
 
 
 

GASOLINE PAHs POSE SERIOUS URBAN HEALTH THREAT 

 
1. Aromatic compounds constitute 20 – 25% of U.S. gasoline.  Their physio-chemical properties make them very difficult to 

combust.  The higher distillation aromatics (high molecular weight, HMW), have higher double-bond equivalents (DBEs), 

and are the primary contributors to pathogenic ultrafine particles (UFPs) and polycyclic aromatic hydrocarbon (PAH) 

emissions.  Automakers have called for controls on Multi-substituted alkyl aromatics (MSAAs), which are the higher DBE, 

high-boiling aromatic compounds.  In the 1990 Clean Air Act Amendments, Congress instructed the EPA to achieve the 

“greatest reduction possible” in gasoline aromatics and the lethal air toxics they produce.  [See Attachment A, “Effect of 

Commercially Available Gasoline Fuels Properties on Particle Emissions from a 2010 Vehicle Equipped with Gasoline 

Direct Injection Engine”, Khalek (SWRI) and Jetter (Honda R & D Americas), 22
nd

 CRC Real World Emissions Workshop, 

Slides 13 & 16] 

2. Combustion-generated aerosols are the dominant source of urban ambient particulate matter (PM).  PAHs are semi-volatile 

organic compounds (SVOCs) found in both gaseous and particle form.  They comprise the largest mass fraction of UFPs, the 

primary urban source of which is also gasoline aromatics.  Gasoline PAHs are carcinogenic, mutagenic, and genotoxic.  
http://aaqr.org/VOL10_No1_February2010/6_AAQR-09-05-IR-0036_43-58.pdf 

3. EPA has called ambient particulate matter (PM) one of the nation’s greatest health threats, but it regulates only particle 

MASS (vs. particle NUMBER), in the form of PM2.5 (2.5 to 0.1 micrometers in aerodynamic diameter).  Unfortunately, the 

much smaller UFPs (.1 micrometer, or 100 nanometers and smaller) are the most toxic, most bio-available, and the most 

effective carriers of the carcinogenic and mutagenic PAHs to the human body.  
http://www.particleandfibretoxicology.com/content/6/1/24/ref 

4. UFPs have orders of magnitude higher number counts, and much larger surface mass with which to attract and carry the 

PAHs.  For example, PM of 2.0 micrometer per cubic meter (2µ/m
3
) would have 2 particles per ml of air, and a surface area 

of 30µ/m
2
 per ml of air.   In contrast, a UFP of 0.02 µ/m

3
 (20 nanometers, or 20 one-billionth of a meter) would have 

2,390,000 particles in each ml of air, and a surface area of 3,000 µ/m
2
 per ml of air. 

https://www.aqmd.gov/tao/ConferencesWorkshops/AircraftForum/FroinesSlides.pdf , Slide 4 

5. PAH-coated UFPs can persist for days in the environment, and can carry long distances after their emission from the tailpipe.  

PAH-coated UFPs are able to penetrate indoors, and have been found 1.5 miles from congested roadways.  
http://www.ph.ucla..edu/pr/newsitem061009.html 

6. PAHs are also absorbed by highly porous black carbon (BC) particles, which EPA and CARB now consider to be the most 

significant non-CO2 contributor to global warming.  Recent studies confirm conventional models understate gasoline exhaust 

contribution to urban BC emissions by a factor of 2 – 9 times.  http://www.greencarcongress.com/2012/02/liggio-
20120229.html#more  

7. Gasoline PAHs are high molecular weight (4 – 6 rings), as opposed to diesel PAHs, which are low molecular weight.  HMW 

PAHs are more toxic, and more persistent than LMW PAHs.  In the U.S., 150 million light duty vehicles consume more than 

130 billion gallons of gasoline each year, 3 - 4 times greater than diesel vehicles and fuel.  Thus, contrary to conventional 

wisdom, since gasoline PAHs are more abundant and ubiquitous, much smaller than diesel PAHs (extremely difficult and 

costly to trap), and more toxic, gasoline exhaust poses a much greater health threat to humans than does diesel exhaust.  For 

example, a 2012 University of Colorado – Boulder study found that 80+% of PM2.5 secondary organic aerosols in Los 

Angeles originated from gasoline, as opposed to diesel, exhaust.  http://www.colorado.edu/news/releases/2012/03/02/gasoline-

worse-diesel-when-itcomes- 

8. In addition to being carcinogenic mutagens, PAHs are also genotoxic, and are considered to be one of the most ubiquitous 

endocrine disruptor compounds (EDCs) in urban environments.  EDCs mimic natural hormones in the body, and experts 

warn that they are especially damaging to the fetus and young children, and can disrupt genetic structures, causing serious 

damage that transfers throughout generations.  PAHs have been linked to a wide range of disorders, including cancers, heart 

disease, asthma and other respiratory disorders, premature births, autism, and obesity.  
http://ehp03.niehs.nih.gov/article/info%3Adoi%2F10.1289%2Fehp.1104056  

9. The California Office of Environmental Health Hazard Assessment has placed PAHs in Tier 1 on its toxic air contaminants 

list, in part due to the fact prenatal exposure to PAHs results in “serious and irreversible effects in the fetus”.   
http://www.oehha.ca.gov/public_info/pdf/GasOEHHA.pdf 

10. Water quality regulators are reporting increasing deposition of PAHs in the nation’s waterways, as gasoline exhaust is 

washed from roadways into rivers, lake, and estuaries.  The PAHs are then ingested by fish and other seafood, and can then 

http://aaqr.org/VOL10_No1_February2010/6_AAQR-09-05-IR-0036_43-58.pdf
http://www.particleandfibretoxicology.com/content/6/1/24/ref
https://www.aqmd.gov/tao/ConferencesWorkshops/AircraftForum/FroinesSlides.pdf
http://www.ph.ucla..edu/pr/newsitem061009.html
http://www.greencarcongress.com/2012/02/liggio-20120229.html#more
http://www.greencarcongress.com/2012/02/liggio-20120229.html#more
http://www.colorado.edu/news/releases/2012/03/02/gasoline-worse-diesel-when-itcomes-
http://www.colorado.edu/news/releases/2012/03/02/gasoline-worse-diesel-when-itcomes-
http://ehp03.niehs.nih.gov/article/info%3Adoi%2F10.1289%2Fehp.1104056
http://www.oehha.ca.gov/public_info/pdf/GasOEHHA.pdf


 
 

enter the human food chain.  http://calcium25.com/PAHs-Water-Air-Pollution-0707.pdf  
http://www.greencarcongress.com/2005/08/toxic_metals_de.html 

11. Advanced engine technologies needed to comply with new carbon reduction and fuel efficiency rules, especially the use of 

direct injection, are expected to increase gasoline PAH emissions unless fuel quality is improved.  Auto industry experts have 

recently confirmed that use of Clean Octane gasoline blends
1
 in direct injection vehicles reduce PM, PN, and black carbon 

emissions by 30 – 45%.
2
  [See Attachment B, 2012 Ford Motor/Maricq et al. Aerosol Science and Technology paper, p. 570 

and p. 581.] 

                                                             
1 Clean Octane gasoline is also known as E30+ blends, which have high performance, clean-burning properties that reduce the need 
for toxic aromatics. 
2 Also see Attachment C, especially items #4 and #10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://calcium25.com/PAHs-Water-Air-Pollution-0707.pdf
http://www.greencarcongress.com/2005/08/toxic_metals_de.html


Conclusions
� The 2010 vehicle tested met the current PM 

standard of 6.25 mg/km, regardless of the fuel used
� Particle emissions mainly occur during cold-start 

operation and acceleration event to high engine 
speed

� PM mass and solid PN can be a factor of 4 and 6 
different, respectively, depending on the fuel used 

� The PM Index correlated well with PM number and 
mass.  Therefore, PM emission trends can be 
predicted based on fuel composition 

� Fuel quality has a profound effect on PM emissions 
13
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PM Index Details

16

• Why are the DBE and vapor pressure important factors in the PM Index equation?

• Fuel components of low vapor pressure evaporate slowly, stick to the cylinder 
wall and piston, and sometimes remain in liquid form.  This causes diffusion 
combustion and therefore soot formation.  

• DBE (Double Bond Equivalent) is essentially an indication of the degree of 
unsaturation of a molecule.  Fuel components with high DBE values are 
typically polyaromatic hydrocarbons (PAHs).  PAHs in the fuel are known to be 
precursors for exhaust particulates.

• Note that PAHs have high DBE values and very low vapor pressures.  Even a 
small amount of PAHs in the fuel will cause it to have a high PM Index. 
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The Impact of Ethanol Fuel Blends on PM Emissions
from a Light-Duty GDI Vehicle

M. Matti Maricq, Joseph J. Szente, and Ken Jahr
Research & Advanced Engineering, Ford Motor Company, Dearborn, Michigan, USA

This study explores the influence of ethanol on particulate mat-
ter (PM) emissions from gasoline direct injection (GDI) vehicles,
a technology introduced to improve fuel economy and lower CO2

emissions, but facing challenges to meet next-generation emissions
standards. Because PM formation in GDI engines is sensitive to a
number of operating parameters, two engine calibrations are ex-
amined to gauge the robustness of the results. As the ethanol level
in gasoline increases from 0% to 20%, there is possibly a small
(<20%) benefit in PM mass and particle number emissions, but
this is within test variability. When the ethanol content increases
to >30%, there is a statistically significant 30%–45% reduction
in PM mass and number emissions observed for both engine cali-
brations. Particle size is unaffected by ethanol level. PM composi-
tion is primarily elemental carbon; the organic fraction increases
from ∼5% for E0 to 15% for E45 fuel. Engine-out hydrocarbon
and NOx emissions exhibit 10–20% decreases, consistent with oxy-
genated fuel additives. These results are discussed in the context of
the changing commercial fuel and engine technology landscapes.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

INTRODUCTION
Three areas related to motor vehicles and air quality are ex-

periencing major changes. The first is fuel composition. Recent
energy policy decisions, such as the 2007 Energy Independence
and Security Act, mandate increased reliance on renewable fu-
els, directives to enhance national security and ameliorate cli-
mate change impacts (U.S. Environmental Protection Agency
2007). This implies increased blending of ethanol into con-
ventional gasoline fuel. Roughly 90% of gasoline sold in the

Received 22 November 2011; accepted 29 November 2011.
The authors are grateful to Sherry Mueller for measuring ethanol

fuel content and Carolyn Hubbard for helping acquire the E100 fuel.
We thank Joel Richert for help with the Horiba Mexa-1370PM and
Mike Loos, Adolfo Mauti, and Jamie Taylor for their test cell support.

Address correspondence to Research & Advanced Engineering,
Ford Motor Company, P.O. Box 2053, MD 3179, Dearborn, MI 48121.
E-mail: mmaricq@ford.com

United States currently contains nearly 10% ethanol (E10) (U. S.
Energy Information Administration 2011). This will increase
following the United States Environmental Protection Agency
(EPA) partial waiver to allow E15 fuel use in 2007+ model year
vehicles (U. S. Environmental Protection Agency 2010).

The second is the growth of gasoline direct injection (GDI)
engine technology, aimed to offer fuel economy and CO2 emis-
sions benefits (Fraser et al. 2009; Yi et al. 2009). Direct injection
of gasoline into the cylinder allows better combustion control,
for example, multiple fuel injections and charge-air cooling. But
it risks incomplete fuel volatilization and impingement onto pis-
ton and cylinder surfaces, exacerbating particulate matter (PM)
emissions. The third is regulatory; California Air Resources
Board (ARB) and EPA are both contemplating next-generation
emissions standards which would lower tailpipe PM emissions
from 10 mg/mi to 6 mg/mi, and then 3 mg/mi, over the next
decade (California Air Resources Board 2010).

Consequently, it is important to examine the interplay and
potential synergies between fuel composition and engine tech-
nology in efforts to reduce emissions. There are ongoing in-
vestigations of ethanol’s effects on fuel systems, evaporative
emissions, and gaseous emissions (Durbin et al. 2007; Kar and
Cheng 2009; Knoll et al. 2009; Coordinating Research Council
2011), but few gasoline engine studies have examined its impact
on PM emissions. The paucity of data is presumably because
stoichiometric combustion in spark ignition engines naturally
produces very low PM emissions, a few milligrams per mile
(Maricq et al. 1999), and because GDI is a new technology. One
exception is the effort by Aikawa et al. (2010) to create a PM
index based on fuel properties, which is of interest for GDI be-
cause of the potential to help model air fuel mixing and sooting
propensity.

Ethanol effects on GDI particulate emissions have been re-
ported by Storey et al. (2010) and He et al. (2010), who ob-
served reductions of about 30% for E20 fuel over the Federal
Test Procedure (FTP) drive cycle. However, the detailed char-
acterizations, such as particle number, size, and composition,
were undertaken at steady-state engine operation, whereas cold
and hot starts and transients are typically of more interest for
gasoline engines. Work by Chen et al. (2010) showed that PM
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IMPACT OF ETHANOL FUEL BLENDS ON PM EMISSIONS 577

emissions can either increase or decrease with ethanol content
depending on fuel injection timing. Such results point out a dif-
ficulty in investigating potential fuel benefits, namely that these
might be masked by adjustments in engine calibration when the
fuel is changed. Other properties of fuel besides ethanol content
can also impact PM emissions; thus, Khalek et al. (2010) noted
higher PM levels from a GDI vehicle operated on a commercial
E10 fuel relative to two E0 fuels, but attributed this to a higher
volatility in the base gasoline.

The goal of this paper is to examine how ethanol–gasoline
blends impact PM emissions from GDI vehicles. Six fuels
are examined, ranging from E0 (base gasoline) to E45 (45%
ethanol). The study utilizes the FTP drive cycle to include the
important effects of cold start and transient operation. It ad-
dresses measurement variability both by repeat tests and the
use of three metrics of PM emissions: mass, number, and el-
emental/organic carbon composition. The issue of sensitivity
to engine parameters is handled in two ways: First, we con-
duct testing at two different engine calibrations to assess the
consistency of ethanol’s impact on emissions. Second, we com-
pare the vehicle exhaust results to observations from a study of
ethanol–gasoline blend diffusion flames (Maricq 2011).

EXPERIMENTAL METHODS

Test Vehicle and Fuels
The test vehicle is a light-duty truck equipped with a 3.5-L

V6 gasoline turbocharged direct injection engine. It is represen-
tative of current GDI products, but contains prototype elements,
such as the engine calibrations tested here. It has a compression
ratio of 9.8:1 and independent variable cam timing. The fuel
injectors are side-mounted and deliver single-fuel pulses, ex-
cept for split injection (two pulses) during crank and early cold
start operation. Exhaust aftertreatment consists of a three-way
catalyst to control hydrocarbon (HC) and NOx emissions.

The study uses four fuels: certification test gasoline (E0), a
commercial E10 fuel similar to that expected for future certifi-
cation, a commercial pump grade E10, and a commercial E100
fuel used for blending. Their properties are listed in Table 1.
E100 and E0 were splash-blended to produce the E17, E32,
and E45 fuels. All fuels were analyzed by gas chromatography
to verify ethanol content. Fuel changes were done by draining
the tank, filling with new fuel, and running the vehicle through
the FTP drive cycle prior to testing. Emissions were measured
over the FTP cycle, consisting of three phases: (1) cold start,
(2) urban, and (3) hot start. E0 tests were conducted first and
last to confirm that no changes in vehicle emissions performance
occurred.

PM Sampling and Measurement
The vehicle was tested on a 48-inch single roll, AC electric,

chassis dynamometer. The experimental setup is illustrated in
Figure 1. Vehicle exhaust was sampled in two ways: (1) directly

TABLE 1
Fuel properties

Characteristic E0 E10 cert E10 pump E100

Ethanol (%vol) 0 10.1 9.0 97.3
10% recovery dist.

T (◦C)
56.7 54.8 48.5

50% recovery dist.
T (◦C)

105.6 98.4 69.8

90% recovery dist.
T (◦C)

155.8 158.8 165.5

Density (g/mL) 0.744 0.754 0.734 0.795
Vapor pres. ASTM

(kPa)
55.2 54.5 70.6 21.0

Net heating value
(MJ/kg)

43.34 41.5 26.73

Research octane 97.3 94.4 91.8
Carbon weight% 86.41 82.90 52.16
Hydrogen weight% 13.59 13.41 13.08
Oxygen weight% <0.05 3.69 34.76
Sulfur (ppm) 19 5 58.8 3
Aromatics (%vol) 28.5 24.1 16.9

from the tailpipe and (2) through a full-flow constant volume
sampling (CVS) dilution tunnel, as per the regulatory method
(except to substitute quartz filter EC/OC analysis for Teflo filter
gravimetric PM mass). In our CVS system, exhaust is diluted
with a “remote mix T” connected to the tailpipe via a short
(∼1 m) extension. The dilution air is filtered, temperature- and
humidity-controlled (38◦C and −9◦C dew point), and actively
regulated to maintain a constant total flow of exhaust plus di-
lution air. This was set to 9.34 m3/min for E0, E10, and E17
fuels, but raised to 19.8 m3/min for E32 and E45 because of
increased exhaust humidity. The diluted exhaust travels via a
∼7-m, 25.4-cm-diameter, conductive coated Teflon tube to a
30.4-cm-diameter stainless steel tunnel.

Direct tailpipe sampling employs a Dekati Fine Particle
Sampler (FPS) originally developed to provide standardized
dilution conditions for studying nucleation mode formation
(Ntziachristos and Samaras 2010). It uses a coaxial perforated
tube diluter that allows room temperature dilution, but avoids
thermophoretic deposition of PM from hot exhaust. This ap-
proach contrasts with the European Union solid particle count-
ing method, which is designed to remove nucleation mode par-
ticles by hot dilution and evaporation (Giechaskiel et al. 2008).
Instead, the FPS samples both semivolatile and solid particles.
It was used at a dilution factor of 25–30. A Dekati ejector pump
provides 8.5 times secondary dilution for particle number count-
ing. Room temperature nitrogen from liquid boil-off supplies the
diluent for both the FPS and the ejector pumps.

Three PM emissions metrics are examined: (1) mass,
(2) elemental/organic carbon (EC/OC), and (3) total particle
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578 M.M. MARICQ ET AL.

FIG. 1. Schematic diagram of the experimental setup. Solid arrows show exhaust and diluent flows. Dashed arrow indicates diluted exhaust flow. (Color figure
available online).

number. Engine-out HC and NOx emissions are also reported.
They are measured using Horiba analyzers based on flame
ionization detection (FID) and chemiluminescence detection,
respectively.

PM mass is determined by Dekati Mass Monitor (DMM)
using a combination of electrical mobility and aerodynamic
particle size measurements (Mamakos et al. 2006). Particles are
charged in a corona discharge, segregated by mobility (D50 =
50 nm), and those penetrating the mobility classifier enter a
cascade impactor. The resulting electrical currents and aero-
dynamic and mobility size information yield estimates for the
quantity, volume, and effective density of particles, which are
combined to calculate second-by-second PM mass concentra-
tion. Two DMMs were used, one at the tailpipe and the second
at the CVS tunnel.

EC/OC particulate mass is determined by sampling diluted
exhaust through prebaked 47-mm-diameter quartz filters, fol-
lowed by thermal analysis with a Horiba MEXA 1370PM
(Akard et al. 2004). The filters are heated to 980◦C, first under ni-
trogen and then with oxygen present. CO2 from the oxidation of
material evolved under nitrogen is equated with organic carbon,
whereas that produced with oxygen is attributed to elemental
carbon. The OC mass includes a correction for hydrogen con-
tent assuming an H/C ratio of 1.85. A correction is also made for
gas phase adsorption, which amounts to about 0.5 mg/mi (Mar-
icq et al. 2011). Unlike the IMPROVE and NIOSH methods
(Chow et al. 2001), there is no correction for pyrolysis, which
impacts interpretation of EC/OC values. But the total PM mass
compares well with gravimetric data (Akard et al. 2004).

Total particle number concentration is measured via TSI 3010
CPC (condensation particle counter). The lower size cutoff,
50% count efficiency, is 12 nm. This is nearly a factor of two

smaller than the 23-nm cutpoint adopted by the EU for their
solid particle method. The CPC counting efficiency at 70 and
100 nm was calibrated by electrometer to 100%.

Many of the E0 and E10 tests included tailpipe PM measure-
ments by an electrical low-pressure impactor (ELPI) (Keskinen
et al. 1992). This is a cascade impactor that measures second-
by-second aerodynamic size distributions by first charging the
particles in a corona discharge and then recording the electrical
currents from the impactor stages. Previous work has shown that
analysis of diesel particulate matter ELPI data using a fractal-
like effective density results in PM mass and geometric mean
mobility diameter estimates in good agreement with gravimetric
and scanning mobility particle sizer data (Maricq et al. 2006).

RESULTS
Four engine calibrations (engine computer control of fuel

pressure, fuel injection and spark timing, etc.) were initially
examined with E0 fuel and found to have FTP cycle-weighted
average PM emissions in the range of 3–7 mg/mi. Two of these
near the proposed 3 mg/mi LEV III standard were selected for
further study, labeled A and B. These differ in that calibration
A produces lower cold start but higher urban and hot start PM
relative to calibration B. Three to four repeat tests were per-
formed with calibration A for each fuel; whereas, one to three
were conducted with calibration B. The calibrations were not
altered between fuels, except to adjust the amount of fuel needed
to maintain a stoichiometric air/fuel ratio. The two calibrations
show similar PM emissions trends with ethanol level; there-
fore, calibration A data are presented next, whereas those for
calibration B are included in Supplementary Information.
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IMPACT OF ETHANOL FUEL BLENDS ON PM EMISSIONS 579

FIG. 2. Transient particle number emissions from the GDI test vehicle for the
cold and hot start phases of the FTP drive cycle. Data are recorded by direct
tailpipe sampling. Top panel: E0 fuel. Bottom panel: E45 fuel. (Color figure
available online).

PM Mass and Number Emissions
Figure 2 illustrates tailpipe particle number emission rates

over the cold and hot start FTP phases. Mass emissions (Figure
S2 in Supplementary Information) exhibit a similar pattern.

When measured at the tailpipe, the particle concentrations
recorded by DMM or CPC are multiplied by the time-aligned
exhaust flow volume to derive emissions rates. Concentrations
recorded via CVS sampling are simply scaled by the dilution
tunnel flow. Not surprisingly, PM emissions correlate with ve-
hicle acceleration owing to the increased fueling. But one also
observes smaller emissions peaks during decelerations, likely a
consequence of fuel shut-off. Emissions with E45 fuel are con-
sistently below those for E0, but the decrease is not uniform, as
seen from the accentuated reduction in particle emissions at the
beginning of the hot start.

The effect of ethanol on PM emissions is summarized by
Figures 3 and S3. These portray five parallel measurements:
(1) mass from the tailpipe DMM, (2) mass from CVS tun-
nel DMM, (3) EC/OC mass from CVS, (4) particle count at
tailpipe, and (5) ELPI PM mass for a subset of tests. The 1σ

error bars represent test-to-test variability. Differences between
the five methods reflect measurement uncertainty. This includes
both systematic and random effects, but the data scatter points
to random noise as the major contributor at these low emis-
sions levels. The variability between the five PM methods is
comparable to test-to-test variability in any given method. No
statistically significant differences are observed between direct
tailpipe and CVS sampling.

FIG. 3. GDI vehicle exhaust particle number and mass emissions versus
ethanol content of fuel. Emissions are measured over the three-phase FTP drive
cycle using calibration A. Symbols = mass. Lines = particle number. E0 data
recorded at the beginning and end of the study are distinguished by plotting
them slightly below and above 0% ethanol, respectively. Error bars are 1σ of
the test repeatability. (Color figure available online).

All three metrics indicate a statistically significant reduction
in particulate emissions with E32 and E45 fuels compared to
base gasoline, relative to the average measurement uncertainty
of approximately ±0.7 mg/mi. The decrease from E0 to these fu-
els is on average ∼30% by particle number and ∼45% by mass.
This distinction is likely within the uncertainty, but could also
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580 M.M. MARICQ ET AL.

originate from differences in nuclei mode particle emissions.
Since E85 fuel further reduces PM (not part of this study), the
small increase from E32 to E45 is likely from vehicle variability.

Figures 3 and S3 suggest a small (∼20%) PM benefit for
the lower ethanol blends relative to E0, but the data are mixed.
Averaged over the parallel measurements, PM mass decreases
10–30% from E0 to E10 fuel using calibration A, but then
remains constant from E10 to E17. For calibration B, there is
a 10–20% PM increase from E0 to E10, but a ∼10% decrease
from E0 to E17 fuel. However, the individual DMM and EC/OC
data are not always consistent in their trends for the lower-
ethanol blends, reflective of the difficulties in measuring PM
at the ∼1 mg/mi level. Particle number measurements show a
similar circa 20% improvement from E0 to E17 fuel. But even
with somewhat lower variability than the PM mass data, this
∼20% falls within the overall measurement uncertainty.

Figure 4 shows that engine-out HC and NOx emissions ex-
hibit similar dependences on fuel ethanol content. The decreases
are more modest, about 20%. For calibration A, they occur al-
ready for the E17 blend, but calibration B data in Figure S4
indicate the decreases to occur above E17. The HC decrease

FIG. 4. FTP engine-out (feedgas) total hydrocarbon and NOx emissions versus
fuel ethanol content for calibration A. Initial and final E0 tests are distinguished
as in Figure 3. (Color figure available online).

should be interpreted with caution. Adding ethanol to gasoline
changes HC composition, increasing the proportion of alcohols
and aldehydes. These compounds are less efficiently detected
by FID, which by itself can lead to an apparent emissions reduc-
tion. Additional measurements to correct under-determination
of these compounds were not conducted in this study.

PM Mode and Size
Engine exhaust particles have an agglomerate morphology;

thus, their size is characterized by the notion of an equiva-
lent diameter. The DMM employs a combination of mobility
and aerodynamic analysis, but does not directly measure either
equivalent diameter. Rather, we derive estimates of geometric
mean mobility diameter by assuming a bimodal lognormal dis-
tribution of particle number concentration versus mobility diam-
eter and fitting the DMM impactor and mobility currents to the
calculated currents. This is similar to the procedure described
previously for the ELPI (Maricq et al. 2006). The number of ad-
justable parameters is reduced to three by fixing the nucleation
mode geometric mean diameter to 20 nm, its standard deviation
to 1.3, and by assigning the universal value of 1.8 to the accumu-
lation mode geometric standard deviation (Harris and Maricq
2001). Best fits of the DMM data and a typical OC density of
0.8 g/cm3 yield nucleation mode masses increasing from 2%
to 5% of the total PM as the ethanol content rises. Choosing a
different nucleation mode diameter or standard deviation alters
the calculated mass, but it remains a small fraction of the total
PM mass.

The influence of ethanol level on accumulation mode diam-
eter is illustrated in Figure 5. This shows three estimates of
the geometric mean mobility diameter (µg): (1) ELPI, (2) fits
of DMM currents, and (3) calculated from the PM mass and
number measurements via:

M = N0
π

6
ρ0d

(3−Df )
0 µ

Df

g e(Df ln σg)2/2. [1]

Equation (1) assumes a log-normal mobility distribution of
N0 particles with geometric mean µg and standard deviation σ g,
an aggregate morphology with mass-mobility exponent Df =
2.3, a primary particle density of ρ0 = 2 g/cm3, and a primary
particle diameter of d0 = 20 nm typical of engine soot (Maricq
et al. 2006). Fits of DMM data yield mean mobility diameters
of ∼150 nm, roughly double the size normally expected for
combustion engines. This discrepancy is systematic but inde-
pendent of the agreement between DMM and filter-based PM
mass values. Figures 3 and S3 show that PM mass measurements
from the two DMMs, ELPI, and EC/OC agree within the test-
to-test variability. The question of size is discussed further in the
Supplementary Information. Here, scaling the DMM values by
0.5 provides a consistent estimate of mean mobility equivalent
particle diameter. The results reveal that accumulation mode
particle diameter is essentially independent of ethanol level. For
the E0–E17 fuels, average size may decrease a bit (∼5 nm)
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FIG. 5. Geometric mean mobility diameter of GDI particle emissions versus
fuel ethanol. (Color figure available online).

from cold start to warmed-up operation and from calibration A
to calibration B (Figure S5). For E32 and E45, such changes are
within measurement uncertainty.

EC/OC Composition
Figures 6 and S6 plot the elemental and organic carbon frac-

tions of the PM emissions versus ethanol blend. EC is clearly the
predominant component and follows the same trend as total PM
mass, namely it decreases slightly from 0% to 17% ethanol, but
falls by ∼45% for E32 and E45. In contrast, the OC component
increases from about 0.1 mg/mi to 0.4 mg/mi from E0 to E45.

The low OC fraction is consistent with the small (<5%)
nucleation mode mass determined from DMM data. However,
this result should not be interpreted too literally. First, pyrolysis
during thermal evolution of the OC introduces a bias toward
a higher EC/OC ratio. Second, the ∼0.5-mg/mi correction for
gaseous HC adsorption by quartz filters is only approximate.
Nevertheless, OC constitutes a small fraction of the GDI vehicle
PM emissions.

DISCUSSION
Overall, the effects of ethanol blends on GDI vehicle PM

emissions described above agree with previous work. The data
in Storey et al. (2010) show a 30% PM decrease for E20, but
as for the present study, this decrease lies within measurement
uncertainty. In He et al. (2010), there is likewise no clear dis-
tinction between E0 and E10, but they report a statistically
significant 20% PM reduction for E20. Interestingly, He et al.

FIG. 6. Elemental carbon/organic carbon PM emissions versus fuel ethanol.
(Color figure available online).

(2010) observe bimodal size distributions in their fast mobility
particle sizer data, with peaks at 10 nm and 70 nm. The lat-
ter value coincides with the ∼70-nm mean accumulation mode
mobility diameter depicted in Figure 5. They further report that
a three-way catalyst reduces nucleation mode emissions, con-
sistent with the present DMM data, which indicate that this
mode contributes little to the total PM mass from the three-way
catalyst-equipped test vehicle.

The present study of GDI vehicle exhaust PM reveals inter-
esting features not typically associated with gasoline vehicles:
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FIG. 7. Particle number to PM mass ratio versus fuel ethanol. (Color figure
available online).

(1) a high fraction of elemental carbon and (2) a correlation
between particle mass and number emissions. Normally, gaso-
line vehicle PM is considered primarily organic in nature; for
example, EPA’s Kansas City Study reports that OC accounts
for about 80% of the particulate emissions (U.S. Environmental
Protection Agency 2008). The explanation is that tight control
of air/fuel stoichiometry allows little chance for sooting condi-
tions to develop and, therefore, the observed PM largely derives
from organic combustion byproducts and fugitive low-volatility
fuel and lube components. But this reasoning applies to port
fuel injection, where the fuel is vaporized at the intake port.
Direct injection provides less opportunity for fuel vaporization
and increases the likelihood of fuel impingement onto piston
and cylinder surfaces, and the resulting combustion of liquid
fuel produces soot. HC precursors to organic PM, though, are
removed by the three-way catalyst, leaving the tailpipe PM with
a high EC/OC content.

Figures 7 and 7S demonstrate the correlation between parti-
cle number and mass emissions. The ratio of ∼2 × 1012 parti-
cles/mg for E0–E17 fuels is the same as found for solid particles
emissions from both GDI and diesel vehicles (Kirchner et al.
2010; Maricq et al. 2011). Since in the present work, we did not
purposefully remove liquid droplets, this similarity indicates
that there is virtually no nucleation mode. Apparently, pool fires
and liquid droplet combustion in GDI engines produce PM suf-
ficiently similar to the 60- to 80-nm geometric mean mobility
diameter soot in diesel exhaust to yield a comparable number to
mass correlation (Harris and Maricq 2001). The increase of the
ratio toward 4 × 1012 particles/mg in some tests, particularly
E32, suggests the possibility of a small nucleation mode.

The high soot content and likely formation by liquid fuel
combustion suggest that a comparison of GDI vehicle PM to
soot in ethanol–gasoline diffusion flames may be interesting
(Maricq 2011). These flames fall into two characteristic groups:
(1) open flames, orange in color and emitting soot from their tips,

and (2) closed flames, yellow in color with no smoke emitted
from the tip. E0 and E20 flames belong to the first group. They
exhibit little difference in how soot size and number density
develop with height of the flame. E50 is similar, but shows
signs of reduced soot formation. In contrast, the E85 flame falls
into group 2. In effect, ethanol blend combustion fundamentally
follows a similar trend as found in the GDI vehicle emissions,
namely a minimal impact on soot up to about E20, but then,
larger reductions for high-level blends.

The present study suggests that substantial PM emissions
benefits are not expected for low-level ethanol blends; at least
not more than the ∼0.7-mg/mi measurement uncertainty. But,
neither is there a PM disadvantage as the commercial light-
duty fuel composition moves to E10, and possibly E20. The
specific conclusions from this study might change as GDI engine
designs evolve, but the reproducibility of the fuel effects at
two different calibrations, plus the similar behavior in flames,
suggests a measure of robustness to these conclusions.
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ATTACHMENT C 
 

ACHIEVING SUBSTANTIAL REDUCTIONS IN URBAN AMBIENT PM, ULTRAFINE PARTICLES, 
BLACK CARBON, & TOXIC PAHQ EMISSIONS BY IMPROVING GASOLINE QUALITY 

 
1. Scientists and regulators have identified soot (also known as black carbon, or BC) as a major contributor to 

climate change and harmful global warming, accountable for as much as 30 – 40 percent of the rise in 
global temperatures.  Nations are proposing aggressive remediation measures such as installing filters on 
diesel engines.  http://www.nytimes.com/2012/02/18/opinion/a-second-front-in-the-climate-
war.html?_r=2&nl=todaysheadlines&emc=tha211 

2. The California Air Resources Board has identified black carbon (BC) as a major contributor to both global 
warming and adverse health effects in urban areas.  EPA has proposed a new rule, to be finalized in 
December 2012, to reduce urban soot (PM2.5 and BC) levels from 15 micrograms per cubic meter to 12 – 
13 micrograms.  http://www.arb.ca.gov/regact/2012/leviiighg2012/levappp.pdf , p. 105.  

3. In a draft report to Congress, EPA said that approx. 69% of all non-wildfire BC emissions in the U.S. 
originate from mobile sources.  [Source:  EPA Draft Report to Congress, 3/18/11, p. 4-11]  In that same 
report, EPA noted that:  “For some gasoline vehicles, it should be noted that the introduction of new engine 
technologies…in recent model years has increased some BC/PM ratios… which may change the warming 
profile from these vehicles.”  [footnote 2, p. 2-33] 

4. A recent Ford Motor study found that gasoline direct injection (GDI) vehicle exhaust PM is dominated by 
EC/BC, rather than organic carbon (OC), contrary to what EPA concluded in its 2008 Kansas City study 
which found that OC accounted for 80% of PM emissions.  Ford explains this discrepancy stems from the 
differences between port fuel injection (PFI) and GDI engine technologies.   [Source:  “The Impact of 
Ethanol Fuel Blends on PM Emissions from a Light-Duty GDI Vehicle”, Maricq et al., Aerosol Science 
and Technology, 2012, 46.5, 576-583, p. 582] 

5. Contrary to EPA’s conclusions in its draft report on BC to Congress, numerous experts have concluded that 
spark ignition gasoline-powered engines are a larger source of urban BC emissions compared to diesel 
engines (the vast majority of the U.S. vehicle fleet is gasoline powered).  In one recent study based upon 
CalTrans vehicle data, SI gasoline emissions were a factor of 8 to 10 greater than heavy duty diesel 
emissions.  http://aaqr.org/VOL10_No1_February2010/6_AAQR-09-05-IR-0036_43-58.pdf, Table 1, p. 46 

6. In a December 2011 PM study for its LEV III rule, CARB stated that “recent studies show that gasoline 
engines also play a key role” in PM emissions, and that EC/BC “dominates PM”.  
http://www.arb.ca.gov/regact/2012/leviiighg2012/levappp.pdf, p. 88, p. 11, Fig. 4 

7. BC and polycyclic aromatic hydrocarbons (PAHs, which are oxidative derivates of gasoline aromatics, 
byproducts of incomplete combustion of the fused aromatic rings, and found in both gaseous and 
particulate phases) are major threats to both climate and human health.  PAHs are often used as markers of 
BC using radiocarbon techniques.  http://www.nrs.fs.fed.us/pubs/jrnl/2010/nrs_2010_shrestha_001.pdf  

8.  “Contrary to the perception diesel vehicles are the main vehicular source of PAHs, light-duty gasoline 
vehicles have been found to be the most important source of PAH emissions in some urban areas.”  BC has 
high porosity and a large surface area, and thus easily absorbs the carcinogenic and mutagenic PAHs, and 
transports them to the lungs and organs. http://earthjustice.org/sites/default/files/black-carbon/jiang-et-al-
2005-mexico-city.pdf, p. 3378 

9. A May 2010 UCLA study presented to the American Association for Aerosol Research stated that “Taking 
into consideration that SI (spark ignition) engines constitute 96% of the estimated 28 million California 



vehicle fleet…reductions of NAP [naphthalene] from SI fuels may constitute an effective means of 
reducing the emissions of a major SOA-forming precursor to the atmosphere of large urban centers.”3 

10. Ford tests found that E30+ Clean Octane blends reduced BC emissions by approx. 45%, and PN/PM 
emissions by 30 – 45%.  [#4 Supra., p. 861]  Emissions of other criteria pollutants, such as HC and NOx, 
were reduced by 20%. 

11. CARB reports that each 2.5 X 1012 of particle number emissions (SPN) equals approx. 1 microgram of 
EC/BC.  http://www.arb.ca.gov/regact/2012/leviiighg2012/levappp.pdf, p. 125 

12. Ford Motor studies found that GDI vehicles fueled by E0 (gasoline with no ethanol) emit an approximate 
range of from 8 – 15 X 1012 per mile, and that E30+ blends reduce BC emissions by 45%.  [#4 Supra., 
Maricq et al., p. 579, FIG. 3] 

13. American Lung Association officials have made it known they would prefer EPA’s new soot rule to reduce 
BC levels to 11 micrograms/cubic meter from the current limit of 15 micrograms.  
http://green.blogs.nytimes.com/2012/06/14/e-p-a-proposes-crucial-rule-limiting-soot/ 

14. Consequently, based upon EPA, CARB, Ford Motor, and other citations listed above, a nationwide Clean 
Octane program could achieve a significant share of the EPA’s targeted emissions of urban BC in a cost-
effective, technologically proven, and consumer-friendly manner.  A nationwide Clean Octane program 
based upon E30+ blends could reduce urban mobile source BC levels by up to 45%, and would save tens of 
billions per year in reduced health costs. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            
3 “Reducing Polycyclic Aromatic Hydrocarbons (PAH) Content of Fuels:  An Avenue to Reduce SOA Formation in 
Urban Centers?”, Miguel, et al., UCLA, American Association for Aerosol Research, Abstract Number:  804, May 16, 
2010. 
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