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a b s t r a c t

To determine ways to reduce commuters’ ultrafine particle exposure, factors such as ven-
tilation condition, mechanical airflow rate, driving speed, cabin air filter quality, and cabin
air filter use are examined. The results show that the in-cabin to on-roadway ratio is
reduced by 20% when the fan is set to recirculation-on versus when set to recirculation-
off because fewer ultrafine particles are exchanged between the inside and outside of
the cabin. Also, when the fan is set to recirculation-off, the ratio is reduced by 40% at lower
mechanical airflow rates. The thickest cabin air filter resulted in a 30% in-cabin to on-road-
way ratio decrease compared with the thinnest. Thus, driving conditions with the least UFP
in-cabin to on-roadway ratio is when a vehicle is operating with a high efficiency cabin fil-
ter, the ventilation set to fan-on and recycling is recirculation on, and at a high ventilation
airflow rate. Furthermore, recirculating in-cabin air through a high efficiency particulate air
filter was found to significantly reduce in-cabin UFP exposure.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

On-roadway concentrations and in-cabin to on-roadway (I/O) concentration ratios are two factors that determine a com-
muter’s exposure to vehicle-emitted ultrafine particles (UFPs) inside cars. In general, on-roadway UFP concentrations are
determined by emissions from all the surrounding vehicles and thus, are beyond the control of an individual commuter.
Car commuters do, however, have some control over their exposure through modifying such things as ventilation settings.
Here, to examine the impact of such options on I/O ratio, we use developed models that incorporate major physical processes
of UFP transport and transformation from on-roadway to in-cabin, such as penetration across vehicle cracks, filtration
through the cabin filters, and deposition inside the vehicles, paying particular attention to the ventilation settings.

2. Methods

The I/O UFP ratio is directly affected by a variety of driving conditions. To investigate the effect of driving conditions on
the ratio, Xu and Zhu’s (2009) model is developed. UFP transport and transformation of exposure from on-roadway to in-ca-
bin is described on a material-balance basis, as shown in the following equation:

dðCiVÞ
dt

¼ C0½QSð1� gSÞ þ QLP� � Ci½QFgF þ bV þ ðQS þ QLÞ� ð1Þ
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Outdoor UFPs can enter the in-cabin microenvironment through the mechanical air supply at a flow rate of QS (m3 h�1)
and at a leakage flow rate of QL (m3 h�1). For a particular particle size, d, the in-cabin particle concentration is Ci (particles
cm�3), the on-roadway concentration is C0 (particles cm�3), and V (m3) is the volume of the vehicle’s interior. The variables,
P, gS, gF, and b, are the penetration factor, filtration efficiency, removal fraction by respiratory, and deposition coefficient
(h�1). Among the in-cabin UFP dynamics, QS, V, P, gS, and b have been determined experimentally by Gong et al. (2009),
Xu et al. (2010, 2011), and QL can be calculated theoretically (Baker et al., 1987).

This model, however, needs to be adjusted under ventilation condition of whether the air recirculation (RC) is on or off.
With the air conditioning fan on, the in-cabin air pressure is usually greater than the outside pressure, which leads to an in-
cabin UFP loss. The in-cabin UFP dynamic model is thus revised to allow for RC to be off but the fan on:

dðCiVÞ
dt

¼ C0½QSð1� gSÞ� � Ci½QFgF þ QLP þ bV þ ðQS þ QLÞ� ð2Þ

Fig. 1. Size-segregated parameters governing in-cabin UFP transport and transformation dynamics.
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Fig. 1 illustrates the range of size-segregated important parameters that affects the movements of UFP and the transfor-
mation from on-roadway to in-cabin. The fraction of particles passing the vehicle envelope through the leakage airflow is
defined by a penetration factor, P. This parameter is measured at various crack sizes on the vehicle envelope under various
pressure drops across the cracks at various speeds between 30 and 70 mph. The largest found at the highest pressure drop
(200 Pa), and the smallest at the lowest (30 Pa). gS is determined by measuring commercially-available cabin filters with
thicknesses of 1.5, 1, and 0.5 in. over a range of filter face velocities (0.1–0.5 m s�1) that are equipped in 1997 Isuzu Rodeo,
2000 Nissan Altima, and 2005 Ford F-150 passenger vehicles. The filtration efficiency varies significantly with respect to fil-
ter thicknesses (Fig. 1b). b is measured in the 1996 Saturn SL2, 1997 Isuzu Rodeo, and 2005 Ford F-150 with in-cabin air
velocities (0–0.65 m s�1) measured at the ventilation setting, fan-off, recirculation-off; fan-on, recirculation-off; fan-on,
recirculation-on. The highest deposition coefficient occurred at the highest in-cabin air velocity (Fig. 1c).

Under ventilation combinations (i) fan-off, recirculation-off; (ii) fan-on, recirculation-off; and (iii) fan-on, recirculation-
on, Eq. (1) can be simplified with respect to UFP entry pathways from the on-roadway atmosphere to the in-cabin environ-
ment. For example, under condition (i), there is no mechanical air supply (QS = 0), and Eq. (1) reduces to, Ci

C0
¼ QLP

QFgFþbVþQL
indi-

cating that commuters can lower the UFP I/O ratio by minimizing P and QL. Similarly, under condition (ii), Eq. (2) is reduced

to: Ci
C0

¼ QSð1�gSÞ
QFgFþQLPþbVþQSþQL

, whereby the UFP I/O ratio can be reduced by decreasing QS and increasing gS; under condition (iii),

the UFP I/O ratio can be reduced by decreasing P and QL.
The parameters that govern the in-cabin UFP dynamics are all related to vehicles’ cabin environments, of which ventila-

tion combinations, ventilation airflow rate, driving speed, and cabin filter usage can be controlled, at least to a degree, by the
commuters.

3. Results

3.1. Ventilation condition

Fig. 2 shows UFP I/O ratios as a function of particle size under the various ventilation conditions calculated by introducing
the penetration factor, filtration efficiency and deposition coefficient, shown in Fig. 1. Under conditions (i and iii), the great-
est I/O ratios are found corresponding to the highest penetration factor and lowest filtration efficiency, and deposition coef-
ficients. Regarding condition (ii), the largest I/O ratio is found at the smallest penetration factor and lowest filtration
efficiency. The largest penetration factor is related to the largest driving speed, largest crack height, and shortest crack
length. As one would expect, the lowest filtration efficiency is with the thinnest filter at the lowest filter face velocity.
The lowest deposition coefficient occurs inside vehicles with the smallest interior surface to volume ratio and at the lowest
in-cabin air velocity. In general, this condition reflects driving an old, leaky, large vehicle with a poor quality in-cabin filter at
high speed.

The greatest variability in the I/O ratio, about 40%, occurs with smaller particle sizes under (ii) because of the large dif-
ference in filtration efficiencies with respect to filter thicknesses (Fig. 2b). Among the ventilation combinations, up to 20%
variability in median I/O ratios are found. The average highest and lowest I/O ratios are under conditions (ii and iii). In addi-
tion, although the I/O trends as a function of particle size are similar for all three ventilation combinations, the underlying
mechanisms resulting in each trend are different. With (i), the I/O ratios increased with increasing particle size due to the
larger penetration factor for larger particles that leads to more particle entry through leakage. For condition (ii), the I/O ratios
increased with increasing particle size due to the lower filtration efficiency for larger particles and the larger penetration
factor that leads to more particle exit through leakage. For condition (iii), the I/O ratios increased with increasing particle
size due to the larger penetration factor and the smaller deposition coefficient for larger particles.

Under condition (i), the leakage airflow is the predominant pathway for air and UFP exchange between the in-cabin and
the outside. It is found that the penetration factors and the leakage rate are the most important parameters that affect the
UFP I/O ratios under this ventilation setting. Under (ii), the mechanical airflow is the dominant air exchange process for the
in-cabin microenvironment. The air exchange rate is larger under condition (ii) than (i and iii) because the mechanical air-
flow has a greater effect than the leakage flow (Xu and Zhu, 2009), which leads to the largest median I/O UFP ratio, as shown
in Fig. 2. Under condition (iii), the in-cabin air is re-circulated, and the leakage airflow becomes the predominant pathway for
air and UFP exchange between the in-cabin and on-roadway atmosphere. When the ventilation setting is switched from con-
dition (i) to condition (iii), the in-cabin air velocity increased, which enhanced the UFP deposition on the vehicle interior sur-
faces and resulted in a lower median I/O UFP ratio. As shown in Fig. 2, the median UFP I/O ratio is the lowest with (iii), which
is consistent with the previous in-cabin UFP I/O ratio measurement during freeway and tunnel travel (Zhu et al., 2007;
Knibbs et al., 2010). Therefore, to minimize the in-cabin UFP levels, it is recommended that commuters set ventilation com-
binations to fan-on, recycling-on. However, it should be noted that under this ventilation condition, there is a minimal air
exchange between the in-cabin and the outside, which results in a quick build-up of in-cabin CO2 levels.

3.2. Mechanical ventilation airflow rate

Besides the ventilation conditions, the mechanical ventilation airflow rate also significantly affects the UFP I/O ratio. Fig. 3
presents the UFP I/O ratios as a function of the mechanical airflow rate in the range of 0–360 m3 h�1. The I/O ratio
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significantly increased under condition (ii), where the mechanical air supply is the predominant airflow and thus, deter-
mined the in-cabin air exchange rate. The mechanical airflow rate and filtration efficiency are covariant: the faster the air-
flow passed through, the lower the filtration efficiency. The larger air exchange rate and the lower filtration efficiency can
both result in more UFPs entering into vehicle cabins, which can lead to an increased I/O ratio. In contrast, the I/O ratio is
reduced under condition (iii). The increased in-cabin air velocity led to larger deposition coefficients for all UFP sizes (Gong
et al., 2009). More UFPs deposited on the vehicle interior surface results in a lower I/O ratio. Therefore, under (ii), a lower
ventilation airflow rate should be chosen by commuters to achieve a lower in-cabin UFP exposure.

3.3. Driving speed

In addition to the ventilation settings and the airflow rate, vehicle driving speed also significantly affects the UFP I/O ratio.
In an earlier study, it is found that a larger driving speed created a larger pressure differential between the in-cabin and the
outside that resulted in larger leakage airflow (Ott et al., 2007), greater air exchange rate (Fruin et al., 2011) and greater

(a)

(b)

(c)

Fig. 2. The range of I/O ratios under various ventilation settings. Note: volume of the vehicle is 6 m3.

B. Xu, Y. Zhu / Transportation Research Part D 18 (2013) 122–130 125



particle penetration (Xu et al., 2010). The pressure differential between the in-cabin and the outside allows the leakage air-
flow to bring UFPs into the vehicle under combinations (i and iii) but pull UFPs out of the vehicle under condition (ii) through
cracks in the vehicle envelope. Both the leakage airflow rate and the penetration factor are significantly affected by the pres-
sure differential between the in-cabin and the outside. Previously, Xu and Zhu (2009) found that the pressure differential
increased from 30 ± 5 Pa to 150 ± 40 Pa when a vehicle’s speed increases from 30 mph to 70 mph under various ventilation
settings.

Fig. 4 illustrates the relationship between UFP I/O ratios and vehicle driving speeds for UFP sizes (10–100 nm). For ven-
tilation combinations (i and iii), at a given vehicle speed, the differential pressures between the outside and the in-cabin are
the same resulting in the same amount of leakage airflow. A larger penetration factor of the larger particles resulted in more
particles leaking into the vehicle.

The I/O ratios are largest at the fastest driving speed. A faster driving speed leads to more UFP penetration, which results
in higher I/O ratios. However, the relative importance of the vehicle speed changes with different ventilation settings. Com-
pared with condition (ii), the vehicle speed is more significant under (i and iii). The vehicle driving speed directly affects the
differential pressure between the in-cabin and the outside, which determines the leakage airflow rate. When there is no
mechanical ventilation air supply from the on-roadway atmosphere into the in-cabin (conditions (i and iii)), the UFPs pen-
etration is predominantly caused by leakage into the in-cabin and results in a greater increase of the I/O ratio. In contrast,
when there is mechanical airflow from outside into the cabin under (ii), the in-cabin air pressure is larger than outside air
pressure. The vehicle speed does not significantly affect the I/O ratio. Because a larger I/O ratio is related to a faster driving
speed under ventilation combinations (i and iii), a lower driving speed achieves a lower in-cabin UFP I/O ratio.

Besides on-roadway UFP level and I/O ratio, commuting time is another parameter that determines commuters’ exposure
to UFP inside vehicles. The UFP exposure, denoted as M (particle cm�3 h), during commuting can be calculated as

Fig. 3. The range of the I/O ratios at different mechanical air flow rates under two ventilation settings. Note: The volume of vehicle is 6 m3, and the speed of
vehicle is 50 mph.

126 B. Xu, Y. Zhu / Transportation Research Part D 18 (2013) 122–130



M ¼ C � y� t, where C is the on-roadway UFP concentration, y is UFP I/O ratio, and t is commuting time. For a given distance,
assuming a constant on-roadway UFP concentration, the exposure will be determined by the product of y and t that both are
related to vehicle speed. To achieve an explicit relationship betweenM and vehicle speed, Fig. 5 shows the quantitative rela-
tionship between UFP I/O ratio and vehicle speed. Linear relationships are observed under all three ventilation combinations.
Similar to Fig. 4, the effect of speed on UFP I/O ratio under condition (ii) is less significant than those under (i and iii) due to
the mechanical air supply through the ventilation system under the latter. The linear regression equations in Fig. 5 can then
be applied to derive a quantitative relationship between UFP exposure, M and vehicle speed, x (m s�1). Under condition (i),
for example, M ¼ C � ð0:005xþ 0:34Þ � L

x ¼ 0:005CLþ 0:34CL
x where L is the distance the vehicle traveled in miles. Faster driv-

Fig. 4. The range of the I/O ratios at different vehicle speeds under three ventilation settings. Note: the volume of the vehicle is 6 m3, and the ventilation
airflow rate is 180 m3 h�1.
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ing speeds result in lower in-cabin UFP exposure levels. Similar equations can be derived under the other two combinations.
Quantitatively, it takes 0.7 and 0.2 h at 20 and 70 mph, to commute 14 miles. By assuming an on-roadway UFP concentration
of 105 particle cm�3, the accumulative in-cabin exposure levels are 3.08 � 104 particle cm�3 h and 1.38 � 104 particle cm�3 h
at 20 mph and 70 mph. On-roadway UFP concentrations are also likely be affected by vehicle speed. Current motor vehicle
emission models (e.g., MOVES), however, do not address UFP emissions, and we do not examine the impact of vehicle speed
on on-roadway UFP concentrations and in-cabin UFP exposures.

3.4. Cabin filter quality and usage

Modern vehicles are generally equipped with air filters that may reduce in-cabin UFP concentrations (Pui et al., 2008). In
Xu et al. (2011), a range of filtration efficiencies (up to 60%, Fig. 1b) are found for commercial cabin air filters, where the
greatest filtration efficiency occurred for the thickest commercially available cabin filter. Due to the variability in the filtra-
tion efficiency, the UFP I/O ratios can vary greatly depending on the quality of the cabin filter. Fig. 6 shows the UFP I/O ratios
with cabin filters under condition (ii) when the ventilation airflow dominates the air exchange between the in-cabin and the
outside (Xu and Zhu, 2009). Under condition (ii), the majority of the UFPs enter the in-cabin through the ventilation system,
the large variability in filtration efficiencies results in significantly different UFP I/O ratios. With the thickest filter, the aver-
age UFP I/O ratio for the different size ranges is about 50%, and with the thinnest and worst quality filter, the average UFP I/O
ratio increased to �75%. Replacing an existing commercial cabin air filter with a high efficiency particulate air (HEPA) filter
can significantly lower the in-cabin UFP exposure. The filtration efficiency of a HEPA filter is greater than 99.97% in the UFP
size range (Schroth, 1996), which effectively reduces the amount of UFPs entering the in-cabin though the ventilation sys-
tem. As seen in Fig. 6, the mean UFP I/O ratio decreased by 50%, with the largest reduction occurred for larger UFPs.

Filter usage also affects the UFP I/O ratios and can be controlled by commuters. Both the filtration efficiency and pressure
drop across the filter increase for prolonged filter usage. Increased filtration efficiency reduces the UFP I/O ratios under fan-
on, recirculation-off (Xu and Zhu, 2009). However, how the pressure drop affects the UFP I/O ratios is more complicated
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because the pressure drop not only decreases the mechanical flow rate through the ventilation system but also affects the
pressure differential between the in-cabin and the outside, which affects the UFP penetration. The results show that an in-
creased differential pressure pushes more UFPs into the in-cabin through leakage, which results in a higher I/O ratio.

The effect of the filter usage on the I/O ratio also depends on traffic. For the same filter usage, the results showed that
heavy traffic accelerated the particle loading on the filter, which resulted in a larger pressure drop across the filter and a
greater UFP I/O ratio compared with when under light traffic. Fig. 7 shows the UFP I/O ratios as a function of filter usage
at a condition of moderate traffic with the fan-on and recirculation-off. The I/O ratio increased nearly 20% over 30 months
of filter usage.

3.5. Recirculation air passing through a HEPA cabin air filter

Other vehicle models, especially newer ones have recalculating air go through the cabin air filter that may result in a sub-
stantial in-cabin UFP reduction. Under these conditions, no UFPs would be transported by the mechanical ventilation air
from the on-roadway atmosphere. In addition to deposition, if the in-cabin UFPs are removed by the cabin air filter at a rate
of QSgS, then Eq. (1) can be modified to Eq. (2).

dðCiVÞ
dt

¼ C0QLP � CiðQFgF þ bV þ QSgS þ QLÞ ð3Þ
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At steady-state, the UFP I/O ratio is Ci
C0

¼ QLP
QFgFþbVþQSgSþQL

. Fig. 8 shows the UFP I/O ratios as a function of particle size under con-
dition (iii) with and without recirculation air passing through the cabin air filter. When the recirculating air does not pass
through the cabin air filter, the average UFP I/O ratio is 30% in the UFP size range. The UFP I/O ratio decreased 10–30% when
the recirculating air passed through the cabin air filter in the ventilation system. The lowest I/O ratio is when the recirculat-
ing air passed through a HEPA filter. The I/O ratio through the UFP size range is lower than 15%.

4. Conclusions

With regard to the effects of ventilation settings, and driving conditions on the UFP in-cabin to on-roadway concentration
ratios, the latter are found to vary significantly under different ventilation settings and driving conditions. From an environ-
mental health perspective, commuters are advised to drive at the speed limit using the largest ventilation airflow rate with
the fan-on and recirculation-on and to use a high-efficiency cabin filter to reduce exposure to in-cabin UFPs. Recirculating in-
cabin air through a HEPA filter is also found to greatly reduce in-cabin UFP exposures.
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