


organic aerosol from precursor reactants. Building occupants
induce UFP-generating reactions passively via ozonolysis of
skin oil16 and personal care products,17 or actively while
cleaning,15,18−20 or using electronics such as drills and laser
and 3D printers.15,21−25 UFP emissions from laser and 3D
printers are a prime example of emerging UFP pollutants in
both commercial and residential environments that illustrate
the importance of real-time monitoring in occupied spaces.
Though occupant-specific exposure will vary based on source
frequency, proximity, and room conditions, fine and ultrafine
aerosols ranging from 10 to 1,000 nm have been shown to
exceed PN concentrations of 90,000 #/cm3 and PSA
concentrations of 700 μm2/cm3 in o-ces with 3D printers
lacking localized exhaust, greatly exceeding supply air
concentrations of PN of 400 #/cm3 and PSA of 30 μm2/
cm3.25 Emerging evidence of UFP toxicity and intergenera-
tional resilience26 necessitates exposure prevention by better
understanding source emissions and mitigation strategies.
UFP inhalation exposure is associated with high deposition

in each region of the respiratory tract, including the head
airways, tracheobronchial region, and pulmonary region.27 The
high particle surface area available for adsorption and
reactivity28 enables blood circulation and cellular trans-
location29 of UFPs within the body. This has been linked to
pulmonary30 and central nervous system31 inflammatory
responses, metabolic alteration,32 and cardiovascular stress.32,33

UFP exposure is also associated with a decline in cognitive
performance, including adverse e+ects on working memory
recall and motivation,34,35 notably in schoolchildren and adults
shown to be susceptible to Alzheimer’s.36,37 Because of this
linkage, PSA and lung-deposited surface area concentrations
have been suggested as e+ective metrics for UFP toxicity
exposure38,39 and even as building control metrics.25

Despite recent stricter global air quality limits40 and the
growing body of evidence toward UFP toxicity,29,41 exposure
limits that adequately reflect UFP levels, such as number or
surface area metrics, remain sparse. The World Health
Organization recently issued “good practice statements” for
UFPs while updating air quality guidelines for other pollutants,
citing a daily ambient mean PN of less than 1,000 UFP/cm3 as
“low” based on low-anthropogenic emission environments, and
20,000 UFP/cm3 (1-h mean) or 10,000 UFP/cm3 (24-h
mean) as “high”, based on urban levels.40 Nanomaterial
exposure limits have been adopted in more specific contexts,42

including 40,000 UFP/cm3 as an 8-h nanomaterial exposure
standard.43

Building automation systems provide an interactive interface
to modulate control-based setpoints based on IEQ parameters
and monitor real-time environmental dynamics to inform
operations. Because buildings act as sources and sinks for
atmospheric pollutants,44 monitoring is also essential to
consider the environmental exchange between the indoors
and outdoors for reaching zero-emission e-ciency goals.45

Commercial HVAC systems ensure that the air handling unit
e+ectively supplies low concentrations of CO2 through
ventilation and low aerosol concentrations via filtration,
following ASHRAE 62.1-2022 (Ventilation and Acceptable
Indoor Air Quality) and 52.2-2017 (Method of Testing
General Ventilation Air-Cleaning Devices for Removal
E-ciency by Particle Size), respectively.46,47 The most
updated minimum e-ciency reporting value (MERV) for
filters as outlined in ASHRAE 52.2 is defined for particles
ranging 300 to 10,000 nm, which excludes UFPs and thus the

majority of particles dominating indoor number size
distributions.46 Size-resolved filtration e-ciencies estimated
for commonly used filters have revealed large variations in
particle removal depending on particle size.13 UFP loading has
been shown to increase filtration e-ciencies by varying
amounts based on composition, explained by phenomena
such as when dendritic chains form on electrostatic filters to
create higher potential for contact with incoming aerosols.48

Median e-ciencies for UFP removal estimated for MERV12
filters were highly variable, ranging from 30% to 80%,
depending on the brand.13,49 Chamber-based filter testing
can also overestimate in situ filter e-ciency50 when not
reflecting variable airflow rates51 and realistic aerosol profiles.
Lower-rated MERV filters sometimes outperform those that
are more highly rated for certain size ranges.13 These
measurement and rating discrepancies highlight the impor-
tance of including metrics encompassing smaller particles, such
as PN and PSA concentrations, within building standards, as
well as monitoring them in real occupied environments in
order to ensure the capacity of HVAC systems to adequately
mitigate nano-sized aerosols.
Integrating air quality sensors and networks within building

automation systems would expand HVAC control to aerosols
in addition to CO2;

52 however, barriers remain toward
achieving scalable, accurate measurement systems encompass-
ing transient UFP dynamics.53,54 High-end instrumentation
can be used to collect high-resolution temporal particle size
distributions accounting for smaller diameters but can be
challenging to obtain spatially resolved distributions due to
lack of portability and high up-front costs. Automated valve-
switching allows for proximal upstream-downstream measure-
ments at alternating times, such as at indoor-outdoor
nodes,11,55 supply and return air,56 and pre- and postfilter for
reporting filtration e-ciencies.57−59 Manually relocating
instruments or sample tubing can also be used to gather
short-term outdoor concentrations.60,61 Spatiotemporal low-
cost commercialized or microcontroller-based optical particle
counter sensor fleets operating on light scattering principles
have been used to visualize larger, coarse mode particle drift
from source emisisons62−66 but do not e+ectively capture
particles below 300 nm due to their decreased refractive
abilities at smaller sizes.67,68

Portable, medium-cost (∼$10,000 USD) aerosol instrumen-
tation o+ers a more a+ordable way to measure total size-
integrated concentrations of fine and ultrafine particle metrics,
including PN, PSA, and lung-deposited surface area. Hand-
held condensation particle counters condense the vapors of a
working fluid onto smaller particles to enable their detection
by an internal optical particle counter,69 with high detection
e-ciencies up to PN concentrations of 105 UFP/cm3 for
particles down to around 10 nm.70,71 These condensation
particle counters have been used in o-ces for dynamic
comparisons of the indoor-outdoor air in smoking environ-
ments61 and across multiple countries,72 o+ering insight into
their portability and rigor. Portable unipolar di+usion charger
sensors ionize an aerosol sampling stream that creates a current
detected by an internal electrometer, first correlating the
charge to PSA. This design protects the corona needle without
the use of a fluid, resulting in even higher detection limits (PN
concentrations up to 107 UFP/cm3) for particles that may
range in size from around 10 to 2,500 nm, depending on the
specific sensor, allowing them to be left unattended in high
concentration environments during passive sampling.60,73,74
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Hand-held unipolar di+usion chargers (DiSCmini, Testo,
Titisee-Neustadt, Germany) have been used to temporally
compare PN concentrations (10 nm ≤ Dp ≤ 300 nm) in
multiple rooms in an academic building to hallway and
outdoor concentrations.54 Viitanen et al. measured fine and
ultrafine particles in a single o-ce at a 3D printer, workstation,
and the supply and return air vents utilizing four Pegasor AQ
Indoor di+usion charger sensors (Pegasor Oy, Tampere,
Finland).25 Measured concentrations were used to model
source emission and loss rates among varying ventilation
control methods. These lower-cost options facilitate spatio-
temporal sampling that can capture rapid UFP dynamics across
a single room or multiple rooms, limiting di+erences in
sampling variability.
To the best of the authors’ knowledge, there are no existing

studies using di+usion charger sensors to simultaneously
measure total particle number and surface area concentrations
at multiple points in an occupied open-plan o-ce and
dedicated air handling unit, leaving a gap in understanding
UFP rapid migration and transformation dynamics throughout
an HVAC system. This work takes advantage of four Pegasor
AQ Indoor di+usion chargers and a cloud-based building
automation system platform with Java Application Control
Engine (JACE) control (Niagara Framework, Tridium Inc.,
Richmond, Virginia, U.S.) to explore spatiotemporal UFP
dynamics in the HVAC system of a living laboratory situated in
a Leadership in Energy and Environmental Design (LEED)-
Gold high-performance building over the course of 9 months.
Measurements were made simultaneously at four locations
(Figure 1): directly in an occupied open-plane o-ce, at the
outdoor air intake, at the mixed supply air upstream of an air
handling unit filter bank, and at the supply air downstream of
the filter. A long-term campaign and assessment framework
based on a simplified material balance model is established to
integrate simultaneous multinodal aerosol monitoring paired
with online volumetric airflow measurements. Spatiotemporal
UFP dynamics are evaluated at each stage in the HVAC system
(Figure 1) using monitored PN and PSA concentrations and
number-based flux rates to illustrate migration, as well as the
HVAC system’s capacity to mitigate UFPs sourced from
occupant activities and the outdoors. Suggested future work
may include integrating portable di+usion charger sensor

informatics within a building automation system to enable
UFP-based sensing and control within HVAC systems.

■ MATERIALS AND METHODS

Study Site: Open-Plan Living Laboratory O�ce and
Dedicated Air Handling Unit. The long-term monitoring
campaign was carried out at the Ray W. Herrick Laboratories, a
high-performance LEED-Gold Certified building located in the
southwestern area of Purdue University’s West Lafayette
campus, situated within a mile radius of a major highway and
several main roads, a small airport, and a natural gas and coal
power plant. Each of the four open-plan living laboratories on
the third floor operates with a dedicated mechanical room and
HVAC system, allowing for isolated control scenario
modulation for IEQ and utility e-ciency testing.75,76 The
full sampling campaign spanned 9 months, from mid-February
to mid-November in 2019, with several gaps in data due to
power outages and unforeseen technical issues. Of the four
open-plan living laboratories, the o-ce that was selected for
this sampling campaign was chosen due to consistently
achieving the highest occupancies, often reaching 6 people at
a time, and peaking at 12 people (maximum occupancy of 20
people).77 While each living laboratory has unique methods of
air delivery, the chosen o-ce includes options for supply air
delivery through floor vents, natural ventilation double-skin
fac ̧ade openings, and wall di+users. The online Niagara
framework with JACE control was used for real-time
monitoring and o>ine data acquisition of HVAC parameters,
including heating coil temperatures, air temperatures, relative
humidities, fan speeds, and airflow rates.
The HVAC system was configured as a variable air volume

system with air delivered mainly via equally spaced floor vents
throughout the campaign, where heating and cooling coil
temperatures remain constant, and airflow rates are varied to
maintain adequate ventilation. Thus, damper positions (%
open or closed) and supply and return fan speeds were
adjusted to achieve various room pressurizations and air
delivery scenarios. The filter bank in the air handling unit
included a prefilter (MERV8) and main filter, where a
MERV14 was used from mid-February to mid-May (99 days,
42% of campaign) and changed to a HEPA filter from mid-
May to mid-November (138 days, 58% of campaign).
Additional aspects regarding instrumentation and configura-

Figure 1. Open-plan o-ce HVAC schematic. Number-based UFP fluxes (Fnode) were estimated at the outdoor air intake, supply air upstream and
downstream of the HVAC filter bank, return air, exhaust air, and recirculation air locations in the air handling unit. Time-averaged occupant-
sourced UFP fluxes and UFP deposition fluxes were estimated within the o-ce room itself. Nodes (Pnode) indicate each of the four di+usion
charger sampling locations. Volumetric airflow rates (Qnode) were measured as part of the o-ce building automation system platform.
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tions pertaining to this living laboratory campaign can be
found in studies that detail the ventilation mode and influence
of variable air volume control,78 seated occupancy measure-
ments,77 and indoor air measurements including VOCs,44

ozone,58 CO2,
78 and fluorescent aerosol particles.79 High-

resolution spatiotemporal and total o-ce occupancy was
approximated during the campaign using chair-embedded K-
type thermocouples to estimate seated occupancy, enabling
pairing with airborne emissions in each subsequent study.
Aerosol Instrumentation: UFP Monitoring with a

Di!usion Charger Sensor Array. Four Pegasor AQ Indoor
di+usion charger sensors were used to simultaneously measure
fine and ultrafine (10 nm ≤ Dp ≤ 2,500 nm) number and
surface area concentrations (1 Hz) at four di+erent nodes in
the living laboratory HVAC system (Pnode, Figure 1): directly
in the o-ce; in the outdoor air duct; in the supply air upstream
of the filter bank that includes a combination of recirculated
return air and outdoor air; and a second supply air location
downstream of the filter bank, which is delivered to the o-ce.
The outdoor air node was measured from mid-July to mid-
September, while the other three were in-place during the full
campaign (February to November). To measure in each of the
three air handling unit duct locations, 1 m of 12.7 mm-
diameter conductive copper tubing was connected to the inlet
of each di+usion charger sensor, led to a pre-existing duct
opening, and fastened with a silicone cap to minimize leakage
(Figure 2). Measured number and surface area concentrations
were corrected for accuracy using a calibration previously
described in Wagner et al.60 by comparing simultaneous
di+usion charger measurements of size-selected NaCl and KCl
particles80 to a water-based condensation particle counter
(wCPC, Model 3788, TSI Inc., Shoreview, MN, U.S.), as well

as corrected for precision with a colocation of four Pegasor
sensors monitoring laboratory-generated woodsmoke in a
chamber.60

Representing Transient UFP Dynamics in an HVAC
System: Estimation of UFP Flux Rates. The diagram and
temporal plots in Figure 3 are included to represent measured
particle number concentrations (Figure 3b), volumetric airflow
rates (Figure 3c), and room occupancy (Figure 3d) of a select
day with distinguishable peaks as well as the resulting
estimated flux rates (Figure 3e, f) at each node. Figure 3b
illustrates the UFP measurements made at each monitored
location over the course of a 14 h period of a day, where each
location is color-coded to the HVAC schematic (Figure 3a)
and to each term in subsequent figures. The term Pnode is used
to represent a particle-monitored node and is interchangeable
with particle number (PNnode) or particle surface area
(PSAnode) concentrations. While number-based size distribu-
tions often include contributions from particles as large as 300
nm, the PN and PSA concentrations monitored in this study
will be referred to as UFPs due to the majority of particles
represented in these distributions being 100 nm or less.9−12 In
a previous study for this campaign over the course of a select
day with over 50% recirculation, the particles in the supply air
were represented by 90% ultrafine (6 to 100 nm), 0.09% for
100 to 300 nm, and 0.01% for 300 to 2,500 nm as determined
by measurements with a High-Resolution Electrical Low
Pressure Impactor (HR-ELPI+, Dekati Ltd., Tampere, Fin-
land).58 In a comparison of deposition proportions in-room vs
ventilation systems, Nazaro+ and Sippola estimated that duct
loss for sub-micron particles is minimal compared to active
filtration loss.81 The o-ce room UFP concentrations (PRmA)
are thus assumed to be the same as those in the nodes at the

Figure 2. UFP monitoring for the o-ce and its air handling unit with a di+usion charger sensor array. (a) Room air di+usion charger sampling
location in the living laboratory o-ce. (b) Outdoor air intake di+usion charger sampling location. (c) Di+usion charger sampling locations for the
supply air upstream and downstream of the HVAC filter bank. An arrow is included to show the airflow direction for the supply air through the air
handling unit.
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return (PRetA), exhaust (PEA,out), and recirculation (PRecrA) due
to relatively negligible UFP deposition to HVAC duct surfaces.
The other three nodes were located in the air handling unit at
the outdoor air intake (POA,int) and supply air upstream (PSA,up)
and downstream (PSA,dn) of the HVAC filter bank.
Volumetric airflow rates (Qnode) were measured each minute

using air velocity mass flow transducers and later downloaded
from the Niagara system at the supply fan (supply air, QSA),
return fan (return air, QRetA), and outdoor air intake (QOA,int)
locations. The return and supply volumetric airflow rates were
equated, assuming relatively negligible infiltration and
exfiltration across the o-ce room envelope due to the
continuously operating HVAC system,82 thus allowing the
outdoor and exhaust (QEA,out) airflow rates to also be equated.
The recirculation airflow rate (QRecrA) was estimated as a
di+erence between the return and exhaust airflow rates.
Example airflow rates are listed in Figure 3c. Instantaneous
spikes in the raw airflow rates resulting from mode shifts were
manually removed by identifying weekly outliers that exceeded
the majority of the data by 340 m3/h.
A flux balance model was developed based on material

balance principles for UFP dynamics, where a number-based
UFP flux rate (Fnode) is estimated for a specific node and time.

F PN Qnode node node
= · (1)

Estimating UFP flux rates (UFP/h) from the number
concentrations and airflow rates allows insight into UFP
spatiotemporal dynamics within the HVAC system by mapping
UFP movement and migration throughout the o-ce and its air
handling unit, which are evaluated over time and among
di+erent locations. Flux rates for UFP number concentrations
were directly estimated using eq 1 for the outdoor air intake
(FOA,int) and supply air handling unit nodes upstream and
downstream of the HVAC filter bank (FSA,up, FSA,dn). The flux
for the return air following the room (FRetA) was estimated by
equating the return and room air concentrations. The flux rates
for the exhaust air (FEA,out) and recirculation air (FRecrA) were
then also indirectly estimated by equating the number
concentrations to that in the room air and using the estimated
volumetric airflow rates as described previously. Though it is
notable that there is likely a non-zero particle loss in the return
air duct that could be further estimated through more rigorous
chamber studies, the magnitude of the resulting flux rates
would be minimally a+ected by accounting for this loss. Figure
3 illustrates temporal measurements included in the process of
estimating UFP flux rates based on the monitored PN
concentrations and volumetric airflow rates at each measured
and estimated node.

Figure 3. Temporal composite plots for a select day of measurement delineating the UFP number concentration and volumetric airflow rate
measurements enabling spatiotemporal UFP flux rate estimations in an occupied o-ce over the course of a 14-h period, selected to highlight
diurnal variations, throughout which a HEPA filter was used. (a) Simplified schematic denoting the direction of airflow throughout the HVAC
system, color-coded based on outdoor air (OA,int; orange), supply air upstream (SA,up; purple) and downstream (SA,dn; lime green) of the
HVAC filter bank, room and return air (RmA, RetA; teal), exhaust air (EA,out; magenta), and recirculation air (RecrA; yellow). (b) UFP total
number concentrations measured at each of the 4 locations using di+usion charger sensors. (c) Volumetric airflow rates monitored using the
building automation system platform. (d) Seated room occupancy within the o-ce representing total occupancy.77 UFP PN flux estimated (e)
upstream and (f) downstream of the o-ce space.
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UFP loss was quantified across the HVAC filter bank using
the measured size-integrated UFP concentrations in the
upstream and downstream supply air to elucidate filter
e-ciency (ηfilter, %).

PN PN

PN
(%) 100%

up dn

up
filter

SA, SA,

SA,

= ·

(2)

The filter UFP loss flux (Ffilter) was then estimated as a
di+erential, which can be conceptualized as a UFP air exchange
rate, where a proportion of the o-ce air volume is replenished
over a given period of time.

F PN PN Q F F F( )up dn up dnfilter SA, SA, SA SA, SA, SA= · = =

(3)

By assuming negligible infiltration and exfiltration across the
o-ce room envelope, the main UFP loss processes in the room
include deposition to interior o-ce surfaces (Fβ) and return air
removal (FRetA). For the scope of estimating UFP fluxes for the
o-ce room, coagulation is considered to play a minor role as
PN concentrations were generally low in the room (≤1,000
UFP/cm3). Thus, the total UFP loss flux for the room is the
sum of Fβ and FRetA. O-ce room sources are understood to be
those generated by occupants (Focc) and brought in through
the supply air (FSA,dn). Thus, the total UFP source flux for the
room is the sum of Focc and FSA,dn.

Toward estimating a UFP deposition flux to interior o-ce
surfaces, a room-based first-order size-integrated deposition
loss rate coe-cient (βRm) (1/h) was first estimated during
steady-state periods over hourly increments to account for
changes in supply and return volumetric airflow rates. An o-ce
room volume (V) of 333 m3 was used.
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{
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In order to eliminate extraneous source or removal processes
occurring during occupied periods, βRm was estimated only
during vacant, late-night hours (12 AM−6 AM), when the
di+erence of the supply and return airflow rates exceeded 170
m3/h, and room PN concentrations exceeded a background of
300 UFP/cm3. Using this process, the median and mean
deposition loss rate coe-cients of the room during unoccupied
periods were estimated to be 0.479 and 0.725 1/h, respectively.
Though deposition is highly size dependent, these coe-cients
were deemed reasonable due to falling within the range
estimated for particles smaller than 100 nm, which have been
shown to be in the range of 0.1 to 1 1/h, as well as a previously
estimated size-integrated deposition loss rate coe-cient for
fine particles of 0.39 1/h.83,84 The median coe-cient was then
used as a static term to estimate hourly UFP deposition fluxes
in the o-ce room (F ), representing collective UFPs

Figure 4. UFP total PN and PSA concentrations: mean (+), median (−), 25th and 75th percentiles (boxes), and 10th and 90th percentiles
(whiskers), for PN (a) and PSA (b) concentrations are shown from the full campaign measurements at each of the four sampled nodes, including
outdoor air intake, supply air upstream and downstream of the HVAC filter bank, and o-ce return air. The measurements are divided based on the
filter type used at the time. There were no outdoor air measurements while the MERV14 filter was in place (indicated by an ‘X’), thus the indoor/
outdoor ratio based on the indoor (return) and outdoor measurements is only included for the HEPA period.

Table 1. Median Particle Number and Surface Area Concentrations Measured at Each Locationa

MERV14 (if applicable); HEPA

Particle Number (UFP/cm3) Particle Surface Area (μm2/cm3)

Location Median 25th percentile 75th percentile Median 25th percentile 75th percentile

Outdoor Air 1.9 × 103 1.3 × 103 2.7 × 103 140 110 190

Supply Air, Up 1.2 × 103 630 1.9 × 103 80 50 120

1.5 × 103 830 2.4 × 103 90 50 150

Supply Air, Down 690 410 1.0 × 103 60 30 90

40 30 60 2.5 1.7 3.5

Room Air 640 410 990 40 30 60

100 60 200 3 2 8
aItalic numbers are MERV14. Bold numbers are HEPA.
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depositing via Brownian and turbulent di+usion over the
course of an hour.

F PN V
Rm RetA (5)

Occupant-sourced UFP fluxes were then estimated over 30-

minute increments (F
occ

).

F F F Fdnocc RetA SA, + (6)

When distinguished as known high-concentration events,
each estimated occupant-sourced UFP flux can be understood
as an indoor-associated UFP emission rate.

■ RESULTS AND DISCUSSION

Spatiotemporal Dynamics of UFPs in an O�ce HVAC

System. The use of four di+usion chargers enabled
simultaneous multinodal UFP measurements to explore highly
transient UFP dynamics in the room and its air handling unit.
Figure 4 summarizes the UFP total PN and PSA concen-
trations measured at each of the nodes, sorted into a MERV14
or HEPA period. Median concentrations for each of these
locations are shown in Table 1, separated into filtration periods
when available. The UFP fluxes estimated in this campaign
represent the size-integrated particle migration and removal
rates on a number basis, allowing insight into concentration

Figure 5. Probability mass functions (PMF) illustrating spatiotemporal UFP number flux rates (UFP/h) at each location in an o-ce and its air
handling unit. (a) Upstream of the o-ce: outdoor air, prefilter supply air, and postfilter supply air. (b) Downstream of the o-ce: return air, exhaust
air, and recirculation air.

Figure 6. (a, b) Probability mass functions (PMFs) of estimated UFP fluxes upstream and downstream of (a) MERV8 prefilter + MERV14 filter
(99 days; February to May) and (b) MERV8 prefilter + HEPA filter (178 days; May to November). (c, d) The di+erential between the UFP fluxes
upstream and downstream of the HVAC filter bank (ΔFSA, eq 3), illustrating the e+ect of the filters on UFP loss, as compared to the UFP PN flux
in the return air. (e) E-ciency (eq 2) of the MERV8 prefilter + MERV14 filter and (f) the MERV8 prefilter + HEPA filter.
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magnitudes at varying airflow rates, capturing generation and
movement within and across nodes.
Figure 5 represents the probability mass function (PMF) of

the UFP fluxes estimated at each location associated with the
o-ce and its air handling unit for the full sampling campaign,
where each set of histograms illustrates the proportion (y-axis)
of flux at each value (x-axis), summing to 1, and is further
broken down by MERV14 or HEPA periods in Figures 6 and
7. The order of highest to lowest median flux rates while all

sensors were present within the HVAC system is upstream
supply air > outdoor air intake ≫ return air > downstream supply
air > recirculation air > exhaust air. Median flux values are
shown along with the 25th and 75th percentiles in Table 2.
The relative UFP flux rates estimated in this study also align
with a similar finding by Jiang et al., where the magnitudes of
the air handling unit UFP delivery are discernably less than
rapid in-room emission rates identified by specific sources.4

Elucidated occupant-sourced emission rates from 30 known
events are illustrated in Figure 8; the concentrations and
resulting fluxes for three singular known emission sources are
represented temporally in Figure 9. In addition to providing
insight into air handling unit performance and mitigation
dynamics, the UFP flux at di+erent locations can be used to
roughly estimate the total particles passing through each
location by multiplying the flux rate (UFP/h) by a time scale
and proportionately scaling the result to di+erent time units
(e.g., daily UFP = UFP/h · 24 h/day). Figure 10 displays the
estimated number-based magnitudes of UFPs entering and
leaving the building for the monitored o-ce air handling unit
at various time scales, proportionately based on the estimated
median hourly UFP flux for the outdoor air intake and exhaust

air. The following sections refer to the total PN and PSA
concentrations (Figure 4), estimated flux values (Figures 5, 6,
and 7), temporal trends (Figures 3 and 8), and time-integrated
total UFPs (Figure 10) to discuss UFP dynamics within and
between each of the major nodes in the HVAC system (Figure
1).

Outdoor Air. Outdoor air UFP concentrations were
measured over the course of 2 months in the summer (July
to September), with a median PNOA,int of 1.9 × 103 UFP/cm3.
Out of 64 sampling days, 32 days reached or exceeded a PN of
1 × 104 UFP/cm3, which occurred at various times throughout
the day and di+erent days of the week. A long-term study

Figure 7. Filter e-ciencies over time during the period of monitoring
for (a) PN (green) and (b) PSA (teal), compared to I/O ratios
during the HEPA period (blue, right). The MERV14 filter had already
been in use before the campaign, and the HEPA was newly installed.
X’s indicate missing PN and PSA outdoor data.

Table 2. Median Particle Number Flux Rates at Each
Locationa

MERV14 (if applicable); HEPA

Particle Number Flux (UFP/h)

Location Median 25th percentile 75th percentile

Outdoor Air 3.5 × 1012 2.3 × 1012 6.0 × 1012

Supply Air, Up 2.9 × 1012 1.5 × 1012 4.6 × 1012

4.1 × 1012 2.3 × 1012 7.1 × 1012

Supply Air, Down 1.7 × 1012 9.8 × 1011 2.6 × 1012

1.7 × 1011 1.1 × 1011 3.1 × 1011

Return Air 1.5 × 1012 9.9 × 1011 2.4 × 1012

2.6 × 1011 1.6 × 1011 3.8 × 1011

Exhaust Air 4.7 × 1011 1.0 × 1011 1.4 × 1012

1.1 × 1011 6.3 × 1011 1.9 × 1011

Recirculation Air 7.4 × 1011 2.3 × 1011 1.3 × 1012

1.2 × 1011 6.0 × 1010 2.0 × 1011

aItalic numbers are MERV14. Bold numbers are HEPA.

Figure 8. Occupant-sourced UFP flux rates, analogous to source
emission rates, estimated for 30 observed occupant activities within
the o-ce room (eq 6).
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situated on a suburban campus reports a slightly higher median
outdoor total PN of 7.3 × 103 UFP/cm3.85 In the same study,
days experiencing high tra-c or pollution incurred PN peaks
in the Aitken mode of around 2.5 × 104 UFP/cm3 and
accumulation mode averaging 2 × 104 UFP/cm3.85 The
authors suggest that concentrations below a background of 4 ×
103 UFP/cm3 indicate “clean days” absent of strong UFP
sources or cleansed by weather for that location,85 which
closely agree with a review identifying a PN of 3.2 × 103 UFP/

cm3 across a survey of studies as a median for “clean”
monitoring sites.86 Another study comparing UFPs at
suburban, rural, and urban sites found similar concentrations
(peak PN of 9.4 × 103 UFP/cm3), while also illustrating high
rates of new particle formation during the summer paralleling
tra-c emissions.87 Although outdoor air PN concentrations
can vary by multiple orders of magnitude with a single region,3

these ranges are congruent with the range of outdoor UFP
concentrations reported globally while being lower than sites
that are metropolitan or directly roadside, which can reach PN
levels as high as 105 UFP/cm3 in high-density areas.3,13,87,88

Previous studies report high PN concentrations emitted from
utility plants and airports;89−92 thus; it is possible that UFPs
were sometimes transported form Purdue’s airport and campus
utility plant toward the Ray W. Herrick Laboratories.
Measured outdoor total PSA concentrations in this campaign,
with a median PSAOA,int of 140 μm2/cm3, closely agree with
previously reported PSA concentrations for fine and ultrafine
particles (10 nm ≤ Dp ≤ 2,500 nm), with medians of 120 and
154 μm2/cm3 reported for rural60 and urban33 environments,
respectively. Despite the agreement, PSA UFP measurements
remain underreported.
The air handling unit outdoor air intake is regulated by the

outdoor air damper position and supply air fan speed, with
outdoor air volumetric airflow rates ranging from QOA = 0 to
4,500 m3/h throughout the campaign, ensuring enough
outdoor air per occupant. The outdoor air exhibited the
highest PN and PSA concentrations within the HVAC system
(Figure 4), roughly taking in tens of trillions of UFPs on a daily

Figure 9. Temporal number plots for 3 singular emission events illustrating the monitored UFP PN concentrations and estimated UFP number flux
rates at the return air and upstream and downstream supply air nodes, among select source events: (a) Using an oil di+user (2/16, 21:54) followed
by peeling a mandarin (22:12). (b) Peeling and consuming a mandarin (5/31, 20:17). (c) Cleaning the o-ce floor via dusting and burnishing (6/
14, 6:24).

Figure 10. Time-integrated UFP transport: total UFP number
entering (OA,int; orange) and leaving (EA,out; magenta) an air
handling unit, elucidated from 58 days of measurement at the outdoor
intake and exhaust, illustrating the magnitude of particle tra-c over
di+erent time scales, based on a single (20-person capacity) open-plan
o-ce with a MERV8 prefilter + HEPA filter in place.
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basis (FOA,int·24 h = 8 × 1013 UFPs, Figure 10); however, the
outdoor air node has the second highest flux rates illustrated by
the PMF, with a median FOA,int of 3.5 × 1012 UFP/h. The two
most notable UFP flux shifts (Figure 5) occur at the mixing of
the recirculation and outdoor air yielding the upstream supply
air and between the upstream and downstream supply air due
to the e+ects of the prefilter and filter in the air handling unit.
Supply Air. Although the recirculation air dilutes the

incoming outdoor air to yield lower UFP concentrations, the
supply airflow rate is often higher than that in the outdoor air
(max QSA = 5 × 103 m3/h), such as with the day shown in
Figure 3. This higher airflow rate in turn contributes to a
stronger probability of higher UFP flux rates upstream of the
filter bank, with a median FSA,up of 4.1 × 1012 UFP/h over the
sampling summer period when all 4 sensors were present
(HEPA period). The downstream supply air flux is at least 1
order of magnitude less than that upstream due to the
concentration di+erential across the HVAC filter bank, with a
median FSA,dn = 1.7 × 1011 UFP/h (HEPA period).
As seen in Table 1, the UFP number and surface area

concentrations are slightly higher for the upstream supply air
location during the HEPA period (mid-May to November)
than during the MERV14 period (mid-February to mid-May).
The outdoor air PN concentrations during the MERV14
sampling period�which were not measured�are thus likely
lower than those shown for the HEPA period. Replacing the
MERV14 filter with a HEPA filter had a noticeable outcome
on the downstream supply air PN and PSA concentrations,
decreasing from a median PNSA,dn of 690 UFP/cm3 to 40 UFP/
cm3 and PSASA,dn of 60 μm2/cm3 to 2.5 μm2/cm3.
Proportionwise, changing to the HEPA filter resulted in a
94% decrease for PN and 97% decrease for PSA, while also
reducing the concentration variability of each that persisted
through the filter bank. These values are relatively consistent
over 3 months (Figure 7). Similar PN concentrations (10 nm
≤ Dp ≤ 1,000 nm) in the supply air post-HEPA filter have
been reported as less than 100 #/cm3.16

Figure 6 further breaks down the PMFs of UFP fluxes for the
supply air locations by filter type (MERV14 or HEPA). The
e+ects of the prefilter were not isolated for in this campaign,
but MERV8 has previously been estimated to achieve a median
filtration e-ciency ranging from 10 to 50% for UFPs greater
than 10 nm.13,93,94 The UFP number-based filtration e-ciency
of the MERV14 filter, with a ηfilter of 40% (25th and 75th
percentiles = 30 and 50%) (Figure 6e), resulted in a bimodal
postfilter flux PMF (Figure 6a), with a FSA,dn median of 1.7 ×
1012 UFP/h. Figure 7 illustrates the variation in MERV14
e-ciency over the 3 monitored months (median PN ηfilter = 33,
48, and 41%; median PSA ηfilter = 27, 34, and 30%), which may
be due to time-dependent changes in filter loading and/or
particle composition. Using similar methods, Jiang et al.
estimated that an energy recovery ventilator running in an air
handling unit supplied around 3.73 × 1011 UFP/h to a
residence.4 Switching to a HEPA filter in this campaign
reduced the downstream flux an order of magnitude as well as
the variability, to a FSA,dn median of 1.7 × 1011 UFP/h. This
reduction implies that roughly a trillion (1012) fewer UFPs
were supplied to the room each hour, or about tens of trillions
(1013) daily. The PMFs in Figure 4c and d, including the
supply air di+erential and return air fluxes, further illustrate the
stark contrast in the resulting return air when changing the
filter from MERV14 to HEPA, from a median FRetA of 1.5 ×
1012 to 2.6 × 1011 UFP/h. A study using a HEPA-fitted

chamber estimated UFP delivery at background to be around
107 to 108 UFP/h,95 which is intuitively much lower due to
stricter source containment and limited infiltration.
The MERV14 e-ciency values estimated in this campaign

(Figure 6e) fall within the lower end of previously reported
values, often ranging 60 to 95% for UFPs from 10 to 100 nm,
depending on particle size and face velocity.13,94 This filtration
quality is comparable with deep bag filters shown to be less
e+ective between 5 and 200 nm, with e-ciencies varying
around 25−50%.96 In contrast, the median HEPA filtration
e-ciency was 96% (Figure 4f) throughout the campaign,
closely agreeing with previously measured HEPA filters across
all particle size ranges.13 Several of the estimated higher
magnitude UFP fluxes in downstream supply air are the result
of higher supply air delivery rates (Figure 4b).
Notably, the MERV14 period had relatively similar PN in

the downstream supply and return air but less PSA in the
return air relative to supply. After changing to HEPA, the PN
and PSA show a slight increase in the return air relative to the
supply. It is possible that the MERV14 filter allowed higher
PSA concentrations to pass through. This provides more sites
for coagulation of smaller UFPs and condensation of low-
volatility vapors, limiting indoor nucleation and growth events
that contribute to UFP total PN detection.9,97 Thus, this
increase in the return air PN during the HEPA period may be
explained by the HEPA filter’s removal of active particle
surface area that would be available as a coagulation or
condensation sink, thus allowing for more prolific indoor UFP
formation due to the ozonolysis of monoterpenes and skin
oil.98 Because the room was not controlled for occupant
activities, it is also likely that there is some seasonal and
occupant-based variation. Furthermore, the variation in
filtration e-ciencies and particles in the downstream supply
air may be explained by the composition and concentrations of
the particles loading the filter in the upstream supply air.48

Return/Room Air. Throughout the campaign, notable UFP-
generating activities induced by occupants included cleaning
by sta+ or students, using highly volatile odor-control products,
eating citrus, and brewing co+ee. Because the o-ce does not
contain printers or any other high nanoparticle emission
appliances that would generate primary aerosols, rapid in-o-ce
UFP concentration spikes allude to new particle formation
from in-o-ce monoterpene ozonolysis, which has been shown
to be readily plausible99,100 and suggested by episodic fruit-
associated monoterpenes measured throughout the cam-
paign.44

The living laboratory incurs varying levels of occupancy
depending on the day and time of the semester, with occupants
spending most of the o-ce time at their desks.77 Median room
UFP concentrations during unoccupied periods during the use
of the MERV14 and HEPA filter were PNRetA = 560 UFP/cm3

and 80 UFP/cm3, respectively, and PSARetA = 40 μm2/cm3 and
4 μm2/cm3, respectively. Overall, the median UFP concen-
trations in the room are PNRetA = 640 UFP/cm3 and PSARetA =
40 μm2/cm3 during the full MERV14 period, and PNRetA = 100
UFP/cm3 and PSARetA = 3 μm2/cm3 during the full HEPA
period, including both occupied and unoccupied times. Each of
these concentrations is well-below the suggested 8-h PN
exposure limits of 1,000 UFP/cm3 for ambient UFPs and
40,000 UFP/cm3 for workplace nanoparticles.40,43 Previously
reported o-ce UFP concentrations in suburban o-ces with
comparable HVAC filters and lacking high UFP-emitting
manufacturing or combustion sources have similarly less than
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1,000 UFP/cm3,55 but have also been shown as high as 3.5 ×
104 in an 80-person HEPA-filtered o-ce with high indoor
ozone levels.16 Background PSA concentrations (54 nm ≤ Dp

≤ 565 nm) among laboratory and o-ce environments with
varying HVAC filters have been reported to average 10 μm2/
cm3.12,101 Other studies report higher UFP concentrations in
o-ces, with PN ranging in medians from 1.6 × 103 to 5.9 ×
103 UFP/cm3 with varying occupancy levels,10,24,102 and 500 to
∼1.3 × 103 UFP/cm3 in unoccupied o-ces.10,24

Figure 3 illustrates the measured UFP number concen-
trations, volumetric airflow rates, total o-ce occupancy, and
estimated UFP flux rates over the course of 14 h for a select
day during the sampling campaign. For this day, the o-ce is
occupied by 1−5 people for around 4 h (10 AM−2 PM)
before the first noticeable UFP peak of 5.9 × 103 UFP/cm3

from an unknown emission source. The background period in
the return air from 6 AM to 8 AM has a UFP flux magnitude of
FRetA = 1011 UFP/h compared to 1013 UFP/h during active,
occupied hours at the 1:40 PM emission event. The elevated
flux of room-sourced particles is also exhausted to the outdoors
and recirculated at roughly similar rates (FRetA = 1.4 × 1013,
FRecrA = 8.6 × 1012, and FEA,out = 5.3 × 1012 UFP/h, at peak).
The recirculated UFPs are then diluted after mixing with the
outdoor air at the upstream-filter supply (PNSA,up = 2.7 × 103

UFP/cm3, FSA,up = 6.4 × 1012 UFP/h, at the corresponding
time) and filtered before re-entering the room supply air
gradually at a lower concentration and flux (PNSA,dn = 110
UFP/cm3, FSA,dn = 2.6 × 1011 UFP/h). These flux values are
similar to size-resolved emission rates estimated for printing-
related emissions (108 to 1012 UFP/h)22,103 but generally less
rapid than cooking-related emission rates from energy-e-cient
appliances (1012 to 1013 UFP/h).4,104

Room-specific fluxes (eq 6) elucidated during select known
events logged throughout the campaign with noticeable UFP
PN peaks can be understood as occupant-sourced emission
rates generated at the room node. Median values for these
emission rates were grouped into higher and lower categories
of magnitude fluxes, resulting in eating citrus fruit (median Focc
= 4.3 × 1012 UFP/h; 23 events) and brewing co+ee, cleaning,
and using odor-control products (median Focc = 2.4 × 1011

UFP/h; 7 events) (Figure 8). Time-series plots for several
observed in-room events revealed that potential UFP-
generating activities did not always yield UFP spikes, likely
due to factors limiting UFP formation, which is heavily
dependent on room conditions including temperature and
ozone availability to react with the emitted VOCs.105,106 The
ozone in the o-ce and air handling unit was previously shown
to be highly transient,58 as it is readily depleted in reactions
with other airborne VOCs, such as monoterpenes,18,20,107,108

and skincare products or squalene found on skin and
clothes.16,109,110

Select observed high emission events are shown in Figure 9,
where the PN concentration and flux rates for the return air
and pre- and postfilter supply air are plotted temporally over an
hour. Figure 9a exemplifies two separate UFP peaks likely
arising from ozone-monoterpene reactions, where elevated
UFPs are first detected after using an oil di+user, rising to
PNRetA of 460 UFP/cm3 from a background of <90 UFP/cm3

(Focc = 2.2 × 1011 UFP/h), followed by peaking at PNRetA of
4.3 × 103 UFP/cm3 from consuming a mandarin (Focc = 2.2 ×
1012 UFP/h). Figure 9b includes a separate mandarin
consumption event, peaking higher at PNRetA of 5.2 × 104

UFP/cm3 from a background of <60 UFP/cm3 (Focc = 1.7 ×

1013 UFP/h). Vartiainen et al. achieved similar magnitudes of
10 nm UFPs peaking around 2 × 104 UFP/cm3, with emission
rates around 3 × 1012 UFP/h.99 Chamber studies investigating
likely similar new particle formation from monoterpene
ozonolysis by applying essential oil-based lotion and mosquito
repellants have achieved average emission rates of 1.0 × 109

UFP/h17 and ranging 2.5 × 1010 to 5.9 × 1011 UFP/h,111

respectively, while ensuring the presence of ozone for
reactions. The UFP PNRetA peak of 4.0 × 104 UFP/cm3

shown in Figure 9c arises from an early morning floor
burnishing, with an estimated Focc of 1.4 × 1011 UFP/h in a
similar range as the indoor ozonolysis events.

Exhaust and Recirculation Air. The PMFs in Figure 5b
(which includes data solely from the HEPA period) illustrate
that return air flux migrates toward recirculation and exhaust
air at roughly the same flux rate magnitudes. Because the PN
concentrations were assumed to be equal for each of these
locations, the shape of each PMF is heavily dependent on the
volumetric airflow rates at each location. The recirculation air
exhibits a notably bimodal PMF, with median FRecrA = 1.2 ×
1011 UFP/h. Though the exhaust air PMF is more unimodal, it
shares nearly equal flux values, with median FEA,out = 1.1 × 1011

UFP/h. These values are each about half of the median return
air flux during the HEPA period and are the most likely to have
the lowest flux values out of the nodes in the HVAC system at
any given time.
The time-integrated fluxes extrapolated from the hourly

fluxes in Figure 10 are based on measurements when all four
di+usion charger sensors were in position during the HEPA
period for 58 complete sampling days. At an hourly rate, 4%

( )F

F

out

int

EA,

OA,

of the number of UFPs entering the building were

exhausted. This proportion is intuitive when considering that
the HEPA filter removed 96% of UFPs and accounts for the
most notable UFP loss process, indicating that modern o-ce
buildings act as a net sink for UFPs. Based on a median hourly
outdoor air intake of 3.5 × 1012 UFP/h and exhaust of 1.1 ×
1011 UFP/h for this o-ce space, the expected annual UFP
intake for this o-ce is estimated to be 3.0 × 1016 UFPs, with
an annual UFP exhaust of 1.2 × 1015 UFPs, which would vary
based on HVAC filter usage and maintenance. Lower quality
filters would allow higher UFP concentrations to be delivered
to the room, which would then also be recirculated and
exhausted.
The general recommendation for replacing HVAC filters is

around 3 months. Using the logic extrapolated for this
campaign, a 3-month HEPA filter for this o-ce may collect
tens of quadrillions (1016) of UFPs, in addition to those of
other sizes, with larger particles being filtered out by the
MERV8 prefilter. Over a 10-year projected time period, the
o-ce would then be expected to intake 3.0 × 1017 UFPs and
exhaust 1.2 × 1016 UFPs. The hourly intake and exhaust UFP
rates can also be normalized to an o-ce floor area of 104 m2,
resulting in a FOA,int of 3.3 × 1010 UFP/h-m2 and FEA,out of 1.4
× 109 UFP/h-m2, or a net intake of 3.2 × 1010 UFP/h-m2, for
this specific 20-person open-plan o-ce.
Indoor/Outdoor (I/O) Ratios of UFPs on a Number

and Surface Area Basis. The I/O ratios summarized in
Figure 4 were estimated for the period when both the indoor
and outdoor di+usion charger sensors were present (July to
September) by synchronizing the PN or PSA concentrations
on a minute basis and then dividing PRetA into POA,int at the
same minute. Outdoor air measurements were not made
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during the MERV14 period. The I/O ratios during the HEPA
period sampling time were thus very low, with medians of I/
OPN = 0.04 and I/OPSA = 0.02. These estimated I/O ratios are
much lower than those reported in other academic buildings
and o-ces due to higher quality filtration resulting in lower
indoor concentrations. Similarly low I/OPN’s of 0.06 to 0.08
were achieved for particles ranging from 10 to 300 nm using
F7 filters (∼MERV13),51 with average indoor PN room
concentrations around 250 to 330 UFP/cm3.97

UFP number size distributions measured while using a
MERV8 filter in a commercial rehabilitation center achieved I/
O modes of I/OPN = 0.15 for 10−50 nm and 0.1 to 0.3 for 50−
100 nm.11 A similar overall median I/OPN of 0.17 was achieved
for particles less than 500 nm using a glass fiber media filter,
rated at an e-ciency of 80%,55 analogous to MERV14 on the
basis of UFP removal.13 Median I/O ratios of 0.20 to 0.38
were achieved using an electrostatic filter among three o-ce
buildings containing printers.96 A higher median of I/OPN =
0.5 was achieved across 10 o-ces using lower quality filters
rated MERV4 to 8.102 In general, indoor o-ce UFP I/O ratios
estimated with PN are noticeably smaller compared to other
buildings, especially those with indoor cooking emissions102

unless there are intense or frequent high emission rate in-room
events such as 3D printing.22,25 The low I/O ratios estimated
during this campaign are estimated during a HEPA filter period
situated in a high-performance building. This environment is
ideal for optimizing IEQ within HVAC operations, which may
contrast older buildings that may not have the same resources
for higher-energy operation costs and filter maintenance and
upkeep.112

Informatics for HVAC Operation and Building
Control Integration for Decision-Making. Number-based
flux rates were chosen as a way to model UFP migration within
an HVAC system using simultaneous multinodal monitoring
pairing di+usion chargers with building automation system
data. Mapping these fluxes enables visualization of UFP
movement throughout a building, which can be used to
evaluate source events and air handling unit performance. It
highlights the importance of multipoint UFP detection, as
higher particle concentrations may be sourced within the
building or from the outdoors, which necessitates di+erent
mitigation strategies than for other indoor air pollutants, such
as CO2. As illustrated, a single or few high-emitting occupant
events could cause an in-room PN concentration upward of
104 to 105 UFP/cm3 in a brief amount of time by cleaning or
eating citrus fruit. Current air handling unit operations
centered around demand-based control (e.g., via CO2

detection) or anticipated demand (temporally programmed
supply air delivery) completely overlook aerosol emissions,
which are heavily dependent on activity and pre-existing
conditions rather than total occupancy. The simplified model
used to estimate occupant-sourced flux rates uses a static
context-based term (F ) in combination with dynamically

measured source and loss terms (F F,
dnRetA SA, ). Future e+orts

to monitor a room of concern with high UFP emission rates,
such as with printers or combustion, would be able to utilize
online UFP sensors upstream and downstream of the room in
a similar way to enable real-time flux estimation. This emission
rate could either inform the need for source reduction, such as
by installing local exhaust hoods, or could be compared with
additional sensors enabling outdoor influx rate estimation, for
real-time decision-making. Comparing the outdoor influx rate

to indoor emission sources is more imperative in heavily
polluted outdoor environments, such as during wildfires, or
when using non-HEPA filters, where it cannot be assumed that
supplying filtered outdoor air will introduce lower UFP
concentrations.
Though UFPs are known to be closely associated with

exposure outcomes, there is still a lack of a+ordable
instrumentation that can be used for scalable building
integration and automation. There are also no standardized
UFP exposure thresholds, though there are time-averaged
suggestions based on certain exposures such as nanoparticles as
well as suggestions to account for background concentrations
to contextualize elevated concentrations.24,42,43 The challenge
of choosing a limit is even more complex when considering
particle composition; synthetic and naturally occurring UFPs
may follow similar transportation dynamics, while also
contributing to di+erent chronic and acute adverse health
outcomes.27 Low-cost optical sensing for PM2.5 mass
concentrations has spurred its widespread usage such that
monitoring is available worldwide and can be used by anyone
with basic programming skills, as well as integrated within
Internet of Things (IoT) frameworks. Further developments in
portable aerosol instrumentation capable of detecting UFPs,
such as condensation particle counters and di+usion chargers,
would similarly allow for wider spread UFP monitoring outside
of high-maintenance laboratory environments. Including UFP
detection within longitudinal health studies would enable more
robust exposure-response scenarios with adverse health e+ects,
providing intel for standard development alongside existing
metrics. Lower-cost UFP sensing would also allow for more
permanent integration within building systems for UFP-based
ventilation control, as well as real-time HVAC assessment for
evaluating in-room air cleaning and filtration technologies.
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