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Vehicle self-pollution occurs when a vehicle’'s emissions
migrate to inside that vehicle’s passenger compartment. This
paper presents values for two new parameters: vehicle self-
pollution intake fraction (iFsp), which is the total fraction
of a vehicle’'s emissions inhaled by all people in the vehicle,
and vehicle self-pollution individual intake fraction (ifsp),
which is the fraction of a vehicle's emissions inhaled by an
individual in the vehicle. We use results from tracer-gas
experiments in California’s South Coast Air Basin (SoCAB)
to quantify students’ iFsp and iF, sp for school bus emissions.
Six buses were studied during nine runs with windows open
and seven runs with windows closed. Reported ifsp
values (units: per million; min = 10, max = 94, mean =
27) indicate that the total mass of a bus’ exhaust inhaled by
students commuting on it is comparable in magnitude to
the total mass of that bus’ exhaust inhaled by all other people
in the SoCAB. Reported ifisp values (units: per million;
min = 0.2, max = 2.4, mean = 0.7) indicate that average
per capita inhalation of emissions from any single bus is 105—
108 times greater for a student on that school bus than
for a typical resident in the SoCAB. Vehicle self-pollution
rate varies with bus window position (open or closed) and
bus manufacture year. Our results can be used to
develop cost-effective strategies to reduce children’s
exposure to school bus emissions. Our results indicate,
for example, that even if emission reductions were many
times more expensive per gram emitted for school buses
than for an average vehicle, it would still be less expensive
per gram inhaled by a student to reduce emissions from
school buses than from an average vehicle.

Introduction

Vehicle emissions are a significant contributor to urban air
pollution. Vehicle pollutants believed to cause adverse health
impacts include diesel particulate matter (DPM), which
include ultrafine particles; criteria pollutants such as NO,
and carbon monoxide; and organic compounds such as
benzene and butadiene (I—5). DPM has been estimated to
cause a majority of the ambient air pollution cancer risk in
the South Coast Air Basin (6). An important objective of air
quality regulations is to reduce exposures, especially for
sensitive subpopulations. Children are believed to be espe-
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cially susceptible to air pollution because of their high
inhalation rates and lung surface area per body weight,
narrow lung airways, low lung clearance rates, and immature
immune systems (7—10).

Concentrations of vehicle pollutants are higher in and
near vehicles than at centrally located monitors (11—15). It
is often assumed that proximity to other vehicles is the reason
for elevated in-vehicle concentrations (14). Recent work
confirms that pollution from other vehicles is important on
school buses, especially in explaining short-term variability
in on-board concentrations (e.g., particle concentrations
increase after passing a diesel truck with visible emissions)
(16). However, a fraction of the pollution inside a school bus
is attributable to the bus itself. This paper investigates this
type of pollution, which we term vehicle “self-pollution”, for
students commuting on a school bus in California’s South
Coast Air Basin (SoCAB). As a major form of children’s
transportation, school bus emissions represent a potentially
important source of children’s exposure to vehicle pollutants.

Intake fraction summarizes the emission-to-inhalation
relationship for a specific emission source, pollutant, and
population. Intake fraction is the ratio of total attributable
intake to total emissions (17). Using results from tracer-gas
experiments (18, 19), we estimate the fraction of emissions
inhaled by the exposed population (the intake fraction, iF)
and by an average individual (the average individual intake
fraction, iF;). This information can aid in designing effective
exposure reduction strategies.

Methods

Tracer-Gas Experiment. Tracer-gas experiments were per-
formed on six buses while traveling on an in-use school bus
route that covered highly urbanized areas of south-central
Los Angeles and suburban areas of west Los Angeles.
Measurements were made during seven runs with closed
windows and nine runs with open windows in April, May,
and June, 2002. Table 1 summarizes the characteristics of
these runs. Experimental methods are described elsewhere
(18, 19). In each bus run, a mass flow controller metered
delivery of a tracer gas, sulfur hexafluoride (SFs), from a high-
concentration cylinder into the bus’ exhaust system. On-
board SFs concentrations were measured at two locations
(front and rear) with an electron capture detection analyzer
(ECDA) (AeroVironment Model CTA 1000). Model years of
the buses are 1975, 1985, 1993, 1998 (two buses), and 2002.
These buses included two older (year-1975 and -1985) high-
emitting diesel buses, two diesel buses more representative
of current fleets, one particle trap-outfitted diesel bus, and
one bus powered by compressed natural gas.

Intake Fraction. Intake is the mass of a pollutant that is
taken in by an exposed individual or population. For
inhalation of air pollution, intake rate (g min™!) is the product
of breathing rate (L min~!) and exposure concentration (g
L™1). Alternatively, intake rate can be calculated as the product
of the emission rate (g emitted per minute) for a specific
source and the relevant intake fraction (g inhaled per g
emitted) for that source.

We calculate intake fraction for school bus self-pollution,
iFsp, using eq 1:

. QpPC
lFSP = T (1)

Here, Qg is the average breathing rate (L person™! min!), P
is the average number of people on a school bus, C is the
temporally and spatially averaged on-board SFs concentration
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TABLE 1. Self-Pollution Intake Fraction and Individual Intake Fraction Results?

window bus S, front
model year position designation (109 min L")

1975 open high 76
1975 closed high 100
1985 open high 18
1985 closed high 70
1993 open regular 47
1993 open regular 23
1993 closed regular 19
1993 closed regular 14
1998 open regular 83
1998 open regular 17
1998 open trap-outfitted 14
1998 open trap-outfitted 29
1998 closed trap-outfitted 35
1998 closed trap-outfitted 31
2002 open CNG 25
2002 closed CNG 25

average 39

S, rear iFsp iFisp
(10 min L") (per million) (per million)
82 46 1.2
220 94 2.4
28 13 0.33
100 50 1.3

8 16 0.40
22 13 0.33
28 14 0.34
21 10 0.25

102 b4 1.4

35 15 0.38
20 10 0.25
27 16 0.41
44 23 0.58
35 19 0.48
23 14 0.35
41 19 0.48
52 27 0.67

2 High = high emitter diesel school buses; regular = representative diesel school buses; trap-outfitted = particle-trap outfitted diesel school
bus; CNG = compressed natural gas school bus; S = self-pollution term, calculated using eq 2 as the ratio of the on-board SF¢ concentration (g
L~") to the SFs emission rate (g min~"); iFsp = self-pollution intake fraction; iF; sp = average self-pollution individual intake fraction. The intake fraction
values assume an average population of 40 people on each bus and an average breathing rate of 15 L min~' and are based on the average value

of S between front and rear.

during a bus run (g L™1), and E is the experimental SFs mass
emission rate into the bus’ exhaust duringa bus run (gmin1).

The variables in eq 1 can be grouped into two terms. The
first term, QP (L min™1), is the subpopulation breathing rate.
The second term, C/E (min L), indicates the magnitude of
self-pollution, as measured by a tracer gas. We define a self-
pollution term, S, as C/E, which is proportional to the mass
fraction of emissions that enter the bus (Mp:

Mfr
v

S )

¢
E

Here, Vis the interior volume of the bus (L), and 7 is the
mean residence time of air inside the bus (min). The residence
time of air inside the bus depends on the rate of air exchange
between inside and outside air, which depends on factors
such as the window position (opened or closed), vehicle
speed, and wind speed (18, 20).

Values for the self-pollution term, S, were calculated from
reported tracer-gas experiments for school bus commutes
(18), as given in Table 1. Concentrations, C, are measured
using the ECDA. The SFs mass emission rates, E, are calculated
as the product of the concentration of SFs in the high pressure
SFs gas cylinder (g L™!) and the flow rate of gas from the
cylinder to the bus’ exhaust (L min!). Data on breathing
rate and number of passengers are not available for students
on a school bus. On the basis of children’s metabolic rates
at rest and at light activity levels (21), we estimate that
children’s average breathing rate on a school bus is between
7 and 22 L min~!. Our middle estimate, used in the analyses
below, is the average of these two values (15 L min™!). We
estimate the average number of children on a school bus is
40 and in the range 20—50. The middle estimate equals the
number of public school students transported by buses in
California during the 2000—2001 school year (964 815
students) divided by the number of buses available (24 497
buses) (22).

Results

Table 1 summarizes the SFs measurement results and the
calculated intake fractions for each bus run (i.e., each row
represents a single tracer-gas experiment). Self-pollution is
substantial for all six buses.
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Bus age and window position affect the magnitude of
self-pollution, with older buses and close-windowed buses
having higher self-pollution levels. On average, S values are
~2 times higher with windows closed than with windows
open. The importance of window position increases with
bus age: the difference between open and closed windows
is ~20% for the newer buses and a factor of ~3 for the older
buses. Also, the importance of bus age increases when
windows are closed: the difference in average Svalue between
the oldest (model year 1975) and the newer buses (model
year 1993 and later) is a factor of ~2 with windows open and
a factor of ~6 with windows closed.

Total intake for school bus emissions has two compo-
nents: intake by passengers (self-pollution) and intake by
all other people (excluding self-pollution). Similarly, intake
fraction (iF) is equal to self-pollution intake fraction (iFsp)
plus intake fraction excluding self-pollution (iFnon-sp). These
two components (iFsp and iFnon-sp) are presented separately
in Figure 1. Values for iFsp are estimated from the tracer-gas
experiments (18, 19) analyzed in this work. Values for iFyon-sp
for primary, nonreactive pollutants are estimated as the fleet-
wide average intake fraction for motor vehicle emissions of
carbon monoxide in the South Coast Air Basin (46 per million)
(23). This value accounts for spatial variability in population
density and ambient concentrations, temporal variability in
concentrations and breathing rates, and microenvironments
such as in- and near-vehicles and indoors near a freeway.

Self-pollution intake fraction is estimated in this work
from ~90-min tracer-gas experiments, while the estimate of
non-self-pollution intake fraction is based on annual expo-
sures in the South Coast. Results from these two methods
can be compared because both analyses are independent of
exposure duration, which is true for two reasons. First, the
periods analyzed are much longer than the residence times
of air in the respective environments (i.e., the tracer-gas
experiments were performed for much longer than the
residence time of air in a bus (18), and the South Coast analysis
considered a much longer time period than the residence
time of air in an air basin (23)). Second, in this work, we do
not analyze temporal variability in self-pollution intake
fraction (i.e., when using eq 1, we incorporate average, rather
than time-varying, values for the parameters).
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FIGURE 1. Intake fraction for an average vehicle and for school
buses in the South Coast Air Basin. Intake fraction is the sum of
self-pollution intake fraction and non-self-pollution intake fraction.
X-axis category labels refer to the buses model year (“new” means
1993 or later; “old” means 1985 or earlier) and the window position
(open or closed). The error bars indicate uncertainty in the self-
pollution term, owing to uncertainty in the breathing rate and in the
number of people on the bus and assuming that uncertainty in these
two parameters align to yield the maximum possible uncertainty.
These values indicate that if vehicle emissions in the South Coast
are reduced by a certain amount, the reduction in the population
inhalation intake will be 40—200% greater if the emission reductions
come from a school bus than if they come from a typical vehicle.
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FIGURE 2. Individual intake fraction. The first value is for a typical
person’s inhalation of emissions from an average vehicle in the
South Coast Air Basin. The remaining values are for a student's
inhalation of emissions from the school bus on which they commute.
Note the log scale. Error bars and X-axis labels are analogous to
Figure 1. These values indicate that if vehicle emissions in the
South Coast are reduced by a certain amount, the reduction in a
school child’s inhalation intake will be 10°—10° times greater if the
emission reductions come from that child’s school bus than if they
come from a typical vehicle.

Figure 1 and 2 depictintake fraction and average individual
intake fraction for primary conserved pollutants (e.g., DPM
and benzene). For these figures, results in Table 1 were
grouped based on similar values for the self-pollution term.
The two groups are the four newer buses (years 1993, 1998
(two buses), and 2002) and the two older buses (years 1975
and 1985). Average values across all bus runs are 27 per million
for school bus self-pollution intake fraction (iFsp), 73 per

million for school bus intake fraction (iF, which equals
iFsp + iFphon-sp), and 0.7 per million for school bus self-pollution
individual intake fraction (iF;gp).

Figures 1 and 2 use the arithmetic mean of front and rear
S values for the newer buses and for the oldest bus. Error
bars assume that uncertainty in the average number of
students on a school bus (P) and in students’ average
breathing rate (Qg) align to yield the maximum uncertainty
inintake fraction and individual intake fraction. The iFvalues
in Figure 1 indicate that for every million grams of a primary
conserved pollutant emitted by a school bus, a total of ~46
g are inhaled by the ~15 million people in the South Coast
Air Basin who are not riding that bus, and that the passengers
inhale an additional 10—54 g for a newer school bus and
13—94 g for an older school bus.

Average individual intake fraction, shown in Figure 2, is
calculated as intake fraction divided by the number of people
exposed. The left-most bar represents a typical person’s
exposure to emissions from an average vehicle in the South
Coast Air Basin. The remaining values are for a student’s
exposure to emissions from the school bus on which they
commute. For example, for every million grams of a primary,
conserved pollutant emitted by an old bus with closed
windows, ~2 g are inhaled by the average person on that
bus, and ~2 x 1076 g are inhaled by the average person who
is not riding on that bus. The difference in intake fraction
among the cases in Figure 1 (iFsp for a newer and older bus
and iFhon-sp) is less than 1 order of magnitude, but the size
of the exposed population varies by more than 5 orders of
magnitude (~40 people for self-pollution, and ~15 million
people for non-self-pollution). Therefore, the difference in
individual intake fraction values between self-pollution and
non-self-pollution is between 5 and 6 orders of magnitude.
That is, the emission-to-individual-intake ratio is 10°—108
times greater for children inhaling their own school bus’s
emissions than for the average South Coast resident inhaling
emissions from a single average school bus.

To use the results in Figures 1 and 2 when estimating the
average exposure concentration or the total daily inhalation
intake rate attributable to buses and to nonbus vehicles, one
would need to incorporate total emissions. Several factors
influence vehicle emissions, including engine technology,
fuel composition, driving conditions, vehicle size and load,
and distance traveled. Because total bus vehicle miles traveled
(VMT) represent a small fraction of the total fleet VMT, total
pollutant emission rates (kg d~!) are much larger from
nonbuses than from buses (24).

Discussion

Self-Pollution Intake. The relationship between reductions
in emissions and reductions in a child’s intake varies
significantly among sources. For example, reducing annual
DPM emissions by 1 tonne would reduce an average exposed
child’s annual intake of DPM by 3 ug if the reduction comes
from ambient emissions from a typical diesel vehicle, by 470
mg if the reduction comes from the child’s school bus if he
rides a newer bus, or by 1-2 g if the reduction comes from
the child’s school bus if he rides an older bus. Because of
self-pollution, school buses are more effective than an average
vehicle at delivering emissions to children’s lungs. Reducing
an exposed child’s intake by a specific amount would require
5 to 6 orders of magnitude greater emission reductions if
control strategies target typical diesel vehicles (e.g., heavy-
duty diesel trucks) than if strategies target self-pollution from
that child’s school bus.

Policy Implications. A main task of air pollution man-
agement is to prioritize which emissions should be reduced
and by which quantities. Policy makers should prioritize
reductions of toxic emissions on the basis of the cost per
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gram inhaled, rather than per gram emitted, because intake
is a better proxy than emissions for attributable health
impacts.

A cost-benefit or cost-effectiveness analysis would include
both a health risk assessment and the costs of controlling
various vehicle emissions sources (25). However, on the basis
of the individual intake fraction for school children (Figure
2), even if emission reductions were many times more
expensive per gram emitted for school buses than for an
average vehicle, it would still be less expensive per gram
inhaled by a student to reduce emissions from school buses
than from an average vehicle.

Control Strategies. The school bus microenvironment
contributes significantly to children’s estimated total inhala-
tion intake of DPM. Approximately 90% of school bus fuel
consumption is diesel (26). On commute days, for newer
and year-1975 buses, students commuting on school buses
have 34% and 70% higher intakes of DPM than car com-
muters, respectively (27). The daily inhalation intake by a
child of emissions from the one school bus on which he or
she commutes is between ~7 and ~70 times greater than the
average daily inhalation intake by a typical South Coast
resident of emissions from all school buses.

Both emissions and self-pollution intake fraction are
higher for old buses than for new buses. The difference
between newer (model year 1993 and later) and older buses
(model years 1975 and 1985), for windows closed, is a factor
of ~2 for average iF values (63 per million versus 140 per
million) and ~5 for average iFsp values (17 per million versus
94 per million). The emission factor difference between newer
and older buses, according to EPA’s MOBILE6 emission
model, is approximately a factor of 10 (28). The correlation
between vehicle age, vehicle emissions, and both iFF and iFsp
suggests that older buses are a higher emission reduction
priority than newer buses. Furthermore, even if emissions
from older buses were the same as emissions from newer
buses, self-pollution intake would be higher on older buses
than on newer buses because of the higher iFsp values.

Inhalation intake equals emissions times intake fraction.
Intake control strategies should aim to reduce both emissions
and intake fractions. Intake fraction can be reduced, for
example, by decreasing the use of older school buses and by
decoupling the exhaust flow from air flowing into the bus.
Improved understanding of self-pollution mechanisms may
suggest additional exposure control strategies. Opening
windows, which reduces 7z, may reduce self-pollution but
increase on-board concentrations attributable to other
vehicles.

Itis important to identify the mechanism of self-pollution
(29). Many emission control technologies are end-of-tailpipe.
If the dominant mechanism for self-pollution transport is
post-tailpipe, then end-of-tailpipe technologies will reduce
all attributable exposures, including self-pollution. However,
if the dominant mechanism for self-pollution occurs before
emissions exit the tailpipe, then end-of-tailpipe technologies
will reduce all attributable exposures except self-pollution.

Variability and Uncertainty. Relative to other urban areas
in the United States, the South Coast Air Basin has a large
population size (15 million people) and generally unfavorable
atmospheric mixing and pollutant transport conditions (30).
Annual average iF,on-sp for vehicle emissions is typically less
than 46 per million in U.S. urban areas. For example, Evans
et al. (31) reported values in the range 3—18 per million for
primary PM,;5, and Marshall et al. (32) estimated that the
mean value among urban areas is in the range 7—21 per
million for nonreactive pollutants. Thus, the average self-
pollution intake fraction among all bus runs in this study (27
per million) is comparable to, or larger than, non-self-
pollution intake fraction for nonreactive vehicle emissions
in a typical U.S. urban area. Stated differently, when con-
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sidering two groups in a typical U.S. urban area—students
who ride a school bus and everyone else—the total mass of
bus pollution inhaled by bus riders likely exceeds the total
bus pollution inhaled by the remaining public, despite bus
riders being a relatively small group.

Self-pollution intake fraction will vary on the basis of
factors such as the window position, bus speed, wind speed
and direction, and the bus’ shape and structural integrity.
The results presented in this work are averages over the
conditions tested. Given the small sample size in the original
tracer-gas study (6 buses, 16 runs), our results are not
necessarily representative of the entire bus fleet. Additional
research is needed to refine and extend our results, for
example, by employing additional buses, bus types, and
operating conditions.

Variability and uncertainty in breathing rate and number
of students on a school bus affect our numeric results but
not the conclusions we draw from these results. Uncertainty
and variability in SF¢ emission rates and on-board concen-
trations do not affect our results significantly (18, 27).
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