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Emerging sources, such as volatile chemical products (VCPs) and other non-traditional emission

categories, are becoming increasingly important in urban air pollution as the contributions of

recognized sources such as traffic and industrial emissions decline. Indoor emissions constitute

a large fraction of organic gaseous species from these sources, making buildings potential

contributors to ambient air pollution. This study illustrates building emissions by presenting findings

from a sampling campaign in downtown Toronto, analyzing volatile organic compounds (VOCs) from

the mechanical ventilation inlet and exhaust air streams of a multi-unit residential building (110 units).

Due to indoor emissions, VOCs were detected more frequently and at higher concentrations (median

levels higher by about 22%) in the exhaust stream than in the inlet stream, indicating that the building

serves as a net VOC source to the ambient air. VCP-related species were consistently more abundant

in the exhaust air, confirming the influence of indoor sources. In particular, median concentrations of

volatile methyl siloxanes and monoterpenoids associated with emissions from adhesives, personal

care products, and cleaning agents ranged from about 2–5 mg m−3 in the exhaust stream in

comparison with 0.2–0.5 mg m−3 within the inlet stream. Source apportionment analysis of VOC

concentrations across the exhaust and inlet airstreams revealed indoor emissions of siloxanes,

monoterpenoids, and oxygenated VOCs from coatings, cleaners, and personal care products as

primary contributors to exhaust stream trends. Net building VOC emissions, defined as the rate of

outflowing minus the inflowing VOCs, were calculated from the measured concentrations and

ventilation rates. The resulting values aligned with indoor emissions predicted from a published VCP

emission inventory for Canada, emphasizing the pivotal impact of VCP indoor sources on urban air

quality. Exhaust and inlet stream concentrations of VCP-related species were found to be significantly

(p < 0.05) correlated, suggesting the building emissions influencing outdoor VOC levels. These results

highlight the crucial impact of indoor emissions, especially from VCPs, on ambient air quality and the

need for further research into indoor-to-outdoor pollutant transfer mechanisms to address urban air

pollution.
Environmental signicance

Continuous air pollution mitigation measures during the last few decades have led to an increasing impact from alternative sources, such as volatile chemical
products (VCPs). These emerging sources are characterized by a more even distribution of emissive activities across indoor and outdoor spaces. Since indoor
emissions are prone to be transported outdoors through ventilation, buildings may play a critical role in ambient air pollution. This study provides experimental
evidence that quantitatively aligns with previous insights concerning indoor VCP emissions. By elucidating the key indoor sources driving the observed trends,
the results from the present work can inform future efforts aimed at improving urban air quality by controlling indoor-to-outdoor pollutant transport.
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1 Introduction

Indoor spaces exchange air pollutants with ambient air
through ventilation.1 Indoor air pollution from outdoor
sources and its implications regarding residents' well-being
have been the subject of prior studies.2,3 Air pollutant emis-
sions from traffic and industrial sources have decreased
recently owing to technological advancements and emission
controls.4 These changes have led to the increasing relative
This journal is © The Royal Society of Chemistry 2025
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importance of alternative sources such as cooking5–9 and
volatile chemical products (VCPs).10–12 VCPs encompass a wide
range of chemical products, including coatings, adhesives,
cleaners, and personal care products. These products can be
broadly categorized into industrial and consumer-use VCPs.
Industrial VCPs are oen associated with large-scale
manufacturing and construction, making their correspond-
ing emissions to mainly occur outdoors. In contrast,
consumer VCPs—especially household, maintenance, and
architectural products—are utilized within indoor spaces,
contributing to indoor emissions in residential and commer-
cial buildings. Many of these emerging sources feature
chemical and volatility proles that have distinctive impacts
on air quality, especially through forming secondary air
pollutants such as ozone and secondary organic aerosol
(SOA).13,14 For example, the reactivities and SOA yields from
oxygenated species found in VCPs are different from those of
alkanes and aromatic species dominating traffic emissions,
leading to alternative atmospheric chemical pathways.15

Another distinctive feature of emerging sources is that many
of them are situated indoors, contrary to recognized sources
such as traffic, which are essentially classied as outdoor
emissions. For instance, a recent Canadian emission inven-
tory estimated that approximately 60% of VCP emissions
occur indoors, with coatings and cleaners identied as the
dominant contributors.16 Therefore, pollutant transfer from
indoor spaces such as residences and offices to ambient air is
expected to play an increasingly important role in urban air
quality and ambient atmospheric chemistry.

Particulate matter has been the focus of most prior studies
on indoor-to-outdoor transfer of air pollutants.17,18 However,
gaseous pollutants, including volatile organic compounds
(VOCs), known as important precursors to secondary pollut-
ants, have received less attention. Studies based on experi-
mental measurements of indoor air quality impacts from
various indoor activities, such as cooking and cleaning within
a test evaluative space, have examined indoor VOC transport to
outdoors by contrasting indoor and outdoor concentration
proles.9,19–21 In addition to emissions associated with indoor
activities, there are continuous indoor emissions from building
materials and furniture, even from unoccupied spaces.22

Xylenes, toluene, ethylbenzene, acetone, and formaldehyde, for
example, are known to be emitted from wood products and
construction materials.23 Additionally, SVOCs and IVOCs, such
as phthalates from plasticizers and brominated ame retar-
dants, also contribute to indoor emissions from furniture and
building materials.24

Although the controlled conditions of studies involving test
indoor spaces are benecial for a mechanistic understanding of
emission dynamics and the related physicochemical interac-
tions, real-world measurements in everyday spaces capture
more realistic variations in emission intensity and timing.
Stinson et al. quantied per-person and whole-building VOC
emissions in a school by analyzing the exhaust airstream of its
mechanical ventilation system.25 Their results showed that
monoterpenes (280 ± 80 mg per person per h) and isoprene (270
± 60 mg person per h) were among the most signicant
This journal is © The Royal Society of Chemistry 2025
occupant-derived emissions. Personal care product use
contributed to siloxane emissions (D5: 5.3 ± 6.7 mg person per
h), while eating and physical activity increased isoprene levels.
Cleaning activities inuenced ethanol and acetone concentra-
tions. Their ndings highlighted that 5.9 ± 1.7 g.h−1 of indoor-
origin VOCs were emitted to the outdoor environment, with air
scrubbing reducing total emissions by ∼40%. These insights
emphasize the role of human activity in shaping both indoor
and outdoor air composition.25 Residential buildings represent
a larger fraction of the building stock in urban areas, serving as
indoor spaces where the urban population spends most of their
time.26 Therefore, a study on residential buildings would
provide new opportunities to advance knowledge about urban
air quality. Multi-unit buildings, in particular, are expected to
provide more representative insights, given the diversity of
emissive activities.

One of the key factors in pollutant indoor–outdoor transfer
is air exchange.27 Air exchange rates vary across different
spaces28 and can change for the same space during different
seasons depending on weather conditions.29 Therefore, it is
necessary to contextualize building net emissions in relation to
the associated air exchange rates and examine indoor-to-
outdoor pollutant transfer at locations and seasons different
from previous studies (e.g., Texas during June14 and Oregon
during May25). Buildings located in regions with a colder
climate oen strive to maintain airtightness to ensure
reasonable heating expenses, minimizing involuntary air
exchange through building cracks. Under such conditions,
a mechanical ventilation system offers a reliable means to
characterize building air exchange rates provided that the
system's performance remains within the design specica-
tions. This condition addresses the challenges of monitoring
the air exchange rate by tracer gas concentration evolution.30

Energy efficiency considerations are expected to minimize the
signicance of alternative paths such as opening windows
when the building is equipped with a mechanical ventilation
system. Therefore, winter measurements involving buildings
served by mechanical ventilation offer a robust characteriza-
tion of air exchange rates and paths.

This study investigates indoor-to-outdoor transfer of VOCs
from a residential space with 110 units in downtown Toronto,
Canada, during February–March 2023. We analyzed the gas
phase composition of air streams entering and leaving from
the air handler of the building's mechanical ventilation system
to inspect air pollutant occurrence and concentration. We
identied the major sources driving the observed pollutant
concentration trends via a source apportionment analysis.
Building emissions were calculated from the measured
concentrations and compared with predictions from our
previous study16 concerning indoor VCPs, as an important
class of indoor sources. Finally, we illustrated the impact of
indoor emissions on ambient air quality by examining the
correlations and concentration ratios across the air handler's
inlet and exhaust streams. The results of this work expand the
current knowledge on the emerging role of buildings in urban
air quality.
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1715
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2 Methods
2.1 Sampling period and location

Gas phase air samples were collected over 18 days from
February to March 2023. The sampling location was a multi-
storey residence in the Bathurst Quay neighborhood of down-
town Toronto, Canada (Fig. 1). The building has 110 units with
different oor areas, ranging from smaller one-bedroom (∼240
m2) to larger four-bedroom (∼403 m2) spaces. Based on infor-
mation from the management, the building had approximately
200 residents during the sampling period. The Billy Bishop
Toronto City Airport, a signicant nearby point source, is
located within less than one kilometer from the building's
southern face.
2.2 Sampling procedure

To investigate the role of a multi-unit residential building as
a net source of VOCs to the outdoor environment, we conducted
sampling at the rooop air handling unit rather than within
individual units. The building's mechanical ventilation system
includes two makeup air units (MAUs) that are installed on the
building's rooop. Based on the mechanical ventilation plans
provided by the building's management, the MAUs were
designed to deliver outdoor air to the common hallways and
Fig. 1 Satellite images (generated by ARCGIS Pro software) of (a) the B
downtown Toronto, Canada, and (b) the sampling site and the nearby Billy
the dashed rectangle in panel (a)) and (c) a schematic of the building'
connected air streams.

1716 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
exhaust air from ducts connected to vents in living rooms,
kitchens, and bathrooms. Fig. 1(c) shows a schematic diagram
of air streams connected to the MAUs. The ventilation system
connects exhaust emissions from the building's garbage room
to one of the MAUs. We limited our samplings to the other MAU
to avoid the potential complexities arising from waste emis-
sions. Following the general protocol described in the U.S.
Environmental Protection Agency Compendium Method TO-
17,31 we determined the gaseous pollutants by the gas chro-
matographic analysis of sorbent tube samples. The sampling
setup and procedure are explained in Section S1.† Briey, the
volatile gaseous organic components of MAU's inlet and
exhaust air streams were actively sampled onto adsorbent tubes
lled with conditioned TENAX® TA. A quartz particle lter,
impregnated with an ozone-scavenging reagent (Section S1.2†),
was installed on the sampling line upstream of the adsorbent
tube to avoid sampling airborne particulates and prevent the
ozonolysis of sampled species.

Each building visit involved collecting four samples from the
MAU's inlet stream and four from the exhaust stream, with each
sampling interval lasting for two hours. The samples were
collected sequentially, starting with an 8:00 to 10:00 am sample
and nishing with a 2:00 to 4:00 pm (local time) sample. While
short-lived emission events may inuence individual samples,
the concentration variations across adjacent sampling intervals
athurst Quay neighborhood, where the sampling site was located in
Bishop Toronto City Airport (magnified from the section designated by
s mechanical ventilation system Make up Air Units (MAUs) with their

This journal is © The Royal Society of Chemistry 2025
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were analyzed to assess the occurrence of dynamic emissions.
This approach aligns with our study's focus on characterizing
bulk emissions through integrated sampling rather than
capturing highly transient uctuations.

The adsorbent tubes were placed in tightly capped Teon
containers and shipped in cold-pack chests to the laboratory. All
samples were analyzed within 24 hours aer collection. See
Section S1.2† for more information on the sampling procedures
and details. In total, 129 samples, 18 analytical blanks, and 72
eld blanks were collected during the campaign. The blanks
were utilized in analytical instrument calibration and quality
control/quality assurance procedures (Section S2.3†). Sampling
took place under normal operating conditions of the building's
mechanical ventilation system, ensuring representative data on
air exchange and VOC transport. Based on air handler speci-
cations and the building's estimated indoor volume, the total
building air exchange rate is 0.52 h−1, a value conrmed by
manufacturer performance records. While air exchange rates
can vary seasonally, natural ventilation was expected to be
minimal during the colder months of this study.
2.3 Chemical analysis and quantication

The samples were analyzed using thermal desorption-gas
chromatography/mass spectrometry (TD-GC/MS). The tech-
nical details of the analysis are included in Section S2.† Briey,
the sampled species were thermally desorbed in situ (Gerstel
TDS3) and injected into a non-polar gas chromatography
column along with helium as the carrier gas (Agilent 7890). GC
eluents were ionized and analyzed using a quadrupole mass
spectrometry detector (Agilent 5977). The species were identi-
ed and quantied through a soware-aided search for chem-
icals based on their chromatographic retention indices and
mass. Note that while real time analysis techniques, such as the
approach adopted by Stinson et al.,25 offer improved time
resolution, that factor is not a critical advantage for this study,
which is focused on the integrated analysis of emissions from
a building and comparison to emission inventories. Further-
more, the challenges of deploying large and sensitive online
instrumentation on the roof of a residential building during
winter are logistically discouraging. Overall, our sampling
approach can be much more easily and widely adopted by
others and can facilitate broader comparisons in future studies.
2.4 Source apportionment through principal component
analysis

Principal component analysis (PCA) was used to identify source-
related trends in the dataset by reducing the dimensionality of
VOC concentration data while preserving major variance
patterns. This method was chosen for its ability to differentiate
between mixed sources without requiring prior assumptions
about emission proles. The analysis included species with
detection frequencies above 80% to ensure statistical robustness.
The resulting principal components were interpreted based on
species loadings, allowing for source characterization (e.g., VCP-
related vs. traffic-related emissions). A detailed breakdown of the
This journal is © The Royal Society of Chemistry 2025
PCA methodology, including preprocessing steps and factor
selection criteria, is provided in the ESI (Section S7).†

3 Results and discussion
3.1 Contrasting species occurrence and levels between the
exhaust and inlet streams

Fig. 2(a) provides insight into the occurrence of species in the
inlet and exhaust streams. A higher cumulative frequency at
a given detection threshold suggests a greater overall occur-
rence of species. The observed shi in the exhaust stream
towards higher cumulative frequencies indicates that more
species were consistently present in the exhaust compared to
the inlet. Fig. 2(b), in contrast, quanties the overall signal
intensity per sample volume across different volatility cate-
gories. Analysis of the exhaust stream samples oen revealed
higher concentrations of gaseous species compared to inlet
data. Furthermore, the detection frequency was generally
higher in the exhaust stream (Fig. 2(a)). As shown in Fig. 2(a), 37
out of 47 species quantied from the exhaust samples were
detectable in at least 90% of analyses, whereas 27 out of 42
quantied species from the inlet samples had detection
frequencies exceeding 90%.

The detected species are categorized based on their volatility
in Fig. 2(b). We classied species based on their effective satu-
ration concentration (C*) at 298 K (Table S1†). Following Matsui
et al.,32 species with log C* > 6.5 were categorized as VOCs, those
with 2.5 < log C* # 6.5 as IVOCs, and those with 0.5 < log C* #

3.5 as SVOCs. Accordingly, we classied species more volatile
than n-dodecane (log C*∼ 6.6)33 as VOCs. Those with volatilities
between n-dodecane and n-docosane (log C* ∼ 2.4)33 were clas-
sied as intermediate volatile organic compounds (IVOCs), and
those less volatile than n-docosane were considered to be semi-
volatile organic compounds (SVOCs). Fig. 2(b) shows the total
ion chromatogram (TIC) area, as a surrogate for total detected
species mass, per unit volume of sampled air for inlet and
exhaust sample series. VOC levels in the exhaust stream were
signicantly (p-value < 0.05) higher than in the inlet, with the
exhaust median concentration being 22% higher. This suggests
considerable VOC emission rates across the building envelope,
making the building a net VOC source. In contrast, the means
and medians of SVOCs and IVOCs were comparable between
exhaust and inlet samples (less than 15% difference) with no
statistically signicant difference detected between the inlet
and exhaust data. This closer parity is likely related to the
elevated IVOC/SVOC emissions from outdoor combustion
sources involving higher temperatures facilitating the release of
less volatile species. Another potential cause could be the
increased indoor sorptive sinks from air-to-surface partitioning,
leading to losses of IVOCs/SVOCs. Overall, consistent with the
results from previous studies,21 the gaseous organic concen-
tration prole associated with indoor emissions within the
building envelope is more diversied and elevated compared to
the ambient air, suggesting the signicance of buildings as net
sources to the outdoor environment.

Note that the discussion above regarding the relation
between species concentrations and the corresponding
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1717
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Fig. 2 (a) Cumulative number of detected species in the MAU's inlet and exhaust streams as a function of detection frequency. A species'
detection frequency represents the fraction of samples in which it was detected. Higher cumulative frequencies for the exhaust stream indicate
that more species were consistently present compared to the inlet stream. (b) Total Ion Chromatogram (TIC) signal in arbitrary units (a.u) per unit
volume of sampled air for MAU's inlet and exhaust samples across three volatility categories: Volatile Organic Compounds (VOCs), Intermediate-
Volatile Organic Compounds (IVOCs), and Semi-Volatile Organic Compounds (SVOCs). The box plot whiskers represent data minima and
maxima, while diamonds indicate means. The asterisk denotes a statistically significant (p < 0.05) difference between inlet and exhaust data
(Section S8†).
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emission rates should be interpreted in light of different dilu-
tion and dispersion patterns across indoor and outdoor spaces.
Accordingly, lower inlet stream concentrations may also result
from increased dilution of outdoor air. Nevertheless, we believe
that the elevated exhaust concentrations, as shown in Fig. 2–4,
are primarily affected by net gaseous emissions from the
building, as this notion is conrmed through comparing
building emission rates calculated from the MAU's inlet and
exhaust concentrations with emission inventories (Section 3.4).
3.2 Diurnal trends of VCP tracers and light aromatic species
from the MAU's air streams

As mentioned above, VCPs, for which more than half of the
emissive activity is predicted to occur indoors,16 account for
a large source of organic gaseous emissions.10,34 Previous
research has illustrated the impact of VCP emissions on urban
air pollution via mobile and stationary samplings of ambient
air;12,35 However, the buildings' contribution is understudied.
This section presents MAU's exhaust and inlet concentrations of
species identied in previous studies as VCP-tracers36 to under-
score the role of buildings as mediators for air quality impacts of
some key VCP sources (Fig. 3). The results are followed by the
same analysis for the aromatic group of benzene, toluene, eth-
ylbenzene, and xylenes (BTEX), known to be associated with
combustion sources such as traffic exhaust emissions37 (Fig. 4).
During each of our 18 sampling visits, we collected 4 inlet and 4
exhaust air samples, leading to a total of 72 data points per two-
hour interval across the campaign. All species shown in Fig. 3
and 4 were detected in every sample, ensuring consistency in
sample size. The gures illustrate minimum, 5th percentile,
median, 95th percentile, and maximum values to capture both
routine and episodic emissions.
1718 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
The exhaust and inlet concentration proles shown in Fig. 3
and 4 are likely inuenced by indoor and outdoor emission
sources, respectively, which may differ in their daily patterns.
Among the indoor sources, emissions from architectural and
furniture coatings (i.e., products that are applied to building's
stationary structures and their accessories), paints, adhesives,
and sealants occur steadily, leading to less temporal concen-
tration variability. In contrast, episodic emissions associated
with cleaning (e.g., monoterpenoids and chlorinated organic
compounds),38 cooking (e.g., ethanol and aldehydes),9,39 and
other human activities lead to more dynamic concentration
proles. For instance, Akteruzzaman et al. showed transient
total VOC enhancements ranging from 7.95 to 35.66 ppm
resulting from different indoor cooking practices.40 For prom-
inent outdoor source activity trends, traffic emissions peak
during rush hours, especially in weekday early mornings.41

Outdoor industrial and commercial emissions are expected to
follow the business hours of the associated emitting facilities.

Fig. 3 shows the diurnal variability of concentration distri-
butions of the VCP tracers octamethylcyclotetrasiloxane (here-
aer referred to as D4), decamethylcyclopentasiloxane
(hereaer referred to as D5), andmonoterpenoids, which reect
emissions from solvent-based adhesives, personal care prod-
ucts, and fragranced products, respectively.36

Adhesives are known to exhibit a dual-phase emission
pattern: an intense release of volatiles in the rst few hours
following application, followed by a prolonged, attenuated
phase of lower emissions.16,34 Given that the studied building
has been occupied for over two decades, the dominant source of
adhesive-related emissions is expected to be residual emissions
from long-applied materials such as ooring, furniture, and
structural components, leading to relatively stable median D4
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Diurnal concentration variability profiles of Volatile Chemical Product (VCP) tracers for MAU's inlet and exhaust streams. The inspected
VCP tracers are (a) octamethylcyclotetrasiloxane (D4), (b) decamethylcyclopentasiloxane (D5), and (c) monoterpenoids (see Section S2.2† for the
full list of measured monoterpenoids). Each time interval represents 72 data points (n = 72), derived from 4 samples per visit across 18 visits. The
lower and upper dashed lines correspond to data minima and maxima, respectively. The shaded bands represent the 5th to 95th percentile
variability ranges. The thick lines within the bands indicate data medians. An asterisk on the upper left corner of a panel suggests statistically
significant (p < 0.05) diurnal variability. See Section S8† for details of statistical significance analysis.
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levels throughout the day. Accordingly, Fig. 3(a) shows no
signicant diurnal variability in D4 median concentrations
from the exhaust stream. Nevertheless, there is an elevated D4
exhaust concentration in the 12:00–14:00 interval in Fig. 3(a),
more than 30 times larger than the median concentration
within the same interval. This condition resulted from a single
outlier related to one of the samples (March 7, 2023), which is
suspected to be caused by a freshly applied adhesive product
within the building at that time. The maximum D4 concentra-
tion over the 14:00 to 16:00 interval occurred on the same day,
which agrees with the fresh adhesive hypothesis above as it has
been shown that such emissions peak during the rst hours of
product application, then plateau to lower steady levels.42

Among the inlet concentration proles, D4 levels during the
14:00 to 16:00 interval are signicantly (p-value < 0.05) lower
This journal is © The Royal Society of Chemistry 2025
than the other sampled periods, with late-aernoon concen-
trations lower by 20–40%. Since indoor adhesive-related emis-
sions tend to follow a stable, long-term decay prole, and no
corresponding trend was observed in the exhaust stream, we
argue that the late-aernoon variations in the inlet stream are
primarily associated with uctuations in industrial D4 emis-
sions rather than indoor sources. Given that industrial coating
emissions are the dominant outdoor source of D4 (Table S6†), it
is plausible that this decline is inuenced by variations in
industrial emission rates during business hours.

D5 concentrations within the MAU's exhaust stream are ex-
pected to reect personal care product use by the building
residents and hence depend on indoor occupancy. Accordingly,
we believe that the overall increase in median D5 concentra-
tions from the exhaust stream occurs as a result of residents
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1719
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Fig. 4 Diurnal concentration variability profiles of simple aromatic compounds (a) toluene, (b) ethylbenzene, and (c) xylenes (including the ortho,
meta, and para isomers) often associated with combustion emissions, especially traffic exhaust, for MAU's inlet and exhaust streams. The lower
and upper dashed lines correspond to dataminima andmaxima, respectively. Each time interval represents 72 data points (n= 72), derived from 4
samples per visit across 18 visits. The shaded bands represent the 5th to 95th percentile variability ranges. The thick lines within the bands indicate
data medians. An asterisk on the upper left corner of a panel suggests statistically significant (p < 0.05) diurnal variability. See Section S8† for
details of statistical significance analysis.
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returning from work during the later hours of the day. In
agreement with the latter interpretation, D5 exhaust concen-
trations during the 8:00 to 10:00 am interval were higher among
the weekend samples and less variable than those the weekdays
(Section S3†). To explain the observed diurnal patterns of D5
concentrations in the inlet data, it is important to consider its
volatility and emission dynamics. With an estimated vapour
pressure of about 20 Pa at the room temperature,43 D5 is not
expected to evaporate immediately aer application. Instead,
following the indoor use of personal care products, such as
shampoos, lotions, and deodorants, D5 may continue off-
gassing from the skin and clothing. Therefore, although our
sampling period did not cover intervals before 8:00 am, residual
enhanced emissions from the earlier hours are likely to drive D5
inlet concentrations peak during the 8:00–10:00 am interval
(Fig. 3(b)). This interpretation aligns with previous urban air
quality studies, which have reported morning-time enhance-
ments in ambient D5 concentrations linked to personal care
product emissions from commuters44 and the temporal trend of
1720 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
monoterpenes, which also peak in the morning. Since mono-
terpenes are key fragrance ingredients in personal care products
and their biogenic emissions are negligible during the cold
months of the year, their co-occurrence with D5 reinforces the
hypothesis of morning-time emissions from commuters. The
subsequent D5 inlet (outdoor) concentration peak during the
12:00 to 14:00 interval, similar to the trends previously observed
in New York City,36 may have resulted from the re-application of
some personal care products (e.g., skin care and cosmetics)
around lunchtime. Note that this trend does not necessarily
imply that personal care products are applied outdoors.
Instead, we believe that the reapplication of D5 indoors (e.g., in
office buildings) leads to delayed emissions into the outdoor air
via ventilation. Given that our study site is downwind of Tor-
onto's nancial district, it is reasonable to conclude that
emissions from surrounding office spaces inuence the
observed D5 trends (Fig. 1 and S3(c)†). Although personal care
product reapplication by residents within the studied building
may partially contribute to D5 exhaust stream enhancements in
This journal is © The Royal Society of Chemistry 2025
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Fig. 3(b), since 80% of our samples were collected on weekdays
whenmany residents are away, outdoor-to-indoor transfer likely
contributes at least in part to the observed exhaust stream
enhancement.

The observed proles of monoterpenoid concentrations in
Fig. 3(c) are expected to result from anthropogenic emissions as
the biogenic emissions from plants are expected to be minimal
during cold months of the year.45 We believe that indoor mon-
oterpenoid levels, represented by exhaust stream data in
Fig. 3(c), are associated with emissions from fragranced clean-
ing and personal care products. Previous indoor air quality
studies suggest that cleaning emissions peak during the
cleaning time and decay quickly within a few minutes aer-
wards.19 The signicant (p-value < 0.05) diurnal variability of
monoterpenoids within the MAU's exhaust stream in Fig. 3(b) is
consistent with this dynamic nature of cleaning emissions. Note
that the MAU's exhaust diurnal prole is not expected to
synchronize with cleaning activities because of the air retention
time in the mechanical ventilation system (Section S5.2†). The
signicantly higher (p-value < 0.05) monoterpenoid levels
within the inlet data during the 8:00 to 10:00 interval likely
originate from fragranced personal care product emissions
from early-morning commuters. In addition to emissions from
fragranced products, the monoterpenoid diurnal variability
proles in the MAU's inlet data may partly be affected by traffic
emissions46 although this scenario is less applicable to our
measurements as our sampling location was not oen upwind
of the nearby major roads (Section S1.3†). In general, dis-
tinguishing between traffic and fragranced emissions from
outdoor commuters is not straightforward because they occur
concurrently.44 Further data on fuel monoterpenoid emission
factors can assist future studies to elucidate the traffic contri-
bution by comparing measured ambient concentrations with
estimated vehicular emissions. Note that higher mono-
terpenoid concentrations (18–20 mg m−3) were observed in 3 out
of 18 sampling days. These outliers are not representative of
typical morning trends, and while they may arise from alter-
native sources, we lack sufficient data to denitively identify
their origin.

While the species depicted in Fig. 3 are associated with VCP
sources, the aromatic compounds in Fig. 4, which belong to the
BTEX group, are oen assumed to be related to traffic emis-
sions.37 We excluded benzene from our quantications because
the sampling conditions (Section S1.1†) led to exceeding the
critical adsorbent breakthrough volume for benzene, discred-
iting quantication results for this species. Inlet median
concentrations of toluene, ethylbenzene, and xylenes were more
comparable with the exhaust values, as opposed to pronounced
exhaust-inlet differences for VCP tracers in Fig. 3. Upper limit
aromatic inlet concentrations during the 8:00 to 10:00 am
interval were higher than exhaust values, especially for toluene,
likely due to elevated traffic emissions during the morning rush
hour. The enhancedmorning concentrations in the inlet data in
Fig. 4 drive the signicant inlet-stream diurnal variability for
toluene, ethylbenzene, and xylenes. However, no signicant
diurnal variability was observed in toluene and ethylbenzene
levels within the exhaust stream, indicating the role of indoor
This journal is © The Royal Society of Chemistry 2025
sources in damping the dynamic effects of traffic emissions. We
believe that VCP indoor emissions were the main contributors
to this condition (Section 3.4). Among the indoor VCPs, the
signicant sources of toluene and ethylbenzene are printing
inks, coatings, and some general-purpose surface cleaners
(Section S4.1†). Although, in the exhaust stream data, xylenes
showed a different trend from toluene and ethylbenzene, we
believe the xylenes concentration prole, mainly driven by meta
and para isomers (Section S3†), is still primarily inuenced by
indoor VCP emissions. Since the meta and para isomers are
more abundant in some cleaner formulations,47 the diurnal
variation among the xylenes from the exhaust stream in Fig. 4 is
likely due to episodic emissions related to such sources. Overall,
the concentration proles in Fig. 4 show some inuence from
indoor sources of light aromatic compounds in the exhaust air
stream. This observation suggests that emerging sources, such
as VCPs, are inuential to the indoor quality even for species
that are widely attributed to more recognized sources such as
traffic.
3.3 Source apportionment analysis

Given the complex interplay of various indoor and outdoor
emissions in shaping the observed concentration proles,
a source apportionment analysis is helpful to identify the
pivotal emission sources. As it was mentioned in Section 2.4, to
systematically identify key VOC sources, we applied principal
component analysis (PCA), a statistical technique that reduces
the dimensionality of complex datasets while preserving the
essential variability in the data. By transforming our high-
dimensional dataset—consisting of numerous quantied
species—into a small number of principal components (PCs),
PCA enables us to infer dominant sources that contribute
signicantly to observed concentration patterns. The PCA
results indicate that the exhaust stream emissions are driven by
ve major PCs, explaining a total of 94% of the data variability,
while the inlet stream emissions are captured by four PCs,
accounting for 88% of the variability (Tables S8 and S9†). Fig. 5
and 6 present the results of principal component analysis (PCA)
for the exhaust and inlet streams, respectively. The PCA load-
ings indicate which species contribute most strongly to each
principal component (PC), while the score proles illustrate
how these components vary over time. The order of PCs in Fig. 5
and 6 follows their importance, with PC1 explaining the largest
proportion of variability. All loadings are standardized to the
range [−1,1] to facilitate comparison across species. The diurnal
score variations in Fig. 5 and 6 provide further insight into the
temporal dynamics of VOC emissions. PCs dominated by less
dynamic sources, such as coatings, tend to exhibit stable score
proles, reecting their continuous emission behavior, whereas
PCs inuenced by transient emissions from personal care
products or traffic display more pronounced time-dependent
uctuations. Similar graphs for the remaining PCs are
included in the ESI (Section S6).† The following paragraphs
present and discuss the PCA evidence regarding the effect of
various evaporative and combustion sources on the measured
air pollutant concentrations.
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1721
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Fig. 5 Principal component analysis (PCA) loading and score profiles for the (a) first (40% of data variability), (b) second (18% of data variability),
and (c) third (12% of data variability) principal components (PCs) associated with the MAU's exhaust airstream data. PC loadings are standardized
to values within the [−1,1] range. MEK, MIBK, and EGEE stand for methyl ethyl ketone, methyl isobutyl ketone, and ethylene glycol monoethyl
ether, respectively. The box plot whiskers on PC score profiles correspond to score minima and maxima. An asterisk on the upper left corner of
a score profile suggests statistically significant (p < 0.05) PCA score diurnal variability. See Section S8† for details of statistical significance analysis.
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Among the evaporative sources, coating emissions have
a notable impact on PCs shown in Fig. 5 and 6. Coatings have
been identied in previous research as themost emitting source
1722 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
among the VCPs.16,34 Fig. 5(a) illustrates that the rst principal
component (PC1) of the exhaust stream—representing the most
important PC, as it explains the largest fraction of data
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Principal component analysis (PCA) loading and score profiles for the (a) first (63% of data variability) and (b) second (17% of data variability)
principal components (PCs) associated with the MAU's inlet airstream data. PC loadings are standardized to values within the [−1,1] range. MEK,
MIBK, and EGEE stand for methyl ethyl ketone, methyl isobutyl ketone, and ethylene glycol monoethyl ether, respectively. The box plot whiskers
on PC score profiles correspond to score minima and maxima. An asterisk on the upper left corner of a score profile suggests statistically
significant (p < 0.05) PCA score diurnal variability. See Section S8† for details of statistical significance analysis.
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variability—is predominantly inuenced by n-decane and ethyl
acetate. Both compounds are found in VCP formulations,
especially coatings,16,47 as well as fuel blends.48 We believe the
impact of traffic on the exhaust stream's rst PC is minor
compared to coatings because other essential traffic emissions
such as normal- and iso-octane are either absent from Fig. 5(a)
or feature reduced loadings, such as toluene. Furthermore, the
rst exhaust's stream PC score demonstrates no signicant
diurnal variability in agreement with the steady emission
pattern associated with coatings.

Given the importance of VCPs among indoor emission
sources and the previous research ndings that cleaners and
personal care products are the highest emitting VCP sources
following coatings, these sources are also expected to inuence
exhaust stream's PCs. Fig. 5(b) depicts that the exhaust stream's
PC2 (18% variability) is primarily associated with D5 and
monoterpenoids, such as eucalyptol, alongside ethanol,
a knownmarker for cleaning agents (see Table S6†). The diurnal
prole of PC2 scores exhibits clear trends, with an elevated
This journal is © The Royal Society of Chemistry 2025
upper bound during the 8:00–10:00 am interval and higher
median values in the late aernoon. These patterns align with
human activity, such as morning and evening personal care
product use and periodic cleaning activities within the building.
Additionally, ethanol emissions from cooking during lunchtime
may further contribute to PC2 score variations.

Note that in addition to ethanol, cooking emissions are
known to include monoterpenes and aldehydes, particularly
saturated aldehydes such as hexanal and heptanal, which were
detected in this study. Less volatile compounds emitted from
cooking, including fatty acids and organic aerosol particulates,
were not measured due to the instrumentation's focus on
volatile gaseous organics. Moreover, the variability in cooking
emissions—depending on the food type, cooking method, and
procedure—makes precise source attribution difficult in the
absence of direct observational data. In contrast, VCP formu-
lations exhibit less variability, allowing for more robust and
reliable source attribution in discussions of building emissions.
Emissions from cleaners and personal care products are
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1723
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associated with indoor occupancy and tend to decrease during
the middle of the weekdays, when some building residents are
away at work. As expected, the data indicate that the exhaust
stream's second PC scores, as well as D5 and monoterpenoid
concentrations, are more comparable across the different time
intervals during the weekends (Section S3†).

The effect of traffic, as a key outdoor source among the
combustion emissions, is primarily reected in the inlet
stream's PC1 (63% of data variability), whose loading prole
features fuel ingredients such as toluene and n-octane, fuel
additives such as methyl ethyl ketone (MEK), methyl isobutyl
ketone (MIBK), and butyl acetate,49,50 as well as vehicle oil
additives such as ethyl acetate (Fig. 6(a)).47 The elevated upper
bound of PC1 scores during the 8:00–10:00 am interval coin-
cides with the morning rush hour, indicating a substantial
contribution from vehicular emissions. The presence of
coating-related markers suggests that ventilation from
surrounding buildings also plays a role in shaping ambient air
composition. Thus, the rst inlet PC corresponds not only to
coatings, as discussed above, but also to traffic emissions.

The PC loading proles depicted in Fig. 5(c) and 6(b) are
primarily associated with ethylene glycol monoethyl ether
(EGEE). The PC score diurnal variability proles of these two
factors are also similar, involving monotonically decreasing
medians. Hence, we think these PCs are affected by the same
emission source(s) that are associated with EGEE. EGEE emis-
sions may originate from antifreeze systems used in vehicles
and aircra.47 However, the EGEE diurnal concentration pattern
(Section S3†) does not resemble traffic emission dynamics,
characterized by elevated activity during the morning and late
aernoon rush hours. Aircra emissions are also unlikely to
have an appreciable effect on the observed EGEE levels as the
nearby Billy Bishop local airport is seldom upwind of the
sampling site (Fig. 1 and S3†). We also rule out the effect of
EGEE emissions from VCP sources. Among VCP sources, EGEE
is almost totally associated with coating emissions (Table S3†).
Industrial coating emissions may feature more time variability
compared to architectural coatings, whose steady emissions are
not reconcilable with the signicant diurnal variabilities in PC
scores, as shown in Fig. 5(c) and 6(b). However, we could not
identify any major facility within 10 kilometers of the sampling
site with emission activities involving EGEE upon inspecting
the National Pollutant Release Inventory (NPRI).51 These PCs
may be impacted by a complex interplay between multiple
sources, including those mentioned above. Hence, we designate
the exhaust's third PC and the inlet's second PC as EGEE-related
principal components in the absence of enough evidence to
accurately attribute them to a specic emission source.

Overall, by elucidating key species and their variation time
trends, the PCA illustrates that exhaust stream proles associ-
ated with building emissions are pivotally affected by VCP
emissions related to coatings, cleaners, and personal care
products. Coatings and adhesives primarily emit species such
as D4 and glycol ethers, cleaners release oxygenated VOCs such
as ethanol, glycol ethers, and monoterpenes, while personal
care products are major sources of D5, monoterpenes, and
fragrance compounds.16,36 A detailed breakdown of species-
1724 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
source associations is provided in Table S6.† Given the vari-
ability in formulations and product usage, some overlap exists
between emissions from different sources. Meanwhile, the inlet
stream PCA, which reects ambient air effects, identies traffic
and coating emissions as the primary contributors to the
observed data.
3.4 Comparing observed building net emissions to VCP
inventory data

The PCA results described above identied VCPs as key
contributors to the MAU's exhaust stream composition.
Furthermore, the total organic gaseous species concentration
comparison across the inlet and exhaust streams suggested the
building as a net emission source (Fig. 2). The role of indoor
VCP sources in driving the building emissions can be further
substantiated by comparing this study's observations to an
applicable VCP emission inventory. Considering the building as
a control volume, we utilized mass and energy balance equa-
tions involving the MAU's exhaust and inlet concentrations to
calculate species-resolved building net emissions (see Section
S5† for the calculation details). We compared the resulting
emission rates with indoor VCP emissions expected from
a Toronto building of the same size based on a published VCP
emission inventory for Canada16 in Fig. 7 (see Section S4.2† for
more information). The median observations and emission
inventory predictions differed by less than 15% for recognized
VCP emission tracers such as D-limonene, fragrances (assumed
to be equivalent to monoterpenoids), and volatile methyl
siloxanes, i.e., D4 and D5 (Fig. 7(d)). Although the parity across
observations and emission inventory estimates was weaker for
other species, the difference remained within one order of
magnitude, except for n-undecane and n-dodecane. We could
not identify major non-VCP sources for n-undecane. However, n-
dodecane has avoring applications.48 Thus, n-dodecane
underestimation shown in Fig. 7(a) may be related to cooking
emissions. Overall, we consider the deviations across the
observations and estimations in Fig. 7 acceptable, given the
uncertainties of the VCP emission inventory estimations.16

Despite the median deviations across observations and
predictions, their variation ranges overlap for most of the
species shown in Fig. 7, including some normal alkanes
(Fig. 7(a)) and aromatics (Fig. 7(c)). Thus, although the latter
two classes of compounds are oen assumed to originate from
traffic, our ndings suggest that their ambient levels are also
inuenced by building emissions. This observation indicates
that the mitigation strategies to combat air pollution caused by
traffic organic gaseous emissions may need to be com-
plemented by addressing VCP sources from buildings to
address public health concerns associated with urban air
quality.

Although we consider the studied building to fairly represent
an average multi-unit residence in Toronto, generalizing the
results shown in Fig. 7 to other buildings must be carried out
with caution. Indoor VCP emissions vary per variables such as
building age, airtightness, occupancy level, ventilation rate and
mode, as well as typical indoor activities. Our results may not be
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Parity plots for (a) alkanes, (b) oxygenates, (c) aromatics, and (d) VCP tracers comparing net building emissions calculated from the
mechanical ventilation rate (see Section S5†) and MAU's inlet and exhaust stream concentrations versus the indoor VCP emission predictions for
a building with the same number of occupants in Toronto, Canada, based on the VCP emission inventory developed by Askari and Chan.16 The
points and error bars correspond to the median and 5th to 95th percentile intervals, respectively.
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applicable to indoor spaces differing appreciably from the
studied building regarding the parameters above.
3.5 Impact of building emissions on ambient air quality

The previous sections established the role of buildings as net
emission sources in Toronto, a typical metropolitan area in
North America. This conclusion begs the question of whether
the building emissions are strong enough to impact ambient air
pollutant trends. Fig. 8 shows the exhaust-to-inlet concentration
ratios for compounds featuring at least in one of the PC load-
ings of Fig. 5 and 6. The median ratios in Fig. 8 are close to or
higher than unity, indicating elevated exhaust concentrations
for these species, in agreement with the overall trends discussed
in Section 3.1. The occasional instances of exhaust-to-inlet
ratios below one in Fig. 8 suggest conditions where the
building is a net sink for the species of interest. We believe
indoor species sinks, time-dependent phenomena not
This journal is © The Royal Society of Chemistry 2025
considered through our steady-state analysis (see Section S5†),
and alternative ventilation paths are among the factors that can
explain this observation.

A correlation analysis across effective MAU's exhaust and
inlet stream concentrations helps to illustrate the impact of
building emissions on ambient air quality as a signicant
correlation, in combination with concentration ratios discussed
above, suggest ambient levels to be inuenced by building
emissions. The air residence time within the building envelope
is approximately 2 hours (Section S5.2†). Therefore, the exhaust
stream concentrations were paired with inlet stream values
sampled two hours earlier for the correlation analysis, leading
to the exhaust stream's 8:00 to 10:00 am and inlet stream's 2:00
to 4:00 pm series to be excluded from the correlation analysis
due to the lack of corresponding data. Fig. 8 shows signicant
correlations (p-value < 0.05) between indoor and outdoor
concentrations for eleven out of sixteen species. This
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1725
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Fig. 8 Concentration ratios for effective indoor levels relative to outdoor values for species featuring in PC scores of MAU's inlet and exhaust
data in Fig. 5 and 6. The error bars correspond to the 5th to 95th percentiles. An asterisk next to the species name suggests a statistically
significant (p < 0.05) correlation between effective indoor and outdoor concentrations. MEK, MIBK, and EGEE stand for methyl ethyl ketone,
methyl isobutyl ketone, and ethylene glycol monoethyl ether, respectively.
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observation is in favor of a common source inuencing both
indoor and ambient concentrations. The lack of a signicant
correlation for ethanol, n-hexane and n-octane may arise from
their emissions occurring primarily from traffic. Overall, given
the insights presented above about net emissions from the
building, we believe that the correlation results in Fig. 8 conrm
the inuence of indoor emissions, especially from VCPs, on
ambient air quality and underscore the buildings as critical
factors in determining air pollution in urban regions with
a high density of built area. Beyond their direct impact, building
emissions also play a role in the formation of secondary
pollutants such as ozone and SOA. For instance, monoterpenes,
which are emitted from personal care products and cleaning
agents, are well-documented precursors for both SOA and O3

formation through atmospheric oxidation.52 Additionally, D5
siloxane, a key compound in personal care products, has been
found to contribute to SOA formation under ambient
conditions.53
4 Conclusions

This study presents experimental evidence to illustrate the
emerging role of buildings as net emission sources of organic
gaseous pollutants. We collected air samples from the inlet and
exhaust streams of a mechanical ventilation system of a multi-
unit residence in downtown Toronto. Volatile organic
compounds were more prevalent and concentrated in the
exhaust stream compared to the inlet. 37 out of 47 quantied
species were detected in at least 90% of exhaust samples,
1726 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
whereas this detection frequency applied to only 27 out of 42
species in the inlet stream. Total VOC concentrations were
signicantly (p < 0.05) higher in the exhaust stream, ranging
from 0.1 to 30 mg m−3 depending on species volatility. Source
apportionment results conrmed volatile chemical products
(VCPs) as the primary drivers of exhaust concentrations, with
coatings, cleaners, and personal care products emerging as
dominant contributors. Specically, siloxanes (D4 and D5) from
personal care products, monoterpenoids (e.g., D-limonene and
a-pinene) from fragranced cleaners, and oxygenates (e.g.,
ethanol and ethyl acetate) from coatings and cleaning agents
were the most abundant species in the exhaust stream. Building
net emissions were within the predicted bounds of indoor VCP
emissions estimated from a published inventory for Canada,
with parity errors smaller than 15% for VCP tracer species.16

Signicant correlations were observed between exhaust and
inlet concentrations for most of the key species, suggesting the
impact of building emissions on ambient air quality. Overall,
the results of this study support the critical role of indoor
emissions associated with VCPs, as an emerging source of
organic air pollutants, when the emissions are transported
outdoors via building ventilation paths. Future regulations
concerning VOCs should include indoor sources such as coat-
ings, adhesives, cleaners, and personal care products by
mandating product reformulations or design changes.
Furthermore, knowledge mobilization efforts to make people
aware about lifestyle choices, such as using heavily scented
products, will be useful to control and mitigate air pollution
impacts associated with residents' indoor activities.
This journal is © The Royal Society of Chemistry 2025
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As research efforts aimed at improving air quality delve
further into investigating signicant anthropogenic emission
sources, exploring the contribution of building emissions will
enhance our understanding of urban air pollution. Scaled-up
building emission predictions can be constrained experimen-
tally (e.g., using eddy covariance) to examine the collective effect
of buildings on ambient air pollution in densely populated
urban regions. We suggest that future research extend the air
sampling periods beyond the morning to aernoon interval
considered in this study and utilize online sampling techniques
to illustrate dynamic trends, especially for sources such as
cleaners and personal care products. Future studies can also be
better informed by gathering information about building
architectural emission sources, such as paints and construction
materials, in addition to data on timing and details of indoor
emissive activities such as cleaning, cooking, and using
personal care products. Our study was focused on indoor-to-
outdoor pollutant transfer through mechanical ventilation. It
is crucial to investigate the implications of alternative transfer
paths that may cross the building envelope via other pathways,
such as natural ventilation. For example, emissions from an
open window located on a middle oor of a tall building may
make building emissions subject to enhanced street canyon
effects compared to the rooop.54 Computational uid
dynamics models coupled with dispersion calculations can
investigate the signicance of such phenomena for various
scenarios.55 Overall, conducting more extensive measurements
and investigating the different ventilation paths and intensities,
which may involve more interdisciplinary research in collabo-
ration with building sciences experts, are key to improving our
understanding of the impact of buildings on ambient air
pollution.
Data availability

Data for this article, including measurements of VOC concen-
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L. Ntziachristos, K. Schäfer, P. Suppan, G. Tsegas,
G. Carmichael, V. Franco, S. Hanna, J.-P. Jalkanen,
G. J. M. Velders and J. Kukkonen, Advances in Air Quality
Research – Current and Emerging Challenges, Atmos.
Chem. Phys., 2022, 22(7), 4615–4703, DOI: 10.5194/acp-22-
4615-2022.

5 T. V. Vu, G. B. Stewart, N. Kitwiroon, S. Lim, B. Barratt,
F. J. Kelly, R. Thompson, R. B. Smith, M. B. Toledano and
S. D. Beevers, Assessing the Contributions of Outdoor and
Indoor Sources to Air Quality in London Homes of the
SCAMP Cohort, Build. Environ., 2022, 222, 109359, DOI:
10.1016/j.buildenv.2022.109359.

6 R. A. Wernis, N. M. Kreisberg, R. J. Weber, G. T. Drozd and
A. H. Goldstein, Source Apportionment of VOCs, IVOCs
and SVOCs by Positive Matrix Factorization in Suburban
Livermore, California, Atmos. Chem. Phys., 2022, 22(22),
14987–15019, DOI: 10.5194/acp-22-14987-2022.

7 T. J. Carter, D. R. Shaw, D. C. Carslaw and N. Carslaw, Indoor
Cooking and Cleaning as a Source of Outdoor Air Pollution
in Urban Environments, Environ. Sci.:Processes Impacts,
2024, 26(6), 975–990, DOI: 10.1039/D3EM00512G.

8 E. S. Robinson, P. Gu, Q. Ye, H. Z. Li, R. U. Shah, J. S. Apte,
A. L. Robinson and A. A. Presto, Restaurant Impacts on
Outdoor Air Quality: Elevated Organic Aerosol Mass from
Restaurant Cooking with Neighborhood-Scale Plume
Extents, Environ. Sci. Technol., 2018, 52(16), 9285–9294,
DOI: 10.1021/acs.est.8b02654.

9 J. C. Ditto, L. R. Crilley, M. Lao, T. C. VandenBoer,
J. P. D. Abbatt and A. W. H. Chan, Indoor and Outdoor Air
Quality Impacts of Cooking and Cleaning Emissions from
a Commercial Kitchen, Environ. Sci.:Processes Impacts,
2023, 1243–1250, DOI: 10.1039/d2em00484d.

10 B. C. McDonald, J. A. De Gouw, J. B. Gilman, S. H. Jathar,
A. Akherati, C. D. Cappa, J. L. Jimenez, J. Lee-Taylor,
P. L. Hayes, S. A. Mckeen, Y. Y. Cui, S.-W. Kim,
D. R. Gentner, G. Isaacman-Vanwertz, A. H. Goldstein,
R. A. Harley, G. J. Frost, J. M. Roberts, T. B. Ryerson and
Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730 | 1727

https://doi.org/10.6084/m9.figshare.24328816
https://doi.org/10.1038/s41370-018-0068-3
https://doi.org/10.1038/s41370-018-0068-3
https://doi.org/10.3390/ijerph16193535
https://doi.org/10.3389/fenvs.2014.00069
https://doi.org/10.5194/acp-22-4615-2022
https://doi.org/10.5194/acp-22-4615-2022
https://doi.org/10.1016/j.buildenv.2022.109359
https://doi.org/10.5194/acp-22-14987-2022
https://doi.org/10.1039/D3EM00512G
https://doi.org/10.1021/acs.est.8b02654
https://doi.org/10.1039/d2em00484d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4em00689e


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/9

/2
02

6 
7:

43
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
M. Trainer, Volatile Chemical Products Emerging as Largest
Petrochemical Source of Urban Organic Emissions, Science,
2018, 359, 760–764, DOI: 10.1126/science.aaq0524.

11 M. Qin, B. N. Murphy, K. K. Isaacs, B. C. McDonald, Q. Lu,
S. A. McKeen, L. Koval, A. L. Robinson, C. Efstathiou,
C. Allen and H. O. T. Pye, Criteria Pollutant Impacts of
Volatile Chemical Products Informed by Near-Field
Modelling, Nat. Sustainability, 2021, 4(2), 129–137, DOI:
10.1038/s41893-020-00614-1.

12 R. U. Shah, M. M. Coggon, G. I. Gkatzelis, B. C. McDonald,
A. Tasoglou, H. Huber, J. Gilman, C. Warneke,
A. L. Robinson and A. A. Presto, Urban Oxidation Flow
Reactor Measurements Reveal Signicant Secondary
Organic Aerosol Contributions from Volatile Emissions of
Emerging Importance, Environ. Sci. Technol., 2020, 54(2),
714–725, DOI: 10.1021/acs.est.9b06531.

13 K. M. Seltzer, E. Pennington, V. Rao, B. N. Murphy, M. Strum,
K. K. Isaacs and H. O. T. Pye, Reactive Organic Carbon
Emissions from Volatile Chemical Products, Atmos. Chem.
Phys., 2021, 21, 5079–5100, DOI: 10.5194/acp-2020-1111.

14 M. A. Pothier, E. Boedicker, J. R. Pierce, M. Vance and
D. K. Farmer, From the HOMEChem Frying Pan to the
Outdoor Atmosphere: Chemical Composition, Volatility
Distributions and Fate of Cooking Aerosol, Environ.
Sci.:Processes Impacts, 2022, 25(2), 314–325, DOI: 10.1039/
d2em00250g.

15 M. W. Alton, V. L. Johnson, S. Sharma and E. C. Browne,
Volatile Methyl Siloxane Atmospheric Oxidation
Mechanism from a Theoretical Perspective—How Is the
Siloxanol Formed?, J. Phys. Chem. A, 2023, 127(48), 10233–
10242, DOI: 10.1021/acs.jpca.3c06287.

16 A. Askari and A. W. H. Chan, Organic Emissions of Volatile
Chemical Products in Canada: Emission Inventories,
Indoor-to-Outdoor Transfer, and Regional Impacts,
Environ. Sci. Technol., 2024, 58(25), 11074–11083, DOI:
10.1021/acs.est.3c10753.

17 N. Hodas, Q. Meng, M. M. Lunden and B. J. Turpin, Toward
Rened Estimates of Ambient PM2.5 Exposure: Evaluation
of a Physical Outdoor-to-Indoor Transport Model, Atmos.
Environ., 2014, 83, 229–236, DOI: 10.1016/
j.atmosenv.2013.11.026.

18 C. Chen and B. Zhao, Review of Relationship between Indoor
and Outdoor Particles: I/O Ratio, Inltration Factor and
Penetration Factor, Atmos. Environ., 2011, 45(2), 275–288,
DOI: 10.1016/j.atmosenv.2010.09.048.

19 J. M. Mattila, C. Arata, A. Abeleira, Y. Zhou, C. Wang,
E. F. Katz, A. H. Goldstein, J. P. D. Abbatt, P. F. DeCarlo,
M. E. Vance and D. K. Farmer, Contrasting Chemical
Complexity and the Reactive Organic Carbon Budget of
Indoor and Outdoor Air, Environ. Sci. Technol., 2022, 56(1),
109–118, DOI: 10.1021/acs.est.1c03915.

20 C. Fortenberry, M. Walker, A. Dang, A. Loka, G. Date,
K. Cysneiros de Carvalho, G. Morrison and B. Williams,
Analysis of Indoor Particles and Gases and Their Evolution
with Natural Ventilation, Indoor Air, 2019, 29(5), 761–779,
DOI: 10.1111/ina.12584.
1728 | Environ. Sci.: Processes Impacts, 2025, 27, 1714–1730
21 A. L. Hodshire, E. Carter, J. M. Mattila, V. Ilacqua,
J. Zambrana, J. P. D. Abbatt, A. Abeleira, C. Arata,
P. F. Decarlo, A. H. Goldstein, L. H. Ruiz, M. E. Vance,
C. Wang and D. K. Farmer, Detailed Investigation of the
Contribution of Gas-Phase Air Contaminants to Exposure
Risk during Indoor Activities, Environ. Sci. Technol., 2022,
56(17), 12148–12157, DOI: 10.1021/acs.est.2c01381.

22 R. Sheu, C. F. Fortenberry, M. J. Walker, A. Eekhari,
C. Stönner, A. Bakker, J. Peccia, J. Williams,
G. C. Morrison, B. J. Williams and D. R. Gentner,
Evaluating Indoor Air Chemical Diversity, Indoor-to-
Outdoor Emissions, and Surface Reservoirs Using High-
Resolution Mass Spectrometry, Environ. Sci. Technol., 2021,
55(15), 10255–10267, DOI: 10.1021/acs.est.1c01337.

23 California Air Resources Board,Consumer & Commercial
Product Surveys, https://ww2.arb.ca.gov/our-work/
programs/consumer-products-program/consumer-
commercial-product-surveys, accessed 2025-02-28.

24 C. M. A. Eichler, E. A. C. Hubal, Y. Xu, J. Cao, C. Bi,
C. J. Weschler, T. Salthammer, G. C. Morrison,
A. J. Koivisto, Y. Zhang, C. Mandin, W. Wei, P. Blondeau,
D. Poppendieck, X. Liu, C. J. E. Delmaar, P. Fantke,
O. Jolliet, H. M. Shin, M. L. Diamond, M. Shiraiwa,
A. Zuend, P. K. Hopke, N. Von Goetz, M. Kulmala and
J. C. Little, Assessing Human Exposure to SVOCs in
Materials, Products, and Articles: A Modular Mechanistic
Framework, Environ. Sci. Technol., 2021, 25–43, DOI:
10.1021/acs.est.0c02329.

25 B. Stinson, A. Laguerre and E. T. Gall, Per-Person andWhole-
Building VOC Emission Factors in an Occupied School with
Gas-Phase Air Cleaning, Environ. Sci. Technol., 2022, 56(6),
3354–3364, DOI: 10.1021/acs.est.1c06767.

26 S. Pelsmakers and E. Warwick, Housing Adaptability: New
Research, Emerging Practices and Challenges, Buildings
and Cities, 2022, 3(1), 605–618, DOI: 10.5334/bc.266.

27 M. S. Breen, J. M. Burke, S. A. Batterman, A. F. Vette,
C. Godwin, C. W. Croghan, B. D. Schultz and T. C. Long,
Modeling Spatial and Temporal Variability of Residential
Air Exchange Rates for the Near-Road Exposures and
Effects of Urban Air Pollutants Study (NEXUS), Int. J.
Environ. Res. Public Health, 2014, 11(11), 11481–11504, DOI:
10.3390/ijerph111111481.

28 N. Yamamoto, D. G. Shendell, A. M. Winer and J. Zhang,
Residential Air Exchange Rates in Three Major US
Metropolitan Areas: Results from the Relationship among
Indoor, Outdoor, and Personal Air Study 1999–2001, Indoor
Air, 2010, 20(1), 85–90, DOI: 10.1111/j.1600-
0668.2009.00622.x.

29 G. Bekö, S. Gustavsen, M. Frederiksen, N. C. Bergsøe,
B. Kolarik, L. Gunnarsen, J. Toum and G. Clausen,
Diurnal and Seasonal Variation in Air Exchange Rates and
Interzonal Airows Measured by Active and Passive Tracer
Gas in Homes, Build. Environ., 2016, 104, 178–187, DOI:
10.1016/j.buildenv.2016.05.016.

30 A. K. Persily, Field Measurement of Ventilation Rates, Indoor
Air, 2016, 26(1), 97–111, DOI: 10.1111/ina.12193.
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1126/science.aaq0524
https://doi.org/10.1038/s41893-020-00614-1
https://doi.org/10.1021/acs.est.9b06531
https://doi.org/10.5194/acp-2020-1111
https://doi.org/10.1039/d2em00250g
https://doi.org/10.1039/d2em00250g
https://doi.org/10.1021/acs.jpca.3c06287
https://doi.org/10.1021/acs.est.3c10753
https://doi.org/10.1016/j.atmosenv.2013.11.026
https://doi.org/10.1016/j.atmosenv.2013.11.026
https://doi.org/10.1016/j.atmosenv.2010.09.048
https://doi.org/10.1021/acs.est.1c03915
https://doi.org/10.1111/ina.12584
https://doi.org/10.1021/acs.est.2c01381
https://doi.org/10.1021/acs.est.1c01337
https://ww2.arb.ca.gov/our-work/programs/consumer-products-program/consumer-commercial-product-surveys
https://ww2.arb.ca.gov/our-work/programs/consumer-products-program/consumer-commercial-product-surveys
https://ww2.arb.ca.gov/our-work/programs/consumer-products-program/consumer-commercial-product-surveys
https://doi.org/10.1021/acs.est.0c02329
https://doi.org/10.1021/acs.est.1c06767
https://doi.org/10.5334/bc.266
https://doi.org/10.3390/ijerph111111481
https://doi.org/10.1111/j.1600-0668.2009.00622.x
https://doi.org/10.1111/j.1600-0668.2009.00622.x
https://doi.org/10.1016/j.buildenv.2016.05.016
https://doi.org/10.1111/ina.12193
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4em00689e


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/9

/2
02

6 
7:

43
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
31 E. A. Woolfenden and W. A. McClenny, Compendium Method
TO-17: Determination of Volatile Organic Compounds in
Ambient Air Using Active Sampling onto Sorbent Tubes,
Cincinnati, 1999.

32 H. Matsui, M. Koike, Y. Kondo, A. Takami, J. D. Fast,
Y. Kanaya and M. Takigawa, Volatility Basis-Set Approach
Simulation of Organic Aerosol Formation in East Asia:
Implications for Anthropogenic–Biogenic Interaction and
Controllable Amounts, Atmos. Chem. Phys., 2014, 14(18),
9513–9535, DOI: 10.5194/acp-14-9513-2014.

33 J. F. Pankow and W. E. Asher, Atmospheric Chemistry and
Physics SIMPOL.1: A Simple Group Contribution Method
for Predicting Vapor Pressures and Enthalpies of
Vaporization of Multifunctional Organic Compounds,
Atmos. Chem. Phys., 2008, 8, 2773–2796, DOI: 10.5194/acp-
8-2773-2008.

34 K. Seltzer, E. Pennington, V. Rao, B. Murphy, M. Strum,
K. Isaacs and H. Pye, Reactive Organic Carbon Emissions
from Volatile Chemical Products, Atmos. Chem. Phys., 2021,
21, 5079–5100, DOI: 10.5194/acp-2020-1111.

35 G. I. Gkatzelis, M. M. Coggon, B. C. McDonald, J. Peischl,
J. B. Gilman, K. C. Aikin, M. A. Robinson, F. Canonaco,
A. S. H. Prevot, M. Trainer and C. Warneke, Observations
Conrm that Volatile Chemical Products are a Major
Source of Petrochemical Emissions in U.S. Cities, Environ.
Sci. Technol., 2021, 55(8), 4332–4343, DOI: 10.1021/
acs.est.0c05471.

36 G. I. Gkatzelis, M. M. Coggon, B. C. McDonald, J. Peischl,
K. C. Aikin, J. B. Gilman, M. Trainer and C. Warneke,
Identifying Volatile Chemical Product Tracer Compounds
in U.S. Cities, Environ. Sci. Technol., 2021, 55(1), 188–199,
DOI: 10.1021/acs.est.0c05467.

37 C. Louis, Y. Liu, P. Tassel, P. Perret, A. Chaumond and
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