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SCIENCE FOR SOCIETY Buildings account for a significant fraction of the land area in cities and actively
exchange air with their proximate outdoor environments via mechanical ventilation systems. However,
the direct impact of buildings on urban air pollution remains poorly characterized. Due to reductions in
traffic-associated emissions of volatile organic compounds (VOCs), volatile chemical products, which are
widely used inside buildings, have become a major VOC source in urban areas. Indoor-generated VOCs
are likely to be an important contributor to the VOC burden of the urban atmosphere, and ventilation sys-
tems provide a pathway for VOCs to be released outdoors. Here, we show how modern buildings act as sig-
nificant emission sources of VOCs for the outdoor environment. Our results demonstrate that future air qual-
ity monitoring efforts in cities need to account for direct VOC discharge from buildings in order to capture
emerging sources of environmental pollution that can impact the climate and human health.

SUMMARY

Urban air undergoes transformations as it is actively circulated throughout buildings via ventilation systems.
However, the influence of air exchange between outdoor and indoor atmospheres on urban air pollution is not
well understood. Here, we quantify how buildings behave as a dynamic source and sink for urban air pollut-
ants via high-resolution online mass spectrometry measurements. During our field campaign in a high-per-
formance office building, we observed that the building continually released volatile organic compounds
(VOCs) into the urban air and removed outdoor ozone and fine particulate matter. VOC emissions from peo-
ple, their activities, and surface reservoirs result in significant VOC discharge from the building to the out-
doors. Per unit area, building emissions of VOCs are comparable to traffic, industrial, and biogenic emissions.
The building source-sink behavior changed dynamically with occupancy and ventilation conditions. Our re-
sults demonstrate that buildings can directly influence urban air quality due to substantial outdoor-indoor air
exchange.

INTRODUCTION

A fundamental understanding of the fate and transport of urban
air pollutants is important for developing mitigation strategies
and policies that can improve urban air quality and reduce
adverse impacts on human health and the climate. Numerous
studies have demonstrated the significant impact of traffic, in-
dustrial, and biogenic emissions on urban air pollution.’ How-
ever, the influence of urban air pollutant interactions with build-
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ings has often been overlooked. Buildings account for a great
fraction of the land area in cities and provide a significant amount
of occupied indoor space. To meet building ventilation and ther-
mal comfort requirements, a substantial amount of air is actively
exchanged between a building and its proximate urban atmo-
sphere. This dynamic air exchange may have important implica-
tions for urban air quality due to both indoor-to-outdoor and out-
door-to-indoor transport and transformations of pollutants,
especially in densely populated megacities.®™""
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Modern public and commercial buildings are typically equip-
ped with heating, ventilation, and air conditioning (HVAC) sys-
tems to provide improved indoor air quality and thermal comfort.
HVAC systems serve as an interface to exchange indoor and
outdoor air; this provides a dynamic pathway for buildings to
impact urban air quality. When urban air is mechanically circu-
lated throughout buildings, its composition may significantly
change due to interactions with HVYAC components, indoor air,
occupants, and indoor surfaces. For example, air filters installed
in the HVAC system can remove outdoor particles in the
incoming air with size-dependent efficiency. ' Heating elements
can result in the loss of semi-volatile content in the particle
phase.'® Indoor surfaces can remove ozone (O3) due to their
enhanced Oj reactivity.'* Conversely, building materials, interior
furnishings, human metabolism, and occupant activities, such as
cooking, cleaning and disinfecting surfaces, and use of volatile
chemical products (VCPs), can release a variety of gaseous
and particulate contaminants,'>' which may be directly ex-
hausted into the urban atmosphere via the HVAC system.

Pollutant emissions from indoor sources can affect ambient air
quality. The mixing ratios of volatile organic compounds (VOCs)
in indoor air are typically 2 to 10 times higher than outdoors®>**
and indoor VOC emissions can contribute to urban VOC concen-
trations via building ventilation."'** Sheu et al. demonstrated the
indoor-to-outdoor transport of a series of VOCs emitted from
long-lived indoor surface reservoirs in an unoccupied residential
house during simulated natural ventilation experiments.'®
Furthermore, recent studies have indicated that due to declining
VOC emissions from traffic, the use of VCPs has become a major
contributor to VOCs in urban areas.”® Much of the use of VCPs,
such as consumer and personal care products (PCPs), occurs in
occupied indoor environments. '9-242¢

VOCs released from indoor use of VCPs can be transported
outdoors to the urban atmosphere via mechanical/natural venti-
lation and exfiltration. This was partially reflected by consistent
observations of tracer compounds of consumer products in
both urban and indoor measurements. Measurements in a uni-
versity classroom, athletic center, and residential homes indicate
that volatile methyl siloxanes, a group of compounds widely
used in PCPs, constitute a large fraction of total indoor VOC
mass concentrations,?>?°~2° while urban outdoor air measure-
ments show abundant levels of decamethylcyclopentasiloxane
(siloxane D5) that correlate with population density.®?° This indi-
cates that a fraction of urban VOCs can originate from indoor
VCP use.

Indoor-to-outdoor transport of indoor-generated VOCs and
the transformation of outdoor air pollutants, such as O3 and
fine particulate matter (PM, ), upon their delivery to indoor
spaces are likely to be strongly influenced by characteristics of
the indoor environment,***? human occupancy,**** and the
operational conditions of the HVAC system.®” The latter is often
dynamically changing over various timescales, from minutes to
weeks, due to building automation system control logic accord-
ing to indoor and outdoor environmental conditions and energy
use patterns, among other factors. To comprehensively under-
stand the impact of buildings on urban air quality, direct air
pollutant measurements from HVAC systems are needed to
investigate the dynamic exchange of gaseous and particulate
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contaminants between indoor and outdoor spaces and the fac-
tors that affect such exchanges.

To fill this important knowledge gap, we investigated the
source and sink effects of a mechanically ventilated, realistic,
open-plan office and its HVAC system on urban air pollutants
through a comprehensive 1-month measurement campaign
during the heating season. The office is located in a high-per-
formance, Leadership in Energy and Environmental Design
(LEED) Gold-certified building in central Indiana, US. The office
is continuously mechanically ventilated by an independent air
handling unit (AHU) (Figure S1). There is a minimum efficiency
reporting value (MERV) 8 pre-filter and a MERV 14 final-filter
in the AHU to remove particles in the supply air. The supply
air contains a mixture of outdoor air and recirculated return
air, and the supply air exchange rate was maintained at
~7 h™. The field measurement campaign was performed dur-
ing the heating season, and the HVAC system was operated
under the normal automation mode for 23 days and 2 days un-
der an override automation mode. The normal mode is based
upon mixed air temperature control, whereby the system
dynamically adjusts the fraction of recirculated return air and
outdoor air in the supply air to maintain the mixed air tempera-
ture at the setpoint. The mixed air temperature setpoints were
8.8°C and 17.2°C, pre-determined by the building design
engineer (Figure S2). The normal mode represents a common
HVAC system operation strategy in modern, mechanically
ventilated buildings in the US. Under the override mode, the
supply air only contained outdoor air to simulate buildings
with a single-pass ventilation system.

Three types of common urban air pollutants were examined in
this study, including VOCs, O3, and PM, s. Direct, spatiotempo-
rally resolved measurements of VOCs, Os, and PM, s and me-
chanical ventilation conditions were performed to quantify net
mass emission rates from the office and its HVAC system to
the urban atmosphere. VOCs were monitored in real-time with
a high-resolution proton transfer reaction time-of-flight mass
spectrometer (PTR-TOF-MS) using hydronium (H;0") as the re-
agent ion (henceforth, each VOC is referred to as VOCprg). The
net mass emission rate was calculated as the product of the
exhaust volumetric airflow rate and the pollutant concentration
in the exhaust air minus that of the intake volumetric airflow
rate and the outdoor air pollutant concentration.

RESULTS AND DISCUSSION

The 1-month field measurement campaign revealed that the
high-performance building acted as a net sink for O3 and
PM, 5 (with respect to outdoors) and a net source for VOCs
(with respect to outdoors) (Figure 1). The mean net emission
rates (Ener) for the modern office and its HVAC system were
—475 + 312, —2.4 + 2.4, and 78.0 + 73.5 mg h™' for O,
PM, 5, and total VOCprR, respectively. Normalized by the office
floor area, the net emission rates were —0.457 + 0.300,
—0.023 + 0.023, and 0.750 + 0.707 mg h~' m~2 for O3, PM, s,
and total VOCprR, respectively. The mean daily human occu-
pancy (24 h average) was 1.54 (+2.15) and the mean exhaust
(outdoor) volumetric airflow rate was 728 (+388) ft* min—', equiv-
alent to an outdoor air exchange rate of ~3.7 h~". Henceforth,
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Figure 1. Net emission rates of urban air pollutants for a modern building

The mean net emission rates of Oz, PM, 5, and VOCs (40 ions with the highest net emission rates as determined via PTR-TOF-MS measurements in HzO" mode).
The color scheme of the bar plots of VOCprr indicates the relative contribution from occupant-associated sources (details in the supplemental information). The
error bars represent the standard deviation. The right axis shows the relative contribution of each VOCp1y to the total VOCprr net emission rate. The pie chart

indicates the relative contribution of each group of VOCprg to the total VOCprr net emission rate.

m~2 on glass and paint, respectively.*’ Human skin continu-
ously produces skin oil, which contains a variety of unsatu-
rated organic compounds in the condensed phase, such
as squalene, triglycerides, fatty acids, cholesterol, and

Building sink effects for outdoor O; and PM, 5
As the most important indoor oxidant, Oz exhibits enhanced reac- others.*?*® The concentration of C=C bonds in human skin
tivities with indoor and human surfaces.®**” We observedamean  oil is ~2.9-4.4 mmol m~2, with about half contributed by
03 deposition velocity of 0.045 + 0.0083 cms~" toindoor surfaces  squalene.®”*? In addition to surface reactions, O3 can react
and a deposition velocity of 1.35+ 0.63cms ™' person™ ' tothehu-  with some unsaturated gas-phase VOCs, such as monoter-
man body (assuming a surface area of 1.7 m? per person®®),*® penes, 6-methyl-5-heptene-2-one (6-MHO), and geranyl
equivalent to a loss rate of ~3.4 h™' and ~0.25 h™' person~', acetone. However, due to the low concentrations of these
respectively. In addition to the net emission rate, the sink effect VOCs (on the level of several ppb), we estimated that gas-
for outdoor O3 as it is transported throughout the office and its  phase reactions contributed less than 5% toward O3 loss in
HVAC system can be viewed in terms of an effective clean air de-  the office. In addition, O3 reactions with NO and NO, are likely
livery rate (CADR), a metric used for evaluating indoor air cleaners.  negligible since the concentration of NO was consistently
The mean CADR of the office and its HVAC system for the urban  below 1 ppb (via supplemental measurements with a NOy
analyzer). There were no obvious indoor O3 sources in the of-

atmosphere was 618 (+347) m® h~" for O3 (CADRg0ne), €quivalent
fice, such as photocopiers or air purifiers.**
PM, 5 in the urban atmospheric airflow can be effectively

t0 5.94 (+3.34) m® h™' per m? office area.
Heterogeneous reactions with indoor surfaces and occu-

pants can effectively remove O3 and are expected to be the removed when circulated throughout the office and its HVAC
major sink in the office. O3z can readily react with unsaturated system. A two-stage filter setup (MERV 8 + MERV 14) was
organic compounds in organic films or deposited particles on installed in the AHU to remove PM, 5 in the supply air; it is ex-
indoor surfaces, human surfaces, and soiled clothing.®”*° In-  pected to be the dominant PM, 5 removal mechanism. Although
door measurements of surface samples in a variety of indoor  particle deposition onto duct and indoor surfaces also occurs,
they are considered to contribute less to PM,s removal as
compared with continuous air filtration with the MERV 8 + 14 fil-

environments at a university indicated that unsaturated or-
ganics are ubiquitous on indoor surfaces and concentrations
ters.'®*%® On the other hand, occupants and their activities can

of C=C bonds varied between 0.1-3.9 and 0.06-2.4 pmol

Evocerms Eozone, and Epy,, are used to refer to the net emission
rates for each air pollutant category.
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induce indoor PM, 5 emissions.*” Strong indoor PM, 5 emission
sources, such as combustion and cooking, typically do not occur
in office buildings.*®“° The major indoor emission source is likely
mechanical processes induced by occupants, such as skin
shedding and particle resuspension, which can contribute to in-
door PM4q concentrations,”® and, to a lesser extent, PM, 5 con-
centrations.®” However, since the office workers remained
seated and did not engage in intense physical activity,>? the in-
door PM, 5 concentration remained at a low level during the
campaign. The median indoor PM, 5 mass concertation was
1.95 pg m~2 (interquartile range [IQR]: 1.50-2.79 pg m~3), with
a consistently low indoor-to-outdoor ratio (median: 0.23; IQR:
0.17-0.32). The correlation between indoor PM, s concentra-
tions and occupancy was weak (Pearson’s r = 0.17), indicating
that human emissions might not be a significant source of
PM, s in this particular indoor space. In addition, although
printers could be a large emitter of indoor PM2_5,53 they were
not present in the office.

We estimated the net PM, 5 removal efficiency of the office
and its HVAC system during the campaign to be 74% + 2%
(R? = 0.91). This was done by applying a linear regression to
the PM, 5 outdoor air intake mass flux and the net PM, 5 emis-
sion rate. Considering that PM, 5 removal is mainly attributed
to the two HVAC filters and there are no significant PM, 5 emis-
sion sources in the office, this value agrees well with the com-
bined PM, 5 filtration efficiency of the MERV 8 + 14 filters as esti-
mated in a previous study (median: 78%, IQR: 75%-81%).'* The
mean CADR of the office and its HVAC system for PM, s
(CADRpy,,) was 785 (x771) m® h™" for the urban atmosphere
during the campaign, equivalent to 7.55 (+7.41) m® h™" per m?
of office area.

Mechanically ventilated buildings as a significant

source of VOCs to urban air

Significant VOC emissions from the office to the urban atmo-
sphere were observed during the campaign. 37.33 g of
VOCptr Were emitted from the office to the urban atmosphere
over 19.93 days with a mean emission rate of 0.75 mg h™ " per
m? office area. ~160 product ions detected by the PTR-TOF-
MS were included in this study, and we reported the Eyoc,,
for the product ions rather than the species (Table S1). Figure 1
presents the net emission rates of the 40 ions with the highest net
emission rates, which contributed 91.4% to the total Eyoc,,,. The
office and its HVAC system consistently behaved as a net emis-
sion source for nearly all ions, aside from an ion at m/z 116.905
(tentatively CCl5*),>"** of which the net emission rate was some-
times positive during occupied periods and negative during un-
occupied periods. CH,OH* (methanol), CsHgOH™" (acetone and
propanal), Co,H,OH" (acetaldehyde and fragments), CoH,O,H"*
(acetic acid and fragments), CioHigH™ (monoterpenes),
C10H3005SisH+ (siloxane D5), and CH,O,H* (formic acid) are
the seven compounds with the highest mean net emission rates,
contributing 61% to the total Eyoc,,, -

The mean net emission rate of C1gH1gH" (monoterpenes) was
5.27 (+5.57) mg h~' and was 0.051 (£0.054) mg h~' m~2 after
normalizing by the office floor area. During high-occupancy pe-
riods (10:00-18:00 on weekdays), the normalized value was
0.0648 (£0.257) mgh~' m~2. The ion is of particular interest since
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monoterpenes play a significant role in atmospheric chemistry
and the formation of secondary organic aerosol (SOA).>* In com-
parison, biogenic emissions of monoterpenes from forests and
other vegetation areas can result in net emission fluxes of
0.115-1.22 mg h~' m~2.,5°"%9 Considering that office buildings
in densely populated megacities often contain offices across
multiple stories, the net emission rates of monoterpenes from of-
fice buildings per unit urban land area could be comparable to, or
even greater, than those from forests and other vegetation areas
per unit land area. Coggon et al. reported a monoterpene urban
emission flux of 0.613-1.02 mg h~' m2 from VCPs and other
anthropogenic sources in New York City, New York, US, indi-
cating that anthropogenic monoterpene emission fluxes in
densely populated regions are comparable to those observed
in natural environments.®

We determined a mean net emission rate of 0.750 =
0.707 mg h~" per m? office area for total VOCprr in this study.
By contrast, a VOC emission inventory established for the city
of Qingdao, China, in 2016 reported urban VOC emission rates
of 0.309, 0.0405, and 0.766 mg h™' m~2 for on-road mobile
sources, non-road mobile sources, and industrial processes.60
Another urban VOC emission inventory showed emission rates
of 1.14 and 0.932 mg h~" m~2 for traffic exhaust and industrial
processes in the city of Chengdu, China.°’ D’Angiola et al.
estimated the emission rate of non-methane VOCs from on-
road traffic emissions to be 2.18 mg h~' m~2 in Buenos Aires,
Argentina.®® Kota et al. reported hourly average emission
fluxes of 18 VOCs from vehicle exhaust ranging from ~0.3 to
1.1 mg h~" m~2in an urban residential area of Houston, Texas,
US.®® Measurements in US cities, including New York City
boroughs, Chicago, Pittsburgh, and Boulder, showed that mo-
bile sources resulted in VOC emission rates ranging between
0.208 and 20.8 mg h~' m~2.% These results demonstrate that
direct VOC emissions from modern buildings via mechanical
ventilation systems could be comparable to some of the
major VOC sources in urban environments, such as traffic
emissions and industrial processes, and need to be consid-
ered in air pollution and climate models of urban atmospheric
environments.

A recent study reported indoor-to-outdoor VOC emission
rates from an unoccupied, single-family home under simulated
natural ventilation conditions.’® A comparison of the emission
rates of selected VOCs is shown in Table S2. Despite differences
in building type, ventilation system, and occupancy, the emis-
sion rates of selected VOCs generally show good agreement
with differences less than a factor of 4. For example, the mean
net emission rate of monoterpenes (C1oH1sH") per unit office
area was 0.0501 mg h™' m~2, while the sum of average in-
door-to-outdoor emission rates of a-pinene, B-pinene, and limo-
nene was 0.0432 mg h~' m~2in the residential house. However,
Sheu et al."® observed the largest VOC emissions for furfural with
an average rate of 0.743 mg h~' m~2, while the mean net emis-
sion rate of CsH40,H" (furfural + isomers) in this study was only
8.40 x 107* mg h™' m~2. This can be attributed to the wood
frame structure of the home, resulting in significant furfural emis-
sions from wood decomposition,?® while this study site is within
a high-performance building with a reinforced concrete structure
with some wooden materials.
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The detected ions were separated into different groups accord-
ing to their chemical formula, including hydrocarbons and frag-
ments (CHyH*), oxygenated VOCs (OVOCs) with one, two, or
three oxygen atoms (C,H,O:H", C,H,0.H", C,H,OsH"), cyclic
volatile methyl siloxanes (cVMSs), and N-, S-, Cl-, and F-contain-
ing compounds (Figure 2). Significant indoor-to-outdoor emis-
sions of OVOCs were observed, which can contribute to urban
total OVOC emissions.®* On average, C,H,O:H* accounted
for most of the total Eyoc,,, (47.2%), followed by C,H,H" and
CxH,0-H", accounting for 23.2% and 16.9% of the total Eyoc,,
respectively. The mean net emission rates of C,H,H", C,H,O4H",
and CH,O,H" ions were then categorized by carbon number and
the pattern in the number of carbon and hydrogen atoms (Fig-
ures 2, S11, and S12). C4 to C4g ions dominate in the emission
of C4H,H" ions, with a significant contribution from CyoH1gH"
(monoterpenes; Figure 2B). In addition, contributions from
CHoH" and C,H,,,_gH* ions were also observed. The emissions
of OVOCs C,H,0+H* and C,H,O,H" were mainly attributed to C;
to C4 ions and C; to Cs ions, respectively. C,H,,,204H* and
CnH2,O1H* dominated the emissions of C4H,O¢H" ions, while
CnH2n0O-H* dominated in the emission of CxH,O.H" ions.

pie chart), followed by hydrocarbons and
fragments (23%), alcohols (19%), acids
(12%), and cVMSs (6%). Previous mea-
surements indicated that carbonyl com-
pounds can be emitted from a variety of indoor sources, such
as human breath and skin, PCPs, building materials, and O re-
actions with human skin lipids and indoor surfaces.?'+2736:6
Caution needs to be taken when interpreting the relative frac-
tions of emissions from different categories. Due to the fragmen-
tation in the PTR-TOF-MS, some OVOCs (e.g., aldehydes, alco-
hols) may fragment into C,H/H* ions,®® which could be
categorized as hydrocarbons.

The indoor-to-outdoor ratios of the VOCprgr concentrations
were consistently high for the high-performance building
(mean: 2.70 + 1.39; based on volumetric mixing ratios; Figure 3).
Positive matrix factorization (PMF; details in the supplemental in-
formation) analysis indicated that over a 24 h period, office
workers and their activities contributed more than 34% to the to-
tal office VOCprr, while during the high-occupancy hours
(10:00-18:00 on workdays), they contributed more than 43%.
Human-related indoor VOC emissions have been investigated
in many studies. Human metabolism results in the emissions of
several hundred bioeffluent VOCs through exhaled breath and
skin.°” The dominant VOCs include compounds such as
acetone, isoprene, methanol, ethanol, acetaldehyde, formic
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Figure 3. Indoor-to-outdoor ratios of VOCs
during the measurement campaign

Mean indoor-to-outdoor ratios of VOCprgr concen-
trations as a function of mass-to-charge ratio as
detected by the PTR-TOF-MS in HzO* mode. Indoor
VOC mixing ratios were measured in the return air
duct at around 1.2 m downstream of the return air
grille.

Siloxane D6

1:1

Mass-to-Charge Ratio (m/z) [Th]

acid, and acetic acid.®”:°® Heterogeneous reactions between un-
saturated organic compounds in human skin oil and O3 also pro-
duce a wide range of carbonyl VOCs, such as acetone, decanal,
4-oxopentanal (4-OPA), and 6-MHQ.?":36:37:39

Indoor application of leave-on PCPs (e.g., deodorants, per-
fumes, lotions, hair care products) on the human body can cause
off-gassing of the contained volatile compounds, such as cVMSs
(e.g., siloxane D5), monoterpenes, alcohols, hexanal, and glycols,
from human surfaces to indoor air.#?%?*2" cVMS emissions
have received growing attention in recent years since they are
one of the signature compounds of VCPs, which have been found
to contribute significantly to the atmospheric VOC burden in
industrialized cities and have a relatively long atmospheric life-
time.®®2° During the campaign, the average net emission rate of
siloxane D5 to the atmosphere was 3.03 + 495 mg h™' (29.1 +
47.6 ng h~" per m? office area). In comparison, previous measure-
ments in an urban area in central Europe indicated a median emis-
sion flux of 6 ug h™" per m? urban area for D5. In this study, the
sum of cVMS net emission rates (siloxane D3, D4, D5, and D6) was
4.86 +5.50 mgh~", which accounts for 6.23% of the total Evocer-
Given that the average occupancy was 1.54 (24 h average) and
assuming that the emission of cVMSs was only from the office
workers (validated by the PMF analysis), the average per-person
emission rates of siloxane D5 and the sum of cVMSs were
1.97 + 3.21 and 3.16 + 3.57 mg h™~ " person™" (assuming no loss
due to deposition and reactions inside the office and its HVAC
system), which agree well with previously reported values of
0.36-9.8 and 2.8 mg h™" person™", respectively, in a university
classroom.?'?® The per-person emission rate of siloxane D5 in
this study was around one order of magnitude lower than the
modeled values in urban areas in Chicago, Zurich, and Can-
ada,®®"° potentially due to emissions from sources other than
leave-on PCPs in cities, such as industrial activities.®®

VOCptr concentrations in the return air were consistently
higher than those in the supply air during the nighttime unoccu-
pied periods throughout the campaign, indicating persistent
emissions of VOCs from indoor surfaces and materials (Fig-
ure S9). The average increment in the VOCprr concentration dur-
ing the unoccupied periods was 29.7 ng m~2, equivalent to an
emission rate of 69.5 ng h~" with the average outdoor volumetric
airflow rate. The PMF analysis indicated that indoor surface-
related emissions contributed ~38% to indoor VOCptr concen-
trations during the entire campaign. Significant VOC emissions
from new furniture and newly constructed or renovated rooms
have been identified and characterized in numerous studies
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(e.g., Brown’"). However, since the building was constructed 5
years before the campaign and materials with minimal VOC
emissions were chosen for the building in order to meet LEED
criteria, significant off-gassing directly from furniture and finish-
ing materials to office air is not expected.

The persistent emissions during unoccupied nighttime periods
and the diverse range of emitted compounds indicated that their
source is likely associated with an indoor surface reservoir. A
previous study has demonstrated the universal existence of a
substantial indoor surface reservoir for gas-phase contaminants
via a series of enhanced ventilation experiments, where the re-
petitive rebounds of gas-phase contaminant concentrations
were consistently observed after each enhanced ventilation
period.”? The authors indicated that most VOCs were accommo-
dated in the condensed-phase surface reservoir, such as paints
and organic films, rather than in indoor air, and can rapidly parti-
tion between two phases, thereby making the surface reservoir
an emission source. A recent study showed continuous indoor
emissions of VOCs in an unoccupied home, highlighting the ex-
istence of an abundant, long-lived indoor reservoir resulting from
building materials and prior indoor use by occupants.'® The of-
fice in this study contains various materials that permit reversible
partitioning of VOCs between the room air and surface-phase,
such as latex paint, fabrics, and other building materials,”*"®
thereby serving as a continuous emission source. In addition,
except for the hard-tile flooring, which is cleaned periodically,
other indoor surfaces, such as glass windows and desk sur-
faces, were not routinely cleaned. This may lead to the growth
of a thick organic film layer and accumulation of deposited par-
ticles,”®”” which can also serve as a substantial reservoir for
VOCs. The persistent nighttime VOC emissions during the unoc-
cupied periods indicate that the surface reservoir was never
depleted during the measurement campaign.

A recent study demonstrated that liquid crystal display
screens (e.g., used in laptops and monitors) can be an effective
VOC source.”® Used and new screens can emit a variety of al-
kanes, amides, alcohols, aldehydes, carboxylic acids, and liquid
crystal monomers to indoor air with an emission rate of up to
(8.25 + 0.90) x 10° molecules s™' cm~2. Considering there
were 28 monitors in the office, their contribution was not negli-
gible. Small carboxylic acids, carbonyls, and alcohols (e.g., ace-
tic acid, formic acid, formaldehyde, acetaldehyde, methanol,
and acetone) contributed significantly to indoor surface-related
emissions in the office, which agrees with previous indoor mea-
surements with PTR-TOF-MS.?"?® They may also be attributed
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to wooden building materials and their degradation’® and O re-
actions with indoor surfaces and furniture.®>:5°

Temporal variations in net emission rates for VOCs, O3,
and PM, s

The net emission rates for VOCs, Oz, and PM, s changed dynam-
ically during the day. To demonstrate this, Figure 4 presents the
time-series of Eyoc,,, Epm,s, @and Eqzone ON ONe day during the
measurement campaign, along with the exhaust (outdoor) air ex-
change rate and occupancy. The sine-like feature of the exhaust
air exchange rate indicates that the ventilation system consis-
tently adjusts the mixing ratio of recirculated and outdoor air in
the supply air via the feedback control to maintain the mixed
air temperature at the setpoint. The outdoor air exchange rate
gradually decreased from 0:00 to 8:00, resulting in a decrease
in the absolute value of net emission rates of the three air pollut-
ants. The outdoor air exchange rate was relatively stable from
8:00 to midnight, during which Eyoc,,, and Eyzone Were mainly
influenced by occupancy. With the increase in occupancy from
0 to 8, Evoc,,, increased significantly from ~50 to 334 mg h=.
A sharp increase in the emission rate of cVMSs at ~14:00 was
especially evident, which could be associated with the entry of
office workers who wore leave-on PCPs. The cVMS net emission
rate gradually decreased during the day, as the PCP residue
slowly wore off from the human envelope.® The emission rate
of C3HgOH™ (acetone and propanal) and CH,OH* (methanol) re-
mained elevated during the occupied period.

A sharp spike in the C4oHgH* (monoterpenes) net emission
rate was observed at ~17:00, which dramatically increased
Evoc,.,- We found a significant correlation (Pearson’s r > 0.95)
of CqoH1gH* with C4oH1sOH" (potentially citral) and CqoHgH*
(potentially methylisopropylcyclohexene), which are ions found
in citrus peels, while a moderate correlation was observed with

with C10H160H+, C10H18H+, C10H180H+,

and siloxane D5, potentially due to indoor
use of PCPs. Eqone declined from around —50 to —66 mg h™?
as occupancy changed from 0 to 8, due to an increase in occu-
pant-associated surfaces, which contain reactive compounds
produced by human sebaceous glands. However, the influence
of occupancy on Egyzone Was not as dramatic as that on Eyoc,y-
Epu,, did not tend to vary with occupancy.

Figures S8 and S9 present an overview of the mean Eqone,
Evocers» and Epy,, during high-occupancy periods (10:00-
18:00 on weekdays) and unoccupied periods at night. With a
mean occupancy of 4.53 and a slightly higher mean outdoor
airflow rate (by 13.6%), Eozone during the high-occupancy pe-
riods was 46.5% lower than that during unoccupied periods.
The Epy,, during unoccupied periods (—2.30 mg h~") was
slightly lower than that during high-occupancy periods
(-1.96 mg h™"), potentially due to occupant-induced PM, s
emissions (e.g., skin shedding and particle resuspension) and
variations in outdoor PM, s. The total Eyoc,,, during high-occu-
pancy periods was 121.3 mg h~", which was 60% higher than
the field campaign average (78.0 mg h™"), with human- and
PCP-related compounds (e.g., acetone, isoprene, cVMSs,
6-MHO) exhibiting significantly increased net emission rates.
The relative contribution of each group of compounds to the total
Evoc,., also presents obvious temporal differences. Carbonyls
and cVMSs contributed 30% and 13% to the total Eyo¢,,, during
high-occupancy periods, respectively, compared with 29% and
3% during unoccupied periods. By contrast, the relative fraction
of hydrocarbons, alcohols, and acids toward the total Eyoc,,,
was higher during the unoccupied periods.

Relative importance of influencing factors on net
emission rates

Due to changes in the operational conditions of the HVAC sys-
tem, outdoor air pollutant concentrations, and occupancy, the
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Figure 5. Variations in urban air pollutant net emission rates with
human occupancy, operational mode of the mechanical ventilation
system, and outdoor air conditions

(A) Scatterplot of Ep,one as a function of exhaust (outdoor) airflow rate. The
color and size of the markers represent the occupancy and outdoor O3 con-
centration, respectively. The two gray lines indicate the theoretical Egzone
under two assumed conditions including low outdoor Oz concentration (15
ppb) with zero occupancy and high outdoor O3 concentration (50 ppb) with
high occupancy (13 occupants), which are calculated by using the O3 indoor
and human surface deposition velocities estimated in this study and assuming
negligible gas-phase reactions.
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values of Eozone; Evocer» and Epu, , varied over a wide range dur-
ing the campaign (Table S3). In general, Eqone and Eppy,,
decrease as the exhaust (outdoor) airflow rate increases, while
Evocer, increases with exhaust airflow rate (Figure 5). These
trends indicate how mechanically ventilated buildings can re-
move increasing amounts of urban Oz and PM, 5 as the outdoor
air exchange rate increases; however, this leads to greater trans-
port of indoor-generated VOCs to the urban atmosphere.

Figure 5A presents E,,one as a function of the exhaust airflow
rate, with markers color-coded by occupancy. The marker size
indicates outdoor O3 concentrations. The two reference lines
suggest the theoretical E,,.ne calculated using the estimated
O3 surface and human deposition velocity in this study at the
steady state and given outdoor Oz concentration and occu-
pancy, assuming negligible Oz reactions in the gas phase (details
in the supplemental information). The observed Eqyzone generally
lies within the two assumed conditions, including high outdoor
O3 concentrations with high occupancy (outdoor Oz of 50 ppb
and 13 occupants) and low outdoor O3 concentrations with no
occupancy (outdoor O3 of 15 ppb and 0 occupants). At a given
exhaust airflow rate, E,;one tended to decrease with the increase
in occupancy and outdoor O3 concentrations. Relative impor-
tance (RI) analysis®' was conducted (details in the supplemental
information) to identify the most influencing factor that led to the
significant variations in Egzone (5™ to 95M: —88.8 to —17.6 mg
h~"). The results indicated that the exhaust airflow rate ac-
counted for 70.3% of the variance observed in Ey;one, followed
by the outdoor Oz concentration (24.6%), and occupancy
(4.91%), while the indoor monoterpene concentration had a
negligible influence (<1%).

Figure 5B shows Epy, . as a function of the outdoor PM, 5 con-
centration, with markers color-coded by the exhaust airflow rate.
The two reference lines indicate the estimated theoretical Epy,
at steady state at the highest and lowest outdoor airflow rates,
assuming that filtration is the only removal mechanism and there
are no indoor emissions of PM 5 in the office (details in the sup-
plemental information). To calculate the theoretical Epy,,, the
filtration efficiencies of the MERV 8 and MERV 14 filters from
Azimi et al. were adopted.'” The values of Epy,, were occasion-
ally positive during the campaign. The measured indoor particle
size distributions indicated that they were due to occasional
intense indoor emissions of particles larger than 1 um, likely
associated with occupant activities. Epy, , decreased with the in-
crease of outdoor PM, 5 concentration and outdoor airflow rate,
indicating that the building and the HVAC system remove more
PM, s from the urban atmosphere with a higher incoming mass
flux of PM, 5 into the outdoor air intake. RI analysis indicates
that the outdoor PM, 5 concentration contributed to 88.4% of

(B) Scatterplot of Epy,, as a function of the outdoor PM, 5 concentration. The
color and size of the markers represent the exhaust (outdoor) airflow rate and
occupancy, respectively. The two gray lines indicate the theoretical Epy,,,
assuming HVAC filtration is the only loss mechanism of incoming outdoor
PM, 5. The filtration efficiency of the two HVAC filters was adopted from Azimi
etal.’”

(C) Scatterplot of Eyoc,,, as a function of exhaust (outdoor) airflow rate on a
log-log scale. The color and size of the markers represent the occupancy and
monoterpene emission rates, respectively.
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the variance of Epy,,, followed by the outdoor airflow rate
(11.1%), while the influence of occupancy was negligible (<1%).

Figure 5C shows that Eyoc,,, spanned more than an order of
magnitude, from ~30to 700 mg h~". Evoc,,, generally increases
with occupancy (color-coded markers), while episodic monoter-
pene emissions due to occupant activities dramatically
enhanced the transient Eyoc,,, (noted by the size of the markers).
Evoc.., also increases with the exhaust airflow rate, since greater
dilution of indoor air by outdoor airflow drives the VOCs to parti-
tion from indoor surface reservoirs to the gas phase and lead to
greater indoor surface emissions.’? Higher exhaust airflow rates
also lead to higher indoor O3z concentrations, since the main
source of indoor Oz is outdoor transport. This facilitates the reac-
tions of O3 with indoor and human surfaces to produce a variety
of VOCs (e.g., hexanal, 6-MHO, and geranyl acetone), later being
flushed to the urban atmosphere. The Rl analysis indicates that
the exhaust airflow rate contributed to 67% of the variance of
Evoc.,, followed by occupant-induced episodic monoterpene
emissions (17%) and occupancy (15%).

Study limitations, implications, and future outlook

In this study, we reported the Eyoc,,, for the product ions, to
which we assigned chemical formulas based on the measured
m/z, from the proton transfer reactions between VOCs and
HsO™ in the PTR-TOF-MS. However, caution is needed when in-
terpreting the data as the reported product ions may not be the
protonated parent compounds but fragment ions due to fragmen-
tation reactions. Although we have corrected for the fragments
when estimating the mixing ratios for the compounds with cali-
bration standards, such as 6-MHO, monoterpenes, and siloxane
D5 (details in the supplemental information; Table S4), we were
not able to do that for the uncalibrated compounds. This may
lead to an underestimation in the VOCptgr mixing ratios and the
magnitude of Eyoc,,, for compounds for which fragmentation re-
actions take place, such as long-chain aldehydes (e.g., hexanal),
which have been shown to be important indoor VOCs.?>*'%? We
have attributed some ions in Figure 1 and Table S1 to potential
fragments of long-chain aldehydes (e.g., C;H,H"* as a heptanal
fragment). Fragmentation will also bias the fractions of carbonyls,
alcohols, and acids in Figures 1 and 4, as some of them may be
classified under the “hydrocarbons and fragments” category. On
the other hand, a neutral water molecule is lost in most of the frag-
mentation reactions, which resulted in an underestimation in the
total Eyoc,,,. However, we do not expect this underestimation
to be significant as the molecular weight of water is relatively
small compared with the long-chain aldehydes.

When estimating the VOCptr mixing ratios from the PTR-TOF-
MS measurements, we calibrated for important VOCs known to
be emitted or formed indoors, including methanol, acetone,
siloxane D5, monoterpenes, isoprene, toluene, and decanal,
with a collection of 21 authentic calibration standards
(Table S4). This approach is consistent with the majority of field
studies employing online mass spectrometry for real-time mea-
surement of VOCs in indoor atmospheric environments. Uncali-
brated species were assumed to have sensitivities equivalent to
a single proton transfer rate constant. Although certain com-
pounds (e.g., ethanol and trichlorobenzene) exhibit much lower
sensitivities than assumed, the VOC concentration estimated
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in this manner is generally considered to have an uncertainty of
around +50% for individual compounds.?"?® Thus, net emission
rates for ethanol are likely underestimates of their true values.
However, the overall uncertainties on the total Eyoc,,, may
largely cancel. Given the complexity of the entire building sys-
tem, including VOC emissions and transformations, occupancy
and occupant activities, and ventilation flows and conditions,
all of which were carefully monitored in real-time, the underesti-
mated ethanol concentrations do not strongly influence the con-
clusions of this study and the reported total Eyoc,,,. On the other
hand, the reported Eyoc,,, only accounts for VOCs that can be
monitored by the deployed PTR-TOF-MS operating in HzO*
mode. It is known that VOCs with proton affinities lower than wa-
ter cannot be effectively detected by the PTR-TOF-MS, such as
alkanes.®” Therefore, the reported Eyoc,,, does not include all
VOCs present in the office and represents a lower bound of
the actual net emission rate for VOCs from the office to the urban
atmosphere. In the future, PTR-TOF-MS measurements under
different reagent ion modes (O,*, NO*, and NH,*) and calibration
of the PTR-TOF-MS with a greater number of authentic stan-
dards can provide a more complete assessment of the VOC
mass flux between buildings and outdoor air.

We demonstrated the source and sink effect of modern build-
ings on urban air pollutants by reporting the net emission rates of
the selected urban air pollutants in an open-plan office in a
LEED-certified high-performance building through a 1-month
measurement campaign. However, the net emission rates of
air pollutants from buildings to the urban atmosphere will vary
for different types of buildings (e.g., residential buildings, restau-
rants, and hospitals), different configurations (e.g., single-pass
mechanical ventilation and grade of filters) and operational con-
ditions (e.g., control logic) of the HVAC systems, and occupant
behaviors. Buildings with strong indoor emission sources would
exhibit dramatically different net emission patterns. For example,
commercial kitchens are expected to emit significant quantities
of particulate matter, VOCs, and reactive nitrogen compounds
into the urban atmosphere, resulting in a much higher Eyoc
and potentially a positive value of Epy, ,.5*%*

The design and operational conditions of the ventilation system
are key factors affecting the source and sink behaviors of build-
ings as they govern the air exchange between buildings and the
urban atmosphere. For example, the ventilation system of the of-
fice operates differently in the cooling season compared with the
heating season, during which the study was conducted, further
influencing the regulation of exhaust/intake airflow. During the
cooling season, the system still keeps the supply air exchange
rate at ~7 h~". When indoor air temperature > mixed air temper-
ature setpoint > outdoor air temperature, the system adopts the
mixed air temperature control, similar to the heating season.
However, since the outdoor air temperature is generally higher
during the cooling season than the heating season, we expect
higher exhaust airflow rates to maintain the mixed air temperature
at the setpoint, which facilitates the exchange of air pollutants be-
tween the office and the urban atmosphere. When indoor air
temperature > outdoor air temperature > mixed air temperature
setpoint, the system adopts 100% outdoor air and the exhaust/
intake airflow rates are equal to the supply airflow rate, where
the exchange of air pollutants reaches the maximum. When the
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outdoor air temperature further increases and outdoor air
temperature > indoor air temperature setpoint, the system will
automatically decrease the exhaust airflow rate to around half
of the supply airflow rate in order to recirculate a part of the
room air to maintain the indoor air temperature at the setpoint,
which suppresses air exchange. Although the HVAC system of
the office allows room air recirculation, buildings with single-
pass mechanical ventilation systems may interact with the urban
atmosphere differently. Tang et al.?’ performed an indoor air
chemistry study in a university classroom where a single-pass
mechanical ventilation system provided outdoor airflow at a fixed
room air exchange rate of 5 h~". In such a case, the net emission
rate would depend on factors such as the outdoor concentration
of air pollutants, filters used in the HVAC system, and indoor oc-
cupancy and activities rather than exhaust airflow rate.?”

Aside from the difference in operational conditions of the
HVAC system between cooling and heating seasons, there
are other seasonal variations in factors that can affect the net
emission rates. For example, we observed an Oz deposition ve-
locity of 1.35 + 0.63 cm s~ to the human body in this study,
which is 2-6 times higher than the values in the litera-
ture.®>36:8587 It is likely attributed to the multiple layers of
soiled winter clothing worn by the office workers during the
wintertime. We would expect a lower deposition velocity during
the summertime due to less clothing. However, this may not
necessarily lead to a lower E,one since the outdoor O3 concen-
tration is expected to be higher during the summertime, result-
ing in a greater O3 intake mass flux. In addition, moisture can
condense on cooling coils in the HVAC system during the sum-
mertime to form a water film layer and condensate in the duct.
They may act as a sink for water-soluble organic gases
(WS0Gs),?® which would reduce the net emission rates of
WSOG from buildings to the urban atmosphere.

Through direct measurements, we observed dynamic source
and sink effects of the office for urban air pollutants. However,
it is still difficult to assess the overall impact of the air exchange
between buildings and the urban atmosphere on urban air
pollution based on this study. For example, due to the reactions
of Oz with indoor and human surfaces, the office acts as a sink
for urban O3z. However, these reactions produce a variety of
VOCs®**+*® and potentially particulate matter,>® which are
released to the urban atmosphere. We found VOC molar yields
of 0.048, 0.018, and 0.024 for 6-MHO, 4-OPA, and decanal,
respectively, upon Oz uptake onto human body surfaces based
on our earlier analysis of the same data from our PTR-TOF-MS
measurements.*° On the other hand, although the office acts as
a sink for PM, 5 and O3 and a source for VOCs for the urban
atmosphere, the released VOCs can contribute to the reactivity
of outdoor air and undergo photochemical reactions to
contribute to O3 and SOA formation in urban environments,
especially for reactive VOCs from PCPs and VCPs, such as
monoterpenes, monoterpenoids, and sesquiterpenes, which
can offset the Epy,, and Eyone to an unknown extent. To
comprehensively understand the overall impact of building
ventilation on urban air pollution on a city scale, collaborative
research can be conducted to (1) measure the net emission
rates of air pollutants from different types of buildings with
different ventilation conditions; (2) experimentally study the

10  Cell Reports Sustainability 7, 100103, May 24, 2024

Cell Reports Sustainability

fate and transformation of building-originated air pollutants in
the urban atmosphere; (3) perform a wide survey of building
use patterns, building occupancy, and configuration and oper-
ational conditions of HVAC systems in a city; and (4) develop an
atmospheric chemistry model based on the results from the
above-mentioned studies to estimate the overall effect of build-
ing ventilation on urban air pollution.

The results of this study have potential implications for stra-
tegies for better controlling and mitigating the negative impact
of buildings on urban air quality. Equipping the HVAC system
with activated carbon filters and higher-grade particulate filters
would provide improved indoor air quality. At the same time, it
facilitates the removal of O3z and particulate matter from the ur-
ban atmosphere. Reducing indoor O3 concentrations also sup-
press the secondary formation of VOCs®*"*® and particulate
matter from the reactions with gas-phase reactive VOCs (e.g.,
monoterpenes from VCPs) and indoor and human surfaces,
further decreasing the magnitude of VOC and aerosol fluxes
from buildings to the urban atmosphere. Implementing in-
room air cleaning technologies, such as photocatalytic purifica-
tion and portable filtration devices, would reduce particulate
matter and VOCs released to the urban atmosphere. However,
the above-mentioned strategies would increase energy con-
sumption and cost for building operators and owners. On the
other hand, given the significant use of PCPs and VCPs in in-
door environments, VOC emission standards for such products
can be established to reduce their emissions from buildings to
the urban atmosphere, especially for VOCs with enhanced re-
activities, such as monoterpenes, sesquiterpenes, and their
derivatives.

This study provides a framework that can be reproduced to
estimate the net emission rates of target air pollutants from build-
ings to the urban atmosphere. To enable network measurements
at multiple sites, sensor arrays with low-cost PM, 5, VOC, and O3
sensors can be used in HVAC systems to estimate net emission
rates. Such data can be coupled with building automation sys-
tem data on intake/exhaust airflow rates and occupancy to pro-
vide insights into the impact of building systems and occupants
on net emission rates for a diverse collection of buildings.
Furthermore, month-long measurement campaigns similar to
this study can deploy high-resolution online mass spectrometry,
including PTR-TOF-MS and aerosol mass spectrometry, to
determine speciated net emission rates for reactive gases and
particulate matter, respectively.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Brandon E. Boor
(bboor@purdue.edu).

Materials availability

This study did not generate new, unique materials.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the
main paper and/or the supplemental information. All data for the figures in
the main paper and/or the supplemental information are available from the
lead contact upon reasonable request. Custom code for this work is available
from the lead contact upon reasonable request.
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Site description: Herrick Living Laboratory Office at Purdue
University

The study site is a realistic, modern open-plan office located in a LEED Gold-
certified building, which was designed and built to meet criteria for future green
and high-performance buildings.*~*? The office has a maximum occupancy of
20, and there is no fixed working schedule for the office workers. The floor area
is 104 m?. The interior is furnished with materials with significantly reduced or
negligible VOC emissions. To keep the results representative and realistic,
deliberate disturbances and interventions that could affect indoor air chemis-
try and building operation were minimized.

Air pollutant measurements and instrumentation

VOCs with a proton affinity greater than water were monitored by a PTR-
TOF-MS (PTR-TOF 4000, lonicon Analytik, Innsbruck, Austria) using HsO*
as the reagent ion.'5'92439.98 O, concentrations were monitored by an
O3 gas analyzer (M400E, Teledyne Technologies, Thousand Oaks, CA,
US) with a precision of 1 ppb. To estimate the net emission rates, VOC
and O3 concentrations were monitored in both the outdoor air and return
air ducts via a continuously purged multi-port valve system (details in the
supplemental information). Perfluoroalkoxy (PFA) tubes (3/8” outside diam-
eter [OD]) were used as the sampling lines, connecting the sampling loca-
tion to the multi-port valve. A polytetrafluoroethylene (PTFE) membrane fil-
ter was installed at the inlet of each sampling line to remove particles. The
residence time of the sample air was no more than 4 s in the sampling lines.
The PTR-TOF-MS was calibrated daily using 21 calibration gas standards,
including common indoor VOCs such as methanol, acetone, siloxane D5,
monoterpenes, isoprene, toluene, and decanal (Table S4). We were not
able to calibrate the PTR-TOF-MS for other common indoor VOCs, such
as ethanol. Thus, uncertainties in the reported mixing ratios and net
mass emission rates for ethanol are expected to be greater than for the
calibrated species, as discussed in the “study limitations, implications,
and future outlook” section.

Indoor particle number size distributions from 10 to 300 nm were measured
by a scanning mobility particle sizer (SMPS; Model 3910, TSI, Shoreview, MN,
US).”* Particle number size distributions from 300 to 10,000 nm were
measured by an optical particle sizer (OPS; Model 3330, TSI, Shoreview,
MN, US).°® The SMPS and OPS were placed on the north side of the office
with the inlet at a height of ~1.3 m. The measured indoor particle number
size distributions were converted to mass size distributions and integrated
to calculate indoor PM, s mass concentrations (details in the supplemental
information).

Estimation of net emission rates for VOCs, O3, and PM, 5

The net mass emission rates for VOCs, O3, and PM, 5 from the office and its
HVAC system to the proximate urban atmosphere were calculated using the
following equation:

Enef,’ = [Air P OIIUtant]/',exhaust X Qexnaust — [Ail' P O”LItant]i,intake X Qintake
(Equation 1)

where E,e; represents the net mass emission rate (mg h™") of air pollutant i;
[Air Pollutant]; is the mass concentration of air pollutant i (mg m~2) in the
exhaust or intake airflow of the HVAC system; and Qexpaust and Qjntake represent
the exhaust and intake volumetric airflow rates (m® h™") in the HVAC system,
respectively. Evoc,,, Eozone, and Epy,, are used to refer to the net emission
rates for each air pollutant category.

For VOCs and Os, the concentration measured in the outdoor air duct was
used as the intake airflow concentration. The return air concentration was
used as the exhaust airflow concentration. The PM, s mass concentration
measured by the local US EPA monitoring station was obtained and used as
the concentration in the intake airflow. The indoor PM, 5 mass concentration
derived from the SMPS and OPS measurements in the office was used as
the concentration being exhausted from the building. The volumetric airflow
rates of the exhaust and intake air were measured by air velocity mass flow
transducers with a time resolution of 1 min and an accuracy of +2%. Additional
details are provided in the supplemental information.
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