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Abstract

Ultrafine particles (UFP) (< 100 nm) have been related to adverse human health effects such as
oxidative stress and cardiovascular mortality. However, human exposure to particles of outdoor
origin is heavily dependent on their infiltration into homes. The infiltration factor (Fin) and its
variation as a function of several factors becomes of enormous importance in epidemiological
studies. The objective of this study is to investigate the transport of UFP into a residential
building and to determine the functional dependence of infiltration on particle size and air
change rate. A secondary objective was to estimate the values of the penetration coefficient P
and composite deposition rate Keomp that enter into the definition of Fiyr. Using continuous
measurements of indoor and outdoor concentrations of size-resolved particles ranging from 5 nm
to 100 nm in a manufactured test house, particle penetration through the building, composite
deposition, and the resulting value of Fi,s were calculated for two cases: closed windows and one
window open 7.5 cm. Fiy ranged from close to 0 (particles < 10 nm) to 0.3 (particles > 80 nm)
with windows closed and from 0 to 0.6 with one window open. The penetration coefficient
(closed windows) increased from about 0.2 for 10-nm particles to an asymptote near 0.6 for
particles from 30-100 nm. Open window penetration coefficients were higher, ranging from 0.6
to 0.8. Closed-window composite deposition rates, which included losses to the furnace filter
and to the ductwork as well as to interior surfaces, monotonically decreased from levels of about
1.5 h™! for 10-nm particles to 0.3 h™' for 100-nm particles. For the open-window case, composite
deposition rates were higher for particles <20 nm, reaching values of 3.5 h™". Mean standard
errors associated with estimates of P, Keomp, and Fin for two series of measurements ranged from
1.0% to 4.4%.
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Introduction

During the past decade, epidemiological studies have demonstrated that outdoor particles
are associated with adverse human health outcomes (1, 2), particularly respiratory and
cardiovascular diseases. Ultrafine particles (UFP), which are smaller than 100 nm in diameter,
may be more important in inhalation exposure than PM; 5 (< 2.5um) or PM;( (< 10um) (3, 4).
The large relative surface area of UFP can make toxic air pollutants such as polycyclic aromatic
hydrocarbon (PAH) and transition metals more biologically available (5, 6). UFP inhaled by
human beings are suspected to induce pulmonary inflammation and enter the blood circulation,
damaging other sites in the cardiovascular system (5, 7). They have also been shown to induce
oxidative-stress alterations of DNA in humans following 24-h exposure to vehicle emissions (8)
and have been implicated in human mortality (3).

Two main sources of outdoor UFP are primary combustion products from automobile
exhaust (9) and photochemical reactions in the atmosphere (10). Indoor UFP sources include
electric and gas stoves (11, 12, 13), vented gas clothes dryers (14), and electric motors (15).
Also, chemical reactions between terpene and ozone indoors produce UFP as byproducts (16,
17). People spend most of their time indoors (18) and outdoor particles can penetrate through the
building envelope. Therefore, human exposure to UFP in buildings depends on both outdoor and
indoor sources.

UFP penetrate into the house by air infiltration (uncontrolled airflow through leakage
paths in the building envelope) or through open windows. The particle penetration efficiency is a
function of building crack characteristics, indoor-outdoor pressure difference, and particle size

(19, 20, 21). Factors influencing particle deposition include particle size, building ventilation



characteristics, indoor air speed, turbulence intensity, room geometry and the orientation and
roughness of the deposition surface (21, 22, 23).

The fraction of the ambient particles that penetrates indoors and remains suspended under
steady-state conditions is defined as the infiltration factor (Finf) (24, 25). Variability of Fins
within and across homes is enormously important in determining the fraction of total exposure
due to outdoor air particles. Epidemiological studies that estimate the effect of outdoor air
particles on public health almost exclusively rely on outdoor measurements at central monitoring
sites. These studies assume that the monitored outdoor concentrations represent (to within a
constant factor) personal exposures of the entire population in the area, even though the
magnitudes of the infiltration factors can vary by up to a factor of 3 across homes (26). A poor
correlation between outdoor particle concentration and personal exposure to particles of outdoor
origin can result in a poor estimate of the associated health effect.

For a given building under steady-state conditions, Fins is a function of particle
penetration efficiency (P), air change rate (a), and composite deposition rate (Keomp):

_ Pa
a+k

comp

(1)

inf

In this equation, the composite deposition rate Keomp is @ composite of at least three
processes: deposition to interior surfaces in the conditioned area; capture on the furnace filter;
and deposition to ductwork when the central fan is on. In our studies, a central air conditioning
unit was always on, and therefore all three processes were active at all times.

Note that P is dimensionless and lies between 0 and 1, a and Keomp have the same
dimension (inverse time), and therefore the infiltration factor is a dimensionless fraction between

0 and P. The values of P and Keomp depend strongly on particle size.



Several previous studies have evaluated infiltration factors (13, 24-28). Hoek et al. (27)
measured particle number concentrations (7 nm to 3 um) outside and inside homes in four
European cities. The study observed infiltration factors ranging from 0.06 to 0.43. Long et al.
(13) reported infiltration factors for nine Boston homes ranging from 0.2 to close to 1 for
particles sized between 20 nm and 100 nm.

The present study investigates the infiltration, penetration, and deposition of size-
resolved UFP, including the seldom-studied diameters < 10 nm. The results from the
measurements and analytical modeling of the present study can be used to improve prediction of

occupant exposure to UFP.

Methods

Test House description

The experimental measurements were conducted in a manufactured test house. The house
consists of three bedrooms, two baths, kitchen, family room, and dining and living area, having a
floor area of 140 m* and a volume of 340 m’ (see the floor plan in the Supporting Information,

Figure S1).

Measurements of air change rate and UFP concentrations

Air change rate and size-resolved particles in the test house were monitored on 19
weekends from August 2008 to September 2009. During the weekend measurements, the house
was uninhabited. Air change rates were measured using a tracer gas (SF¢) decay technique . The
tracer gas was released into the living room at 4-hr intervals using an automated system and the

decaying concentrations were monitored at 10-minute intervals at six locations in the house



(master bedroom, bedroom 2, living room, family room, dining room, and kitchen). The
concentrations were measured using gas chromatography with electron capture detection
(GC/ECD), and the air change rate was estimated by regressing the natural logarithm of the
tracer gas concentration versus time (29). Following the injection of the tracer gas, it normally
took about one hour for all rooms to be well-mixed, with relative standard deviations (RSDs)
<0.1. Moving-average 70-minute regressions were then calculated to determine air change rates.
The majority of RSD values were <0.1.

Along with the air change rate, measurements of size-resolved particles were performed
indoors and outdoors using a scanning mobility particle sizer (SMPS) (Model 3936, TSI, St.
Paul, MN). The SMPS consists of an electrostatic classifier (Model 3080), a nano-differential
mobility analyzer (Nano-DMA, Model 3085) and a water-based condensation particle counter
(CPC; Model 3786). The SMPS monitored particles ranging from 2 nm to 64 nm using a sheath
flow rate of 15 L/s and an acrosol flow rate of 1.5 L/s (10:1 sheath/aerosol flow ratio). About
half the time, the SMPS monitored particles from 3 nm to 100 nm using a sheath flow rate of 6
L/s and an aerosol flow rate of 0.6 L/s. The larger flow rates were achieved by adding a bypass
pump (Model 3032, TSI) with a critical flow orifice (Model W-13-SS, O'Keefe, Trumbull, CT)
to the system. Therefore, the measurements with the SMPS were capable of providing real-time
particle number concentration and size distribution in the range from 2 nm to 100 nm.

The SMPS was located in the master bedroom (Figure S1) and monitored size-resolved
UFP inside and directly outside the house. The sampling rate of UFP was set at 2.5 min: 2 min of
measurement and 30 s for the voltage to return to baseline. An automatic switching system was
used to allow monitoring indoors and outdoors sequentially. The valve in the system could

directly switch between sampling between indoor air and outdoor air according to the timing



circuit. Using the switching system, indoor and outdoor UFP concentrations were alternately
measured with an interval of 5 min to 10 min (2 to 4 consecutive scans for each location). Nine
experiments were with closed windows, and 10 with a single window open about 7.5 cm. Each
experiment lasted about 60 hours, typically from 3 PM on a Friday to 9 AM on the following
Monday. Nominally about 1440 UFP measurements were thus available, 720 in outdoor air and

720 in indoor air.

Data Analysis

In the absence of indoor sources, the main factors determining the indoor UFP
concentrations are the penetration through the building envelope of outdoor UFP, deposition of
particles on indoor surfaces, and air change rate. Incorporating these three factors into a mass-
conservation model and considering the indoor volume acting as a well-mixed reactor, the

dynamic indoor particle concentration can be written as follows:

dC,,

dt = IDa‘Cout - (a + kcomp k:in (2)

Recirculated air at approximately 5 house volumes per hour went through the central
furnace filter and ductwork. The result is increased particle deposition on the filter and ductwork
surfaces (30). However, other losses such as particle coagulation are expected to be relatively
small, given that the ultrafine particle concentrations in the house were generally lower than
5,000 cm” in most of the measurements

Equation (2) is valid for particles of all sizes, but will have different values of P and Kcomp
for each size. The 97 particle size bins ranging from 2 nm to 64 nm or from 3 nm to 100 nm were

categorized in groups of 5 adjacent particle size bins, with each bin containing the sum of the



five number concentrations. Equation (2) was then applied to each category, identified by the
geometric mean diameter of the 5 size ranges. At each discrete time step, assuming constant P
and Keomp, the predicted indoor particle concentration at time t (Cint) was calculated for each
particle size category using the difference form of Equation (2):

Cin = Pa,Cou AL+ (1 (@, +Kegmp JACin 3)
where a; is the air change rate and C,,; is the outdoor concentration at time t, and At is the time
step (in this case 2.5 minutes). This relatively small time step (0.04 h) allowed approximating the
exponential decay of the indoor concentration by the linear term in
Equation (3).

Comparing the calculated and measured concentration profiles over a 60-hour period,
the best-fitting values of the penetration coefficient P and composite deposition rate Keomp were
determined by minimizing the sum of the absolute differences between the modeled and
observed indoor number concentrations, using the Excel Solver function. No effort was made to
constrain the ranges of P or Keomp, such as requiring P <1 or Keomp > 0. The best estimates of P
and Keomp were then combined with the average air change rate over the experimental period to
estimate the infiltration factor for a given particle size category. An independent check on Fiq¢
was provided by the mean indoor/outdoor ratio, assuming no indoor sources during the entire
weekend. The mean was calculated without the first 120 values (5 hours) in case experiments on
Friday morning may have affected the beginning of the indoor-outdoor measurements Friday
afternoon. Because the outdoor values were available only half of the time, the missing outdoor
values were linearly interpolated so that the model could predict an indoor value for these times.
The missing indoor values were not interpolated, since there was no need; thus only observed

indoor values were compared to those predicted by the model. This provided a nominal number



of 720 paired indoor measurements and model predictions for each experiment. To avoid
influencing the results by the choice of a starting point for the indoor concentration, the first 120
values (5 hours) were not counted in the sum of absolute differences. (The choice of 5 hours was
made after testing to see that whether choosing 0 or 1000 for the initial value of Cj, did not affect
the model estimate after 3-4 hours.) This procedure provided P and Kcomp estimates for about 18
size categories. Using these estimates of P and Kcomp, the predicted indoor air concentrations
were compared to the measured values by linear regression. If the resulting R* value was >90%,
the estimates of P and k were accepted as valid. 196 of the 342 possible estimates exceeded a
90% R” value. Most of the cases not achieving high R* values were associated with the smallest
particles, which are scavenged in outdoor air as particles age and which, even if present in
outdoor air, have difficulty penetrating the building envelope and remaining suspended for long
periods. To calculate the uncertainty associated with the estimates of P and Keomp, @ Visual Basic
macro called Solver Aid was employed (32). This program returns an estimate of the standard
error for each parameter whose point estimates are provided by Solver. The program has been
tested on sample data against commercial software such as NLIN from SAS and has been shown
to give identical uncertainty estimates (33). Since the program assumes minimization of the sum
of squared errors, whereas our initial approach chose minimization of the sum of absolute
differences between observed and predicted values, we recalculated the estimates of P and Keomp
using the sum of squared errors for two sets of measurements including both a closed window
and open window case. This allowed not only the formal determination of the standard error
associated with the Solver estimates of P and Kcomp, but also an indication of the effect of

choosing a different function (squared errors vs absolute differences) for minimization.



The functional dependence of Fin on particle size and measured air change rate was
investigated using multiple linear regression analysis. Before doing the regression, dependencies
among all the variables were tested; air change rate and window position were collinear.
Therefore, the window position variable was dropped in the regression analysis, using the

criterion of the least important parameter.

Results and Discussion

Calculation of uncertainty

Because of the difficulty in calculating P and k encountered by other researchers (13, 24,
34), the uncertainty of the determination was scrutinized by several approaches. First, estimates
of the standard errors returned by the Solver Aid program were calculated for two of the
experiments—one with closed windows and one with one window open 7.5 cm (Table 1).
Individual estimates of uncertainty for P and Keomp ranged from 0.4% to 5.0% with mean errors
ranging from 1.0% to 2.4%. These errors were propagated in quadrature to estimate the error in
Fint. Individual errors for Fin ranged from 0.8% to 6.5% and the mean error was 1.7% for the
closed window case and 2.4% for the open window case.

Uncertainty in the Finf estimate was characterized by comparing the estimated value
using the best values of P and Kcomp to the measured /O ratios for the same two open window
and closed windows cases (Table 2). Agreement was very good.

Other estimates of uncertainty included varying Keomp by nominal 10% amounts and
varying P to keep the same value of Fins, followed by calculating the increase in the sum of
squared errors. This increase was then compared to the formal estimate of the standard deviation

of this sum. The increase was always much larger than the formal standard deviation, indicating



the stability of the P and Keomp estimates. These uncertainty approaches are discussed further in
Supporting Information.

The effect of minimizing the sum of squared errors vs. absolute differences is shown in
Table S1 (Supporting Information). The mean differences in estimates of P, Kcomp, and Finf ranged

from 1.3% to 4.4%.

Air change rate

An example of measured air change rates is described in Figure S2 in the Supporting
Information. For all the study periods, the 3-day average air change rate ranged from 0.14 h™' to
0.44 h™' with all windows closed and from 0.18 h™' to 0.63 h™ with one window open by 7.5 cm.
Rates with one window open (mean 0.41 h™, SD 0.13 h™") were higher than those with all

windows closed (mean 0.25 h™', SD 0.10 h'™").

Infiltration factors

Figure 1 compares the measured and predicted concentrations for one size category (22
nm to 26 nm) during one open window experiment (October 17-20, 2008). The penetration
coefficient P and composite deposition rate Keomp that predicted the measured (time-varying)
concentrations with the smallest error were calculated as 0.823 (95% CI 0.814-0.833) and 1.05
(1.03-1.07) b, respectively. The resulting infiltration factor Fiyy was 0.307 (0.284-0.329).
Figure 2 presents the regression analysis between the measured and modeled concentrations.
Since the R? value for the regression is 0.994, the estimates for P, Kcomp, and Fins were considered

valid.
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Size-resolved infiltration factors as a function of particle diameter were estimated for the
9 weekend measurements with all windows closed (Figure 3a). The infiltration factor increases
with particle size and air change rate. For UFP, Brownian and turbulent diffusion are more
important factors for particle losses in buildings and cracks, compared to impaction or
gravitational settling (35). Figure 3a shows that the infiltration factor generally increases with air
change rate. The size-resolved infiltration factors observed with one window open are shown in
Figure 3b. The infiltration factor ranged between 0 and 0.5, larger than for closed windows.

The trend of increasing infiltration factor with particle diameter agrees with the study by
Zhu et al. (36) that reported an infiltration factor range from 0.1 to 0.4 for small UFP (10 nm to
20 nm) in the cases of closed and open windows, while the factor ranged from 0.6 to 0.9 for
larger UFP (70 nm to 100 nm). Long et al. (13) also found that the mean infiltration factor for the

nine homes studied was 0.49 for 20-nm particles and increased up to 0.73 for 100 nm particles.

Penetration coefficient

Figure 4a indicates that the penetration coefficients increase from about 0.2 at the
smallest sizes to an asymptote of about 0.55 for the closed-window case, and from higher levels
of about 0.6 to an asymptote of 0.75 for the open window case. The open window case allowed
estimates of penetration coefficients for two or three smaller size categories than were possible in
the closed window case. The comparison of the estimates with a theoretical model (22) is

described in Supporting Information.
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Deposition

Figure 4b shows that the composite deposition rates were similar for the open and closed
window cases for particles > 20 nm, but diverged for particles < 20nm, with the rate for the open
window case reaching twice that for the closed window case at the smaller diameters.

For particles smaller than 30 nm, the composite deposition rates (1 h™ to 3.5 h™") were
much higher than the air change rates (0.1 to 0.6 h™"). This result suggests that for smaller UFP
the loss due to deposition is substantially higher than that due to air change rate in residential
houses with central forced air and extensive use of the furnace fan.

The strong dependence of particle deposition on particle size observed in the present
study agrees with those in previous studies in literature (13, 21, 23, 31, 37-38). Wallace et al.
(38) found that UFP deposition rates decrease from 6.0 h™ for 10 nm particles to 0.1 ™' for 100-
nm particles depending on particle size and loss mechanisms associated with usage of air-
circulation fan and in-duct filters. Other studies (13, 21, 23, 31) also reported from experiments
in real rooms and chambers that deposition rates for UFP (10 nm to 100 nm ) increase from 0.05
h™ up to 6.0 h™' as particle size decreases.

A multiple linear regression of Fiys on air change rate and particle size explained 80% of
the observed variance (N = 291 observations). The intercept was 0.107 (SE 0.009) and the
coefficients for the particle diameter (nm) and air change rate (h™") were 0.0034 (SE 0.0001; p<
0.0001) and 0.45 (SE 0.02; p < 0.0001), respectively.

Previous studies (13, 24-25, 34) have reported very broad confidence intervals around
their estimates of P and Keomp. In this study, we have achieved quite tight bounds on our
estimates of P and Keomp. There were several aspects of our study that may have been responsible

for this outcome: 1) minute-by-minute validated air change rate measurements assuring good air
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mixing in the test house, 2) elimination of confounding indoor sources, 3) more than 1400
measurements of time-varying variables (air change rate, indoor and outdoor concentrations) for
60 consecutive hours. These three strengths of the study may have contributed to the precision of
the estimates. However, we note that precision is not accuracy. There could be bias from

unknown causes affecting our results.
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Supporting Information Available

A schematic diagram of the manufactured test house, further details regarding quality assurance
for the measurement methods, and examples of time-varying air change rate and UFP
concentrations are shown. The effect of choosing the sum of absolute errors rather than the sum
of the squares of the errors to minimize in determining the parameters P, Keomp, and Finf is also
shown.
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Figure captions
Figure 1. Observed and modeled UFP concentrations for 22 nm to 26 nm particles
Figure 2. Regression between observed and modeled concentrations

Figure 3. Size-resolved UFP infiltration factors a) for closed windows (9 weekend
measurements) and b) for the case of one window open 7-8 cm (10 weekend measurements)

Figure 4. a) Particle penetration coefficients observed with open and closed windows. b)
Composite deposition rate Keomp for open and closed window. Error bars are standard errors.
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Table 1. Percent Uncertainties (Standard Errors) in Estimates of P, k, and Fi,s for two

example cases.

Closed Windows (4/24 to 4/27/09) Open Window (10/17 to 10/20/08)
Diam. (nm) P k Fint |Diam. (nm) P k Fint
7.6-8.8 2.4 3.0 39 .3-6.2 4.1 5.0 6.5
9-11 1.7 2.2 28 6.4-74 2.6 3.2 4.1
11-13 1.3 1.6 21 |7.6-8.8 2.3 2.8 3.6
13-15 1.3 1.6 20 9-11 1.8 2.2 2.9
16-18 0.9 1.1 1.4 [11-13 1.7 2.2 2.8
19-22 0.7 1.0 1.2 [13-15 1.6 2.1 2.6
22-26 0.7 0.9 1.2 |16-18 1.3 1.8 2.2
27-31 0.6 0.9 1.1 [19-22 0.9 14 1.7
32-37 0.7 1.1 1.3 [22-26 0.6 1.0 1.1
38-44 0.4 0.6 0.8 [27-31 0.6 1.0 1.2
46-53 15 2.0 25 32-37 0.8 14 1.6
55-64 1.0 1.4 1.7 [38-44 1.3 2.3 2.7
66-76 0.7 1.0 1.2 |46-53 1.8 3.3 3.8
79-91 0.6 0.8 1.0 |55-64 2.1 3.7 4.3
95-106 0.7 1.1 1.3
Mean 1.0 1.4 1.7 1.7 2.4 2.9
SD 0.5 0.6 0.8 0.9 1.1 1.4
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Table 2. Fins estimates vs. ratios of mean indoor and outdoor concentrations Cin/Cout

Particle diameter Closed Window Open Window

(nm) Finf Cin/Cout Fint Cin/Cout
4.4-5.1 0.08 0.09
5.3-6.2 0.09 0.11
6.4-7.4 0.11 0.12
7.6-8.8 0.13 0.14

9-11 0.03 0.03 0.15 0.17
11-13 0.03 0.04 0.18 0.20
13-15 0.04 0.05 0.21 0.23
16-18 0.05 0.06 0.24 0.26
19-22 0.06 0.07 0.27 0.29
22-26 0.08 0.09 0.31 0.32
27-31 0.10 0.11 0.35 0.35
32-37 0.12 0.13 0.40 0.39
38-44 0.13 0.16 0.43 0.42
46-53 0.14 0.16 0.45 0.43
55-64 0.16 0.17 0.47 0.45
66-76 0.17 0.18

79-91 0.19 0.19
95-106 0.20 0.20
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SUPPORTING INFORMATION

Quality control

This study focused on the contribution of particles of outdoor origin to the indoor UFP
concentrations; indoor activities were avoided by conducting the measurements in an unoccupied house
during weekends. Measurements of air change rate and indoor-outdoor UFP concentrations normally
occurred between late afternoon Friday and Monday morning. During the decay test, the tracer gas was
injected every 4 hours and the tracer gas concentration in each room was measured sequentially each
minute, completing a cycle in 10 minutes. Following the injection of the tracer gas, about one hour was
allowed for complete mixing to be achieved, and the air change rates were calculated using regression

analysis. The regressions were performed as a running one-hour average every 10 minutes.

The mean and standard deviation of the air change rates for the six monitoring locations were
calculated. Given that air mixing might be imperfect and the air change rate varies spatially within the
house, the relative standard deviation (RSD) of the SF¢ concentrations and the associated air exchange
rates over the previous hour were calculated for every 10-minute interval. The RSD values provided
information on incomplete mixing of tracer gas. Periods with high RSDs (> 10%) that occurred during the
initial decay period indicated incomplete mixing of the tracer gas and were excluded in the analysis of air
change rate. Also, in later time periods of the decay, if high RSDs lasted more than 10 minutes, the data

were not used in the analysis. The majority of the data had RSDs <10%.

To calculate the uncertainty of the air change rate, the relative standard error (RSE) of the
regression slope was determined for each of the six rooms. This error includes both the uncertainty due to
incomplete mixing across rooms and the precision (repeatability of the measurement of the same
concentration). The average (+SD) of the RSE values was 6.5 + 1.4 % for the cases with closed windows

and 4.3 + 5.9 % for the cases with one window open.
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The tracer gas analyzer was calibrated every week against known concentrations ranging from 5
ppb to 150 ppb (18 point calibration) with the limit of detection of 5 ppb. The calibration parameters of
the monitoring instrument (GC/ECD) might drift between successive calibrations. Therefore, the error
due to electronic drift of the instrument was analyzed by observing the variation of calibration slope and
intercept for successive calibrations. Most of the errors due to the calibration drift were less than 5 %, and

the maximum error was 13 %.

The two measurement uncertainties, denoting 1) the uncertainty due to incomplete air mixing plus
precision (4.3% to 6.5%) and 2) the uncertainty due to drift of the instrument (5 %), are independent.
Therefore, adding the two uncertainties in quadrature gives the total error for the estimation of air change

rate of approximately 8% with a maximum of 15 %.

Indoor and outdoor UFP samples were collected at a height of 1.5 m above the floor and ground.
Particle deposition occurred in the sampling tubes and the particle losses in the sampling tubes were
calculated. The lengths of the indoor and outdoor sampling tubes were roughly the same (~ 50 cm), and
even though the indoor sampling tube had a bend of approximately 130°, the difference in particle loss
between sampling the two tubes was measured as less than 7 %. Usually four consecutive samples were
collected in each microenvironment. Because the change from one environment to the other might
temporarily affect the instrument response, the first sample was visually compared to the following three

and was not included in the calculations if it was distinctly different.

For the accuracy of measurements of particle size and concentration, no reference calibration
procedure exists. However, the key factors affecting the particle measurement data were checked as the

following:

1) DMA voltage — The reliable high voltage scheme was required for the electrical mobility analyzer. The

DMA voltages were annually calibrated with NIST traceable meters.
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2) CPC and DMA airflow —It was extremely important to ensure that inlet sheath flow was accurate and
laminar in the DMA, and precisely matches the exhaust flow. As small flow disturbances could result in
decreased resolution, aerosol flow rates were measured before and after each experiment using a bubble
flow rate meter. At least three measurements were taken and all three were required to be within 2% of

the desired rate.

3) Scan time — the duration of the scan affects the accuracy of the measurement. Scan time effect, which
causes a tail toward large particle sizes resulting from turbulent mixing in the plumbing between DMA
and CPC, could occur during short scans (TSI, 2008). In the present study, 150 seconds of scan time was

used and this provided enough accuracy for the analysis of the 2 nm to 100 nm particles.

4) Bipolar charge distribution — The measurement accuracy for the size distribution and concentration
depends on the charge distribution of the incoming aerosol. The SMPS uses a radioactive ionizer (the
beta-emitter Krypton-85) to induce a bi-polar charge distribution. In this study, a stronger radiation source
(3080N electrostatic classifier, TSI, Shoreview, MN) was used to improve the charging efficiency for the

smallest particles.

5) Efficiency curve of the CPC — Based on the measurement efficiency curve for CPC, the correct particle
size distribution is built. The minimum measurable particle size, defined as cut-off size, is the size at
which the CPC can detect 50 % of the particles. The cut-off size depends on the efficiency of the optical
system and hydroscopic property of particles. For water-soluble inorganic particles the cut-off size ranges
from 3 nm to 5 nm whereas it is larger than 8 nm for hydrophobic organic particles. Due to the higher cut-
off size for water-insoluble particles, the measurement of particles smaller than 8§ nm should be

interpreted with caution.

6) DMA transfer function — Based on the ratio of sheath flow to aerosol sampling flow, the width of the
particle size distribution is determined. For optimal performance, a sheath to aerosol ratio of 10:1 was

used. With this ratio, each particle size bin totally represents the size data at each voltage.
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7) Diffusion loss —The particle loss due to diffusion has significant effects on monitoring nanoparticles
since the largest force acting on nanoparticles is diffusion. Internal particle losses due to diffusion were
reduced as much as possible by using minimal tubing and removing the impactor from the nozzle inlet.
Also, a manufacturer-supplied diffusion correction based on the estimated losses to internal instrument

pathways was applied to all the data.

Temporal air change rate and UFP concentration

Figure S2 presents an air change rate profile measured during three days in August 2008. Figure
S2 shows that air change rate fluctuates between 0.1 h™ and 0.3 h™' likely due to variations in the indoor-
outdoor temperature difference and wind speed. Figure S3 shows ultrafine concentration profiles for
indoors (red dots) and outdoors (black dots) that were monitored for the corresponding three days in
August 2008. Indoor concentrations are consistently lower than the outdoor concentrations due to
penetration and deposition losses, and the indoor profile tracks the outdoor profile with a time lag. The
peak outdoor particle concentrations were observed during the daytime and this trend may be explained
by presence of strong UFP emission sources during the daytime period such as increased traffic density or

atmospheric nucleation bursts.
Uncertainty of estimates of P, Keomp, and Fis.

The use of a formal algorithm to calculate the uncertainty of the estimates of P and Keomp is discussed in
the main text. Since the program assumes minimization of the sum of squared errors, whereas our initial
approach chose minimization of the sum of absolute differences between observed and predicted values,
we recalculated the estimates of P and Keomp using the sum of squared errors for two sets of measurements
including both a closed window and open window case. The resulting differences in the estimates of P,

Keomp, Finf, and R? are provided in Tables S1 and S2.

A third approach was to consider the effect on the sum of errors of a 10% change in P or Keomp. A change

in one without a change in the other typically caused a change in the sum of errors ranging between 10
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and 20%. This suggested that the solution surface was quite steep when going “across” rather than
longitudinally down the “valley” representing the best estimate of the infiltration factor. Therefore a 10%
change was imposed on one parameter, the corresponding change in the other parameter in order to keep
the infiltration factor constant was also imposed, and the change in the sum of squares was noted. These
approaches were tried on 7 cases. Generally, a 10% change in Komp caused a range of changes in P of
similar magnitude, but only a 0.46% to 8% increase in the sum of squared errors. Although this appears
to be a small increase, even the smallest value of 0.46% is about two orders of magnitude larger than the
Solver Aid estimates of the standard errors, which never exceeded 0.004%. Therefore, even this small

increase in the sum of squared errors is well outside the range of the estimated uncertainty.

Comparison of Estimates with Theory

Theoretical and experimental studies of penetration have been carried out by Liu and Nazaroff (31).
Their study assumes smooth rectangular cracks and finds a dependence of the penetration coefficient on
the length and height of the crack, the indoor-outdoor pressure difference, and particle size. For ultrafine
particles, the theory predicts an increase in the penetration coefficient with increasing particle diameter
until a maximum is reached. The maximum varies from 1 downward depending on the four parameters
mentioned above. Our results for the closed window case show an increase with increasing size for the
smaller ultrafines, and a relatively low maximum value near 0.6. This corresponds in general terms to
their results but the match to the theoretical shape of the curve is not satisfactory. A possible explanation
for this discrepancy is non-uniform crack height and crack flow length in the real building. The
experimental data were collected for the rough and irregular cracks of unknown shape, length, and height

in a real building, whereas the model predictions assumed a smooth rectangular channel.

Theoretical studies of deposition have been carried out by Lai and Nazaroff (31). Their studies predict an
increase in deposition rate for the smaller UFP. Our results show a similar increase. However, since our

experiments included not only deposition to building surfaces but also deposition in duct work and on the
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furnace filter due to the forced-air central fan, our results greatly exceed the theoretical estimates for
surface deposition only. The air recirculation rate due to the fan was 4.95 h™', more than 10 times larger
than the average outdoor air change rate. This high recirculation rate implies that significant particle
removal due to filtration in the central HVAC system and deposition in ductwork likely occurred. In this
study, the HVAC filter had been operating more than 2 years and the Minimum Efficient Reporting Value
(MERV) of the filter was low (< 3). However, the filter efficiency for UFP is very high (> 90 %) and
expected to increase as particle size decreases down to 5 nm. In addition, the surface roughness associated
with the carpeted floor surface might increase the friction velocity, causing higher particle removal rate

than predicted (31).
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Figure captions
Figure S1. Floor plan of the manufactured test house located at NIST (Gaithersburg, MD)
Figure S2. Air change rates during one weekend.

Figure S3. UFP concentrations indoors and outdoors during one weekend
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Table S1. Percent Differences in Parameter Estimates Due to Minimizing the Sum of Squared Errors vs
the Sum of Absolute Differences

Closed Window Case: Data from 4/24 to 4/27/09 (N=1648 measurements over 68.7 hours)

Penetration Deposition rate Keomp 2 . .
. . R Infiltration Factor F;
Range of coefficient P (h™ rat actor Fins
diameter
s (nm) Square Absolut % Squared Absolut % Square Absolut % Square Absolut %
d errors e errors diff errors eerrors diff e errors diff e errors diff
errors errors

7.6-88 0.206 0.219 -6.1 1453 1644 -116 0836 0.824 15 0.024 0.022 4.7

9-11 0.271 0267 15 1740 1740 00 0929 0909 22 0.026 0.026 1.4
11-13 0.285 0.287 -05 1501 1597 -6.0 0959 0.952 0.7 0.032 0.030 5.1
13-15 0321 0327 -16 1332 1450 -81 0958 0953 05 0.040 0.037 5.9
16-18 0395 0389 14 1335 1330 04 0979 0980 -0.1 0.049 0.048 1.0
19-22 0421 0425 -09 1069 1116 -42 0985 0982 03 0.063 0.061 2.7
22-26 0475 0477 -04 0941 0979 -3.8 0985 0.987 -0.2 0.079 0.077 2.9
27-31 0522 0529 -12 0811 0844 -39 0988 0987 0.1 0.098 0.096 1.9
32-37 0.601 0.605 -08 0.750 0.789 -49 0974 0973 01 0.120 0.117 3.2
38-44 0.707r 0706 0.2 0759 0832 -88 0903 0908 -0.6 0.140 0.130 7.9
46-53 0.735 0.668 99 0.750 0.703 6.6 0.869 0.867 0.2 0.147 0.141 44
55-64 0.650 0.637 21 0596 0583 23 0931 0928 03 0.156 0.155 0.3
66-76 0.638 0.628 1.7 0515 0497 35 0959 0953 0.6 0.171 0.172 -0.9
7991 0.704 0.718 -20 0520 0531 -20 0965 0958 0.7 0.187 0.188 -0.5
95-106 0.759 0.763 -05 0522 0524 -04 0942 0933 1.0 0.201 0.201 -0.2

Mean 2.1 4.4 0.6 29
SD 2.6 3.3 0.6 23
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Table S2. Percent Differences in Parameter Estimates Due to Minimizing the Sum of Squared Errors vs

the Sum of Absolute Differences

Open Window Case: Data from 10/27 to 10/30/08 (N = 1648 measurements over 68.7

hours)

Penetration Deposition rate Keomp
Range of coefficient P (h™

dlsag:rer;t;er Square Absolut % Squared Absolut %
d errors e errors diff errors eerrors diff
5.3-6.2 0.700 0.694 0.9 4.08 4195 -2.6
6.4-74 0739 0698 59 3619 3394 6.7
7.6-88 0.762 0724 51 3.047 2927 4.1
9-11 0.829 0.792 46 2742 2513 9.1
11-13 0.905 0.890 1.7 2473 2384 3.7
13-15 0.888 0875 15 1993 1950 2.2
16-18 0.879 0867 13 1662 1638 14
19-22 0859 0844 17 1357 1321 27
22-26 0823 0.826 -0.3 1.053 1.046 0.7
27-31 0825 0.825 0.0 0.848 0.845 0.3
32-37 0897 088 13 0.782 0.772 13
38-44 0978 0.947 33 0.795 0.747 6.3
46-53 0970 0966 05 0.726 0.696 4.3
55-64 1.019 1.028 -0.8 0.735 0.715 238
Mean 21 34
SD 1.9 2.5

32

Square

R2

Absolut
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S

0.928
0.954
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Infiltration Factor Fiu¢

%
diff

errors
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