like formaldehyde and benzene,
likely originating from office equipment, furniture, and clean-
ing activities. Across all environments, poor ventilation
remains a main factor contributing to higher VOC levels.
The presence of high concentrations of formaldehyde and
other VOCs in poorly ventilated areas underscores the impor-
tance of adopting IAQ monitoring and control strategies to
reduce negative health effects in schools, offices, and homes.

3.1.4. Geographic, Seasonal, and Structural Variability in
VOC Levels. The variability in indoor VOC concentrations
observed across studies can be attributed in part to geo-
graphical differences, seasonal variation, and structural
building characteristics. Many studies emphasize regional
differences, with VOC profiles often reflecting local outdoor
pollution levels, building materials, heating practices, and
proximity to roads or industrial sources [59, 61, 64, 72].
For instance, VOCs linked to vehicular traffic or attached
garages were reported in Switzerland and Australia [56,
59], while in Italy, emissions from indoor sources such as
household products and furniture dominated IAQ [49]. Sea-
sonal differences are also well documented, with higher
VOC levels typically observed in winter due to reduced ven-
tilation and increased heating demand [49, 57, 61]. Several
studies, explicitly point to wintertime accumulation of
VOCs, show the importance of seasonally contextualized
analysis. Furthermore, building-related factors like construc-
tion year, materials, and energy-efficiency retrofits signifi-
cantly affect VOC concentrations. For example, studies
from Sweden and France found higher levels of TVOC and
formaldehyde in energy-efficient dwellings with poor venti-
lation or recent retrofitting [56, 59]. Mechanical ventilation
systems were consistently associated with lower VOC levels
across several studies [59, 68], confirming the important role
of air exchange. Newly built or recently renovated buildings
showed elevated VOC levels, particularly during the first few
months of occupancy [56], who reported VOC decay trends
over time.

Differences also showed based on indoor activities and
occupant behavior. Studies such as those by Gallon et al.
[47], Martins et al. [58], and Rodrigues dos Santos et al.
[54] show the contribution of consumer products, smoking,
and human presence to overall VOC burdens. Finally, while
a full quantitative harmonization was not feasible due to
methodological heterogeneity, these diverse studies collec-
tively revealed the importance of local context, building fea-
tures, and temporal variability in interpreting indoor VOC
levels. When comparing indoor VOC concentrations across
Europe, some regional patterns become apparent. Homes,
schools, and offices in Southern Europe—particularly in
Portugal, Spain, and parts of Italy—tend to report higher
concentrations of common VOCs such as toluene, formalde-
hyde, and TVOCs. This may reflect a combination of factors
including warmer climates, more limited use of mechanical
ventilation systems, and specific indoor sources like cleaning
products or furnishings. For instance, Portuguese and Span-
ish schools frequently showed elevated formaldehyde and
toluene levels, while Italian studies often reported high
indoor concentrations of benzene and xylenes. In contrast,

Northern and Central European countries such as Finland,
Germany, and Poland generally show lower VOC concentra-
tions in indoor environments, likely due to stricter building
codes, more widespread mechanical ventilation, and colder
climates that may reduce oft-gassing from materials. Offices
in France and Italy appeared to have higher VOC burdens
than those in Poland, again possibly linked to differences
in air exchange, building age, or occupancy density. In addi-
tion, the generally cleaner outdoor air in northern coun-
tries—driven by stronger regulatory frameworks, reduced
use of fossil fuels for heating, and greater adoption of electric
vehicles—likely contributes to lower indoor infiltration of
VOC:s from traffic and other urban sources.

3.2. PAHs in Indoor Spaces. Regarding the assessment of
PAHs, the existing literature is divided into categories based
on the environments studied (Table S2). A total of nine
papers focus on the concentrations of dust-bound PAHs,
while six studies investigate the concentrations of PM-
bound PAHs within residential homes, offering a detailed
analysis of IAQ and potential exposure risks in domestic
settings. Furthermore, nine papers address PM-bound
PAH concentrations in school environments.

3.2.1. Dust-Bound PAH Concentrations in Houses. Table S2
shows the concentrations of various PAHs measured in
dust-bound samples within indoor houses across different
studies (Tables S29-S37). The concentrations are given in
two different units: picograms per cubic meter for Lim
et al. [75] from Sweden and nanograms per gram of dust
for the other studies. Lim et al. reported PAH
concentrations such as BaP at 13.7 pg/ m3,
benzo[a]anthracene (BaA) at 6.6pg/m’, and pyrene (Pyr)
at 20.4 pg/m3, with a total PAH concentration of 238.8 pg/
m?. In contrast, Fromme et al. [76] from Germany
reported PAH concentrations with BaP at 270 ng/g, BaA at
290ng/g, and Pyr at 670ng/g, giving a total of 6340 ng/g.
Studies from Croatia [77], Greece [78], Italy [79], and the
Czech Republic [80] also reported varying levels of PAHs
in indoor dust. Notably, the Greek study by Besis et al.
[81] presented an exceptionally high total PAH
concentration of 4650ng/g, as well as individual PAH
concentrations. This diversity of PAH concentrations
highlights the variability in indoor air pollution across
different regions and methodologies, and the differences in
units in the Lim et al. study indicate a need for careful unit
standardization when comparing such data. Simonetti et al.
[82] reported that only total PAHs in two domestic
environments were 417.2 and 5247.9ng/g in indoor dust,
represented here as an average. The average concentrations
of dust-bound PAHs in the five studies with the most
available data and the same unit of measurement are
shown in Figure 6.

Lim et al. conducted a study in preschools in Stockholm,
Sweden, analyzing PAHs in indoor dust and in PM in both
indoor and ambient air. They identified vehicle emissions
and biomass burning as significant sources of PAHs, with
outdoor PM,, and indoor dust showing significant geno-
toxic potential despite relatively low PAH levels. Fromme
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et al. [76] explored PAH concentrations in indoor and ambi-
ent air in Berlin residences, finding no significant differences
between smoker and nonsmoker apartments, with vehicular
emissions identified as a primary source for nonsmoker res-
idences. Pieters et al. [83] focused on the impact of PAHs on
mitochondrial DNA content in house dust and revealed that
PAH exposure during winter is associated with mitochon-
drial damage, though no similar association was found dur-
ing summer.

Jakovljevi¢ et al. [77] provided the first data on PAH
levels in Croatian households, finding lower PAH levels
compared to global reports but highlighting the elevated
cancer risk for individuals exposed to the highest PAH con-
centrations, mainly from wood heating. Stamatelopoulou
et al. [78] examined house dust in residences with young
children in Athens, Greece, and found that PAHs and metals
were the prevalent pollutants, with smoking, combustion
processes, and traffic being significant contributors. The
study concluded that the carcinogenic risk from PAHs was
generally low, but ingestion of house dust posed the most
important route of exposure to metals, particularly for chil-
dren. Besis et al. [81] conducted the first comprehensive
analysis of PAHs, polybrominated diphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), and nitrated polycyclic
aromatic hydrocarbons (NPAHs) in Greek house dust. The
study revealed that PAHs had the highest median concentra-
tions among the contaminants, but the health risk assess-
ment indicated that the hazard index for all groups was
below one, suggesting a low level of concern for both adults
and children. Mannino and Orecchio [79] investigated PAH

concentrations in indoor dust samples from the Palermo
area in Italy. The study demonstrated a wide range of PAH
concentrations, where the presence of smokers significantly
influenced PAH levels. Melymuk et al. [80] examined the
distribution of SVOC:s in different indoor matrices within a
residential environment. The study showed that airborne
SVOC concentrations can be estimated from dust and sur-
face concentrations, while compounds like PAHs require
direct measurement due to ongoing primary emissions.
Simonetti et al. [82] focused on the occurrence of haloge-
nated pollutants in indoor dust from homes and workplaces
in Italy. The study revealed higher concentrations of these
pollutants in electrotechnical and mechanical workshops
compared to homes and offices. The study highlighted the
importance of monitoring both domestic and occupational
settings for comprehensive exposure assessment.

The analysis of dust-bound PAHs across various indoor
environments shows that PAH contamination in indoor
dust is influenced by both indoor activities, such as smoking,
cooking, and the presence of electronic devices, as well as
outdoor pollution sources, including vehicular emissions
and residential heating [79]. Higher concentrations of PAHs
are often detected in urban environments or locations with
poor ventilation, revealing the significant role of outdoor
air impact in indoor pollution. The presence of specific
PAHs, such as BaP and other heavy PAHs, consistently
shows a strong correlation with combustion-related activi-
ties, such as vehicle emissions, smoking, and biomass burn-
ing [77]. Seasonal variations also have a significant impact,
with higher PAH concentrations observed during colder
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months due to increased heating activities and reduced ven-
tilation. Moreover, while the total PAH concentrations in
household dust tend to be lower than in outdoor air, the
presence of fine PM in indoor dust is a significant concern,
especially for vulnerable populations such as children, the
elderly, and those with compromised health. PAH exposure
through ingestion, inhalation, and dermal contact, particu-
larly in homes with young children, indicates that dust
ingestion remains the primary route of exposure. However,
most studies show that the estimated daily intake of PAHs
is generally below harmful levels, although long-term expo-
sure risks should not be overlooked.

Several studies included in this review reported PAH
diagnostic ratios to help with understanding the dominant
emission sources contributing to indoor dust contamination.
For example, Jakovljevi¢ et al. calculated fluoranthene (Flu)/
(Flu + Pyr) ratios ranging from 0.46 to 0.65, indicating mixed
sources, primarily traffic-related and biomass combustion.
Ratios such as BaP/benzo[gh,i]perylene (BghiP) (0.14-
0.86) and indeno[1,2,3-cd]pyrene (IP)/(IP +BghiP) (0.07-
0.49) further suggested contributions from gasoline combus-
tion and pyrogenic sources. Similarly, Stamatelopoulou et al.
and Besis et al. applied diagnostic ratios, confirming biomass
burning and vehicle emissions as primary PAH sources in
Greek households. These findings support the broader inter-
pretation that combustion processes—both indoor and out-
door—are the main contributors to indoor PAH
concentrations. However, the interpretation of diagnostic
ratios in indoor environments should be approached with
caution, as aging, degradation, and mixed-source inputs
can complicate source apportionment.

The conclusions from these studies emphasize the need
for regular monitoring of indoor PAHs, particularly in envi-
ronments with continuous human exposure. The use of
indoor dust as a passive sampler offers a cost-effective and
representative method to assess PAH contamination and
human exposure. However, these findings suggest that ongo-
ing emissions from both outdoor and indoor sources must
be addressed through better ventilation practices and emis-
sion control to reduce health risks.

3.2.2. PAH Concentration in Air in Houses. In comparing
PAHs measured in homes, it is important to note that differ-
ent studies employed various methodologies, making direct
comparisons challenging. For instance, some studies mea-
sured PAHs in PM, ., and other studies focused on PM,,,.
Additionally, certain studies reported the sum of gaseous
PAHs and PM-bound PAHs, providing a more comprehen-
sive picture of the total PAH burden but complicating direct
comparisons with studies measuring only particulate-bound
PAHs. To address these differences, this review categorizes
the findings based on the measurement method and dis-
cusses them within these contexts. While quantitative com-
parisons are limited due to methodological variations,
qualitative assessments can still provide valuable informa-
tion about the trends and patterns of PAH concentrations
in residential environments. Tables S38-543 summarize the
concentrations of indoor PAHs in house environments
across several studies. Choi and Spengler [84] reported
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concentrations of PAHs in PM, . in Poland, with a total of
6.37ng/m’ of seven measured PAHs. They found significant
contributions of ambient sources to indoor PAH levels,
especially in nonsmoking homes, whereas indoor smoking
notably increased PAH levels. Alves et al. [62] also measured
PAH concentrations in PM,. in Portugal and reported
lower concentrations for most PAHs, such as BaP at 0.41 ng/
m> and benzo[b]fluoranthene (BbF) at 0.53 ng/m3, with a
total of 5.53 ng/m> for 13 measured PAHs. Rybak et al. [85]
observed a total concentration of 31.51ng/m’ in Poland.
This study measured 15 PAHs using spider webs prepared in
the laboratory and exposed to indoor air pollution,
considering variables such as location, type of room,
inhabitants’ habits, and heating devices. Gustafson et al. [86]
measured gaseous and PM-bound PAHs in Sweden,
reporting moderate levels, such as Pyr at 1.72ng/m” and Flu
at 2.2ng/m’. They reported significantly higher PAH levels
in homes using wood-burning appliances, raising concerns
about the associated health risks. Gaseous and PM-bound
PAHs were also measured in Loive et al. [87] in Sweden with
a wide range of concentrations for some PAHs, such as BaP
ranging from 0.01 to 0.85ng/m’ and Flu ranging from 0.25
to 81ng/m’, showing the variability in indoor PAH levels.
De Gennaro et al. [88] in Italy measured concentrations of
PAHs in PM,,, with BaA at 18.96ng/m’ and BghiP at
12.42ng/m>. The concentrations were high in homes with
wood stoves, emphasizing the impact of biomass combustion
on [IAQ.

Indoor PAHs originate from various sources, including
biomass burning, cooking, tobacco smoke, and materials
treated with creosote or other chemicals, as well as infiltra-
tion from outdoor air pollution. Studies like those by Gustaf-
son et al. [86] and De Gennaro et al. [72] focus on the
impact of wood-burning stoves and fireplaces, showing that
homes utilizing such heating systems have markedly higher
indoor PAH concentrations, especially during combustion
phases. Indoor BaP levels often exceeded health guidelines,
revealing a significant carcinogenic potential due to incom-
plete combustion by-products. The heterogeneity in pollu-
tion levels, even among houses with similar heating
systems, suggests that combustion practices, ventilation,
and stove designs play major roles in determining exposure
risks. Several studies, such as Choi and Spengler and Alves
et al. [62, 84], demonstrate that outdoor air is a dominant
source of PAH contamination in indoor environments, par-
ticularly for homes located near traffic or other combustion
sources. In many cases, PAHs of outdoor origin, such as
BaA, BbF, and benzo[k]fluoranthene (BKF), make up a sig-
nificant part of the indoor air concentrations. Smoking and
cooking are repeatedly identified as major indoor sources
of PAHs. The study by Loive et al. [87] emphasizes that even
materials like creosote-treated wood can act as persistent
sources of PAHs over long periods, contributing signifi-
cantly to indoor pollution levels. Across multiple studies,
BaP and other high molecular weight (HMW) PAHs are fre-
quently identified as the most concerning due to their carci-
nogenic properties. The cancer potency of PAH mixtures,
often measured in BaP equivalents, commonly exceeds
safety thresholds, particularly in environments with biomass
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burning or creosote-treated materials. However, as noted in
Loive et al., other PAHs such as Flu, phenanthrene, and
NPAHs also contribute significantly to overall cancer risk.
Poor ventilation practices can exacerbate the accumulation
of PAHs indoors, while regular ventilation during combus-
tion can significantly reduce the risk of prolonged exposure.
These findings suggest that improving building ventilation
and adopting cleaner combustion technologies are key strat-
egies to reduce PAH exposure and improve IAQ.

Across the reviewed studies, PAH concentrations in res-
idential indoor environments show considerable variability,
driven by regional differences, building characteristics, and
indoor activities. Homes in Southern and Eastern Europe
generally reported higher PAH levels, with standout concen-
trations in Greece and Germany, often linked to the use of
wood stoves, tobacco smoke, and poor ventilation. The most
frequently detected PAHs include BaP, BaA, BbF, and
Pyr—compounds associated with combustion sources. Diag-
nostic ratios, when available, confirm that biomass burning
and traffic emissions are dominant contributors to indoor
PAH profiles. Seasonal trends were also noted, with winter
months typically associated with elevated PAH concentra-
tions due to increased heating and reduced air exchange.
While some studies like those from Sweden and Portugal
indicated relatively low PAH concentrations, even these
environments showed evidence of genotoxicity or source
infiltration from ambient air. Overall, the studies revealed
that indoor PAH exposure in homes is not negligible and
may exceed health-based guidelines, especially in settings
with poor ventilation or intensive combustion activities. To
conclude, there is a need for continued monitoring of PAHs
and other toxic organic compounds in indoor environments,
particularly in homes using biomass for heating or contain-
ing older construction materials like creosote-treated wood.
The findings consistently show that indoor PAH levels are
strongly influenced by both outdoor pollution and indoor
sources like smoking, cooking, and heating practices. The
carcinogenic risk associated with indoor PAH exposure, par-
ticularly from compounds like BaP and its equivalents,
underscores the need for comprehensive risk assessments,
which consider both gas- and particulate-phase compounds,
to protect human health. Enhanced ventilation, improved
combustion technologies, and targeted mitigation strategies
for homes with high PAH emissions are essential to reduce
exposure and associated health risks.

3.2.3. PAH Concentrations in Air in Schools. Tables S44-S52
present the concentrations of various PAHs in the indoor air of
schools from multiple studies, showing significant variation
across different regions. As well as in measurements in
houses, different studies employed various methodologies,
making direct comparisons of the studies challenging. Lim
et al. [75] from Sweden reported PAH concentrations in
PM,,, with individual PAHs ranging from 0.002ng/m’ for
dibenzo[a,h]anthracene (DahA) to 0.021ng/m3 for Flu.
Rogula-Koztowska et al. [89] from Poland showed a total
PAH concentration of 16.1 ng/m’, with individual levels from
0.25ng/m’ for DahA to 2.38 ng/m” for BaP measured in PM,.
Romagnoli et al. [90] from Italy reported concentrations in
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PM,, with a total of 2.79ng/m’, where individual PAHs
range from 0.05ng/m’ for DahA to 0.5ng/m’ for BbF. PAHs
in PM, o were also measured in Blaszczyk et al. [91] from
Poland with a total concentration of 33.75ng/m’ and
individual PAHs ranging from 0.4 ng/m’ for DahA to 3.65ng/
m® for BghiP. Oliveira et al. [92] from Portugal indicated a
total gaseous and PM-bound PAH concentration of 35.78 ng/
m’, with individual levels from 0.13 ng/m’ for BaA to 1.9ng/
m® for DahA. Additional context includes measured SUM of
PAHs in Cirillo et al. [93] from Italy with 1.9ng/m’ for
gaseous PAHs and for PM-bound PAHs in Fiala et al. [94]
from the Czech Republic with 7.04 ng/m’, Mortamais et al.
[95] from Spain with 1107 pg/m’, and Van Drooge et al. [96]
from Spain with 500-3900 pg/m”.

Lim et al. [75] investigated PAHs in Stockholm pre-
schools, finding significant correlations between outdoor
and indoor PM,, levels, with vehicle emissions and biomass
burning as main sources. Rogula-Kozlowska et al. [89] stud-
ied PAH concentrations in teaching rooms in Poland and
noted higher outdoor concentrations and a potential
unidentified indoor source of gaseous PAHs in Warsaw.
Romagnoli et al. [90] assessed air quality in various microen-
vironments in Rome and identified motor vehicles, biomass
burning, and soil resuspension as primary PAH sources. Oli-
veira et al. [92] focused on a preschool in Portugal, empha-
sizing the predominance of gaseous PAHs and the
significant impact of outdoor emissions on IAQ. Blaszczyk
et al. [91] examined PM, ;-bound PAHs in Polish kindergar-
tens and reported high levels of PM, . and PAHs both
indoors and outdoors, with solid fuel combustion identified
as a significant source. Cirillo et al. [93] focused on multi-
pathway exposure to PAHs among children in urban and
rural areas of Campania, Italy, and highlighted that food
was the primary source of PAH exposure. Fiala et al. [94]
assessed PAH intake in children in a Czech city and found
that food consumption was a more significant contributor
to PAH exposure than air inhalation or soil ingestion. Mor-
tamais et al. [95] investigated the association between PAH
exposure and ADHD (attention-deficit hyperactivity disor-
der) symptoms in children in Barcelona, Spain, and noted
a significant link between PAH levels and changes in brain
structures, although behavioral effects were not identified.
Van Drooge et al. [96] analyzed PM, ; aerosols in Barcelona
primary schools and identified traffic emissions as the pri-
mary source of PAHs in both indoor and outdoor environ-
ments. The concentrations were higher in schools located
in high-traffic areas, with a significant transfer of outdoor
pollutants to indoor air.

Across multiple studies, outdoor sources, especially traf-
fic emissions and biomass burning, were identified as major
contributors to indoor PAH levels in schools. Even in well-
regulated environments like Sweden and Italy, significant
amounts of PAHs penetrate indoors from external sources.
Fine PM containing PAHs is particularly concerning due
to its ability to reach the alveoli and enter the bloodstream.
Several studies pointed to the heightened toxicity of these
particles and their association with mutagenic and carcino-
genic effects, especially in urban or industrial areas. Smok-
ing, cleaning products, and cooking activities were
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Ficure 7: Differences in concentration of PAHs in PM, - in houses and schools.

identified as significant contributors to indoor PAH levels in
schools. These sources complicate air quality management
because they can lead to higher indoor concentrations of
specific PAHs, even when outdoor air is relatively clean.
While inhalation is a significant route of exposure, several
studies highlighted the importance of food as a major con-
tributor to children’s overall PAH intake. This points to
the need for multipathway exposure assessments in studies
of school environments. Children, as one of the most vulner-
able groups, are disproportionately affected by PAH expo-
sure due to their developing physiology and higher intake
per body weight. The neurodevelopmental impact, as seen
in the study linking PAHs to reduced caudate nucleus vol-
ume, further underscores the need for stringent air quality
control in schools [95].

Figure 7 compares the concentrations of PM, .-bound
PAHs between houses and schools. The results show that
schools have significantly higher concentrations of PAHs
compared to houses for most of the compounds. Specifically,
the concentrations of BaA, Pyr, BbF, and BghiP are notably
higher in schools. In contrast, the concentration of IP is
higher in houses than in schools. Other PAHs such as BaP,
BKF, and DahA also show higher concentrations in schools,
but the differences are less pronounced compared to others.
Among the PAHs most frequently reported in the reviewed
studies, several belong to the Group B2 carcinogens as clas-
sified by the United States Environmental Protection Agency
(US EPA). These include BaA, BbF, BKF, BaP, IP, DahA, and
chrysene (Chry). This group is considered a “probable
human carcinogen” based on sufficient evidence from stud-
ies. Notably, most of these HMW PAHs are consistently
detected in both dust- and PM-bound indoor samples, often
in homes using biomass for heating or with poor ventilation.
Their presence across multiple indoor environments empha-

sizes the need for targeted risk assessments that account for
their higher toxicological relevance. In addition to US EPA
Group B2 classification, PAHs are commonly divided by
molecular weight into LMW PAHs (two to three aromatic
rings, e.g., naphthalene, fluorene, phenanthrene, and Flu)
and HMW PAHs (four or more rings, e.g., BaP, BbF, BKF,
IP, and DahA). This classification is important because
HMW PAHs tend to be more carcinogenic and mutagenic
and are typically bound to particles, while LMW PAHs are
more volatile, often found in the gas phase, and associated
with short-term respiratory effects. Across the reviewed
studies, HMW PAHs such as BaP, BbF, BKF, IP, and DahA
were consistently reported to have higher concentrations in
homes using wood stoves or located near traffic or industrial
sources [86, 88]. In contrast, LMW PAHs such as fluorene,
phenanthrene, and Pyr were more evenly distributed across
different settings and showed higher variability, especially in
studies measuring total (gas + particulate) phases [86, 87]. This
suggests that while both LMW and HMW PAHs contribute to
overall exposure, HMW PAHs pose a greater long-term health
risk, particularly in poorly ventilated indoor environments or
those with combustion-related activities.

Across all studies focusing on PAHs in dust and PM,
both houses and schools are significantly impacted by these
pollutants, but schools present some unique challenges and
exposure patterns. In educational settings, elevated PAH
concentrations are consistently observed in environments
near traffic or biomass burning sources, such as in Poland,
Spain, and Portugal. The studies show that indoor PAH
levels in schools are often closely tied to outdoor concentra-
tions, particularly in urban and high-traffic areas, with lim-
ited ventilation exacerbating pollutant accumulation
indoors. Certain compounds like BaA, BbF, and BghiP were
more frequently detected at higher levels in schools than in
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homes, possibly due to specific building materials, mainte-
nance activities, and cleaning routines. Importantly, children’s
vulnerability and prolonged occupancy during school hours
raise serious concerns, especially as some measured BaP levels
approached or exceeded health guideline thresholds. Studies
from Southern Europe also show the compounding impact
of inadequate ventilation during colder seasons, which intensi-
fied indoor PAH levels. These findings underscore the need
for targeted air quality interventions in school environments,
including improved ventilation design, source control, and
regular monitoring to protect child health.

3.2.4. Geographic, Seasonal, and Structural Variability in
PAH Levels. Indoor PAH concentrations vary widely across
Europe due to differences in climate, building design, heat-
ing practices, urbanization, and ambient air quality. A clear
geographic pattern is evident when comparing dust- or
PM-bound PAH levels across homes, schools, and other
buildings. Southern and Eastern European countries—such
as Greece [78, 81], Italy [79, 90], and Poland [85, 89]—tend
to report significantly higher indoor PAH concentrations
than Northern or Western European countries like Sweden
[75, 87], Germany [76], or Luxembourg [63]. This likely
reflects the combined influence of outdoor pollution infiltra-
tion, more frequent use of solid fuel heating, and less strict
regulatory control on emissions in some regions. In contrast,
Scandinavian countries generally show lower PAH levels
indoors, attributed to cleaner ambient air due to strict envi-
ronmental regulations, increasing adoption of electric vehi-
cles, and widespread use of district heating instead of wood
combustion. Seasonal variability also has an influence on
PAH levels. Many studies observe higher indoor PAH con-
centrations during colder months due to increased heating
demand, particularly from wood-burning stoves or fireplaces
[77, 86, 92]. For example, Loive et al. reported that winter
outdoor PAH levels in Sweden were seven times higher than
in summer, but indoor concentrations remained stable in
buildings with creosote-impregnated materials, underscor-
ing the importance of persistent indoor sources. In southern
and eastern countries, where winter heating often relies on
solid fuels, the seasonal differences in indoor PAHs were
even more pronounced. Structural characteristics of build-
ings also influence indoor PAH levels. Buildings with older
construction materials, such as those impregnated with cre-
osote, show elevated and sustained PAH emissions indepen-
dent of season. Likewise, houses with poor ventilation,
frequent indoor smoking, or proximity to traffic sources
exhibit higher levels. Building use also matters—schools,
homes, and offices show different exposure profiles. Homes
typically exhibit higher variability due to individual behav-
iors like cooking or heating, while schools show more con-
sistent levels but are often closer to traffic sources, as seen
in Van Drooge et al., where indoor and outdoor PAH levels
in Barcelona schools were nearly identical due to infiltration.

3.2.5. Methodological Variability and Limitations. Across the
included studies, there is substantial heterogeneity in the
measurement approaches for PAHs, including differences
in particle size fractions (e.g., PM;, PM, s, and PM,,), inclu-
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sion of gaseous and/or particulate phases, sampling media
(e.g., air and dust), and reporting units (e.g., nanograms
per cubic meter, picograms per cubic meter, and nanograms
per gram). These differences limit the potential for direct
quantitative comparisons between studies. To address this,
we categorized studies based on their measurement matrix
(e.g., dust-bound vs. PM-bound PAHs) and were careful
not to directly compare concentrations across fundamentally
different methodologies. The inconsistency in reporting
practices reinforces the goal of initiatives like the EDIAQI
project, which seek to standardize data collection and facili-
tate robust cross-study comparisons. Among the included
dust-bound PAH studies, we observed considerable method-
ological variation in terms of sampling techniques, analytical
procedures, and units of measurement. To ensure valid com-
parisons, we only compared (Figure 6) studies that used set-
tled indoor dust as sampling media, reported individual
PAH concentrations in nanograms per gram, and applied
similar analytical techniques (e.g., GC-MS or HPLC). Other
studies, which reported picograms per cubic meter or total
PAHs, were excluded from this comparison and are com-
pared to other similar studies.

For air-based PAH measurements, studies varied in both
sampling and analysis. Airborne PAHs were typically col-
lected using active air samplers with filters (e.g., quartz fil-
ters) or polyurethane foam (PUF) cartridges. Filters
targeted PM-bound PAHs (with size cutoffs like PM, . or
PM,,), while PUFs captured gas-phase compounds. Sam-
pling durations ranged from 8 h to several days. After collec-
tion, PAHs were extracted and analyzed mostly via GC-MS
or HPLC. In some studies, simultaneous indoor and outdoor
sampling was conducted to evaluate infiltration. Differences
in sampling duration, flow rate, and particle phase inclusion
(gas vs. particle) make it inappropriate to compare air-based
and dust-based concentrations directly. These methodologi-
cal differences were accounted for in our analysis by organiz-
ing studies according to sampling matrix and reporting units
and ensuring that comparisons were only made within com-
patible categories.

4. Conclusion

This review represents differences in indoor air pollution
across Europe, explaining relationships between indoor
sources, building characteristics, regional practices, and
ambient air quality. VOC levels tend to be higher in South-
ern and Eastern European countries, where ventilation prac-
tices, heating methods, and building materials may
contribute to elevated concentrations. Compounds such as
BTEX and formaldehyde were most frequently reported,
particularly in naturally ventilated environments and
energy-efficient homes without adequate air exchange. Evi-
dence from studies also indicates that human activities, such
as cleaning, cooking, and the use of consumer products,
remain dominant indoor VOC sources. PAHs, on the other
hand, showed strong seasonal and geographical variability.
Higher concentrations were typically observed in colder
regions with greater reliance on biomass combustion and lim-
ited ventilation. While dust-bound PAHs provided
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information about long-term accumulation and ingestion-
related exposure, airborne PM-bound PAHs posed a greater
concern for respiratory and systemic health effects due to their
particle-bound carcinogenic compounds, such as BaP. Diag-
nostic ratios and molecular weight differences across studies
pointed to combustion-related sources (e.g., traffic and wood
burning) as dominant contributors, with limited influence
from petrogenic or industrial emissions in most indoor
settings.

The integration of these findings shows the need for tar-
geted policy action and harmonized measurement approaches.
Current inconsistencies in sampling, analysis, and reporting
limit the comparability of data across Europe. Without stan-
dardized protocols, robust risk assessment and cross-country
policy alignment remain difficult. This review highlights the
urgency of EU-wide efforts to develop unified TAQ guidelines
and monitoring strategies. Coordinated regulatory frameworks,
public health education, and technological improvements in
ventilation and materials are essential to reduce exposure and
improve indoor environments across Europe.
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