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DISCLAIMERS  
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Indoor ultrafine particles of outdoor origin: importance of window opening 
area and fan operation condition. 

 
 
ABSTRACT  

Inhalation exposure to ambient ultrafine particles (UFP) has been shown to induce adverse health 

effects such as respiratory and cardiovascular mortality. Human exposure to particles of outdoor 

origin often occurs indoors due to entry of UFP into buildings. The objective of the present study 

is to investigate UFP into a building considering building operational characteristics and their 

size-dependent effects on UFP concentrations. Indoor and outdoor UFP concentrations along with 

air change rates were continuously measured in a full-scale test building. Estimates of infiltration 

factor, penetration coefficient and deposition rate have been made for a range of particle sizes 

from 4 nm to 100 nm. The results show that UFP infiltration factor varies with particle diameter, 

window position, air change rate, and central fan operation.  When the central fan was on 

continuously, the average infiltration factor ranged from 0.26 (particles < 10 nm) to 0.82 

(particles > 90 nm) for two large window openings, and from 0.07 to 0.60 for two small window 

openings. Under the central fan-off condition, the average infiltration factor ranged from 0.25 

(particles < 10 nm) to 0.72 (particles > 90 nm) for two small window openings, while it ranged 

from 0.01 to 0.48 with all windows closed. Larger window openings led to higher infiltration 

factors due to the larger extent of particle penetration into the building. The fan operation mode 

(on vs. off) also has a strong impact, as the infiltration factor was consistently lower (up to 40 %) 

when the fan was on due to additional particle deposition loss to the furnace filter and duct 

surfaces. 

Keywords: ultrafine particles; infiltration factor; indoor-outdoor relationship; penetration, 

deposition; building operating condition 
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INTRODUCTION 

 Ultrafine particles (UFP, <100 nm in diameter) have been associated with adverse health 

effects such as oxidative damage to DNA (1) and mortality (2).  Their small size allows them to 

penetrate cells, where they induce inflammation in the respiratory tract that potentially leads to 

asthma and other respiratory impairments (3-4).  UFP can enter the blood stream, damaging sites 

in the cardiovascular system (5). Their large surface-to-volume ratio may result in their toxic 

components being more biologically available than those of larger particles (3, 6).  Human 

exposure to airborne ultrafine particles (UFP) mainly occurs indoors, where people spend about 

90 % of their time (7). Indoor UFP concentrations are affected both by indoor sources and by 

entry of UFP from outdoors. Sources of urban outdoor UFP are mainly combustion products from 

gasoline and diesel engines (8), and “nucleation bursts” from natural atmospheric reactions (9). 

Indoor UFP sources include consumer products (10-11); combustion due to gas stoves, gas 

clothes dryers, cigarettes, and candles (12-15); heating elements in electric stoves, hair dryers, 

steam irons and other personal appliances (14, 16); and electric motors in common household 

appliances (17).  

 In the absence of indoor sources, the UFP concentrations in buildings are governed by the 

entry of outdoor air particles via infiltration and ventilation (both natural and mechanical). The 

infiltration factor (Finf) relates equilibrium indoor concentrations to outdoor concentrations in the 

absence of indoor sources. Finf is a dimensionless quantity defined as the equilibrium fraction of 

outdoor UFP that penetrates indoors and remains airborne. Accordingly, high values of Finf result 

in elevated levels of inhalation exposure to UFP of outdoor origin. There are three main variables 

that influence Finf: particle penetration efficiency (P), deposition loss rate (k), and air change rate 

(a). These parameters (Finf, P, a, and k) vary between buildings depending on building 

characteristics and outdoor conditions. Several studies (18-22) have monitored continuous indoor 

and outdoor UFP concentrations in multiple homes under uncontrolled conditions. However, 
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there have been relatively few controlled studies of the effects of building environmental and 

operating conditions on variability of Finf, P, and k for UFP. Only a few studies (23-25) have 

provided controlled effects of building conditions (i.e. opening windows) on general trend of Finf, 

P, and k for UFP. Rim et al. (24) provided indoor-outdoor UFP dynamics for all windows closed 

and one window open conditions. The present study expands on the study by Rim et al. (24), in 

particular by considering building operational characteristics and UFP size-dependent effects on 

indoor concentrations. The study aims to investigate Finf, P, and k for size-resolved UFP ranging 

from 4 nm to 100 nm as a function of central air distribution fan operation and window opening 

area.  

METHODS  

Test house 

 Experimental measurements were conducted in a full-scale test house located in 

Gaithersburg, MD (Figure S1, Supporting Information) (26). It consists of three bedrooms, two 

baths, kitchen, and a family, dining and living area. The house has a floor area of 140 m2 and a 

volume of 340 m3. In the test house, indoor and outdoor monitoring of UFP concentrations was 

conducted during weekends between October 2010 and July 2012. Since the test house was 

sometimes in use for other experiments and possibly had indoor sources at those times, only 

weekends when the house was uninhabited were selected for the experimental periods. Excluding 

the monitoring periods influenced by calibration, maintenance, and troubleshooting of the 

instruments, a total of 22-weekend measurements (Table 1) were considered for subsequent 

analysis.  Throughout this paper, all tests are referred to with unique test identifiers, shown in the 

first column of Table 1, where the first set of characters (LW/SW/CW) represents window 

opening area, the next set of characters determines the central fan operating mode (On/Off), and 

the last represents the repetition number of the test. LW represents large window opening area 
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(two windows open with 1300 cm2 each), SW indicates small window opening area (two 

windows open with 650 cm2 each), and CW is closed windows. Table 1 summarizes sampling 

time, building operating conditions, and indoor and outdoor environmental conditions for each 

test. 

Experiment conditions 

 As shown in Table 1, the measurements were conducted under different operation modes 

of the central air recirculation fan and window opening area. For each weekend measurement, the 

indoor and outdoor UFP concentrations (4 nm to 100 nm) were monitored for three consecutive 

days. Six tests were conducted with the large window opening area (LW), ten with the small 

window opening area (SW), and six with closed windows (CW). The central fan operating mode 

was tested against only two window opening conditions: SW and CW.  Although the correlation 

between local meteorology and UFP infiltration factor was not analyzed, Table S1 in SI provides 

wind data collected from the weather station approximately 1 km away from the test building. 

The weather data was available until October 2011, after which the weather station was not 

operating properly. 
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Table 1. Experiment conditions 

Test ID Date 

Total 
Window 
opening area 
(cm2) 

Central 
Fan Mode 
(On/Off) 

Avg. Air 
Change 
Rate (SD) 
(h-1) 

Avg. Indoor 
Temp (SD) 
(°C) 

Avg. outdoor 
Temp (SD) 
(°C) 

LWOn1 10/1-
10/4/10 

2600 On 0.99±0.39 20.9 ±1.7 13.3 ±3.4 

LWOn2 10/8-
10/12/10 

2600 On 0.83±0.28 26.2 ±2.2 18.1 ±5.2 

LWOn3 10/15-
10/18/10 

2600 On 1.23±0.66 19.5 ±2.3 11.3 ±6.8  

LWOn4 10/22-
10/25/10 

2600 On 0.90±0.30 21.8 ±2.8 12.8 ±6.0  

LWOn5 11/12-
11/15/10 

2600 On 0.74±0.37 18.5 ±2.4  8.3 ±5.3  

LWOn6 11/26-
11/29/10 

2600 On 1.41±0.70 15.7 ±1.0  2.0 ±3.0  

SWOn1 7/8-
7/11/11 

1300 On 0.86±0.40 24.7 ±0.51  24.6 ±4.1  

SWOn2 7/14-
7/17/11 

1300 On 0.85±0.40 24.0 ±0.5  26.0 ±4.8  

SWOn3 8/5-8/8/11 1300 On 1.04±0.48 24.3 ±0.53  23.0 ±4.2  

SWOn4 8/19-
8/22/11 

1300 On 0.89±0.36 24.7 ±0.47  26.4 ±3.4  

SWOn5 9/9-
9/12/11 

1300 On 1.00±0.47 22.0 ±0.71  22.9 ±4.3  

SWOn6 9/2-9/6/11 1300 On 0.76±0.35 21.8 ±0.50  21.6 ±3.9  

CWOff1 1/20-
1/24/11 

0 Off 0.20±0.03 12.5 ±2.1  0.4 ±3.3  

CWOff2 1/27-
2/1/12 

0 Off 0.21±0.04 14.5 ±2.4  6.0 ±4.8  

CWOff3 2/3-2/6/12 0 Off 0.18±0.02 12.9 ±1.6  -0.95 ±2.9  

CWOff4 5/17-
5/20/12 

0 Off 0.19±0.04 25.2 ±2.9  19.1 ±5.9  

CWOff5 5/22-
5/25/12 

0 Off 0.16±0.05 28.6 ±1.2  22.4 ±3.3  

CWOff6 5/30/12-
6/2/12 

0 Off 0.21±0.05 25.9 ±1.5  20.1 ±4.1  

SWOff1 11/4-
11/7/11 

1300 Off 1.23±0.55 16.0 ±2.1  6.2 ±4.7  

SWOff2 12/2-
12/5/11 

1300 Off 1.54±0.61 13.7 ±1.7  6.3 ±4.3  

SWOff3 12/9-
12/13/11 

1300 Off 1.08±0.27 13.5 ±1.3  0.87 ±3.9  

SWOff4 
6/25-
6/27/12 

1300 Off 0.80±0.33 25.2 ±1.8  21.1 ±5.0  
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Experimental monitoring 

 Size-resolved UFP measurements were made using a Scanning Mobility Particle Sizer 

(SMPS, 3936N88, TSI Inc., Shoreview, MN) that consists of a nano-Differential Mobility 

Analyzer (nano-DMA), electrostatic classifier, and a water-based Condensation Particle Counter 

(WCPC).  The system was operated at a flow setting of 0.6 L/min sampling flow (sheath flows of 

6 L/min). Flow rates were measured in triplicate before each experiment began and were required 

to be within a 3 % range.  This setting allowed a particle size range from 3 nm to 100 nm. This 

size range included about 97 equidistant size categories (on a logarithmic scale). The full range 

was sampled on a 2.5 min cycle, including 2 min of sampling followed by 30 s during which the 

voltage was lowered to prepare for the next scan. An automatic switching unit was built to allow 

the SMPS to sample outdoor and indoor air alternately. Four outdoor scans (10 min total) were 

followed by four indoor scans and so on. The first scan in each new microenvironment was 

compared to the following three scans to determine a possible effect of the change in 

microenvironmental conditions (temperature, relative humidity, atmospheric pressure) on the 

instrument readings.  If the first scan was considerably different from the following 3 scans, it 

was dropped or replaced by the average of the other three scans; however, this happened rarely (< 

5 % of the time).  Each measurement event typically provided about 60 to 72 consecutive hours 

of sampling with about 1400 to 1700 scans. 

 To measure time-varying air change rate in the house, injections of the tracer gas (sulfur 

hexafluoride, SF6) were made in the living room at 4 h or 2 h intervals by an automated system, 

which allowed all measurements to be made when the test house was uninhabited. The decay in 

tracer gas concentrations was monitored at 10 min intervals at seven locations in the house (three 

bedrooms, 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 calculated for each of the seven rooms by regressing the logarithm of the SF6 
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concentration against time over a 70 min period. When the central mechanical fan was on, supply 

air flowed through the ventilation system at the rate of 2000 m3/h, or nearly 6 house volumes per 

hour. However, the system operated under full recirculation with no outdoor air intake. In the 

case of the central fan on, tracer gas concentrations were typically similar across all rooms of the 

house with < 5 % relative standard deviation (RSD) within 10 min of injection. Under closed-

window conditions, the air change rates typically agreed across all rooms to within 10 % RSD. 

When one or two windows were open, the majority of RSDs remained within 10 %; however, the 

rooms with the open windows sometimes had different tracer gas decay rates leading to increased 

RSDs, but still generally within 20 % of the average rate.  In the case with the central fan off, 

RSDs were generally within 20 % of the average rate for the case of SW (small window opening 

area); however, the majority of RSDs were higher than 20 % for the LW (large window opening 

area) case therefore the tests with LW and the central fan off were excluded from the present 

study. These higher RSDs with the central fan off are primarily due to poor mixing, associated 

with the rooms with the open windows having high air change rates and the other rooms having 

low rates. Note that the 3-day average air change rate observed in this study ranged from 0.74 h-1 

to 1.41 h-1 for LW condition, 0.76 h-1 to 1.54 h-1 for SW condition, and 0.16 h-1 to 0.21 h-1 for CW 

condition. These values are comparable to those seen in a previous study by Rim et al. (2010) that 

measured air change rates ranging from 0.14 h-1 to 0.44 h-1 for CW condition and 0.18 h-1 to 0.63 

h-1 for one window open (650 cm2). 

Quality control and measurement uncertainty 

 For quality assurance purposes, the tracer gas analyzer was calibrated every week against 

known concentrations ranging from 20 µg/m3 to 1200 µg/m3 (18 point calibration) with the limit 

of detection of 6 µg/m3. The calibration parameters of the monitoring instrument (GC/ECD) 

sometimes drifted between successive calibrations. Therefore, the error due to drift of the 

instrument was analyzed by observing the variation of calibration slope and intercept for 
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successive calibrations. In addition, the measurement errors due to incomplete mixing between 

rooms and the precision (repeatability of the measurement of the same concentration) were 

analyzed.  Most of the errors associated with the calibration drift and incomplete air mixing in the 

house were less than 8 %, and the maximum error was 13 % (for large window opening 

condition). The errors in estimating the slope of the regression for air change rates were between 

2 % and 16 %, with most of those being < 10%.  Therefore, by adding the error associated with 

the regression slope in quadrature with the mixing/calibration error, the average error for air 

change rate estimates was around 10 % with a maximum error of about 20 %. The uncertainty of 

the SMPS in measuring UFP number concentration is estimated to be 12 % based on combining 

the individual uncertainties due to airflow rate, particle charge distribution, voltage adjustment, 

and particle charge efficiency in quadrature (27). 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 measured. 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 degrees, the difference in particle loss between sampling 

the two tubes was estimated to be less than 7 %.  

Estimation of infiltration factor, penetration efficiency, and deposition rate 

 Indoor concentration of outdoor UFP depends on the ability of the particles to penetrate 

the building envelope and their subsequent deposition rate onto indoor surfaces. In the present 

study, entry of UFP into a building was estimated for the cases of central fan on and off along 

with three window opening positions: closed-window, two windows open 7.5 cm (window 

opening area of 650 cm2 for each window), and two windows open 15 cm (window opening area 

of 1300 cm2 for each window). In the absence of indoor sources, the indoor concentration (Cin) 

resulting from the entry of outdoor particles can be expressed by the mass balance equation: 
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                                inout
in CkaPaC

dt

dC
)(                                            (1)  

where P is the penetration coefficient (dimensionless); a is the air change rate (h-1); k is the 

deposition rate (h-1), and Cin and Cout are the indoor and outdoor UFP number concentrations, 

respectively (#/cm3). Note that this and subsequent equations apply to each of the 97 size bins 

monitored by the SMPS.  The values of P and k are a function of the size bin. 

 

The equilibrium solution ( 0indC

dt
 ) for each particle size category is given by  

                                   outin C
ka

Pa
C


                                                            (2) 

where the fraction of outdoor air particles found indoors at equilibrium is the infiltration factor 

Finf: 

                                   
ka

Pa
F


inf                                                                  (3) 

 Finf varies between homes and is a function of the penetration coefficient (P) and 

deposition rate (k). The penetration coefficient (P) represents the fraction of outdoor air particles 

that pass through building cracks, leakage paths, and window openings, while deposition rate (k) 

is the rate of particle deposition loss onto interior surfaces, including ductwork and furnace filters. 

It is difficult to measure P and k directly and there are few data in literature on the levels or 

variability of P and k for size-resolved UFP within buildings, particularly in relation to building 

operating conditions. The experiments in conjunction with analytical modeling performed in the 
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present study reveal how building conditions such as opening windows and operating the central 

furnace fan affect penetration and deposition characteristics of UFP.  

 In the test house, experiments monitored three time-varying variables: air change rate (a), 

indoor concentration (Cin) and outdoor concentrations (Cout). The difference form of the mass 

balance model, a so-called recursive model, was used to estimate Finf, P, and k Details of the 

analytical approach to estimating values of P, k, and Finf  are described in the SI.  

 The calculated infiltration factor (Finf) was also validated by comparing it to the ratio of 

average indoor and outdoor concentration (I/O ratio) as follows, given that Finf is expected to be 

equal to the time-averaged I/O ratio in the absence of indoor sources (see equation 2). 

           I/O ratio
Avgout

Avgin

C

C

_

_ 
                                                           (4) 

 Since the indoor concentration lags the outdoor level, the I/O ratio at any time may be far 

from equilibrium.  However, as the outdoor concentration fluctuates, the indoor concentration 

will be alternately above and below the equilibrium concentration, and therefore as the averaging 

time increases, the I/O ratio likely approaches the equilibrium value.   

 

RESULTS AND DISCUSSION 

Indoor-outdoor concentrations 

 Time series plots of indoor and outdoor UFP measurements were generated for each 

weekend test. Figure 1 presents examples of temporal variation of number concentrations for total 

UFP (a) and five particle size categories (b-f) during test SWOn2. Daily variations were found, 

with both indoor and outdoor concentrations generally higher during the day, perhaps due to 
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increased traffic volume and atmospheric photochemical reactions. Since there were no indoor 

activities that could elevate indoor UFP levels, the indoor concentrations were generally lower 

than outdoor concentrations. The temporal change in the indoor concentration was caused by 

fluctuations in outdoor particle number and by changes in the outdoor air change rate.  
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Figure 1  Indoor and outdoor number concentrations for different sizes of UFP over the test 
period (SWOn3, Aug. 5 – Aug. 8, 2011): (a) Total UFP (3 nm to 100 nm); (b) 6 nm to 11 nm; (c) 
19 nm to 22 nm; (d) 38 nm to 44 nm; (e) 55 nm to 64 nm; (e) 79 nm to 91 nm  
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Model analysis results 

Figure S2 in SI illustrates an example of the recursive model analysis used to predict time-

varying indoor concentrations and the regression analysis between the measured and modeled 

indoor concentration. For this specific case (for profiles for particle size ranging from 19 nm to 

22 nm for the test SWOn3), the penetration coefficient P and deposition rate k that predicted the 

measured (time-varying) concentrations with the least sum of squared error were 0.50 h-1 and 0.74 

h-1, respectively. The R2 value for the regression was 0.98 and the resulting infiltration factor Finf 

based on Equation (3) was 0.29.  Individual estimates of uncertainty for P and k based on the 

relative standard deviations for the least sum square approach (28) are 0.5 % and 1.9 %, 

respectively. All individual errors in estimating P and k for selected representative tests are 

described in Table S2 in SI.  Note that the estimated errors are the lower bound of the actual 

expected uncertainties assuming perfect measurements of Cin, Cout, and a. However, adding the 

measurement uncertainties of each term (Cin, Cout, a) in Eq. (1) in quadrature shows that the actual 

uncertainties of P and k are mostly smaller than 20 %. Therefore, considering the ranges of 

uncertainties in estimates of a, P and k in Eq. (3), the lower and upper bound of the uncertainties 

of Finf estimates are 13 % and 35 %, respectively.  Table S3 in SI presents the details of the 

uncertainties of Finf estimates for selected representative tests and particle sizes.   

 Given the size dependence of the penetration and deposition parameters, Figures 2a and 

2b show size-resolved Finf calculated based on the P and k values from the recursive model and 

regression analysis.  The recursive model predicted the indoor UFP concentration profiles with 

reasonable accuracy. However, due to low concentrations of ambient particles smaller than 4 nm 

under normal conditions and larger particle loss for smaller particle sizes, the infiltration factors 

were estimated only for particles > 4 nm. The study results demonstrate that infiltration factor is a 

function of particle size and building operating conditions. The trend toward reduced infiltration 

factors for smaller particles is due to their increased Brownian and turbulent diffusion (29), 
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resulting in larger UFP losses when passing through building leakage cracks and on indoor 

surfaces. The Finf estimate ranged from 0.13 to 0.85 for the large window opening (LW, Figure 

2a) and from 0.03 to 0.62 for the small window opening (SW, Figure 2b). Comparing the two 

figures (3a and 3b), Finf values observed with LW are typically 0.2 to 0.3 higher than those with 

SW, suggesting that window opening area has measurable influences on the levels of indoor UPF 

of outdoor origin.    

 

Figure 2. Size-dependent infiltration factor: (a) Large Window Opening (LW); (b) Small Window 

Opening (SW). The central mechanical fan was operating continuously.  

 Given the effect of window opening on Finf, Figure 3 compares size-resolved estimates of 

Finf found in the present study and the previous study by Rim et al. (24). In the figure, the plots of 

Finf  for two windows open condition are from this study while the plots for one window open and 

window closed are from Rim et al. (24). All the data presented in Figure 3 are for the condition of 

the central furnace fan operating continuously.  
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Figure 3. Infiltration factors observed for four ventilation conditions with the central mechanical 
fan operating in the house. The plots for the two-window-open condition are the results of the 
present study. The plots for closed window and one window open are reported in Rim et al. (24). 
The error bars represent the standard error of the mean of multiple tests.  

 

Figure 3 shows variability and functional dependence of Finf upon particle size and ventilation 

condition. The infiltration factor increases with window opening area, due to the combined 

effects of increases in air change rate and penetration. Several studies also found the dependence 

of Finf on building ventilation conditions (30-32). They reported that open windows lead to 

increase of Finf for fine particles due to increased air change rate or altered particle pathway 

through the building.  

The increase in Finf with window opening area is also caused by an increase in penetration 

efficiency. According to Equation (5), Finf increases linearly with penetration efficiency. Figure 4 

shows estimates of size-resolved penetration efficiency (P) for three ventilation conditions. For 

the closed-window case, the penetration coefficient appears to reach a plateau of about 0.5 for 

particles larger than about 30 nm.  This behavior was also noted in a study of several inhabited 
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apartments (25). Since the lower penetration coefficients for smaller particles are considered to be 

due to increased Brownian motion, perhaps the plateau beginning around 30 nm marks the point 

where Brownian motion becomes unimportant for penetration through cracks. The figure 

demonstrates that as the window opening area increases, penetration efficiency becomes larger, 

presumably because more particles are entering the building through the open windows (without 

losses) rather than through smaller leaks in the rest of the building envelope (31). Furthermore, 

lower penetration efficiencies observed for smaller particles indicate more losses for smaller 

particles when penetrating the building envelope. This result implies that the filtering effect of 

building shell is more important for smaller particles; and in turn indoor sources can make more 

significant contribution to elevated concentrations of smaller UFP (< 20 nm) than outdoor 

sources.   

 
 

Figure 4. Penetration efficiency (P) windows closed vs. two windows open (LW and SW). The 
plots of two windows open are the results of the present study. The plot for closed window is 
reported in Rim et al. (24). Error bars are standard errors of the mean of multiple tests.  
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Effect of the central fan operation 

Besides natural ventilation through open windows, Finf was influenced by the mechanical fan 

operating in a building. Figures 5a and 5b show that Finf is consistently lower with the central fan 

operating compared to the case with the central fan off. However, the difference is more marked 

in the closed-window case.  This may be due to the low air change rate being dominated by the 

higher deposition rate when the fan is on.  For the open-window case, the air change rate is 

increased, and the difference in the deposition rate due to the fan being on has less effect on the 

infiltration factor. 

 

Figure 5. Size-resolved UFP infiltration factors for two modes of central fan operation (Central 
fan on vs. off): a) All windows closed and b) Two windows open 7.5 cm each.  Error bars are 
standard errors of the mean of multiple tests.  

 
Figures 6a and 6b compare the deposition rate (k) between the central fan off case and the central 

fan on case. The estimates of k are a strong function of particle size; k is largest for the smallest 

UFP. Depositional losses due to Brownian and turbulent diffusion of UFP that occurred on the 

indoor surfaces and ductwork can largely explain the higher deposition rate for the fan-on case. 

Along with the central fan operating, use of filters in the central mechanical system or large 

surface/volume ratio (e.g.,many carpets, furniture, and fibrous wall surface may also increase 
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particle deposition loss (33-34).  The increases in particle deposition loss (k) with the use of the 

central mechanical fan result in smaller values of Finf (Equation 5).  

 

Figure 6. Size-resolved UFP deposition rates for two modes of central fan operation (Central fan 
on vs. off): a) All windows closed and b) Two windows open 7.5 cm each. Error bars are standard 
errors of the mean of multiple tests.  

Comparison between infiltration factor and I/O ratio 

 There are two approaches to Finf estimation: (1) the calculation based on estimates of P, k, 

and use of the recursive model and Equation 5; and (2) the indoor/outdoor (I/O) ratio averaged 

over the test period assuming that there are no active indoor sources. Figure S3 compares Finf and 

the I/O ratio of concentrations during the test SWOn3 (Aug. 5 to Aug. 8, 2011). This figure 

shows that the instantaneous I/O ratio either underestimates or overestimates Finf depending on 

whether the outdoor concentration is increasing or decreasing, due to indoor concentrations 

lagging outdoor levels.  However, the mean values approach the equilibrium ratio over the 

measurement period (18, 30). In this case, the mean I/O ratio over the measurement period was 

0.53 compared to the calculated Finf of 0.51. In terms of average I/O ratio, uncertainty was 

calculated using the standard errors of the indoor and outdoor concentrations added in quadrature 

for Eq. (4). Table S3 in SI provides details of errors and indicates that the average I/O ratios are 

within the range of Finf . 
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 In the present study Finf estimates and average I/O ratios observed for the total of 22 

weekend measurements (See Table S4, SI) agree reasonably well for most of the cases, even 

though the discrepancy increases as the particle size decreases. Under conditions with the central 

fan operating, Finf estimates range from 0.07 to 0.60 for small window opening (SW), and from 

0.26 to 0.81 for larger window opening (LW). With the central fan off, Finf estimates are between 

0.25 and 0.72 for small window opening (SW) and 0.01 to 0.48 for closed windows (CW). The 

values of the I/O ratio found in this study are comparable to those reported in the studies in 

literature (see Table S5 in SI). Mullen et al. (19) found I/O ratios for particles (> 6 nm) between 

0.65 and 0.78 with windows open compared to 0.27 to 0.39 with window closed for three high-

rise apartments in Beijing. McAuley et al. (21) reported average I/O ratios ranging from 0.12 to 

0.52 (mean 0.34) for particles between 5.6 nm and 165 nm in diameter for five buildings in 

Buffalo, with the ratio being lowest (0.2) for 20 nm particles.  Hahn et al. (23) measured I/O ratio 

for particles between 20 nm and 1000 nm ranging from 0.10 to 0.33 for an urban three-story 

unoccupied test house near a highway in Brooklyn, NY.  Zhu et al. (25) showed a strong 

dependence of I/O ratio on particle size and ventilation mode. They reported that under natural 

ventilation condition with the fan off, I/O ratios of 0.6 to 0.9 for UFP between 70 nm and 100 nm 

and ratios between 0.1 and 0.4 for particles 10 nm to 20 nm. Higher ratios reported in the 

literature were likely due to large building leakage area, indoor sources, opening windows or not 

using central mechanical fan within a building.  The average I/O ratio is easier to determine than 

Finf, given the challenges of solving non-linear mass balance equation for quantifying Finf.  

However, Finf is quite useful for estimating personal exposure to UFP of outdoor origin in 

buildings (18, 22, 24), while average I/O ratio data should be interpreted with caution when 

predicting indoor UFP concentrations of outdoor origin because of potential indoor sources that 

may be present during the monitoring.  
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 Much previous work has focused on infiltration, penetration, and deposition of fine 

particles (PM2.5, < 2.5 µm in diameter) (30, 35-38).  For most of these studies, infiltration factors 

ranged between 0.5 and 0.8 (see Table S6 in SI), with the lower values corresponding to more 

tightly closed homes and higher values to times when windows are more likely to be opened. The 

infiltration factors reported in the present study for UFP are smaller than for PM2.5, with overall 

estimates of 0.01 to 0.48 with windows closed and 0.07 to 0.81 with two windows open.  Kearney 

et al. (18) also reported that, based on their measurements (20 nm to 100 nm) in 94 homes in 

Windsor, Ontario, the median values of Finf across homes were 0.16 (summer 2005), 0.21 (winter 

2006), and 0.26 (summer 2006). This result shows that although ambient UFP is an important 

component of indoor UFP exposure, the influence of outdoor air UFP on indoor concentrations is 

relatively smaller than that for PM2.5. Equivalently, the relative influence of indoor sources of 

UFP is greater than that for PM2.5. This has implications for epidemiological studies of UFP, 

since monitoring of ambient UFP will provide a smaller fraction of total UFP exposure than is the 

case for PM2.5.  

The estimates provided here of the infiltration factor for size-resolved UFP will help establish the 

extent of the influence of ambient UFP on total human exposure. However, the estimates of the 

infiltration factor, penetration coefficient, and deposition rate presented in this study are not 

necessarily representative of US homes or the international housing stock in general. Further 

studies with a larger number of buildings at regional and local scales could address the range of 

UFP infiltration factors across homes and the spatial variability of the infiltration factor in a 

specific region.  
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FIGURE CAPTIONS 

Figure 1. Indoor and outdoor number concentrations for different sizes of UFP over the test 
period (SWOn3, Aug. 5 – Aug. 8, 2011): (a) Total UFP (3 nm to 100 nm); (b) 6 nm to 11 nm; (c) 
19 nm to 22 nm; (d) 38 nm to 44 nm; (e) 55 nm to 64 nm; (e) 79 nm to 91 nm  

Figure 2. Size-dependent infiltration factor: (a) Large Window Opening (LW); (b) Small 
Window Opening (SW). The central mechanical fan was operating continuously.  

Figure 3. Infiltration factors observed for four ventilation conditions with the central mechanical 
fan operating in the house. The plots of two window open are the results of the present study. The 
plots for closed window and one window open are reported in Rim et al. (24). The error bars 
represent the standard error of the mean of multiple tests.  

Figure 4. Penetration efficiency (P) windows closed vs. two windows open (LW and SW). The 
plots of two windows open are the results of the present study. The plot for closed window is 
reported in Rim et al. (24). Error bars are standard errors of the mean of multiple tests.  

Figure 5. Size-resolved UFP infiltration factors for two modes of central fan operation (Central 
fan on vs. off): a) All windows closed and b) Two windows open 7.5 cm each.  Error bars are 
standard errors of the mean of multiple tests.  

Figure 6. Size-resolved UFP deposition rates for two modes of central fan operation (Central fan 
on vs. off): a) All windows closed and b) Two windows open 7.5 cm each. Error bars are standard 
errors of the mean of multiple tests.  
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SUPPORTING INFORMATION  

A schematic diagram of the manufactured test house and detailed comparison of infiltration factor 

estimate (Finf) and average indoor-outdoor (I/O) ratio for the total of 22 weekend measurements 

in the present study are shown.  

 

Test House 

 Experimental measurements were conducted in a full-scale test house located in 

Gaithersburg, MD (Figure S1). It consists of three bedrooms, two baths, kitchen, and the family, 

dining and living area. The house has a floor area of 140 m2 and a volume of 340 m3.  It is 

partially carpeted and minimally furnished. The exterior construction has fiberglass insulated 2” x 

4” wood-frame walls along with exterior vinyl siding and an interior finish of vinyl covered 

drywall, and a vapor retarder in the walls, ceiling, and floor. The house’s heating, ventilation and 

air-conditioning (HVAC) system consists of a 22 kW gas furnace, a 15 kW air conditioner, and a 

forced air recirculation fan with a design airflow rate of 470 L/s. Indoor and outdoor monitoring 

of UFP concentrations was conducted during weekends between October 2010 and July 2012. 

During the monitoring period, the house was unoccupied and indoor activities were avoided. 

Table S1 provides wind data (direction and speed) collected from the weather station located on 

the NIST campus upon the roof of a 4-story (20 m) building approximately 1 km away from the 

test building. The weather data was available until October 2011, after which the weather station 

was not operating properly. 

Details of analytical approach to estimation of P, k, and Finf  

 In the test house, experiments monitored three time-varying variables: air change rate (a), 

indoor concentration (Cin) and outdoor concentrations (Cout). The difference form of the mass 

balance model (Eq. 1 in the main text) was used to estimate Finf, P, and k: 
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This recursive model states that the indoor concentration at time i+1 equals the entry of 

outdoor UFP via airflow into the building during the previous step plus the indoor concentration 

at time i minus the losses due to air change and deposition. In this model, there are three observed 

variables (a, Cin and Cout) and two unknown values (P, k); it is not possible to obtain two 

independent solutions for the two unknown values. We calculated the pair of values for P and k 

that minimize the sum of the absolute differences between the modeled and measured indoor 

concentrations. The estimated values of P and k were accepted if the R2 of the regression of the 

modeled and observed indoor concentrations exceeded 80 % . The infiltration factor (Finf) was 

then determined by calculating Pa/(a+k), where a was the average air change rate over the 

weekend. 

Figure S2 a) illustrates the recursive model analysis used to predict time-varying indoor 

concentrations for one size category (19 nm to 22 nm) based on the observed outdoor 

concentrations and air change rate. Figure S2 b) shows the regression analysis between the 

measured and modeled indoor concentration. For this specific case, the penetration coefficient P 

and deposition rate k that predicted the measured (time-varying) concentrations with the least 

sum of squared error were 0.50 h-1 and 0.74 h-1, respectively. The R2 value for the regression was 

0.98 and the resulting infiltration factor Finf based on Equation (3) in the main text was 0.29.  

Individual estimates of uncertainty for P and k based on the relative standard deviations for the 

least sum square approach (29) are 0.5 % and 1.9 %, respectively. These errors were propagated 

in quadrature to estimate the error in Finf, yielding an error of 2.6 %. 



29 
 

Errors in the P and k estimates obtained from the nonlinear approach were quite small 

(See Table S2). Note that the estimated errors are the lower bound of the actual expected 

uncertainties because the non-linear regression model assumes perfect measurements of 

indoor/outdoor concentrations and air change rate. However, based on the measurement 

uncertainties of each term (Cin, Cout, a) in Eq. (6) added in quadrature, the actual uncertainties of 

P and k are mostly smaller than 20 %. 

Comparison of infiltration factor (Finf) estimate and average indoor-outdoor ratio (I/O ratio)  

Table S3 provides the uncertainties of Finf  and I/O ratio estimates as standard error (SE) for 

selected representative tests and particle sizes. The uncertainties of Finf were estimated 

considering the ranges of uncertainties in estimates of a, P and k in Eq. (3) of the main text.  The 

lower and upper bound of the uncertainties were 13 % and 35 %, respectively. With regard to 

average I/O ratio, uncertainty was calculated using the standard errors of the indoor and outdoor 

concentrations added in quadrature for Eq. (4) in the main text. Table S4 compares average Finf 

estimates and average I/O observed for the total of 22 weekend measurements . The two estimates 

agree reasonably well for most of the cases, even though the discrepancy increases as the particle 

size decreases.  
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Figure captions 

Figure S1. a) Manufactured test house; b) Floor layout of the house. 

Figure S2. a) Example of indoor (time-varying) concentration profiles for particle size 
ranging from 19 nm to 22 nm for the test SWOn3 (Aug. 5 – Aug. 8, 2011): observed vs. 
model-predicted; b) Scatterplot comparing model predictions to observed indoor 
concentrations for the test SWOn3.   

Figure S3. Comparison of Cin/Cout and Finf for one particle size category (55 nm to 64 
nm) observed during the test SWOn3 (Aug. 5 to Aug. 8, 2011). 
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Table S1. Wind direction, wind speed, temperature difference, and relative humidity (RH) 

Test ID Date 

Total 
Window 
opening 
area (cm2) 

Central 
Fan 
Mode 
(On/Off) 

Wind 
direction 
(SD) (°) 

Wind 
Speed (SD) 
(m/s) 

Indoor 
Relative 
Humidity (%) 

LWOn1 
10/1-
10/4/10 

2600 On 206 (80) 6.3 (0.6) 48 (7) 

LWOn2 
10/8-
10/12/10 

2600 On 240 (68) 6.6 (0.9) 37 (4) 

LWOn3 
10/15-
10/18/10 

2600 On 267 (59) 7.9 (1.7) 36 (2) 

LWOn4 
10/22-
10/25/10 

2600 On 228 (51) 6.9 (1.2) 34 (5) 

LWOn5 
11/12-
11/15/10 

2600 On 182 (80) 6.2 (0.5) 29 (5) 

LWOn6 
11/26-
11/29/10 

2600 On 233 (74) 7.9 (1.0) 23 (2) 

SWOn1 7/8-7/11/11 1300 On 219 (63) 6.3 (0.9) 56 (5) 

SWOn2 
7/14-
7/17/11 

1300 On 213 (46) 6.3 (1.7) 56 (6) 

SWOn3 8/5-8/8/11 1300 On 216 (57) 6.6 (1.0) 51 (4) 

SWOn4 
8/19-
8/22/11 

1300 On 236 (62) 6.7 (1.1) 61 (6) 

SWOn5 9/2-9/6/11 1300 On 202 (53) 6.2 (0.8) 63 (4) 

SWOn6 9/9-9/12/11 1300 On 226 (77) 6.8 (0.9) 62 (6) 
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Table S2. Uncertainties (RSD) of P, k estimates for non-linear regression analyses. 

Particle 
Diameter 
(nm) 

Central Fan On Central Fan off 

Large Window 
Opening 
(LWOn1) 

Small Window 
Opening 
(SWOn4) 

Small Window 
Opening 
(SWOff4) 

Closed 
Windows 
(CWOff2) 

P (%)    k (%) P (%)      k (%) P (%)      k (%) P (%)     k (%) 

4.4 to 5.1 0.70 0.76    

5.3 to 6.2 0.82 0.43  0.43 0.65  

6.4 to 7.4 0.69 0.31 1.66 2.11 0.25 0.44  

7.6 to 8.8 0.53 0.20 0.60 0.98 0.20 0.37 1.14 1.66 

9 to 11 0.50 0.16 0.27 0.62 0.16 0.30 0.63 0.96 

11 to 13 0.47 0.16 0.18 0.42 0.11 0.23 0.39 0.67 

13 to 15 0.41 0.21 0.14 0.35 0.09 0.22 0.29 0.55 

16 to 18 0.22 0.31 0.11 0.30 0.08 0.22 0.27 0.50 

19 to 22 0.14 0.28 0.10 0.29 0.08 0.26 0.28 0.51 

22 to 26 0.13 0.24 0.10 0.28 0.09 0.34 0.24 0.46 

27 to 31 0.17 0.25 0.09 0.26 0.08 0.35 0.26 0.54 

32 to 37 0.16 0.33 0.08 0.23 0.06 0.37 0.32 0.73 

38 to 44 0.14 0.35 0.06 0.22 0.05 0.40 0.39 0.90 

46 to 53 0.11 0.40 0.05 0.23 0.05 0.43 0.42 1.04 

55 to 64 0.10 0.61 0.06 0.29 0.06 0.81 0.44 1.32 

66 to 76 0.12 0.78 0.09 0.34 0.10 1.12 0.50 1.64 

79 to 91 0.13 1.00 0.11 0.47 0.20 3.42 0.55 4.94 

95 to 106 0.33 1.14 0.14 0.64 0.17 4.29 0.89 5.90 
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Table S3. Finf estimates (associated uncertainties, ± SE) and ratios of mean indoor and 
outdoor concentrations (Cin/Cout) (associated uncertainties, ± SE) for selected representative 
tests and particle sizes 

TEST ID Finf (± SE) Avg. I-O Ratio (± SE) 

9-11 nm 38-44 nm 79-91 nm 9-11 nm 38-44 nm 79-91 nm 

LWOn1 0.48(0.03) 0.76(0.04) 0.82(0.04) 0.52(0.04) 0.75(0.02) 0.83(0.02) 

LWOn2 0.35(0.02) 0.69(0.04) 0.78(0.04) 0.52(0.03) 0.71(0.02) 0.77(0.02) 

LWOn6 0.57(0.03) 0.77(0.04) 0.81(0.04) 0.52(0.03) 0.72(0.04) 0.75(0.04) 

SWOn1 0.14(0.01) 0.41(0.03) 0.55(0.05) 0.16(0.01) 0.38(0.01) 0.51(0.01) 

SWOn2 0.12(0.01) 0.45(0.03) 0.59(0.06) 0.13(0.01) 0.44(0.01) 0.58(0.01) 

SWOn6 0.13(0.01) 0.44(0.01) 0.58(0.02) 0.15(0.01) 0.42(0.01) 0.56(0.01) 

CWOff1 0.06(0.01) 0.32(0.07) 0.41(0.15) 0.07(0.004) 0.33(0.01) 0.43(0.01) 

CWOff2 0.08(0.01) 0.40(0.05) 0.55(0.08) 0.07(0.004) 0.30(0.01) 0.54(0.02) 

CWOff4 0.03(0.002) 0.26(0.02) 0.41(0.03) 0.03(0.001) 0.29(0.01) 0.43(0.01) 

SWOff1 0.27(0.03) 0.62(0.07) 0.67(0.09) 0.26(0.01) 0.60(0.01) 0.67(0.02) 

SWOff2 0.26(0.03) 0.60(0.09) 0.74(0.11) 0.26(0.01) 0.58(0.02) 0.73(0.01) 

SWOff4 0.37(0.04) 0.78(0.10) 0.85(0.11) 0.44(0.03) 0.74(0.05) 0.81(0.01) 
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Table S4. Average Finf estimates vs. ratios of mean indoor and outdoor concentrations (Cin/Cout) 

Particle 
Diameter 
(nm) 

Central Fan On Central Fan off 

Small Window 
Opening (SW) 

Large Window 
Opening (LW) 

Small Window 
Opening (SW) 

Closed Windows 
(CW) 

Finf 
I/O 

ratio 
% 

Diff. 
Finf 

I/O 
ratio 

% 
Diff. 

Finf 
I/O 

ratio 
% 

Diff. 
Finf 

I/O 
ratio 

% Diff.

4.4 to 5.1 
 

  0.26 0.36 16.1 
 

  
 

  

5.3 to 6.2 
 

  0.33 0.42 12.0 0.25 0.22 6.4 
 

  

6.4 to 7.4 0.07 0.11 22.2 0.38 0.46 9.5 0.24 0.28 7.7 0.01 0.02 33.3 

7.6 to 8.8 0.12 0.14 7.7 0.40 0.50 11.1 0.26 0.30 7.1 0.03 0.04 14.3 

9 to 11 0.14 0.16 6.7 0.44 0.52 8.3 0.29 0.32 4.9 0.05 0.07 16.7 

11 to 13 0.17 0.18 2.9 0.46 0.55 8.9 0.33 0.36 4.3 0.07 0.08 6.7 

13 to 15 0.20 0.21 2.4 0.49 0.58 8.4 0.39 0.42 3.7 0.09 0.11 10.0 

16 to 18 0.24 0.25 2.0 0.54 0.61 6.1 0.42 0.45 3.4 0.12 0.14 7.7 

19 to 22 0.28 0.29 1.8 0.58 0.63 4.1 0.47 0.50 3.1 0.15 0.18 9.1 

22 to 26 0.33 0.33 0.0 0.63 0.66 2.3 0.52 0.55 2.8 0.18 0.21 7.7 

27 to 31 0.37 0.37 0.0 0.67 0.68 0.7 0.56 0.58 1.8 0.22 0.26 8.3 

32 to 37 0.41 0.40 1.2 0.71 0.70 0.7 0.59 0.61 1.7 0.26 0.30 7.1 

38 to 44 0.45 0.44 1.1 0.74 0.72 1.4 0.64 0.63 0.8 0.30 0.36 9.1 

46 to 53 0.49 0.47 2.1 0.76 0.73 2.0 0.67 0.66 0.8 0.36 0.41 6.5 

55 to 64 0.52 0.50 2.0 0.77 0.74 2.0 0.69 0.68 0.7 0.40 0.45 5.9 

66 to 76 0.56 0.53 2.8 0.79 0.76 1.9 0.71 0.70 0.7 0.43 0.49 6.5 

79 to 91 0.58 0.56 1.8 0.80 0.77 1.9 0.72 0.70 1.4 0.46 0.52 6.1 

95 to 106 0.60 0.58 1.7 0.81 0.78 1.9 0.72 0.71 0.7 0.48 0.56 7.7 
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Table S5. A summary of experimental studies on UFP infiltration factor and I/O ratio  

Reference 
Source 

Particle Size Range Locations Finf I/O ratio Detailed Results 

Kearney et 
al. (2011) 

20 nm - 1µm, 
number integrated 

92 homes in Windsor, ON, 
Canada 

0 – 0.79 0.03-0.87 
Lower Finf values (0.04-0.35) during winter 

than summer 

Mullen et 
al. (2011) 

6 nm – 100 nm, 
number integrated 

4 high-rise apartment 
buildings in Beijing, China 

 0.39-1.16 
0.27-0.39 with windows closed & 0.65-

0.78 with windows open 

Bhangar et 
al. (2011) 

6 nm – 100 nm, 
number integrated 

7 single-family houses in 
northern California 

0.11 – 0.47  
2-4 times higher with ventilation 

system/filtration turned off 

McAuley  
et al. 

(2010) 

6 nm - 165 nm, size 
resolved 

5 homes in Buffalo, NY  0.12-0.52 
Highest value for 70–165 nm and lowest 

value for 20 nm 

 
Rim et al. 

(2010) 

4 nm – 100 nm, size-
resolved  

a test house in the suburban 
Washington D.C. area 

0.03- 0.47   0.03-0.45 
Lower I/O ratios (0.03-0.20)  for closed 

windows 

Hahn et al.  
(2009) 

20 nm to 1µm, 
integrated 

A near highway urban 
residence building in 

Brooklyn, NY,  
 0.10-0.32 

Lower values (0.10-0.25) for the first floor 
compared to the values  (0.22 – 0.32) for 

the second floor 

Zhu et al. 
(2005) 

6 nm – 220 nm, size 
resolved 

4 two-bedroom apartments 
within 60m from a major 

freeway in Los Angeles, CA 
 0.1- 1.0 

The highest values (0.6–0.9) for 70–100 
nm and the lowest values (0.1–0.4) for 10–

20 nm 
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Table S6. A summary of experimental studies on infiltration factor for PM2.5 (Chen et al. 2011) 

Reference Location Particle Type Fin (mean) Conditions 

Meng et al. 
(2009) 

Three Cities, USA PM2.5 
0.63 32 homes; 0 smoking; Central AC; 
0.72 32 homes; 0 smoking; No Central AC; 

Hoek et al. 
(2008) 

Helsinki, Finland 
PM2.5 0.51 

37 homes; 0 smoking; 5 Mechanical ventilation; 
PM10 0.17 

Athens, Greece 
PM2.5 0.3 

35 homes; 6 smoking; 13 Mechanical ventilation; 
PM10 0.28 

Amsterdam, 
Netherlands 

PM2.5 0.38 
50 homes; 2 smoking; 1 Mechanical ventilation; 

PM10 0.41 

Birmingham, UK 
PM2.5 0.37 

30 homes; 4 smoking; 1 Mechanical ventilation; 
PM10 0.27 

Meng et al. 
(2007) 

Houston, USA 
PM2.5, primary combustion 0.51 

81 homes; No smoking; 
PM2.5, secondary formation 0.48 

L.A. County, USA 
PM2.5, primary combustion 0.66 

104 homes; No smoking; 
PM2.5, secondary formation 0.82 

Elizabeth, USA 
PM2.5, primary combustion 0.65 

78 homes; No smoking; 
PM2.5, secondary formation 0.63 

Sarnat et al. 
(2006) 

L.A. USA PM2.5 0.48 17 homes; No smoking; 

Bennet and 
Koutrakis 

(2006) 
Boston .USA 

0.02-0.03μm 0.49 
9 homes; Size-dependent; 0.2-0.3μm 0.76 

4-6μm 0.32 
Reff et al. 

(2005) 
Three cities. USA PM2.5 0.51 172 homes; 

Wallace and 
Williams 
(2005) 

North Carolina. 
USA 

PM2.5 0.55 37 homes; Have indoor sources; 

Haonninen 
et al. (2004) 

Athens. Greece 

PM2.5 

0.7 

Residences; 
Basle. Switzerland 0.63 
Helsinki. Finland 0.59 

Prague. Czech 0.61 
Williams et 
al. (2003) 

North Carolina. 
USA PM2.5 0.45 37 homes; Have occupant; No smoking; 

Wallace et 
al. (2003) Seven cities. USA PM2.5 0.48 294 homes; Occupant; 
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Allen et al. 
(2003) Seattle, USA PM (using light scattering) 

0.69 44 homes; Open windows; 
0.58 44 homes; Closed windows; 

Landis et al. 
(2001) Baltimore. USA PM2.5 0.35 1 home; No occupant; 

Long et al. 
(2001) Boston, USA PM2.5 0.7 9 homes; No smoking; Naturally ventilation; 

Lachenmyer 
and Hidy 

(2000) Birmingham. USA PM2.5 0.66 10 homes; No smoking; 
Lee et al. 

(1997) Chongju. Korea PM2.5 0.62 1 lecture room; No occupant; 
Ozkaynak et 

al. (1993) Riverside. USA PM2.5 0.7 178 homes; Daytime; 
Ozkaynak et 

al. (1993) Riverside. USA PM2.5 0.56 178 homes; Overnight; 
 

 

 

 

 

 

 

 

 

 

 

 

 


