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ABSTRACT OF THE DISSERTATION 

 

Assessing Children’s Exposure to Ultrafine Particles and Other Air Pollutants 

in School Buses and at Schools 

 

By 

 

Qunfang Zhang 

Doctor of Philosophy in Environmental Health Sciences 

University of California, Los Angeles, 2012 

Professor Yifang Zhu, Chair 

 

Increasing evidence has demonstrated toxic effects of ultrafine particles (UFPs, diameter < 

100 nm). Children are particularly at risk due to their immature respiratory systems and 

greater breathing rates per body weight. This study aims to assess children’s exposure to 

UFPs and other air pollutants in school buses and at schools. 24 school buses were employed 

to represent commonly used school buses in the United States. UFPs and other air pollutants 

in and around school buses were measured while idling and driving on roadways. The 

performances of retrofit systems for diesel-power school buses, a diesel oxidation catalyst 

(DOC) muffler and a spiracle crankcase filtration system (CFS), were evaluated regarding 

UFP and other air pol lutants from tailpipe emissions and inside bus cabins. UFPs and other 

air pollutants was examined simultaneously inside and outside of different indoor 
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microenvironments at five schools with different ventilation systems. When driving on 

roadways, the important factors for in-cabin total particle number concentrations included 

engine age, window position, driving speed, driving route, bus operation and passenger load. 

Idling increased total particle number concentration near the school buses under all scenarios, 

by a factor of up to 26.0. Depending on wind direction and window position, idling increased 

total particle number concentration inside the school buses by a factor of 1.3 – 2.9, with the 

majority occurring in the size range of 10-30 nm. Retrofit systems significantly reduced 

tailpipe emissions by 20% - 94% for total particle number concentration with both DOC and 

CFS installed. No unequivocal decrease was observed for in-cabin air pollutants after 

retrofitting. The AC/fan unit and the surrounding air played more important roles for 

determining in-cabin air quality than did retrofit technologies. The use of an air purifier was 

found to remove in-cabin particles by up to 50%. For the indoor microenvironments at 

schools, the most important factors affecting indoor total particle number concentration were 

related to various indoor sources. Without indoor sources, the indoor-to-outdoor (I/O) ratios 

for total particle number concentrations varied from 0.12 to 0.66 for the five ventilation 

systems studied. The I/O ratio decreased when the outdoor total particle number 

concentration increased. 
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Introduction 

1. Health Effects of Traffic Emissions 

Exposure to vehicle-related pollutants has been linked to premature mortality and 

exacerbation of various respiratory and cardiovascular diseases by a large number of 

toxicological and epidemiological studies (Boldo et al., 2006; Brunekreef et al., 1997; de Kok 

et al., 2006; Lin et al., 2002; McCreanor et al., 2007; Peters et al., 2004; Sandstrom and 

Brunekreef, 2007; vanVliet et al., 1997; Vinzents et al., 2005). In vitro toxicological studies 

found traffic-emitted particulate matter (PM) could produce several types of adverse cellular 

effects, including mutagenicity, cytotoxicity, DNA damage, and stimulation of 

proinflammatory cytokine production (de Kok et al., 2006). Short-term exposure to traffic 

emissions could cause oxidative DNA damage (Vinzents et al., 2005), increase inflammatory 

biomarkers, airway acidification and cardiopulmonary stress biomarkers (Hinds, 2010; 

McCreanor et al., 2007). Midterm exposure to traffic emissions could increase the 

inflammatory/endothelial response of elderly men, especially among diabetics (Alexeeff et al., 

2011). Long-term exposure to traffic emissions has been linked with elevated risk of 

respiratory and cardiovascular mortality (Brunekreef et al., 2009) and adverse pregnancy 

outcome (Wu et al., 2011). 

 

Among vehicle-related pollutants, the exposure to PM was estimated to have the greatest 

health costs, ranging between 17 and 266 billion dollars in the U.S. (McCubbin and Delucchi, 

1999). Currently the United States Environmental Protection Agency (U.S. EPA) regulates 
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PM on a mass basis as PM10 and PM2.5. However, the number concentration of PM was 

suggested to be more closely related with adverse health effects than the mass concentration 

(Oberdörster, 2001; Peters et al., 1997). In urban environments, 90% of ambient particles are 

ultrafine particles, which dominate the number concentration of PM but contribute a small 

portion to the mass concentration of PM. Previous studies showed that ultrafine particles 

(UFPs, diameter <100 nm) might be more toxic to laboratory animals and humans than fine 

and coarse particles per unit mass (Alessandrini et al., 2006; Delfino et al., 2005; Ferin et al., 

1990; Frampton et al., 2006; Peters et al., 1997). Because of their small particle size and large 

surface area, UFPs can evade alveolar macrophage clearance from the lung, penetrate the 

epithelium, enter the circulatory system, and deposit in the brain (Elder et al., 2006; Samet et 

al., 2009).  

 

Traffic emissions are usually the dominant source of UFPs and other air pollutants in an 

urban environment (Cyrys et al., 2008). UFP concentrations measured near major freeways 

were as high as 200.0 × 103 particles/cm3, over 4 times higher than the background level (Zhu 

et al., 2002a). Thus on-road vehicle emissions contribute a significant fraction of total daily 

UFP exposure. An on-road study in Los Angeles showed that even though on-road time only 

counted for 6% (90 min) of Californians’ daily time, 36% of total daily UFP exposure resulted 

from on-road vehicle emissions (Fruin et al., 2008). Zhu and colleagues(2007) estimated that 

the exposure to UFPs from vehicle emissions on a busy freeway in Los Angeles, CA could be 

10 times higher than the exposure in urban background environment. Many studies have 

estimated commuters’ exposure to UFPs from vehicle emissions (Cheng et al., 2010; Fruin et 
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al., 2008; Knibbs and de Dear, 2010; Zhu et al., 2007), but knowledge of children’s exposure 

remains relatively limited. Children are more sensitive to UFPs because their physiological 

and immunological systems are still developing. Compared with adults, they may receive a 

higher dose of PM to their lung due to a greater fractional deposition with each breath and 

larger ventilation relative to lung size (Bennett and Zeman, 1998). In addition, children have 

distinctly different time-activity patterns from adults. Therefore children’s exposure to UFPs 

may deviate from that in adults, and exposure assessment based on adults may not be 

applicable.  

 

2. Ultrafine Particles in School Buses   

In the U.S., there are about 25 million children riding school buses daily (U.S.EPA, 2012). A 

typical child may ride a school bus 180 days a year for a decade. About 90% of 450,000 

public school buses are powered by diesel (U.S.EPA, 2012). Wehner and colleagues (2009) 

found the emission factor of particles for diesel engines were about 100 times higher than for 

gasoline engines. Therefore children might be exposed to high levels of aerosol pollutants 

while riding diesel-powered school buses. This was confirmed by previous studies. The study 

of Sabin and colleagues (2005) reported concentrations of black carbon (BC), particle-bound 

polycyclic aromatic hydrocarbon (PB-PAH) and NO2 were significantly higher inside 

conventional diesel school buses than clean natural gas school buses. Behrentz and 

colleagues (2005) found the mean concentrations of BC, PB-PAH, NO2, fine particulate 

counts and mass during school bus commutes were higher than at nearby urban background 
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sites. Even though school bus commutes accounted for less than 10% of a child’s day, they 

contributed 33% of a child’s daily exposure to BC (Behrentz et al., 2005). The average 

inhalation of school bus emissions per on-board student was reported to be 105-106 times 

greater than for a typical resident in the South Coast Air Basin (Marshall and Behrentz, 

2005).  

 

To protect children against diesel exhaust from school buses, the U.S. EPA recommends 

retrofitting old diesel-powered school buses with certified retrofit technologies, such as a 

diesel oxidation catalyst (DOC) muffler and a spiracle crankcase filtration system (CFS). 

DOC was verified by the U.S. EPA to cause a reduction of 20–26% for PM mass 

concentration, 49–66% for hydrocarbons, and 38–41% for CO in tailpipe emissions whereas 

DOC and CFS together achieved a reduction of 28–32% of PM mass concentration, 42% of 

hydrocarbons, and 31–34% of CO (U.S.EPA, 2011). According to the manufacturer, CFS can 

reduce PM mass concentration from the crankcase by 2–80% (Donaldson Company, 2006). 

However, specific information concerning in-cabin PM number concentration reduction, a 

more relevant indicator of children’s exposure during school bus commutes, was not given by 

the U.S. EPA or the manufacturer.  

 

Only a few studies have evaluated the effectiveness of retrofit technologies on reducing 

in-cabin air pollutants, but their results were contradictory. Hammond and colleagues (2007) 

measured the in-cabin number concentrations of particles 20 nm to 1 µm in diameter, and 
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reported a 15–26% decrease between retrofitted and non-retrofitted buses. Trenbath and 

colleagues (2009) tested three school buses for in-cabin particles ranged from 10 nm to 

greater than 1 µm, and found a 33–41% reduction of average particle number concentration. 

Three school buses were measured in Round Rock, TX for the in-cabin particles 20 nm to 1 

µm in diameter, and the change of particle number concentration ranged from 7% higher to 

60% lower after retrofitting (Rim et al., 2008). A multi-city study conducted by the Clean Air 

Task Force found no significant change with the use of retrofit devices on particle number 

concentration in similar size ranges (Hill et al., 2005). Such disagreement was presumably 

due to the lack of control on confounding factors such as bus characteristics, meteorology 

conditions, and on-roadway pollutant levels, making it difficult to draw statistically solid 

conclusions about the efficiency of retrofit devices.  

 

3. Ultrafine Particles at Schools   

According to the National Human Activity Pattern Survey, Americans spend an average of 87% 

of their time in enclosed buildings (Klepeis et al., 2001). For students, the second largest 

proportion of their indoor time is spent in schools (Hofferth, 2001; Silvers et al., 1994; Wight 

et al., 2009; Wiley et al., 1991). In the U.S., typical school children spend 6.7 hours a day for 

180 days each year in schools (NCES, 2011). Therefore schools are important 

microenvironments from an exposure assessment perspective. 

 

Indoor air pollutants come from various sources, including both indoor and outdoor 
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sources. In residential indoor environments, many indoor activities were identified, including 

smoking, cooking, cleaning, and the use of consumer products (Nazaroff and Singer, 2004; 

Nazaroff and Weschler, 2004; Zhang et al., 2010). Indoor sources might be present in school 

indoor microenvironments. A study in India found the indoor-to-outdoor ratios for PM2.5 and 

PM1.0 were greater than 1.0 in a naturally ventilated school building located near an urban 

roadway (Goyal and Khare, 2009). Due to difference on room functions and human activities, 

the type and strength of indoor sources present in school indoor microenvironments differ 

from residential indoor environments. Morawska and colleagues (2009) observed that 

classroom activities such as painting, gluing, and drawing increased indoor particle 

concentrations due to the formation of secondary organic aerosols. Mullen and colleagues 

(2011) measured lower particle number concentrations indoors than outdoors, and concluded 

there was limited impact of indoor emission sources on UFPs at school indoor environments. 

However, this study was limited to measurements in classrooms, which may introduce errors 

for total UFP exposure in schools because other types of school indoor microenvironments, 

such as cafeterias and art studios, may have potential indoor sources or different conditions 

than classrooms. Therefore indoor sources in school indoor microenvironments need to be 

investigated more thoroughly. 

 

Particles originating from outdoor sources may penetrate into indoor environments, and 

increase the exposure to UFPs when students stay indoors. Many schools in the U.S. are 

located in close proximity to major freeways or busy roadways. A survey of nine large 

Metropolitan Statistical Areas of the U.S. showed over 30% of the student populations 
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attended schools within 400 m of a major roadway and over 10% were within 100 m 

(Appatova et al., 2008). Proximity to roads is even more relevant in urban centers. In 

California the percentage of public schools near busy roads was 13 times higher in cities with 

populations > 200,000 people than in rural areas (Green et al., 2004). Indoor air pollutant 

concentrations higher than background levels have been measured at schools close to traffic. 

In a German study of a school near a very busy street, the median concentrations of PM2.5 and 

PM10 were 37.4 µg/m3 and 118.2 µg/m3 indoors, much higher than the background levels 

(Fromme et al., 2008). Janssen and colleagues (2001) studied 24 schools in the Netherlands, 

and found both indoor and outdoor concentrations of PM2.5 increased significantly with truck 

traffic density and decreased with distance from the motorways. Early morning and late 

afternoon peaks of particle number and PM2.5 mass concentrations were observed in and out 

of test school classrooms, which were consistent with traffic rush hours (Guo et al., 2010; 

Hochstetler et al., 2011). 

 

Most previous studies at schools focused on fine and coarse particles. Attention paid to 

indoor UFPs at schools is limited. Only a few studies (Fromme et al., 2007; Guo et al., 2008; 

Morawska et al., 2009; Mullen et al., 2011; Weichenthal et al., 2008; Zollner et al., 2007) 

have measured UFP concentrations at schools, among which only one (Mullen et al., 2011) 

was conducted in the U.S.. Additionally, most of the studies were conducted in the 

classrooms using natural ventilation (Fromme et al., 2008; Fromme et al., 2007; Heudorf et 

al., 2009; Tippayawong et al., 2009), and the effect of mechanical ventilation was not 

discussed. In a study of residential indoor environments, ventilation systems showed 
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important effects on indoor particle number and size distribution (Zhu et al., 2005), implying 

the importance of ventilation systems for school indoor microenvironments. Although the 

study of Guo and colleagues (2008) discussed the impacts of mechanical ventilation, it was 

limited to various operation settings in just one classroom. Different types of mechanical 

ventilation might have different effects on indoor air due to variability in the air exchange 

rate and in filter settings. It is crucial to extend this research to better understand indoor UFPs 

and other air pollutants at schools with a variety of ventilation systems. 
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Study Objective 

From an exposure assessment perspective, school buses and schools are important but 

less-studied microenvironments where children congregate and spend a substantial proportion 

of their time. To accurately estimate children’s total daily exposure to UFPs and other air 

pollutants, it is crucial to study these environments. The overall objective of this study was to 

identify the conditions under which children are likely to be exposed to high levels of UFPs 

in school buses and at schools. Once the variability of children’s exposure to UFPs are known, 

future epidemiological studies can be better designed to target children exposed to higher 

concentrations of UFPs that are expected to exhibit greater health effects. To accomplish the 

objective of this study, the following specific aims were pursued: 

1. Identify important factors affecting UFP concentrations in school buses while idling and 

driving.  

2. Assess the performance of two U.S. EPA verified retrofit technologies for 

diesel-powered school buses on reducing tailpipe emissions and in-cabin air pollutant 

levels. 

3. Assess the effectiveness of in-cabin filtration to remove particles from the cabin air in 

school buses. 

4. Identify the effect of indoor sources, ventilation systems and outdoor air on indoor UFPs. 
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Methods and Study Design 

1. Pollutants and Instruments 

1.1 Pollutant measurements 

Real time air quality measurements included (1) total particle number concentration, (2) fine 

and ultrafine particle size distribution, (3) PM2.5 and PM10 mass concentration, (4) black 

carbon (BC) concentration, and (5) carbon monoxide and carbon dioxide concentrations. 

Non-critical measurements included (1) temperature and relative humidity, (2) location, 

traffic density and speed, and (3) wind speed and direction. Table 1 summarizes the measured 

parameters and used instruments in this study.   

Table 1. Instruments and measured environmental parameters. 

 

(1) Total particle number concentration 

Total particle number concentration was measured by water-based Condensation Particle 

Counters (WCPC, Model 3785, TSI, Inc., St. Paul, MN). Particles larger than 5 nm in 

 Instrument Species/Parameter Detection Limit 
Flow Rate 

(L/Min) 

Log 

interval 

1 TSI WCPC 3785 Particle Number (> 5 nm) Single Particle 1.0 1 s 

2 TSI WCPC 3871 Particle Number (> 6 nm) Single Particle 0.6 1 s 

3 TSI CPC 3007 Particle Number (> 10 nm) Single Particle 0.7 1 s 

4 TSI SMPS Size Distribution (7.6-289 nm) Single Particle 1.0 2 min 

5 TSI DustTrak 8520 PM2.5, PM10 Mass 1 µg/m3  1.7 30 s 

6 Aethalometer AE-42 BC Mass 1 µg/m3  2-5 1 min 

7 TSI Q-trak 7565 CO, CO2, T, RH 0.1 ppm, 0.1 ppm, 0.1°C, 

1% 

n/a 30 s 

8 GPSmap 76CSx Location and Speed 10 m n/a 10 s 
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diameter were detected and counted by a simple optical detector after a supersaturated water 

vapor condenses onto the particles, causing them to grow into detectable droplets. The 

sampling flow rate of WCPC is 1.0 L/min. WCPC can measure from 0 to 107 particles/cm3 

with accuracy ± 10% at < 2× 104 particles/cm3. The response time is less than 2 s for 95% 

response to a concentration step change. Two identical WCPC were employed to 

simultaneously measure the in-cabin and the ambient air in a school bus study and the indoor 

and the outdoor air in a school site study. In the study of idling school buses which 

simultaneously measured the upwind air, the in-cabin air and the air close to tailpipe, a 

WCPC 3781 and a CPC 3007 were used to measure total particle number concentration for 

the upwind air and the air close to tailpipes, respectively. The WCPC 3781 counted the total 

particulate number concentration in a size range of larger than 6 nm. The sampling flow rate 

was 0.6 L/min. It can measure 0 to 5× 105 particles/cm3 with accuracy ± 10% at 5× 105 

particles/cm3. The CPC 3007 measured particle number concentration in a size range of 

larger than 10 nm with the sampling flow rate of 0.7 L/min. It can measure 0 to 5× 105 

particles/cm3 with accuracy ± 20%. 

 

(2) Fine and ultrafine particle size distribution 

Fine and ultrafine particle size distribution in the size range of 7.6 – 289 nm were measured 

by a scanning mobility particle sizer (SMPS) at 2-min intervals. Particle number 

concentrations in the size range of < 100 nm were summed up to be UFP number 

concentrations. A SMPS consists of two components, an Electrostatic Classifier (Model 3080, 

TSI, Inc., St. Paul, MN) with a Long Differential Mobility Analyzer (DMA, Model 3081, TSI, 
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Inc., St. Paul, MN) to select particles of a given size and a WCPC 3785 to count the particles. 

In the Electrostatic Classifier, the aerosol was first neutralized to Boltzmann's equilibrium 

charge distribution by passing through a Kr-85 bipolar neutralizer. Particles were separated 

according to their electrical mobility in the DMA. Particles within a narrow range of 

electrical mobility exited with the airflow through a small slit located at the bottom of the 

collector rod and were transferred to a WCPC to determine the particle concentration. The 

SMPS system was automated with a personal computer that controlled the individual 

components and performed data logging and reduction. Data reduction and analysis of the 

SMPS output were done by the Aerosol Instrument Manager software (version 4.0, TSI Inc., 

St. Paul., MN).   

 

(3) PM2.5 and PM10 mass concentration 

TSI DustTrak photometers (Model 8520, TSI, Inc., St. Paul, MN) with a PM2.5 inlet impactor 

or a PM10 inlet impactor were used to monitor particle mass concentration continuously. 

Powered by an internal battery, the DustTrak samples air at a constant flow rate of 1.7 L/min 

by means of a built-in diaphragm pump. The sampled airstream passes through a light 

scattering optical sensing zone. The detected signal is processed by lock-in circuitry followed 

by high-resolution digitization. A part of this filtered stream is continuously diverted through 

and over all optically sensitive areas to protect them from particle deposition. The DustTrak 

covers a concentration range of 1 µg/m3 to 100 mg/m3 with a resolution of ± 0.1% of 

reading or ± 0.001 mg/m3 whichever is greater.  
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(4) BC concentration 

A Magee Scientific Aethalometer (Model AE-42-2, Magee Scientific Co., Berkeley, CA) was 

used to measure BC concentrations at 1-min intervals. This device measures the attenuation 

of a beam of light transmitted through a filter while the filter is continuously collecting an 

aerosol sample. The instrument measures particulate BC in the near infrared at a wavelength 

of 880 nm using a solid-state source. The rate of accumulation of BC is proportional to both 

the BC concentration in the airstream and the flow rate. The instrument has a sensitivity <0.1 

µg/m3 and an accuracy of 5%. Data are continuously logged into an internal data logger.  

 

(5) Carbon monoxide and carbon dioxide concentrations 

A TSI Q-trak indoor air quality monitor (Model 7565, TSI Inc., St. Paul, MN) was used to 

determine the concentrations of CO and CO2 as well as temperature and relative humidity at 

30-s intervals. An electrochemical cell is used for detecting CO and CO2. For CO2, the 

detection ranges of Q-trak is 0 – 5000 ppm with the accuracy of ±3% of reading or ±50 ppm, 

whichever is greater. For CO, the detection range is 0 – 500 ppm with the accuracy of ±3% of 

reading or 3 ppm whichever is greater. Data were continuously logged into an internal data 

logger and were downloaded later to a personal computer. Data reduction and analysis of the 

Q-trak and DustTrak output were done by the TrakPro software (version 3.33, TSI Inc., St. 

Paul., MN). 

 

(6) Meteorological Data 

Two units of TSI Q-trak were used to monitor temperature and relative humidity in and out of 
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the test school buses or school sites. Wind speed and direction were obtained from local 

weather stations nearest to sampling sites.  

 

(7) Location and Speed 

The speed, direction and location of the school buses were monitored every 10 seconds with a 

GPS tracking device (GPSmap 76CSx). City Select North American map data were loaded 

onto the laptop to provide a trace of the school bus's path during each run. An 8-mm, 

high-resolution video recorder (camcorder) was mounted on the dashboard of the test school 

buses to record traffic conditions during all measurement periods.  

 

1.2 Quality assurance and quality control 

Before each test, all instruments and laptops were synchronized to a satellite-signaled clock.  

Flow and zero checks of all instruments were conducted before and after each sampling period. 

The sampling flow rates were measured by a DryCal DC-Lite primary flow meter (Bios 

International Corporations, NJ). Zero reading was checked by connecting with a HEPA filter 

for the WCPC, DustTrak, and Aethalometer. The identical instruments used simultaneously 

for the in-cabin and the surrounding air in the school bus study or for the indoor and the outdoor 

air in the school site study were collocated to collect data side by side for at least 10 minutes 

before and after each test to determine the relationship of their readings.  
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The SMPS systems were calibrated in the laboratory before and after the study by 

measuring monodisperse Polystyrene Latex spheres (PSL, Polysciences Inc., Warrington, PA). 

DustTrak data were calibrated against simultaneous filter-based mass measurements using a 

personal environmental monitor. The Q-trak monitor was calibrated by sampling standard CO 

and CO2. For Aethalometer, before and after each test, the flow rate and the response to a 

factory-supplied test filter was checked. 

 

Flexible conductive tubing with a stainless steel monitoring probe was used for all 

particle-measuring instruments to avoid particle losses due to electrostatic forces. Sampling 

line losses were measured by sampling ambient air with and without the sampling probes in 

place. The mean difference between the pairs of measurements characterized losses of particles 

due to the sampling lines, which were usually less than 5%. 

 

2. School Bus Study 

The study on UFPs in school buses consisted of four parts, as summarized in Table 2. 

On-roadway tests (ORT) were conducted in Beeville, TX to measure the   inside school buses 

when driving on roadways. Idling tests (IT) were conducted in Los Angeles, CA to study the 

impact of idling on UFPs in and around school buses. Retrofit tests (RT) evaluated the 

performance of two retrofit systems in Corpus Christi, TX. Retrofit tests were carried out in an 

open garage to test the effectiveness of retrofit systems on tailpipe emissions and in-cabin 

UFPs while idling, and on regular pick-up/drop-off routes to test the effectiveness on in-cabin 
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UFPs while driving. The effectiveness of in-cabin filtration was evaluated in air purifier tests 

(AP) in Corpus Christi, TX. 

 

Temperature and relative humidity were found to affect traffic exhaust particle number 

concentration (Jamriska et al., 2008; Ronkko et al., 2006). It is thus important to conduct the 

pre-retrofit and post-retrofit measurements under similar meteorological conditions for 

comparison. Table 2 shows temperature and relative humidity were fairly comparable 

between pre- and post-retrofit measurements, compared with the meteorological conditions in 

the study of Trenbath and colleagues (2009). Therefore during the study period, the effect of 

T and RH on particles emitted by school buses was expected to be negligible.  

 

Table 2. Summary of school bus tests and meteorological parameters 

Test  Date Location T (°C) RH (%) 

ORT  3/18/2008 ~5/20/2008 Roadway, Beeville, TX 25~39 24~61 

IT  8/30/2011~9/10/2010 Open green space, Los Angeles, CA 18~23 58~80 

RT 

RTG 7/6/2009~7/10/2009 Open garage, Corpus Christi, TX 29~40 33~69 

RTRB 4/13/2009~4/20/2009 Roadway, Corpus Christi, TX 24~29 48~60 

RTRA 10/28/2009~11/11/2009 Roadway, Corpus Christi, TX 21~27 40~66 

AP  4/19/2010~4/22/2010 Roadway, Corpus Christi, TX 25~28 44~51 

Abbreviations: ORT, On-roadway test; IT, Idling test; RT: Retrofit test; RTG, Retrofit test in garage; RTRB, 

Retrofit test on roadway before retrofitting; RTRA, Retrofit test on roadway after retrofitting; AP, Air purifier 

test; T, temperature; RH, relative humidity. 
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2.1 School bus characteristics 

In total 24 school buses were employed, covering a wide range of model year, bus maker, and 

engine model to represent the commonly in-use school buses in the U.S.. School bus 

characteristics are shown in Table 3. 

 

(1) Four school buses were selected from the school bus fleet which served the Beeville 

School District in South TX. Two 1990 model year (MY) school buses and two 2006 MY 

school buses were selected to represent the old and new school buses in service in the 

on-roadway tests to investigate the in-cabin UFP levels while driving on roadways. All tested 

school buses were manufactured by Blue Bird Co., and the engine model was D5.9L. No 

emission control was applied to these school buses at the time of testing. As shown in Table 3, 

the capacity of these school buses ranged from 70 to 74 persons. The engines of the 1990 MY 

school buses were inside the cabin to the right of the driver seat while engines of the 2006 MY 

school buses were under the hoods. The older school buses had about 5 times more mileage 

than the newer school buses. There was no AC/fan unit in the 1990 MY school buses. Thus, the 

AC/fan units in the newer ones were kept off and only window position was changed during 

this study.  

 

(2) Nine school buses were selected from the Tumbleweed Transportation, CA, which 

provides school bus transport services in the greater Los Angeles area. One bus was 1999 MY 

and the other eight were 2005 MY. These buses covered three different sizes with the 

maximum capacities of 36, 48 and 72 persons. All of the buses had engines located under the 
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front hood. There was no AC/fan unit in all school buses. No emission control was applied to 

these school buses at the time of testing. These school buses were employed in the idling tests 

to assess the impact of idling on the UFP levels in and around school buses. 

 

(3) Eleven school buses were selected from a fleet of 197 buses in the Corpus Christi 

Independent School District (CCISD), TX. The manufacturers of these buses included 

Bluebird, Freightliner, and Navistar, the most popular brands used in the U.S. The bus engines, 

including four different models, were made by two engine makers, Cummins and International. 

The buses ranged from 10 to 20 years old representing the relatively old school buses used in 

CCISD. These buses were employed in the retrofit tests and the air purifier tests to evaluate the 

performance of retrofit technologies and in-cabin filtration device. For school bus C1 and C2, 

there was no AC/fan unit installed and the engine was located under the floor inside the cabin. 

For the rest, the engines were all located in the front hood with one or two AC/fan units 

depending on the bus size.  
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Table 3. School bus characteristics 

City 
Bus 
No. 

Bus 
maker 

Engine 
maker 

Engine 
model 

Model 
year 

Mileage 
(mile) 

AC 
Engine 
position 

Max capacity 
(person) 

 Test 

Beeville, TX 

B1 B C D5.9L 1990 311,478 No IC 70  ORT 

B2 B C D5.9L 1990 300,104 No IC 70  ORT 

B3 B C D5.9L 2006 62,654 Yes FH 74  ORT 

B4 B C D5.9L 2006 68,333 Yes FH 74  ORT 

            

Los Angeles, CA 

L1 I N T444E 1999 125,328 No FH 36   IT 

L2 F M Meb 900 2005 98,922 No FH 48  IT 

L3 F M Meb 900 2005 10,153 No FH 48  IT 

L4 F M Meb 900 2005 93,356 No FH 48  IT 

L5 F M Meb 900 2005 104,351 No FH 48  IT 

L6 F M Meb 900 2005 58,974 No FH 72  IT 

L7 F M Meb 900 2005 61,251 No FH 72  IT 

L8 F M Meb 900 2005 59,917 No FH 72  IT 

L9 F M Meb 900 2005 68,299 No FH 72   IT 

            Abbreviations: B, Bluebird; F, Freightliner; I, Intel/Mid; C, Cummins; N, Navistar; M, Mercedes; IC, In-cabin; FH, Front hood; ORT, On-roadway test; 

IT, Idling test 
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Table 3. School bus characteristics (Cont.) 

City 
Bus 
No. 

Bus 
maker 

Engine 
maker 

Engine 
model 

Model 
year 

Mileage 
(mile) 

AC 
Engine 
position 

Max capacity 
(person) 

 Test 

Corpus Christi, TX 

C1 B C D5.9L 1990 79,674 No IC 77  RTRB 

C2 B C D5.9L 1990 86,595 No IC 77  RTRA 

C3 F C D5.9BTA 1999 127,051 Yes FH 77  RTR, AP 

C4 B C D5.9BTA 1996 130,727 Yes FH 77  RTR, AP 

C5 F C D5.9ISB 1999 78,364 Yes FH 38  RTR, RTG, AP 

C6 F C D5.9L 1999 146,395 Yes FH 38  RTR 

C7 N N D7.3L 1992 201,381 Yes FH 35  RTR, RTG, AP 

C8 F C D5.9BTA 1999 110,778 Yes FH 77  RTG 

C9 F C D5.9L 1997 107,308 Yes IC 34  RTG 

 C10 F C D5.9L 1999 793,66 Yes FH 38  RTG 

 C11 B C D5.9L 1992 12,123 Yes IC 72  RTG 

Abbreviations: B, Bluebird; F, Freightliner; N, Navistar; C, Cummins; IC, In-cabin; FH, Front hood; RTR, Retrofit test on roadway (including both before 

and after retrofit); RTRB, Retrofit test on roadway before retrofit; RTRA, Retrofit test on roadway after retrofit; RTG, Retrofit test in garage; AP, Air 

purifier test. 
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2.2 On-roadway tests 

To assess children’s exposure to air pollutants inside school buses when driving on roadways, 

four school buses (B1-B4) were studied when driving on roadways in Beeville, TX. Every 

day the school buses were tested for the morning run from 6:30 to 8:30 and for the afternoon 

run from 15:00 to 17:00. Two in-use routes were selected to represent different student 

transportation patterns. A town route of 19 km, which included surface streets and freeways, 

was chosen to represent town roads. A rural route of 32 km with a long section of rural 

roadway was selected to represent rural roadways. In the morning, the school buses started 

from the rural route to pick up the children and then went to a bus transfer station to unload 

the students. After idling for approximately 15 minutes, the tested buses left, following other 

buses to send the children to an elementary school. It usually took about 10 minutes to unload 

the children in the elementary school’s parking lot. The buses then continued on the town 

route. It took approximately two hours to complete both routes. In the afternoon, the tested 

buses picked up the children from the elementary school, transported them to the bus transfer 

station, ran on the rural route to send the children back home, and then back to the elementary 

school to resume the test on the town route. The passenger numbers varied between 7 and 45, 

including a driver and two research staff operating the equipments. 

 

The parameters measured inside the cabins included total particle number concentrations, 

fine and ultrafine particle size distribution, PM2.5, PM10, CO2, CO, and BC, as summarized in 

Table 4. Detailed information on the instruments was described in Section 1 (Pollutants and 



 

22 

 

Instruments). Passenger numbers inside the school buses and the operation of doors and 

windows were recorded manually. All instruments were fixed on a two-layer portable sampling 

platform secured on the rear seats inside the school buses. Vibration mounts were used between 

the two layers to protect instruments from on-road vibration. The instruments were powered by 

four deep-cycle marine batteries. 

 

Since there was no AC/fan unit in the 1990 MY school buses, the AC/fan units in the newer 

ones were kept off and only window position was changed during this study. Two window 

positions tested in the on-roadway tests included: (1) window closed condition: all windows 

were kept closed except some of them could not be closed tightly; (2) window open condition: 

six windows in the front of the buses were open by about 20 cm, three of which were on each 

side.  

 

Table 4. Instruments and measured parameters in on-roadway tests. 

 

 

 

 

 

 

 

 

2.3. Idling tests 

2.3.1 Measurements in and around idling school buses 

 Species/Parameter Instrument 

1 Total Particle Number  TSI WCPC 3785 

2 Fine and Ultrafine Particle Size 
Distribution  

TSI SMPS 

3 PM2.5 and PM10 TSI DustTrak 8520 

4 BC Aethalometer AE-42 

5 CO, CO2, T, RH TSI Q-trak 7565 

6 Location and Speed GPSmap 76CSx 
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To investigate the impact of idling on UFP levels in and around idling school buses, 9 school 

buses (L1-L9) were measured from August 30 through September 10, 2010 in Los Angeles, 

CA. To control the variability of ambient air pollutant level, this study was conducted in an 

open green space without traffic emissions on the upwind side. The study’s location is shown 

in Figure 1. Meteorological data, obtained from a weather monitoring station 5 km east of the 

study site, are summarized in Table 5. During the study period, the dominant wind direction 

was from southwest to northeast, eliminating the influence of emissions from FWY 405 on 

the eastern side. Average daily wind direction ranged from 179 to 205°, and wind speed 

varied between 2.5 to 3.6 m/s. T was between 18.2 and 22.6 C˚, while relative humidity 

varied from 58% to 80%. Constant wind direction during the study period allowed 

positioning the buses either parallel or perpendicular to the wind. Stable meteorology 

conditions also reduced the day-to-day variability of background pollutant concentrations 

leading to a better signal to noise level during the measurements.  

 

Figure 1. Sampling site location for idling tests (courtesy of the U.S. Geological Survey) 

 

 

Sampling 
site 

Wind 
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Table 5. Meteorological conditions for idling tests  

Date 
Wind direction (°) Wind speed (m/s) T (C˚) RH (%) 

 
Mean SD RSD Mean SD RSD Mean SD RSD Mean SD RSD 

8/30/2010 197 23 12% 3.6 1.4 39% 20.2 0.7 3% 68 3 4% 
8/31/2010 205 30 15% 3.3 1 30% 22.5 0.6 3% 58 3 5% 
9/1/2010 186 20 11% 2.7 0.9 33% 21.6 1 5% 68 5 7% 
9/2/2010 179 15 8% 2.6 0.7 27% 21.8 1 5% 69 4 6% 
9/3/2010 179 13 7% 2.5 0.8 32% 22.6 0.8 4% 65 3 5% 
9/8/2010 202 28 14% 3.4 0.9 26% 18.2 0.4 2% 80 2 3% 
9/9/2010 186 34 18% 2.9 0.9 31% 20.3 0.8 4% 69 3 4% 
9/10/2010 201 26 13% 3 0.9 30% 20.5 0.5 2% 71 2 3% 

*SD, standard deviation; RSD, relative standard deviation 

 

Five scenarios were simulated in terms of wind direction and bus position. The layout of 

the five scenarios is shown in Figure A1 in the Appendix. Open boxes refer to school bus 

bodies, gray areas indicate tailpipe emissions, and open circles with numbers represent the 

equipment for air pollutant measurements.  

In scenario 1, each school bus was parked alone perpendicular to wind direction. In 

scenario 2, the bus was rotated 90° to simulate a parallel wind, so that the wind blew from the 

bus’s tailpipe towards its hood. The engine of the studied bus was set to either off or on to 

measure the change of in-cabin air pollutants due to the engine operation. These two scenarios 

simulated the self pollution from an idling school bus. Scenarios 3~5 had the same layouts of 

school buses. Two school buses were parked closely with the tailpipes pointing to the rear of 

each other at about 2 m away, one perpendicular to the wind and another parallel to the wind. 

The perpendicular bus was on the upwind side of the parallel bus. In scenario 3, the engine of 

the upwind bus was kept off, while the engine of the downwind bus was set to either off or on. 

The change of air quality inside the upwind bus was measured to quantify the impact from the 
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downwind bus’s tailpipe emissions. In scenario 4, the engine of the downwind bus was kept 

off, while the engine of the upwind bus was set to either off and on. The change of air quality 

inside the downwind bus was measured. These two scenarios were to investigate the impact of 

tailpipe emissions from an idling school bus on nearby school buses. In scenario 5 the engines 

of both the upwind and downwind buses were turned off or on, and the air quality data were 

collected for both buses. This scenario was to simulate the worst case observed in bus transfer 

stations or in school parking lots with more than one bus idling together.  

 

Each scenario was tested under two window positions: (1) all windows were closed; or (2) 

eight rear windows, four on each side, were open by 20 cm. The doors remained closed with the 

AC/fan off, and no passenger was present in the cabins during the measurements. No vehicles 

other than the studied buses were operating during the measurements. Because there was no 

nearby UFP source on the upwind side, the difference of in-cabin UFP concentrations between 

the engine off and engine on conditions were mainly attributed to the tailpipe emissions. 

 

For each scenario, air quality of the upwind air, the in-cabin air and the air close to tailpipes 

were measured simultaneously, as summarized in Table 6. One set of instruments measured 

total particle number concentration and PM2.5 mass concentration for the upwind air at 1 m 

height and 2 m upwind of the tested bus. The second set measured total particle number 

concentration near tailpipes at the height of tailpipe and 0.5 m away from the point of tailpipe 

exhaust. The third set measured in-cabin air quality above the rear seat of the buses, including 

fine and ultrafine particle size distribution, PM2.5 mass concentration, CO and CO2. Particle 

number concentration between 7.6 and 289 nm measured by the SMPS was summed up as total 
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particle number concentration for the in-cabin air. For scenario 5, since the air quality of both 

the upwind and the downwind buses were measured simultaneously, two identical sets of 

instruments were used, one for each bus, to measure air quality of the in-cabin air and the air 

close to tailpipes simultaneously. 

 

Table 6. Instruments and measured parameters in idling tests. 

* Total particle number concentration for in-cabin air was calculated as the sum of the particle number 

concentrations between 7.6 and 289 nm measured by the SMPS. 

 

2.3.2 Air exchange rate and deposition rate 

For each school bus, the air exchange rates were estimated by the CO2 decay method reported 

by Zhu et al. (2005) for window closed and window open conditions. From a compressed 

CO2 cylinder, CO2 was released into the cabin until the concentration was higher than 2000 

ppm. The decay of CO2 concentration was measured by a TSI Q-trak indoor air quality 

monitor. Then the air exchange rate was calculated by  

� =
�

����
ln	( �����������������

������������������
)                                                  Eq. (1) 

where λ is the air exchange rate (h−1), and t and t0 are the end and the beginning of the 

sampling interval (h), respectively; the averaged ambient CO2 concentrations (ppm) for the 

 
Species/Parameter 

Instrument 

 Upwind Tailpipe In-cabin 

1 Total Particle Number  TSI WCPC 3781 TSI WCPC 3007 TSI SMPS* 

2 Fine and Ultrafine Particle 

Size Distribution  

  TSI SMPS 

3 PM2.5 TSI DustTrak 8520  TSI DustTrak 8520 

4 CO, CO2, T, RH TSI Q-trak 7565  TSI Q-trak 7565 
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period from t0 to t is ��	������� ; the indoor CO2 concentrations (ppm) measured at time t and t0 

are indicated as Cin(t) and Cin(t0), respectively. 

 

 

Particle deposition rates were determined for each bus. Each tested school bus was parked 

parallel along wind direction with 8 rear windows open. The engine was turned on for about 

15 min. Diesel particles emitted by the tailpipes were carried by the wind and entered the 

cabin through open windows as the particle sources for deposition. After the particle 

concentrations became stable, the engine was turned off and all the windows and doors were 

closed. The fan and recirculation system in the school bus were kept off. No passenger was 

present in the cabins. UFP deposition rates were determined based on size-resolved particle 

concentration decay sampled and recorded by a SMPS. Each test lasted for about 20-30 min 

until the in-cabin UFP concentrations approached ambient levels and it was repeated 2~3 

times for each bus. Deposition rate was calculated as followed (Gong et al., 2009):  

ln �
�����


�����
� = −�� + �	
                                                  Eq. (2) 

where PNC(t) and PNC(0) are the particle number concentrations (particles/cm3) measured at 

time t and 0, respectively. The air exchange rate (h−1) and the deposition rate (h−1) are 

indicated by λ and k, respectively. Particle deposition rates were calculated for particles of 

each size to achieve the size-resolved UFP desorption rates. In addition, total particle number 

concentrations, the sum of particle numbers of all sizes measured by SMPS, were used to 

calculate the deposition rates for total particle number concentration.  
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The in-cabin volume and the interior surface area were determined for each bus. The 

interior surface materials inside three buses were the same, including rubber, plastic, artificial 

leather, metal and glass. For the interior surface areas, additional areas of in-cabin geometric 

structure such as seats and dashboards were included. 

 

2.3.3 Statistical analysis 

To estimate how in-cabin particle levels were affected by engine operation over time under 

the different scenarios, in-cabin particle number concentrations were analyzed using separate 

longitudinal regressions for each particle size measured by the SMPS. Additionally, analysis 

was done in a similar manner for total particle numbers and PM2.5. 

  

Longitudinal data models were fit with the SAS mixed procedure (SAS Version 9.2; SAS 

Institute, Cary, NC, USA). Analysis was performed on the log scale to stabilize variance and 

ensure a linear relationship with the covariates. To conduct regression analysis, it was 

assumed that with engine off, the in-cabin UFPs were constant, while with engine on, the 

UFP number concentrations increased with time linearly within the first 15 min as the data 

were collected, but the average rates might differ by scenarios. Specifically, data collected 

under scenarios 1-4 were used to estimate the effects of wind (parallel/perpendicular), 

window (closed/open), emission source (buses’ own tailpipe or other buses’ emissions) and 

their interactions on in-cabin concentrations for each particle size on the log scale using the 

following model.:  
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PNCit is the concentration of particle with size i at time t. The intercept β
i0

 estimates the 

average concentration of particle size i on the log scale with engine off. Here, tengine is time 

after the engine was turned on, equaling zero before the engine was on. Next, xwind, xwindow , 

and xsource are indicator variables equaling 1 if, respectively, the wind is parallel, windows are 

open, and the emissions come from the buses’ own tailpipe. The increase of Log(UFPit) for 

size i for each additional minute after turning on the engine is indicated by β
i1
 when the 

wind is parallel, the windows are closed and the other bus is the emission source. The 

remaining coefficients measure the effects of wind, window, and engine source, as well as 

their interactions, over time. Since analyses were done on the log scale, the followling 

formula was utilized  

������������ = exp	(�������	+� ��� /2)                                        Eq. (4) 

where �������	�  is the fitted value from the regression for size i at time t and ��� is the 

residual estimate from the regression of size i to determine mean estimates under each 

scenario. Simulation methods were used to calculate 95 percent confidence intervals for each 

mean estimate of the various scenarios.  

 

2.4. Retrofit tests 

The performances of two retrofit devices, a diesel oxidation catalyst (DOC) muffler (Series 

6100, Donaldson Company, Inc., Minneapolis, MN) and a spiracle crankcase filtration system 
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(CFS) (Series 6100, Donaldson Company, Inc., Minneapolis, MN) were tested from April 13 

through November 11, 2009 in Corpus Christi, TX. The DOC was mounted on the exhaust 

tubing to reduce harmful emissions from in-use diesel engines. The CFS was connected to the 

crankcase vent and the engine intake to reduce emissions from the open crankcase vents of 

diesel engines. The effectiveness of DOC and CFS were evaluated under two school bus 

operation conditions: (1) when the school buses were idling in an open garage (RTG in Table 

2), and (2) when the school buses were running on roadways (RTRB and RTRA in Table 2).  

 

2.4.1. Retrofit tests in an open garage 

Retrofit tests in the open garage were conducted between July 6 and July 10, 2009. Six 

school buses were employed, three of which (C1, C9, C10) were installed with DOC first and 

other three (C5, C7, C8) with CFS first. Windows and doors were closed and AC/fan units 

were off wherever applicable during the measurements. The tailpipe emissions and the 

in-cabin air quality of each bus were measured simultaneously before retrofitting, with one 

piece of retrofit device, and with both retrofit devices for 1.5 h respectively when the school 

buses were idling. For in-cabin air, total particle number concentration, fine and ultrafine 

particle size distribution, PM2.5 mass concentrations CO and CO2 as well as temperature and 

relative humidity were measured by the instruments which were fixed on a two-layer portable 

sampling platform secured on the rear seats inside the school buses. The measurements and 

instruments were summarized in Table 7. 
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Table 7. Instruments and measured parameters in retrofit tests. 

  

 

 

 

 

 

 

 

 

For tailpipe emission monitoring, a 4"× 3’ flexible aluminum duct was mounted with 

tailpipes, and several holes were drilled on the duct about 20 cm away from the point of 

tailpipe exhaust. Flexible conductive tubing with a stainless steel monitoring probe with 

diameter of 3/8 " was used for all particle-measuring instruments. A dilution system was used 

to dilute tailpipe emissions before entering into the instruments. The exhaust in the 

conductive tubing was first cooled down to ambient temperature. Then it was split into two 

streams. One was filtered by a high efficiency particulate air (HEPA) filter to produce “clean” 

air, and then mixed with the other stream to reduce the concentration. The mixture went into 

the inlet of each instrument. The volume of clean air was controlled by a flow meter in the 

HEPA branch, further determining the dilution ratio. Before each test, the dilution ratio was 

determined by the simultaneous measurement of two identical WCPC, one with the dilution 

system and the other without. In this study, the dilution ratios ranged from 100 to 300. Total 

particle number concentration, fine and ultrafine particle size distribution, PM2.5, and BC 

concentrations were measured after dilution. The actual concentrations in tailpipe emissions 

were derived by multiplying the readings of each instrument by the dilution ratios measured 

 Species/Parameter Instrument 

  In-cabin Ambient 

1 Total Particle Number  TSI WCPC 3785 TSI WCPC 3785 

2 Fine and Ultrafine Particle 

Size Distribution  

TSI SMPS TSI SMPS 

3 PM2.5 TSI DustTrak 8520 TSI DustTrak 8520 

4 CO, CO2, T, RH TSI Q-trak 7565 TSI Q-trak 7565 

5 BC Aethalometer AE-42  
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prior to the tests.  

 

2.4.2. Retrofit tests on roadways 

Retrofit tests on roadways were conducted from April, 13 to April 20, 2009 for pre-retrofit 

condition and from October 28, to November 11, 2009 for post-retrofit condition. Six school 

buses (C1, C3-C7) were employed for pre-retrofit measurements. Since bus C1 was removed 

from the bus fleet when doing the post-retrofit on-roadway tests, it was replaced by a bus 

with similar configuration, bus C2, for post-retrofit measurements. Two in-use routes, 62 km 

in total, were selected. These routes covered a range of student transportation patterns and 

road types: 58–63% surface streets, 13–19% freeways, 7–8% stopped at traffic lights, 7–8% 

stopped for pick-up/drop off and 5–15% idling at school. It took approximately 140-185 min 

to complete both routes.  

 

Before retrofitting, the school buses were running on the selected routes while the 

in-cabin pollutant levels were monitored. After the installation of DOC and CFS, the 

post-retrofit in-cabin air pollutants were measured by the same instruments. Simultaneously, 

another set of instruments were used to measure the surrounding air pollutant concentrations 

outside of the tested school buses. The measurements and instruments were similar to the 

tests in the open garage as summarized in Table 7. For in-cabin air, the real time 

measurements included instruments used included total particle number concentration, fine 

and ultrafine particle size distribution, PM2.5, BC, CO and CO2 as well as temperature and 

relative humidity concentrations. For the surrounding air, total particle number concentration, 
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fine and ultrafine particle size distribution, PM2.5, CO, CO2, temperature and relative 

humidity were measured by a separate set of identical instruments via flexible conductive 

tubing with a stainless steel monitoring probe through the gap on the windows. The location 

and driving speed were determined by a GPS unit.  

 

For C1 and C2, two different ventilation conditions were tested: (a) all windows were 

closed in the morning; and (b) six rear windows were open by 20 cm in the afternoon. For the 

rest of the buses, all windows were kept closed with the AC/fan either on or off. The number 

of passengers in the test buses varied from 3–45 over entire run, including one bus driver and 

two research staff.  

 

2.5. Air purifier tests 

Four school buses (C3-C6) were employed to study the effectiveness of stand-alone air 

purifiers to remove in-cabin particles between April 19 and 22, 2010 in Corpus Christi, TX. 

Each bus was tested for two runs, one in the morning and one in the afternoon. The AC/fan 

was kept off in the morning and was turned on in the afternoon. All the windows and doors 

were closed during the measurements. The tests were conducted when the school buses 

driving on the same routes as used in the studies of retrofit technologies. Between one and 

two stand-alone air purifiers (HAP 8650, Sunbeam Products, Inc., Boca Raton, FL) were 

loaded in the rear of the school buses. The air purifier used was designed for large rooms (up 

to 40 m2). It had a built-in fan with four speeds drawing air through a carbon odor filter 
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followed by a HEPA filters. During the measurements, the fan speed was set to maximum. 

The in-cabin air pollutant levels and the surrounding air pollutant concentrations were 

monitored simultaneously when the bus was driven on the same routes used in the retrofit 

tests as described in 2.4.2. Two sets of identical instruments were employed for in-cabin and 

the surrounding air to measure total particle number concentration, PM2.5, CO and CO2 as 

well as temperature and relative humidity, as summarized in Table 7.  
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3. School Site Study 

3.1. Sampling sites 

Nineteen indoor microenvironments at five schools in South Texas were studied between 

February 2009 and February 2010. The school characteristics are shown in Table 8. These 

schools were selected to represent different school types, traffic density and urbanization 

conditions.  

 

School A is a public high school serving grades 9-12 with an enrollment of about 1,200. It 

represents schools in rural areas with a low traffic density. A major motorway runs north to 

south at a distance of 100 m to the east of the tested building. A commercial plaza is located 

across the motorway. The traffic volume on this roadway is 950 vehicles per hour. A 

classroom, a computer lab, a cafeteria and a hallway were tested between 8:00 and 16:00 

from February 23 to 28, 2009. These rooms were located in a one-story building built in 1953 

with a single duct system,  

 

School B is a comprehensive university with more than 5,000 students. A big parking lot 

is close to the tested building with a high traffic density during rush hours. This sampling site 

represents schools in rural areas with high traffic density during rush hours but low traffic 

otherwise. The tested microenvironments were located in a three-story building built in 2001 

with a single duct system. A hallway, an office and a classroom were tested between 8:00 and 

16:00 from February 2 to 4, 2009. 
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School C is the main campus of a community college with an enrollment of about 23,000 

in Corpus Christi, TX. It represents schools in an urban environment with a high traffic 

density. This school is located in the downtown area of Corpus Christi, TX. A busy arterial 

roadway with 1540 vehicles per hour runs from northwest to southeast at a distance of 10 m 

to the west of the tested building. The tested building is over 20 years old and is air 

conditioned by a single duct system. Five indoor microenvironments, including two 

classrooms, a library, an office and a cafeteria were tested between 8:00 and 16:00 from 

August 24 to August 30, 2009.  

 

School D is the west campus of the community college mentioned above with an 

enrollment of about 3,000. It is located in the urban fringe of Corpus Christi, TX, with a 

roadway running from northeast to southwest at the south bound of the campus. The traffic 

volume is less than 100 vehicles per hour. An international airport is located 5 km east of the 

campus. One classroom and one hallway in a 4 years old building with single duct system 

were tested between 8:00 and 16:00 from August 31 to September 1, 2009.  

 

School E is a private elementary school serving pre-kindergarten through 5th grade with 

an enrollment of about 80 students in Kingsville, TX. This school is located at an intersection 

of two residential streets with the traffic volumes less than 100 vehicles per hour. All of the 

buildings at this school were one story and over 30 years old. Two types of ventilation 

systems were used in five indoor microenvironments tested in this study. Window mounted 
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air condition units were used in a library and a computer room, and split systems were used in 

an art studio and two classrooms. The measurements were conducted between 8:00 and 16:00 

on February 9 through 16, 2010. 
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Table 8. Characteristics of school sites  

School Description Location Enrollment 
AHTD* 

(vehicles hr-1) 
Ventilation** 

# of tested 

microenvironments 

Study dates 

A Public high school Rural area near a major 

motorway and a commercial 

plaza 

1,200 950 OSDS 1 classroom 

1 computer room 

1 cafeteria 

1 hallway 

2/23-2/28, 2009 

B Comprehensive 

university 

Rural area with no commercial 

activity and low traffic 

5,000 640 NSDS1 1 classroom 

1 hallway 

1 office 

2/2-2/4, 2009 

C Community college Densely-populated urban area 

near a major urban road with 

heavy traffic 

23,000 1540 NSDS2 1 library 

1 office 

1 cafeteria 

2 classrooms 

8/24-8/28, 2009 

D Community college Urban fringe near an 

international airport 

3,000 < 100 NSDS2 1 classroom 

1 hallway 

8/31-9/1, 2009 

E Private elementary 

school 

Rural residential area with low 

traffic 

70 < 100 WAC 1 library 

1 computer room 

2/9-2/16, 2010 

SS 1 art studio 

2 classrooms 

*AHTD: Average hourly traffic density; ** OSDS: Old single duct system; NSDS1: New single duct system with one filter; NSDS2: New single duct system with 

two filters; WAC: Window mounted AC/fan; SS: Split systems 
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3.2. Ventilation systems 

As shown in Table 8, five types of ventilation systems were tested in this study. Schools A ~ 

D used single duct systems. A single duct system is an air conditioning system in which 

dehumidified air at an appropriate temperature is circulated throughout a building in a single 

branching duct. The air is supplied from a central plant room, where fresh air from outdoor 

and return air from building are mixed and cooled or heated to maintain constant air supply 

temperature. The air volume delivered to each space within the building may be designed 

according to different rooms’ characters and controlled by thermostatically operated dampers 

on the duct outlet. This system is commonly used in building complexes with multiple floors. 

Based on the ratio of fresh air and return air, the single duct systems were categorized to old 

single duct system (OSDS, <10% fresh air) and new single duct system (NSDS, >10% fresh 

air) in this study. The OSDS in School A used a pleated filter with the minimum efficiency 

reporting value (MERV) of 8. The NSDS in School B had one primary filter with an MERV 

rating of 10, whereas those in Schools C and D had a primary MERV 10 bag filter and a 

medium MERV 12 box filter. Therefore, the ventilation in School B was labeled as NSDS1, 

and those in school C and D were named NSDS2. 

 

Split system (SS) and window mounted air conditioning unit (WAC) were used in school 

E. A split system is a typical central air conditioning system for small space, with an outdoor 

air conditioning, or “compressor bearing unit” and an indoor coil, which is usually installed 

on the top of the room. Using electricity as its power source, the compressor pumps 
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refrigerant through the system to collect and remove heat and moisture from indoors. The 

individual fresh air duct connected to air handling unit supplies fresh air to the room. Air 

handling unit uses energy supplied from the compressor unit to cool and heat the air. It is 

usually used in small buildings and residential houses. The temperature in these classrooms 

was set to 21ºC during the testing. Window mounted AC/fan units are widely used as a room 

air conditioner. Different with split system and single duct system, refrigerant cooled by 

evaporator and compressor exchanged heat with ambient air directly. Cool air is supplied by a 

fan and warm air is exhaust to outside. It is usually used in residential houses for single small 

rooms.  

 

During the measurements, all the windows and doors were closed, except when people 

entered/exited the rooms. In the library at school E which had a window AC, there were two 

vented gas fan heaters in the rooms. In the morning, only the heaters were operating and the 

thermostat was set to 26 °C. In the afternoon, the fan of WAC was set to maximum with the 

heaters operating at the same time. In the other indoor microenvironment, ventilation systems 

were set to regular operating statuses throughout the measurements. 

 

3.3. Study protocol 

Every indoor microenvironment was tested for a whole school day, typically from 8:00 to 

16:00. Air quality data were collected inside and outside of the studied buildings 

simultaneously. For indoor air quality, the real time measurements included total particle 
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number concentration, fine and ultrafine particle size distribution, PM2.5, CO and CO2. The 

instruments were placed on a wagon in the rear of the rooms, 1.5 m above the ground, within 

1 m of the student seating area. Classroom sizes, ventilation system settings and human 

activities were also recorded manually.  

 

For outdoor air quality, a set of identical instruments were used to collect the same 

parameters as measured indoor. The measurements and instruments for the indoor and 

outdoor air were summarized in Table 9. Outdoor sampling sites were between the studied 

buildings and the closest major roadways. The distances between the buildings and the 

outdoor sampling sites varied from 1 to 5 m. Traffic on the closest roadways were counted 

manually three times per day, each time for a period of 10 min.  

 

Table 9. Instruments and measured parameters in school site study. 

  

 

 

 

 

 

 

 

 

After a school day, when the rooms were unoccupied but the ventilation systems were 

still operating, the air exchange rates were measured by the CO2 decay method. CO2 was 

released into the rooms from a compressed CO2 cylinder until the concentration was higher 

 Species/Parameter Instrument 

  Indoor Outdoor 

1 Total Particle Number  TSI WCPC 3785 TSI WCPC 3785 

2 Fine and Ultrafine Particle 

Size Distribution  

TSI SMPS TSI SMPS 

3 PM2.5 TSI DustTrak 8520 TSI DustTrak 8520 

4 CO, CO2, T, RH TSI Q-trak 7565 TSI Q-trak 7565 

5 BC Aethalometer AE-42  
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than 1000 ppm. The decay of CO2 concentration was measured by a TSI Q-trak indoor air 

quality monitor. Then the air exchange rates were calculated by using Eq(1).  
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Results 

1. School Bus Study 

Children may be exposed to high levels of air pollutants in school buses which are running on 

roadways or idling in bus transfer stations and school parking lots. This study measured 

in-cabin air pollutant concentrations for school buses when they were running on regular 

pick-up/drop-off routes and when they were idling in open parking spaces. The factors 

affecting UFP number concentrations of the in-cabin air were analyzed for these two 

conditions. The performance of two retrofit systems for diesel-powered school buses, a diesel 

oxidation catalyst (DOC) muffler and a spiracle crankcase filtration system (CFS) was 

evaluated regarding UFPs and other air pollutants from tailpipe emissions and inside bus 

cabins for running and idling conditions. The effectiveness of in-cabin filtration was also 

tested regarding UFPs and PM2.5 inside bus cabins for running condition. 

 

1.1. On-roadway tests 

In-cabin air quality was measured in four school buses in Beeville, TX to quantify UFPs and 

other air pollutant concentrations in school buses when running on roadways. The descriptive 

statistics of air pollutant concentrations and environmental parameters are summarized in 

Table 10.  
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Table 10. Summary of environmental parameters collected in on-roadway tests 

Environmental 

Parameters 

Background 1990  model year 2006  model year 

 Windows 

open 

Windows 

closed 

Windows 

open 

Windows 

closed 

Total particle number 

(particles/cm3) 

8000 

(3200) 

10900 

(7300) 

33900 

(4200) 

11000 

(7800) 

7400 

(4300) 

PM2.5 (µg/m3) 
7.6 

(2.1) 

19.0 

(7.9) 

10.5 

(2.0) 

19.7 

(14.9) 

6.5 

(1.3) 

BC (µg/m3) 
2.5 

(1.4) 

2.8 

(3.4) 

2.3 

(0.8) 

2.9 

(2.3) 

0.4 

(0.3) 

CO (ppm) 
0.1 

(0.1) 

0.6 

(0.9) 

0.3 

(0.4) 

0.4 

(0.4) 

0.1 

(0.1) 

Temperature (°C) 
31.7 

(4.3) 

31.3 

(4.7) 

31.7 

(6.1) 

32.1 

(4.8) 

25.5 

(3.3) 

Relative Humidity (%) 
60.2 

(13.7) 

61.1 

(18.9) 

43.6 

(28.4) 

59.7 

(16.2) 

24.8 

(4.0) 

Speed (mph) N/A 
20.8 

(16.3) 

21.2 

(17.1) 

25.3 

(18.5) 

24.7 

(19.0) 

* Arithmetic standard deviations are given in parenthesis 

 

Most of the measurements were conducted under fairly consistent temperatures and 

relative humidity conditions, except the test conducted on one of the 2006 model year school 

buses under window closed conditions. Average total particle number concentrations ranged 

from 7.3 ×103 to 34.0 × 103 particles/cm3, which were consistent with previous school bus 

studies in suburban areas, for example, 6.1×103 to 32.0 × 103 particles/cm3 in Austin (Rim et al., 

2008), 9.5 × 103 to 53.0 × 103 particles/cm3 in Ann Arbor, and 7.0 × 103 to 50.0 × 103 

particles/cm3 in Atlanta (Hill et al., 2005). However, our measurements were lower than 28.0 × 

103 to 72.0 × 103 particles/cm3 in Birmingham (Hammond et al., 2007) and 30.0 × 105 to 75.0 × 
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103 particles/cm3 in Chicago (Hill et al., 2005). For PM2.5, the mean concentrations were 6.5 ~ 

19.7 µg/m3, which were similar to 7~20 µg/m3 in Austin (Rim et al., 2008) but much lower than 

21~62 µg/m3 in Los Angeles (Sabin et al., 2005), 21~76 µg/m3 in Ann Arbor, and 40~163 

µg/m3 in Chicago (Hill et al., 2005). The BC mass concentrations of 0.4~2.9 µg/m3 in this study 

were also lower than the previously reported in Los Angeles (Sabin et al., 2005; Solomon et al., 

2001) and in Connecticut (Wargo et al., 2002). 

 

1.1.1 Effect of window position 

Figure 2 presents the overall effect of window position on measured air pollutant 

concentrations. The gray bars represent window closed condition and the black bars represent 

window open condition, respectively. The X-axis is the measured pollutant concentrations in 

linear scale and the Y-axis is observation frequencies in percentage. In general, all pollutant 

concentrations show a dominant mode with right-skewness. When the windows were closed, 

the particle number concentration had a dominant mode of 10.0 × 103 particles/cm3, similar to 

window open condition. A second mode, around 30.0 ~ 40.0 × 103 particles/cm3was observed 

for window closed condition, indicating higher UFP exposure levels when windows were 

closed than when open. A similar bimodal profile was found for PM2.5 when the windows 

were closed. The mode of PM2.5 for window open condition was to the right of that for 

window closed condition, suggesting that opening windows might increase the PM2.5 levels 

inside the buses. The histograms under two window positions were similar for BC and CO. 

However, these two pollutants had longer tails when the windows were open, suggesting a 

slightly higher exposure to in-cabin BC and CO. 
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Figure 2. Histogram of measured (a) total particle number, (b) PM2.5, (c) BC, and (d) CO 
concentrations inside the school buses. 

 

As shown in Table 10, window position affected in-cabin air pollutant levels differently in 

the older and newer buses. In the older school bus, double UFP levels were observed with 

windows closed than open. In the newer buses, opening windows increased the in-cabin UFP 

number concentrations by 50%, and PM2.5, BC and CO concentrations by 335%, 625%, and 

185%, respectively. The in-cabin air of school bus was a mixture of self-emissions and the 

roadway air. Sabin and colleagues (2005) found that there was a higher percentage of air 

inside the bus cabin originating from the bus self-pollution with windows closed, and older 
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buses had higher percentage of their own exhausts inside the cabin. Due to the greater 

self-pollution of the 1990 MY school buses, the in-cabin air pollutant levels were much 

higher than the 2006 model year bus when the windows were closed. When the windows 

were open, the effect of the roadway air increased. Opening windows increased the air 

exchange between the in-cabin and the surrounding environment greatly (Gong et al., 2009; 

Ott et al., 2008). In the studied rural area, the average roadway concentrations of UFPs, PM2.5, 

BC and CO were 8.0 ×103 particles/cm3, 7.6 µg/m3, 2.5 µg/m3 and 0.1 ppm. The rural 

roadway air contained less air pollutants than the in-cabin air of the 1990 MY school buses, 

but more pollutants than the in-cabin air of the 2006 MY school buses. Thus, self-pollution in 

the older bus was diluted by the roadway air which was relatively cleaner. But for the newer 

bus, after entering the cabins roadway air with higher air pollutant concentrations increased 

the in-cabin air pollutant levels. This probably explained the similar air pollutant levels 

detected in both buses with windows open.  

 

The effects of window position on the UFP concentrations inside the buses of different 

ages are shown in Figure 3. The X-axis presents the time when the data were collected, and 

the Y-axis is the particle size in a logarithmic scale. The color intensity indicates normalized 

particle number concentration (dN/dLogDp) for a given size at a given time. The same 

concentration scale was used for all runs. Figure 3(a) is the size distribution for an afternoon 

test in a 2006 MY school bus with closed windows. Figure 3(b) shows the contour for an 

afternoon test inside a 1990 MY school bus with closed windows. Figures 3(c) and 3(d) 

represent a morning and an afternoon run in a 1990 MY school bus with open windows, 
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respectively.  

The UFP concentrations were greater when the windows were closed, regardless of 

engine age. As indicated in Figures 3(b) and 3(d), the primary mode in the 1990 MY school 

buses was around 10~20 nm all along the runs for both window positions. High UFP 

concentrations were observed during the last 15 minutes of the runs when the school buses 

ran on the town route with high traffic density. Traffic on surface streets during the rush hours 

might significantly increase the in-cabin UFP concentrations. In Figure 3(d) a notably higher 

UFP concentrations was observed in the first half hour when the school buses picked up the 

students at the school parking lot and transferred them at the bus transfer station. This was 

not found in Figure 3(b). The possible explanation was that the school bus with closed 

windows (Figure 3(b)) was tested in the spring break of 2008 with no surrounding school bus, 

while the test in Figure 3(d) was conducted on a normal school day when many school buses 

were operating nearby at the bus transfer station and at the school parking lot. Thus the 

in-cabin air pollutants were affected by the emissions of surrounding buses in Figure 3(d). 

Another difference is that even thought the primary modes for both window positions were 

similar; the concentrations at the primary mode under window closed conditions were much 

higher than those under window open conditions. For the older buses, opening windows 

helped dilute the nuclei mode particles, but increased the particles of larger sizes. 
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Figure 3. Size distribution of UFP inside school buses under different operation conditions. (a) 
2006 model year bus/closed window/afternoon test; (b) 1990 model year bus/closed 
window/afternoon test; (c) 1990 model year bus/open window/morning test; and (d) 1990 
model year bus/open window/afternoon test. 

 

1.1.2 Effect of engine age 

When the window-closed school bus tests were conducted during the spring break, there were 

few surrounding vehicles. The in-cabin air pollutants mainly came from the bus self-emission. 

As shown in Table 10, higher pollutant concentrations were observed in the 1990 MY school 
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buses. The average UFP concentrations in the old bus were 4.5 times greater than those in the 

newer bus. The highest 1-minute averaged particle number concentration, 51.0 × 103 

particles/cm3 was measured in the older school bus. For PM2.5 and BC, the average 

concentrations in the 1990 MY school bus were 61% and 475% greater than those in the 

newer bus, respectively. Lower energy conversion efficiency of aged engine in the older bus 

may be one possible explanation for the higher in-cabin concentrations. In addition, the 

different engine positions may also contribute to the observations. In the older bus, the engine 

was inside the bus and located at the right hand side of the driver seat, increasing the chance 

for air pollutants emitted from the engine to leak into the cabin. Whereas in the newer bus, 

because the engine was under the hood, it made the exhaust escape more easily into the 

atmosphere. 

 

School bus self-pollution originates from both tailpipe and engine crankcase. The 

particles from crankcase were found to be larger in size than those emitted from tailpipes. 

Hill and colleagues (2005) revealed that crankcase was a strong source of PM2.5 inside school 

buses. The older bus with windows closed had higher concentration of UFP number and 

PM2.5 mass compared with the newer bus, indicating a greater self-pollution from both 

sources (crankcase and tailpipe) in the older bus. In addition, the ratio between the older and 

the newer buses for UFPs was much greater than for PM2.5 suggesting tailpipe emissions 

contributed more to the older school bus’s self-pollution than the crankcase. Since emissions 

from tailpipes usually enter the bus cabin by faulty sealed doors and windows, better sealing 

on doors and windows might be an effective method to reduce the in-cabin air pollutants for 
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older school buses.  

 

As shown in Figures 3(a) and 3(b), the UFP size distributions were different inside the 

school buses of different engine ages with windows closed. The primary mode was 

approximately 15 nm for the older bus, and about 30 nm for the newer one. Inside the older 

bus, there existed a second mode around 30 ~ 100 nm, while this mode was found to be 

broader and less obvious inside the newer bus. Higher concentrations of the particles smaller 

than 20 nm inside the older bus suggested that children were exposed to a greater level of 

smaller UFPs while riding on an older bus than a newer one. 

 

1.1.3 Effect of driving speed 

Figure 4 depicts the air pollutant concentrations inside the school buses at different driving 

speeds under window open conditions. The driving speed between was classified into 12 

categories and the in-cabin total particle number concentrations were averaged for each 

category. A linear relationship between the average total particle number concentration and 

the driving speed was found with a R2 value of 0.75. Similar relationships between other 

pollutant concentrations and the driving speed were also observed, although the correlations 

were not as strong. The negative slopes suggested that the pollutant levels inside the buses 

decreased with increasing driving speed. This may result from a greater air exchange rate at a 

higher driving speed. Air exchange rates were estimated with a steady state mass balance for 

CO2 with following estimations: the outdoor CO2 was 400 ppm, the CO2 emission rate of the 

occupants was about 1000 g/d, and the cabin volume of the school buses was about 40 m3.  
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Figure 4. Correlations between in-cabin (a) total particle number, (b) PM2.5, (c) BC, and (d) 
CO and driving speeds under window open conditions. Error bars indicate one standard 
deviation. Linear regression equations and lines are provided. 

 

The average air exchange rate was 37 h-1 at 20 mph, 49 h-1 at 40 mph, and 72 h-1 at 60 mph. 

This was comparable to the previous studies on the effect of driving speed on average air 

exchange rate (Ott et al., 2008; Sabin et al., 2005). The greater average air exchange rate at 

higher driving speed helped to dilute the in-cabin air pollutants with the cleaner outside 

roadway air. In addition, high speeds usually occurred on rural roadways with low traffic 

density. It should be noted, the negative relationship between pollutant levels and driving 

speed may only apply to school buses with windows open driving in rural areas. 

 

1.1.4 Effects of route and operation 
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Total particle number concentrations varied with respect to different locations and routes, as 

indicated in Figure 5(a). Along the rural route, the in-cabin particle number concentrations 

ranged from 2.5 ×103 to 9.0×103 particles/cm3. When the school bus arrived at the transfer 

station, the particle number concentrations increased to 35.0×103 particles/cm3, and then 

dropped slightly to 25.0×103 particles/cm3. Approximately 10 minutes later, a peak of 

particle number concentration was observed when 27 school buses lined up and left the 

transfer station one by one. When the school bus arrived at the school parking lot behind 

other school buses, another peak around 30.0×103 particles/cm3 occurred. After leaving the 

school parking lot, the particle number concentrations on the town route were around 15.0 

×103 particles/cm3.  

 

Total particle number concentrations also varied with different operations, such as 

starting-up, idling, and driving. Starting-up referred to when the engine was just turned on. 

Idling occurred when the bus stopped with its engine running. The time between starting-up 

and idling was defined as driving. Figure 5(b) shows a typical time-series plot of particle 

number concentrations for one starting-up/driving/idling period. A significant increase was 

observed when the bus was starting up. When running at a steady speed, the particle number 

concentrations dropped to about 25% ~ 30% of the peak value observed earlier. When the 

school bus was idling, another peak occurred which was 15% lower than that during 

starting-up.  
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Figure 5. Typical time-series plots for in-cabin total particle number concentrations for (a) 
one run consisted with (1) rural route, (2) bus transfer station, (3) line-up with other school 
buses leaving the transfer station, (4) school parking lot, and (5) town route; and (b) one 
start-up/driving/idling period. 

 

The in-cabin air pollutant concentrations plotted in Figure 6 occurred when the school  

(a) 

(b) 
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Figure 6. Normalized in-cabin pollutant concentrations on different bus routes. Error bars 
indicate one standard deviation. Normalized concentrations are the quotients of dividing 
in-cabin pollutant concentrations by the background ambient concentrations in the studied 
rural area as follows: (1) total particle number concentration: 8.0×103 particles cm-3, (2) 
PM2.5: 7.6 µg/m3, (3) PM10: 8.0 µg/m3, (4) BC: 2.5 µg/m3, and (5) CO: 0.1 ppm. Error bars 
represent one arithmetic standard deviation.  

 

buses were driven at different locations. The X-axis presents operating conditions and the 

Y-axis is the normalized pollutant concentration, the quotient of dividing in-cabin 

concentration by the ambient concentration in the studied rural area: particle number 

concentration: 8.0×103 particles/cm3, PM2.5: 7.6 µg/m3, PM10: 8.0 µg/m3, BC: 2.5 µg/m3, and 

CO: 0.1 ppm. Higher in-cabin air pollutant levels were observed when the buses were idling 

at the transfer station and at the school parking lot. At these two locations, many school buses 

were idling waiting to pick up and drop off children simultaneously. The emissions from 

these buses could disperse and contaminate each other, deteriorating the air quality inside the 

tested buses. The total particle number concentration inside the tested buses on the town route  
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Figure 7. Normalized pollutant concentrations under different bus operation conditions. Error 
bars indicate one standard deviation. Normalized concentrations are the quotients of dividing 
in-cabin pollutant concentrations by the background ambient concentrations in the studied 
rural area as follows: (1) total particle number concentration: 8.0×103 particles cm-3, (2) 
PM2.5: 7.6 µg/m3, (3) PM10: 8.0 µg/m3, (4) BC: 2.5 µg/m3, and (5) CO: 0.1 ppm. Error bars 
represent one arithmetic standard deviation.  

 

was 17% higher than that on the rural route. This is likely due to the higher traffic density on 

the town route.  

 

The air pollutant concentrations under different operation conditions were plotted in 

Figure 7. Similar to Figure 5(b), the in-cabin air pollutants were higher when the school buses 

were starting up or idling. This was consistent with an Austin study which found that the 

mean UFP concentrations were higher during frequent stops than cruising mode (Rim et al., 

2008). Compared with starting-up, idling raised a greater concern about health risk because 

of its prolonged duration. Limiting school buses idling time will reduce school children’s 
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exposure to school bus emissions. As suggested by the U.S. EPA’s National Idle-Reduction 

Campaign, school bus drivers should turn off the engine while waiting at bus transfer stations 

and at school parking lots.  

 

1.1.5 Effect of passenger load 

Figure 8 depicts the average air pollutant concentrations at different passenger loads under 

window open conditions. All air pollutant concentrations inside the school buses increased 

when the number of passengers increased. There were 1-2 times increase for particle number 

concentrations, PM2.5 and PM10, 5 times increase for BC, and 26 times increase for CO, 

respectively.  

 

The influence from passengers is probably due to the fact that the more passengers, the 

larger engine load required and therefore the more emissions. Increasing passenger number 

requires additional engine power. Engine load has been linked to fuel consumption, 

specifically the fuel-to-air ratio (Tobias et al., 2001), which may affect the vehicle’s own 

exhaust. The relationship between engine load and vehicle emissions was documented by 

previous studies. Ristovski and colleagues (2006) observed a higher percentage of particles 

smaller than 50 nm in the emissions from school buses with higher engine loads. Jayaratne 

and colleagues (2009) found the emission factors of the air pollutants emitted by vehicles, 

including total particle number concentration, PM10, CO2 and NOx, increased with load. With 

school bus self-pollution, higher emissions related with greater engine load may increase the 
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in-cabin air pollutant concentrations. 

 

The movement of children on board may also affect the in-cabin air quality. Even though 

required to remain seated, some children were highly active during the bus ride. Their 

activities may result in re-suspension of fine and coarse particles as indicated in previous 

indoor studies (Abt et al., 2000; Trenbath et al., 2009). However, since the in-cabin 

environment in a moving school bus was different from a stationary indoor environment, it is 

not clear to what degree children’s movement could contribute to in-cabin particle 

concentrations. Further studies would be needed to quantify the effect of children’s 

movement on particle concentrations inside school buses. 
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Figure 8. Normalized pollutant concentrations with respect to passenger load. Error bars 
indicate one standard deviation. Normalized concentrations are the quotients of dividing 
in-cabin pollutant concentrations by the background ambient concentrations in the studied 
rural area as follows: (1) total particle number concentration: 8.0×103 particles cm-3, (2) 
PM2.5: 7.6 µg/m3, (3) PM10: 8.0 µg/m3, (4) BC: 2.5 µg/m3, and (5) CO: 0.1 ppm. Error bars 
represent one arithmetic standard deviation.  
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1.2. Idling tests  

Compared with regular cruising, air pollutant concentrations were higher at the transfer 

station and at the school parking lot where many school buses were idling to pick up and drop 

off children simultaneously. This implies idling school buses impact air pollutant levels in 

and around the buses. Diesel emissions from one school bus may penetrate into its own cabin 

through cracks, doors and windows. Diesel exhaust could also enter the cabins of nearby 

school buses and deteriorate in-cabin air of these nearby buses. In addition, tailpipe emissions 

from idling school buses could increase air pollutant concentrations in school vicinity when 

many school children are waiting to board school buses. To investigate the impact of idling 

on UFPs in and around school buses, five scenarios (as shown in Figure A1) were simulated 

in terms of wind direction and bus position. The results will facilitate the assessment on the 

impact of anti-idling practice on reducing children’s exposure to UFP emitted by school 

buses.  

 

1.2.1 Ultrafine particles in and around idling school buses 

Figure 9 summarizes the average total particle number concentrations under engine off and 

engine on conditions for the upwind air, the in-cabin air, and the air close to tailpipes under 

different scenarios. In-cabin total particle number concentration was the sum of particle 

numbers in a range of 7.6 to 289 nm measured by SMPS. Detailed time series of total particle 

number concentration under engine off and engine on conditions are shown in Figure A2-4.  
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Figure 9. Total particle number concentrations in the upwind air, the in-cabin air and the air 
close to tailpipes under different scenarios with different window positions. Error bars 
indicate one arithmetic standard deviation. 

 

For each bus, the average concentrations under engine off and engine on conditions for 
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each scenario were calculated. The average and standard deviation for the average 

concentration inside 9 school buses were calculated to present the overall change of particle 

levels due to engine operation. Simple sketches are provided to show bus position and wind 

direction. Shaded boxes indicate the buses in which the measurements were shown. Rays 

indicate the buses in which the engines were turned on. Indicated by the small variation of 

total particle number concentration in the upwind air, the background particle levels were 

fairly stable, varying between from 8.2 ×  103 to 10.9 ×  103 particles/cm3. For the air 

close to tailpipes, total particle number concentrations were about the same level as the 

background with engine off. After turning on the engines, particle levels close to tailpipes 

increased sharply to 112.0 ×  103 to 315.7 ×  103 particles/cm3. Sharp increase of particle 

levels close to tailpipes indicates potentially high exposure to diesel particles for children 

waiting to board near idling school buses. 

 

The change of in-cabin total particle number concentrations depended on wind direction 

and window position. In Figure 9(a), with perpendicular wind, no distinct change was 

measured after turning on the engines, regardless of window positions. With parallel wind in 

Figure 9(b), the average in-cabin total particle number concentrations increased from 11.1 ×  

103 to 16.0 ×  103 particles/cm3 with closed windows and increased from 8.3 ×  103 to 

23.4 ×  103 particles/cm3 with open windows. Such increases were statistically significant at 

the significance level of 0.05 based on the results of longitudinal regression described in 

section 2.3.3 of “Method and Study design”. The penetration of tailpipe emissions from other 
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buses idling nearby depended on bus position. In Figure 9(c), the change of in-cabin total 

particle number concentrations in the upwind buses due to engine operation of the downwind 

buses was negligible. The penetration of tailpipe emissions from the upwind buses to the 

downwind bus cabins was more evident. In Figure 9(d), after turning on the upwind buses’ 

engines, the average in-cabin particle number concentrations increased from 11.5 ×  103 to 

14.0 ×  103 particles/cm3 with closed windows and from 7.3 ×  103 to 21.3 ×  103 

particles/cm3 with open windows. The results of longitudinal regression showed only the 

increase with open windows was statistically significant at the significance level of 0.05. 

When two school buses idling together, after turning on the engines, no increase of in-cabin 

total particle number concentrations in the upwind buses (Figure 9(e)), regardless of window 

positions, and in the downwind buses when the windows were closed (Figure 9(f)). However, 

when the windows were open the downwind buses were measured with the greatest 

penetration of tailpipe emissions. In Figure 9(f), in-cabin total particle number concentration 

increased from 7.6 ×  103 for engine off condition to 36.8 ×  103 particles/cm3 for engine 

on condition, which was statistically significant based on the results of longitudinal 

regression. 

 

The ratios of particle number concentrations between engine on vs. engine off conditions 

for the scenarios are presented in Figure 10. The ratios for the upwind air ranged from 1.0 to 

1.1, which were not affected by tailpipe emissions. The ratios measured close to tailpipes 

were the highest, with the maximum around 26.0. For the in-cabin air, the ratios varied with 

wind direction and window position. For closed windows the ratios were between 1.0 and  
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Figure 10. Ratios of average total particle number concentrations between engine on vs. 
engine off conditions under different scenarios. Error bars indicate one standard deviation. 

 

1.4, smaller than those measured for open windows, which ranged from 1.2 to 5.8. The 

greatest ratio, 5.8, was found for Scenario 5 in the downwind buses with open windows. 

 

The change of in-cabin particle levels due to engine operation was not uniform across the 

size range measured. Figure 11 shows some selected time series of size-segregated particle 

number concentration inside bus cabins where significant increase of particle levels were 

observed after turning on the engines (Figure 9(b), (d) and (f) under window open condition). 

After turning on the engines, the greatest increase occurred in the range of 10 – 30 nm. 

Particles in the range of 40 – 100 nm also increased, but with much less magnitude than 
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smaller particles. The concentrations of particles with diameters larger than 100 nm stayed 

the same. Since most of particles emitted by diesel engines were in nuclei mode with 

diameters less than 30 nm (Kittelson, 1998), the highest increase of in-cabin UFPs in this size 

range was expected.  

 

Since the penetration of particles differed greatly by particle size, longitudinal regression 

was applied on particle number concentrations of each particle size. Figure 12 shows the 

results of longitudinal regression for the particle size distributions inside school cabins under 

different scenarios. Lines represent the average concentration, and shades indicate 95% 

confidence interval. Size distribution for engine off condition was simulated based on all data 

collected under all simulated scenarios. Size distributions for engine on condition were the 

prediction of in-cabin UFPs after engines have been running for 15 minutes. Under engine off 

condition, in-cabin UFPs had a primary mode of 20 nm and a secondary mode of 60 nm. 

With perpendicular wind, as shown in Figures 12(a), the in-cabin UFP size distributions did 

not change due to the engine operation. With parallel wind in Figures 12(b), turning on the 

engines did not change the modes, but statistically increased the number concentrations of 

particles with diameters between 10 – 30 nm. The average particle concentration of the 

primary mode, 20 nm particle, increased by 110% for window closed condition and by 170% 

for window open condition. When the emissions came from other buses, as shown in Figure 

12(c) and (d), only the downwind buses were affected significantly by tailpipe emissions. The 

emissions from the upwind buses increased the mean concentrations of the primary mode 

inside the downwind buses by 50% for window-closed condition and by 130% for window 
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open condition, comparable to the increase in Figure 12(b). When two buses were idling 

together, Figures 12(e) and (f) show only the downwind buses had the significant increase of 

in-cabin UFPs. The increase on the concentrations of the primary mode was over 500% for 

windows-open condition, much higher than those in Figure 12(b) and (d).  
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Figure 11. Selected time series of in-cabin particle number concentrations of different size 
ranges under the scenarios with significant increase on total particle number concentration. 
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Figure 12. Simulated size distributions of UFPs inside school buses under different scenarios. 
Solid lines indicate mean number concentrations and shades indicate 95% confidence 
intervals.  

 

1.2.2 PM2.5 in idling school buses 

Similar to Figure 9, Figure 13 summarizes the PM2.5 mass concentrations of the upwind air, 

the in-cabin air and the air close to tailpipes. Compared with the upwind air, the average 
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PM2.5 concentrations in the cabins were lower by 3.0 - 5.8 µg/m3 when the windows were 

closed and by 0.5 - 4.0 µg/m3 when the windows were open. Except the downwind buses 

with open windows in Figure 13(f), of which the average PM2.5 increased from 10.8 to 13.1 

µg/m3, turning on the engines did not change in-cabin PM2.5 mass concentrations. The results 

of longitudinal analysis found no statistically significant difference on in-cabin PM2.5 

between engine off and engine on conditions for all scenarios. Therefore, PM2.5, different 

from UFPs, was not affected by tailpipe emissions in this study. In-cabin PM2.5 was more 

likely governed by regional air pollution than local tailpipe emissions. Therefore, when 

assessing the impact of tailpipe emissions on particles in the vicinity around school buses, 

particle number concentration might be a more appropriate index than PM2.5. 

 

Previous studies found in-cabin PM2.5 was dominated by the emissions from the crankcase 

(Hill et al., 2005; Ireson et al., 2011; Liu et al., 2010). But contributions from the crankcase 

were not observed in this study. The discrepancy might be explained by bus age. Older school 

buses were observed with higher crankcase PM2.5 emission rate than newer buses (Adar et al., 

2008; Liu et al., 2010; Zielinska et al., 2008). Newer buses usually had fewer cracks or leaks 

in the crankcases and in the bus floors. In addition newer buses had engines under the front 

hoods, but the older buses had their engines under the cabin floor, increasing the chance of 

contamination from crankcase emissions. In 2000, U.S. EPA announced the new PM emission 

standard for new heavy-duty engines and required the control of crankcase emissions (USEPA, 

2001). Thereafter manufacturers of school buses may have adopted new designs to control 

crankcase emissions, such as sealed crankcase oil system or routing of crankcase emissions to 
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the engine air intake system. In idling tests the majority of tested school buses (L1-L9) were of 

2005 model year with engines under the front hoods, so PM2.5 from crankcase emissions was 

expected to be less important.  

 

 



 

70 

 

P
M

2.
5 

(µ
g/

m
3 )

0

5

10

15

20

25
Windows closed Windows open

Off On Off On
0

5

10

15

20

25
Windows closed Windowsopen

Off On Off On

(a) (b)

Wind

Wind

Engine statusEngine status

P
M

2.
5 

(µ
g/

m
3 )

0

5

10

15

20

25
Windows closed Windows open

Off On Off On
0

5

10

15

20

25
Windows closed Windows open

Off On Off On

(c) (d)

Wind

P
M

2.
5 

(µ
g/

m
3 )

0

5

10

15

20

25
Windows closed Windows open

Off On

Engine status

Off On
0

5

10

15

20

25
Windows closed Windows open

Off On

Engine status

Off On

(e) (f)

Upwind In-cabin

Wind

WindWind

 

 

Figure 13. PM2.5 mass concentrations in the upwind air, the in-cabin air and the air close to 
tailpipes under different scenarios with different window positions. Error bars indicate one 
standard deviation. 
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1.2.3 Factors affecting ultrafine particles in and around idling school buses 

Total particle number concentrations measured close to tailpipes were consistently high for 

all simulated scenarios, but in-cabin total particle number concentrations varied with different 

scenarios. Therefore the longitudinal model described in Eq. 3 was employed to estimate the 

effects of wind, window, emission source (whether or not the emissions were from the buses’ 

own tailpipes or other buses’ tailpipes) and their interactions on in-cabin particle number 

concentrations of different sizes. The results found emission source made no significant 

difference on particle counts of any size, regardless of wind direction or window position. 

The implication is that it is insufficient to protect children in a school bus by merely shutting 

down its own engines. Any school bus idling nearby may introduce similar levels of diesel 

particles to the bus own emissions.  

 

Wind direction and window position had impact on in-cabin UFP concentration. Figure 

14 presents p-values of the effect of wind, window and their interaction for all particle size 

measured by SMPS. For particles in the size range of 10 – 30 nm, p-values were usually less 

than 0.05, indicating wind direction played statistically significant role for introducing nuclei 

mode particles freshly emitted by tailpipes into buses’ cabins, regardless of window position 

or the emission source. No statistically significant effect was found for window position itself, 

but the interaction of wind and window was significant. This suggests the effect of window 

position depended on wind direction. Specifically only when the wind blew from tailpipe to 

hood open windows were related with significantly higher particle concentrations. 
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Figure 14. P-values for the effect of wind, window and their interaction. Significance level is 
0. 05. 

 

Idling school buses greatly increase particle number concentrations close to the tailpipe, 

and in-cabin UFPs under some scenarios, therefore completely eliminating idling would 

reduce school children’s exposure to diesel particles substantially. However, there might be 

some circumstances that idling could not be avoided. In this case, lower exposure might be 

achieved by designing school bus transfer stations and parking lots according to local 

meteorological condition so that for the majority of operation periods, no school bus is 

parked in the downwind side of tailpipe emissions from itself or any other buses. If the 

intentional arrangement of bus position is not feasible, school bus windows should be closed 

while idling. 
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1.2.4 Particle deposition rates inside school buses 

After penetrating into bus cabins, particles might be removed by several mechanisms, such as 

exchanging with outdoor air and depositing on surfaces. Table 11 summarized air exchange 

rates and deposition rates in each bus. When windows were closed, the air exchange rates in 

the stationary buses varied between 0.6 h-1 and 5.6 h-1. When windows were open, the air 

exchange rates were greater, ranging from 11.1 h-1 to 34.4 h-1. These results were comparable 

to air exchange rates reported by previous studies (Park et al., 1998; Sabin et al., 2005).  

 

Table 11. Air exchange rate and particle deposition rate inside school buses 

Bus ID Air exchange rate (h-1) Deposition Rate* 

(h-1)  Windows Closed Windows Open 

L1 4.6 30.1 2.3 

L2 0.6 34.0 3.7 

L3 1.7 15.2 2.8 

L4 3.9 22.2 4.2 

L5 1.7 34.4 4.5 

L6 1.1 11.1 1.5 

L7 1.9 27.6 3.3 

L8 3.5 14.7 5.0 

L9 5.6 30.8 3.9 

*Deposition rates were calculated based on total particle number concentration measured by SMPS 

 

Using the method described in section 2.3.2 of “Method and Study Design”, deposition 

rate was calculated based on particle number concentration of each size and total particle 

number concentration across all sizes for each bus. As shown in Table 11, the deposition rates 
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for total particle number concentration inside bus cabins were between 1.5 and 5.0 h-1 under 

natural convection condition. Figure 15 presents the size-resolved deposition rates inside 

school buses compared with the measurements in passenger cars and residential indoor  
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Figure 15. Comparison of UFP deposition rates inside school bus vs. passenger car and 
residential apartment 

 

environments. Similar to indoor and in-cabin environments, the size-resolved deposition rate 

inside school bus cabins was a strong function of particle sizes. The average deposition rate 

of 10 nm particles was 8.0 h-1, 5.5 times higher than 100 nm particles due to greater diffusion 

for smaller particles. Across the measured sizes range, the deposition rates inside school 

buses were about 1/5 ~1/3 of that inside passenger cars (Gong et al., 2009), and 1.6~2.7 times 

higher than that in a 26 m3 residential apartment (Zhu et al., 2005). Gong and colleagues 

(2009) found higher S/V ratios favored higher UFP deposition rates. For the tested school 

buses, although the in-cabin volume and the interior surface areas varied largely, the surface 
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area to volume (S/V) ratios of these buses were fairly consistent, ranging from 2.5 to 2.9. 

These S/V ratios were smaller than 4.0~8.1 for the passenger cars measured by Gong and 

colleagues but larger than around 2.0 for the residential apartment, which may explain the 

difference of UFP deposition rates among these three environments. 

1.3. Retrofit tests 

High concentrations of air pollutants measured in and around school buses suggested high 

exposure levels to diesel exhaust for children (Sabin et al., 2005). To protect children from 

diesel exhaust emitted by school buses, the U.S. EPA launched a series of programs, 

including retrofitting old diesel-powered school buses with certified retrofit technologies. 

Retrofit tests evaluated the performance of retrofit systems for diesel-powered school buses, a 

DOC and a CFS, regarding UFPs and other air pollutants from tailpipe emissions and inside 

bus cabins.  

 

1.3.1 Performance on tailpipe emissions 

Figure 16 shows that retrofit systems significantly reduced air pollutant concentrations in 

tailpipe emissions. DOC reduced total particle number concentrations by 3%–55% and CFS 

achieved reductions ranging from 7%–74%.  The combination of DOC and CFS performed 

better than either one alone, with reductions from 20%–94%.  Reductions were also observed 

for UFPs, PM2.5 and BC. For UFPs, either DOC or CFS reduced 27% of total particle number 

concentrations. The combination of both increased the efficiency to 33%. The reduction of 

PM2.5 was 33% for DOC and 36% for CFS. The combination increased the removal efficiency 
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to 47%. The individual efficiency for BC was 20% and 47% for DOC and CFS, respectively. 

The combination increased the efficiency to 64%.  

 

The concentrations in tailpipe emissions were averaged for each bus before retrofit, with an 

individual retrofit unit and with the combination. For each school bus, the average 

concentrations of tailpipe emitted air pollutants before retrofit were paired with that of the 

same school bus installed with an individual retrofit unit. Then a Wilcoxon signed-rank test 

was run to test the difference between the pre-retrofit and post-retrofit average concentrations 

at a significance level of 0.05. Same procedure was applied to test the difference between the 

average concentrations before retrofit and after the installation of both DOC and CFS. The 

p-values of Wilcoxon signed-rank tests are shown in Table 12. Either by using an individual 

retrofit unit or by combining them, the post-retrofit concentrations of total particle number 

concentration and BC were significantly different from the pre-retrofit concentrations. For 

UFPs and PM2.5, a significant effect was only observed for the combination of both retrofit 

systems rather than for any individual unit 
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Figure 16. Air pollutant concentrations in school bus tailpipe emissions before and after 
retrofitting when idling. Error bars indicate one standard deviation. 

. 

Table 12. P-values for the effect of retrofit systems on tailpipe air pollutant concentrations 
before and after retrofit in the garage test by Wilcoxon signed-rank test. 

p-value DOC or CFS DOC+CFS 

Total particle number 0.03 0.03 

UFPs 0.05 0.03 

PM2.5 0.17 0.11 

BC 0.03 0.03 
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1.3.2 Performance on in-cabin air when idling 

The reduction of in-cabin air pollutants by retrofit systems was not as consistent and obvious as 

was observed for tailpipe emissions. In Figure 17, Bus C7 was the only one that showed a 

remarkable decrease. With CFS, total particle number concentration, UFPs and PM2.5 

decreased by 75%, 87% and 23%, respectively. The reductions for these pollutants were 45%, 

65% and 13% when combining both retrofit units, respectively. Such a reduction was not 

observed in the rest of the school buses.  

 

The in-cabin concentrations of air pollutants were averaged for each bus before retrofit, 

with an individual retrofit unit and with the combination. A Wilcoxon signed-rank test was 

applied to test the difference of bus-averaged pollutant levels under different retrofit conditions 

at a significance level of 0.05. The results in Table 13 showed that all p-values were larger 

than 0.05. Thus the in-cabin concentrations of total particle number concentration, UFPs and 

PM2.5 were not significantly different before and after retrofitting. In addition, as presented in 

Figure A5 in the Appendix, the correlation coefficients between in-cabin air and tailpipe 

emissions were poor (R2=0.01 for total particle number concentration and R2=0.08 for PM2.5), 

indicating that tailpipe emissions might not be the predominant source of in-cabin air 

pollutants. 
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Figure 17. Air pollutant concentrations in the cabins of school buses before and after 
retrofitting when idling. Error bars indicate one standard deviation. 

 

Table 13. P-values for the effect of retrofit systems on in-cabin air pollutant concentrations 
before and after retrofit in the garage test by Wilcoxon signed-rank test. 

 

p-value DOC or CFS DOC+CFS 

Total particles 0.45 0.91 

UFPs 0.46 0.25 

PM2.5 0.60 0.91 

 

1.3.3 Performance on in-cabin air when driving 



 

80 

 

Pre- and post-retrofit concentrations of in-cabin air pollutants under different ventilation 

settings were averaged for each bus and presented in Figure 18. The differences between the 

pre- and post-retrofit concentrations were presented as the average efficiency of retrofit system 

on each air pollutant. Compared with Bus C1, with closed windows all of the measured 

pollutants in its replacement Bus C2 increased by 60%–98%, except for total particle number 

concentration, which only decreased by 9%. With windows open, total particle and UFP 

number concentrations in Bus C2 decreased by 74% and 79% compared with Bus C1, but 

PM2.5 increased by 129%. For the other school buses with AC/fan units, the effect of retrofit 

systems was also inconsistent. When the AC/fan was off, the post-retrofit concentrations of the 

measured air pollutants were higher than the pre-retrofit concentrations for Buses C3 and C4; 

however, for the other three buses, lower concentrations of air pollutants were measured after 

retrofitting. When the AC/fan was set to max, the increase of the in-cabin air pollutant 

concentrations ranged from -30% to 30% for total particle number concentration, from -13% to 

87% for UFPs, from -37% to 225% for PM2.5 and from -21% to 437% for BC. Thus, retrofit 

systems could not be conclusively linked with a decrease or increase of in-cabin air pollutants. 

 

This finding is consistent with those of previous studies. In the study of Hill and colleagues 

(2005), pre-retrofit concentrations (28.0 × 103 to 50.0 × 103 particles/cm3) were not 

significantly different from post-retrofit concentrations (31.0 × 103 to 38.0 × 103 particles/cm3). 

Rim and colleagues (2008) reported the range of PM variation between repetitive tests (54% – 

163%) was substantially higher than the reduction of UFPs by retrofit (-7% – 64%), indicating 
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that any reduction of particle number concentration was probably due to the variability of 

roadway concentrations rather than retrofitting. Even though a remarkable decrease of in-cabin 

particle number concentration levels due to retrofitting was reported by Hammond et al. (2007) 

and Trenbath et al. (2009), the evidence was insufficient to conclude that retrofitting was 

correlated with lower in-cabin particle number concentration. In the study of Hammond and 

colleagues (2007), none of the school buses were tested both prior to and after retrofitting. In 

addition, the retrofitted buses were 2–6 years newer than the non-retrofitted buses. These 

factors implied that it might be bus characteristics rather than retrofit systems which caused the 

difference between the retrofitted and non-retrofitted buses. In the study of Trenbath and 

colleagues (2009), the variance of average particle number concentrations among three runs for 

each bus was too large to draw a statistically solid conclusion. In addition, the meteorological 

conditions, especially ambient temperature, were different between pre- and post-retrofit runs, 

which might introduce bias. Based on the above mentioned studies and the results from our 

study, retrofit systems do not substantially and significantly decrease in-cabin air pollutants.  
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Figure 18. Air pollutant concentrations in the cabins of school buses before and after 
retrofitting when running. Error bars indicate one standard deviation. Bus C1 was replaced by 
Bus C2 for post-retrofit measurement. For Bus C1 and Bus C2, ventilation on/off referred to 
windows open/closed; for the rest, ventilation on/off indicated AC/fan unit on/off. 

 

1.3.4 Impact of AC/fan systems and ambient air 

In Figure 18, when the AC/fan was on with closed windows, bus ventilation removed 

10%–65% of total particle number concentration, 8%–53% of UFPs, 23%–45% of PM2.5, and 

19–54% of BC, except for Bus C5, which may have had a clogged filter in its AC/fan unit. In 

addition, all of the buses experienced an increase of the ratio of UFPs to total particle number 

concentration when the ventilation was on. This indicated that the school bus AC/fan unit 
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contributed to removing large particles from in-cabin air. Previous studies showed that 

different ventilation modes resulted in different in-cabin exposures to air pollutants (Chan and 

Chung, 2003; Esber et al., 2007; Sabin et al., 2005; Zhu et al., 2007). Zhu and colleagues 

(2007) found the maximum protection of in-cabin UFPs from both fan and recirculation was up 

to 85% in passenger vehicles. The reduction measured in the school buses was slightly lower, 

which is probably due to the larger cabin of school buses and greater frequency to open doors. 

 

A typical time series in Figure 19 shows the in-cabin particle number concentrations 

tracked the ambient level very well, suggesting that the in-cabin concentration was affected 

by the ambient level greatly. A Wilcoxon signed rank test was used to analyze the effect of 

retrofit systems and AC/fan settings. In addition, the Spearman correlation coefficients 

between run-averaged concentration of in-cabin and the surrounding air pollutants were 

calculated.  Since each bus was tested for two runs and in total six buses were tested, there 

were 12 data points for in-cabin concentration and 12 data points for the surrounding air 

concentration, respectively, to calculate the Spearman correlation coefficients. The results 

shown in Table 14 suggest that the ventilation conditions and the surrounding air quality rather 

than tailpipe emissions contributed significantly to the in-cabin air pollutant concentrations. 

The link between lower in-cabin total particle number concentrations with lower roadway total 

particle number concentrations and the usage of the bus air condition systems was also reported 

by Rim and colleagues (2008).  
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Figure 19. Typical time series of in-cabin and ambient total particle number concentrations 
when driving on roadways. 

 

Table 14. Effects of retrofit, AC/fan operation on air pollutant concentrations and correlation 
coefficients with ambient concentrations when driving on roadways 

Pollutant 
P-value  Correlation coefficient 

with ambient 

concentrationb 

P-value 
Effect of retrofita Effect of AC/fana 

Total particle number 0.47 0.02 0.65 <0.001 

UFPs 0.43 0.04 0.35 0.009 

PM2.5 0.31 0.02 0.63 <0.001 

BC 0.47 0.32 n/a n/a 

a: calculated by the signed rank test; b: Spearman correlation coefficients between in-cabin and ambient air 

pollutant concentrations. 

 

The results from idling tests (section 1.2 of “Results”) showed only when wind blew from 

the bus’ tailpipe towards its hood, UFPs emitted by school bus tailpipes penetrated into bus 

cabins significantly. Otherwise, there was no significant penetration of tailpipe emissions into 

school bus cabins. Based on the increase of particle number concentrations for the in-cabin air 
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and the air close to tailpipes between engine on and engine off conditions shown in Figure 10, 

a conservative estimate of the contribution from tailpipe emissions to in-cabin UFP 

concentrations was about 0.001%~0.069%. This result was of the same magnitude as the 

finding of Behrentz and colleagues (2004), which used SF6 as tracer gas and estimated 

self-pollution ranged from 0.01% to 0.29% with the majority between 0.01% and 0.04% when 

school buses were running on actual roadways. Therefore, even though the retrofit 

technologies removed up to 50% of UFPs from tailpipe emissions, the benefits of particle 

reduction were less visible in the bus cabin. This may explain why no significant change was 

observed for in-cabin particle number concentrations before and after retrofitting in this study. 

However, idling tests found tailpipe emissions from idling school buses increased total particle 

number concentrations by a factor of up to 26.0 for the air close to tailpipes, and by a factor of 

1.2 – 5.8 for the in-cabin air of nearby school buses under certain conditions. Therefore retrofit 

technologies might reduce children’s exposure to particles while waiting to board at bus 

transfer stations and in school parking lots and contribute to lower air pollutants inside other 

surrounding school buses and vehicles which are in the downwind side of idling school buses. 
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1.4. Air purifier tests 

Because no unequivocal reduction in in-cabin air pollutants was observed after retrofitting, 

in-cabin filtration which worked directly on in-cabin air was investigated to provide an 

alternative method to lower in-cabin particle levels. A device that is widely used to remove 

indoor airborne particles in the households of United States (Shaughnessy and Sextro, 2006) 

was studied. Because an ionizer was found to generate ozone and other organic compounds 

(Waring et al., 2008), and HEPA filter was shown to be the most efficient air cleaner 

previously (Offermann et al., 1985), air purifiers with HEPA filters were employed in four 

school buses when running on their actual routes in this study. A typical time series of in-cabin 

total particle number concentration is presented in Figure 20 when using one to two air 

purifiers in school bus with no AC/fan off. The average I/O ratios of total particle number 

concentrations regarding different air purifier operation statuses are also indicated. One air 

purifier reduced the I/O ratios of total particle number concentration from 0.82 to 0.55. When 

two air purifiers were used, the I/O ratio reduced further to 0.4. Turning off the air purifiers, the 

I/O ratio increased to 0.83.  
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Figure 20. Time series of total particle number concentration inside a school bus for one run 
using one to two air purifiers under AC/fan off condition.   

 

Figure 21 summarizes the effects of air purifiers on the I/O ratios of total particle number 

concentration and PM2.5 under different AC/fan settings. When the AC/fan was off, an air 

purifier reduced I/O ratios from 89% to 45% for total particle number concentration and from 

81% to 41% for PM2.5.  A second air purifier decreased I/O ratios further to 35% for total 

particle number concentration and to 36% for PM2.5. When no air purifier was employed, the 

AC/fan reduces the I/O ratio to 73% for total particle number concentration and to 62% for 

PM2.5.  However, when an air purifier was used, there was no significant difference of the I/O 

ratios of total particle number concentration and PM2.5 between AC/fan on and AC/fan off 

settings. One air purifier removed about one half of in-cabin total particle number 

concentration and PM2.5, which was over 1.5 times more efficient than the AC/fan.  
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Figure 21. Effect of air purifier on I/O ratios of total particle number concentration and PM2.5 
under different ventilation settings. Error bars indicate one standard deviation. 
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2. School Site Study 

For students, the second largest proportion of their indoor time is spent at schools (Hofferth, 

2001; Silvers et al., 1994; Wight et al., 2009; Wiley et al., 1991). The concentrations of UFP 

and other air pollutants at schools are crucial for total exposure assessment of students. By 

measuring total particle number concentrations in different school microenvironments with a 

variety of indoor sources and different ventilation systems, the variability of indoor air 

pollutant levels at schools was explained by several factors, including indoor sources, 

ventilation, occupancy and outdoor sources. 

. 

2.1. Indoor and outdoor air pollutants at schools 

Indoor and outdoor concentrations of air pollutants measured in each school are summarized 

in Table 15. The means of the indoor concentrations were 1.5 × 103 to 10.3 × 103 particles/cm3 

for total particle number concentration, 1.0 × 103 to 5.9 × 103 particles/cm3 for UFPs, and 2.8 to 

7.6 µg/m3 for PM2.5, while the geometric means of the outdoor concentrations were 3.4 × 103 

to 9.4 × 103 particles/cm3 for total particle number concentration, 1.6 × 103 to 3.6 × 103 

particles/cm3 for UFPs, and 6.5 to 23.2 µg/m3 for PM2.5. A detailed summary of the 

measurements in each indoor microenvironment is presented in Table A1 in the Appendix. The 

indoor air pollutant concentrations were calculated from the data collected during occupied 

periods. The total particle concentrations were usually higher outdoor than indoor except for 

the school observed with strong indoor sources. PM2.5 was lower indoor than outdoor, even in 
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the rooms with indoor sources, indicating that the protection of the building envelope against 

fine particles and limited contribution from indoor sources in fine particle size range. CO2 

concentrations were higher in indoor environments than in the outdoor air. CO2 measured in 

School A exceeded the American Society of Heating and Refrigerating and Air-conditioning 

Engineers (ASHRAE) Standard of 1000 ppm (ASHRAE, 1989), which indicated that there was 

insufficient ventilation in this school.  

 

Table A1 shows the indoor total particle number concentration measured in each indoor 

microenvironment ranged from 0.6 × 103 to 29.3 × 103 particles/cm3, while the outdoor total 

particle number concentration ranged from 1.6 × 103 to 16.0 × 103 particles/cm3, which were on 

the same magnitude of the previous studies but with a larger variability. In the study of 

Fromme and colleagues (2007), the indoor particle concentration of 75 classrooms varied from 

2.6 × 103 to 12.1 × 103 particles/cm3. Weichenthal and colleagues (2008) reported an indoor 

particle concentration from 4.6 × 103 to 5.4 × 103 particles/cm3 and outdoor concentration from 

13.0 × 103 to 14.9 × 103 particles/cm3. A study of an elementary school in Australia found the 

indoor and the outdoor total particle number concentration to be 2.1 × 103 and 2.9 × 103 

particles/cm3, respectively (Guo et al., 2008). A study in six classrooms in California, USA 

reported that the indoor particle concentrations were from 5.2 × 103 to 16.5 × 103 particles/cm3, 

and the outdoor concentrations were from 9.0 × 103 to 26.0 × 103 particles/cm3 (Mullen et al., 

2011). Unlike the aforementioned studies, which mainly focused on classrooms only, this 
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study covered various school indoor microenvironments, which may explain the greater 

observed variability of indoor particle concentrations. 
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Table 15. Summary of environmental parameters in the studied school sites 

School ID 
A  B  C  D  E 

GM GSD Median  GM GSD Median  GM GSD Median  GM GSD Median  GM GSD Median 

Total particle 

number 

(particles/cm3)

Indoor 1500 2.1 1500  2100 2.1 1600  1500 3.9 1000  1900 1.7 1800  10300 2.4 8600 

Outdoor 4500 2.1 4800  3400 1.4 3100  3800 1.9 3400  9400 2.0 9400  5200 2.9 6600 

UFPs* 

(particles/cm3)

Indoor N/A N/A N/A  1200 1.5 1000  1000 2.8 900  1100 1.3 1000  5900 2.1 3800 

Outdoor N/A N/A N/A  1600 1.6 1400  1800 1.6 1500  3100 1.7 3200  3600 2.4 2900 

PM2.5 

(µg/m3) 

Indoor 2.8 1.8 2.5  7.9 1.3 7.6  4.3 1.6 3.8  3.7 1.4 3.3  4.3 1.6 4.2 

Outdoor 6.5 2.1 7.3  23.2 1.3 25.4  11.2 1.7 10.0  12.7 1.3 12.1  8.2 1.3 7.9 

CO2 

(ppm) 

Indoor 1203 2.3 1193  529 1.5 511  576 1.4 572  561 1.6 555  556 1.3 545 

Outdoor 361 1.2 377  339 1.4 325  387 1.7 402  399 1.4 416  357 1.3 353 

T 

(℃) 

Indoor 23 1 23  23 1 23  23 1 22  22 1 21  22 1 20 

Outdoor 25 2 24  24 2 24  36 2 34  32 2 32  15 1 13 

RH 

(%) 

Indoor 52 1 50  51 1 51  47 1 45  55 1 52  33 1 30 

Outdoor 73 1 70  75 1 75  40 1 40  53 1 53  38 2 37 

* Due to an instrument malfunction, the measurements of UFPs were incomplete in school A. 
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Seven different types of school microenvironments were studied, including computer 

rooms, regular classrooms, art studios, offices, libraries, hallways, and cafeterias. The 

cafeterias were measured with consistently higher particle number concentrations than the 

other rooms at the same schools. For example, in School C the geometric mean of total particle 

number concentrations were 19.6 × 103 particles/cm3 in the cafeteria, and between 0.6 × 103 

and 1.1 × 103 particles/cm3 in the other rooms. The hallways usually had higher particle levels 

than classrooms because doors were frequently open and closed allowing more outdoor air to 

penetrate into hallways. In School A, the geometric mean of total particle number 

concentrations were 2.7 × 103 particles/cm3 in the hallway, compared with 0.7 × 103 

particles/cm3 in the classrooms. Occasionally, the classrooms and the libraries were observed 

with increasing particle levels in the presence of indoor sources, which is discussed in the 

following section. Otherwise the classrooms, the offices, and the libraries at the same schools 

had similar particle number concentrations. The variation in total particle number 

concentration across different types of indoor microenvironments within one school was 

smaller than that for the same type across different schools, indicating other factors at school 

level contributed more than the room characteristics. 
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2.2. Impact of indoor sources 

Indoor particle sources were found in most of the studied school sites, but their impact varied 

greatly. Figure 22 shows the time series of total particle number concentration in the library 

of School E as well as the outdoor concentration. A window mounted AC/fan unit was used in 

the library, and the fan speed was set to maximum so that fresh air could enter the room. Two 

vented gas fan heaters were used simultaneously to maintain the room temperature between 

23 and 26°C. Once the temperature was lower than 23°C, the heaters turned on automatically; 

when the temperature reached 26 °C, they turned off automatically. Figure 22 shows that the 

indoor particle concentration was significantly higher than in the outdoor air. The jagged time 

series of total particle number concentration tracked the room temperature well. When the 

heaters started operating, the temperature increased. Accordingly, the total particle number 

concentration increased. After about 10 min, these two parameters reached their highest level 

simultaneously. When the heaters turned off automatically, the temperature and total particle 

number concentration decreased. It took approximately 50 min for the temperature to cool 

down to 23°C. Then, the cycle resumed. At about 14:20, the heaters were turned off manually. 

The temperature decreased slowly, and the total particle number concentration decreased to a 

level lower than the outdoor concentration. 
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Figure 22. Time series of total particle number concentration in indoor and outdoor air and 
indoor temperature in a library using two vented gas fan heaters. 

 

The observed strong correlation indicates that the gas fan heater was a significant indoor 

source of total particle number concentration, which has been observed in several previous 

studies. Mullen and colleagues (2011) reported increased particle number concentrations 

inside two classrooms in the presence of natural gas heater emissions. He and colleagues 

(2004) reported that using fan heaters elevated the indoor particle number concentrations, and 

that the emission rate of a fan heater was 4.1×1011 particles/min. The mechanism of particle 

emissions from vented gas fan heater remains unclear but one hypothesis is that the organic 

vapors, released directly from the heaters (Rogge et al., 1993) or from the organic compounds 

deposited on the surfaces, can nucleate to form UFPs when cooled down to room temperature.  
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Figure 23 summarizes the effects of a variety of indoor sources. The presence of an indoor 

source was defined as the period when the indoor sources became active until the total particle 

number concentrations returned to the background levels. In the rooms without indoor sources, 

the average indoor and outdoor concentrations of total particles were 2.2 × 103 particles/cm3 

and 4.2 × 103 particles/cm3, and the average indoor/outdoor (I/O) ratio was 0.54. In the 

presence of indoor sources, the I/O ratios of total particle number concentration were larger 

than 1.0. The highest average indoor particle concentration (47.0 × 103 particles/cm3) and the 

highest I/O ratio (30.0) were measured in the rooms with the vented gas fan heaters, followed 

by the rooms with food related activities, such as cooking, food consumption, and the use of a 

microwave oven, with I/O ratios of 6.6 to 10.3. Cleaning (wiping surfaces with cleaning agent) 

and painting in art class increased the indoor total particle number concentration to 6.5 × 103 

particles/cm3 and 3.1 × 103 particles/cm3, and increased the I/O ratios to 1.8 and 1.9, 

respectively.  
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Figure 23. Measured average total particle number concentrations in the presence of a variety 
of indoor sources. Error bars indicate one standard deviation. 

 

The indoor sources observed in this study have been recognized in previous studies as 

important contributors to indoor air quality inside classrooms. Increased particle number 

concentrations were observed when students were making pancakes on an electric griddle in a 

classroom (Mullen et al., 2011). Elevated indoor particle number concentrations were 

measured during regular periods of classroom cleaning (Guo et al., 2008). Morawska and 

colleagues (2009) reported that art activities such as painting, gluing, and drawing could 

elevate UFP levels in classrooms to 140.0 × 103 particles/cm3, as could the use of a 

limonene-containing detergent for cleaning. Therefore, to reduce students’ exposure to indoor 

UFPs, the first step might be isolating indoor sources from students or shortening the duration 

of the presence of indoor sources.  
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2.3. Impact of ventilation systems 

When there were no indoor sources, indoor particles came primarily from the outdoor air. 

Ventilation systems are major pathways by which particles enter the indoor environment. 

Figure 24 compares the measured I/O ratios for total particle number concentration and PM2.5, 

air exchange rate, and CO2 among different ventilation systems. I/O ratios were calculated on 

the basis of hourly averaged data of total particle number concentration and PM2.5. The data 

presented in Figure 23 were excluded from the analysis. For total particle number 

concentration, the I/O ratios ranged between 0.12 and 0.66, and for PM2.5, the range was from 

0.35 to 0.59. Lower I/O ratios of total particle number concentration were observed inside 

rooms using the single duct system compared with the WAC and the SS. The lowest I/O ratio 

of total particle number concentration was measured in the rooms with the OSDS, and the 

highest was found in the rooms with the WAC. Ventilation systems affected indoor particle 

number concentrations in several ways. First, air exchange rates determined how much fresh 

air was introduced into the indoor environment. The low air exchange rates of the OSDS 

suggested that this system mostly recirculated the indoor air, reducing the number of particles 

brought in by fresh make-up air. Second, the filter efficiency of the ventilation systems 

played an important role. Although more fresh make-up air was introduced into the NSDS2, 

making the air exchange rate of the NSDS2 larger than that of the NSDS1, the I/O ratio of the 

NSDS2 was lower than the NSDS1, suggesting that the medium filter in this system provided 

extra particle filtration compared with the one primary filter in the NSDS1. In addition, the  
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Figure 24. Effect of ventilation system on the I/O ratio for total particle number concentration 
and PM2.5, air exchange rates, and CO2. Only data collected in the absence of indoor sources 
were included. Error bars indicate one standard deviation. OSDS: Old single duct system; 
NSDS1: New single duct system with one filter; NSDS2: New single duct system with two 
filters; WAC: Window mounted AC/fan; SS: Split systems. 

 

building complexes using single duct systems were usually sealed better than the small space 

using SS and WAC, and thus reduced the amount of outdoor air contaminants that bypass 

filters. 

 

The OSDS achieved the lowest I/O ratio of total particle number concentration, but it also 

increased the risk of high CO2 concentrations. The average indoor CO2 concentration of 

OSDS was 1203 ppm, which exceeded the ASHRAE Standard of 1000 ppm. A study in 

Washington and Idaho, USA found that a level of 1000 ppm CO2 might have decreased 

annual average daily attendance by 0.5-0.9%, which corresponds to a relative 10-20% 
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increase in student absence (Shendell et al., 2004). Haverinen-Shaughnessy (2011) found for 

every unit (1 L/s·person) decrease in the ventilation rate, the proportion of students passing 

standardized test was expected to decrease by 2.9% for math and 2.7% for reading, 

respectively. Because the OSDS recirculated air most of all the systems, particles were 

removed by filtration, but CO2 accumulated. In contrast, the NSDS1 and the NSDS2 had 

much lower indoor CO2 concentrations (500-600 ppm), but higher I/O ratios for total particle 

number concentration. Thus, introducing more fresh air and increasing the efficiency of filter 

might achieve a reduction for both particle and CO2 concentrations in school indoor 

environments. 

 

2.4. Impact of occupancy 

Figure 25 compares the indoor concentrations of total particles and PM2.5 during the occupied 

and unoccupied periods in an indoor microenvironment of School B in the absence of indoor 

sources. The particle concentrations were higher when the room was occupied than when they 

were vacant. For the total particle number concentration, the average concentration was 3.5 × 

103 particles/cm3 with occupancy and 2.3 × 103 particles/cm3 without occupancy. The total 

particle I/O ratios were 0.69 and 0.50 with and without occupancy, respectively. For PM2.5, the 

average concentration and the average I/O ratio were 8.4 µg/m3 and 0.48 when occupied, and 

6.7 µg/m3 and 0.43 when vacant. Mullen and colleagues (2011) found a similar elevated indoor 

particle number concentration when the classrooms were occupied. It was observed that when 

the room was occupied, the doors were open/closed more frequently, increasing the  
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Figure 25. Concentrations and I/O ratios of total particle number concentration and PM2.5 in 
occupied and unoccupied indoor microenvironments. Error bars indicate one standard 
deviation. 

 

introduction of the outdoor air pollutants. When occupied, the averaged open/closed 

frequency of two doors was approximately 1.5 times/min, which was much higher than 0.1 

times/min when not occupied. Human movement may also affect indoor air quality due to the 

re-suspension of fine and coarse particles as indicated in previous indoor studies (Abt et al., 

2000; Thatcher and Layton, 1995). 
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2.5. Relationship between indoor and ambient particles 

Without the presence of indoor sources, indoor particles originated primarily from the 

outdoor air. To explore the relationship between outdoor particle levels and I/O ratios, an 

SAS proc GLM function was employed to build a linear regression model. The dependent 

variable was the I/O ratio of total particle number concentration calculated from hourly 

averaged indoor and outdoor particle number concentrations. The independent variables 

included a continuous variable, the outdoor particle number concentration, and a category 

variable, ventilation system. Table 16 shows the result of the linear regression. Both the 

ventilation system and the outdoor particle number concentrations were statistically 

significant at a 0.05 significance level. OSDS was the baseline with the I/O ratio of 0.12. All 

the other ventilation conditions had significantly higher I/O ratios, among which the I/O ratio 

of WAC was the highest, 0.57 greater than that of OSDS. The outdoor particles also had a 

significant effect on the I/O ratio. For every 104 particles/cm3 increase of outdoor particles, 

one would expect a decrease of 0.11 for the I/O ratio.  

Table 16. Regression results of the relationship between I/O ratios of total particle number 
concentration and outdoor particle concentrations and ventilation systems  

Parameter Estimate Standard Error t Value Pr > |t| 

Intercept 0.12 0.04 6.1 < .0001 

Ventilation     

WAC 0.57 0.04 13.6 < .0001 

SS 0.48 0.05 9.2 < .0001 

NSDS1 0.29 0.04 7.8 < .0001 

NSDS2 0.08 0.03 2.6 0.0108 

OSDS baseline 

Outdoor particles -1.1E-05 2.7E-06 -4.1 0.0001 
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This decrease of I/O ratio with the outdoor particle concentration is presumably due to 

two factors. First, as shown in Figure 26, particle count median diameter decreased when the 

outdoor total particle number concentration increased. For each studied school, in general, a 

fair or good linear relationship was observed between these two parameters with a R2 value 

ranging from 0.44 to 0.77. This suggests that the increase of outdoor particles was more 

likely due to the increase of small particles in this study. This finding agrees with previous 

research that found UFPs in U.S. urban areas less than 50 nm accounted for about 71-75% of 

the total particle number concentration (Stanier et al., 2004; Zhang et al., 2004). Both natural 

and anthropogenic sources contribute to the increase of outdoor particles in the smaller size 

range. For natural sources, new particles can form due to the nucleation of low-volatile 

gas-phase compounds and their growth into small particles (Morawska et al., 2008). Particles 

formed by nucleation are usually smaller than 50 nm (Jeong et al., 2004; Zhang et al., 2004). 

For anthropogenic sources, traffic emissions constitute a major source of UFPs in an urban 

environment. Particles emitted from gasoline vehicles were found in the size range of 20-60 

nm (Harris and Maricq, 2001; Wehner et al., 2009; Zhu et al., 2002b).  
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Figure 26. Relationships between ambient total particle number concentration and particle 
count median diameter. 
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Figure 27. Size-segregated indoor to outdoor (I/O) ratio of particle number concentration for 
different ventilation systems.  

Second, smaller particles originating from outdoor sources are less likely to penetrate and 

stay airborne in indoor environments compared with larger particles from outdoor sources. 

Figure 27 shows the I/O ratios of particles varied by particle sizes and ventilation systems. 

Although different ventilation systems had different I/O ratios at a given size, the particles 

with diameters less than 60 nm had smaller I/O ratios than the larger particles. A similar 

size-dependent I/O ratio trend was found in residential apartments in the study of Zhu and 

colleagues (2005). Compared with larger particles, smaller particles have higher deposition 

rates (Gong et al., 2009), are collected more efficiently by filters, and penetrate less through 

building cracks (Liu and Nazaroff, 2003), the increase of outdoor particles might not be 

proportionally translated into an indoor environment. Therefore, we observed a decreased I/O 

ratio with an increased number of outdoor particles. 
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Summary and Conclusions 

From an exposure assessment perspective, school buses and schools are important but 

less-studied microenvironments where children congregate and spend a substantial proportion 

of their time. This study was to identify the conditions under which children are likely to be 

exposed to high levels of UFPs in school buses and at schools. To study the exposure in and 

around school buses, in total 24 school buses were employed to measure air pollutant 

concentrations (1) inside school buses when driving on regular pick-up/drop-off routes, and 

(2) in and around school buses when idling. The performance of two retrofit systems was 

evaluated regarding UFPs and other air pollutants from tailpipe emissions and inside bus 

cabins. The effectiveness of air purifiers on reducing in-cabin particle levels was tested to 

provide an alternative strategy to protect children’s health.  

 

When driving on roadways in the studied rural area, the total particle number 

concentrations inside school buses measured in this study ranged from 7.3 × 103 to 34.0 × 

103 particles/cm3, higher than the ambient background levels in the studied rural area. The 

average air pollutant concentrations inside the school buses were dependable on window 

position, engine age, driving speed, route and location, operation, and passenger number. The 

1990 MY school buses had 4.5 times more in-cabin total particle number concentration than 

the 2006 MY school buses, which was presumably due to the difference of engine location. The 

effect of window position depended on engine age. Opening windows reduced the exposure to 

UFPs inside the 1990 MY school buses, but increased all air pollutant concentrations inside the 

2006 MY school buses. With windows open, all air pollutant concentrations decreased with 
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increasing bus driving speeds in the studied rural area. The highest exposure to UFPs was 

observed at the bus transfer station where about 27 school buses were idling. Driving on 

surface streets suffered about 16.6% higher UFPs than driving on the rural roadways due to a 

higher traffic density on the busy surface streets. Starting-up and idling generated higher air 

pollutant levels than cruising. An increase in passenger load was related with higher in-cabin 

air pollutant concentrations.  

 

 

Idling school buses significantly increased the particle number concentration for the air 

close to tailpipes by a factor of up to 26.0 under all scenarios simulated in this study. After 

turning on the engines, the exposure to diesel particles for children present near school buses 

increased sharply from the background level to as high as 315.7 ×  103 particles/cm3. Diesel 

emissions from idling school buses also have important impact on in-cabin particle number 

concentrations under certain conditions in terms of wind direction and window position. 

When wind carried diesel emissions from tailpipe toward hood, in-cabin particle levels 

increased significantly by a factor of 1.2 – 5.8, with the greatest increase occurring in the size 

range of 10 – 30 nm. No significant change of in-cabin PM2.5 mass concentration was 

observed with and without tailpipe emissions, regardless of wind direction and window 

position, indicating that PM2.5 may be insufficient for assessing the exposures to diesel 

emissions from idling school buses. The deposition rates for total particle number 

concentration varied between 1.5 and 5.0 h-1 across the tested school buses under natural 

convection condition, which were lower than those of passenger cars but higher than those of 

indoor environments. 
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Retrofit systems significantly reduced tailpipe emissions from school buses by 20 – 94% 

when idling, especially when combining a diesel oxidation catalyst and a spiracle crankcase 

filtration system. Thus, retrofitting was important to reduce the contribution of school bus 

emissions to air pollutant levels of total environment, and to lower children’s exposure to 

diesel exhaust when they are waiting at bus transfer stations and school parking lots. 

However, no unequivocal decrease was observed for in-cabin air pollutants when idling and 

running on roadways. The dominant source of in-cabin ultrafine particles might be not the 

school bus tailpipe emissions, of which less than 0.069% was found to enter the bus cabins. 

The AC/fan settings and the surrounding air pollutant concentration played more important 

roles for determining the in-cabin air quality of school buses than did retrofit technologies. 

An alternative method which worked directly on in-cabin air, the use of an air purifier, was 

found to remove in-cabin particles by up to 50%. 

 

To study the exposure at schools, air pollutant concentrations were measured inside and 

outside of 19 indoor microenvironments at five schools with a variety of indoor sources and 

different ventilation systems. The outdoor concentration of total particle number 

concentration ranged from 1.6 × 103 to 16.0 × 103 particles/cm3, and the indoor 

concentrations were from 0.6 × 103 to 29.3 × 103 particles/cm3. The greater variability of the 

indoor concentrations was influenced most significantly by indoor sources. Heaters, 

food-related activities, cleaning, and painting were observed to be significant contributors to 

indoor total particle levels. These indoor sources generated higher indoor concentrations of 

total particles than the outdoor air with I/O ratios ranging between 1.8 and 30.0.  
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When there was no indoor source, ventilation systems became a key factor to determine 

indoor particle concentrations. The window mounted AC/fan unit and split system had higher 

I/O ratios than the other systems. The old single duct system was measured with the lowest I/O 

ratio of total particle number concentration and the lowest air exchange rate due to the small 

volume of fresh make-up air introduced by this system. However, extremely high CO2 

concentrations were measured for this ventilation system. The new single duct system 

introduced more fresh air than the old duct system. It reduced the accumulation of CO2 but 

increased the indoor particle concentration. Increasing fresh make-up air and the efficiency of 

filters used in ventilation systems may improve the air quality in terms of both particles and 

CO2.  

 

Without the presence of indoor sources, indoor particles originated primarily from the 

outdoor air. The I/O ratio decreased with outdoor total particle concentration for all 

ventilation systems. For every 104 particles/cm3 increase of outdoor particles, one would 

expect a decrease of 0.11 for the I/O ratio. For each studied school, the increase of outdoor 

particles was more likely due to the increase of small particles, which were less likely to 

penetrate and stay airborne in indoor environments compared with larger particles. 

Size-dependent I/O ratios suggested that particles with diameters less than 60 nm were more 

likely to be deposited or filtered than larger particles. 

 

The findings of this study have wide-ranging policy implications on transportation 
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planning, and emission control strategy. In-cabin particle number concentration was higher on 

the busy surface streets than the rural roadways; it was also higher for starting-up and idling 

than driving. Thus children’s exposure to UFPs could be lowered by optimizing school bus 

driving routes to avoid busy roadways and frequent stop at traffic lights or stop signs. High 

UFP number concentrations measured in and around idling school buses suggested 

eliminating idling will reduce school children’s exposure to diesel particles, especially nuclei 

mode particles. Local meteorological conditions should be considered when designing bus 

transfer station and bus parking lot, so that for the majority of operation periods, no school 

bus is parked in the downwind side of tailpipe emissions from itself or any other buses. 

Retrofit systems greatly reduced tailpipe emissions, therefore they are important to reduce the 

exposure of children who are waiting to board or riding in school buses in the downwind side 

of exhaust plume. However, retrofitting by itself does not protect children satisfactorily from 

in-cabin particle exposures. Technologies which work directly on in-cabin air such as 

in-cabin filtration might be a promising method to provide additional protection. The findings 

of the study at schools indicated the potential health risk related with high levels of air 

pollutants at schools. Indoor sources were commonly observed in many school indoor 

environments. To reduce children’s exposure to indoor UFPs, the first step might be isolating 

indoor sources or shortening the duration of the presence of indoor sources. Fresh air intake 

and filter efficiency should be taken into consideration when designing new ventilation 

systems or retrofitting old ventilation systems for schools.  
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Appendices 

Table A1 Summary of environmental parameters collected in individual microenvironments and the corresponding outdoor sites. 

School 

ID 
Date Site 

Total particle number 

(particles/cm3) 
PM2.5 (µg/m3) CO2 (ppm) T (℃) RH (%) 

GM GSD AM ASD AM ASD AM ASD AM ASD 

A 

2/23/2009 Computer Room 952 1.5 2.3 0.8 1369 360 23 1 48 2 

 Outdoor 6403 1.6 3.1 2.8 361 12 24 2 69 5 

            

2/24/2009 Classroom 744 1.3 3.6 2.9 1280 305 23 1 54 1 

 Outdoor 9519 1.2 5 2.7 391 29 25 2 72 4 

            
2/26/2009 Cafeteria* 5130 1.5 3.7 2 848 279 23 1 57 2 

 Outdoor 4076 1.4 11.2 6.1 372 10 24 2 73 7 

            
2/27/2009 Hallway 2729 1.3 6 3.2 1193 230 24 1 52 3 

 Outdoor 4013 1.2 13.4 4.3 382 18 25 2 79 6 

            

B 

2/2/2009 Hallway 2029 1.3 7.5 1.2 598 74 23 1 51 2 

 Outdoor 4051 1.5 16.9 2.1 347 8 23 2 74 7 

            

2/3/2009 Office 1411 1.2 7.9 1.8 551 20 22 1 54 1 

 Outdoor 3385 1.4 26.1 3.3 324 11 24 2 75 5 

            

2/4/2009 Classroom* 2983 3.1 8.9 1.9 489 14 23 1 50 2 

 Outdoor 2866 1.2 30.7 6.9 318 10 23 2 79 11 
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Table A1 Summary of environmental parameters collected in individual microenvironments and the corresponding outdoor sites. (cont’d) 

School 

ID 
Date Site 

Total particle number 

(particles/cm3)  
PM2.5 (µg/m3) CO2 (ppm) T ( )℃  RH (%) 

GM GSD AM ASD AM ASD AM ASD AM ASD 

C 

8/24/2009 Classroom 617 1.4 4.8 1.4 565 202 22 0 51 2 

Outdoor 2813 1.9 11.9 9.2 428 49 36 3 41 13 

  

8/25/2009 Library 1073 1.2 3.7 0.6 546 58 25 0 35 1 

Outdoor 2687 1.5 10.5 9.5 389 15 34 2 42 9 

  

8/26/2009 Office 825 1.2 4.2 0.6 595 199 22 1 45 2 

Outdoor 3749 1.7 13.1 2.5 402 23 37 5 39 17 

  

8/27/2009 Cafeteria* 19619 3.4 11.2 4.4 652 154 25 1 51 5 

Outdoor 5875 2 11.3 3.3 404 39 34 3 43 11 

  

8/28/2009 Classroom 993 1.3 3.6 0.8 596 125 23 1 42 2 

Outdoor 4528 1.7 10.1 3 387 52 36 4 42 14 

    

D 

8/31/2009 Hallway 1906 1.9 3.2 0.6 622 79 21 1 59 2 

Outdoor 10386 2.9 11.5 2.9 362 20 32 2 52 8 

  

9/1/2009 Classroom 1812 1.4 4.7 1.5 557 69 24 1 50 2 

Outdoor 7648 1.9 15.6 7.7 369 46 33 4 54 15 
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Table A1 Summary of environmental parameters collected in individual microenvironments and the corresponding outdoor sites. (cont’d) 

School 

ID 
Date Site 

Total particle number 

(particles/cm3) 
PM2.5 (µg/m3) CO2 (ppm) T ( )℃  RH (%) 

GM GSD AM ASD AM ASD AM ASD AM ASD 

 
2/9/2010 Library* 29287 2.7 4.7 2.5 546 65 24 1 35 3 

E 

Outdoor 1897 1.6 8.9 1.2 413 52 16 6 37 18 

  

2/10/2010 Computer Room 7183 1.2 7.4 3.9 595 145 23 1 24 2 

Outdoor 10581 1.2 11.5 1 383 65 13 3 53 3 

  

2/12/2010 Art Studio* 4645 1.8 5.6 2.7 853 169 20 1 47 1 

Outdoor 1645 1.4 6.4 0.6 353 5 10 2 66 9 

  

2/15/2010 Classroom 8242 1.4 2.5 0.8 541 32 21 1 30 2 

Outdoor 8305 2.8 7.4 0.5 351 17 16 5 28 11 

  

2/16/2010 Classroom 10390 1.3 3.9 1.4 701 209 22 1 30 2 

    Outdoor 16012 1.3 7.4 1.8 352 7 15 2 27 5 

* These indoor microenvironments were observed with active indoor sources during the measurements.  

Abbreviation: GM, geometric mean; GSD, geometric standard deviation; AM, arithmetic mean; ASD, arithmetic standard deviation. 
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Figure A1. Schematic layout of tested school buses and instruments for different scenarios. 
Open boxes refer to school bus bodies, gray areas indicate tailpipe emissions, and open cycles 
with numbers represent the equipments for air pollutant measurements. 
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Figure A2. Typical time series of total particle number concentrations in the upwind air, the 
in-cabin air and the air close to tailpipes under scenarios 1 and 2 with different window 
positions. Shaded boxes indicate the bus in which the measurements were shown. Rays 
indicate the buses of which the engines were turned on. 

 



 

116 

 

T
ot

al
 p

ar
tic

le
 n

um
be

r 
co

nc
en

tr
at

io
n(

pa
rt

ic
le

s/
cm

3 )

0.0

1.0e+5

2.0e+5

3.0e+5

4.0e+5

5.0e+5

6.0e+5

(b') Windows open

Elapsed time (min)

T
ot

al
 p

ar
tic

le
 n

um
be

r 
co

nc
en

tr
at

io
n(

pa
rt

ic
le

s/
cm

3 )

1.0e+5

2.0e+5

3.0e+5

4.0e+5

5.0e+5

6.0e+5
(b) Windows closed

Engine off Engine on Engine off Engine on

(a') Windows open(a) Windows closed

Upwind In-cabin Near tailpipe

Wind
Wind

Elapsed time (min)

300 10 20 40 50 60 300 10 20 40 50 60

300 10 20 40 50 60 300 10 20 40 50 60

Wind Wind

Engine off Engine on Engine off Engine on

 

Figure A3. Typical time series of particle number concentrations in the upwind air, the 
in-cabin air and the air close to tailpipes under scenarios 3 and 4 with different window 
positions. Shaded boxes indicate the bus in which the measurements were shown. Rays 
indicate the buses of which the engines were turned on.   
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Figure A4. Typical time series of particle number concentrations in the upwind air, the 
in-cabin air and the air close to tailpipes under scenarios 5 with different window positions. 
Shaded boxes indicate the bus in which the measurements were shown. Rays indicate the 
buses of which the engines were turned on. 
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Figure A5. Correlations between tailpipe and in-cabin concentrations of (a) total particle 
number concentration and (b) PM2.5. Regression lines and R2 are also shown in the figure. 

 



 

119 

 

References 

 Abt E, Suh HH, Allen G, Koutrakis P. 2000. Characterization of indoor particle sources: A 

study conducted in the metropolitan Boston area. Environ Health Persp 108(1):35-44. 

Adar SD, Davey M, Sullivan JR, Compher M, Szpiro A, Liu LJS. 2008. Predicting airborne 

particle levels aboard Washington state school buses. Atmos Environ 

42(33):7590-7599. 

Alessandrini F, Schulz H, Takenaka S, Lentner B, Karg E, Behrendt H, et al. 2006. Effects of 

ultrafine carbon particle inhalation on allergic inflammation of the lung. J Allergy 

Clin Immunol 117(4):824-830. 

Alexeeff SE, Coull BA, Gryparis A, Suh H, Sparrow D, Vokonas PS, et al. 2011. 

Medium-term exposure to traffic-related air pollution and markers of inflammation 

and endothelial function. Environ Health Persp 119(4):481-486. 

Appatova AS, Ryan PH, LeMasters GK, Grinshpun SA. 2008. Proximal exposure of public 

schools and students to major roadways: A nationwide US survey. J Environ Plan 

Manag 51(5):631-646. 

ASHRAE. 1989. Ventilation for acceptable indoor air quality. ASHRAE 62.1-2010:Atlanta, 

USA. 

Behrentz E, Fitz DR, Pankratz DV, Sabin LD, Colome SD, Fruin SA, et al. 2004. Measuring 

self-pollution in school buses using a tracer gas technique. Atmos Environ 

38(23):3735-3746. 

Behrentz E, Sabin LD, Winer AM, Fitz DR, Pankratz DV, Colome SD, et al. 2005. Relative 



 

120 

 

importance of school bus-related microenvironments to children's pollutant exposure. 

J Air Waste Manage Assoc 55(10):1418-1430. 

Bennett WD, Zeman KL. 1998. Deposition of fine particles in children spontaneously 

breathing at rest. Inha Toxicol 10(9):831-842. 

Boldo E, Medina S, LeTertre A, Hurley F, Mucke HG, Ballester F, et al. 2006. Apheis: Health 

impact assessment of long-term exposure to PM2.5 in 23 European cities. Eur J 

Epidemiol 21(6):449-458. 

Brunekreef B, Beelen R, Hoek G, Schouten L, Bausch-Goldbohm S, Fischer P, et al. 2009. 

Effects of long-term exposure to traffic-related air pollution on respiratory and 

cardiovascular mortality in the Netherlands: the NLCS-AIR study. Research report 

(Health Effects Institute)(139):5-71. 

Brunekreef B, Janssen NAH, deHartog J, Harssema H, Knape M, vanVliet P. 1997. Air 

pollution from truck traffic and lung function in children living near motorways. 

Epidemiology 8(3):298-303. 

Chan AT, Chung MW. 2003. Indoor-outdoor air quality relationships in vehicle: effect of 

driving environment and ventilation modes. Atmos Environ 37(27):3795-3808. 

Cheng Y-H, Liu Z-S, Chen C-C. 2010. On-road measurements of ultrafine particle 

concentration profiles and their size distributions inside the longest highway tunnel in 

Southeast Asia. Atmos Environ 44(6):763-772. 

Cyrys J, Pitz M, Heinrich J, Wichmann HE, Peters A. 2008. Spatial and temporal variation of 

particle number concentration in Augsburg, Germany. Sci Total Environ 

401(1-3):168-175. 



 

121 

 

de Kok T, Driece HAL, Hogervorst JGF, Briede JJ. 2006. Toxicological assessment of 

ambient and traffic-related particulate matter: A review of recent studies. Mutat Res 

613(2-3):103-122. 

Delfino RJ, Sioutas C, Malik S. 2005. Potential role of ultrafine particles in associations 

between airborne particle mass and cardiovascular health. Environ Health Persp 

113(8):934-946. 

Donaldson Company I. 2006. Eliminate crankcase emissions and improve in-cab air quality. 

Available from: 

http://www.donaldson.com/en/exhaust/support/datalibrary/002421.pdf. Last updated 

11/1/11. Accessed 5/1/12. 

Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J, et al. 2006. Translocation of 

inhaled ultrafine manganese oxide particles to the central nervous system. Environ 

Health Persp 114(8):1172-1178. 

Esber LA, El-Fadel M, Nuwayhid I, Saliba N. 2007. The effect of different ventilation modes 

on in-vehicle carbon monoxide exposure. Atmos Environ 41(17):3644-3657. 

Ferin J, Oberdorster G, Penney DP, Soderholm SC, Gelein R, Piper HC. 1990. Increased 

pulmonary toxicity of ultrafine particles? I. Particle clearance, translocation, 

morphology. J Aerosol Sci 21:384-387. 

Frampton MW, Stewart JC, Oberdorster G, Morrow PE, Chalupa D, Pietropaoli AP, et al. 

2006. Inhalation of ultrafine particles alters blood leukocyte expression of adhesion 

molecules in humans. Environ Health Persp 114(1):51-58. 

Fromme H, Diemer J, Dietrich S, Cyrys J, Heinrich J, Lang W, et al. 2008. Chemical and 



 

122 

 

morphological properties of particulate matter (PM10, PM2.5) in school classrooms 

and outdoor air. Atmos Environ 42(27):6597-6605. 

Fromme H, Twardella D, Dietrich S, Heitmann D, Schierl R, Liebl B, et al. 2007. Particulate 

matter in the indoor air of classrooms - exploratory results from Munich and 

surrounding area. Atmos Environ 41(4):854-866. 

Fruin S, Westerdahl D, Sax T, Sioutas C, Fine PM. 2008. Measurements and predictors of 

on-road ultrafine particle concentrations and associated pollutants in Los Angeles. 

Atmos Environ 42(2):207-219. 

Gong L, Xu B, Zhu Y. 2009. Ultrafine particles deposition inside passenger vehicles. Aerosol 

Sci Tech 43(6):544-553. 

Goyal R, Khare M. 2009. Indoor-outdoor concentrations of RSPM in classroom of a naturally 

ventilated school building near an urban traffic roadway. Atmos Environ 

43(38):6026-6038. 

Green RS, Smorodinsky S, Kim JJ, McLaughlin R, Ostro B. 2004. Proximity of California 

public schools to busy roads. Environ Health Persp 112(1):61-66. 

Guo H, Morawska L, He C, Gilbert D. 2008. Impact of ventilation scenario on air exchange 

rates and on indoor particle number concentrations in an air-conditioned classroom. 

Atmos Environ 42(4):757-768. 

Guo H, Morawska L, He CR, Zhang YLL, Ayoko G, Cao M. 2010. Characterization of 

particle number concentrations and PM2.5 in a school: Influence of outdoor air 

pollution on indoor air. Environ Sci Pollut Res 17(6):1268-1278. 

Hammond DM, Lalor MM, Jones SL. 2007. In-vehicle measurement of particle number 



 

123 

 

concentrations on school buses equipped with diesel retrofits. Water Air Soil Poll 

179:217-225. 

Harris SJ, Maricq MM. 2001. Signature size distributions for diesel and gasoline engine 

exhaust particulate matter. J Aerosol Sci 32(6):749-764. 

Haverinen-Shaughnessy U, Moschandreas DJ, Shaughnessy RJ. 2011. Association between 

substandard classroom ventilation rates and students' academic achievement. Indoor 

Air 21(2):121-131. 

He CR, Morawska LD, Hitchins J, Gilbert D. 2004. Contribution from indoor sources to 

particle number and mass concentrations in residential houses. Atmos Environ 

38(21):3405-3415. 

Heudorf U, Neitzert V, Spark J. 2009. Particulate matter and carbon dioxide in classrooms - 

The impact of cleaning and ventilation. Int J Hyg Environ Health 212(1):45-55. 

Hill LB, Zimmerman NB, Gooch J. 2005. A multi-city investigation of the effectiveness of 

retrofit emissions controls in reducing exposures to particulate matter in school buses. 

Clean Air Task Force, Boston, MA. 

Hinds WC. 2010. Cardiovascular health effects of fine and ultrafine particles during freeway 

travel. Available from http://www.arb.ca.gov/research/apr/past/04-324.pdf. Last 

updated 01/21/11. Accessed 07/18/11. 

Hofferth SL. 2001. How American children spend their time. J Marriage Fam 63(2):295-308. 

Ireson RG, Ondov JM, Zielinska B, Weaver CS, Easter MD, Lawson DR, et al. 2011. 

Measuring in-cabin school bus tailpipe and crankcase PM2.5: A new dual tracer 

method. J Air Waste Manage Assoc 61(5):494-503. 



 

124 

 

Jamriska M, Morawska L, Mergersen K. 2008. The effect of temperature and humidity on 

size segregated traffic exhaust particle emissions. Atmos Environ 42(10):2369-2382. 

Janssen NAH, van Vliet PHN, Aarts F, Harssema H, Brunekreef B. 2001. Assessment of 

exposure to traffic related air pollution of children attending schools near motorways. 

Atmos Environ 35(22):3875-3884. 

Jayaratne ER, Ristovski ZD, Meyer N, Morawska L. 2009. Particle and gaseous emissions 

from compressed natural gas and ultralow sulphur diesel-fuelled buses at four steady 

engine loads. Sci Total Environ 407(8):2845-2852. 

Jeong CH, Hopke PK, Chalupa D, Utell M. 2004. Characteristics of nucleation and growth 

events of ultrafine particles measured in Rochester, NY. Environ Sci Tech 

38(7):1933-1940. 

Kittelson DB. 1998. Engines and nanoparticles: A review. J Aerosol Sci 29(5-6):575-588. 

Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, et al. 2001. The 

national human activity pattern survey (NHAPS): A resource for assessing exposure 

to environmental pollutants. J Expo Anal Environ Epidemiol 11(3):231-252. 

Knibbs LD, de Dear RJ. 2010. Exposure to ultrafine particles and PM2.5 in four Sydney 

transport modes. Atmos Environ 44(26):3224-3227. 

Lin S, Munsie JP, Hwang SA, Fitzgerald E, Cayo MR. 2002. Childhood asthma 

hospitalization and residential exposure to state route traffic. Environ Res 

88(2):73-81. 

Liu DL, Nazaroff WW. 2003. Particle penetration through building cracks. Aerosol Sci Tech 

37(7):565-573. 



 

125 

 

Liu LJS, Phuleria HC, Webber W, Davey M, Lawson DR, Ireson RG, et al. 2010. 

Quantification of self pollution from two diesel school buses using three independent 

methods. Atmos Environ 44(28):3422-3431. 

Marshall JD, Behrentz E. 2005. Vehicle self-pollution intake fraction: Children's exposure to 

school bus emissions. Environ Sci Tech 39(8):2559-2563. 

McCreanor J, Cullinan P, Nieuwenhuijsen MJ, Stewart-Evans J, Malliarou E, Jarup L, et al. 

2007. Respiratory effects of exposure to diesel traffic in persons with asthma. New 

Engl J Med 357(23):2348-2358. 

McCubbin DR, Delucchi MA. 1999. The health costs of motor-vehicle-related air pollution. J 

Transp Econ Policy 33:253-286. 

Morawska L, He CR, Johnson G, Guo H, Uhde E, Ayoko G. 2009. Ultrafine particles in 

indoor air of a school: Possible role of secondary organic aerosols. Environ Sci Tech 

43(24):9103-9109. 

Morawska L, Ristovski Z, Jayaratne ER, Keogh DU, Ling X. 2008. Ambient nano and 

ultrafine particles from motor vehicle emissions: Characteristics, ambient processing 

and implications on human exposure. Atmos Environ 42(35):8113-8138. 

Mullen NA, Bhangar S, Hering SV, Kreisberg NM, Nazaroff WW. 2011. Ultrafine particle 

concentrations and exposures in six elementary school classrooms in northern 

California. Indoor Air 21(1):77-87. 

Nazaroff WW, Singer BC. 2004. Inhalation of hazardous air pollutants from environmental 

tobacco smoke in US residences. J Expo Anal Environ Epidemiol 14:S71-S77. 

Nazaroff WW, Weschler CJ. 2004. Cleaning products and air fresheners: exposure to primary 



 

126 

 

and secondary air pollutants. Atmos Environ 38(18):2841-2865. 

NCES. 2004. Average length of school year and average length of school day, by selected 

characteristics: United States, 2003 - 04. Available from 

http://nces.ed.gov/surveys/pss/tables/table_2004_06.asp. Last updated 6/1/04. 

Accessed 09/11/11. 

Oberdörster G. 2001. Pulmonary effects of inhaled ultrafine particles. Int Arch Occup 

Environ Health 74(1):1-8. 

Offermann FJ, Sextro RG, Fisk WJ, Grimsrud DT, Nazaroff WW, Nero AV, et al. 1985. 

Control of respirable particles in indoor air with portable air cleaners. Atmos Environ 

(1967) 19(11):1761-1771. 

Ott W, Klepeis N, Switzer P. 2008. Air change rates of motor vehicles and in-vehicle 

pollutant concentrations from secondhand smoke. J Expo Sci Env Epid 

18(3):312-325. 

Park JH, Spengler JD, Yoon DW, Dumyahn T, Lee K, Ozkaynak H. 1998. Measurement of air 

exchange rate of stationary vehicles and estimation of in-vehicle exposure. J Expo 

Anal Environ Epidemiol 8(1):65-78. 

Peters A, von Klot S, Heier M, Trentinaglia I, Hormann A, Wichmann HE, et al. 2004. 

Exposure to traffic and the onset of myocardial infarction. New Engl J Med 

351(17):1721-1730. 

Peters A, Wichmann HE, Tuch T, Heinrich J, Heyder J. 1997. Respiratory effects are 

associated with the number of ultrafine particles. Am J Respir Crit Care Med 

155(4):1376-1383. 



 

127 

 

Rim D, Siegel J, Spinhirne J, Webb A, McDonald-Buller E. 2008. Characteristics of cabin air 

quality in school buses in Central Texas. Atmospheric Environment 

42(26):6453-6464. 

Ristovski ZD, Jayaratne ER, Lim M, Ayoko GA, Morawska L. 2006. Influence of diesel fuel 

sulphur on nanoparticle emissions from city buses. Environ Sci Tech 40:1314-1320. 

Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT. 1993. Sources of fine 

organic aerosol: 5. Natural-gas home appliances. Environ Sci Tech 27(13):2736-2744. 

Ronkko T, Virtanen A, Vaaraslahti K, Keskinen J, Pirjola L, Lappi M. 2006. Effect of dilution 

conditions and driving parameters on nucleation mode particles in diesel exhaust: 

Laboratory and on-road study. Atmos Environ 40(16):2893-2901. 

Sabin LD, Behrentz E, Winer AM, Jeong S, Fitz DR, Pankratz DV, et al. 2005. Characterizing 

the range of children's air pollutant exposure during school bus commutes. J Expo 

Anal Environ Epidemiol 15(5):377-387. 

Samet JM, Rappold A, Graff D, Cascio WE, Berntsen JH, Huang YCT, et al. 2009. 

Concentrated ambient ultrafine particle exposure induces cardiac changes in young 

healthy volunteers. Am J Respir Crit Care Med 179(11):1034-1042. 

Sandstrom T, Brunekreef B. 2007. Traffic-related pollution and lung development in children. 

Lancet 369(9561):535-537. 

Shaughnessy RJ, Sextro RG. 2006. What is an effective portable air cleaning device? A 

review. J Occup Environ Hyg 3(4):169-181. 

Shendell DG, Prill R, Fisk WJ, Apte MG, Blake D, Faulkner D. 2004. Associations between 

classroom CO2 concentrations and student attendance in Washington and Idaho. 



 

128 

 

Indoor Air 14(5):333-341. 

Silvers A, Florence BT, Rourke DL, Lorimor RJ. 1994. How children spend their time - a 

sample survey for use in Exposure and risk assessments. Risk Anal 14(6):931-944. 

Solomon GM, Campbell TR, Feuer GR, Masters J, Samkian A, Paul K. A. 2001. No 

breathing in the Aisles: diesel exhaust inside school buses. Available from 

www.nrdc.org/air/transportation/schoolbus/sbusinx.asp. Last updated 2/11/01. 

Accessed 3/1/12. 

Stanier CO, Khlystov AY, Pandis SN. 2004. Ambient aerosol size distributions and number 

concentrations measured during the Pittsburgh Air Quality Study (PAQS). Atmos 

Environ 38(20):3275-3284. 

Thatcher TL, Layton DW. 1995. Deposition, resuspension, and penetration of particles within 

a residence. Atmos Environ 29(13):1487-1497. 

Tippayawong N, Khuntong P, Nitatwichit C, Khunatorn Y, Tantakitti C. 2009. Indoor/outdoor 

relationships of size-resolved particle concentrations in naturally ventilated school 

environments. Build Environ 44(1):188-197. 

Tobias HJ, Beving DE, Zieman PJ, Sakurai H, Zuk M, McMurry PH, et al. 2001. Chemical 

analysis of diesel engine nanoparticles using a nano-DMA/thermal desoption particle 

beam mass spectrometer. Environ Sci Tech 35:2233-2243. 

Trenbath K, Hannigan MP, Milford JB. 2009. Evaluation of retrofit crankcase ventilation 

controls and diesel oxidation catalysts for reducing air pollution in school buses. 

Atmos Environ 43(37):5916-5922. 

U.S.EPA. 2001. Control of air pollution from new motor vehicles: heavy duty engine and 



 

129 

 

vehicle standards and highway diesel fuel sulfur control requirements, final rule. 66 

FR 5002. Available from: https://federalregister.gov/a/01-2 

U.S.EPA. 2011. Verified retrofit technologies. Available from 

http://epa.gov/cleandiesel/verification/techlist-donaldson.htm#donaldson2. Last 

updated 8/1/03. Accessed in 6/1/10. 

U.S.EPA. 2012. Clean school bus USA. Available from 

http://www.epa.gov/cleanschoolbus/basicinfo.htm. Last updated 5/18/11. Accessed 

4/1/12. 

vanVliet P, Knape M, deHartog J, Janssen N, Harssema H, Brunekreef B. 1997. Motor 

vehicle exhaust and chronic respiratory symptoms in children living near freeways. 

Environ Res 74(2):122-132. 

Vinzents PS, Moller P, Sorensen M, Knudsen LE, Hertel O, Jensen FP, et al. 2005. Personal 

exposure to ultrafine particles and oxidative DNA damage. Environ Health Persp 

113(11):1485-1490. 

Wargo J, Brown D, Cullen M, S. A, Alderman N. 2002. Children's exposure to diesel exhaust 

on school buses. Environmental and Human Health, Inc., North Haven, CT. 

Waring MS, Siegel JA, Corsi RL. 2008. Ultrafine particle removal and generation by portable 

air cleaners. Atmos Environ 42(20):5003-5014. 

Wehner B, Uhrner U, von Lowis S, Zallinger M, Wiedensohler A. 2009. Aerosol number size 

distributions within the exhaust plume of a diesel and a gasoline passenger car under 

on-road conditions and determination of emission factors. Atmos Environ 

43(6):1235-1245. 



 

130 

 

Weichenthal S, Dufresne A, Infante-Rivard C, Joseph L. 2008. Characterizing and predicting 

ultrafine particle counts in Canadian classrooms during the winter months: Model 

development and evaluation. Environ Res 106(3):349-360. 

Wight VR, Price J, Bianchi SM, Hunt BR. 2009. The time use of teenagers. Soc Sci Res 

38(4):792-809. 

Wiley JA, Robinson JP, Cheng YT, Piazza T, Stork L, Pladsen K. 1991. Study of Children's 

Activity Patterns. Sacramento, CA:California Air Resources Board, Contact No. 

A733-149. 

Wu J, Wilhelm M, Chung J, Ritz B. 2011. Comparing exposure assessment methods for 

traffic-related air pollution in an adverse pregnancy outcome study. Environ Res 

111(5):685-692. 

Zhang Q, Stanier CO, Canagaratna MR, Jayne JT, Worsnop DR, Pandis SN, et al. 2004. 

Insights into the chemistry of new particle formation and growth events in Pittsburgh 

based on aerosol mass spectrometry. Environ Sci Tech 38(18):4797-4809. 

Zhang QF, Gangupomu RH, Ramirez D, Zhu YF. 2010. Measurement of ultrafine particles 

and other air pollutants emitted by cooking activities. Int J Hyg Environ Health 

7(4):1744-1759. 

Zhu Y, Eiguren-Fernandez A, Hinds WC, Miguel A, H. 2007. In-cabin commuter exposure to 

ultrafine particles on Los Angeles freeways. Environ Sci Tech 41(7):2138-2145. 

Zhu YF, Hinds WC, Kim S, Shen S, Sioutas C. 2002b. Study of ultrafine particles near a 

major highway with heavy-duty diesel traffic. Atmos Environ 36(27):4323-4335. 

Zhu YF, Hinds WC, Kim S, Sioutas C. 2002a. Concentration and size distribution of ultrafine 



 

131 

 

particles near a major highway. J Air Waste Manage Assoc 52(9):1032-1042. 

Zhu YF, Hinds WC, Krudysz M, Kuhn T, Froines J, Sioutas C. 2005. Penetration of freeway 

ultrafine particles into indoor environments. J Aerosol Sci 36(3):303-322. 

Zielinska B, Campbell D, Lawson DR, Ireson RG, Weaver CS, Hesterberg TW, et al. 2008. 

Detailed characterization and profiles of crankcase and diesel particulate matter 

exhaust emissions using speciated organics. Environ Sci Tech 42(15):5661-5666. 

Zollner I, Gabrio T, Link B. 2007. Concentrations of particulate matter in schools in 

southwest Germany. Inha Toxicol 19:245-249. 

 
 
 




