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Problem Statement

Some diesel retrofit technologies greatly lowerrtess concentrations of Bl
(fine particulate matter2.5 microns (um) in diameter) in diesel exhaudteyl
may, however, increase ultrafine particle (UFRyiligor solid particles <0.1 pm
in diameter) number concentrations under some tiondialong roadways and
other sites where diesel engines operate. Thipihc health concern because
UFP in high number (count) concentrations may leheerse health effects. At
the same time, efforts to reduce mass-basegsRké needed because of the
known health effects that are significantly assecdavith PM s mass
concentrations.

Along roadways, vehicles powered by diesel enggmeduce PM;s that
includes a UFP fractioh.While arising from the same diesel engine soyrces
potential exposures to RMand UFPs differ with location. UFP counts are
highest at and near roadways, and drop off witeiregal hundred meters at a
much more rapid rate than BMmass levels (Levy et al., 2003; Zhang et al.,
2004). Because of this rapid drop off, on-road catars can have their
greatest exposure to UFPs during commute times), iétiee time spent in
traffic is a relatively small part of the day. Tledssing, working, or otherwise
spending time near major roadways or other sowtdiesel emissions will
also be exposed to higher concentrations of UF&s ttie general population.
In light of these potential exposure venues, efftotreduce Pk mass
emissions in diesel exhaust need to consider tp&dations of potential
increases in UFP number that may result from soeeedretrofit technologies.

This paper provides contextual information on UFR; 5, and the influence
of diesel retrofit technologies. It is arrangedhiree parts: 1) UFP health
concerns; 2) PMs health concerns; and 3) studies of the impactdieR
number in response to diesel retrofit measuresaanhesducing mass-based
PM, s Based on our review of the available informatiwe,present at the end
of this paper some conclusions and recommendatvithsegard to UFPs and
diesel retrofit technologies.

! Throughout this paper, PMconcentrations will be expressed in mass units, while UFP
concentrations will be expressed in particle count units.



1. Ultrafine particle health concerns

There is a strong possibility of adverse healthaotp associated with UFPs, with further study
being warranted. Some researchers hypothesizéhthattrafine particle constituent of BMlis
especially dangerous because of its physical streictt has been noted that the surface area of
UFPs provides a suitable base for adsorbed or c@edeexogenous chemical materials. The
extremely small size of UFPs enables their trartsgomal of materials on their surfaces into the
gas-exchange (alveolar) portion of the lung, byjp@sdeposition onto surfaces of the lung’s
conductive airways. UFPs have also been foundnetpate the airway surfaces and pass into
human blood to be carried to extrapulmonary orgiasling to possible systemic effects
(Donaldson et al., 2001; EPA, 2004; Frampton, 2Q@dpmann et al., 2003). A few studies have
directly evaluated the effects on cardiovasculaitheoy UFPs. Delfino et al.’s (2005) recent
review concludes that redox-active components iR&JfFom fossil fuel combustion likely reach
cardiovascular target sites. High UFP exposureslesy/to systemic inflammation through
oxidative stress responses to reactive oxygen ap€RiOS), thereby promoting the progression
of atherosclerosis and precipitating acute cardiovkar responses ranging from increased blood
pressure to heart attacks.

Combustion-related emissions sources dominateatimnaceous fraction of ambient PMn
many populated areas. Carbonaceous material enssega significant fraction of BMmass
and comprises the majority of UFP number conceantrah uncontrolled diesel exhaust.
Toxicological findings connect combustion partickggh a variety of responses in the airways of
laboratory animals and humans, including inflamomatcellular injury, and increased
permeability. Polycyclic aromatic hydrocarbons (F\Hor example, adsorb onto particles and
play a toxicological role in generating ROS, oxidatstress, and inflammation once inhaled. In
this way, organic UFP target airway epithelial selhd macrophages — the primary defense of
the deep lung — and damage cellular proteins,djpitembranes, and DNA (Li et al., 2003; Nel,
2005; Sioutas et al., 2005). Epidemiological stsdiwestigating surrogates of motor vehicle
exhaust, proximity to traffic sources, and intragtadients indirectly implicate elemental and
organic carbon, as well as other mobile source ®ams, in adverse health outcomes (Hoek et
al., 2002; Ito et al., 2004, Jerrett et al., 20QBiney et al., 2000; Schlesinger et al., 2006).SEhe
studies have found associations between mobiles@amissions and health outcomes,
indirectly suggesting the potential role of carbmew@us PMsand UFP (Sioutas et al., 2005).
Uncontrolled mobile source emissions are rich imboaaceous material and UFP, but these
source emissions also contain co-varying pollugases, such as CO, NGOG, and semi-
volatile organics, that could be responsible faltrefindings.

In sum, UFP physical and chemical properties, dsasgresence in combustion-related
emissions, present a potential role for this céuestit in contributing to observed BMrelated
health outcomes. Overall, however, research hadetetmined which specific physical
characteristics and chemical components of Pafe responsible for adverse health effects. The
complex task of separating particle size from otyeeticle characteristics such as chemical
composition, number concentration, and surface laasdimited the interpretation of study
results. Whether health associations are causeaibgle physical size alone, by the combined
effects of chemical and biological components atipies, specific organic compounds, or gases
is unknown (Schlesinger et al., 2006).



2. PM s health concerns

Over the past few decades, a growing body of exprial and observational evidence has
implicated mass-based BMambient exposure with adverse health outcomedscolmgical,
clinical, and epidemiological research has centerathly on respiratory and cardiac effects
ranging from minor irritation to exacerbation ofrghic disease and even premature death. In
support of the current PM NAAQS, numerous epidemiology studies using maseth®M s

air pollution data have found associations betwsdent- and long-term exposure to PiMand
adverse health outcomes. These include lung fumdigezrements, exacerbation of lung disease,
respiratory and cardiac mortality, cancer, and graental and immunological effects (EPA,
2005).

The majority of studies relying upon mass-based Ponitoring data, however, provide little
causal understanding of the properties of partieuteatter that potentially play a role in eliciting
adverse health effects. Ambient Pyhas diverse physicochemical properties ranging fitoe
physical characteristics of the particles to thensital components in or on the surface of the
particles. Chemical components of ambient,Rkhat might contribute to adverse health effects
include acidity, a variety of trace metals, reaetbrganic species, and biological agents. Physical
characteristics of particles including size, numkéape, and surface area might also be
responsible for adverse health outcomes (EPA, 2884, 1998). It may be that no single
etiologic toxic agent is responsible for the enspectrum of adverse health effects observed in
health studies. Instead, different agents, indizilguand in combination, could contribute to
health outcomes by stimulating different mechanigéithways. A complete understanding of the
pathways by which very small concentrations of laHambient PMls can produce
pathophysiological changes leading to health effestains to be more fully researched
(Lippmann and Ito, 2000; Lippmann et al., 2003;|8simger, 2000; Utell et al., 2002).

3. The impacts on UFP number in response to dessghe retrofit measures

Reducing PMs mass through diesel retrofit technologies doesroessarily mean a
concomitant reduction in total UFP number, and WEmber may increase by a factor of 10 or
greater with some technologies that reduce ovBiM}lls mass. Measurements of UFP number,
however, can give contradictory results regardimgnarease or decrease in UFP number (e.g.,
the change in UFP number can depend on any conditad affects condensation processes,
such as the dilution conditions used in the measent method). Even if an increase in UFP
number occurs, there appear to be retrofit tectyiedothat do not show this effect. Therefore,
current studies provide a mixed picture on therexéincreased UFP number from diesel
retrofit technologies.

Figure 1 shows idealized distributions of partitelamatter weighted by size and mass in diesel
engine emissions (Kittelson, 1998). For the magghted distribution (dashed profile line),
most of the mass is in the accumulation mode rémoge 0.05 to 1.0 um in diameter, as
indicated by the area under the curve for the uargize ranges. The coarse mode (>1.0 um in
diameter) contains about 5-20 percent of the pantiass while the UFPs in the nuclei mode
(<0.05 um in diameter) are typically 1-20 percethe mass. By contrast, the nuclei mode is
more than 90 percent of the particle number distitim (solid profile line). The nuclei mode
consists of volatile organic and sulfur compouratsiied during exhaust dilution and cooling,
along with solid carbon and metal compounds froendbmbustion process (Kittelson, 1998).



Figure 1. Idealized mass weighted (dashed line) and numbenteeigsolid line) distributions of
particulate matter in diesel engine exhaust (Kittelson, 1998).

Burtscher (2005) has described how diesel partieutaps or filters can increase UFP number
even while decreasing overall Bymass. Without a filter, the volatile materialdiesel

exhaust can condense upon solid particles, leadidgcreases in overall particle numbers while
particle mass increases. The presence of a diagedate trap will remove the solid particles,
leaving the volatile materials without a solid suwé to condense upon in the exhaust. This
allows the uncondensed volatile material (e.gfusigl acid and unburned hydrocarbons) to pass
through the filter. While total mass is reducedtuy filter, particle number in the smaller size
ranges can increase as the volatile material tharwise would have condensed onto a solid
substrate remains in the gas phase where nucleatioenhance formation of UFPs.

The formation of UFPs in diesel exhaust underweald conditions is highly variable and
sensitive to a number of factors, including engiperation, engine thermal history, roadway
grade, interaction with other traffic, backgrouradasol, dilution conditions, and ambient
temperature. There is a greater tendency to forfaslf the nucleation mode under real world
driving conditions than can be consistently dupédan laboratory tests (Kittelson et al., 2002).

On-road studies of UFP in diesel exhaustan on-road study of truck diesel exhaust, ktia

et al. (2006a) compared the control performandevofdiesel exhaust aftertreatment
technologies — a continuously regenerating trapl{CiRand a catalyzed continuously
regenerating trap (CCRY).? The study found that the two technologies werg eéfiective in
removing particles larger than 0.02 um in diaméteuivalent to 20 nanometers (nm)). By
contrast, the CRT increased UFP number for sizks\b@.02 um, while the CCRT decreased it.
When the researchers looked at particles colleatéte laboratory from a CRT-equipped
engine, they found that the particles were compaosa&idly of sulfates (Grose et al., 2006).

2The CRT consists of a diesel oxidation catalyst (DOCd¥edd by an uncatalyzed filter. The CCRT consists of
the same DOC with a catalyzed filter.



Therefore, the carbonaceous PM component is greatlyced by a CRT even though UFP
number due to sulfates may increase. Kittlesoh €2@06a) attributed the decrease in sulfate
with the CCRT to application of a washcoat to titerfportion of the CCRT that could store
significant amounts of sulfates. The researchisssuggested that the UFP number could
eventually increase with running time of the CCRTilee washcoat surface becomes saturated
with sulfates, but this may occur only after thaowdsof miles if using low sulfur diesel and
lubricating oil. For the UFP comparisons, changesarticle number were relative to a diesel
engine with no control running on 15 ppm sulfurlfiégure 2). An additional on-road study by
this research group concluded that a modified C@RA a special catalytic coating to trap
sulfate species coupled with low sulfur fuel angh&quely formulated low sulfur lubricating oil
could result in a diesel engine with virtually z& emissions indistinguishable from
background ambient PM levels within the experimedgtection limits (Kittelson et al., 2006b).
With a catalyzed trap arrangement and ultralowsudfesel fuel, an inhalation exposure study
of the diesel exhaust using mice showed either tetapr near complete elimination of health
hazards associated with resistance to infectidlanmmation, and oxidative stress relative to
diesel exhaust from circa 2003 diesel fuel (371 pifur) with no filter trap (McDonald et al.,
2004).

Figure 2. SMPS and EEPS size distributions for the CRIRT, and uncontrolled case. SMPS
and EEPS refer to different PM measurement methods. Mattthe SMPS method substantially
undercounts particles <0.01 um (10 nm) in size relatitkedcEPS method. The figure indicates
the CRT produces higher UFP number than the CCRT andhtmatnolled engine. The CCRT
produces the lowest UFP number (Kittelson et al., 2006a).

An additional salient observation from the on-réesting is that a CRT without a filter catalyst
on a diesel engine running on 15 ppm sulfur fuel lamv sulfur lubricating oil (0.152% sulfur by
weight) produced essentially identical UFP numlbeisw 0.02 um as a diesel engine with no
control running on current US market fuel (350 pgutfur) and lubricating oil (~0.5% sulfur by
weight). The CRT engine reduced total PNby over 90 percent (Kittelson et al., 2006b). This
suggests that changing current market lubricatihtpdow sulfur oil for use with CRT-equipped



engines operating on 15 ppm sulfur fuel can graatiijce total Plyls mass without increasing
UFP number below 0.02 um relative to uncontrollexsel engines running on US market fuel
containing 350 ppm sulfur. The study indicated thatUFPs are likely sulfate-based, and
showed that if a particulate filter is employedhe system that is treated with a catalyst
containing a sulfate-trapping component, even the4Jare reduced below ambient background
levels.

Laboratory studies of UFP formation in diesel exsialn addition to the on-road studies, two
laboratory dynamometer studies have shown that b d&ereases both Bi¥mass and particle
number across all particle sizes down to about @y >90 percent (Lanni et al., 2001,
Chatterjee et al. 2002). Toback et al. (2005) olei@isimilar results with a mobile test cycle of
school buses equipped with a variety of contrdh@togies running on a test track. The range
of the PM size in these measurements, howevenatiéxtend below 0.03 um (30 nm), so any
increase in UFP number below this size relativartaincontrolled diesel engine would not be
observable. Figure 3 displays an example of theatsahs in PM down to about 0.03 pm in
diameter observed in one laboratory study (Chategj al., 2002).

Figure 3. Particle number distributions in diesel engirest from dynamometer test cycles.
The figure shows the difference in PM number between amemgth no control (OE) run with
and without <30 ppm sulfur diesel (ULSD) and a CRT diesgine (CRDPF) with ULSD. The
CRT results are from dynamometer testing of a bus afteroh2h® of on-road operation. The
smallest PM size bin is ~0.03 pm (30 nm) (Chatterjee ,c2@02).

In another laboratory dynamometer study, an iner@a&/FP number was seen for particle sizes
below about 0.01 um for a CRT-equipped diesel engatative to an engine with no control
running on 11 ppm sulfur fuel (Holmén & Ayala, 2002Zhe UFP results changed, however,
with different exhaust dilution conditions usedfe test. Relative to a diesel engine with no



control, a constant volume sampler (CVS) techniganxe a higher UFP number at particle sizes
below 0.01 um for a CRT engine, while the test Itesusing a minidiluter indicated a lower UFP
number (Figure 4). This indicates that the diluttamditions in the sampling methods can affect
the UFP number results.

Figure 4. Comparisons of UFP number results usingdifferent dilution methods — a constant
volume sampler (“CVS-") and a minidiluter (“Mini-"). The\G method indicates higher UFP
number with a CRT diesel engine that is not seen with thiiater technique (Holmén &
Ayala, 2002).

Using a minidiluter sampling technique, a studyHognk et al. (2006) found that the particle
number and size distribution were approximatelyséwme for particles above ~0.02 um from an
uncontrolled diesel engine and a diesel engine avifiesel oxidation catalyst (DOC) without a
trap, while the DOC had higher UFP number for phes below 0.02 um. Diesel engines with a
CRT and a CRT combined with exhaust gas reciraudtio reduce NQin addition to PM) had
significantly lower UFP numbers across all sizeges(Figure 5). All the engine tests used
diesel fuel with sulfur content less than 30 ppm.



Figure 5. “CRDPF" is an engine equipped with a CRT‘&@&R-DPF” is an engine with a CRT
using exhaust gas recirculation. The CRT engines had ld®wrnumbers across all particle
sizes than the diesel engine with no controls and the engfina@ diesel oxidation catalyst only
(no trap). The test method used a minidiluter (Frarat.eR006).

Additional work has been done to replicate on-ro&i measurements in the laboratory with the
finding that it is difficult to match on-road sigistributions in individual laboratory test
conditions, but better agreement was possible eathposites of several laboratory test
conditions (Kittelson et al., 2006c¢). This workatoncluded that the presence of UFPs in the
smallest size ranges found near roadways has aagel since the late 1960s, indicating that
this is a longstanding phenomenon irrespectivaede retrofits. The researchers further found
that while engines continue to produce UFPs, enigipeovements in recent years have led to a
reduction of volatile emissions such as sulfuriicl@nd heavy hydrocarbons that can form UFPs
during exhaust dilution and cooling.

The effect of sulfur content in diesel fualgeneral, further lowering the sulfur contentliasel

fuel below 500 ppm does not continue to lower meas®M in the diesel exhaust, but it is
necessary for the efficient operation of the catalyised in PM control technologies. The results
of Frank et al. (2006), however, indicate a chaggirofile in PM size distribution with changing
sulfur content of the fuel. All diesel fuels usedhe Frank et al. (2006) study had a common
mode above ~0.05 um (50 nm). Below ~0.05 pum in diame diesel engine with no control
exhibited a strong second mode of increasing URRbeu with decreasing sulfur content, but
this second mode nearly disappeared at the lowést sontent level (<30 ppm). The strongest
bimodal behavior (i.e., increasing UFP number wlitsel sulfur content) appeared limited to the
162-615 ppm sulfur content range (Figure 6).



Figure 6. Profile of PM size distribution in diesel ex$taiutom an engine with no control.
EULSD is <30 ppm sulfur; LSD is ~150 ppm sulfur; D&nd DF2 are diesel with >400 ppm
sulfur; ED1 and ED2 are 7 percent by volume ethanol blesitisDF1 and DF2, respectively.
The highest sulfur content diesel fuels (DF1 and DF&)tha ultralow diesel fuel (EULSD)
display less bimodal character in the PM size distributian the fuels with intermediate sulfur
content (Frank et al., 2006).

A similar result was seen by Ristovski et al. (20@6w~hich an engine with no control operating
at high engine load and 500 ppm sulfur diesel ptedw4 percent of the particles in the exhaust
in a size range smaller than 0.05 um whereas dhjyedcent of the particles were below this
size when using 50 ppm sulfur diesel (Figure 7).

Figure 7. The size profile distribution shown in trgufie indicates higher particle number below
~0.04 pm (40 nm) for low sulfur diesel (500 ppm S$ijl(Eircle profile) relative to the particle
number for ultralow sulfur diesel (50 ppm S) (open cipslefile) for a diesel engine with no
control (Ristovski et al., 2006).



A study in Copenhagen during the introduction afaldw sulfur diesel also found a similar
effect (Wahlin et al., 2001). In a “real world” eeqgment, ambient PM measurements taken
during the winter of 2000 in a Copenhagen streeyaa showed a significant decrease

(=50 percent) in PM particles below 0.1 um compaoethieasurements taken at the same
location during the winter of 1999. The decreass a&pecially large for UFP diameters below
0.03 um. The large drop in UFP levels coincidedwitdecrease in diesel fuel sulfur content
from ~500 ppm to <50 ppm. These results suggesthkantroduction of ultralow sulfur fuel
can have an added benefit in reducing UFP numbearmsaller diameters (<0.03 pm).

With respect to ultralow sulfur diesel and CRT ewgi, studies indicate that the particle physical
characteristics change relative to higher sulfunteot diesel and an engine with no control. The
carbonaceous component virtually disappears, andliberved particles are mainly spherical
sulfate particles (Chatterjee et al., 2002; Gras#d.2006). Therefore, a CRT efficiently
removes the carbonaceous portion of UFPs, an impioaispect as this component has been
implicated in potential adverse health effects 6Pd. Furthermore, large reductions in other
exhaust pollutants occur with ultralow sulfur faeld a CRT: >90 percent in carbon monoxide;
>70 percent in total hydrocarbons; 90-99 percertionyls; 70-80 percent in polycyclic
aromatic hydrocarbons; and 70-99 percent in velatianic compounds (Chatterjee et al.,
2002). These significant reductions in other palhi$ resulting from ultralow sulfur diesel and
CRTs should be considered when weighing the impeEfqiessible higher UFP numbers.

In summary, continuously regenerating traps (CR&s) reduce Pl mass by over 90 percent,
thus addressing a class of air pollutants knowadigersely affect public health. Measurements
show that CRTSs significantly decrease PM numbe®§ (zercent) uniformly down to a size
range of ~0.03 um. Below this size range, howeWer gixperimental results are mixed. Under
some on-road and laboratory measurement conditsomse CRT-equipped engines may
produce greater UFP numbers below 0.03 um in demesien though total PM mass
decreases significantly. Because of the poterdlalaf UFP number in general in contributing to
PM, s health effects, these results are of concern. Medschanges in UFP number, however,
can be contradictory in the laboratory dependinghendilution technique used (CVS or
minidiluter). As a result, more research is neddedkevelop a standard measurement method
able to reasonably reproduce real world engineatpey conditions in the laboratory setting.
Even in the face of the laboratory measurementrismiogy, there are on-road measurements
suggesting that a CRT with a catalyst-coated f{ifeaddition to the catalyst before the filter)
coupled with ultralow sulfur fuel and low sulfudtcating oil can reduce virtually all PM
emissions across all sizes to levels virtually stidguishable from ambient background levels
(within the experiment’s detection limits). Furth®re, there are significant reductions in other
pollutants with adverse health impacts, such agcyolic aromatic hydrocarbons and the
carbonaceous component of UFPs, resulting fronusleeof ultralow sulfur fuel with CRTSs.

4. Conclusions

Over the past few decades, experimental and oligmrahevidence has implicated ambient
exposure to mass-based Pvith adverse health outcomes. Toxicological, chhj and
epidemiological research has centered mainly quinaery and cardiac effects ranging from
minor irritation to exacerbation of chronic diseasel even premature death. The majority of
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studies relying upon mass-basedfvhonitoring data provide little causal understagdmhthe
properties of PM that potentially play a role irciting adverse health effects. It may be that no
single etiologic toxic agent is responsible for #mire spectrum of adverse health effects
observed in health studies. Instead, different sgémdividually and in combination, could
contribute to health outcomes by stimulating défgrmechanistic pathways.

The physical and chemical properties of various §JFAB well as their presence in combustion-
related emissions, present a potential role fasdhmnstituents in contributing to observed

PM, s-related health outcomes. The complex task of stipgrparticle size from other particle
characteristics such as physical state, chemigaposition, number concentration, and surface
area has limited the interpretation of study reasMWhether health associations are caused by
particle physical size alone, by the combined ¢$fe¢ chemical and biological components of
particles, specific organic compounds, or gasesksnown.

Measurements show that continuously regenerataps tfCRTS) significantly decrease PM
numbers (>90 percent) uniformly down to a size eaofy~0.03 um. Some CRT-equipped
engines may produce greater UFP numbers below GO diameter even though total mass of
PM, s decreases significantly. It is important to redagnhowever, that there are on-road
measurements indicating that a CRT with a catalgsted filter (in addition to the catalyst
before the filter) coupled with ultralow sulfur fuend low sulfur lubricating oil can reduce PM
emissions across all sizes to levels virtually stidguishable from ambient background levels
(within the experiment’s detection limits). Furthere, there are significant reductions in other
pollutants with adverse health impacts, such agcgolic aromatic hydrocarbons and the
carbonaceous component of UFPs, resulting fronusleeof ultralow sulfur fuel with CRTSs.

5. Recommendations

Based on current scientific understanding, no sieghstituent of mass-based Pj\hay be
responsible for all observed health effects. Tlwesfwe recommend considering adverse health
effect impacts as occurring across the full sizi speciation profile of Pl rather than

assuming they are due to just one type of constitwehin this diverse mixture. Specifically,
reducing mass-based R¥by more than 90 percent through the use of CRiioavide
significant public health benefits, and should Ib@treadily dismissed when weighed against
potential increases in UFP number (or changesharamissions, such as WO

While the potential health impacts of increasingPitumber should not be assumed to outweigh
the health benefits from reducing Phmass, they should not be ignored either. Moreystdid

the health consequences of UFP number should kertaken, including specific consideration

of the sulfur species observed in the diesel extaUSRT-equipped engines.

There are additional mitigation measures that shbalconsidered where not already being
undertaken. These additional measures include:

Use of ultralow sulfur diesel fuel (15 ppm)

Use of low sulfur (~0.15% sulfur by weight) lubritag oil (including synthetics)
Installation of catalyzed CRTSs that contain sutfapping sites in the catalyst coating
Exploration of emerging technigues to remove suluch as sulfur traps
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The use of ultralow sulfur diesel fuel and low suliubricating oil with a non-catalyzed CRT
can reduce mass-based Py >90 percent while mitigating increases in Ukitber relative
to an uncontrolled diesel engine running on curké&®. market diesel fuel (350 ppm).
Combining the first three recommendations abovereduace all PMs, including total UFP
number, to levels virtually indistinguishable frdrackground. Additional measures could also

emerge, such as sulfur traps, which could furteduce the sulfate component contributing to
UFP number.
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