Cell Reports
Sustainability

Modern buildings act as a dynamic source and sink

for urban air pollutants

Graphical abstract

Source

~ Advanced |
HVAC Systems.

Net Emission Rates for
Air Pollutants for Modern Buildings

Highlights
e Modern buildings continually release volatile chemicals into
the outdoor atmosphere

e Buildings can be significant emission sources of reactive
monoterpenes and siloxanes

e Building source-sink behavior changes with human
occupancy and ventilation conditions

e Direct VOC emissions from buildings must be considered in
urban air pollution models

) Wau et al., 2024, Cell Reports Sustainability 7, 100103

e May 24, 2024 © 2024 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.crsus.2024.100103

Authors

Tianren Wu, Antonios Tasoglou,
Danielle N. Wagner, ..., Philip S. Stevens,
Nusrat Jung, Brandon E. Boor

Correspondence

wutr@ucmail.uc.edu (T.W.),
bboor@purdue.edu (B.E.B.)

In brief

Wu et al. present real-time direct
measurements of urban air pollutant
exchange between an advanced
ventilation system of a high-performance
LEED-certified building and outdoor air.
This work demonstrates that modern
buildings are a dynamic emission source
of climate- and health-relevant volatile
chemicals to urban atmospheric
environments.

¢? CellPress



¢? CellPress

OPEN ACCESS

Cell Reports Sustainability

Modern buildings act as a dynamic source
and sink for urban air pollutants

Tianren Wu,"-* Antonios Tasoglou,? Danielle N. Wagner,3“ Jinglin Jiang,*“ Heinz J. Huber,° Philip S. Stevens,®’
Nusrat Jung,® and Brandon E. Boor34.8*

1Civil & Architectural Engineering & Construction Management, University of Cincinnati, Cincinnati, OH, USA

2RJ Lee Group Inc., Monroeville, PA, USA

3Lyles School of Civil Engineering, Purdue University, West Lafayette, IN, USA

4Ray W. Herrick Laboratories, Center for High Performance Buildings, Purdue University, West Lafayette, IN, USA
SEdelweiss Technology Solutions, LLC, Novelty, OH, USA

80’Neill School of Public & Environmental Affairs, Indiana University, Bloomington, IN, USA

“Department of Chemistry, Indiana University, Bloomington, IN, USA

8Lead contact

*Correspondence: wutr@ucmail.uc.edu (T.W.), bboor@purdue.edu (B.E.B.)
https://doi.org/10.1016/j.crsus.2024.100103

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
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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.