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ABSTRACT/EXECUTIVE SUMMARY

Diesel exhaust is a major source of combustionigbest that contribute to poor air quality
nationwide. Since almost all school buses are ¢tperaith diesel engines, diesel engine exhaust
can thus also be a source of concern, specificaitii regard to exposure to children. Diesel
particulate matter (DPM) is a complex and unhealthixture of inorganic and organic carbon
particles with adhered toxic substances and melaks.purpose of the study was to investigate the
causes of school bus self-pollution and to docunrectbin diesel particulate matter exposures in
buses retrofit with a variety of available partete@ matter emissions control combinatiariBhis is
one of the first studies to report on the in-caimemefits of retrofit technologyTo date, our testing
has been conducted on school bus fleets in thr8edities—Chicago, IL and Atlanta, GA in 2003
and in Ann Arbor, Ml in 2004. Retrofit combinatiotested included:

» Conventional buses on conventional fuel

» Conventional bus with ultra-low sulfur diesel f{eILSD)
 Bus with diesel oxidation catalyst (DOC) and cortiaaral fuel
 Bus with Spiracle and ULSD fuel

* Bus with diesel particulate filter (DPF) and ULSuzef

* Bus with DPF, Spiracle and ULSD fuel

» Bus with DOC, Spiracle and ULSD fuel

* Bus with DPF, ULSD and Enviroguard

» Compressed natural gas (CNG) bus

During all bus runs, a lead car with identical rastentation was used as a control to characterize
ambient air in the roadway in front of the bus. Uedtschool bus routes were followed in largely
quiet residential neighborhoods with few nearbyséiesources thereby minimizing the confounding
influence of sources of diesel emissions other tharbus itself. Measured parameters included: 1)
fine particulate matter (particles 2.5 micrem@d less), 2) ultrafine particles (extremely small
particles smaller than 0.1 microns) and 3) bladkaa (elemental carbon soot) and particle-bound
polycyclic aromatic hydrocarbon (PAH).

Tests conducted on conventional buses (commonwaedtihool buses with the engine in the front
and without emissions controls devices) along adiua routes found that diesel exhaust routinely
penetrated the school bus cabins from the tailpipe the engine compartment through the front
door of the bus. Over the course of the bus roytadjculate matter built up to levels multiple
times that of outdoor ambient conditions above dhdy and annual particulate matter (Pl
NAAQS. Particle emissions rarely were found to sieép conventional school buses through other
pathways such as closed windows, the back doorran fthe engine compartment. During
gueuing—where buses are parked closely end-to-atid frent doors open--we observed rapid
build up of particulate matter within the bus cabin



Ultrafine particles, black carbon and particle-bdd#AH measured in the cabins of the buses during
bus routes, idling, and queuing were traced diyetdl the tailpipe of the buses. In contrast,
however, fine mass (PM) concentrations were dominated by particulate ena&tissions from the
crankcase vented under the hood of the bus thrtlugliroad draft tube.” Crankcase emissions
proved to be an extremely strong source obPikl the school bus.
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Figure 1: Conventional buses tested showed significant PM2s, ultrafine particle, black cabin and
PAH self-pollution. (Ambient concentrations have been subtracted.)

A number of emissions controls combinations westetk following the assessment of cabin air
guality on the conventional buses. The applicatiba diesel particulate filter Clean Air Task Force
4 1/6/2005 (DPF) and ultraflow sulfur diesel fublLED) virtually eliminated ultrafine particles,
black carbon, and PAH pollutants in the cabin. 8simpgly, the DPFs did not measurably reduce
fine particle mass (PM) in the cabin—not due to a lack of particle rem@féiciency--but instead

as a result of the strong crankcase BPMource under the hood of the bus. To control thengt
PM2.s concentrations remaining after application of DPESD retrofit, several experiments were
performed including: 1) adding extension tubinghe road draft tube shunting emissions toward
the back of the bus away from the door, 2) indialtaof a Fleetguard Enviroguard filter, and 3)
installation of a Donaldson Spiracle, a closed-kcase filtration device. In the first experimeig t
extension tubing had showed a limited Piveduction in the cabin. In the second experimdmd, t
Enviroguard demonstrated no measurable Pidénefit. The device designed to reduce oil spillage
in the roadway from the crankcase--releases sgposgfiltration PM.semissions in the engine area
close to the bus doorway where they enter the Bbscin the third attempt to abate the crankcase
emissions, we found that the Spiracle eliminatezl Rivb.5 self-pollution in the cabin but did not
result in improvements in ultrafine particles, Wacarbon or PAH. The Spiracle reroutes the
crankcase emissions back into the intake manifbltie® engine, ultimately directing them through
the exhaust system and away from the engine compatf where they can be removed by tailpipe
filtration devices.
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Figure 2: The DPF-ULSD-Spiracle combination eliminated PMz2s, ultrafine particles, black
carbon, and PAH self pollution from the bus cabin. Ambient concentrations have been subtracted
resulting in slightly negative apparent net concentrations. Concentrations below zero should be
taken as zero net PM2s contribution to the bus.

A bus equipped with a diesel oxidation catalyst Q@howed cabin levels of ultrafine particles,
black carbon and PAH that were similar in magnittoléhose observed in conventional buses.
Thus, we found it difficult to ascertain whetheD®C provided any in-cabin benefit. This may be
for a variety of reasons including: 1) inability thfe methodology to determine small changes, 2)
confounding by variable wind directions relativethe two emissions sources and the cabin door, 3)
potential ineffectiveness of DOC under idle cormhfi. Our testing did not examine benefits that
may occur for other pollutants with the DOC suclhgdrocarbons, CO and nitrogen oxides (NOXx).
Furthermore, how particulate matter levels outsidebus (e.g. in a schoolyard during idling, drop
off, or pick up) are affected by the DOC were ndlyfinvestigated warrants further research.

A compressed natural gas (CNG) bus —with a reamerghowed little build up of PM in the
cabin and mean levels were largely the same a®outmbient. However, the CNG bus showed
evidence of limitedultrafine particle self-pollution at a few bus stops but aicim lower levels
compared to the conventional bus.

Combinations of both tailpipe and crankcase emissmontrol devices were also tested including
the DPF-ULSD-Spiracle, and DOC-Spiracle. The DO@®pe combination eliminated only one
parameter—PNls mass, presumably due to the Spiracle alombe DPF-ULSD-Spiracle
combination resulted in elimination of all measpagameters on the bus—ultrafine particles, black
carbon, PAH and Plyk.

In addition to cabin air quality, air quality oudsi school buses is also a factor in children’s

exposure to diesel exhaust. In a Connecticut &eshient air quality measurements were measured
adjacent to a New Haven elementary school yarcdatmg the impact of buses during student drop
off and pick up. Significant increases in PMnd ultrafine particulate matter levels were obsérv



adjacent to the school yard when uncontrolled cotiweal buses left the school after dropping off
children leaving a cloud of diesel smoke in theake. Because retrofit buses were unavailable for
comparison at the time in New Haven, we simulatdobsl bus drop off scenario with retrofit buses
in tests conducted in all three cities. These tglstsv that the DPF-ULSD combination eliminated
all PMzs and ultrafine particulate matter at the curbsidéside of the bus. CATF has prepared
video clips graphically superimposing changing gialht levels over a digital video image of the
bus at drop off. These videos vividly demonstragelienefits of the retrofits
(seewww.catf.us/diesel/videok

In conclusion, this research suggests that the cwtibn of DPF, Spiracle and ULSD results in a
comprehensive elimination of all particle speciesasured and is the most effective solution for
addressing school bus cabin air quality as welinggroving conditions outside of schools. In

addition, the closed crankcase filtration deviceved to be an extremely cost-effectin@ial step

to improvecabin air qualityin school buses we tested.

INTRODUCTION

While school buses are generally considered théesafest way to transport children to and from
school—statistically safer, for example than ridimga personal car recent U.S. studies (e.qg.
CARB, 2003; EHHI 2003%) suggest that diesel exhaust builds up in schoesldabins as a result of
self-pollution and may expose children to elevatedels of particulate matter and related
pollutants. In 2003 the Clean Air Task Force anea@lAir Task Force 6 1/6/2005 partners began a
multi-year, multi-city study of cabin air quality conventional and an array of retrofit school lsuse
in Chicago, IL, Atlanta GA, and Ann Arbor MI. Theugpose of the study was to investigate the
causes of school bus self-pollution and to testettfiectiveness of emissions reduction devices in
mitigating diesel particulate matter exposureshi@ tabins of school buses. The present research
demonstrates that cost effective emissions comtevices can virtually eliminate exposures to
diesel exhaust particles resulting from school &ei$-pollution and ensure that children arrive at
school healthy and ready to learn.

Particulate Matter and Children’s Health

While no direct studies of the health effects obrstterm exposures have been undertaken on
children riding school buses, it is well known tld@ildren are a population that is particularly
susceptible to air pollution. In fact, children mbhg at even higher risk for particulate matter
exposure than adulgne factor contributing to higher childhood riskhat their exposures to fine
particulate matter may be much higher than adulealth researchers believe that children are
more susceptible than adults to the adverse heddftdtts of air pollution for a variety of
reasonso,11For example, children are more active than adultstherefore breathe more rapidly.
Children have more lung surface area comparedeio blody weight and therefore inhale more air
pound-for-pound than adults. Furthermore, childtgpically spend more time outdoors, for
example in or near schoolyards where air pollutievels may be higher. Finally, children’s
essential defense mechanisms have not yet fullgldped, which also increases their susceptibility
to the harmful effects of pollution.

Brief exposures to diesel exhaust commonly resulipper and lower respiratory symptoms such as
a cough or wheeze, as well as burning eyes, noteaat, especially during prolonged exposures.
However, in many other studies particulate matigrosures have also been associated with more



serious impacts in children such as triggering rastfattacks. For example, emergency room visits
by asthmatic children increase when particulateengtvels rise just slightly above the national ai
guality standardsz, 130ne study found that emergency room visits by aatlmnchildren increased
even at fine particulate levelselow EPA’s air quality standarth Even worse, the California
Children’s Health Study suggests that particulatgten (PMo) may slow lung function growth in
children. Children examined in a dozen communitiear Los Angeles experienced a three to five
percent relative reduction in lung functigmowth between the most polluted and least polluted
cities as a result of exposure to particulate madte

When children moved to communities with higher jcatate matter, a decreased growth in lung
function was observed.Conversely, for those children who moved to commesiwith cleaner
air, lung function growth rates increased. Thisgasgs serious permanent harm may befall children
living in areas chronically polluted with partictgamatter.

In adults, long-term exposure to particulate madeassociated with health risksA 2003 HEI
report cites “modest concentrations of diesel egh&ave clear-cut inflammatory effects on the
airways of nonasthmatic (or control) subjectg’Long term cohort studies and short-term time
series studies of particulate matter (PM10 anckfMuggest elevated risk of heart attacks and
stroke as well as elevated risk of premature CkimnTask Force 7 1/6/2005 mortality in adults
including both respiratory and cardiovascular diesa, 2oLifetime exposure to diesel exhaust by
railroad workers is associated with lung cancertaiity.21

Similarly, one of the most prevalent and importamtnponents of diesel exhauslirafine particles
(the smallest particles, 0.1 micran®r less) are suspected to cause adverse healttiseffe
individuals, including premature deathMedical researchers believe that ultrafine parsichee
sufficiently small that they may invade the deepeatt of the lung and enter the bloodstream,
triggering a host of systemic impacts beginninghwiing inflammation and leading to adverse
cardiac effects in adults,2s0One 2003 study suggests that deposition of ulegbiarticles increases
4.5 times with exercise in adults, a finding thigabacould have an important bearing on exposure to
children2s Another 2003 experimental study, where diesel gagiwere instilled in the lungs of
hamsters, supports the biological plausibility @frdiovascular mortality from inhaled diesel
particulate matter in humaassln its draft criteria document for particulate neaftEPA reports that
in four European studies, changes in peak expydtow (lung function) has been more closely
associated with ultrafine particles (particle numltean masss

Diesel exhaust is also a major source of hazaradaupollutants. One such family of pollutants,
particle-bound polycyclic aromatic hydrocarbons EAnclude potent carcinogens and mutagens.

Roadway proximity studies have shed light on thpaot of traffic-related emissions on health. For
example, recent studies suggest significantly édel/enortality rates for people living in residehtia
areas within 50 meters of a major roadwayA recent New England Journal of Medicine study
suggests that exposure to traffic significantlyr@ases risk of heart attacksThus, uncontrolled
school buses engines are not only a source of ragwllution but can contribute to long term
exposures in school children living in proximity tready high pollutant levels adjacent to
roadways.

Research suggests that emissions controls onrexidiesel engines can lead to important health
benefits. A 2004 comparative study of the toxi@fyemissions from a conventional diesel engine
relative to an engine with low sulfur fuel and datgzed particle trap concluded that relative te th



uncontrolled diesel engine exhausthe' use of low sulfur fuel and a catalyzed partitiap
markedly reduce the diesel engine exhaust healdardaassociated with resistance to infection,
inflammation and oxidative stréssAs a part of the chamber study which was conduoctetice,
testing of the DPF-ULSD retrofit combination reddc®tal particle number to below limits of
detection, black carbon by 100%, organic carbo®®, particle mass by 99%, particulate PAH
by 100%. CO by 90% and NOx by 10% and reducedss @éair toxics known as carbonyls, such
as formaldehyde and acetaldehyde, between 17-48&mger

In sum, although the acute (short-term) effectdie$el particulate matter exposures in children are
not fully known, diesel particulate matter emissi@ould be a factor in asthma respiratory iliness.
Furthermore, long-term exposures to these pollatané associated with serious adverse health
impacts in adults and school buses could contrilsigaificantly to lifetime exposures of diesel
exhaust in some individuals, especially those dégeton school bus transportation.

Previous School Bus Studies

A number of studies of cabin air quality in schdises have documented the influx of diesel
exhaust into the cabin of school buses (e.g., l[daiResources Defense Council (NRDC) (2G681)
Environment and Human Health Inc. (EHHI) (20G2) California Air Resources Board (CARB)
(2003k4. Most importantly, based on our review of the klde literature, none of the previous
studies we are aware of have investigated soufoamigsions in the cabins of buses. Results of the
conventional bus tests in these studies are wétlinvihe range of results in our study. However
none of these studies specifically identified tbarses of particulate matter measured on the buses.
Only one study (CARB) examined a single retrofis bu

The NRDC study concluded that PMlevels measured in a 1986 school bus contributad, a
average additional 14 ug#mbove the exposures experienced while walkingdingiin a car on the
same streets. The EHHI study similarly found tlneg highest levels recorded in buses exceeded
100 ug/m, a reported 5-10 times ambient outdoor levels. TARB study, used both continuous
and integrated (filter-based measurements) inctudirtracer test. CARB reported average2BM
conditions of 56 ug/mduring bus routes, with diesel related pollutanels 2.5 times greater with
windows closed than when windows were open. A highability in concentrations was found
throughout the study. Compared to residential n@ghoods, CARB'’s study found roadways with
high traffic density resulted in levels inside theses that were even higher.

A tracer study, undertaken by the Southwest Rekelmstitute, International Truck and Engine
Corporation, ConocoPhillips and Lapin and Assosid®003), used iridium tracer and filter-based
samplingss The study concludetA reliable tracer test shows that the exhaust frardiesel school
bus’s engine adds virtually no diesel particulateghe air inside the bug.he study found: that

the bus’ engine contributed less than 1 per centheffine particulate matter inside the Bus.
Furthermore the study reported that 2Moncentrations inside the bus were not correlated t
tailpipe emissionsz This second result is consistent with our studyclwhsuggests that the
crankcase is the principal source of cabin2Bpbllution. However, our testing demonstrates that
the strong build up of diesel exhaust is indeedbatiable to self —pollution but from two sources—
the tailpipe and the engine crankcase--especialtgsidential settings.

Another study in Fairfax County VA in 2001, was erntidken because “officials were concerned by
media reports about research findings on the plessdpative health effects of diesel exhaust from
older school buseggIn this study, air samples were “undertaken in edaoce with standardized

methods prescribed by OSHA (for respirable pasicl®&IOSH ((for carbon particles). The study



concluded that the particle levels on the schoskebuvere below the limits of detection. However,
this methodology of this study —appropriate for @cupational study--appears to have been
inadequately sensitive to PM2.5 and the short telnanges in particle concentration on a school
bus.

A brief discussion of these results of these studiethe context of the present study can be found
later in the report.

For full report, go to:
http://www.catf.us/publications/reports/CATF-Purdidulti City Bus Study.pdf




