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Executive Summary

In recen years, governmeragencies around the world have implemented legislation that targets
growing the use of renewable fuels in the transportation sector. In the U.SEndhngy
Independence arfecurity Act of 2007mandates the us# 36 billion gallons obiofuels in the
transportation fuelmarket by 2022. The European Union (EU) has implemented several
government mandates, such as the EU Renewable Endrggti® (2009/28/EC) which
requires at least 10%energy basispf each Member State's transporélfuise to come from
renewable sources (including biofuels). In Californie low carbon fuel standard (LCFS) was
implemented in 2011 to promote the reduction of greenhouse gas emissions by tary)e¥ng a
reduction in the carbon intensity of transpodatifuels by 202(QFarrell and Sperling, 2007)
With the expectation thathe diesel lightduty vehicle populatiomwill continue toincreag in the

U.S. marketin the near futur@nd the substantial increase in the U.S. production of biodiesel
overthe pasthreeyears US EIA), the primary objective of this program is to characterize the
impact of biodiesel blends from different feedstocks anehewable diesel blend with different
types of petroleum diesel fuels on the exhaust emissions from modern technologiutyght
passengecars and lightluty trucks.

A total of seven fuels were usedthis study, including two reference fueld=ederal Ultra Low
Sulfur Diesel (ULSD) and a CARB ULSD. Thref#fferent fatty acid methyl ester6cAME)
wereselecteda methyl esteproducedrom soybean oil (SME), a waste cooking oil methyl ester
(WCO), and a methyl estgroducedfrom animal fat (AFME).A hydrogenated vegetable olil
(HVO) renewable diesel wadsoused. Thehree FAMEandonerenewable diesddlendstocks
were used tpreparefour 20 vol%blends with the Federal ULSInly the WCO biodiesel was
used to prepara20 vol%blendin the CARB ULSD

This studyevaluated fivdight-duty dieselcars and three truckequipped with direct injection,
commonrail diesel enginesThese vehiles were all equippedith diesel particle filter (DPF
and selective catalytic reduaiqSCR) aftertreatment systems.

Every vehicle/fuel combination was tested at least twice over the Federal Test Procedure (FTP)
driving cycle. The test vehicles wereeponditionedusing a procedureghat includedmultiple

fuel drain and fills {0 40% of the fuel tank volume a catalyst sulfur purge cycle, four coast
downs {0to 30 miles per hoyr andfinally an LA4 cycle. Emissions measurements were made

for THC, NMHC, NO,, CO, CQ, CH;, PM mass, and fuel economy. Measuremeoft
unregulated emissions were also made di@mental carbon (EC) and organic carbon (OC)
fracrions, reattime ammonia (NhB) emissions particle number (PN) emissions, rtahe

particle size digibutions, polycyclic aromatic hydrocarbons (PAHs), and fftAdHs. Nitrogen

oxide (NO), nitrogen dioxide (N£), and nitrous oxide (D) were also measured for Vehicle #4
through Vehicle #8.

An ancillary investigationvas performe@n two of the test vatles (Vehicle #JlandVehicle #3)

fueled with theFederal ULSD and Fed/SMBED blendto evaluate emissions generated during a
DPFregeneration eventThe regeneration testing protocol included driving each vehicteamh

for approximately 160 miles (20 LAdquivalents) to build up soot in the DPF. Regulated and
unregulated emissions measurements were conducted over a double EPA Highway Fuel
Economy Test (HWFET) cycle. A baseline double HWFET was also conducted on the Federal
ULSD for each vehicle for compaon purposes.



The regulated emissions, carbon balance fuel economy, PM masBMmanissions, and
formaldehyde and acetaldehyde emissions were subjected to statistical analysis using the Mixed
procedure in PC/SAGStatistical Analysis Systefior PersoneComputery from SAS Institute,

Inc. For pollutants where the Mixed model showed that there were statistically significant
differences between test fudéts FTP weighted composite or individual cycle phaseklitional
pairwise comparisons were performesing a least significant difference téstdetermine the
specific fuel pairs that were statistically differefResults were classified as statistically
significantforpO 0. 05 and marginally spC tOAslimmanadf | y si
the FTP weighted compositeesults for which fuel pairs were found to be different at a
statistically significant level iprovided in Table ESL. While each pairwise differenda Table

ES1 is statistically significant at the 95% or 90% level, it shoudnoted that this does not

mean that there is a 95 or even 90% probability of all the listed differences being true
simultaneouslyResults reported here are for the test conditions instnis study(i.e., test fuels,
vehicles, driving cyclesther trends may be observed under different conditions



Table ES-1: Summary of statistical comparisons for different fuels

NOLSM (g/mile THC LSM (g/mile) NMHC LSM (g/mile)
A B C D E F G A B C D E F G A B C D E F G
0.066 0.075| 0.071| 0.070 | 0.074 | 0.073| 0.071 0.040 | 0.032| 0.039 | 0.034| 0.038| 0.035| 0.033| 0.018 | 0.013| 0.019| 0.014 | 0.019| 0.013 | 0.014

B 28% lower than A
F 24% lower than A
G 20% lower than A
C 48% higher than B

B 18% lower than A .
0,
G 16% lower than A E 49% higher than B
; D 24% lower than C
NS C 19% higher than B
. F 29% lower than C
E 17% higher than B
G 14% lower than C G 26% lower than C
- E 32% higher than C

E 32% higher than D
F 29% lower than E
G 26% lower than E

CH, LSM (g/mile COLSM (g/mile) CO, LSM (g/mile)
A B C D E F G A B C D E F G A B C D E F G
0.021 0.021 | 0.021 | 0.021| 0.020 | 0.023 | 0.020 0.164 0.114| 0.172| 0.139| 0.159 | 0.144| 0.134 460 462 469 463 470 459 462
B 31% lower than A
G 18% lower than A C 1.9% higher than A
C 52% higher than B E 1.7% higher than A
D 22% higher than B E 2.3% higher than B
F 15% higher than E E 40% higher than B F 2.1% lower than C
F 26% higher than B E 1.7% higher than D
D 19% lower than C F 2.5% lower than E
F 17% lower than C G 1.7% lower than E
G 22% lower than C
FE LSM (miles/gallon) Formaldehyde LSM (ug/mile) Acetaldehyddpg/mile)
A B C D E F G A B C D E G A B C D E F G

0.039 0.040 | 0.040 | 0.040 | 0.041 | 0.040] 0.041 4744 3227 | 5780 | 4986 | 5639 | 4384 | 4202 1543 943 | 1684 | 1440 | 1622 | 1509 | 1408

B 3.7% lower than A
C 4.2% lower than A

B 39% lower than A

D 4.2% lower than A o

E 4.6% lower than A B 32% Ic_)wer than A C 79% higher than B
C 79% higher than B )

F 2.8 % lower than A D 54% higher than B E 72% higher than B

G 5.7% lower than A E 750/0 higher than B F 60% higher than B

G 2.1% lower than B o g D 53% higher than B

F 2.1% higher than E
G 3.0% lower than F
Where: A= Fed ULSD; B=CARB ULSD; C=Fed/ShB; D=Fed/AFME20; E=Fed/WCQ20; F=Fed/HVG20; and G=CARB/WC&0

Bold values are statistically significaptO O; U@ 8 er | i ned values are marginally statistic

Xi



Theemissions from theightmodern technology lightluty diesel vehicles tested in this program
showed fuel effects for some pollutants, but not for others. For the t@digihC emissionghe
CARB ULSD showedstatistically significanteductions compared tihe FederalULSD, while

the biodiesel blends with FedeftdLSD showedstatistically significanincreases compared to
CARB ULSD. Although some general trends towarde/ér THC emissions were seen wilte
biodieselblends theseresults indicate that diesel fuels with lower aromatics and higher cetane
number (like CARBULSD) produce lower THC emissions than 1% biodiesel blends with
ULSD havinghigher aromatics anldwer cetane number

Analogous to THC, weighted NMHC emissions showgatistically significanteductions for
CARB ULSD comparedo FederalULSD. The 20 vol%renewable diesel blenalso showed
statistically significarly lower NMHC emissionccomparedto FederalULSD. SomeFAME
blendsin Federal ULSDshowedstatistically significantncreases in NMHC emissions compared
to CARBULSD. Satistically significandifferences were also observed between biofuel pairs.

For weighted CO emissions, both the CARB WL%nd the CARB/WCO blendghowed

statistically significanteductions compared to FedetdlSD. TheFAME and renewable diesel
blends in Federal ULSDshowedstatistically significarly higher CO emissionsompared to

CARB ULSD.

CO, emissions showed a slighpward trend for the biodiesel blendgatitically significant
increases in COemissions were seen for tf&ME and WCO blends with FederalULSD
compared tdoth reference diesel fuelStatistically significanttrendswere also seen between
different fuel pairs for weighted CQemissions, as well as for the calthrt, hotrunning, and
hot-start CQ emissions. Fuel economy, measured on a carbon balance basis, showed, in most
cases, statistically significant decreases with CARESD and with biofuel bleds comparedo
FederalULSD for all three FTP phases afat the weighted values.

NOy emissions did not show asyatistically significanfuel effect for the entir& TP cycleor the
individual phasedNO, NG, and NO emissions were measured Yehicles #4 through Vehicle
#8 and no statistically significant fuel effects were obsend@. was the predominamiOy
species for each of these vehiclegh the exceptionof Vehicles #5 and #6ln these two
vehicles, NO emissions were generally higher thanother test vehicles, and their NO levels
followed a trend similar to their N@mission levels.

Similar to NQ emissions, PM mass afmN emissions did not show any statistically significant
differences betweenall seventest fuelsit should be noted #t PM mass emissions for all eight
vehicles were below 3 mg/mile. No statistically significant differences were observibe
EC/OC fractions, with EC being at zero or near zero levels for most vebiae®C being the
majority of the carbonaceous framt of the PM The absenceof fuel trends for the nitrogen
oxides and PM, OC, and EC was largelye tothe presence of the SCR foeducingNOx
emissions and the DPF foeducingPM emissions, whichvhich minimized the effect of fuel
composition ortheseemissions.

Formaldehyde and acetaldehyde were the dominant aldehydes in the exhaust for all eight
vehicles, with heavier aldehydes, aromatic aldehydes, and ketones being detected for some
vehicles but in lesser amounts. For formaldehyde emissions, GARID showed statistically
significant reductions compared to FedetdlSD, while the biodiesel blends exhibited
statistically significant increases relative to CARBLSD. Similar to formaldehyde,
acetaldehyde emissions showed statistically significant redscfor CARBULSD relative to

Xl



Federal diesel, while the biodiesel and the renewable diesel blends led to statistically significant
increases in acetaldehyde emissions compared to CBRED. In general the increases in
lower-molecular weight aldehydes Wwibiodiesel can be ascribed to the higher oxygen content in
the methyl ester molecule.

PAHs in the vehicle exhaustvere dominated by lower and medium molecular weight
compounds for all vehicle/fuel combinations, suggesting that these compounds wereeglyroly
from incomplete combustion of the fuel. Heavier PAdiso were found in the exhaust but in
lesser amounts. Total gapbase PAH emissions were found in significantly higher
concentrations than their correspomgparticlephase PAHs. Thiargest contrilntors to the gas
phase PAHs were mainly the twaembered ring compounds and ithethyl and methw
substituted derivativesThe total PAH results for the biodiesel and renewable diesel blend did
not show clear trends, with some increases and some decreésel PAH emissions compared
to thereference-ederal and CARB ULSD3.he gasphase nitrePAHs were more abundant than
particlephase nitrePAHs, with lightr compounds, such asritronaphthalene and methyl
substitutel nitronaphthalenes, being therdmant nitrated compounds. The predominant species
for the particlephase nitrePAHs were the nitronaphthalenes, nitrophenanthrenes, and 1
nitropyrene. The biodiesel and renewable diesel lslshdwedboth increases and decreases in
gas and particlephasenitro-PAH emissions.

For all eight vehiclesNH3 emissions showed measurable concentraspeciallyfor Vehicle

#1 and Vehicle #2NH3; emission levels for Vehicle #Were higher than those of all vehicles
tested during the course of this progranm. the majority of vehicles, NfHemissions were found
to be at or near zero levels. In general,sNrhissions for all eight vehicles did not present any
consistent fuel trends between the baseline ULSDs and the biofuel blends.

Emissionsmeasured on Vehiclgl and Vehicle & during DPF regeneration showed increases
compared to the highway drivingycle without DPF regeneration. This tendency was seen
both vehicledor the Fed/SME20 blendand to a lesser extefur the FederaULSD. Increases in
emissiondor some pollutants were seen for the biodiesel blend compared to the FRddersl
including THC, CH, PN, black carbon, and formaldehyde féehicle #1 and THC, NMHC,
CO, NQ, CO,, and formaldehyde fovehicle #3 For Vehicle #3 the increase imotal carbonyl
emissions for the biodiesel blend duriD§F regeneratiorwas statistically significant. Particle
size distributions durin@PF regeneration for both vehicles were dominated by the production
of nucleation mode particles with peaks at around 10mdiameter. For other pollutantde
biodieselblendsshowed reductions in emissions relative to the Fed#r8ID, including PAHs
and gagphase nitrePAHs forVehicle #1 and PM mass fovehicle #3 Further analysisf the
PAH results showed thdhe biodieselblendsincreasedhe formation of 2ing PAH species
during regeneration testing relative to FedeéHaED. Certain nitrated species, which werearly
below detection limits during baseline testing, increased with biodiesel relative to R&dSEl
during tests that include®PF regeneration, suggesting that these species formed in the DPF.
Ammonia emissions exhibitekigher concentrations (NEslip) with subsequent reductions in
NOx emission levels during DPF regeneratiossiggesting that the SCRystem enabled
significant NQ conversiorover the course of these everfthe NH; emissionsexhibitedsimilar
behavior forboth the FederdLSD andFed/SME20 blend durinddPFregeneration, indicating
that emissions during regeneratiaere primarily a tinction of vehicleoperation anddid not
show strongsensitivity tofuel composition

Xiii



Xiv



Acronyms and Abbreviations

ASTMEée

ANOVAE

CARB¢ée

FTP
GCé
GHG
HPL
HWF
g/ m
LDV
LDT
LNT

D~ D

[N

D D D D D M- D~ [N D~ D D

D~

D~ D

[N

D~ (O} ) (O} D D D (O} (O} M D (8 [} (08 (O} [N

[N

D~ (N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N ([N ([N ([N

[N

D~ D~

D

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N ([N ([N ([N

[N

D~ D~

D

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N ([N ([N ([N

[N

D~ D~

D

D~ (N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N @§ ([N ([N

[N

o D

([N

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

D~

D~ D~

M-

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

[N

o D

D~

D~ (N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

D~

D~ D~

M-

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

[N

D~ D~

M-

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

[N

D~ D~

M-

D~ (N (N ([N D~ D~ (O ([N ([N ([N D~ D~ [N D ([N ([N D~ D~

[N

D~ D~

M-

7

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ D~ D ([N ([N D~ D~

[N

o D

D~

7

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ D~ D ([N ([N D~ D~

D~

D~ D~

M-

7

D~ (N (N ([N D~ D~ (O ([N ([N ([N D~ D~ D~ D ([N ([N D~ D~

[N

D~ D~

M-

7

CECERTééeééeeeéeceeecee

[N

([N D~ D~

D

(N (N ([N D~ D~ (O ([N ([N ([N D~ D~ D~

[N

. American Society for Testing and Materials

. Analysis of Variance

. California Air Resources Board

é

College of Engineeringenter for
Environmental Research and Technology
(University of California, Riverside)

Methane
Carbon Monoxide

Carbon Dioxide

. Coordinating Research Council

. Condensation Particle Counter

. 2,4Dinitrophenylhydrazine

Diesel Oxidation Catalyst

Diesel Particulate Filter

. Engine Control Unit

Elemental Carbon

Engine Exhaust Particle Sizer

. Environmental Protection Agency

Fatty Acid Methyl Ester

. Federal Test Procedure

Gas Chromatograph

. Greenhouse Gas

. High Performance Liquid Chromatograph

€

¢

Highway Fuel EconomTest

Grams per mile

. Light-Duty Vehicle

. Light-Duty Truck

. Lean NQ Trap

XV



. Liters per minute

I—
©
3
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

MAAPééeééeéeéeéeééééeé. Multi-Angle Absorptim Photometer
MPGéeéeéeéeéeéeéeééeéeéeé. Miespergallon

. Miles per hour

<
T
T
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

€ ¢ Nano grams per mile

=]
«Q
~
3
)
)
M-
M-
M-
M-
M-
M-
M-
M-
M-
M-
M-

NH6 é 6 éééééééééééééé. . Ammonia

AHs éééééééééééééé NitratedPolycyclic Aromatic Hydrocarbons
NMHCé ééééeeééééééééé. .NonMethane Hydrocarbons
NOeeéééeéeééeéééééééé. . Nitrogen Oxides
NOéééééeéeéeééeééeéeééééeéé NiticOxide
NO£ éééééeééééééééééé. NitrogenDioxide
NNOééééééééééééééééé. NitrousOxide

€ . On-board Diagnostics

(@)
w
W)
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

é . Organic Carbon

(@)
O
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

€ ¢ Polycyclic Aromatic Hydrocarbons

o
>
I
wn
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

€ . Passenger Car

T
O
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

2 € Positive Displacement Pump
Constant Volume Sampling

-
O
o
O
<
0)]
D
o8
o8
o8
o8
o8
o8
o8
o8
o8
o8
o8
o8
@

PMéééeeeeeeeeéééeéeéeeéee. Partulate Matter
PNéééecééeéeéeéeééééééeeééé. Particle Number
SCRééééeceééeeéeéeééeéé. Selective Catalytic Reduction
SVOCeééeéeéeéeéeéceéceéc¢SemiVolatile Organic Compound
TDLéééeéééeééeéeéeéeéeée. Tunable Diode Laser

THCéééééééééeeeeeeéeééé. Total Hydrocarbons
TIGFé é e éeeéeééééééeeee. TeflonlmpregnatedslassFiber
ULSDéeéééeeééeééeeéééedUltralowsulfurdiesel

VERLEéEEEEEEEEEEEEEEEE ¢ Vehicle Emissions Research Laboratory

XVi



1. Introduction

The global energy map is changing, with potentially-ré&aching consequences for energy
markets and trade. Global &gg demand is expected to grow by more thantbire over the
period from 2010to 2035 with China, India and the Middle East accounting for 60% of the
increase (IEA, 2012) Although energy demand is not expected to rise significantly in
Organization for Eonomic Ceoperation and Development (OECD) countries, there is a
pronounced shift in these countries away from oil, caxadl, in some countrieaucleartowards
natural gas and renewable fu@lEA, 2012) In theUnited States{.S), there is considerd
interest in biodiesel because of its domestic and renewable origin, as well as its potential to
reduce lifecycle emissions of greenhouse gases (GHG) (Shrake et al., 2010). Biodiesel,
collectively known as fatty acid methyl esters (FAME), is a renewdablesportation fuel
consisting of longchain alkyl esters, which contain two oxygen atoms per molecule. Biodiesel is
generally produced by the transesterification profress vegetable oils, used cooking oils, and
animal fats. Biodiesel has similar propes to middle distillate petroleum diesel, is free of sulfur
and aromatic compounds, rtoxic, and readily biodegradable (Hoekman et al., 2011; Lapuerta
et al., 2008a).

Regulations are maindriver for biofuels development. The European Union (EWgative on
renewable energy (2009/28/EC) stipulates that each member state has to ensure that 10% of the
fuel for the transport sector is biofuel or renewable electricity in 2020. Furthermore, the EU fuels
quality directive already allows an increase afdi¢sel content in diesel to 7% (B7) by volume.

In the U.S., the EPA Renewable Fuel Standard version 2-@P22) and the California Low
Carbon Fuel Standard (CIACFS), a state@nacted policy to reduce GHG emissions from motor
vehicles, are driving the U.®iofuels market. The ERRFS2 requires that 36 billion gallons of
renewable fuebe available in the 5. market by 2022. Although over the next several years
ethanol is expected to make up the majority of this requirement, biodiesel and renewable diesel
formulations are expected to have the largest penetration into the diesel fuel market. Unlike most
European countries where diesel vehicle sales make up more than half of the new automobile
market, the penetration rate for ligihtity diesel vehicles the U.S. is much lowerue to lower
gasoline prices and more stringent regulatory standards that reduce the attractiveness of diesel
vehicles. However, because dfheir greater efficiency compared to conventional gasoline
vehicles light-duty diesel vehiclescould become an important component aftomaker
strategies to meet rising.S. Corporate Average Fuel Economy (CBFrequirementsSome
automotive manufacturers are currently offering diesel versabssme existing models in the

U.S. market. These modtelight-duty diesel vehicles incorporate a combination of engine design
optimization and exhaust aftertreatment devices, including diesel particle filters (DPFs) for
particulate matter (PM) and selective catalytic reduction (SCR) for nitrogen oxidg, (ldO
achieve the significant reductions needednteetthe current and upcoming U.S. standards
(Wallington et al., 2013).

The effects of biodiesel usage on vehicle emissions have been investigated by various groups
within the academic, commercial and rgary communities. Many studies have reported that
emissions of carbon monoxide (CO) total hydrocarbons (THC), and PM can be reduced with the
addition of biodiesel, although an increase in,@issions is usually acknowledged (Durbin et

al., 2007; Lapuea et al., 2008a; Giakoumis et al., 2012; Hoekman and Robbins, 2012). The
majority of these studies have been conducted on heatyyand, generally, older technology
engines (McCormick et al., 2001). Only a few studies are available on moderduight.D)

diesel vehicles, employing commaoail engine systems and aftertreatment technologies (Martini

et al., 2007; Bannister et al., 2010; Rose et al., 2010; Karavalakis et al., 2010a; Macor et al.,

1



2011; Nikanjam et al., 2011Jherealsois a gap in the terature regarding the effect of biodiesel

on unregulated pollutants. Several studies have reported an increase in carbonyl emissions
(aldehydes and ketones) with the use of biodiesel blends, as a consequence of the oxygen content
in the methyl ester molate (Correa and Arbilla, 2008; Fontaras et al., 2009; Fontaras et al.,
2010a Cahill and Okamoto, 2012). In addition, most authors have observed some decreases in
emissions of polycyclic aromatic hydrocarbons (PAH) and their nitrated derivativesRAD

when using biodiesel (Bagley et al., 1998; Yang et al., 2007; Macor et al., 2011; Surawski et al.,
2011). However, the effect of biodiesel source material on PAH andRAtrbemissions is less

clear, since therare a number of vehicle studies showingrs increase in light molecular

weight PAH compounds with biodiesel (Karavalakis et al., 2010a; Karavalakis et., 2010b).
Similar to toxic PAH compounds, information in the literature on particle nungiBil)
emissions and particle size distributio®SDs) from biodiesel vehicless limited and
inconsistent IncreasedPN emissions and lower size particles are generally but not always
observedand the reasons for such inconsistenaienot properly understood (Fontaras et al.,
2009; Fontaras et al., 2010Db).

The available literaturancludingCRC AVFL-17 (Hoekman et al., 2009) and CRC AVElZa
(Hoekman et al., 2011) studjebave shown that the emissions results frtate model
vehicles/engines equipped with N@mission control catalysts, such as SCReanINQ traps

(LNT) are limited. With the diesel vehicle fleet turning over to much lower emitting vehibkes,
University of Californi a,-CeRerforeEngronmental Res€acch | e g e
and Technology (CEEERT) and the Coordinating Bearch Council (CRC) have undertaken a
comprehensive study, which aims specifically at understanding the effects of different biodiesel
blends and renewable diesel blends on regulated and selected unregulated exhaust emissions
from modern technology ligiduty passenger cars and lighity trucks. The resulting study was
termedt he O CRC1AW& L pr asotudyintluded émissions testing aight light-

duty diesel vehicles witsevendifferent fuels, includingooth Federal and Californialtra-low

sufur diesel, andive 20% biodiesel and renewable diesel bleddss report presents the results

of this study and its implications in terms of the broader literature.



2. Experimental Procedures
2.1 Test Fuels

A total of seven fuels were used in this stud Federal Ultra Low Sulfur Diesel (ULSD) and a

CARB ULSD were used as the baseline fuels. Th
Refinery in Pascagoula, MS, and had propettipgal of those found in most automotive diesel

fuels across the cougt The CARB USD was supplied from BP&6s \
Southgate, CA, and had propertiggical of diesel fuels used in California, which has
specificationsnore stringent than those IBéderal ULSD

Three fatty acid methyl esters were used asdsteitks with the baseline diesel fuels. A methyl
esterproducedirom soybean oil (SME), a waste cooking oil methyl ester (WCO), and a methyl
esterproducedfrom animal fat (AFME). The sepased biodiesel was selected because soybean
oil is the dominant oiproduced in the U.S., and the development of biodiesel in the U.S. has
focused around this type of feedstock. Both the waste cooking oil and the animal fat feedstocks
are considered to be lewost and low environmental impact feedstocks, and are chazadters

CO, neutral. In addition, the animal fat biodiesel was selected since it is comprised of more
saturated molecules and has less tendency to increageem{Ssions compared to other
feedstocks (Knothe, 2008). The sogsed biodiesel was supplied bgrimunity Fuels, CA, the
waste cooking oil biodiesel was supplied by Imperial Western Products, CA, and the animal fat
biodiesel was donated by Renewable Energy Group, TX. All three producers were BQ9000
accredited certified. All neat biodiesel fuels wearated with commercial synthetic antioxidant
additives to delay the onset of oxidation in the fuel and prevent degradation productaittiat
cause engine and injector problems. The treat rate for thbas®yd biodiesel was 1000 ppm of
Nalco EC 5300 A atitive. For the waste cooking oil biodiesel, the treat rate was 500 ppm of
Albermarle Ethanox 4760r additivEéor the animal fat biodiesethe treat rate waS0 ppm of
Eastman BioExterd 30 Antioxidant Solution. The main physicochemical parameters of the
neat biodiesels are listed Trable 21.



Table 2-1: Properties of the neat methyl esters

Property Method SME AFME WCO
Sulfur (ppm) D5453 0.6 5.4 13.55
Cloud Point {F) D5773 32.9 58.3 37.7
Cetane Number D613 49.19 67.06 58.05
Derived Cetane Number (1QT) D6890 49.45 65.37 61.56
Ignition delay (ms) 4,148 3.105 3.267
CFPP (°C) D6371 -4 10 -2
CHNS by combustion (wt%) D529

C (wt%) 77.38 75.02 76.74

H (wt%) 11.66 11.54 11.75

N (wt%) <0.15 <0.75 <0.15

S (wt%) <0.40 <0.40
Density by Digital Density Meter (API Gravityt 60 °F D4052

API Gravity 28.23 30.26 28.18

Density (g/ml) 0.8850 0.8739 0.8852
Flash Point by Penskiylartins Closed CupPf) D93 >300 302 >300
Viscosty by Capillary Viscometer (mffs at40°C) D445 4.068 4.662 4.765
Lubricity by HFRR @ 6®C (microns) D6079 178 211 179.5
lodine Number (g lodine/10§) EN1411 128 51 100
Oxygen by Atomic Emission Detection w/ extraction p| GC-AED- 14.17 14.% 14.37

O w/ prep

Ester Content (wt%) EN14103 98.9 99.2 94.0
Linolenic acid methyl ester (wt%) EN14103 7.8 <1.0 3.2
Free glycerin (wt%) D6584 < 0.005 < 0.005 < 0.005
Monoglycerides (wt%) D6584 0.274 0.263 0.55
Diglycerides (wt%) D6584 0.130 < 0.050 0.139
Triglycerides (wt%) D6584 0.089 < 0.050 < 0.050
Total glycerin (wt%) D6584 0.100 0.077 0.165
Water by Karl Fischer Titration (ppm) D6304 277 832 444
Oxidation Stability (hours) EN14112 7.9 5.5 3.0
Total Acid Number (mg KOH/Qg) D664 0.21 0.44 0.41
BTU Grossand Net by Bomb Calorimeter (Btu/lb) D240

BTU Gross (Btu/lb) 17,158 17,165 17,102

BTU Net (Btu/lb) 16,094 16,050 16,030
Na+K (wt ppm) <1,<1.7 <1.0 1.6,<1.7
Ca+Mg (wt ppm) ICP-AES | <0.7,<0.7| <0.7,<0.7| <0.7,<0.7
P (wt ppm) <0.7 <1.1 <0.7

In addition to the methyl ester fuels, a renewable diesel fuel was also employed in this study.

This fuel supplied from Neste Oil, Espoo, Finldis an HVO (hydrogenated vegetable -wylpe

fuel that is paraffinic in naturédVO is characterized bg higher cetane number compared to
regular diesel fuel, its free of sulfur and aromatic compounds, and can be produced with a cloud
point close ta40°C. However, it has poorer lubrication propertesl lower volumetric energy
contentthan regular diesduel (Hartikka et al., 2012)Although HVO is a renewable biofuel, it
differs from methyl esterbecausdhe fatty acid feedstocks are hydrotreated to remove oxygen
and to eventually produce a pure hydrocarbon fuel. The main properties of the renegssdle d

are shown in Table 2. Additional analysis has been performed to determine the metals content

in the renewable diesel.




Table 2-2: Properties of the renewable diesel fuel

Property Method Renewable Diesl

Hydrocarbon Types by Fluorescent Indicator Absorption (FIA) D1319
Aromatics (vol%) <5.0
Olefins (vol%) 0.8
Saturates (vol%) >95.0

Aromatics by Supercritical Fluid Chromatography (SFC) (area% equ D5186

wit%)
1 Ring Aromaticgarea% equiv to wt%) 0.00
2 Ring Aromatics (area% equiv to wt%) 0.00
3+ Ring Aromatics (area% equiv to wt%) 0.00
NonAromatics (area% equiv to wt%) 100.00
Total Aromatics (area% equiv to wt%) 0.00

Sulfur in HC by Oxidative Combustioand Ultraviolet Fluorescend D5453

(UVF)

ppm 0.4

Oxygen by Atomic Emission Detection w/ extraction prep GC-AED-O 0.01

w/ prep

FAME content (wt%) <0.05
Range A

Water by Karl Fischer Titration (ppm) D6304 14

Metals by Inductively Coupled &ma Mass Spectrometry (ppm) ICP-MS
V 51 (wtppm) 0.010
Cr 52 (wtppm) 0.005
Fe 56 (wtppm) 0.216
Co 59 (wtppm) < 0.005
Ni 60 (wtppm) < 0.005
Cu 63 (wtppm) 0.016
Zn 66 (wtppm) 0.226
As 75 (wtppm) <0.005
Se 78 (wtpm) <0.005
Ag 107 (wtppm) < 0.005
Cd 111 (wtppm) < 0.005
Sn 118 (wtppm) 0.153
Sb 121 (wtppm) < 0.005
Ba 138 (wtppm) < 0.005

Metals by Inductively Coupled Plasma Atomic Emission Spect (ppm) ICP-AES
Al (wtppm) <0.6
Ba (wippm) <11
Ca (wtppm) <0.7
Cd (wtppm) <0.6
Cr (wtppm) <0.9
Cu (wtppm) <11
Fe (wtppm) <11
Mg (wtppm) <0.7
Mn (wtppm) <0.6
Mo (wtppm) <0.9
Na (wtppm) <1.0
Ni (wtppm) <11
P (wtppm) <11
S (wtppm) <100
Si (wtppm) <0.6
Ti (wtppm) <0.9
V (wtppm) <11
Zn (wtppm) <0.7

Distillation D86
IBP (F) 334.8
TO5 (F) 401.2
T10 (F) 4415




Table 22: Properties of the renewable diesel fuel (Contihue

Property Method Renewable Diesel
T20 (F) 479.1
T30 (F) 503.1
T40 (F) 516.4
T50 (F) 524.1
T60 (F) 529.7
T70 (F) 535.5
T80 (F) 541.9
T90 (F) 550.9
T95 (F) 558.1
FBP (F) 574.2
Recovery (%) 97.6
Residue (%) 15
Loss (%) 0.9
E200 (ml) 0.0
E300 (ml) 0.0

Flash Point by Penskiylartins Closed Cup D93 149

CHNS by combustion (wt%) D5291
C (wt%) 85.07
H (Wt%) 14.87
N (wt%) <0.15
S (Wt%) <0.40
Total (wt%) 99.94

BTU Gross andNet by Bomb Calorimeter (Btu/Ib) D240
BTU Gross (Btu/lb) 20,320
BTU Net (Btu/lb) 18,964

Cetane Number by Engine D613 76.15

Derived Cetane Number by 1QT D6890
Derived Cetane Number 72.86
Ignition Delay (ms) 2.851

Density by Digith Density Meter (API Gravity) at 60F D4052
API Gravity 50.97
Density (g/ml) 0.7747

Viscosity by Capillary Viscometer (nfits at 40°C) D445 2.483

Lubricity by HFRR at 60°C (microns) D6079 422.0

Cloud Point by Constant Cooling Rate (°C) D5773 -24.0

Cold Filter Plugging Point (CFPP), (°C) D6371 -26.0

All three methyl esters and the renewable diesel were used to create blends with the Federal
ULSD at a proportion of 20% by volume. For the CARB ULSD, only the waste cooking oil
biodiesel was usetb prepare blends at 20% by volume. Blends are labeled with diesel fuel,

followed by the biodiesel and biodiesel concentration. For example, Fed28MEenotes

Federal ULSD containing sdyased biodiesel at 20 volume percéte main properties of the
reference ULSD fuels and associated test methods are provided in Table 2.3. Additional analyses
were conducted to evaluate the metals content in the ULSD fuels. Table 2.3 also shows the basic
properties of the biodiesel and the renewable diesel blends.

The drums used to store the neat biodiesels and their blends with the diesel fuels were nitrogen

purgedblanketed, and stored in an area protected from sunlight and rairGERTE.




Table 2-3: Propertes of theeference ULSD fuels, the biodiesahd the renewable diesel blesnd

Property Method | Federal Fed/ Fed/ Fed/ Fed/ CARB CARB/
ULSD SME-20 | AFME-20 | WCO-20 | HVO-20 | ULSD WCO-20
Sulfur in HC by Oxidative Combustion and Ultraviol D5453 7.9 6 6.63 6.14 5.75 9.9 9.8
Fluorescence (UVF), pp
Cloud Point (°F) D5773 3.7 10.9 27 11.5 1.3 19.9 21.6
Cetane Number D613 44.21 45.89 49.32 46.99 51.85 57.54 56.85
Derived Cetane Number by 1QT D6890
Derived Cetane Number 45.36 45.67 49.76 47.88 50.86 54.85 54.80
Ignition Delay (ms) 4.562 4.528 4.119 4.298 4.083 3.703 3.707
Cold Filter Plugging Point (CFPP), (°C) D6371 -15.7 -15 -11 -15 -19 -6.7 -7
CHNS by combustion (wt%) D5291
C (wt%) 86.75 84.97 84.72 84.98 86.55 86.55 84.84
H (wt%) 12.66 12.57 12.65 12.66 13.14 13.14 13.15
N (Wt%) <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15
S (wt%) <0.40 <0.40 <0.40 <0.40 <0.40 <0.40 <0.40
Density by Digital Density Meter (API Gravity) at 60°F D4052
API Gravity 34.98 33.64 34.06 33.64 37.95 39.04 36.95
Density (g/ml) 0.8491 0.8560 0.8538 0.8560 0.8342 0.8289 0.8392
Distillation D86
IBP (°F) 331.3 344.7 344.3 341.6 333.3 345.4 349.5
TO5 (°F) 378.7 389.7 389.1 389.5 383.0 380.1 388.6
T10 (°F) 3978 412.0 410.9 412.2 406.0 399.2 411.1
T20 (°F) 428.9 448.9 448.7 449.1 437.7 425.5 445.3
T30 (°F) 456.3 484.7 484.0 483.6 466.3 450.5 476.1
T40 (°F) 483.4 517.6 516.0 516.0 491.4 477.1 508.8
T50 (°F) 509.0 546.3 543.0 545.0 511.7 502.3 538.5
T60 (°F) 531.7 572.2 568.0 570.9 530.1 528.6 568.4
T70 (°F) 554.9 594.9 589.8 593.4 548.2 556.3 594.1
T80 (°F) 579.6 614.3 608.7 613.9 568.2 586.3 616.3
T90 (°F) 610.7 631.6 627.1 632.5 597.6 622.9 636.6
T95 (°F) 635.4 644.5 640.2 648.1 625.3 649.9 653.7
FBP (°F) 659.7 661.8 658.0 664.2 652.8 675.3 674.2
Recovery (%) 98.0 98.3 98.3 98.1 98.4 99 99.4
Residue (%) 1.4 1.4 1.4 1.4 1.4 1.0 0.6
Loss (%) 0.6 0.3 0.3 0.5 0.2 0.0 0.0
Flash Point by Penskiylartins osed Cup (°F) D93 139 147 147 156 165 153 164
Lubricity by HFRR at 60°C (microns) D6079 3155 180.5 186 172.5 386 415.0 156.5
Total Acid Number (mg KOH/g) D664 <0.05 <0.05 0.07 <0.05 0.10
BTU Gross and Net by Bomb Calorimeter (Btu/lb) D240
BTU Gross (Btu/lb) 19,572 19,108 19,092 19,058 19,731 19,813 19,322
BTU Net (Btu/lb) 18,417 17,961 17,938 17,903 18,532 18,590 18,122
Viscosity by Capillary Viscometer (nfits at 40°C) D445 2.654 2.809 2.896 2.898 2.543 2.536 2.907
Water by Karl kscher Titration (ppm) D6304 20 93 92 108 14 19 64




Table 23: Properties of the reference ULSD fuels, the biodiesel, and the renewable diese{@beritaied)

Property Method | Federal Fed/ Fed/ Fed/ Fed/ CARB CARB/
ULSD SME-20 | AFME-20 | WC0O-20 | HVO-20 | ULSD WCO-20
FAME in Diesel by FTIRATR-PLS (wt%) EN14078
FAME content (wt%) <0.05 16.7 17.0 16.9 <0.05 <0.05 16.4
Range A A B
Oxygen by Atomic Emission Detection w/ extraction prep| GC- 0.03 3.14 3.13 2.98 0.02 0.02 2.47
AED-O
w/ prep
Hydrocarbon Types by Fluorescent Indicator Absorpt D1319
(FIA)
Aromatics (vol%) 34.2 41.6 41.6 40.0 23.4 20.0 30.0
Olefins (vol%) 1.9 2.4 2.3 2.0 2.0 2.1 2.5
Saturates (vol%) 63.9 56.0 56.1 58.0 74.6 77.9 67.5
Aromatics by Supercital Fluid Chromatography (SF(C D5186
(area% equiv to wt%)
1 Ring Aromatics (area% equiv to wt%) 28.83 22.27 27.56 16.62 21.66 19.61 16.27
2 Ring Aromatics (area% equiv to wt%) 3.63 4.63 4.56 3.46 4.81 1.48 1.51
3+ Ring Aromatics (aréa equiv to wt%) 0.14 0.44 0.29 0.29 0.43 0.00 0.00
Non-Aromatics (area% equiv to wt%) 67.40 57.07 53.77 69.44 70.10 78.91 68.89
Total Aromatics (area% equiv to wt%) 32.60 27.34 32.41 20.37 26.90 21.09 17.78
Oxidation Stability (hr) EN15751 - 189 18.1 16.7 21.9 - 13.3
Metals by Inductively Coupled Plasma Mass Spectrom ICP-MS
(Ppm)
V 51 (wtppm) 0.009 0.016
Cr 52 (wtppm) 0.010 0.008
Fe 56 (wtppm) 0.347 0.351
Co 59 (wtppm) < 0.005 < 0.005
Ni 60 (wtppm) < 0.005 < 0.005
Cu 63 (wtppm) 0.014 0.022
Zn 66 (wtppm) 0.151 0.226
As 75 (wtppm) <0.005 <0.005
Se 78 (wtppm) 0.010 0.008
Ag 107 (wtppm) < 0.005 < 0.005
Cd 111 (wtppm) < 0.005 <0005
Sn 118 (wtppm) 0.165 0.221
Sb 121 (wtppm) 0.008 < 0.005
Ba 138 (wtppm) < 0.005 0.005
Metals by Inductively Coupled Plasma Atomic Emiss
Spect (ppm)
Al (wtppm) <0.6 <0.6
Ba (wtppm) <11 <11
Ca (wtppm) <0.7 <0.7
Cd (wtppm) <0.6 <0.6
Cr (wtppm) <0.9 <0.9




Table 23: Properties of the reference ULSD fuels, the biodiesel, and the renewable diese{@beritaied)

Property Method | Federal Fed/ Fed/ Fed/ Fed/ CARB CARB/
ULSD SME-20 | AFME-20 | WC0O-20 | HVO-20 | ULSD WCO-20
Cu (wtppm) <1.1 <11
Fe (wtppm) <11 <1.1
Mg (wtppm) <0.7 <0.7
Mn (wtppm) <0.7 <0.7
Mo (wtppm) <0.9 <0.9
Na (wtppm) <1.0 <1.0
Ni (wtppm) <11 <1.2
P (wtppm) <11 <11
S (wtppm) <101 <102
Si (wtppm) <0.6 <0.6
Ti (wtppm) <0.9 <0.9
V (wtppm) <11 <11
Zn (wtppm) <0.7 <0.7




Neat biodiesels and theblends with petroleum diesel undergo oxidation during prolonged
storage periods. For this reason, the deterioration of the biodiesel blends (oxygenated blends)
employed in this program was monitored after a period of approximately 12 niolthgng
theinitial fuel quality checkProperties of interest included the oxidation stability of the blends,
density, kinematic viscosity, acid number, and cetane number, as shown in Halkei.
interesting to note that the oxidation stability for all biodiddenhds was fountb bewell above

the ASTM minimum standard of 6 hours. However, all blends experienced a drop in oxidation
stability in terms of their induction timaver the 12 month&hencompared to thérst samples

from the6 f rlyebkerdded blends with the exception of CARB/WCQO blend The effect of
storage stability degradation wasnerallynoticeable for some properties for most biodiesel
blends, with the exception of CARB/WGCED blend.Increases in density, viscosity, and acid
number were seefor the blends with the Federal ULSD, which is an indicatiopesbxides,

acids, and polymeric compounds formation. The formation, to some extent, of peroxides and
hydroperoxide®f the methyl ester componeintthe blend may also positivebffectthe cetane
number since these species can act as cetane improvers.

Table 2-4: Key propertie®f biodiesel blends after a time period of 12 months

Property Fed/SME20 | Fed/AFME20 Fed/WCG20 | CARB/WCO-20

Fresh| 12mo. | Fresh | 12 mo.| Fresh | 12 mo.| Fresh | 12 mo.

Derived Cetane NUumbe o - | 4601 | 49.76 | 50.18 | 47.88 | 48.31 | 54.80 | 55.24

by IQT
Ignition Delay(ms) 4578 | 4.490 | 4.119 | 4.082 | 4.298 | 4.256 | 3.707 | 3.675
API gravity at 60F 33.64 | 33.61 | 34.06 | 34.05| 33.64 | 33.62 | 36.95| 37.27
Density (g/ml) 0.8560| 0.8562| 0.8533] 0.8539| 0.8560| 0.8561| 0.8392| 0.8376
Viscosity (mnf/s) 2.809 | 2.814 | 2.896 | 2.902 | 2.898 | 3.033 | 2.907 | 2.728

Oxidation Stability(hr) 18.9 12.3 18.1 13.6 16.7 10.8 13.3 14.8

Acid number (mg

KOH/g) <0.05| 0.05 | <0.05| 0.07 | 0.07 0.08 | 0.10 0.07
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2.2 Test Vehicles

Eight test vehicles were chosen with the intent of representing the latestdligintdiesel
technologiessold in the U.SThe test matrix included a mix of different manufactur@sth
domestic and Europeamnd passenger cars/trucks. The vehicles employed in this program
presented in a random orderere a 2012 model year (MY) Mercedes Benz ML 350, a 2012 MY
Chevrolet Silverado 2500HD, 2012 MY Volkswagen Pass&013 MY Ford F250 Super Duty,

a 2013 MY Dodge Bm 2500, a 2013 MY BMW X5 35d, a 2014 MY Chevy Cruze, and a 2014
JeepGrand Cherokeelhe vehicles were all equipped witl DPF to reduce PM emissions, SCR
technology to reduce N@missions to comply with standards in California and other states, and
a diesel oxidation catalyst (DOC) to control primarily CO and THC emissions and partly PM
emissions.The recommended fuel for domestic vehicles was up todlh biodiesel (B20)
according to th® w n emadual, as opposed to the European vehicles where iamended

fuel was up to 5/0l% biodiesel (B5) in diesel fuelhe Mercedes Benz ML 35®,0lkswagen
Passatand BMW X5 35dsehicles were providakin-kind by Mercededenz, USA,Volkswagen

of America,and BMW USA,respectively, while theemaining vehicles @ere purchased from
private dealershp For al | eight wvehicles, the af-tertre
gr e ened dadaachadcumalated more than 4,000 miles, and no reduction in catalytic
activity due to aging was expectsitce all test vehles had relatively low total mileage.

The 2012 Volkswagen Passat is a fraieel drive vehicle that has a 2.0 liter, faytinder, in

line, turbocharged, direct injection, commi@l engine with a shspeed automatic transmission.
The engine can dekr 140 horsepower at 4,000 rpm and 23 fiorque at 1,750 rpm and has a
compression ratio of 16.5:1. The vehicle was certified to Tier 2 Bin5/LEVII emissions standards
and had 17,205 miles at the start of the test campaign.

The 2014 Chevrolet Cruze ia passenger car equipped with a 2.0 liter,-églinder, inline,
turbocharged, direct injection, commaml engine The engine can deliver 151 horsepower at
4000 rpm and 264 i at 2600 rpm and has a compression ratio of 16.5:1. The vehade
cerified to Tier 2 Bin5/LEVII emissions standards and lt&ad33miles at the start of the test
campaign.

The 2013 BMW X5 35d isn allwheel drive vehicle that has3a0 liter, sixcylinder, inline,
turbocharged, direct injection, commaal engine The eagine can deliver 255 horsepower at
4000 rpm and 413 ik at 15063000 rpm and has@mpression ratio df6.5:1. The vehiclevas
certified to Tier 2 Bin5/LEVIlI emissions standards and BatD1 miles at the start of the test
campaign.

The 2012 MercedeBenz ML 350 is an alvheel drive vehicle that has a 3.0 liter,-si{inder
turbocharged, direct injection, commaal engine with a sevespeed automatic transmission.
The engine can deliver 240 horsepower at 3,600 rpm and 4%%oifgue at 1,602,400 rpm,

and has a compression ratio of 15.5:1. The vehicle was certified to Tier 2 Bin5/ULEVII
emissions standards and had 8,228 miles at the start of the test campaign.

The 2014 Grand Jeep Cherokee isadlrwheel drive vehicle that has3.0 liter, sixcylinder,
direct injection, commoimail engine The engine can deliver 240 horsepower at 3600 rpm and
260 Ibft at 4800 rpmand has a compression ratio of 15.5:1. The vehvelg certified to Tier 2
Bin5/LEVII emissions standards and ha@62miles at thestart of the test campaign.

The 2013 Dodge Ram 2500 is a pickup truck fitted with a 6.7 litercydirder, intline,
turbocharged, direct injection, commaal Cummins engine The engine can deliver 370
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horsepower at 2800 rpm and 806ftikat 1700 rpm and has @mpression ratio cf7.3:1. The
vehiclewas certified to Tier 2 Bin5/LEVII emissions standards andl&f854miles at the start
of the test campaign.

The 2013 Ford F250 Super Duty pickup truck is a high volume sale product inShenarket.
This vehicle has a 6.7 liter, eigbylinder turbocharged, direct injection, commaail engine
The engine can deliver 440 horsepower at 2800 rpm and S6ollgue at 1600 rpm and has a
compression ratio df6.2:1. The vehiclevas certifiedto Tier 2 Bin5/LEVII emissions standards
and hadL0,017miles at the start of the test campaign.

The 2012 Chevrolet Silverado 2500HD Duramax is a pickup truck that is widely available in the
U.S. market. It is considered to bdight-duty diesel vehicleThis vehicle hasearwheel drive

and a 6.diter, eightcylinder, turbocharged, direct injection, commmail engine with a six
speed automatic transmission. The engine can deliver 397 horsepower at 3,000 rpm aifid 765 Ib
torque at 1,600 rpm and has@mpression ratio 016.81. The vehicle was certified to Tier 2
Bin5/LEVII emissions standards and had 21,078 miles at the start of the test campaign.

Priorto the start otesting,theengine lubricating oil and oil filtersn each vehiclavere replaced

at a | ocal deal er shi p accor diRomle MéercedesnBenzuMLa ct ur
350, fresh Mobil 1 SAE 5W0, ESP Formula M lovash motor oil was used. For the Chevrolet
Silverado, fresh Mobil 1 SAE 5V80 was used. For the Volkswagen Passgddubricant oil in
theenginewas replaceavith fresh full synthetic motor oil (Castrol EDGE, SAE 530). For the

BMW X5 35d, the fully synthetic BMWLonglife-04 SAE 5W30 oil was used. For the Ford

F250, Motorcraft SAE 10\ABO super dutglieselmotor oil was usedFor the Dodge Ram 2500,

synthetic Mopar SAE 5W40 oWas usedFor the Chevrolet Cruze, full synthetic Mobil 1 SAE

5W-30 motor oilwas usedFinally, for the Grand Jeep Cheroksegnthetic blend Pennzoil SAE

5W-30 motor oil wasised

The maintechnical characteristics of the test vehicles are summarized in Z.8bMote that the

vehicles are not listed in the table in the same order that they are shown in the figures such that
the results are blind with respect to any of the specific téstles.
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Table 2-5: Technical specification of the test vehicles used in this program

Engine 2.0L Turbo 20L, 4 3.0Linline6 | 3.0L Turbo 3.0L, V6 6.7L,6 6.7L, v8 6.6L Turbo
diesel inline 4 | cylinder, inline, cviinder diesel V6 coviinder cylinder, inline, cylinder diesel V8

cylinder turbocharged Y y turbocharged | turbocharged

Power 140 hp at 4,000 151 hp at 4000| 255 hp at 4000| 240 hp at 3,600 240 hp at 3600| 370 hp at 2800| 440 hp at 2800| 397 hp at 3,000

rpm rpm rpm rpm rpm rpm rpm rpm

Fuel injection | Commonralil Commonrail Commonrail Commonrail Commonrail Commonrail Commonrail Commonrail
direct fuel direct fuel direct fuel direct fuel direct fuel direct fuel direct fuel direct fuel
injection injection injection injection injection injection injection injection

Torque 236 Ibft at 264 Ibft at 413 Ibft at fggc'gfﬁ) 260 Ibft at 800 Ibftat | 860 Ibfttorque | 765 Ibft at
1,750 rpm 2600 rpm 15003000 rpm ’ rpm’ 4800 rpm 1700 rpm at 1600 rpm 1,600 pm

;?ir:press'on 16.5:1 16.5:1 16.5:1 15.5:1 15.5:1 17.3:1 16.2:1 16.81

Aftertreatment)| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR| DOC/DPF/SCR

Miles at start 17,205 6,433 4,401 8,228 4,262 16,654 10,017 21,078

of testing

Emissions Tier 2 Tier 2 Tier 2 Tier 2 Tier 2 Tier 2 Tier 2 Tier 2

Standards Bin5/LEVII Bin5/LEVII Bin5/LEVII Bin5/ULEVII Bin5/LEVII Bin5/LEVII Bin5/LEVII Bin5/LEVII
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2.3 Test Sequence, Randomization, and Fuel Conditioning

Each vehia/fuel combination was tested at least twice using the Federal Test Procedure (FTP)
test cycle, which is used for emission certification and fuel economy testing ofdlight
vehicles in the U.SAdditional tests were conducted on some vehicles to eeakm@issions
during operation that included particulate filter regeneration, as discussed in sectidhe2.5.
FTP test cycle is shown in Figure 2.1.

60

Cold Stabilized Phase Hot Soak Period Hot-Start

50 Start 506-1372s Transien
Transien Phase
Phase 505s

0-505s

30 rl

Speed, mi/hr

0 500 1000 1500 2000 2500

Time, s

Figure 2-1: FTP Driving Cycle

The fuel testing sequencerfeach vehicle is provided in Tabl&2The testing order of the fuels
for each vehicle was randomized, subject to logistic considerafitrestest vehicles are also
presented in random order labelled as Vehicle #1 through Vehicle #8

Table 2-6: Randomization Sequence for Each Vehicle

Vehicle #| Test Sequence
AEDFCBG
GACBEFD
GEFCBDA
CBEGFAD
DCEAFGB
GECBADF
FEDGABC
EGDABCF
Where: A= Fed ULSD; B=CARB ULSD; C=Fed/SMB; D=Fed/AFME20; E=Fed/WCQG20;
F=Fed/HV(O-20; and G=CARB/WC&0

O NOOTRAIWIN|F-

After completing the initial duplicate FTP tests on each vehicle/fuel combination, the etata w
evaluated to determine whether additional testing was requirebird test was performed if
differences in FTRegulated emissions exceeded a predefined limit. This limit was defined using
the same criteria as used in previ@RC studies, such as the@, E67, E83, and other older
programs (Durbin et al., 2004; Painter and Rutherford 1992). Specificallysdatést was
performed if the diffeznce in the measurements exceeitiedfollowing: THC 33%, NQ29%,

CO 70%, provided the absolute difference in the measuremeatgreater than 5 mg/mi. The
emissions measurements for the third test also included tbenghrcompounds, PM mass,
EC/OC fractions, redime ammonia, PAHs/nitr®AHs, and particle number emissions and
particlesize distributions.
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Before each test on a specific vehicle, the engine oil was chaagedscussed abaveollowing

the oil changethe vehicle was conditioned on the oil for a period approximately equivalent to
two USO06 cycles, followed by an LA4 and a US06 cycle sequence repeated twice (i.e., a total of
4 US06 cycles and 2 LA4s). The preconditioning for the oil was done with #iiiéuel in the

tank or withthe first fuel in the fuel randomization sequence for each velhitdee specifically,

the oil preconditioning procedure for Vehicle #1, Vehicle #2, Vehicle #3, Vehicle #5, Vehicle
#6, and Vehicle #7 was done with the retaiélfin the tank (regular CARB diesel), while
preconditioningor Vehicle #4 and Vehicle #&he oil preconditioningvas done with Fed/SME

20 and Fed/WCe0, respectively.

Before each test on a specific vehicle/fueinbination, the vehicle was menditiored with a
procedure that included a fuel drain and fill (4096)lowed by a catalyst sulfur purge cycle

four coast downs (780 mph), two additional drain and fills, and preconditioning driving over

an LA4 on the dynamometer. In cases where fadiack tests were conducted on the same
vehicle/fuel combination, no additional preconditioning \wasormed, unlesshe time between
testsexceeded the FTP time limit of 36 hours for soak time, such as for breaks in testing due to
weekends. Irthese casegshe vehicle was operated ovan additional FTP cycle prior to the
official FTP testVehiclesunder active teswere stored indoors in a temperatamtrolled soak

area adjacent to the test céligure 2.2 summarizes the fuel and oil conditioning proceiuse

flow chart. This sequence was used for all vehicles and fuels, including passenger cars-and light
duty trucks.
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Overall Test Procedure

Warmup engine 15 minutes drain oil

Install new OEM ol filterfill crankcase withOEM ol

LA4 and US06

CID Oil Preconditioning 2 US06 cycles, followed by an LA4, US06

t Test sequence stal J

Certification

Same Test Fuel’

Conseclte
day of testing

1

Augmented Bel Preconditioning

l

Drain and fill 40% test fuel ’

FTP

Preconditioning
(bags 1 & 2)

A

[ Cold soak 1236 hours

\ 4

Run FTP

(sample carbonyls, PMiumber, and sizing, PAHsitro-PAHs, EC/OC, Nh)

Matrix complete?

[ Finished ]

l

[ Sulfur purge cycle }

A 4

Four coast downs (¥80 mph)

l

Two additional drains and fills
depending on the vehicle

Figure 2-2: Test sequence for fuel change procedure and oil conditioning

2.4Emissions Testing

Vehicle emissions measurements were conducted HC EER T 6 s

Vehicl e

E mi

Laboratory (VERL). The centerpiece of the VERL is aidéh Burke E. Porter singlell
electric chassis dynamometer, capable of testing vehicles weighing 8@ 1bs. A Pierburg
Positive Displacement Punrponstant Volume Sampling (PBBVS) system was used to obtain

certificationrquality emissions measurements.
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For each FTP test, standard bag and modal tailpipe measurements were made for THC, non
methane hywcarbons (NMHC), methane (GH NGOy, CO, CQ, and fueleconomy. The VERL
configurationutilizes a PierburAVL AMA -4000 emissions bench for the measurement of both
the bag emissions and the sectwyesecond postatalyst measurementsShe Pierburg AMA
400 includes a flame ionization detector (FID) for THC and NMHC emissions, a
chemiluminescence analyzer for N@missions and a negispersive infrared (NDIR) analyzer
for CO and CQ Fuel economywas determined using C{and the other emissions using the
cabon balance method, as discussed beltve detection limits of the AMA000 are 0.2 ppm,
0.05 ppm, and 0.5 ppm, respectively, for THC, ,N@nd CO.All gaseous emissions were
determined according to EPA protocols for lighity emission testing as givem the Code of
Federal Regulationgitle 40, Part 86and within the accuracy limitations established therein

PM Mass and Number Measurements

PM measurements were made on both a mass and number basis. Because of the very low levels
of PM emissions exmted from the modern technology, DBRuipped diesel vehicles to be
tested, PM mass samples were collected cumulatively over the entire FTP cycle, with one sample
collected for each tesBEM mass samples were collected at a filter face velocity of 100 cm/s
consistent withCode of Federal Regulations, Title 4®art 1065, although other provisions of

Part 1065 such as control of the temperature at the filter face to 47+5 °C and meeting
requirements on residence tinveere not incorporated into the PM samgl protocol. Tunnel

blank samples were collectatiroughout the prograror a total of15 background samples for

the PM sampling. Total PM mass determinations were collected usingrdTeflon® filters

and measured with a 10@€5mpliant microbalance in gmperature and humiditycontrolled

clean chamber.

Total particle number (PN) was also measured using a TSI 3776 uk@dim#ensation Particle
Counter (CPC). This is a butarmhsed CPCable to count particles down to 2.5 nm. This
instrument can sampkbout 300,000 particles per second, making the ultrafine CPC ideal for an
accurate total PN measurement.

Realttime particle size distributions were also obtained using an Engine Exhaust Particle Sizer
(EEPS) spectrometer. The EEPS was used to ohtaahtime, secondby-second size
distributionsfrom 5.6 to 560 nm. Particles were sampled at a flow rate of 10 \gmch is
sufficiently highto minimize diffusional losses. They were then charged with a corona charger
and sized based on their electrical ntibin an electrical field. Concentrations were determined
through the use of multiple electrometers.

Since regeneration of the DPFoduced exhaust particle concentrations that were hijasthe
maximum limit of 300,000 particles per second for th®@3, a portable secondary dilution
system was implemented to reduce the concentration of particles entering the ultrafifer CPC
this element of the test program (discussed beld\Wjs systemdok diluted exhausfrom the

CVS and further diluted with clean compressed air in a welixed chamber. Three of these
systems were employed during the regeneration testing. The SMPS utilized one of the secondary
dilution systems with a tition ratio of 12:1. The EEP&nd ultrafine CPC used two secondary
dilution systems in series with a total dilution ratio of 600:1.

Elemental Carbon and Organic Carbon Analysis

Elemental and organic carbon samples (EQ/@€re collected in parallel on podeaned QAT
Tissuquartz quartaber filters (PaltGelman, Ann Arbor, MI USA). Quartz fiber filters were
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pre-cleaned to remove carbonaceous contaminants by firing fiousksat 600 °C. These filters
were stored in dark sealed petri dishes at 0 °C until use.

A Thermal/Optical Carbon Aerosol Analyzer (Sunset Laboratory, F@esve, OR) operating

on the NIOSH (National Institute of Occupational Safety and Health) Method 5040 was used to
analyze OC and ECThis analytical method has two stagés the first stage, organic and
carbonate carbon (if present) are volatilized fittvn sample in a pure helium atmosphere as the
temperature is stepped to about 820 °C. Evolved carbon is catalytically oxidized ito &ked

of granular Mn@, reduced to CHin a nickeHirebrick methanator and quantified as £y a

flame ionization dedctor (FID). During the second stage of the analysegsurements to correct

for the pyrolysis of OC and EC measuremeate made. The oven temperature is lowered to
60%C, a 1:9 oxygeirhelium mix is introduced and the oven temperature is then raisedtd ab
860°C. As oxygen enters the oven, pyrolytically generated EC from OC is oxidized and a
concurrent increase in filter transmittance occurs. Correction for the char contribution to EC is
made by measuring the amount of char oxidation required to retuenfitter to its initial
transmittance value. More details on the analysis can be found elsewhere (Birch and Cary, 1996).
The detection limit is 0.2 mg C.

Carbonyl Compounds Sampling and Analysis

Samples for carbonyl analysis were collected through atethedine onto 2,4
dinitrophenylhydrazine (DNPH) coated silica cartridges (Waters Corp., Milford, MA). Sampled
cartridges were extracted using 5 mL of acetonitrile and injected into an Agilent 1200 series high
performance liquid chromatograph (HPLC) equighpeith a variable wavelength detectdhe
column used was a 5 em Deltabond AK resoluti
injection and operating conditions were set up according to the specifications of the SAE
930142HP protocol (Siegl et al., 1993).

Ammonia Measurements

Measurements of amonia (NH;) were also obtained on a rdahe basis using a tunable diode
laser near infrared absorption spectrometer (TDL). The TDIltesysvas used because it
provided significant advantages for the measurement of exhaustiiNidensitivity, response
time, and the ability to measure in situ in raw exhaust.

PAH and nitro-PAH Sampling and Analysis

PAH and nitrePAH samples were collected on Teffeimpregnated glass fiber (TIGF) filters

(100 mm). Prior to the sample collection, TIGF filters were cleanesbhication for 10 minutes

in dichloromethane (C¥Ll,) twice, with the solvent replaced and drained, and sonicated for 10
minutes in methanol twice with the solvent replaced. Filters @& dhnied in a vacuum oven at
50 C for minimum of 24 hours, placed ifoil packages that have been fired at 5Q0for 4

hours, placed in Uline metallic ZipTop static shielding bags, and stored at room temperature.
Amberlite XAD-4 polyaromatic absorbent resjAldrich Chemical Company, Inc.) was washed
with Ligquinox soapand rinsed with hot water, followed witleionized(DI) water and technical
grade methanol (3 times). The XADB4 was then extracted using a Dionex Accelerated Solvent
Extractor (Dionex Corporation, Sunnyvale, CA) for h#n/cell with dichloromethane (Gi€l,)

at 1500 psi and 8C, followed by acetone. It was then dried in a vacuum oven &. &)eaned
XAD-4 was packed into a glass cartridge and placed in Uline ZipTop metallic-stagtding

bags and stored in clean room at room temperaBample prpamation was done in part at the
Desert Research Institute (DRI) and in part in-CERT 06 s internal chemic
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Cartridgesprepared at DRWere packed in plastic tubes with field data sheets with the same
unique PMI number and shipped in coolersdbbre ice priority mail overnighio CECERT.

The SVOC collected on each fitXAD sampling train were extracted grately with high

purity, HPLGgrade dichloromethane (DCM) followed by acetone by accelerated solvent
extraction ASE). The ASE method pregrized and heatdtie media forl5 min/cell at 1500 psi

and 80C. The following deuterated internal standards were added to the media (XAD and
filters) prior to extraction: naphthaleml, acenaphthylends, phenanthrend,o, anthracendl,

chrysened;,, pyrenedio, benz[a]anthracend,, benzo[a]pyrenal;,, benzo[e]pyrendl,,
benzo[K]fluoranthenal-1,, benzo[g,h,i|perylen&l;,, coroneneal;;, 1-nitronaphthalenel; 2-
nitrobiphenyldy, 1-nitrofluorenedy 9-nitroanthracenely 3-nitrofluoranthenedy 1-nitropyrene

do, 9-nitrochrysened; 1, 6-nitrobenzo[a]pyrendal;; Extracts were concentrated to ~1tm rotary
evaporation at 35AC under gentl e vacuum, and filtered
filter (Whatman Pura disc TM 25TF). Filtrate was colledted 4 mL amber glass vial for a total

volume of ~4 mL (including flask rinse with solvent). Approximately 500 pl of hexane was
added at this timeand the extracts were reduced in volume under a gentle stream of ultra high
purity (UHP) nitrogen (with a lrompack CFGasCl ean moi sture filter) to

The sample extracts were extremely complex and required extensivaipl@aior to PAH and

nitro-PAH analysis to remove interferences, which reduce peak resolution and increase baseline
noise. Isolatia of the PAH and nitrd?’AH-rich fraction was achieved with the use of a solid

phase extraction (SPE) aminopropyl Stgk cartridge (Waters, Milford, MA). Sdpak

cartridges (3 mL, 500 mg) were first ptenditioned with 3 mL DCM followed by 3 mL hexane.

The sample extract was then transferred onto the cartridge and eluted with 5 mL 2% DCM in
hexane, followed by 5 mL of 20% DCM in hexane. Approximately 100 ul of toluene was added

at this time and the extracts were reduced in volume under a gentle strebiidRohitrogen

(with a Chrompack CfBasCl ean moi sture filter) to ~100 ¢l
adjusted to 100 pL with toluene and analyzed for-polar analytes without further alteration.

The analysis of the PAH and nitFPAH extracts were botperformed at the Desert Research
Institute, Reno, NVThe XAD cartridge extracts were analyzed separately by electron impact
(El) GC/MS for PAHs using a Varian 4000 GC/MS system equipped with #8400
autosampl er . A 1 el 5%iphgnygnetylsilicone fusassilica capillarg 0
column (DB5MS+DG, J&W Scientific, Folsom CA) was performed. Compounds and
corresponding deuterated internal standards were quantified by selective ion monitoring (SIM).
Additional analyses were performed for filter PARdanitroPAH on a Scion 456 GC interfaced
with a Scion TQ triple quadrupole MS/MS and equipped with8880 autosampler, due to the
superior sensitivity of this instrument. The PAH method utilized the same capillary column
mentioned previously, while theitro-PAH method required a 3® DB-17MS column (J&W
Scientific, Folsom CA). Negative ion chemical ionization (NI®ith methane as a reagent gas
was utilized for nitrePAH analysis to enhance detection sensitivity.

A 6-level calibration was performefibr each compound of interest, and a +#iedel check
standard was run at least once eviy samples. If the relative accuracy of measurement
(defined as a percentage difference from the standard value) was greater than 20%, then the
instrument underwentoutine injector/column/detector cleanup (or replacement) followed by
recalibration. NitrePAH analysis is particularly sensitive to column age, due to the chemical
affinity of target compounds to active sites.
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2.5Regeneration Emissions Testing Protocol

A protocol was developed and implemented to evaluate emissions during a period of vehicle
operation that includedegeneratiorof the particulate filter. This protocol was included in the
emissions testing performeaxh Vehicle #1andVehicle #3 duringheir respective operation on
Federal ULSD and Fed/SMED. The regeneration testing was incorporated into the test matrix

at the same point where these two fuels were otherwise being tested. Within the test matrix, the
regeneration testing was done immeeliatafter the main test sequence of either two or three
tests was done on the fuel being evaluakibr to the first FTP on the Federal ULSD and
Fed/SME20 fuels, the vehicle was forced to regenerate to establish a baseline and remove
potential impacts rad carryover effects from the DPF from other fuels tested on the particular
vehicle. The regeneration testing was conducted following the reyutaor three FTPs that

were being conducted as part of the test matrix.

For Vehicle 1, the regeneration evards triggered externally in the latatory. After the vehicle

was driven orroad to build up soot, technical personnel from the manufacturer instrumented the
vehicle and manually triggered a DPF regeneration mode over the HWYEEET For vehicle 3,
themanufacturepr ogr ammed the vehicleds ECM to regene

The regeneration testing protocol included driving each vehicl@ah on a route designed to
simulate the LA4 portion of the FTP cycle in terms of typical speeds as well as nursbmrsp

for approximately 160 miles (20 LA4s) to build up soot in the DPF. Regulated emissions, PM
mass, particle number emissions and particle size distributions, carbonyls, PAH3Als0
EC/OC, and NH emissions were measured during a regeneratientefor each vehicle/fuel
combination over the EPA Highway Fuel Economy Cycle (HWFET). The HWFET (Figure 2.3)

is a chassis dynamometer driving schedule, developed by the U.S. EPA for the determination of
highway fuel economy of lighduty vehicles. The dation of the cycle is 765 seconds, the total
distance is 10.26 miles, and the average speed is 48.3 miles/hour.

A double HWFET was conducted for each vehicle/fuel combination to provide ample time for
the regeneration to be completed. The same protocoreyeated for each test fuelcolled a

second set of samples of every emission component. dwdpra baseline for comparisoa
baseline double HWFET emissions test was conducted after the FTP testing was completed on
the Federal fuel, but prior tong of the oaroad HWFET conditioning. This baseline double
HWFET was only conducted on the FedésalSD.
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Figure 2-3: U.S. EPA HWFET Cycle
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2.6 Statistical Analysis

Statistical analyses faselected emissiopollutans were run using the Mixed procedure in
PC/SAS from SAS Institute, Inc. Mixed models include both fixed and random factors. The fuel
type was treated in the model as a fixed factor, that is, the levels of this factor were the specific
fuel typesof interest.Vehicles were included as a random factor. Although the vehicles were
recruited for testing basedn criteria for specific vehicle manufacturers or aftertreatment
technologies, the vehicles were still selected at random from the largertpmpofavehicles of

that specific manufacturer/technology within the-use fleet. This was done toallow
extrapolation of the results of the fuel effects onto a larger population of vehicle types, not just
those that were used in the experiment. The mimedels were performed for each pollutant to
determine the statistical significance of any fuels effects. The fixed effect included in the model
was the fuel type and the random effect was vehicle.

The normality of residuals was checked in the modelalforegulated and toxic emissions to
determine if a transformation was necessary. Analyses using the logarithmic transform of the
data in similar previous studies have shown that the emissions standard deviation is relatively
constant as a percentage lod emission level. For example, vehicles with higher emission levels
will tend to have a higher variability on an absolute basis than those with lower emissions levels.
Examination of the current data revealed that this relationship between the emmsssbrant
variability held true even for the very leemitting vehicles. All the emissions were analyzed on

the natural logarithm scale. Fuel economy was analyzed in the inverse scale (i.e., gallons/mile).
For emissions components that included zeros ftivitual bags or weighted emissions, a small
constant was added prior to taking the logarithm to allow the analyses to be done in the
logarithm scale. Any added constants were selected to be as small as possible, and in all cases
did not exceed the backgnad levels.

For pollutants where the Mixed model showed a statistically significant for a particular driving
cycle phase, girwise comparisons were made using a least significant differencdotest
determine the fuel pairs for which statistically sigrafit differences were foundtatistical
analysis results were considered to be statistically significapt@.05, althoughhere arelso
casesnotedwhere 0.05< p 00.1 as marginally statistically significant in the text. The results
fromthelnori nver se model s were fiback transfor medo
pollutants on each fuel. This providesh arithmetic measure to evaluate the magnitude of any
statistically significant effects. Any constants added to facilitate the analyligarithm scale

were subsequently subtracted from the least square méianthe back transformation to the
arithmetic scale was mad&his analysis only treats individual pairwise comparisons. Basis
probability theory clearly shows that the likelihoofi multiple comparisons being significant
simultaneously will be at a lower level of probability. This analysis was not conducted in a way
that validates multiple, simultaneous, comparisons.

The regeneration testing results were not included in the maiistisal analyses using the

Mixed model, since the regeneration testing was done ancillary to the main test matrix. For the
regeneration emissions testing, results were separately analyzed using a simple equal variance,
two-tailed t-test to evaluate theagistical significance between the two fuels employed in the
regeneration testing.
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3. Emissions Testing Results

This section presents and discusses figures which shewweightedFTP regulated and
unregulated emission results for teeht diesel veicles tested. The results for each test
vehicle/fuel combination represent the average of all test runs done on that particular
combination. The error bars represent one standard deviation on the average values for the
individual vehicleslt should be nted thatthe error bars for some pollutants were below fero

some vehicle/fuel combinations, which suggests that the measurements were close to the CVS
tunnel background measurement levels. Detailed results for the statistical analyses and the results
for individual vehicles are provided in Appendix A, Appendix B, Appendiar, Appendix D,
respectively.

3.1 THC, NMHC, and CH, Emissions

The weighted FTP THC, NMHC, and Glemissions results are presented in Figures 3.1, 3.2,
and 3.3, respectively. Emisgs of THC were generally found in very low concentrations for all
vehicle/fuel combinationsanging from 0.012 to 0.08§/mile, as shown in Figure 3.0Overall,

THC emissions showed some trends of lower emissions with the ssemebiodiesel blends

and CARB ULSD compared to Federal ULSD. The weighted THC emissions showed
statistically significant differences between fuels, with CARB ULSD and CARB/VZG®lend
showing decreases of 18% and 16%, respectively, compared to Federal BtafiBtically
significantincreasesn weighted THC emissions 4% and 1%, respectively, were also found

for Fed/SME20 and Fed/WC&O0 blendscompared to CARB ULSD

The coldstart phase of the FTP dominated the THC emissions as a result of the cold engine and
the DOC beig below its lightoff temperature. For most vehicles, fiothning and hestart THC
emissions were found to be substantially lower than-st@d THC emissionsas shown iTable

3.1 Hot-start THC emissions for Vehicle #7 and Vehicle #8 were generailyehithan bt-
running THC emissions, whereas the liglity truck Vehicle #6 showed comparable esidrt

THC emissions to the passenger car Vehicle #3 and approximately three times lowstartold
THC emissions than the passenger car Vehicle #7. Forceeklis, it is assumed that this
phenomenon in terms of less efficient THC oxidation in the aftertreatment systems is related to
the lower catalyst size or different catalyst tyfatistically significant differences between
fuels in THC emissions weresal seen during the cektart phase of the FTP cycle. Similar to
weighted THC emissions, CARB ULSD showed a statistically significant decrease of 20%
relative to Federal ULSD, while CARB/WGE20 showed a marginally statistically significant
decrease of 14%elative to Federal ULSDGtatistically significanincreasesn THC emissions

on the order 081% and 24%respectivelywere seen foFed/SME20 and Fed/WC&O0 blends
compared to CARB ULSDThe blends of Fed/AFMR0, Fed/WC@20, and CARB/WC&0

also showd statistically significant reductions in THC emissions of 11%%, and 18%,
respectively, compared to Fed/SNB blend. Statistically significant effects in THC emissions
were also observed during the fmotning phase of the FTP, but not for the-biatt phase. For

the hotrunning phaseCARB ULSD showed marginally statistically significant lower THC
emissions (18%) and CARB/WGED showed statistically significant lower THC emissions
(23%) both compared to Federal ULSSXatistically significant loweTHC emissions (20%)
were also seen for CARB/WCGEZ0 compared to Fed/SMED.
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Table 3-1: Cold-start, hotrunning, and hestart THC emissionsexpressed in g/mileor all
vehicle/fuel combinations over the FEicle

Vehicle #1 Vehicle #2
Cold-start | Hot-running | Hot-start | Cold-start | Hot-running | Hot-start
Federal ULSD 0.099 0.017 0.008 0.166 0.032 0.035
CARB ULSD 0.074 0.011 0.005 0.133 0.037 0.030
Fed/SME20 0.109 0.013 0.006 0.175 0.037 0.031
Fed/AFME20 0.084 0.013 0.007 0.149 0.042 0.038
Fed/WCGQG20 0.099 0.015 0.005 0.146 0.031 0.032
Fed/HVO20 0.087 0.012 0.007 0.139 0.039 0.037
CARB/WCO-20 0.082 0.010 0.007 0.147 0.039 0.038
Vehicle #3 Vehicle #4
Cold-start | Hot-running | Hot-start | Cold-start| Hot-running | Hot-start
Federal ULSD 0.049 0.012 0.008 0.126 0.036 0.022
CARB ULSD 0.038 0.011 0.009 0.106 0.029 0.015
Fed/SME20 0.062 0.011 0.007 0.138 0.029 0.018
Fed/AFME20 0.044 0.011 0.008 0.116 0.024 0.016
Fed/WCQG20 0.069 0.011 0.007 0.121 0.0 0.017
Fed/HVO20 0.047 0.012 0.010 0.128 0.026 0.016
CARB/WCO-20 0.046 0.011 0.009 0.108 0.021 0.013
Vehicle #5 Vehicle #6
Cold-start | Hot-running | Hot-start | Cold-start | Hot-running | Hot-start
Federal ULSD 0.320 0.024 0.018 0.037 0.015 0.010
CARB ULSD 0.217 0.013 0.012 0.024 0.013 0.008
Fed/SME20 0.244 0.022 0.017 0.034 0.010 0.006
Fed/AFME20 0.303 0.023 0.017 0.024 0.011 0.007
Fed/WCQ20 0.222 0.019 0.016 0.047 0.020 0.013
Fed/HVO20 0.264 0.015 0.012 0.024 0.012 0.007
CARB/WCO-20 0.274 0.015 0.014 0.024 0.011 0.006
Vehicle #7 Vehicle #8
Cold-start | Hot-running | Hot-start | Cold-start | Hot-running | Hot-start
Federal ULSD 0.134 0.011 0.023 0.137 0.012 0.090
CARB ULSD 0.104 0.008 0.023 0.162 0.012 0.082
Fed/SME20 0.160 0.016 0.030 0.143 0.012 0.069
Fed/AFME20 0.107 0.008 0.022 0.120 0.012 0.073
Fed/WCGQG20 0.114 0.008 0.021 0.130 0.011 0.076
Fed/HVO20 0.103 0.008 0.025 0.162 0.013 0.098
CARB/WCO-20 0.098 0.007 0.024 0.164 0.013 0.092

The CARB ULSDshowed lower THC emissions rélee to Federal USD for seven oubf the

eight vehicles The CARB ULSDO $ower aromatics and higher cetanemberrelative to the
Federal ULSDwere probably the main contributdsthe lower THC emissions. Most studies of
biodiesel in uncontrolled engisehave showrreducedTHC emissions relative to petroleum
diesel. The higher oxygen concentration of biodiesebne of the main factors contributing to
lower THC emissions, althoughhda absence of aromatic content as well as the advanced
injection and corpustion timing ado promote more complete combustion. Moreover, the higher
cetane number of biodiesel contributes to the redudaiifothe ignition delay, where a large
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amount of HC is formed (Lapuerta et al., 2008a; Giakoumis et al., 2002&yall, studis
conducted on modern technology vehicles where thestalli phase dominates THC emissions
show that the biodiesel benefit for THC has somewhat fadeay authors in related studies
have reported either insignificant changes or even increases in THSi@mi for biodiesel
relative to ULSD (Martini et al., 2007; Bannister et al., 2010; Fontaras et al., 2010b; Rose et al.,
2010; Bakeas et al., 2011bJheseresults also showed some consistent increases in THC
emissions for the unsaturated Fed/SERIE compaed to the other biodiesel blends. This
phenomenon could be ascribed to the lower cetane number-based biodiesel compared to

the other biodiesel fuels used in this study. The results reported here also showed consistent cold
start and weighted THC dneases for the biodiesel blends compared to CARB ULSD. It is
possible thatthe lower volatility of biodiesel compared to petroleum diesel combined with
bi odi lenereheadirgy value may lead to higher levelsH& with high molecular weights
which are difficult to vaporize and burn. This lower volatility magiso cause higher fuel
consumption that could form localized regions with higher -fadlir ratios resulting in
increased THC emissions.
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Figure 3-1: Weighted THC emissions over the FTP

Emissions of NMHC were found at very low concentrations for all vehicle/fuel combinations, as
shown in Figure 3.2For the weighted NMHC emission§ARB ULSD and Fed/HVE&0
showedstatistically significant reductionsf @8% and 24%respectively, compared to Federal
ULSD. Compared taCARB ULSD, the blends of Fed/SMEO and Fed/WC&0 also showed
statistically significanincreasesn NMHC emissionf 48% and 4%, respectively Similar to

THC emissions, the blends of d#&FME-20, Fed/WC®20, and CARB/WC&0 showed
statistically significant reductions compared to Fed/SR0EIn addition, Fed/WC&0 showed a
statistically significant increase in weighted NMHC emissions of 32% relative to Fed/AFME
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whereas Fed/HV0 andCARB/WCO-20 showed statistically significant reductions of 29%
and 26%, respectively, relative to Fed/WQQ blend.

For the coldstart phase of the FTP, CARB ULSD, Fed/H20 and CARB/WCGER0 exhibited
statistically significant reductions in NMHC emisssonf 29%, 18% and 18%, respectively,
compared to Federal ULSDOhe blends of Fed/SMEO and Fed/WC&0 showed statistically
significant increases in NMHC emissions of 60% and 50%, respectively, and the Fed&XFME
a marginally statistically significant 20%ncrease compared to CARB ULS[3tatistically
significant reductions of 25%, 28%, and 29%re also seen for Fed/AFME, Fed/HVQ20,
and CARB/WCGQ20, respectively,compared to Fed/SMEO. Similar to weighted NMHC
emissions, Fed/WCQ0 showed a statistitba significant increase of 24% compared to
Fed/AFME20, whereas Fed/HVQ0 and CARB/WC®@0 showed statistically significant
reductions of 23% and 24%, respectively, relative to Fed/VEG®lend. For the haunning
phase, there were no statistically sfgint effects between the fuels, while for the-&iatrt
phaseFed/HVG-20 showed a statistically significant reduction in NMHC emissions of 47%
compared to both Federal ULSD and Fed/WZD
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Figure 3-2: Weighted NMHC emissions over the FTP

Methane (CH) emissions are presented in Figure 3.3. Whilg {SHhot toxic and not relevant to
ozoneforming potential, Chlemissions are a strong greenhouse gas that must be accounted for.
A fairly large body of dataeporting CH emissions from gasolirieled lightduty vehicles
exists However, there is limited information concerning the magnitude of €kissions from
modern technology lighduty diesel vehicles operated with alternative fuel formulations and
their contribution to the global and regional €hventory. For this program, GHemissions

were at very low levels formost vehicle/fuel ombinations over the FTP cycleangng from

0.008 to 0.065 g/mileFor the weighted CHemissions, Fed/HVQO0 showed a atistically
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significant increase of 15% compared to Mé@/0O-20, while the test fuels had the sameeefff

on CH, emissions during the coktart phase. For the hainning phase, CARB/WCQ0
showed a marginally statistically significant decrease of 13% awsdpto federal ULSD and
Fed/HVG-20 showeda marginally statistically significant increase of 14% compared to CARB
ULSD. Reductions in ClHemissions for CARB/WCE0 on the order of 13% at a marginally
statistically significant level and 15% at a statidlycaignificant level were also seen compared
to Fed/AFME20 and Fed/HV&O0, respectivelyFor the hotstart phase, the results showed
statistically significant increases in glmissions of 22%, 21%, and 27%, respectively, for
Fed/HVG20 compared to CARBILSD, Fed/SME20, and Fed/WC&O0, while CARB/WCQ

20 showed a marginally statistically significant reduction of 17% compared to Fee2dVO
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Figure 3-3: Weighted CH emissions over the FTP
3.2 CO Emissions

CO emissions are shown in Figure 3br the weighted CO emissions, the results revealed a
statistically significant decrease of 31% and a marginally statistically significant decrease of 18%
for CARB ULSD and CARB/WC&0, respectively, compared to Feddsa SD. Compared to

CARB ULSD, the blends ofFed/SME20, Fed/AFME20, Fed/WC@20, and Fed/HVEO0
showedstatistically significant increaseéis CO emissions on the order of 52%, 22%, 40%, and
26%, respectively.The blends of Fed/AFM20 and CARB/WC®@0 shoved statistically
significant decreases in CO emissions on the order of 19% and 22%, respectively, compared to
Fed/SMEZ20, whilea 17% decrease was also seen for Fed/f20@ompared to Fed/SMED at

a marginally statistically significant level.

26



For the catl-start phase of the FTP, the results showed statistically significant decreases in CO
emissions of 31% and 18%, respectively, for CARB ULSD and CARB/VZQQelative to
Federal ULSD. For the blends of Fed/SN&, Fed/AFME20, Fed/WCQ®20, and Fed/HVE20,
cald-start COemissions showed statistically significant increases of 53%, 23%, 41%, and 24%,
respectively, compared to CARB ULSEmissions of CO also showed statistically significant
reductions on the order of 19%, 19%, and 23% for Fed/ARUE Fed/HVG20, and
CARB/WCGO-20, respectively, compared to Fed/SKM& CO anissions did not show any strong

fuel effects for the hetunning and hestart phases of the FTP cycle.

CO emissiongend to be relatively low in diesel engine combustion duthédean operabn

diesel enginesThe use of biodiesel in diesel engines can reduce CO emissoasse of its

higher oxygen content, which favors more complete combustion. In addition, the higher cetane
number of some saturated biodiesel fuels and the hydrogenatet@blegoil contribute to lower
(engineout) CO. Several studies reported reductions in CO emissions with biodiesel blends (Di
et al., 2009; Bakeas et al., 2011a; Nikanjam et al., 2011yvahdHVO blends (Murtonen et al.,

2009; Pflaum et al., 2010) rebadi to regular ULSD. In contrast, several chassis dynamometer
studies have shown trends of increasing CO emissions with increasing biodiesel percentage in
the fuel blend (Durbin et al., 2000; Rose et al., 2010; Fontaras et al., 2009; Fontaras et al., 2010;
Bannister et al. 2010)T hi s  srasultsl shdwedtronger differences between the CARB
ULSD and the Feder&lLSD compared to the addition of biodieselo# biodiesel blendwith
FederalULSD showed increased CO emissions relative to the CARB UL®Dt a greater
tendency for reduced CO emissions relative to the Federal UloS&ddition, similar to THC
emissions, the more unsaturated Fed/SMBblend systematically led to higher CO emissions
than the other biodiesel blends.
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Figure 3-4: Weighted CO emissions over the FTP
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3.3NO, Emissions

Nitrogen oxides (N¢) are one of the toughest pollutants to control in a diesel engine. They
consist mostly of nitric oxide (NO) and nitrogen dioxide gN@nd play anmportant role in the
groundlevel atmospheric ozone formation. Formation of N@ strongly dependent on
temperature (thermal N{) residence time of the mixture at high temperatures, and local
concentration of oxygen. Other contributing factors are iigectiming, fuel type, and fuel
properties. Average N(emissions over the FTP are shown in Figure Stétistical analysis of

the results showed that neither the weighted, N® NO« from any individual phase of the FTP
were influenced by the test fuels.

Over the years, numerous studies have focused on the impact of biodiesel emiN€ons,

with most studies showing either increases in Mih biodiesel or no change in N@missions.

Most of the studies in this area have focused on hdaty enginesvhere NQ increases with
biodiesel have been attributed to a variety of factors including, but not limited to, the
stoichiometry during combustion, higher adiabatic flame temperatures, the impact of lower
energy biodiesel on the engine control systemeduced radiative heat losq€sakoumis et al.,

2012; Hoekman and Robbins, 2013fudies of lighduty diesel vehicles/engines have shown
less consistent NOimpacts with biodiesel. Some studies light-duty vehicleshave shown
lower NQ, emissionswith biodieselover the more lighthtoaded FTP and NEDC which could

be attributed to lower engine loads than are usually seen for test cell engines (Staat and Gateau,
1995; Fontaras et al., 2010b; Bakeas et al.,, 2011b). In the present study, the vehicles were
equipped with SCR aftertreatment, whicltisrentlythe most prevalentechnologyfor reducing

NOx emissions.Any combustion proces®lated impacts on NQOemissions were likely
overshadowed by the significant reductions from #uvanced NQ aftertreatmat controls
leading to a lack o&ny significantdifferencesin NOy emissionsbetween fuelsDifferences in
engineout NQ; emissions may produce differences in urea Diesel Exhaust Fluid (DEF)
consumption rate. However, there was no attempt to measure @isknaption rate in this
study. While reductions in NQemissions for some biodiesel blends and vehicle combinations
relative to both ULSDs were observed, as well as somg iN©@eases for the unsaturated
biodiesel blend relative to the other biofuel bleraawl ULSDs, these phenomena were not
consistent throughout the fleet and the differences were not statistically significant.
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Figure 3-5: Weighted NQ emissions over the FTP
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3.4 CO, Emissions and Fuel Ecoamy

CO, emissions are shown in Figure 3.6. An increasing trend me@ssions was observed with
most of the biodiesel blends compared to the baseline Federal and CARB-du¢le weighted

CO, emissions, the results showed statistically significacreimses of 1.9% for Fed/SMI and
2.3%for Fed/WCQ20 compared to Federal ULSD and of 1.7% for FedNABDQzompared to
CARB ULSD. The blend of Fed/WCQO0 showed a statistically significant increase in,CO
emissions of 1.7% compared to Fed/AF2& whereasthe blends of Fed/HVQO and
CARB/WCO-20 showed statistically significant decreases of 2.5% and 1.7%, respectively,
compared to Fed/WGCQ0.

For the colastart phase, statistically significant decrease<CO, emissionswere seen for
Fed/HVG20 (2.8%) andCARB/WCGO-20 (2.4%) compared to Fed/Fed/WQO. For the hot
running phase of the FTP, statistically significant increases ia €@flssions of 2.3% for
Fed/SME20 and 2.6% for Fed/WGQ0 compared to Federal ULSD and 1.8% for Fed/\AZDO
compared to CARB ULSDwere observed. Thé&ed/HVO20 blend was alsdower at a
statistically significantevel on the order of 2.1% and 2.4%, respectively, compared to Fed/SME
20 and Fed/WC&O0. For the hotstart CQ emissions, the results showed marginally statistically
significant increases of 2.3% for Fed/SA2B and 2.4% for Fed/WGQ0 compared to Federal
ULSD, while Fed/HVG20 showed a statistically significant decrease of 2.4% for both
Fed/SME20 and Fed/WC&20.

Available studies in the literature report both increasésdacreases in G@missions with the
application of biodiesel fuels. Previous studies conducted on Euro 3 and Euro-dutight
vehicles running on different biodiesel blends showed some increases,iemi§sions or
insignificant differences when compdr&o regular ULSD (Rose et al., 2010; Karavalakis et al.,
2011a; Kousoulidou et al., 2012). According to the authointributing factofor the higher

CO, emissions could be due to difference in H:C ratios for biodiesel compared to that of
petroleum desel, as the presence atarbonyl group in the methyl ester interrupts the H to C
sequence in the fuel. As a result, more carbon is injectedha cylinder for the same energy
content. Taking into account a typical methyl ester speciation, a neaedabdlelivers
approximately 1.8% more carbortarthe cylinder for the same energy as petroleum diesel fuel.
The increase in carbon per unit of energy leads to a proportional increase emi3Sions. In
addition, the lower energy content of biodiesetl ars blends compared to petroleum diesel
forces the engine to operate at a higher Oapj|
per stroke. This higher apparent load may lead the engine to operate at a different point in the
engine map, restutg to a different thermodynamic efficiency.
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Figure 3-6: Weighted CQ emissions over the FTP

The fuel economy result®r the different test vehicles are presented-igure 3.7 For this

study, fuel econmy was calculated based on the carbon balance method and the unique
properties for each different test fuedther tharthe standard EPA equation. The carbon balance
equation(shown below)more directly accounts for the differences in energy content batwe
different fuels, which are somewhat normalized out in the standard EPA equation.

¥

00 @A £ & EHEXD WERT O &Q

Where

3781.8: Density of water at @5 in g/gals
THC: THC emission rate (g/mile)

CO: CO emission rate (g/mile)

CO,: CO, emission (g/mile)

CWEF: Carbon weight fraction of the test fuel
sp.gr: Specific gravity of the test fuel

For the weighted fuel economy, thesults showed some strong effects for the Federal ULSD
compared to CARB ULSD and the biofuel blends, but CARB Uldg&Dnot show strong effects
compared to biodiesel blend€ompared to Federal ULSD, weighted fuel economy showed
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statistically significantlecreasesf 3.7%, 42%, 42%, 4.8%, 28%, and5.7% for CARB ULSD,
Fed/SME20, Fed/AFME20, Fed/WC®20, Fed/HVG20, and CARB/WCER0. As expected,
the CARB ULSD and the HVO blend showed smaller differences in fuel economy compared to
the Federal ULSDIt is interesting to note that comparing thessheating values for the test
fuels, their energy contents are lower 2%% for Fed/SME20, 2.5% for Fed/AFME20, 2.6%

for Fed/WCQ20, and 1.3%or CARB/WCO-20 compared to Federal ULSD. On the other hand,
CARB ULSD and Fed/HVERO blend showed higher gross heating values by 1.2%0.844,
respectively, compared tBederal ULSD.For CARB ULSD, the only statistically significant
effect in weighted fuel economy was observed for CARB/\AZDOblend, which showed
redudion of 2.1%. The blend of Fed/HVQO0 showed a statistically significainicreaseof 2.1%
compared to Fed/WCQ0, while CARB/WCQG20 showed a statistically significadécreasef
3.0% compared to Fed/HVQO0.

For the coldstart phase, fuel economy resulb®wed statistically significardecreasesf 3.4%,
3.3%, 38%, 43%, and 46% for CARB ULSD, Fed/SME20, Fed/AFME20, Fed/WCQ®20, and
CARB/WCO-20 compared to Federal ULSD, while the raxygenated Fed/HVQO0 showed a
marginally statistically significantlecreaseof 2.1% compared to Federal ULSDhe blend of
Fed/HVG20 showed a marginally statistically significantreasein fuel economy of 3%
compared to Fed/WCQ0 and CARB/WC@0 showed a statistically significadecreaseof
2.5% compared to Fed/HVQO. Similar to the weighted and cedtiart fuel economy results, for
the hotrunning phase, fuel economy showed statistically signifidacteasesf 3.%0, 45%,
45%, 52%, 32%, and 64%, respectively, for CARB ULSD, Fed/SM#, Fed/AFMEZ20,
Fed/WCQ20, Fed/HVO-20, and CARB/WC&0 compared to Federal ULSBCompared to
CARB ULSD, the only statistically significaniecreasavas seen for CARB/WCQO (2.7%).A
marginally statistically significanincreaseon the order of 2.1% and a statistically significant
decreasef 3.4% was seeffor the Fed/HVG-20 compared to Fed/WG20 andCARB/WCO-20,
respectively For the hotstart phase of the FTP, fuel economy results showed statistically
significant decrease®f 3.6%, 4.7%, 3.%%, 46%, and5.6%, respectively, folCARB ULSD,
Fed/SME20, Fed/AFME20, Fed/WC®20, and CARB/WC&0 compared to Federal ULSD,
while the noroxygenated Fed/HVQ0 showed a marginally statistically significalgcreasef
2.8% compared to Federal ULSIA. marginally statistically significantlecraseof 2.9% was
also seen for CARB/WCQO0 compared to Fed/H\A0.

The reductions in fuel economy with the biodiesel blends are in line with previous studies (Rose
et al., 2010; Karavalakis et al. 2010a; Bakeas et al., 2011a) arukedinibuted to the lver
energy content of biodiesel compared to petroleum digdak trend is consistenivhen
comparing the biodiesel blends with the Federal ULSD, i.e., the fuel with the highest energy
content, buthis trendless consistent whesomparing the biodiesel drhds with federal dieséb

CARB ULSD, due to thdower energy content of the ARB ULSD compared to thEederal

ULSD.
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Figure 3-7: Average fuel economy results basedlom carlon balance method
3.5 PM Emissions

PM mass emissions are shown in Figure BM.emission rates ranged from approximately 0.18

to 265 mg/mi, consistent with the lower PM emission rates that are typically seen fedlityht

diesel vehicles equipped wilbPF aftertreatmentFontaras et al., 201May et al., 2014)The

PM emission rates for the cumulative samples were, in most cases, well above the tunnel
background level, which is provided as the rightmost bar in the figure. The PM emissions rates
for the vehicles are shown without subtraction for the tunnel background. The larger error bars
for some vehicle/fuel combinations can be attributed tottetsst variability, as the typical
accuracy of the PM measurement itself is approximateh5%. For this study, PM mass
emissions did nathowany statistically significant differences between the test flibksresults
showed both increases and decreases in PM mass emissions with the biofuel blends compared to
both ULSD fuels, with these differences neirg consistent or statistically significant between
fuels for the fleet as a whole.

In understanding the PM emission results, it is important to notentaay of the biodiesel
emissions studies to date have been conducted on vehicles/engines wittengivex
aftertreatment systems for PM reductiolrs general, mosof thesestudies with lightduty or
heavyduty engines have found decreasing PM mass emissions during transient opé&vations
biodiesel blend¢McCormick et al., 2001; Lapuerta 2008b; KouBdou et al., 2010Q)although

there are several chassis dynamometer studies conducted edulightehicles fueled with
various biodiesel blends that have shown increases in PM emissions relative to regular ULSD
fuels (Peterson and Reece, 1996; Durbialg 2000; Martini et al., 2007; Fontaras et al., 2009;
Karavalakis et al., 2009; Bakeas et al., 20YHrious reasons have been documented to explain
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the reductions in PM emissions with the use of biodiesel fuels, with the primary contributing
factor for the PM decrease being the presence of oxygen in the methyl ester molecule.
Oxygenated fuelsuch adiodiesel blends, possess the ability to reduce locallyricielregions

and limit soot nucleation early in the formation process, thus reducing PNkiens. In
addition, the absence of aromatic compounds in biodiesel fuels, which are generally considered
to act as soot precursors, may also be a reason for the reductions in PM emissions compared to
the baseline diesel fuels (Lapuerta et al., 200Ba) studies that have shown increases in PM
emissions for lightluty vehicles,where coldstart emissions are a significant portion of the
overall PM emissions, it is possible tlwartain physical properties of biodiesel can prevail over

its increased oxygeocontent(Fontaras et aR009 Bakeas et al. 201 Karavalakis et al2009

Martini et al. 200). For examplethe higher initial boiling point of biodieselomparedto

regular petroleum ULSPDwhich leads to more difficult fuel evaporation at low tempees, and

the higher viscosity of biodiesel, which reduces the rate of spray atomjzabatd both
contribute to increased PM emissions.

Biodiesel emissions studies for vehicles/engines equippedaaiaincedftertreatmentontrols

and particularlyDPFs are more limitedStudies of heawguty engines and vehicles equipped
with DPFs have generally shown that biodiesel does not have a strong influence on PM
emissions give the already significant reductions in PM emissions that are obtained from the
DPF (Lammert et al. 2012; Williams et al. 2Gt10latunj et al. 2010Gsyel et al. 2014,
Hajbabaei et al. 2013[For a retrofit DPF equipped headyty engine, however, Wams et al.
(2006)showed that PM reductions 87% for biodiesel blend compared tl.SD could still be
obtained along with aignificant lowering ofbalance point temperatui@nd an increase in
regeneration ratéWilliams et al. (2010) also found that the presence of oxygen can promote
faster regenerations and greater soot reactivitg fratalyzed DPFStudies of lightduty vehicles

with more advanced aftertreatment systems are more linfitete have also been a number of
studies that have looked at the potential impact of impurities in biodiesel on longer term
durability of DPFs andube oil dilution, but these issuase notrelevant for comparison with the
current studywhich wasof short duration\(Villiams et al. 2011; Williams et al. 2013; He et al.
2011.
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Figure 3-8: PM massmissions over the FTP
3.6 Particle Number Emissions

Total particle number emissions, expressegairticlegmile, are shown in Figure 3.Statistical
analysis was conducted on both the estlait and the weighted particle number emissions for the
fleetas a whole. The results did not reveal any statistically significant different between the test
fuels for either the coldtart or the weighted particle number emissidinshould be noted that
particle number emissions for Vehicle #5 and Vehiclevére found to be lower than the other

test vehicles. In general, some reductions were seen in particle number emissions with the use of
biofuel blends for Vehicle #1 and Vehicle #2, but not for the other test vehicles. Particle number
emissions showed both mases and decreases with the biofuel blends and lartpedl of fuel

trends throughout the fleet. This phenomenon could be ascribed to the presence of the DPF
control which appeared to eliminate any potential engine fuel effatilar results where
biodiesel fuel effects have been negligible RiPF equipped engingdave been reported in

other studiegLammert et al., 2032Williams et al, 20113, although other studies have seen
reductions for biodiesel fuels even at these relatively low partioheber levelsl(i et al. 2012
Fontaras et al., 2014

Figure 3.10 (gh) shows the particle number emissions for each vehicle/fuel combination for each
individual phase of the FTP cycle. With the exception of Vehicle #2, particle number emissions
were donmated by the cokstart phase of the FTP cycl@here the majority of particle number
emissionswvere produced during the first 26800 seconds of the cycle. This phenomenon was
due to the fact that the engine was cold and the DOC was below itefiigbtmperaturelt is
assumed that these elevated particle number emissions during thetacblchight be semi
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volatile materials escaping oxidation as the catalytic converters have not reached tb# light
temperatureFor the hotrunning and hestart phass of the FTP, particle number emissions for
most vehicles were substantially lower than those emitted duringstasid conditions,
suggesting higher filtration efficiency of the DPE.should be noted that during ceddart
operation the particle numbereasurement variability was increased compared to phases 2 and 3
of the FTP. It was also observed that the use of biodiesel blends increased the variability of the
particle number emissions during the cetdrt phase when compared to both ULSD fuels.
Although there is no clear explanation for this phenomeitos, theorized that the overall
absence of fuel effects were related to chamgéise filtration efficiency as the DPF heateg

and to the increase of soluble organic fraction (SOF) particlesodfelsel, which somehow
affected the measurement variability during estidrt operation.
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Figure 3-9: Particle number emissions over the FTP
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3.7 Patrticle Size Distributions

Average EEPS particle size distributidisSDs)for Vehicle #1 through Vehicle #8 are shown in
Figures3.11 through 3.18, respectively. It should be ndtedEEPS was not aillable fortesting

Fed ULSD, Fed/AFME20, and Fed/WCEO for Vehicle #1 and for the Fed/HVEZD blend for
Vehicle #2.For Vehicle #1, all fuels produced size distributions with peaks &036m in
diameter. The CARB ULSD was found to produce the highestiraulation mode particle
concentrations at around 50 nm followed the CARB/WCO-20 blend. This is somewhat
consistent with the higher particle number emissions for the CARB ULSD compared to the
biodiesel blends and the renewable diesel blenshasnin Figure 3.9 andthe generally higher

PM masses for these two fuels, as shown in FigureF8i8Vehicle #2the differences ifPSDs
between the test fuels were not as strong, with all fuels showing accumulation mode particles
with mobility diameters at 30-40 nm Similar to Vehicle #1, CARB ULSD and its blend with
WCO produced higher accumulation mode particle concentrations than Federal ULSD and the
other biofuel blendsThe PSDs for Vehicle #3 showed that all fuels produced accumulation
mode particles wh peaks at around 50 nm in diamefene Fed/AFME20 blend exhibited more
accumulatioormode particles than the other biodiesel blends, the HVO blend, amefé¢nence
ULSDs. This is consistent with the higher total particle number emissions for thal datm
biodiesel compared to all other fuels,skwnin Figure 3.9 Vehicle #4 displayed a unimodal
distribution with the accumulation mode dominating BfeD for all fuels. The biofuel blends
showed higher accumulation mode particle counts than bothDUIfLels, with the non
oxygenated Fed/HVQO blend producing higher accumulation mode particles than the biodiesel
blends. All fuels showed accumulation mode particles ranging between 45 to 53 nm in diameter.

For Vehicle #5the PSDs werelargely unimodal,with a peak aroun@0 nm ThePSDprofile for

the Fed/SME20 blend showed a bimodal distribution, witie accumulation mode particles
peaking at about 107 nm and a smaller numbewocfeation mode particles peaking at 14 nm.
However, the overall partiel counts for this blend were found to be significantly lower
compared to all other test fuels for this vehicle and close to the CVS tunnel backgroundhlimits.
addition, thePSD profile for the Fed/AFME20 was quite unstable, with nucleation mode
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particles peaking at around 9 nm and accumulation mode particles peaking at around 60 nm. It
was also found that a second nucleation mode at around 26 nm was forntad particular

blend Analogous to Vehicle #4, the blends of Fed/HZQ@ Fed/WCG20 and CARB/VCO-20
showed higher accumulation mode particle concentrations compared to both ULSD fuels. The
nonoxygenated HVO blend showdige highest accumulation mode particle counts followed by

the Fed/WC@20 and the CARB/WCEO0 blends. For the biofuel blends, giecumulation mode
particles ranged from 9207 nm in diameter, whereas for the ULSD fuymdsticle sizeranged

from 7093 nm in diameterVehicle #6 displayed unimodal distributions with accumulation
mode particleganging from60 to 80 nm in diameter. Theonoxygenated fuels, namely the
ULSD fuels and the HVO blend, produced higher accumulation mode particle concentrations
compared to the biodiesel blendshese results are somewhat consistent with the higher PM
mass and number emissions tioe Fed/HVG20 compared to the biodiesel blends.

Unlike the other the test vehicles, Vehicle #7 displayed a decidedly bimodal distribution profile
for all fuels, with the accumulation mode particles dominating the particle size distribution. The
nucleation mode padies ranged from-Q1 nm, while the accumulation mode particles ranged
from 4053 nm in diameter. The biodiesel blends of CARB/WR® Fed/AFME20, and
Fed/SME20 showed higher accumulation mode particle counts tharnréieitencdJLSD fuels,

while the HVOblend and Fed/WCQO blend showed very low particle counts close to the CVS
background leve|sconsistent with the PM mass emissions for this vehicle as seen in Figure 3.9
Similar to Vehicle #7, Vehicle #8 displayed bimodal distribution profile for w@dld, with the
exception of the Fed/SMEO blend that showed a unimodal distribution with no decidedly
accumulation mode peak/ehicle #8, however, showed much higher concentrations in the
nucleation mode range, in contrast to BfeDsfor Vehicle #7.The nucleationmode geometric
mean particle diameter ranged fr&20 nm and the accumulation moaean particle diameter
ranged from 570 nm. The Fed/SMR0 blend showed the highest nucleation mode particle
concentrations followed by the HVO blend, CARB ULSihd CARB/WCQG20. This result is

also consistenwith the higher particle number emissions for these fuels. For the accumulation
mode particles, the CARB ULSD and HVO blend showed the highest concentrations, followed
by the Fed/WC&0 blend and Federal \&D.

Although not consistenthe results showed that the sbpsed biodiesel blend led to increases

for some test vehicles in both nucleation and accumulation mode particle concentrations
compared to thetherbiodiesel blendsSoy-based biodiesel, in p#ular, contains unsaturated

fatty esters, which have been shown to increase nucleation mode particles, possibly because of
the emission of organic species with high boiling points, which tend to be more condensable than
hydrocarbon components (Schénbatnal., 2009). In addition, the double bonds in the ester
molecules are likely to provide a direct path to the formation of carbonaceous soot via the
formation of ethene and ethyne during the thermal decomposition of the molecule. Both of these
species are&known precursor molecules to carbonaceous swotgeneral, the particle size
distribution results did not show a trend for the fleet as a whole. For some vehicles, biodiesel
blends resulted in decreases in accumulation madeles compared to ULSD flse This could

be due to the reactivity of surface oxygen groups bonded at edge sites in the methyl ester
providing higher rates of oxidation of particulates andh® absence of polyaromatic compounds

in the methyl ester, sin@@omatics are consideredepursors for the soot formation procdsss
interesting to note that the renewable diesel blend showed higher concentrations of accumulation
mode particles for Vehicle #4, Vehicle #5, and Vehicle #6 compared to both baseline ULSDs
and the biodiesel biels. Althoughthe renewable diesetontaineda negligible amount of
aromatics and sulfur, it appears that the absence of oxygen necessary to suppress soot formation
played some rolen the higher accumulation mode particles.
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Figure 3-11: Particle size distributions for Vehicle #1 over the FTP
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Figure 3-13: Particle size distributions for Vehicle #3 over the FTP
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Figure 3-15: Particle size distributions for Vehicle #5 over the FTP
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Figure 3-17: Particle size distributions for Vehicle #7 over the FTP
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3.8 Carbonyl Emissions

Carbonyl compounds play an important role in atmospheric chemistry and urban &y qual
because they are precursors to free radicals, ozone, and peroxyacyl nitrates (PAN). Aldehydes
such as formaldehyde, acetaldehyde, and acrolein are characterized as motor vehicle air toxics
and are known human carcinogens or irritants. Five carbonyipa@onds (formaldehyde,
acetaldbyde, acrolein, propionaldehyde, amdethyl ethyl ketone MEK)) are listed as
hazardous air pollutants (HAP) lthe US EPA. Some aldehydes, such as formaldehyde,
acetaldehyde, acrolein, and someaftiehydes also have high remental reactivity for ozone
formation, which may result in increased ground level ozone (a regulated air pollutant) and pose
air quality problems for areas that are already in ozoneattamment oareon the borderlinef
attainment

This studyidentified formaldehyde and acetaldehyde as the predominant aldehyde compounds in
the exhaust, with some of the heavier carbonyl compounds either being detected in lesser
amounts for some of the test vehicles or below the CVS tunnel background levelsdtirethe
vehicles.These results are consistent with those of Fontaras et al. (2010), Karavalakis et al.
(2011), Macor et al. (2011), and He et al. (2009), showing the predominalme wfolecular

weight carbonyls in emissions from biodiefigled vehicle®nginesTheseresults also indicate

that high moleculaweight carbonyl compounds, such as aromatic aldehydesheadier
saturated aliphatic aldehydesere effectively oxidized in the DOC/DPF system for most test
vehicles, suggesting that the vehicléegtfeatment control technology greatly exceeds the fuel
effect for heavier carbonyl emission rates. Figures 3.19 and 3.20 show the formaldehyde and
acetaldehyde emissions, respectively, for all vehicle/fuel combinations measured over the FTP.
There werestatistically significant differences in formaldehyde emissions between the test fuels
for the vehicle fleet as a whole. More specifically, CARB ULSD showed a statistically
significant decrease in formaldehyde emissions of 32% compared to Federal ULSRar€bm

to CARB ULSD, the blends of Fed/SMED, Fed/AFME20, and Fed/WC&O showed
statistically significant increases in formaldehyde emissions of 79%, 54%, and 75%,
respectively. For acetaldehyde emissions, CARB ULSD showed a statistically significant
decease of 39% compared to Federal ULSD, whereas Fed&NMB-ed/WC®20, and
Fed/HVG20 blends showed statistically significant increases of 79%, 72%, and 60%,
respectively, compared to CARB ULSD. A marginally statistically significant increase of 53%
for FedAFME-20 blend relative to CARB ULSD was also observed. Higher formaldehyde and
acetaldehyde emissions with biodiesel fuels compared to petroleum diesels have also seen in
previous studies (Fontaras et al., 2010a; Karavalakis et al., 2011b; Macor @1 &l.Martini et

al., 2007).In general, the higher carbonyl emissions for the biodiesel blends could be attributed
to the oxygenated ester grolfrevious studies havasoreported that the use of paraffinic fuels

can reduce carbonyl emissions comparedxyggenated fuels such as methyl esters (Heikkila et

al., 2012) although this phenomenon has not been observed under the present test conditions.
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Figure 3.21 (ag) showsthe mainhigher molecular weightaldehydes and ketoné&gentified in

eachv e h i

clebdbs exhaust.

For

mo s t

of

t he

t est

ethyl ketone (MEK) were the dominahigher molecular weightarbonyls in the exhauddata
for Vehicle #7 is not included because the majority of heavier aldelaydeketones were close
to or below the CVS background levels. While the concentrations of these compounds were
substantially lower compared to those of formaldehyde and acetaldehyde, and characterized by

large measurement variability, fuel trends wereeobsd for some vehicles but not for others.
For Vehicle #2 and Vehicle #%or example the biofuel blends generally showed a decreasing

trend in most carbonyl compounds relative to Federal ULTS@re vasalso a trend for higher

higher carbonyl emissiorier Fed/AFME20 for Vehicle #1.
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Figure 3-21 (a-g): Higher molecular weight carbonyl compounds for the test vehicles
3.9 PAH and nitro-PAH Emissions

Polycyclic aromatic hydrocarbons (PAHs) are a class of complex organic molecules, which
include carbonrd hydrogen with a fused ring structure containing at least 2 benzene rings. PAH
emissions mainly originate from fuel combustion (pyrosynthesis of aromatic compounds),
unburned fuel (pyrolysis of fuel fragments), and unburned lubricating oil. PAH compausnds
widely distributed in the atmospherand they are well known for their mutagenic and
carcinogenic properties. A total of 16 PAHSs, ranging in size, from naphthalemeg$? to
benzol[g,h,i]perylene and indeno[l,Z;3l]pyrene (&ings) have been idéfied as priority
pollutants by the UEPA.
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For this program, more than 100 gasd particlephase PAH compounds were identified and
guantified in the exhaust of each vehicle/fuel combination, includingsobatituted PAHS,
methyl and ethylsubstitutel PAHs, and oxygenated PAHEablesD1 throughD16 summarize

the PAH emission results (see Appendix while Figure 322 (a-b) shows the total gasand
particlephase PAH emissions. In addition, Figureg33a-b) through 35 (a-b) present the total
PAH emissions for each vehicle/fuel combination categorized by family compound, including
total nonsubstituted PAHs, total methylnd ethyisubstituted PAHs, and total oxygenated
PAHSs.

Overall, the results showed that lower and medium molegwgaght PAHswere the dominant
compounds in the exhaust for all vehicle/fuel combinat{sae AppendiD). The higher levels

of light PAHs suggest that these compounds were pyrolyzed from incomplete combustion of the
fuel (LeaLangtonet al., 2008) Previous vehicleand engine studies have also reported the
dominant profile of light PAHs in biodiesel exhaust (Martini et al., 2007; Karavalakis et al.,
2010b; Karavalakis et al., 2011b; Macor et al., 2011). Some heavier PAHs were also found in the
exhaust of alkight vehicles, but in lesser amounts than those of light PAHs. The formation of
these species might be due to pyrosynthesis of lower molegalght aromatic compounds to
larger PAHs and to the contribution of the lubricant oil (Lim McKenzie et al., 2007). Highe
molecularweight compounds, such as those of benzo(b)fluoranthene, benzo(k)fluoranthene,
dibenzo(ah)anthracene, dibenzo(a,j)anthracene, benzo(b)chrysene, coronene, dibenzo(a,e)pyrene,
dibenzo(a,i)pyrene, dibenzo(a,h)pyrene, dibenzo(ah+ac)anthracene and
dibenzo(b,k)fluoranthene were found to be almost undetectable for most vehicle/fuel
combinations. This phenomenon was more pronounced for thphgas PAHswhere the
majority of medium and heavier PAHs were at very low concentrations or undetectanlastor

fuels compared to the partighase PAHs. Additionally, the results indicated that with
increasing ringhumber, PAHs were retained more efficiently in the DPF/DOC system.

The results for the biodiesel and the renewable diesel $tkdahot show cler fuel trends, with

both increases and decreases in PAH emissions compared refettenceFederalULSD and
CARB ULSD. For this study, statistical analyses were run on some selected PAH species that
were found in relatively high concentrations for alhide/fuel combinations. For the particle
phase PAHSs, statistical analysis was performed loan@anthrene2-methylphenanthrene3-
methylphenanthrendluoranthengand pyrene. For the gabase PAHSs, statistical analysis was
performed on the predominantnaphthalene 1-methylnaphthalene 2-methylnaphthalene
fluorene, menanthrenefluorantheng and pyrene. Fluorene was selected because it was a
dominant PAH compound for all vehicle/fuel combinations in theplese but not in the
particlephase. Statistit@nalysis did not show any strong fuel effects for most PAH compounds
except forfluorene. For fluorene emissions, the only statistically significant difference was found
with Fed/SME20, which showed a 238% increase compared to CARB ULSD.

Total partice-phase PAH emissions, as showrigure 322a, revealedhat the biodiesel blends

and renewable diesel blend led to increases compared to Federal ULSD and CARB ULSD for
some vehicles and decreases for some otlhleshigher totaparticlephasePAH emisions for

some vehicles/fuel combinationgere due to the presence of higher concentrations of light,
semtivolatie PAH compounds, including naphthalene, -methylnaphthalene, -1
methylnaphthalene, 2,6+2dimethylnaphthalene, 1,4+1,5+X)8nethylnaphthalene and
phenanthrene, which were abundant in the paipibkese, as well as in the galsase.

Total gasphase PAH emissions were found in significantly higher concentrations than their
corresponded particlphasePAHs (Figure 22b). The highest contribut@ to the gagphase
PAHs were mainly the twanembered ring compounds and their etlayild methysubstitutes.
These  were naphthalene, -niethylnaphthalene, -fhethylnaphthalene, 2,6+2,7
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dimethylnaphthalene, 1,3+1,6+1,7dimethylnaphthalene, acenaphthene, Hyt2amithalene,
and trimethylnaphthalenes. The next major contributors to thelgese PAHs were three
membered ring PAH compounds, including fluorene, phenanthrene, and methylphenanthrenes. It
should be noted that some heavier compounds, such as fhmardnd pyrenevere detected in
significantly higher concentrations relative to the parph@se. These results indicate that
fluoranthene, pyrene, and phenanthrene are typical-waatile compounds that shouloe
accounted for in botlthe gasphaseand particlephase. Heavier moleculareight PAHs were
almost absent in the gabkase, indicating that these compountsdea negligible contribution
to the total gagpphase PAHs. Some exceptions were observedVieicle #2 such as
indeno[1,2,3cd]pyrene, which is a sixmembered ring compoundnd a probable human
carcinogenFor Vehicle #5, the very higtotal gasphase PAHoncentratiorfor Federal ULSD
was primarily due to the high levels maphthaleneompared to the other fuelBhe high levels

of nahthalene for Vehicle #5 on the Federal ULSD fuel were faorabth tests conducted for
that test matrix point.
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Figure 3-22 (a-b): Total particlephase (a) and ggshaseb) PAH emissions for all vehicle/fuel
combinations over the FTP

Figure 323 (a-b) presents the total gaand particlephase nosrsubstitute PAH emissions for all
vehicle/fuel combinations. As expected, the emission levels ofotiaé norsubstitute PAHs
were found to be much lower than those of total PAH® emission profiledr the particle
phase norsubstitutel PAHSs followed patternssimilar to thetotal particlephase PAHSs for all
eightvehicles. Similar results were obsenfedthe total norsubstitutel gasphase PAHSs, which
followed the same trends as the total-gphase PAHs
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Figure 3-23 (a-b): Total gas (a) and particlephasgb) nonsubstitutel PAH emissions for all
vehicle/fuel combinations over the FTP

Figure 3.24 (a-b) showsthe total gasand particlephase ethyland methysubstituted PAH
emissions. For the ggshase total ethyland methylsubstitutel PAHs, it was observed that the
application of the unsaturated sbgsed biodiesel blend (Fed/SA2B) led to higher emissions
than the Federal ULSD fdrehicle #1, Vehicle #2, Vehicle #3, Vehicle #6, and VehicleRH¢
Vehicle #6, some increasesgasphase total ethyland methysubstituted PAHsvere seen for
Fed/WCQ20 and CARB/WCE0 compared to both ULSD fuels, whereas the opposite
phenomenon was observed for Vehicle B@rticlephase total ethyland methyisubstituted
PAH were found in considerBb lower concentrations than their corresponded-pmese
components, indicating that both light and heavier ethgdd methylsubstituted PAHs were
either absent from that phase or detected in very low levels.
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Figure 3-24 (a-b): Total gas (a) and particlgphasgb) ethyl and methysubstituted PAH
emissions for all vehicle/fuel combinations over the FTP

Oxygenated PAHs (oxiPAHs) such as polycyclic aromatic quinones have been found to
generate reactive oxygen species resulting in oxidative stress that can lead to allergic diseases,
and polycyclic aromatic ketones, quinones and anhydrides are well known mutagenic
compounds (Knechtteal., 2013). Similar to PAHs, ox AH compounds are emittadainly

from combustion processesnd they can also originate from heterogeneous reactions between
PAHs and ozone. In contrast to their parent PAHs, most of thé?Aks found in diesel
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particulde matter are directly toxic and mutagenidufant et al., 1996)Figure 3.5 (a-b)
presents the total gasnd particlephase oxygenated PAH emissions from all vehicle/fuel
combinations. The most abundant éH compounds in the exhaust for both phasesew
xanthone, Hluorenone, perinaphthenone, and anthraquinone. The compounds -of 1,4
naphthoquinone and anthrone were foahtigher concentratianin gasphase than in particle
phase Other oxyPAH compounds, such as 9dlilhydrobenzo(a)pyrené(8H)}one were
undetectable for both phases, or found at very low levels, such as those of benz(a)anthracene
7,12dione, 9anthraaldehyde, and acenaphthenequinone. It is noteworthy that although
acenaphthenequinone was undetectable for thehmse, it was found ithe particlephase for
some fuels fosome vehiclesbut not forothers Generally, total ox}PAH emissions were seen

in higher concentrations in the gplsase than the partiefghase suggesting that most of these
compounds, which were light molecu\aright, threemembered ring PAHSs, existed in the gas
phase.
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Figure 3-25 (a-b): Total gas (a) and particlgphasgb) oxygenated PAH emissions for all
vehicle/fuel combinations over the FTP

The influence of biodiesel type and source material on individual BPémpounds wre not
particularly strongAlthough some trends were seen for higher emissions for certain digtht

heavier PAH species with the use of biodiesel, these phenomena were not consistent throughout
the fleet. It is interesting to note that some biodiesel blends showed upward itresaae
oxygenated PAH species when comparsgicifically to CARB ULSD. Chrysane, a PAH
compound known for its carcinogenic and teratogenic properties, was found at higher
concentrations for the sdyased blend (Fed/SME)) compared to both ULSDs fdehicle #1,

Vehicle #7, and Vehicle #&ndhigher than CARB ULSD for Vehicle #&he concentrations of
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7,12dimethylbenz(a)anthracene, a probable human carcinogen, were also found at relatively
higher levels than other heavier partiplease PAHdor some vehicleswith the unsaturated
Fed/SMEZ20 blend leading to higher emissions ofZfdimethylbenz(a)anthracene compared to
both ULSDs but not necessarilyo the other biodiesel blend$ligher emissions for the
Fed/SME20 blend compared to the baseline ULSDs were also seen for benzo(b)fluoranthene,
benzo(k)fluoranthene, and benzo(a)pydor almost all vehicles tested’he first two PAH
compounds are probable carcinogens, while the latter is considered to be mutagenic and highly
carcinogenic. The use of some biodiesel blends also showed some increases in
benzo(ghi)perylenefor some vehiles which is toxic and a suspected carcinogen PAH
compound. It should be noted that partiplease benzo(ghi)perylene was found in relative high
concentrations among the heaviparticlephase PAH compounds, while it was almost
undetectable in the gguhase. It should also be noted that some methybstituted PAHs
(methylnapthalenes) found in the galsase showed increases for some biodiesel blends when
compared to both baseline diesel fuels. It appeared that tHeasey biodiesel blend and the
Fed/WCQ20 blend showed some of the most consistent increases iphgss methyl
substituted PAH emissions compared to both ULSDs.

The results of this program indicate that the higher PAH levels seen for some biodiesel blends
were no doubt due to theombuston processas therewere essentially no aromasian the
biodiesel portion of theaunburned fuelblend Previous studies have shown that the use of
unsaturated biodiesel fuels, especially methyl esters obtained from soybean oil, are susceptible to
PAH formation and can even led to comparable or higher PAH emissions than regular ULSD
(Karavalakis et al. 2010b; Karavalakis et al., 2011a; Ratcliff et al., 2010). Unsaturated
compounds react thermally, above 25@00 °C, via the Diel#\lder reaction to dimerizer
trimerize to form sixmember rings (cyclohexanes). The dehydrogenation of these cyclohexanes
produces single ring aromatic compounds, which react further, leading to PAH formation.
Alternatively, gaseous olefinic fragments (e.g., acetylene, propaaggl,1,3butadiene) from
pyrolysis of unsaturated methyl esters may react further to form aromatics. Therefore, it seems
reasonable to speculate that pyrolysis of the unsaturatedasegl blend occurring within the
diffusion flame of the diesel engine mhgve produced these aromatic structures. In the case of
the renewable diesel blend, the lower or small differentiations in both totahgdsarticle

phase PAH emissions could be a consequence of the absence of aromatics compounds in the
HVO fuel compard to bothreferencdJLSDs.

Nitrated polycyclic aromatic hydrocarbons (n#t@Hs) can be either directly produced from
combustion sources by electrophilic aromatic substitution reactions between nitrating agents
such as nitrogen dioxide (NY) and the peent PAHs, or formed from their parent PAHs by
atmospheric OH or N©radical initiatedreactions (Miet et al., 2009Nitration of PAHs also
occurs duringthe catalytic reactions of theexhaust gas in the DPEnd during sampling and
cleanup. The latter twvwould be considered as unwanted artifacts. In the DPF, PAH nitration
reactions with N@ nitrous acid (HN®), and nitric acid (HN@ can occur as declining
temperatures lead to aerosol formation and adsorption ontgHekb et al., 2008). Most studies
have reported that emissions of nHRAH compounds from diesel engines/vehicles are typically

at least an order of magnitude lower than rates for PAH emissions (Bagley et al., 1998; Ratcliff
et al., 2010; Karavalakis et al., 2011b; Hu et al., 2013). Howevany nitrePAHs are highly
mutagenic, genotoxic, and carcinogenic (Durant et al., 199@ptal of thirty six nitro-PAH
compounds in both gasnd particlephase were analyzed fromnitronaphthalene through 3
nitrobenzo[e]pyrene. Gagshase and particlphase nitrePAH values for all vehicle/fuel
combinations along with their standard deviations are preseniablaD17 throughTable [82

(see AppendixD). Figures 3.26 and 3.2%how the total gasand particlephase nitrePAH
emissions, expressea mgmile, for all vehicle/fuecombinations.
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Figure 3-26: Total gasphase nitrePAH emissions for all vehicle/fuel combinations over the
FTP
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Figure 3-27: Total particlephase nitrePAH emissions for all vehicle/fuel combinations over the
FTP

The results showhat the gagphase nitrePAHs are more abundant than partiglease nitre
PAHs, with light weight molecular compounds, such a%-nitronaphthalene and methyl
substitutel nitronaphthalenes, being dominaint the exhaust Specifically, the predominant
species in the ggshase for allkeight vehicles were -hitronaphthalene, -Bitronaphthalenel-
methyt5-nitronaphthalene 2-methyt4-nitronaphthalene 1-methyt4-nitronaphthalene, -1
methyt6-nitronaphthalene9-nitroanthracenel,3-dinitronaphthalene, -@itrophenanthrene, and
3-nitrophenanthrene.Higher moleculamweight nitrePAHs, such as dinitropyrenes,- 7
nitrobenz(a)anthracene, andnitrobenzole]pyrene, were below the detection limit of the
method. In addition to the above species)itiopyrene a compound that usuallyartitions
exclusively in the partickphase was detectedn the gagphasefor Vehicle #4, Vehicle #5,
Vehicle #6 and Vehicle #7, but not for the other test vehidlbe relativéy high concentrations
of 3-nitrophenanthrenéhat were observed for Vehicle #1, Vehicle #2, and VehiclegBld be
attributed to the selective nitration of pherreamte.

The most abundant nitl®AH compounds in the particfghase weré,3-dinitronaphthalengl,8
dinitronaphthalene9-nitrophenanthrene3-nitrophenanthrenel-nitropyrene 1,6-dinitropyrene

and 4-nitrobipheny! Light molecular weight nitr®’AHs, induding 1-nitronaphthalene 2-
nitronaphthaleneand 9-nitroanthracenewere also found in the exhaust, which indicates that
these compounds partitioned in bdtie vapor and particle phaseBhe Xnitropyrene has been
used as marker of diesel exhaust and it precursor for 1;3 1,6 and 1,8dinitropyrenes.
However, the dinitropyrenes were not detedtrdnost ofthe test vehicles in this programith
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the exception ol,6-dinitropyreng whichwas presenfor Vehicle #6andVehicle #7.Analogous
to the @sphase nitrePAHs, heavier partickphase nitrePAH species were found to be below
the detection limits.

The use of biodiesel blends and the renewable diesel blend produced discordant results for gas
and particlephase nitrePAH emissions, with both areases and decreas€Xmparingthe
reference ULSDsthe CARB ULSD showed a trend towards lower total gasl particlephase
nitro-PAH emissions compared to Federal ULSEor this study, statistical analysis was
performed on some selected nPdH speces that were found in relatively high concentrations

for all vehicle/fuel combinations. For the ¢alsase, statistical analysis was run ofr
nitronaphthalene2-nitronaphthaleneand 2-methyt4-nitronaphthaleneFor the particleohase,
statistical analysisvas run onl,3-dinitronaphthalenend 1-nitropyrene Statistical analysis did

not show any strong fuel effects for most niBAH compounds except for the galsasel-
nitronaphthaleneFor 1-nitronaphthaleneemissions, CARB ULSD and CARB/WGEZD blend
showed marginally statistically significant decreases of 87% and 89%, respectively, compared to
FederalULSD.
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3.100rganic and Elemental Carbon Emissions

Organic carbon (OC) emissions are shown in Figurg fd2the main FTP portion of the testing
progam. Although elemental carbon (EC) emissions were also measured for these tests, the EC
emissions were near zero for the FTP testing, so the EC results are not included in the figure. The
observation that the carbonaceous portion of thecBMains veryittle EC is consistent with

other studies of vehicles equipped with DPFs. Cheung et al. (2009) tested diesel passenger cars
with different exhaust configurations, including a DOC and DPF on regular ULSD and-on soy
based biodiesel over the NEDC and the #Aitecycles. They found that a DRFEed vehicle
significantly reduced EC/OC emissions, while a biodi#geled vehicle emitted predominantly

OC emissions. Similar trends were reported from Kooter et al. (2011), showing approximately a
90% reduction in t EC fraction of pure biodiesel compared to regular ULSD. They also
reported that with the application of a DPF, EC fraction was near zero compared to regular
ULSD. Theresults reported here for the OC emissions did not show any statistically significant
fuel effects for the vehicle fleet as a whole.
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Figure 3-28: Organic Carbon (OC) emissions over the FTP
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3.11 Ammonia Emissions

Ammonia NH3) emissions for theestvehiclesare provided in Figure 32 Measureable Nk
emissions wer@redominantlyseen for Vehicle #1, which had average emissions ranging from
5.5 to I7.5 mg/mi, and Vehicle #2, which had average emissions ranging from 5.1 to 7.8 mg/mi.
The NH3; measurementariability for Vehicle #1lappeared to be due tperational differences

from test to test with respect to the SCR syst8pecifically, in some tests NHmissions were
readily apparent and showed distinct trends, as shown below, while for other testssthe NH
emissons were near the background levels. Vehicle #3 showed lower, but generally measureable
NH3 emissions ranging from 0.9 to 2.5 mg/mi. The MNdhissions for Vehicke#4 through #8

were near the background levels for most oftdst matrix pointstheir average NH emissions
wereless than 1 mg/miOverall, there were no consistent trends in;Nkhissions between the
reference ULSDsand the biodiesel fuels for the fleet of eight vehicle$i; spikes were
observed for a few tests even for vehicles where tHe é\inissions were near zero, namely for
Vehicle # with the Fed/AFME20, Vehicle #7 with the Fed/SMED, and Vehicle #8 with the
Fed/SMEZ20. These spikes appear to be isolated instances 98N predominantly in bag 3,

as opposed to actual fuel effects should be noted that data are not available for some test
matrix points for Vehicle #4 and Vehicle #5, and one point for Vehicle #6, but it is assumed that
these data points would be similarly near the background levels for these vehicles.
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Figure 3-29: NH3 emissions over the FTP
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The realtime traces of Nhklversus NQ emissions over the FTP cycle give some insigtd
their formation mechanissnFor comparison purposes, réiahe NH; versus NQ emissions are
provided for two fuels, namely Federal ULSD and Fed/WXDblend,on Vehicles #1 and #2,
which showed the@reatestNH3; emissions These fuels were selected as representafivbe
fuels tested duringhe course of thisrpgram Figure 3.30 (a-b) through Figure3.31 (a-b)
presentshe realtime NH; versus NQ emissions, expressed ppm, over the FTP cycle for
Vehicle #1and Vehicle #2 It is clear that foVehicle #1 NO, concentrations were hight
during the cold-start,with almost negligible Nklconcentrations at the same time. A substantial
reduction in NQ emissionswas seerafter approximately the first 300 seconds of the cycle,
alongwith a subsequent increase in Neinissions. This phenomenon was observed for theth
Federal ULSD and the biodiesel blemihile the tests shown in the re@he plots forVehicle

#1 showed higher levels of Nfithere were also tests folehicle #1where the NH emissions
were near the background level, as noted abBeeVehicle #2 elevated N@ emissions were
alsoseen for both fuels during the cedtart phase of the FTP, with N@missionsdeclining
significantly after the first 300 seconds of the cycle. Emissions of fdHVehicle #2 however,
were at very low concentratiorthroughout the entire cycle and were very close to the
background level.

The functioning of an SCHependson the catalyst material, urea dosing strategy, temperature,
and physical system layout. A certain minimum exhaust temperature is retprir8€R to
promote hydrolysis of urea into NHwhich then reduces NOnto elemental nitrogen () and
water (HO). As a result, SCR function depends on driving conditions to the extent that they
affect exhaust temperature and urea dosing strategy. Under the pessennditions, the higher
NOx emissions under colgtart could be attributed to the insufficient exhaust temperature for
urea hydrolysis and optimum catalyst activity, as the SCR catalyst was below iteflight
temperature. During phase 2 and phasé tB® FTP, NQ emissions were reduced to very low
concentrations, showing that SCR was effective in controllings M@en the exhaust
temperatures were sufficiently high. Other chassis dynamometer studies have also reported
elevated NQ emissions during cdistarts, with the bulk of these studies being carried out in
heavyduty diesel vehicles equipped with SCR control technology (Williams et al., 2010; Misra
et al., 2013).
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Figure 3-31 (a-b): Realtime NH; versus NQemissions for Federal ULSD (a) and Fed/WCO
20 blend (b) over the FTP féfehicle #2

3.12 Nitrogenous Compounds

Nitrogenouscompounds, including nitr oxide (NO), nitrogen dioxide (N£), and nitrousoxide
(N20O), were only measured during the second phase of the AVBLprogram andimited to
Vehicle #4 through Vehicle #NO, NO,, and NO emissionsas well as the NO:N£ratio are
shown inFigures 332, 3.33, 3.34, and 335, respectively. For NO ens®ns, no statistically
significant fuel effects were seen for the five vehicles testdé lightduty diesel trucks,
Vehicle #5 and Vehicle #6, generally showed higher NO emissions tbasthér test vehicles,
and theirNO levels followed a trend similao their NQ emission levels. N@is a highly
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reactive gas contributing to the formation of grolexkel ozone and fine particle pollution, and

is linked to adverse health effects. Némnissions were higher than those of NO for Vehicle #4,
Vehicle #7, ad Vehicle #8, as seen in Figure 3.31 and in comparing Figure 3.30 and Figure
3.31. Similar to NO, N@emissions did not show statistically significant fuel effects for the five
vehicles tested. However, some trends towards lowerdd@issions for the biotl blends were

seen for Vehicle #6 and Vehicle #7. There were also no statistically significant fuel effects for
the NO:NQ ratio.

N2O is considered an importa@®HG emission component, as it is considerably more pdtamt
CO,. N,O emissions varied frorf.01to 0.02 g/mle for Vehicle #4 and Vehicle #6 through
Vehicle #8, while Vehicle #5 showed highesONemissions ranging from 0.03 to 0.07 démi
N>O emissions did not show consistent fuel trends over Vehicle #4 through Vehicléig8.
observation isalso supported by the statistical analyses, which shawétk of significant
effects among the test fuels.L.ower N,O emissons were found for the Fed/SI2& and
Fed/AFME20 fuels for Vehicle #5. The Fed/HV2D showed higher emissions for Vehicle #7
and laver emissions for Vehicle #8. Vehicle #6 showed higher emissmnBederal ULSD
compared to the other fuels.
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Figure 3-32 NO emissions for Vehicle #¢ehicle #8 over the FTP
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Figure 3-33: NO, emissions for Vehicle #¥ehicle #8 over the FTP
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3.13 Regeneration Testing Results

The regeneration of the DPF is of particularieg¢ because it requires a diesel engine to operate

in very different regimes with different control requirements than normal operation. The
regeneration event typically requires temperatures greater than 550°C across the DPF. The need
for regeneration ifriggered by an increased pressure drop across the DPF, which is indicative of
soot |l oading, but the timing of the actual re
driving pattern. Generally, the regeneration is initiated under high speeddronditions, since
temperatures are already higher. The high exhaust temperatures required for the regeneration are
created by retarding the main fuel injection and introducing aipjestion of fuel in the exhaust
manifold before to the DPF. Thermbination of main injection retard and pasjgection can be

used to increase exhaust temperatures without introducing additional torque. Changing the
injection parameters leads to increased DOC inlet temperatures directly which may cause a
significant ingease in HC, which reacts over the DOC to provide additional heat to the DPF
(Campbell et al., 2006; Beatrice et al., 2012).

Regeneration emissions testing was conducted on Vehicle #1 and Vehicle #3 on the Federal

ULSD and the Fed/SMR0 blend over the HRET cycle. For each fuel/vehicle combination,
two DPF regeneration emission tests were performed over the HWFET, while a single run was
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performed on each vehicle on Federal ULSD over the HWFET to provide baseline
measurements for comparison purposes. dukhbe noted that nBDPF regeneration occurred
during the baseline testing over the HWFET for any vehicle. For Vehicle #1, Dirée
regeneration emissions measurements were made on the Fed(EMé&nd as a result of CPC
malfunctions during the firsDPF regeneration test. All th®PF regeneration events had
different characteristics; much of this variability was due to the duration @iRReegeneration

events, since the same protocol was used for all vehicles/fuels combinations. For Vehicle #1, the
first regeneration event on the Federal ULSD lasted approximately 17 minutes and the second
event lasted 11 minutes. For Vehicle #1 on the biodiesel blend, the first regeneration event lasted
about 16 minutes, the second event lasted 22 minutes, and thewvéint lasted 16 minutes. For
Vehicle #3, the first regeneration event on Heeleral ULSD lasted 12 minutes and the second
event lasted 9 minutes; For Vehicle #3 on the biodiesel blend, the first regeneration event lasted
about 11 minutes and the secawént lasted 7 minutes.

Figure3.36 (a-b) and Figure 37 (a-b) show the regulated emissions and,@dissions and fuel
economy for Vehicle #1 and Vehicle #3, respectively, duringtRE regeneration events over

the HWFET. For Vehicle #1, the regulatedissions for both fuels during tl#PF regeneration
events were significantly higher than for the baseline HWFET measurement. The use of
biodiesel resulted in marked increases in THC,,GHd NMHC emissions compared to Federal
ULSD. CO, NQ and CQ emissons duringDPF regenerations were comparable between fuels
within the experimental variability. As expected, fuel economy was lower for both fuels during
DPF regeneration; the biodiesel blend exhibited slightly higher fuel economy compared to
Federal ULSDFor Vehicle #3, the application of biodiesel blends led to marked increases in
THC, NMHC, CO, NQ, and CQ emissions compared to Federal ULSD. It should be
emphasized that N@missions for Vehicle #3 were approximately three times higher than those
seenfor Vehicle #1. This result was unexpected since B@issions were at the same levels for
both vehicles during normal FTP operation. Similarly, fuel economy was lower for both fuels
during the regeneration testing; the biodiesel blend showed lower forebregy compared to
Federal ULSD. It is worth noting that the higher L£émissions for both vehicles could be
explained by the higher temperatures of the exhaust gas duringQPReegeneration, thus
increasing oxidation of higher hydrocarbons on the oxadatatalyst. This could lead to an
increased percentage of ¢Hvhich is more difficult to oxidize. For Vehicle #1, most of the
THC was found to be CHAIso, the higher tailpipe CO emissions durdBF regeneratiosfor

both vehicles are associated withrgal oxidation of carbon to CO rather than to COhe
higher THC and CO emissions for the biodiesel blend during the regeneration process might
indicate poorer combustion efficiency relative to Federal ULSD.
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Figure 3-36 (a-b): Regulated emissions fdtehicle #1(a) andVehicle #3(b) during
regeneration emissions testing over the HWFET
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Figure 3-37 (a-b): CO, emissions and fuel economy f@ehicle #1(a) andVehicle #3(b)
during regeneration emissions testing over the HWFET

Figure 338 presents the PM mass emissions for both vehiclesmglihe DPF regeneration

events. For comparison, the baseline HWFET measurement on Federal ULSD is included. No
Teflon® filters were collected during the baseline HWFET cycle for Vehicle #1. Based on the
PM mass results obtained from Vehicle #3 testimgh Buels led to significant increases in PM
emissions compared to the baseline test. Also, PM mass emissions were considerably higher for
both fuels during the regeneration emissions testing compared to the FTP PM mass emissions for
both vehicles. The usef soybased biodiesel blend for Vehicle #8sulted in a statistically
significant 40% PM mass reduction compared to Federal ULSD. The reductions in PM mass
emissions for the biodiesel blend could be due to the presence of oxygen content and the absence
of aromatics compounds in the methyl ester.
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Figure 3-38 PM mass emissions during regeneration emissions testing over the HWFET

Total particle number emissions are showrFigure 339. Overall, particle number emissions
were significantly higher for both fuels during the regeneration events than the baseline HWFET
testing, with particle number emissions for the biodiesel blen¥dbicle #1being higher than

those ofVehicle #3 For Vehicle #1 the use of biodiesel resulted in a marked increase in particle
number emissions compared to Federal ULSD. This increasenwtag order of 390% and was

also statistically significant. Fdrehicle #2 a decrease of 28% in particle numberissions was
observed for the biodiesel blend comparedréaleral ULSD. Overall, total particle number
emissions during regeneration testing were several orders of magnitude higher compared to those
emitted during standard FTP operation. This observasoin iqualitative agreement with the
findings from Giechaskiel et al. (2007), Bikas and Zervas (20DWyer et al., (201 and
Mamakos et al. (2013). The elevat®tal particle population could be attributed to the formation

of volatile nanoparticles during DPF regeneration. These volatile particles were generally found
to peak at approximately X0n (mobility diameter) and have been associated to the formdtion o
sulfates (Bergmann et al., 200#nother factor that may have contributed to the increased
particle number emissions during regeneration testing is treduced efficiency of DPF filtration
caused by oxidation (and thus removal) of accumulated soot, wikfilters airborne particles
(Konstantopoulos et al., 2007).
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Figure 3-39: Particle number emissions during regeneration emissions testing over the HWFET

Figure 340 (ab) shows the black carbon concentrations fdehicle #1 during the DPF
regeneration event. 't should be mentioned th
the regeneration emissions testingVahicle #3 so no black carbon emissions are available for

this vehicle. However, redime soot emission measurements were mad¥édbicle #3using an

AVL MSS instrument. ForVehicle #1 black carbon concentrations were foutm be
significantly higher during the regeneration emissions testing, with the biotiesel showing

an increase in black carbon emissions of 42% compared to Federal ULSD. This increase in black
carbon emissions for the biodiesel blend was in line with the increase observed for the total
particle number emissions compared to Federal ULSDVEhicle #3 reattime soot emissions

were higher for both fuels during the regeneration testing compared to the baseline Nesting.
significant differences were seen between the fdetsng regeneratiarin addition, comparing

the two instruments togeer, it was seen thabst and black carbon emission factors correlated
well. However, a closer analysi$ reattime soot and black carbon results showed the opposite
phenomenonwhich could be ascribed to the different techniquss=d bythe AVL MSS andhe

MAAP instruments.
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Figure 3-40 (a-b): Black carbon concentrations faehicle #1(a) and reatime soot emissions
for Vehicle #3(b) duringregeneration emissions testing over the HWFET

Particle size distributions ashown in Figure 3.1 (a-c). It should be mentioned that particle size
distributions measurements were not made/kinicle #1on Federal ULSD during regeneration
testing, as theEEPS was not available at that time. The displayed data show that during
regeneration events, a substantial nucleation mode was apparent. Diesel engine nucleation mode
particles likely consist of water, sulfate, and/or volatile hydrocarbons, and itlikwvesin that

dilution ratio, temperature and residence time have profound effects upon the rate of nucleation
of these species and hence upon the size and concentration of nucleation mode particles
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(Campbell et al., 2006). For this study, these particlag nave formed from sulfate nuclei with
condensed hydrocarbonBrobable sources of sulfates are sulfur adsorbed on the soot, sulfur
trapped in the DPF, and sulfur in the aftertreatment devices. More specifically, a possible
explanation for nucleation mogbarticles found in the tailpipe might be the ability of the DPF to
store sulfur compounds that can be released and oxidizedstd,S0, during regeneration due

to the increased temperature (Bergmann et al., 2009). Moreover, sulfur from the fuel (mainly
from Federal ULSD) that is injected into the catalyst to heat the DPF may play an important role.

For Vehicle #3 nucleation mode particle concentrations were found to be many orders of
magnitude higher than those \8&hicle #1 a resultinconsistent witlthe lower particle number
emissions observed for théehicle #3relative toVehicle #1 It is possible that DPF loading for
Vehicle #3tests was higher, although the regeneration event foveéhéele #3was shorter in
duration than folehicle #1 For a lgher DPF loading more sulfur (e.dgrom lubricant olil) is
accumulated, which in turn leads to a formation of nucleation particles during regeneration. It
should be also emphasized that the use of biodiesel had no effect on particle size distributions for
Vehicle #3
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Figure 3-41 (a-c): Particle size distributions farehicle #1(a) andVehicle #3(b, ¢) during
regereration emissions testing over the HWFET

Emissions of carbonyl compounds for both vehicles during regeneration emissions testing over
the HWFET are showin Figure 342 (a-c). For both vehicles, the most abundant carbonyl
compound in the exhaust during tmegeneration event was formaldehydellowed by
acetaldehyde. Fovehicle #1 heavier carbonyls were also present in the exhaust, but in lesser
amounts, with propionaldehyde, butyraldehyde, benzaldehyde, and hexanaldehyde being
detected mainly during regeration events, but not the baseline HWFET testing. The
application of biodiesel showed increases of 92% and 372%, respectively, for formaldehyde and
acetaldehyde emissions compared to Federal ULSD, although these differences were not
statistically sgnificant. ForVehicle #3 some heavier carbonyl compounds, including those of
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propionaldehyde, crotonaldehyde, butyraldehyde, and benzaldehyde, were detected in the
exhaust during regeneration testing, but in very low concentrations. It is worth nading th
heavier carbonyls for th¥ehicle #3were found at considerably higher levels than those of
Vehicle #1 while formaldehyde and acetaldehyde were at comparable levels. Similanite

#1 regeneration emissions testing, the use of biodiesel resultethanked increases in
formaldehyde (389%) and acetaldehyde (767%) emissions compared to Federal ULSD, with the
increase in formaldehyde emissions being statistically significant. The increases in carbonyl
emissions with biodiesel relative to Federal ULSDimiy regeneration testing can be confirmed

by the total carbonyl emissions results, as shown in Figd@e.3Total carbonyls appeared in
higher concentratiaduring regeneration testing compared to baseline testing for both vehicles,
with the soybased hodiesel resulting in marked increases in tatatbonyl emissions. For
Vehicle #3 the biodiesel blend showedl staistically significant increasef 313% in total
carbonyl emissions compared to Federal ULSD.

In general, the increase in carbonyl emissiamh the biodiesel blend could be due to the
oxygen content in the ester molecule, which can promote the formation of aldehydes during
combustion (Correa and Arbilla, 2008)uring DPF regeneration, the DPF effectively oxidized
most carbonyl compounds WWithe notable exception of formaldehyde. During the regeneration
events, theravasa significant increase in THC in the exhaust due to the fuel injection, which
promotes reactions over the DOC to provide additional heat to the DPF. It is readonable
assune that some THC escap#dm the DOC/DPF system, as the aftertreatment may not have
sufficient capacity to fully oxidize the additional THC during the regeneration event. This
observation is also in line with the THC results shawrFigure 334 (ab). It is therefore
possible that some heavier hydrocarbon species, including higher mol\weigat aldehydes,

were related to hydrocarbons that did not fully oxidize in the aftertreatment system. In the case
of formaldehyde, it is possible that the highenfatdehyde emission concentrations were due to
different formation pathways, since formaldehyde is an intermediate oxidation product from
other aldehydes and hydrocarbons within the DPF. In addition, formaldehyde is an intermediate
step in the oxidation oethane under high temperature conditions and across the DOC; thus,
the high concentrations observed for methane emissions duriPtheegeneration events for

both vehicles may have contributexdhe formation of formaldehyde emissions.
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Figure 3-42 (a-c): Individual carbonyl emissions f&fehicle #1(a) andVehicle #3(b) and total
carbonyl emissions for botteficles (c) during regeneration emissions testing over the HWFET

Figure 3.43 shows the total ggshase PAH emissions for the two vehicthsing the DPF
regeneratiorevents.TableD33 (see AppendiD) lists the individual gaphase PAH compounds
for both \ehicles/fuels combinations over the HWFET. For both vehicles, the aromatic
compounds, & biphenyls and the {g methylbiphenyls (Znethylbiphenyl, 3methylbiphenyl,
and 4methylbiphenyl) were by far the most predominant species in thphgae followed by
naphthalene, methyland ethylnaphthalenes, fluorenefl@renone, phenanthrene, xanthone,
fluoranthene, and pyrene. Compounds with higher molecular weights were dbuad; low
levels, or were below the detection limits. Total -ghase PAH emission®r Federal ULSD
were comparablbetween theegeneratiorandbaseline testing. The use of biodiesel resulted in
an increase of 55% in total gphase PAH emissions compared to Fedetz8MJfor Vehicle #3
although these differences were not statisticsitiyificant. ForVehicle #1 the gagphase PAHs
were comparable within the experimental variability for the Federal ULSD and tHeasey
biodiesel.

The use of soypased biodiesel blend led to sharp increases in mogphgae PAH species

during regenation emissions testing compared to FederaSW. Although this observation
holds true for both wvehicl es-phaseliPAHsemissioesdfal i s n ¢
Vehicle #1 This wasbecausgwhile lighter gagphase PAHs were dominant for thediesel

blend, he biphenyls and methylbiphenydmpounds were the dominant gasase PAHs for the

Federal ULSD, andhey dictated the total ggashase PAH distribution for the Federal ULSD.
Specifically, the use of biodiesel led to marked increases hplgase naphthalene, methghd
ethylnaphthalenes, acenaphthene, fluorene, and methylfluorenes. In most cases, these compounds
were found in significantly higher concentrations during the regeneration emissions testing
compared to the baseline HWFET tegtifrorVehicle #1 theemissions for théiodiesel blend

were higher in phenanthrene, methylphenanthrenes, anthracene, anthraquinone, and
fluoranthene.This phenomenon was not observed for Vehicle #3, where levels of these
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compounds were lower with the kiesel blend than Federal ULSD during regeneration
emissions testing.

40000 — -
Total Gas-Phase PAHs

3599 7 | NENEEE Baseline HWFET
o B Fed ULSD
E 30000 | | N Fed/SME-20
—
O
c
¢ 25000 —
c
Ig
n
N 20000 —
£
o
L 15000
<
o
S 10000
o
=

5000

0 |

Vehicle #1 Vehicle #3

Figure 3-43 Total gasphase PAH emissions during regeneration emissions testing over the
HWFET cycle

Althowgh the gagphase PAHs dominate the overall emissions of PAHSs, the pgrtielee PAHS
include mostof the probable human carcinogenic compouii@danstronget al., 2004 Figure

344 shows the total particlphase PAH emissions for both vehicles during megation
emissions testing over thdWFET. TableD34 (see AppendidD) lists the individual gaphase

PAHs during the regeneration emissions testing and baseline testing for both vehicles on the
Federal ULSD and Fed/SMED. The PAHs withthree or fourrings were the predominant
species in the particlghase for both vehicles during regeneration testing, including
phenanthrene, methylphenanthrenes, dimethylphenanthrenes, fluoranthene, pyrene, and 4
methylpyrene. Some oxygenated PAHs were also found in thausixhn relatively high
concentrations, including-Buorenone, xanthone, and anthraquinone. Lighter PAHs twith

rings were also detected in the partiplease in considerable concentrations. Naphthalene,
methyt and ethylnaphthalenes, dimethylnaphthetrand trimethylnaphthalenes dominated the

low molecularweight particlephase PAH distribution. The contribution BAHSs with five or

more ringsfrom the vehicles during the regeneration emissions testing in the patiase
distribution was also notély with benzo(ghi)fluoranthene, benz(a)anthracene, chrysene, 7,12
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dimethylbenz(a)anthracene, benzo(b)fluoranthene, and benzo(e)pyrene showirgst high
concentrations for both Federal ULSD and Fed/SA0blend.

As shown inFigure 344, total particlephase PAHs for both vehicles exhibited increases
compared to the baseline testing, in contrast to thelgase PAH results. FMehicle #1 total
particlephase PAHs showed a 53% reduction for the biodiesel blend compaiteelféaleral
ULSD, with this diffeence not being statistically significant. Réehicle #3 thefuel differences
were within the experimental variability of the datdnlike the gagphase PAHSs, the particle
phase species demonstrated lower oxidation rates in the DOC/DPF system for Holés ve
during regeneration testing compared to baseline testing.

The individual particlgphase PAH distribution folVehicle #1 showed that phenanthrene,
methylphenanthrenes, benzo(ghi)fluoranthene, benz(a)anthracene, chrysene,
benzo(b)fluoranthene, anahizo(e)pyrene were the PAH species found at higher levels for the
biodiesel blend than Federal ULSD during regeneration testingVEbicle #3 most PAH
species with 3! rings showed higher concentrations with biodiesel compared to Federal ULSD,
including phenanthrene, anthracene, fluoranthene, pyrene, methylpyrenes, and
methylphenanthrenes. Heavier PAHs and some oxygenated compounds showed increases with
the use of biodiesel blend during regeneration testing, including benzonaphthothiophene,
benzo(ghi)floranthene, benz(a)anthracene, chrysene, benzanthrone, benz(a)anthfzene
dione, benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene,
benzo(a)pyrene, indeno[l28l|pyrene, benzo(ghi)perylene, triphenylene, and coronene.
Interestingly, these high moleculareight PAHs were also found in higher concentrations than

in the baseline testing f&fehicle #3 For Vehicle #3, the use of biodiesel also increased the light
2-ring PAH species, such as naphthalene and methylnaphthalelaése to Federal ULSD. For
Vehicle #3, it is possible that the oxygenate fraction in the fuel and the absence of aromatics did
not play a significant role in reducing PAH emissions. It is also possible that the influence of
biodiesel source material (gieee of unsaturation) under high combustion temperatures
contributed to PAH formation during regeneration testing. Overall, these results indicate that part
of the PAHs found may not have come from the engine. They may instead have originated from
excess el or hydrocarbons injected prior to the DPF during regeneration, via either combustion
of excess hydrocarbons or incomplete oxidation in the DOC/DPF, even at the higher temperature
condition. Therefore, it is reasonable to hypothesize that the PAHsgeddumder regeneration
conditions are different from those produced from combustion in the engine, thus changing the
PAH emission profile.
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Figure 3-44: Total particlephase PAHemissions during regeneration emissions testing over the
HWFET cycle

Figure 345 shows the total gaghase nitrePAH emissions for both vehicles durifgPF
regeneration and baseline tteg over the HWFET.Table D35 (see AppendixD) lists the
individual casphase nitrePAH speces along with their correspondirgfandard deviations.
Similar to normal FTP testing, a total of 36 species of +##dis in gagphase were analyzed
during regeneration emissions testing. The most abundant species in {hieagasdr both
vehicles were -hitronaphthalene, -Bitronaphthalene, -inethyl6-nitronaphthalene, and-3
nitrophenanthrene. Heavier ntRAH species, including-titropyrene, weraearly below the
detection limit in the gaphase. Foiehicle #] total gagphasenitro-PAHs trended lower for

both fuels during regeneration testing compared to the baseline testing. This result generally
indicates higher conversion efficiencies of these species in the DPF during regeneration testing.
The use of biodiesedhoweda 54%r reduction in total gaphase nitrePAH emissions compared

to Federal ULSDbut this differencewas notstatistically significant. Fokehicle #3 total gas

phase nitrePAHs duringDPFregeneration trended higher than those of the baseline testing, but
not at a statistically significant level, while the large variability for the biodiesel blend made
comparisons with the Federal ULSD difficult.
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A more detailed analysis on the individual gdmse nitrePAHs suggests that the majority of

these species exhibd enhanced emissions during regeneration testing for both vehicles. In
particular, there were cases where certain species, suchmashyl6-nitronaphthalene, -4
nitrobiphenyl, and Sitroanthracene, were undetectable for the baseline testing but ribefor
regeneration testing. Most notably, these species showed an increase with the use of biodiesel
blend relative to Federal ULSD for both vehicles. DPFs can support nitration reactions, but they
can also catalyze nitBAH degradation through oxidation €eb et al., 2008; Carrara and
Niessner, 2011). During regeneration events, where typical temperatures across the DPF can
exceed 500°C, even larger PAHs may volatilize, leading tepgase reactions not observed at
ambient conditions. Vapor pressures df@PAHs are two to three orders of magnitude lower

than those of their parent PAHs, and their reactivities are assumed to be higher. Therefore, longer
residence times and higher conversion efficiencies are expected, unleg¥Ahisado form de

novo in tke DPF (Heeb et al., 2008; Heeb et al., 2010). Under the present test conditions, the
results indicated that most nitRAH species formed de novo in the DPFs during regeneration
testing.
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Figure 3-45: Total gasphase nitrePAH emissions during regeneration emissions testing over
the HWFET cycle
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Figure 346 displays the total particlphase nitrePAH emissions for both vehicles duribdPF
regeneration andbaseline testing over theWFET. Table D36 (see AppendixD) lists the
individual particlephase nitrePAH species.Total particlephase nitrePAHs were found in
considerably lower concentrations than the parptlase compounds; the emission levels of
Vehicle #3 were lower thamose from Vehicle #1. The predominant species for both vehicles in
the particlephase were-8itrophenanthrene,-ditrophenanthrene, I-@nitronaphthalene, and 1
nitropyrene. For both vehicles, partiggease nitrePAHs increased during regeneration tegti
compared to baseline testing. The parthase nitrePAHs were lower for the biodiesel than
Federal ULSD, but not at a statistically significant level given the experimental variability.
Federal ULSD and biodiesel showed comparable emissions, withiexperimental variability,

for Vehicle #3.

Similar to gasphase nitrePAHs, formation of partickphase species increased during
regeneration testing, suggesting that several of these compounds can be formed de novo in the
DPF via nitration reactions. p8cifically, the compounds of -ditrophenanthrene, -3
nitrophenanthrene, andritrophenanthrene, detected at very low levels in baseline testing but at
higher concentrations in regeneration testing, may have formed from a selective nitration of
phenanthrea in the DPF. In addition, the relatively high concentration-nitrbpyrene for both
vehicles during regeneration testing could be due to the higheN@ssions seen during the
regeneration events that would cause nitration of some of the availables,pjoeming %
nitropyrene.
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Figure 3-46. Total particlephase nitrePAH emissions during regeneration emissions testing
over the HWFET cycle

EC and OC emissions for regenerattesting are shown in Figu®47 (a-b). For Vehicle #3,

OC emissions increased by two to four tintkging DPFregeneration testing compared to
baseline testing. Baseline testing on Vehicle #3 showed very low EC emissions, similar to FTP
results. ThddPFregeneration results show that much higher levels of EC are formed Biring
regeneration than during typical operation. The EC emissions rates were roughly twice those of
corresponding OC emission rates for most combinations in the regeneration #siiC and

OC emissions did not show strong fuel trends for the regeneration testing for either vehicle.
Emissions for the Federal ULSD and the Fed/SREwvere comparable in most cases within the
experimental variability. Generally, for combustion, it xpected that the use of biodiesel would
decrease the EC fraction due to the oxygen content in the methyl ester atoms, which inhibits the
in-cylinder soot production both by disrupting the carbon chain development and by promoting
oxidation. OC emissions gend on the physicochemical properties of the fuel. Unburned
biodiesel is less volatile and hence more liable to nucleate and condense on smaller particles
when the exhaust gas sample is cooled down in the tailpipe, resulting in increased OC emissions
for biodiesel. As the vehicles do not show strong and consistent trends with respect to decreasing
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EC and increasing OC with biodiesel, it appears the OC/EC trends with the aftertreatment are
more complex than those related to basic combustion. Data fromoadtivehicles could
provide more insight in this area.
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Figure 3-47 (a-b): EC/OC emissions fovehicle #1(a) andVehicle #3(b) during regeeration
emission testing over the HWFET

Emissions of NH are presented fovehicle #1during the baseline HWFET testing on Federal
ULSD and theDPF regeneration testing on Federal ULSD and Fed/SME For better
representation of the resulthe realtime traces of NH and NOy emissions over the HWFET
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cycle are given to provide some insight on their formation mechanigmng the DPF
regeneration evenEigure 3.48 (a-c) andFigure 3.49 (a-b) showthe realtime NH; versus NQ
emissions, expressed in ppaver the HWFET cycle fowvehicle #1 For the baseline HWFET
testing, NH emissions remained at very low concentrations throughout the entire cycle, while
NOy, emissions showed some sharp peaks during the first 300 seconds of the cycle. Testing on
the HWFETcycl e was al wa-gsardtot,e talse av edhhioctl-1& was
minutes at a steady state speed e#1@5miles/hour followed by soak period odpproximately

15 minute prior to testing.

Figure 3.48 (b-c) presents the reéime NH; versus NQ emissions duringwo regeneration
emissions testwith the vehicle operated on Federal ULSD. For ke#ts it can be observed

thatthe DPF regeneration event stariat approximately the same tinadthough the duratioof

the regeneratiomwas somewhatifferent. Similar to the baseline HWFET testing, N€nissions
appeared to peak during the first 1500 seconds of the cycleshile NH; emissions were at

very low levelsprior to the start of theegeneration. During DPF regeneration, the opposite trend
was observed with elevated hEbncentrations and low levels of N@missionssuggesting that

the SCR system enabled significant N@nversion during DPF regeneratiofhis result
probably suggests that the operation of SCR is highly dependent on epgraérg conditions

when they affect the temperature of the aftertreatment system temperature and the exhaust, and
the urea dosing strategy. It is interesting to note that elevatedcditentrations (Nkislip)

were seen during DPF regeneration, althoughas expected that most of the Nfdrmed in

excess of the amount needed to suppress Bi@issions during regeneration would be
combusted due to the high temperature in the DPF (greater tha@)5b@gure 3.9 (a-b) shows

the realtime NH; versus NQ emissions during the regeneration emissions testing when the
vehicle was operated on Fed/SA2H blend. The Nkgland NQ emissions show similar behavior

for the Fed/SME20 blend to that seen for the Federal ULSD during regeneration, indicating that
emissionsdui ng regeneration are primarily a funct.i
show strong fuel trends.

It is noteworthy that for both fuels, NHoncentrations were seen at elevated levels during the
first stages of the DPF regeneration eventeMdO, emissions during this same period were at
almost negligible levels. It appeared that as the regeneration evolvedcadvidentrations
decreased somewhat along with corresponding increase jneNf¥sions. Spikes in NO
emissions were also seen atigas points throughout the regeneration, in some cases during
accelerations but in other cases during decelerations, indicating thaemiSsions during
regeneration were likely to be related to a combination of factors in the operation of the engine
andthe aftertreatment system.
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4. Summary

Currently, there is limited data on the emissions impacts of biofuels ordligydiesel vehicles
equipped with NQand PMemission control catalystaich as SCRnd DPFsThe University of
California, Rive si de 0 s Col | e gGentero for EBRvitompmental eResearah and
Technology (CECERT) and the Coordinating Research Council (CRC) have undertaken a
comprehensive studyaimed specifically at understanding the effects of different biodiesel
blends and enewable diesel blends on regulated and selected unregulated exhaust emissions
from modern technology ligiduty passenger cars and lighity trucks. The resulting study was
termed the OCRTbA@VELOGJgTr amvaschnducted inpptwolgasea. isireport
describes the analysis of the dataset collecteabth phasesof the AVFL-17b program.The

effort encompassed emissions testing on eight-tighy diesel vehicles with seven different
fuels over the Federal Test Procedure (FTP), includifrgleral and California diesel, affide
20vol% biodiesel and renewable diesel blends.

Test results for the fleet of eight vehicles are summarized below. They were tested for regulated
emissions, fuel economy, particles, and toxic compounds. Statistiadyses on selected
emission pollutants &re performed using the Mixed procedure in PC/SAS from SAS Institute,
Inc. For pollutants where the Mixed model showed that there were statistically significant
differences between test fuels for FTP weighted amsite or individual cycle phases, additional
pairwise comparisons were performed using a least significant difference test to determine the
specific fuel pairs that were statistically differemesults were classified as statistically
significant forp 00.05 and marginally statistically significant for 0.0p© 0 . 1 .

1 Overall, THC emissions showed trends of lower emissions with the use of some biodiesel
blends and CARB ULSD compared to Federal ULSD. The weighted THC emissions
showed statistically signdant differences between fuels, with  CARB ULSD and
CARB/WCO-20 blend showing decreases of 18% and 16%, respectively, compared to
Federal ULSD. Statistically significant increases in weighted THC emissidi¥efand
17%, respectively, were found for Fed/&\20 and Fed/WC&O0 blends compared to
CARB ULSD.

1 For the weighted NMHC emissions, CARB ULSD and Fed/H2@showed statistically
significant reductions of 28% and 24%, respectively, compared to Federal ULSD.
Compared to CARB ULSD, the blends of Fed/SIlEand Fed/WC&0 also showed
statistically significant increases in NMHC emissianfs48% and 4%, respectively.
Similar to THC emissions, the blends of Fed/AH2& Fed/WCGE20, and
CARB/WCO-20 showed statistically significant reductions compared to Fed/3ME

1 For the weighted CO emissions, the results revealed a statistically significant decrease of
31% and a marginally statistically significant decrease of 18% for CARB ULSD and
CARB/WCO-20, respectively, compared to Federal ULSD. Compared to CARB ULSD,
the blends ofFed/SME20, Fed/AFME20, Fed/WC®20, and Fed/HVE&0 showed
statistically significant increases CO emissions on the order of 52%, 22%, 40%, and
26%, respectively. The blends of Fed/AFMB and CARB/WCGER0O showed
statistically significant deeases in CO emissions on the order of 19% and 22%,
respectively, compared to Fed/SA2B, while a 17% decrease was also seen for
Fed/HVG-20 compared to Fed/SMED at a marginally statistically significant level.

1 No statistically significant fuel effects weeseemeitherfor weighted NQ nor NQ, from
any individual phase of the FTP. For the subset of vehicles where NO andvé©
measured, N@emissions were the predominanitrogen oxide species tfireevehicles,
while NO was the predominargpecies forthe othertwo vehicles NO, NG, and the
NO/NGQO; ratio did not show any statistically significant fuel effecibe lack of fuel
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trends for the nitrogen oxides is largely a result of the presence of the SCR, which
provides significant reductions that wouliely negate any biodiesel fuel effects on
these emission®N,O emissions did not show any statistically significant fuel effects for
the same subset of vehicles.

PM emission rates were below 3 mg/mi for all vehicles, ranging from approximately 0.18
to 265 mg/mi. PM mass emissions did not show any statistically significant differences
between the test fuels. OC represented the predominant portion of the carbonaceous PM,
with EC being azero or near zero levels for most vehicles. The lack of fuel tremdkd

PM, OC, and EC is largely a result of the presence of Bie Which provides significant
reductions that would likely negate any biodiesel fuel effects on these emissions.

An increasing trend in COemissions was observed with most of the biodiesnds
compared to the baseline Federal and CARB fuds.the weighted CQemissions, the
results showed statistically significant increases of 1.9% for Fed/3M&nd 2.3% for
Fed/WCQ20 compared to Federal ULSD and of 1.7% for FedN\ABDCcompared to
CARB ULSD. The blend of Fed/WGQ0 showed a statistically significant increase in
CO, emissions of 1.7% compared to Fed/AFH2&, whereas the blends of Fed/H\20

and CARB/WCQ20 showed statistically significant decreases of 2.5% and 1.7%,
respectively, compared to Fed/WCQO.

For the weighted fuel economy, the results showed some strong effects for the Federal
ULSD compared to CARB ULSD and the biofuel blends, thetCARB ULSD did not

show strong effects compared to biodiesel ble@asnpared to FederbILSD, weighted

fuel economy showed statistically significant decreases of 3.7%, 4.2%, 4.2%, 4.8%,
2.8%, and 5.7% for CARB ULSD, Fed/SMB, Fed/AFME20, Fed/WCQ®20,
Fed/HVG20, and CARB/WC&0. As expected, the CARB ULSD and the HVO blend
showed smaller fferences in fuel economy compared to the Federal UlSinpared

to Federal ULSD, the heating values for Fed/SRLE Fed/AFME20, Fed/WC@R20, and
CARB/WCO-20 were lower by2.4%, 2.5%, 2.6%, and 1.3%,respectively while the
heating values for CARB ULSD anded/HVG20 were higher by 1.2% an@dl8%,
respectively For CARB ULSD, the only statistically significant effect in weighted fuel
economy was observed for CARB/WED blend, which showed a reduction of 2.1%.
The blend of Fed/HVE0 showed a statisticallygnificant increase of 2.1% compared

to Fed/WCQ20, while CARB/WCG20 showed a statistically significant decrease of
3.0% compared to Fed/HVQO0.

Particle numbedid not show any statistically significant fuel differences. The majority
of particle numbeemissions were produced during cold start, during the first3R00
seconds of the cycle

Particle size distributiongvere bimodal for most of the vehicles, showing particles in
both the nucleation and accumulation modes, but some only showed unimodal
distributions. Differences in particle size distributions between fuels were variable and
not consistent from vehicle to vehicle.

Formaldehyde and acetaldehyde were the predominant carbemgounds, although
heavier carbonyl compounds were also identifi@dRB ULSD showed a statistically
significant decrease in formaldehyde emissions of 32% compared to Federal ULSD.
Compared to CARB ULSD, the blends of Fed/SIIE Fed/AFME20, and Fed/WCO

20 showed statistically significant increases in formaldehyde emsseio79%, 54%, and
75%, respectively. For acetaldehyde emissions, CARB ULSD showed a statistically
significant decrease of 39% compared to Federal ULSD, whereas Fe@EME
Fed/WCQ20, and Fed/HVE20 blends showed statistically significant increases &8,79
72%, and 60%, respectively, compared to CARB ULSD. A marginally statistically
significant increase of 53% for Fed/AFMID blend relative to CARB ULSD was also
observed
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1 Lower and medium moleculaveight compounds dominated tH®AHs measuredn the
exhaust for all vehicle/fuel combinations, suggesting that timskeculesvere pyrolyzed
from incomplete combustion of the fuel. Heavier PAHs were also found in the exhaust
but in lesser amounts, suggesting that with increasingntimgpber, PAHs were retained
more efficiently in the DPF/DOC systerotal gasphase PAH emissions were found in
significantly higher concentrations than their corresponded papicee PAHs. The
highest contributors to the gpbase PAHs were mainly the tweembered ring
compoundsand their ethyl and methylsubstitutes.The total PAH results for the
biodiesel and the renewable diesel bkedd not show clear trends, with some increases
and some decreases in total PAH emissions compared to the baseline &etl€tARB
ULSDs.

1 The @qsphase nitrePAHs were more abundant than partiphease nitrePAHs, with
light weight compounds, such as nitronaphthalenes and m®ibgtitute
nitronaphthalenes, being dominant. The predominant species for the gartske nitre
PAHs were the nitrghenanthrenes andritropyrene. The biodiesel and the renewable
diesel blend showed mixed results for gaand particlephase nitrePAH emissions, with
both increases and decreassstistically significant differences were only seen for-gas
phasel-nitronaphthalenemissions, withCARB ULSD and CARB/WCER0 showing
marginally statistically significarmeductionsof 87% and 89%, respectively, compared to
FederalULSD.

1 Measureable NElemissions were predominantly seen for Vehicle #1, which had average
emissions ranging from 5.5 t@.5 mg/mi, and Vehicle #2, which had average emissions
ranging from 5.1 to 7.8 mg/mlhe NH; emissions for Vehicles #4 through #8 were near
the background levels for most of the test matrix points, and generally had aMétage
emissions of less than 1 mg/mi. In general zighhissions did not show any strong trends
between theeferencdJLSDs and the biofuel blends for the fleet of eight vehicles.

1 Emissions during regeneration showed increases compared to the baselinayhighw
driving without regeneration. This tendency was seenMehicle #1and forVehicle #3
for the Fed/SME20 blend but not as much for the Federal ULSD. Increases in emissions
for some pollutants were seen for the biodiesel blend compared to the Fed8id] UL
including THC, CH, particle number, black carbon, and formaldehydeVienicle #1,
and THC, NMHC, CO, NQ CQO,, and formaldehyde fovehicle #3 It was noteworthy
that the use of biodiesel led to higher THC and CO emissions during the regeneration
process, which could be an indication of poorer combustion efficiency relative to Federal
ULSD. Particle size distributions during regeneration testing for both vehicles were
dominated by the production of nucleation mode particles with peaks at aroundid0 nm
diameter. For other pollutants, biodiesel showed reductions in emissions relative to the
Federal ULSD, including PAHs and gpbase nitrePAHs forVehicle #1 and PM mass
for Vehicle #3 Further analysis on the PAH results showed that biodiesel ndgative
influenced the formation of-8ng PAH species during regeneration testing relative to
Federal ULSD. It was also observed that certain nitrated species, which were practically
below detection limits during baseline testing, increased with biodiestVedia Federal
ULSD during regeneration testing, suggesting that these species formed de novo in the
DPF. The EC and OC emissions did not show strong fuel trends for the regeneration
testing for either of thewo vehiclestested with the emissions for éhFederal ULSD and
the Fed/SME20 being comparable in most cases within the experimental variability.
During DPF regeneration, the concentrations of Midre found at high levels (N+$lip)
for both the Federal ULSD and the Fed/SIIE while NQ emissionsvere found at low
concentrationssuggesting that the SCR system enabled significanf dDversion
during DPF regeneration
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Table A-1: Summary of statistical com

Appendix A

parisons for different fuels

Bag 1 Bag 2 | Bag 3 Weighted
NO LSM(g/mile)
AlB|]c|p|]E|]F]e]Aa]B]c]p|]E]F]aeg|]A]B]c]D|]E]F|]eg]Aa]B]c]D|]E]F]G
0.193] 0.219] 0.217] 0.211[ 0.219] 0.210[ 0.206] 0.016] 0.019] 0.015] 0.016] 0.014] 0.022] 0.017] 0.045] 0.049] 0.041] 0.044] 0.055] 0.047]0.049] 0.066| 0.075| 0.071] 0.070] 0.074] 0.073] 0.071
Statistical Analysis
NS | NS | NS NS
THC LSM(g/mile)
AlB]J]c|pbp|]E]F]eg]|]Aa[B|]c|DbD|]E]F[ea]Aa[B]Cc|D|]E|J]F]|]Gg]|]A]B]C|[D[]E]F]G
0.104 0.087 0.115 0.095 0.10d 0.097 0.094 0.01d 0.015 0.017 0.015 0.016 0.015 0.014 0.019 0.016 0.016 0.017 0.016 0.0180.017 0.04q 0.032 0.03¢ 0.034 0.038 0.035 0.033
Statistical Analysis
B 20% lower tharA
0,
(%Vmg B 18% lower than A
E 24 o higher than B B 18% lower than A G 16% lower than A
oNig G 23% lower than A NS C 19% higher than B
D 17% lower than C .
G 20% lower than C E 17% higher thaB
F 15% lower than C G 14% lower than C
G 18% lower than C SR
NMHC LSM(g/mile)
Al B] c] D E Fl c ]| A B C D E F | G A B c| D E FlGc] A B C D E F G
0.067|0.048 0.077] 0.058| 0.071] 0.055| 0.055| 0.004| 0.002| 0.002| 0.002| 0.002| 0.001 | 0.002| 0.004 | 0.003| 0.003| 0.003] 0.004| 0.002|0.003| 0.018] 0.013| 0.019] 0.014{ 0.019] 0.013] 0.014
Statistical Analysis
B 29% lower than A 0
F 18% lower than A B 28% lower than A
F 24% lower than A
G 18% lower than A
. G 20% lower than A
C 60% higher than B =
. C 48% higher than B
D 20% higher than B .
- E 49% higher than B
E 50% higher than B NS D 24% lower than C
D 25% lower than C F 47% lower than A ?
F 29% lower than C
F 28% lower than C
G 26% lower than C
G 29% lower than C -
- E 32% higher than C
E 24% higher than D .
E 32% higher than D
F 23% lower than E o
G 24%ower than E F 29% lower than E
G 26%ower than E
CH LSM(g/mile)
Al B] c] D E F] e | A B C D E F | G A B c| D E FlGc] A B C D E F G
0.037|0.038 0.036] 0.036| 0.035] 0.041] 0.037 0.015| 0.013] 0.014] 0.015] 0.014| 0.015| 0.013| 0.014 | 0.013| 0.013| 0.014] 0.012{ 0.016]0.013] 0.021] 0.021| 0.021] 0.021] 0.020| 0.023] 0.020
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Bag 1

Bag 2

Bag 3

Weighted

NS

G 13% lower than A

F 14% higher than B
G 13% lower than D
G 15% lower than F

F 22% higher than B
F 21% higher than C
F 27% higher than E
G 17% lower than F

F 15% higher than E

CcO LSM(g/mile)
A B C D E F G A B C D E F G A B C D E F G A B C D E F G
0.772|0.534| 0.815| 0.657| 0.753| 0.662| 0.631| 0.001| 0.001| 0.000| 0.001| 0.001| 0.001| 0.001| 0.003 | 0.002| 0.002| 0.002| 0.002| 0.003|0.002( 0.164| 0.114| 0.172| 0.139| 0.159| 0.144| 0.134
Statistical Analysis
B 31% lower than A B 31% lower than A
G 18% lower tan A G 18% lower than A
C 53% higher than B C 52% higher than B
D 23% higher than B NS NS D 22% higher than B
E 41% higher than B E 40% higher than B
F 24% higher than B F 26% tgher than B
D 19% lower than C D 19% lower than C
F 19% lower than C F 17% lower than C
G 23% lower than C G 22% lower than C
CcQ LSM(g/mile)
A B C D E F G A B C D E F G A B C D E F G A B C D E F G
529 | 531 | 533 | 528 | 538 | 523 | 525 | 452 | 456 | 462 | 457 | 464 | 453 | 458 | 421 | 422 | 430 | 423 | 431 | 420 | 423 | 460 | 462 | 469 | 463 | 470 | 459 | 462
Statistical Analysis
C1.9% higher than A
C 2.3% higher than A C 2.3% higher than A E1.7% higher than A
F 2.8% lower than E E 2.6% hi_gher than A E 2.4% higher than A E 2.3% higher than B
G 2.4% lower than E E 1.8% higher than B F 2.4% lower than C F 2.1% lower than C
' F 2.1% lower than C F 2.4% lower than E E 1.7% higher than D
F 2.4% lower than E F 2.5% lower than E
G 1.7% lower than E
FE LSM(miles/gallon)
A B C D E F G A B C D E F G A B C D E F G A B C D E F G
0.044|0.046| 0.046| 0.046| 0.046| 0.045| 0.047| 0.038| 0.040| 0.040| 0.040| 0.040| 0.039| 0.041| 0.035| 0.036| 0.037| 0.037| 0.037| 0.036{0.037| 0.039 | 0.040| 0.040| 0.040| 0.041| 0.040| 0.041
Statistical Analysis
B 3.4% lower than A B 3.9% lower than A B 3.7% lower than A
C 3.3% lower than A C 4.5% lower than A B 3.6%dwer than A C 4.2% lower than A
D 3.8% lower than A D 4.5% lower than A C 4.7% lower than A D 4.2% lower than A
E 4.3% lower than A E 5.2% lower than A D 3.9% lower than A E 4.6% lower than A
F 2.1% lowerhttan A F 3.2% lower than A E 4.6% lower than A F 2.8 % lower than A
G 4.6% lower than A G 6.4% lower than A F 2.8 % lower than A G 5.7% lower than A
E 2.3% higher than E G 2.7 lower than B G 5.6% lower than A G2.1% lower than B
G 2.5% lower than F F 21% higher than E G 2.%%lower thanF F 2.1%higherthan E
G 3.4% lower than F G 3.0% lower than F
PN LSM(particles/mile)

AlB]c|[p]E]J]F]e]Aa]lB]c|]bpb]E]F]eg]Aa]lB]c|[bpb]E]F]J]eg]A]B[]Cc]D]E]F]G®G
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Bag 1 | Bag 2 | Bag 3 | Weighted
3.27E| 3.83E| 4.79E| 5.91E|3.20E{5.26E45.21E 1.52E41.69E+ 1.95E4 2.44E41.33E42.27E42.31E+
+10 | +10 | +10 | +10 | 10 10 10 NA | NA T NATTNA L NA | NA T NA T NA | NACE NAE NA T NA T NA - NA 10 10 10 10 10 10 10
Statistical Analysis
NS | NA NA | NS
PM LSM(mg/mile)
A B C D E F G A B C D E F G A B Cc D E F G A B C D E F G
0.871| 0.917| 0.815| 0.731| 0.776| 0.913| 1.139
Statistical Analys
NS
Formaldehy LSM(pg/mile)
de A B C D E F G A B C D E F G A B c D E F G A B C D E F G
4744 | 3227 | 5780 | 4986 | 5639 | 4384 | 4202
Statistical Analysis
B 32% lower than A
C 79% higher than B
D 54% higher than B
E 75% higherttan B
Acetaldehy LSM(pg/mile)
de A B Cc D E F G A B Cc D E F G A B C D E F G A B C D E F G
1543 | 943 | 1684 | 1440 | 1622 | 1509 | 1408
Statistical Analysis
B 3% lower than A
C7% higher than B
E72% higher than B
F 8% higher than B
D 53% highethan B
EC LSM(mg/mile)
A B C D E F G A B C D E F G A B C D E F G A B C D E F G
0.028| 0.027| 0.051| 0.027 | 0.024| 0.020| 0.024
Statistical Analysis
I | | NS
ocC LSM(mg/mile)
A B C D E F G A B C D E F G A B C D E F G A B C D E F G
0.255| 0.374| 0.409| 0.363| 0.334| 0.349( 0.351
Statistical Analysis
| | | NS
Where: A= Fed ULSD; B=CARB ULSD; C=Fed/S\MB; D=Fed/AFME20; E=Fed/WCQ20; F=Fed/HV(G20; and G=CARB/WC&0
Bold values are statistically signifibapO O; U@ 8 er | i ned values are marginally statistical
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Table B1: Least square means for cedthrt THC emissions

Table B2:

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Appendix B

Least Squares Means

Effect  fuel2  Estimate | Back transformed

fuel2 | A

fuel2 |B

fuel2 |C

fuel2 | D

fuel2 | E

fuel2 | F

fuel2 G

-2.2122

-2.4376

-2.1662

-2.3570

-2.2243

-2.3295

-2.3680

0.10946

0.08737

0.114612

0.094704

0.108143

0.097344

0.093668

Multiple comparisons and p values for calirt THC emissions

fuel2 | fuel2 | Estimate | Standard Error

A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E

0.2254
-0.04600
0.1447
0.01208
0.1172
0.1558
-0.2714
-0.08068
-0.2133
-0.1082
-0.06964
0.1907
0.05808
0.1632
0.2018
-0.1326

0.05236
0.05307
0.05433
0.05368
0.05352
0.05588
0.05111
0.05243
0.05178
0.05171
0.05398
0.05299
0.05219
0.05234
0.05454
0.05367

DF 't Value  Pr > |t|

124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124

4.30  <.0001
-0.87 0.3878
2.66 | 0.0088
0.22 | 0.8224
2.19 | 0.0304
2.79 1 0.0062
-5.31  <.0001
-1.54 0.1264
-4.12 | <.0001
-2.09 | 0.0385
-1.29  0.1995
3.60 | 0.0005
1.11 1 0.2680
3.12 | 0.0023
3.70  0.0003

-2.47 1 0.0148

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0007
0.9768
0.1165
1.0000
0.3084
0.0864
<.0001
0.7209
0.0013
0.3638
0.8554
0.0082
0.9232
0.0357
0.0058
0.1790
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2

Table B3:

Table B4:

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
D

D

E F

E G

F G

Estimate | Standard Error

-0.02750
0.01105
0.1051
0.1437
0.03855

0.05368
0.05580
0.05295
0.05523
0.05523

DF 't Value Pr > |t|
124 -0.51 | 0.6093
124 0.20  0.8434
124 1.99 0.0493
124 2.60 0.0104
124 0.70 | 0.4865

Least square means for hoinningTHC emissions

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A

fuel2 ' B

fuel2 | C

fuel2 | D

fuel2 | E

fuel2 | F

fuel2 |G

-4.0333

-4.2296

-4.0797

-4.1733

-4.1166

-4.1999

-4.2989

0.017716

0.014558

0.016913

0.015401

0.0163

0.014997

0.013583

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Multiple comparisons and p values for ftabhning THC emissions

fuel2 | fuel2
A B
C
A D
A E
A F
A G
B C
B D
B E
B F

Estimate | Standard Error

0.1963
0.04638
0.1400
0.08328
0.1666
0.2656
-0.1499
-0.05633
-0.1131
-0.02968

0.06600
0.06690
0.06848
0.06766
0.06746
0.07044
0.06442
0.06610
0.06527
0.06518

DF | t Value | Pr > |t|
124 2.97 | 0.0035
124 0.69 | 0.4894
124 2.04 | 0.0430
124 1.23 | 0.2207
124 2.47 | 0.0149
124 3.77 | 0.0003
124 -2.33 1 0.0216
124 -0.85| 0.3957
124 -1.73  0.0858
124 -0.46  0.6496

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9986
1.0000
0.4290
0.1345
0.9925

Adj P
0.0532
0.9928
0.3925
0.8808
0.1794
0.0046
0.2394
0.9787
0.5961
0.9993
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B5:

fuel2 | fuel2

m m m O O O O O O O W

Least squares means fgeightedTHC emissions

G

O/ 6o T G Mmoo m|eo M om O

Estimate @ Standard Error

0.06924
0.09362
0.03690
0.1203
0.2192
-0.05672
0.02665
0.1256
0.08337
0.1823
0.09892

0.06805
0.06680
0.06579
0.06598
0.06876
0.06766
0.06766
0.07034
0.06674
0.06962
0.06962

DF t Value | Pr > |t|
124 1.02 | 0.3109
124 1.40 0.1635
124 0.56  0.5759
124 1.82 | 0.0707
124 3.19 | 0.0018
124 -0.84  0.4034
124 0.39 0.6944
124 1.79 0.0767
124 1.25  0.2140
124 2.62  0.0099
124 1.42  0.1579

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A

fuel2 ' B

fuel2 | C

fuel2 | D

fuel2 | E

fuel2 | F

fuel2 G

-3.2314

-3.4285

-3.2542

-3.3670

-3.2706

-3.3386

-3.3999

0.0395021¢

0.03243556

0.0386117

0.0344929¢

0.0379836:<

0.0354866

0.03337661

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Table B6: Multiple comparisons and p values for weighted THC emissions

Differences of Least Squares Means

Effect fuel2 fuel2  Estimate @ Standard Error

fuel2
fuel2
fuel2

A
A
A

B
C
D

0.1971
0.02274
0.1355

0.04821
0.04886
0.05002

DF | t Value | Pr > |t|

124
124
124

4.09  <.0001
0.47  0.6425
2.71  0.0077

Adjustment
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9491
0.8001
0.9977
0.5354
0.0292
0.9804
0.9997
0.5605
0.8732
0.1294
0.7896

Adj P
0.0015
0.9992
0.1046
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B7:

fuel2 | fuel2

m m m O O OO OO O 0O |’ w W w >» >» >

E

@ O M Tmm @ M Mmoo @ m Mmoo O @ T

Differences of Least Squares Means

Estimate @ Standard Error

0.03911
0.1071
0.1684

-0.1744
-0.06158
-0.1580
-0.08995
-0.02864
0.1128

0.01637

0.08441
0.1457

-0.09640
-0.02836

0.03294

0.06803
0.1293

0.06130

0.04942
0.04927
0.05145
0.04705
0.04828
0.04767
0.04761
0.04970
0.04879
0.04805
0.04819
0.05022
0.04941
0.04942
0.05137
0.04875
0.05085
0.05085

DF | t Value | Pr > |t|

124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124

0.79 1 0.4302

2.17 1 0.0316
3.27 1 0.0014
-3.71  0.0003
-1.28 1 0.2045
-3.31 0.0012
-1.89  0.0612
-0.58  0.5654
2.31 1 0.0225
0.34  0.7339
1.75 0.0823
2.90  0.0044
-1.95  0.0533
-0.57  0.5671
0.64  0.5226
1.40 0.1653
2.54 1 0.0122

1.21|0.2303

Least square means for cathrtNMHC emissions

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A

fuel2 | B

fuel2 C

fuel2 | D

fuel2 | E

fuel2 | F

-2.7037

-3.0413

-2.5701

-2.8553

-2.6386

-2.9041

0.06695731

0.04777274

0.0765278¢

0.0575385¢

0.0714612¢

0.0547980¢

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9854
0.3169
0.0227
0.0057
0.8618
0.0201
0.4913
0.9974
0.2470
0.9999
0.5830
0.0646
0.4512
0.9974
0.9953
0.8032
0.1531
0.8908
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Table BS:

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B9:

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 |G

Multiple comparisons and p values for calirtNMHC emissons

-2.9079

0.0545902¢

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

B 0.3376
-0.1336

0.1516

-0.06506

0.2004

0.2042

-0.4712

-0.1860

-0.4026

-0.1372

0.2852
0.06853
0.3340
0.3378
-0.2167
0.04880
0.05258
0.2655

C

D

E

F

G

C

D

E

F

G -0.1334
D

E

F

G

E

F

G

F

G 0.2692
G

mT m M O O o O O 0O O W W W ™ W >» >» >» >» >

0.003772

Least square meafar hotstartNMHC emissions

0.06281
0.06366
0.06517
0.06439
0.06420
0.06703
0.06130
0.06290
0.06211
0.06203
0.06475
0.06356
0.06261
0.06278
0.06543
0.06438
0.06438
0.06693
0.06351
0.06625
0.06625

DF |t Value  Pr > |t|

124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124

5.37
-2.10
2.33
-1.01
3.12
3.05
-7.69
-2.96
-6.48
-2.21
-2.06
4.49
1.09
5.32
5.16
-3.37
0.76
0.79
4.18
4.06
0.06

Least Squares Means

<.0001
0.0379
0.0216
0.3143
0.0022
0.0028
<.0001
0.0037
<.0001
0.0288
0.0415
<.0001
0.2758
<.0001
<.0001
0.0010
0.4499
0.4336
<.0001
<.0001
0.9547

Effect | fuel2  Estimate | Back transformed

fuel2 | A

-5.4478

0.00400577

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
<.0001
0.3601
0.2399
0.9508
0.0354
0.0438
<.0001
0.0558
<.0001
0.2970
0.3829
0.0003
0.9286
<.0001
<.0001
0.0172
0.9884
0.9860
0.0011
0.0016
1.0000
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Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

B

-5.6448

-5.6486

-5.5824

-5.4501

-6.0286

-5.6050

0.0032358¢

0.00322244

0.0034635z2

0.0039958¢

0.0021088¢

0.0033794z

Table B10: Multiple comparisas and p values for hatartNMHC emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E
D F
D G
E F

Differences of Least Squares Means

Estimate | Standard Error

0.1970
0.2008
0.1346
0.002269
0.5808
0.1571
0.003790
-0.06240
-0.1947
0.3839
-0.03984
-0.06619
-0.1985
0.3801
-0.04363
-0.1323
0.4463
0.02256
0.5785

0.1862
0.1888
0.1932
0.1909
0.1904
0.1988
0.1818
0.1865
0.1842
0.1839
0.1920
0.1885
0.1856
0.1862
0.1940
0.1909
0.1909
0.1985
0.1883

DF t Value Pr > |t|
124 1.06 | 0.2923
124 1.06  0.2896
124 0.70 | 0.4875
124 0.01 | 0.9905
124 3.05 | 0.0028
124 0.79 | 0.4308
124 0.02 | 0.9834
124 -0.33  0.7385
124 | -1.06 0.2925
124 2.09  0.0389
124 -0.21 0.8360
124 | -0.35 0.7261
124 -1.07 0.2871
124 2.04 1 0.0433
124 | -0.22 0.8224
124 -0.69  0.4896
124 2.34 1 0.0210
124 0.11  0.9097
124 3.07 | 0.0026

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9390
0.9375
0.9926
1.0000
0.0431
0.9855
1.0000
0.9999
0.9392
0.3669
1.0000
0.9998
0.9359
0.3943
1.0000
0.9928
0.2349
1.0000
0.0407
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Differences of Least Squares Means

Effect  fuel2 | fuel2 | Estimate | Standard Error

fuel2
fuel2

E
E

G
G

0.1549
-0.4237

0.1965
0.1964

DF | t Value | Pr > |t|  Adjustment

124
124

Adj P

0.79  0.4321 Tukey-Kramer  0.9857

-2.16 | 0.0330  Tukey-Kramer  0.3267

Table B11: Least squares means feeightedNMHC emissions

Least Squares Means

Effect | fuel2 | Estimate | Back transformed

0.01763447

fuel2 | A
fuel2 | B
fuel2 | C
fuel2 |D
fuel2 | E
fuel2 | F
fuel2 |G

-4.0379

-4.3600

-3.9681

-4.2437

-3.9641

-4.3111

-4.2659

0.0127783¢

0.0189093¢

0.0143543¢

0.0189851z2

0.0134187¢

0.0140392¢

Table B12: Multiple comparisons and p values for weighidldHC emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G

Differences of Least Squares Means

Estimate | Standard Error

0.3221
-0.06984
0.2058
-0.07376
0.2732
0.2280
-0.3919
-0.1163
-0.3958
-0.04888
-0.09408

0.07551
0.07653
0.07835
0.07741
0.07718
0.08059
0.07370
0.07562
0.07468
0.07457
0.07785

DF | t Value
124 4.27
124 -0.91
124 2.63
124 -0.95
124 3.54
124 2.83
124 -5.32
124 -1.54
124 -5.30
124 -0.66
124 -1.21

Pr > |t|
<.0001
0.3632
0.0097
0.3425
0.0006
0.0055
<.0001
0.1268
<.0001
0.5133
0.2291

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0008
0.9699
0.1269
0.9628
0.0099
0.0778
<.0001
0.7218
<.0001
0.9947
0.8897
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2  Estimate  Standard Error

C

M m m O O o o O 0O

D

0.2757
-0.00392
0.3430
0.2978
-0.2796
0.06737
0.02217
0.3469
0.3017
-0.04520

0.07642
0.07527
0.07548
0.07866
0.07740
0.07741
0.08047
0.07636
0.07965
0.07965

DF | t Value | Pr > |t]

124
124
124
124
124
124
124
124
124
124

3.61  0.0004
-0.05 ' 0.9585
454 | <.0001
3.79 | 0.0002
-3.61  0.0004
0.87  0.3858
0.28 | 0.7834
454 | <.0001
3.79  0.0002
-0.57 0.5714

Table B13: Least squae meangor hot-runningCH, emissions

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A
fuel2 | B
fuel2 | C
fuel2 |D
fuel2 | E
fuel2 |F
fuel2 | G

-4.2269

-4.3245

-4.2367

-4.2247

-4.2783

-4.1976

-4.3623

0.01459757

0.01324017

0.01445522

0.01462972

0.01386621

0.01503161

0.0127490¢<

Adjustment Adj P
Tukey-Kramer | 0.0079
Tukey-Kramer | 1.0000
Tukey-Kramer | 0.0003
Tukey-Kramer | 0.0043
Tukey-Kramer | 0.0078
Tukey-Kramer | 0.9763
Tukey-Kramer ' 1.0000
Tukey-Kramer | 0.0003
Tukey-Kramer | 0.0043
Tukey-Kramer | 0.9976

Table B14: Multiple comparisons and p values for ftahning CH emissions

Differences of Least Squares Means

Effect fuel2 fuel2  Estimate  Standard Error

fuel2
fuel2
fuel2

A
A
A

B
C
D

0.09762

0.009819

-0.00222

0.04481
0.04542
0.04649

DF | t Value | Pr > |t|

124
124
124

2.18 0.0313
0.22  0.8292
-0.05  0.9620

Adjustment Adj P
Tukey-Kramer | 0.3147
Tukey-Kramer | 1.0000
Tukey-Kramer | 1.0000
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B15: Least square meafar hot-startCH, emissions

fuel2 | fuel2

m m m O O OO OO O 0O |’ w W w >» >» >

E

@ O M Tmm @ M Mmoo @ m Mmoo O @ T

Differences of Least Squares Means

Estimate | Standard Error

0.05143
-0.02937
0.1354
-0.08781
-0.09984
-0.04620
-0.1270
0.03777
-0.01204
0.04161
-0.03919
0.1256
0.05365
-0.02715
0.1376
-0.08080
0.08397
0.1648

0.04594
0.04580
0.04783
0.04374
0.04487
0.04432
0.04425
0.04620
0.04535
0.04467
0.04479
0.04668
0.04593
0.04594
0.04775
0.04531
0.04727
0.04727

DF | t Value | Pr > |t|

124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124

1.12  0.2651

-0.64  0.5226
2.83  0.0054
-2.01  0.0469
-2.22 1 0.0279
-1.04 0.2992
-2.87  0.0048
0.82 | 0.4152
-0.27 0.7911
0.93 1 0.3534
-0.87  0.3834
2.69 0.0081
1.17 0.2451
-0.59  0.5556
2.88 0.0047
-1.78  0.0770
1.78 0.0781

3.49 0.0007

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A

fuel2 | B

fuel2 C

fuel2 | D

fuel2 | E

fuel2 | F

-4.2663

-4.3516

-4.3429

-4.2711

-4.3909

-4.1553

0.01403361

0.0128861¢

0.0129987¢

0.01396641

0.01238957

0.0156810¢

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9210
0.9953
0.0774
0.4152
0.2899
0.9430
0.0701
0.9828
1.0000
0.9667
0.9757
0.1094
0.9048
0.9970
0.0679
0.5620
0.5664
0.0118
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Least Squares Means

Effect  fuel2 | Estimate | Back transformed

fuel2 |G

-4.3387

0.0130534¢

Table B16: Multiple comparisons and p values for {spé&rt CH, emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B17: Least squares means feeightedCH, emissions

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

mT m M O o o O o0 O 0 W w W W W > >» > > > >

B

6o T o mm e MmO o T MmO O 6O T m O 0

0.08532
0.07657
0.004795
0.1246
-0.1110
0.07235
-0.00875
-0.08053
0.03925
-0.1963
-0.01297
-0.07178
0.04800
-0.1876
-0.00422
0.1198
-0.1158
0.06756
-0.2356
-0.05222
0.1833

0.06041
0.06123
0.06267
0.06193
0.06174
0.06447
0.05896
0.06049
0.05974
0.05966
0.06228
0.06113
0.06021
0.06038
0.06293
0.06192
0.06192
0.06437
0.06108
0.06372
0.06372

DF t Value Pr > |t|

124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124
124

1.41
1.25
0.08
2.01
-1.80
1.12
-0.15
-1.33
0.66
-3.29
-0.21
-1.17
0.80
-3.11
-0.07
1.93
-1.87
1.05
-3.86
-0.82
2.88

Least Squares Means

0.1603
0.2134
0.9391
0.0464
0.0747
0.2639
0.8822
0.1856
0.5124
0.0013
0.8353
0.2426
0.4268
0.0024
0.9466
0.0553
0.0639
0.2960
0.0002
0.4140
0.0047

Effect | fuel2  Estimate | Back transformed

fuel2 | A

-3.8583

0.0211038¢

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.7942
0.8726
1.0000
0.4127
0.5523
0.9202
1.0000
0.8360
0.9946
0.0216
1.0000
0.9026
0.9849
0.0370
1.0000
0.4618
0.5042
0.9412
0.0034
0.9825
0.0687
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Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

Least Squares Means

fuel2 | Estimate | Back transformed

B

-3.8767

-3.8863

-3.8664

-3.9115

-3.7730

-3.8898

0.02071909

0.0205211z¢

0.0209335¢

0.0200104¢

0.02298301

0.02044944

Table B18: Multiple comparisons and p values for weighted,@hhissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

A

o o0 o0 o000 W ww w w > >» > > >

B
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0.01843
0.02804
0.008050
0.05319
-0.08532
0.03149
0.009606
-0.01038
0.03476
-0.1038
0.01306
-0.01999
0.02515
-0.1134
0.003454
0.04514

0.04258
0.04316
0.04418
0.04366
0.04353
0.04545
0.04156
0.04265
0.04211
0.04206
0.04390
0.04310
0.04245
0.04257
0.04436
0.04365

DF | t Value | Pr > |t|
124 0.43 0.6659
124 0.65 0.5172
124 0.18  0.8557
124 1.22  0.2254
124 -1.96 | 0.0522
124 0.69 | 0.4897
124 0.23 1 0.8176
124 -0.24 | 0.8081
124 0.83 1 0.4108
124 -2.47 0.0150
124 0.30 0.7666
124 -0.46 0.6436
124 0.59 | 0.5546
124 -2.66  0.0088
124 0.08  0.9381
124 1.03 0.3031

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9995
0.9949
1.0000
0.8858
0.4452
0.9928
1.0000
1.0000
0.9819
0.1806
0.9999
0.9992
0.9969
0.1167
1.0000
0.9451

118



Effect
fuel2
fuel2
fuel2
fuel2
fuel2

Table B19: Least squares means fmid-startCO emissions

fuel2 | fuel2
D

D G

E F

E G

F G

Differences of Least Squares Means

Estimate | Standard Error

-0.09337
0.02344
-0.1385
-0.02170
0.1168

0.04365
0.04538
0.04306
0.04492
0.04492

DF | t Value | Pr > |t|
124 -2.14  0.0344
124 0.52  0.6064
124 -3.22 | 0.0017
124 -0.48 0.6299
124 2.60  0.0104

Least Squares Means

Effect  fuel2  Estimate | Back transformed

fuel2 | A

fuel2 | B

fuel2 | C

fuel2 ' D

fuel2 | E

fuel2 | F

fuel2 |G

-0.2589

-0.6270

-0.2050

-0.4198

-0.2835

-0.4125

-0.4601

0.77190021

0.5341919¢

0.81464732

0.65717824

0.7531431z2

0.6619932

0.6312205z2

Table B20: Multiple comparisons and p values fold:gtartCO emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2 | Estimate  Standard Error

B

®® @ > x| > > > P>

C
D
E
E
G
C
D

0.3681
-0.05392
0.1609
0.02465
0.1536
0.2013
-0.4221
-0.2073

0.06208
0.06292
0.06441
0.06364
0.06345
0.06625
0.06059
0.06216

DF 't Value Pr > |t|

124
124
124
124
124
124
124
124

5.93 | <.0001

-0.86 | 0.3931
2.50 1 0.0138
0.39 | 0.6991
2.42 0.0169
3.04 | 0.0029
-6.97 | <.0001

-3.33 1 0.0011

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.3368
0.9986
0.0269
0.9990
0.1348

Adj P
<.0001
0.9781
0.1692
0.9997
0.1989
0.0448
<.0001
0.0189
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2

M m mMm O O O O O O O W @

E
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Differences of Least Squares Means

Estimate @ Standard Error | DF |t Value  Pr > |t|  Adjustment

-0.3435 0.06139 124 -5.60 | <.0001 | Tukey-Kramer
-0.2146 0.06131 124 -3.50 0.0006 Tukey-Kramer
-0.1669 0.06400 124 -2.61 | 0.0102 | Tukey-Kramer
0.2148 0.06282 124 3.42  0.0009 ' Tukey-Kramer
0.07857 0.06188 124 1.27 0.2065 Tukey-Kramer
0.2075 0.06205 124 3.34 0.0011 Tukey-Kramer
0.2552 0.06467 124 3.95 | 0.0001 | Tukey-Kramer
-0.1362 0.06363 124 -2.14  0.0343 Tukey-Kramer
-0.00728 0.06363 124 -0.11 | 0.9091 | Tukey-Kramer
0.04039 0.06615 124 0.61 | 0.5426 | Tukey-Kramer
0.1289 0.06277 124 2.05 0.0421 Tukey-Kramer
0.1766 0.06548 124 2.70  0.0080  Tukey-Kramer
0.04767 0.06548 124 0.73 | 0.4680 | Tukey-Kramer

Table B21: Least squares means foeightedCO emissions

Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2 | A -1.8096 0.16371961
fuel2 | B -2.1754 0.1135627Z
fuel2 |C -1.7589 0.1722342z2
fuel2 |D -1.9731 0.13902521
fuel2 E -1.8403 0.1587697¢
fuel2 F -1.9405 0.14363212
fuel2 | G -2.0068 0.1344181<

Table B22: Multiple comparisons and p values for weigh@@ emissions

Differences of Least Squares Means

Effect | fuel2 | fuel2 | Estimate | Standard Error | DF |t Value | Pr > |t| | Adjustment

Adj P
<.0001
0.0113
0.1326
0.0146
0.8644
0.0183
0.0025
0.3358
1.0000
0.9964
0.3867
0.1077
0.9906

Adj P
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2 | Estimate | Standard Error

mT m M O O o O OO O W W W W W >» >» >» » >

Differences of Least Squares Means

0.3658
-0.05072
0.1635
0.03072
0.1309
0.1972
-0.4165
-0.2022
-0.3350
-0.2348
-0.1685
0.2142
0.08144
0.1816
0.2479
-0.1328
-0.03261
0.03370
0.1002
0.1665
0.06631

0.06173 124

0.06257 124
0.06405 124
0.06328 124
0.06309 124
0.06588 ' 124
0.06025 124
0.06182 124
0.06105 124
0.06096 124
0.06364 124
0.06247 124
0.06153 124
0.06171 124
0.06430 124
0.06328 124
0.06328 124
0.06578 124
0.06242 124
0.06511 124

0.06511 124

DF 't Value Pr > |t|

5.93 <.0001

-0.81  0.4192
2.55 0.0119
0.49 | 0.6282
2.08 | 0.0401
2.99  0.0033
-6.91 <.0001
-3.27  0.0014
-5.49 <.0001
-3.85 ' 0.0002
-2.65  0.0091
3.43  0.0008
1.32 0.1881
2.94 1 0.0039
3.86 ' 0.0002
-2.10 0.0379
-0.52  0.6072
0.51  0.6093
1.61 0.1110
2.56 | 0.0118

1.02  0.3105

Table B23: Least squares means fmid-startCO, emissions

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

Least Squares Means

fuel2 | Estimate | Standard Error

A

6.2713

6.2741

6.2785

6.2683

6.2879

529.16484¢

530.64858¢

532.988581

527.57973

538.02229¢

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
<.0001
0.9835
0.1498
0.9990
0.3740
0.0505
<.0001
0.0228
<.0001
0.0034
0.1208
0.0141
0.8397
0.0578
0.0034
0.3598
0.9986
0.9986
0.6792
0.1485
0.9489
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Least Squares Means
Effect | fuel2 Estimate | Standard Error

fuel2 | F 6.2593 522.85281¢

fuel2 G 6.2633 524.94841¢F

Table B24: Multiple comparisons and p values for caliirtCO, emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E
D F
D G
E F
E G
F G

Differences of Least Squares Means

Estimate = Standard Error | DF |t Value  Pr > |t|

-0.00278 0.007498 | 124 -0.37  0.7119
-0.00718 0.007600 124 -0.94 1 0.3468
0.003013 0.007780 | 124 0.39 | 0.6992
-0.01662 0.007687 | 124 -2.16  0.0326
0.01200 0.007664 124 1.57 1 0.1200
0.008029 0.008002 | 124 1.00 0.3177
-0.00440 0.007318 | 124 -0.60  0.5486
0.005788 0.007509 124 0.77  0.4423
-0.01384 0.007415 | 124 -1.87 0.0643
0.01477 0.007405 | 124 2.00 | 0.0482
0.01080 0.007730 124 1.40 0.1647
0.01019 0.007588 | 124 1.34 0.1818
-0.00944 0.007474 | 124 -1.26 1 0.2090
0.01918 0.007495 124 2.56 0.0117
0.01521 0.007811 | 124 1.95 0.0538
-0.01963 0.007686 | 124 -2.55  0.0119
0.008987 0.007686 124 1.17  0.2446
0.005016 0.007990 | 124 0.63 | 0.5313
0.02861 0.007582 | 124 3.77 | 0.0002
0.02464 0.007909 | 124 3.12 | 0.0023
-0.00397 0.007909 | 124 -0.50 0.6166

Table B25: Least squares means fowt-runningCO, emissions

Least Squares Means

Effect | fuel2 Estimate | Standard Error

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.9998
0.9644
0.9997
0.3241
0.7042
0.9524
0.9967
0.9873
0.5064
0.4229
0.8021
0.8303
0.8674
0.1481
0.4538
0.1497
0.9043
0.9958
0.0045
0.0360
0.9988

122



Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

Least Squares Means

fuel2 | Estimate | Standard Error

A

6.1136

6.1217

6.1365

6.1254

6.1395

6.1149

6.1262

451.96285¢

455.63862z

462.43222%

457.327608

463.82160z

452.5507¢9

457.69361¢

Table B26: Multiple comparisons and p values for fiahningCO, emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E
D F

Differences of Least Squares Means

Estimate | Standard Error

-0.00809
-0.02287
-0.01180
-0.02591
-0.00131
-0.01258
-0.01478
-0.00370
-0.01782
0.006784
-0.00448
0.01108
-0.00304
0.02156
0.01030
-0.01412
0.01049

DF t Value Pr > |t|
0.005618 124 -1.44 1 0.1521
0.005694 | 124 -4.02 0.0001
0.005829 124  -2.02 0.0451
0.005759 124 -4,50 <.0001
0.005742 | 124 -0.23  0.8199
0.005996 124 | -2.10 0.0380
0.005483 124 | -2.70 0.0080
0.005626 | 124 -0.66 0.5118
0.005556 ' 124 | -3.21 0.0017
0.005548 | 124 1.22  0.2237
0.005792 | 124 -0.77  0.4404
0.005685 | 124 1.95 0.0536
0.005600 124 | -0.54 0.5881
0.005616 | 124 3.84 1 0.0002
0.005852 | 124 1.76 0.0810
0.005758 | 124 -2.45 0.0156
0.005759 | 124 1.82 0.0710

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.7785
0.0019
0.4052
0.0003
1.0000
0.3605
0.1081
0.9945
0.0276
0.8840
0.9870
0.4528
0.9981
0.0036
0.5779
0.1865
0.5367
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Effect
fuel2
fuel2
fuel2
fuel2

Table B27: Least squares means fart-startCO, emissions

Differences of Least Squares Means

fuel2 | fuel2  Estimate  Standard Error

D G

E F
E G
F G

-0.00078
0.02460
0.01334

-0.01127

0.005986
0.005681
0.005926
0.005926

DF | t Value | Pr > |t|
124 -0.13  0.8963
124 4,33 <.0001
124 2.25 0.0262
124 | -1.90 0.0596

Least Squares Means

Effect  fuel2 | Estimate | Back transformed

fuel2 | A

fuel2 | B

fuel2 |C

fuel2 | D

fuel2 | E

fuel2 | F

fuel2 G

6.0420

6.0454

6.0649

6.0476

6.0653

6.0406

6.0484

420.733661

422.1665¢

430.47962¢

423.09637¢

430.651854

420.14504¢

423.43499z

Table B28: Multiple comparisons and p values for {spéartCO, emissions

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E

Differences of Least Squares Means

Estimate | Standard Error

-0.00339
-0.02294
-0.00556
-0.02329
0.001449
-0.00641
-0.01955
-0.00217
-0.01991

0.007635
0.007739
0.007922
0.007827
0.007804
0.008149
0.007452
0.007646
0.007551

DF t Value Pr > |t|
124 -0.44 0.6581
124 | -2.96 0.0036
124 -0.70 | 0.4841
124 | -2.98 0.0035
124 0.19 0.8530
124 -0.79 | 0.4328
124 -2.62  0.0098
124 -0.28  0.7767
124 -2.64  0.0094

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
1.0000
0.0006
0.2768
0.4833

Adj P
0.9994
0.0546
0.9923
0.0530
1.0000
0.9858
0.1278
1.0000
0.1241
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

m m m O O O O O O O W

fuel2

Table B29: Least squares means feeightedCO, emissims

fuel2 | fuel2

F

G O T e Tmm @ m m g O

Differences of Least Squares Means

Estimate | Standard Error

0.004836
-0.00303
0.01738
-0.00035
0.02439
0.01653
-0.01773
0.007009
-0.00085
0.02474
0.01688
-0.00786

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

DF | t Value | Pr > |t|
0.007540 | 124 0.64  0.5225
0.007872 | 124 -0.38 0.7013
0.007727 | 124 2.25 0.0263
0.007611 124 | -0.05 0.9630
0.007632 | 124 3.20 0.0018
0.007954 | 124 2.08 0.0398
0.007826 | 124 -2.27 0.0252
0.007827 | 124 0.90  0.3722
0.008136 124 | -0.10 0.9167
0.007721 | 124 3.20 | 0.0017
0.008054 | 124 2.10  0.0381
0.008054 124 | -0.98 0.3308

Least Squares Means

fuel2 | Estimate | Standard Error

A

6.1308

6.1364

6.1497

6.1371

6.1537

6.1280

6.1365

459.803857

462.385981

468.57679<

462.70976¢

470.45485¢<

458.518207

462.43222%

Table B30: Multiple comparisons and p values for weigh@@, emissions

Effect  fuel2 fuel2 Estimate Standard Error

fuel2 | A

B

Differences of Least Squares Means

-0.00568

0.005135 124

DF |t Value  Pr > |t|

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adjustment

Adj P
0.9953
0.9997
0.2774
1.0000
0.0286
0.3722
0.2690
0.9726
1.0000
0.0278
0.3615
0.9582

Adj P

-1.11  0.2710 Tukey-Kramer  0.9253
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Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B31: Least squares means fmld-start fuel economy

fuel2 | fuel2

mM/m mMm O U O O OO O W ® ® W W >» | >» >» >

C
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Differences of Least Squares Means

Estimate | Standard Error

-0.01897
-0.00633
-0.02291
0.002734
-0.00575
-0.01329
-0.00065
-0.01723
0.008411
-0.00008

0.01263
-0.00395

0.02170

0.01321
-0.01658
0.009066
0.000579

0.02565

0.01716
-0.00849

0.005205
0.005328
0.005264
0.005249
0.005481
0.005012
0.005142
0.005078
0.005071
0.005294
0.005197
0.005119
0.005133
0.005349
0.005264
0.005264
0.005472
0.005193
0.005417
0.005417

DF |t Value
124 -3.64
124 -1.19
124 -4.35
124 0.52
124 -1.05
124 -2.65
124 -0.13
124 -3.39
124 1.66
124 -0.01
124 2.43
124 -0.77
124 4.23
124 2.47
124 -3.15
124 1.72
124 0.11
124 4.94
124 3.17
124 -1.57

Least Squares Means

Effect | fuel2 Estimate

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

@ M m o O W >

fuel2

22.5265

21.7664

21.7912

21.6802

21.5562

22.0430

21.4915

Pr>t|
0.0004
0.2369
<.0001
0.6034
0.2959
0.0091
0.8989
0.0009
0.0997
0.9887
0.0165
0.4422
<.0001
0.0149
0.0020
0.0875
0.9159
<.0001
0.0019
0.1197

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0070
0.8973
0.0005
0.9985
0.9411
0.1200
1.0000
0.0157
0.6446
1.0000
0.1947
0.9873
0.0009
0.1795
0.0327
0.6026
1.0000
<.0001
0.0310
0.7036
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Table B32: Multiple comparisons and p values for caléirt fuel economy

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

m/m mMm U O o O O O O W ™ W W mwW >» >» >» >» >

0.7601
0.7353
0.8463
0.9703
0.4836
1.0350
-0.02476
0.08621
0.2102
-0.2765
0.2749
0.1110
0.2350
-0.2518
0.2997
0.1240
-0.3627
0.1887
-0.4867
0.06470
0.5514

0.1648
0.1671
0.1710
0.1690
0.1685
0.1759
0.1609
0.1651
0.1630
0.1628
0.1699
0.1668
0.1643
0.1648
0.1717
0.1689
0.1690
0.1756
0.1667
0.1739
0.1739

DF | t Value
124 4.61
124 4.40
124 4.95
124 5.74
124 2.87
124 5.88
124 -0.15
124 0.52
124 1.29
124 -1.70
124 1.62
124 0.67
124 1.43
124 -1.53
124 1.75
124 0.73
124 -2.15
124 1.07
124 -2.92
124 0.37
124 3.17

Table B33: Least squares means fustrunning fuel economy

Least Squares Means

Effect | fuel2 Estimate

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

A

m m O 0O @

26.3148

25.2998

25.1340

25.1191

24.9499

25.4745

Pr > |t|
<.0001
<.0001
<.0001
<.0001
0.0048
<.0001
0.8779
0.6024
0.1996
0.0919
0.1082
0.5071
0.1552
0.1290
0.0834
0.4644
0.0337
0.2848
0.0042
0.7104
0.0019

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0002
0.0004
<.0001
<.0001
0.0700
<.0001
1.0000
0.9985
0.8555
0.6181
0.6712
0.9942
0.7845
0.7275
0.5871
0.9902
0.3323
0.9345
0.0614
0.9998
0.0306
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Table B34: Multiple comparisons and p values for ftahning fuel economy

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B35: Least squares means fuot-start fuel economy

Least Squares Means

Effect | fuel2 Estimate

fuel2 |G

24.6283

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

mT m M U O o O OO O W W W W W >» >» >» » >» >
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1.0150
1.1808
1.1957
1.3649
0.8403
1.6865
0.1658
0.1808
0.3499
-0.1747
0.6716
0.01493
0.1841
-0.3405
0.5057
0.1691
-0.3554
0.4908
-0.5246
0.3217
0.8462

0.1785
0.1810
0.1852
0.1830
0.1825
0.1905
0.1743
0.1788
0.1766
0.1763
0.1841
0.1807
0.1780
0.1785
0.1860
0.1830
0.1830
0.1902
0.1805
0.1883
0.1883

DF | t Value
124 5.69
124 6.53
124 6.46
124 7.46
124 4.60
124 8.85
124 0.95
124 1.01
124 1.98
124 -0.99
124 3.65
124 0.08
124 1.03
124 -1.91
124 2.72
124 0.92
124 -1.94
124 2.58
124 -2.91
124 1.71
124 4.49

Least Squares Means

Effect | fuel2 Estimate

fuel2 | A
fuel2 | B
fuel2 | C

28.4521

27.4355

27.1274

Pr > |t|
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.3431
0.3139
0.0497
0.3238
0.0004
0.9343
0.3030
0.0587
0.0075
0.3572
0.0544
0.0111
0.0043
0.0901
<.0001

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
0.9631
0.9506
0.4314
0.9552
0.0069
1.0000
0.9450
0.4790
0.1021
0.9680
0.4568
0.1413
0.0638
0.6120
0.0003
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Least Squares Means

Effect  fuel2 | Estimate

fuel2 | D
fuel2 | E
fuel2 | F
fuel2 | G

27.3353

27.1310

27.6558

26.8505

Table B36: Multiple comparisons and p values for tsvart fuel economy

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B37: Least squares means feeighted fuel economy

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

B 1.0166
1.3247
1.1168
1.3211
0.7963
1.6016
0.3081
0.1001
0.3045

-0.2203
0.5850
-0.2080
-0.00363
-0.5284
0.2769
0.2044
-0.3204
0.4848
-0.5248
0.2805

mT m mMm OO O o O O 0O O W W ®wW W™ W >» >» >» >» >
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0.8053

0.2609
0.2644
0.2707
0.2675
0.2667
0.2785
0.2547
0.2613
0.2580
0.2577
0.2690
0.2640
0.2601
0.2608
0.2718
0.2674
0.2675
0.2780
0.2638
0.2752
0.2752

DF | t Value
124 3.90
124 5.01
124 4.13
124 4.94
124 2.99
124 5.75
124 1.21
124 0.38
124 1.18
124 -0.85
124 2.17
124 -0.79
124 -0.01
124 -2.03
124 1.02
124 0.76
124 -1.20
124 1.74
124 -1.99
124 1.02
124 2.93

Least Squares Means

Effect  fuel2 | Estimate

Pr > |t|
0.0002
<.0001
<.0001
<.0001
0.0034
<.0001
0.2286
0.7022
0.2402
0.3943
0.0315
0.4324
0.9889
0.0449
0.3103
0.4463
0.2332
0.0837
0.0489
0.3101
0.0041

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0030
<.0001
0.0013
<.0001
0.0515
<.0001
0.8891
0.9997
0.9004
0.9783
0.3168
0.9858
1.0000
0.4038
0.9488
0.9879
0.8937
0.5882
0.4269
0.9487
0.0605
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Least Squares Means

Effect | fuel2 Estimate

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

A

/M m O O W

259131

24.9616

24.8159

24.8355

24.6606

25.1813

24.4256

Table B38: Multiple comparisons and p values for weighted fuel economy

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2 | Estimate | Standard Error

mT m M U O o O OO O W W W W@ W >» >» >» » >» >
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0.9515
1.0972
1.0775
1.2525
0.7318
1.4875
0.1457
0.1261
0.3010
-0.2197
0.5360
-0.01967
0.1552
-0.3654
0.3903
0.1749
-0.3457
0.4100
-0.5207
0.2351
0.7557

0.1661
0.1683
0.1723
0.1703
0.1698
0.1773
0.1621
0.1663
0.1643
0.1640
0.1712
0.1681
0.1656
0.1660
0.1730
0.1702
0.1703
0.1770
0.1679
0.1752
0.1752

DF | t Value
124 5.73
124 6.52
124 6.25
124 7.36
124 4.31
124 8.39
124 0.90
124 0.76
124 1.83
124 -1.34
124 3.13
124 -0.12
124 0.94
124 -2.20
124 2.26
124 1.03
124 -2.03
124 2.32
124 -3.10
124 1.34
124 4.31

Pr>|t|
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.3704
0.4499
0.0693
0.1829
0.0022
0.9070
0.3502
0.0296
0.0258
0.3062
0.0444
0.0222
0.0024
0.1821
<.0001

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
<.0001
<.0001
<.0001
<.0001
0.0006
<.0001
0.9721
0.9884
0.5290
0.8320
0.0345
1.0000
0.9656
0.3026
0.2740
0.9467
0.4008
0.2446
0.0376
0.8308
0.0006
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Table B39: Least squares means farmulative PM mass

Effect
fuel2

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

Type 3 Tests of Fixed Effects
Num DF | Den DF | FValue Pr>F
6 121 1.60 0.1534

Least Squares Means

fuel2 Estimate Back transformed
A -0.1377 0.8713600¢€
B -0.08711 0.91657627
C -0.2047 0.8148917¢
D -0.3127 0.73146932
E -0.2533 0.7762349¢
F -0.09146 0.91259782
G 0.1301 1.13894227

Table B40: Least squares means fald-start PN

Effect
fuel2

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

Type 3 Tests of Fixed Effects
Num DF | Den DF | FValue Pr>F
6 111 0.90 | 0.4955

Least Squares Means

fuel2 Estimate Back transformed

A 24.2108 3.2705E+1(
B 24.3699 3.8345E+1(
C 24.5932 4.7939E+1(
D 24.8017 5.9053E+1(
E 24.1882 3.1974E+1(
F 24.6866 5.2633E+1(
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Effect  Num DF

fuel2

Type 3 Tests of Fixed Effects

G

Den DF
24.6772

Table B41: Least squares meaiforweighted PN

Effect
fuel2

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

FValue| Pr>F
5.214E+1(

Type 3 Tests of Fixed Effects

Num DF

fuel2

A

Den DF
110

23.4463

23.5476

23.6962

23.9185

23.3128

23.8463

23.8649

Table B42: Least squares means formaldehyde

Effect
fuel2

fuel2

fuel2

fuel2

fuel2

F Value Pr>F
1.25 0.2870

Least Squares Means

Estimate | Back transformed

1.5226E+1(

1.685E+1(

1.9549E+1(

2.4416E+1(

1.3324E+1(

2.2715E+1(

2.3142E+1(

Least Squares Means

fuel2 | Estimate | Back transformed

A

8.4646

8.0793

8.6621

8.5143

8.6375

4743.8295

3226.9735¢

5779.65921

4985.5549¢

5639.2141¢
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Least Squares Means

Effect | fuel2  Estimate | Back transformed

fuel2

fuel2

F 8.3857

G 8.3434

4383.9262~

4202.3534¢

Table B43: Multiple comparisons and p values for formaldehyde

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

fuel2 | fuel2
A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E
D F
D G
E F
E G
F G

Differences of Least Squares Means

Estimate | Standard Error

0.3853
-0.1975
-0.04967
-0.1729
0.07896
0.1212
-0.5828
-0.4350
-0.5582
-0.3064
-0.2641
0.1478
0.02455
0.2764
0.3187
-0.1232
0.1286
0.1709
0.2519
0.2941
0.04225

0.1271
0.1324
0.1317
0.1317
0.1299
0.1376
0.1264
0.1255
0.1255
0.1237
0.1314
0.1305
0.1303
0.1294
0.1367
0.1300
0.1284
0.1360
0.1285
0.1362
0.1344

Table B44: Least squares means fretaldehyde

DF | t Value | Pr > |t|
119 3.03  0.0030
119 -1.49 0.1384
119 -0.38 | 0.7066
119 -1.31 0.1917
119 0.61 | 0.5445
119 0.88  0.3803
119 -4.61 <.0001
119 -3.47 0.0007
119 -4.45  <.0001
119 -2.48 0.0147
119 -2.01 0.0467
119 1.13  0.2596
119 0.19  0.8509
119 2.14 | 0.0347
119 2.33/0.0214
119 -0.95 | 0.3450
119 1.00 0.3186
119 1.26 0.2114
119 1.96 0.0522
119 2.16 0.0328
119 0.31 0.7538

Least Squares Means

Effect | fuel2  Estimate  Back transformed

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0459
0.7492
0.9998
0.8446
0.9965
0.9748
0.0002
0.0126
0.0004
0.1775
0.4141
0.9167
1.0000
0.3388
0.2380
0.9637
0.9527
0.8700
0.4450
0.3256
0.9999
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Effect
fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

fuel2

Least Squares Means

fuel2 | Estimate | Back transformed

A

7.3413

6.8486

7.4289

7.2722

7.3912

7.3190

7.2500

1542.71634

942560398

1683.9542

1439.71434

1621.6509¢

1508.69452

1408.1048¢

Table B45: Multiple comparisons and p values for acetaldehyde

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 | fuel2  Estimate | Standard Error

A B
A C
A D
A E
A F
A G
B C
B D
B E
B F
B G
C D
C E
C F
C G
D E
D F

0.4927
-0.08756
0.06915
-0.04990
0.02233
0.09137
-0.5803
-0.4236
-0.5426
-0.4704
-0.4014
0.1567
0.03767
0.1099
0.1789
-0.1190
-0.04682

0.1438
0.1497
0.1489
0.1489
0.1470
0.1557
0.1430
0.1419
0.1419
0.1399
0.1486
0.1476
0.1473
0.1464
0.1546
0.1470
0.1453

DF t Value  Pr > |t|
119 3.43  0.0008
119 -0.58  0.5597
119 0.46 0.6433
119  -0.34|0.7382
119 0.15 | 0.8795
119 0.59  0.5584
119 -4.06 <.0001
119 -2.98 0.0034
119 -3.82| 0.0002
119 -3.36 | 0.0010
119 -2.70  0.0079
119 1.06  0.2904
119 0.26  0.7987
119 0.75 | 0.4543
119 1.16  0.2494
119 -0.81 0.4197
119 -0.32  0.7478

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
0.0143
0.9971
0.9992
0.9999
1.0000
0.9971
0.0017
0.0520
0.0039
0.0175
0.1072
0.9378
1.0000
0.9889
0.9084
0.9836
0.9999
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Effect fuel2 fuel2  Estimate @ Standard Error

fuel2
fuel2
fuel2
fuel2

Table B46: Least squares means fpasphasenaphthalene

G

=
G
G

Differences of Least Squares Means

0.02222
0.07223

0.1413
0.06904

fuel2

DF t Value  Pr > |t|
0.1538 | 119 0.14 | 0.8854
0.1453 | 119 0.50 ' 0.6200
0.1541 119 0.92 0.3610
0.1520 ' 119 0.45 0.6506

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 100

1.03 0.4080

Least Sqlares Means

Effect fuel2 Estimate Back transformed

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

A 6.8599
6.2028
7.2063
6.7023
6.9322
6.7925
6.3229

@ M m O O @

952.271735¢€
493.130671¢
1346.89581¢

813.27650¢
1023.74594:
890.138625¢
556.186492¢

Table B47: Least squares means fasphase2-methylnaphthalene

fuel2

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 99

1.75 0.1164

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2

A 5.7016

299.345971¢

Adjustment

Tukey-Kramer
Tukey-Kramer
Tukey-Kramer

Tukey-Kramer

Adj P
1.0000
0.9989
0.9692
0.9993
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Effect
fuel2

fuel2
fuel2
fuel2
fuel2
fuel2

Least Squares Means

fuel2 Estimate Back transformed

B

@ T m T O

5.5272
5.9529
5.5579
5.3993
5.4299
4.9351

251.438895¢

384.86783¢
259.277780¢
221.251485¢
228.126431¢
139.087050¢%

Table B48: Least squares means fasphasel-methylnaphthalene

fuel2

Effect
fuel2

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 99

1.68 0.1344

Least Squares Means

fuel2 Estimate Back transformed

A

@ M m T O @

5.1376
4.9172
5.4790
5.0175
4.9341
4.6860
4.3478

Table B49: Least squares means fpasphase luorene

fuel2

169.3065417
135.6195424
238.606980¢
150.033248¢

137.948033
107.418636¢
76.30819767

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 100

2.00 0.0723

Least Squares Means

Effect fuel2 Estimate Standard Error

fuel2 A
fuel2 B

4.2573
3.6145

69.61905437

36.132774¢
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Effect
fuel2

fuel2
fuel2
fuel2
fuel2

Least Squares Means

fuel2 Estimate Standard Error
122.248174%

C

G Tom

4.8142
4.0731

4.4854
4.2278
4.2104

57.7387708¢

87.7124286¢

67.56622044

66.3834878%

Table B50: Multiple comparisons and p values for gasase luorene

Differences of Least Squares Means

Effect fuel2 fuel2 Estimate Standard Error

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B51: Least squares means fyasphase luoranthene

A
A
A

m m m O O OO O O 00 ® 0o w o o > > >

B

O G Mmoo mMmmEG M MmO O T mooO O 7T m g o0

0.6428
-0.5570
0.1841
-0.2281
0.02947
0.04683
-1.1998
-0.4587
-0.8709
-0.6133
-0.5960
0.7411
0.3289
0.5865
0.6038
-0.4122
-0.1546
-0.1373
0.2576
0.2749
0.01735

0.3605
0.3664
0.3663
0.3728
0.3605
0.3663
0.3664
0.3663
0.3728
0.3605
0.3663
0.3723
0.3788
0.3664
0.3723
0.3781
0.3663
0.3716
0.3728
0.3781
0.3663

DF tValue
100 1.78
100 -1.52
100 0.50
100 -0.61
100 0.08
100 0.13
100 -3.27
100 -1.25
100 -2.34
100 -1.70
100 -1.63
100 1.99
100 0.87
100 1.60
100 1.62
100 -1.09
100 -0.42
100 -0.37
100 0.69
100 0.73
100 0.05

Pr > |t| Adjustment

0.0776 Tukey-Kramer
0.1317 Tukey-Kramer
0.6164 Tukey-Kramer
0.5421 Tukey-Kramer
0.9350 Tukey-Kramer
0.8985 Tukey-Kramer
0.0015 Tukey-Kramer
0.2135 Tukey-Kramer
0.0215 Tukey-Kramer
0.0920 Tukey-Kramer
0.1069 Tukey-Kramer
0.0492 Tukey-Kramer
0.3873 Tukey-Kramer
0.1127 Tukey-Kramer
0.1079 Tukey-Kramer
0.2782 Tukey-Kramer
0.6738 Tukey-Kramer
0.7126 Tukey-Kramer
0.4913 Tukey-Kramer
0.4689 Tukey-Kramer
0.9623 Tukey-Kramer

Type 3 Tests of Fixed Effects

Adj P
0.5626
0.7322
0.9988
0.9963
1.0000
1.0000
0.0238
0.8717
0.2377
0.6169
0.6655
0.4269
0.9764
0.6823
0.6685
0.9296
0.9995
0.9998
0.9928
0.9906
1.0000
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Effect
fuel2

Effect
fuel2

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B52: Least squares means fygasphase pyrene

fuel2

Effect
fuel2

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B53: Least squares means fasphase penanthene

fuel2

Num DF Den DF F Value Pr>F

6 101

0.92 0.4834

Least Squares Means

fuel2 Estimate Back transformed

A

@ m m O O @

2.3721
2.1689
2.7204
2.1354
2.5249
2.5897
2.6933

9.71988041%
7.74865522¢
14.1863955¢
7.46043000z
11.48964624
12.32577327

13.7803707¢&

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 101

0.75 0.6100

Least Squares Means

fuel2 Estimate Back transformed

A

@ M m O O @

2.6183
2.3317
2.7817
2.3152
2.4798
2.9511
2.6917

12.7123926¢
9.295428894
15.1464465¢
9.12694810¢

10.9388764
18.12698184
13.75674107

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 100

0.81 0.5619
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Least Squares Means
Effect fuel2 Estimate Standard Error

fuel2 A 4.8690 130.1906611
fuel2 B 4.7352 113.8862337
fuel2 C 5.0784 160.5170231
fuel2 D 4.5919 98.68174747
fuel2 E 4.9238 137.524213¢
fuel2 F 4.9823 145.809357¢
fuel2 G 5.0373 154.053508¢

Table B54: Least squares means fmrticlephase penanthrene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 99 1.34 0.2479

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 A 1.8830 5.573194897
fuel2 B 2.3158 9.13302609¢
fuel2 C 2.1479 7.566849111
fuel2 D 2.6542 13.21361062
fuel2 E 2.6340 12.9293761z
fuel2 F 2.3215 9.190949271
fuel2 G 2.0221 6.5541720%

Table B55: Least squares means fmarticle phase3-methylphenanthrene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 100 1.74 0.1199

Least Squares Means
Effect fuel2 Estimate Back transformed
fuel2 A 0.9896 2.590158194
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Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 B 1.1434 3.037417471
fuel2 C 1.3407 3.721717772
fuel2 D 1.3024 3.57811355¢
fuel2 E 0.8641 2.272869542
fuel2 F 0.3226 1.28071295¢
fuel2 G 0.3770 1.35790430¢

Table B56: Least squares means fmarticlephase 2nethylphenanthrene

Type 3 Tests of Fxed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 100 1.10 0.3707

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 A 0.3987 1.38988658¢
fuel2 B 0.3197 1.27671468¢
fuel2 C 0.4563 1.478223741
fuel2 D 1.2434 3.367382547
fuel2 E 0.7705 2.060846407
fuel2 F -0.07740 0.825519572
fuel2 G 0.5718 1.67145279¢

Table B57: Least squares means fmarticlephase luoranthene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 100 0.84 0.5449

Least Squares Means
Effect fuel2 Estimate Back transformed
fuel2 A 0.4891 1.53084779¢

fuel2 B 0.6819 1.87763166¢
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Effect
fuel2

fuel2
fuel2
fuel2
fuel2

Table B58: Leag squares means fparticlephase pyrene

fuel2

Effect
fuel2

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Least Squares Means

fuel2 Estimate Back transformed

0.6995
0.8250
0.3833
0.4533
-0.04210

1.91274608¢
2.18188076¢
1.36711809¢
1.47349616%
0.85877389¢

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

6 100

1.72 0.1237

Least Squares Means

fuel2 Estimate Back transformed

A

B
C
D
E
F
G

0.5544
0.9281
0.9067
1.2364
1.0384
0.9135
-0.1667

1.640896134
2.429698182
2.376137781
3.343195622
2.724693887
2.39303289¢
0.74645350¢

Table B59: Least squares means fpasphasel-nitronaphthalene

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

A
B
C

D
E
F
G

1.1303
-0.9057
-0.4680

0.7700
-0.3990
-0.6104
-1.0882

3.08658533¢
0.39425880¢
0.616253524
2.149766254
0.660990701
0.533133572
0.32682222¢
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Table B60: Multiple comparisons and p values fgasphasel-nitronaphthalene

Effect
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Differences of Least Squares Means

fuel2 fuel2 Estimate Standard Error

A

mT m mM O O OO O 000 ® W W ®® ® >» >» > > >

B

O 606G T G MmO T Mmoo T Mmoo Tmm oo

DF t Value

2.0359 0.7001 90 291
1.5983 0.6908 90 2.31
0.3603 0.7018 90 0.51
1.5293 0.7121 90 2.15
1.7407 0.7389 90 2.36
2.2185 0.7607 90 2.92
-0.4377 0.6786 90 -0.64
-1.6756 0.6895 90 -2.43
-0.5066 0.6998 90 -0.72
-0.2952 0.7287 90 -0.41
0.1826 0.7504 90 0.24
-1.2380 0.6782 90 -1.83
-0.06896 0.6905 90 -0.10
0.1424 0.7194 90 0.20
0.6203 0.738 90 0.84
1.1690 0.7002 90 1.67
1.3804 0.7305 90 1.89
1.8582 0.7484 90 2.48
0.2114 0.7407 90 0.29
0.6892 0.7611 90 0.91
0.4778 0.7873 90 0.61

Table B61: Least squares means fpasphase2-nitronaphthalene

Pr > [t| Adjustment Adj P
0.0046 Tukey-Kramer 0.0663
0.0230 Tukey-Kramer 0.2491
0.6089 Tukey-Kramer 0.9986
0.0344 Tukey-Kramer 0.3345
0.0207 Tukey-Kramer 0.2298
0.0045 Tukey-Kramer 0.0648
0.5206 Tukey-Kramer 0.9950
0.0171 Tukey-Kramer 0.1983
0.4710 Tukey-Kramer 0.9908
0.6863 Tukey-Kramer 0.9996
0.8083 Tukey-Kramer 1.0000
0.0713 Tukey-Kramer 0.5347
0.9207 Tukey-Kramer 1.0000
0.8435 Tukey-Kramer 1.0000
0.4034 Tukey-Kramer 0.9800
0.0985 Tukey-Kramer 0.6379
0.0620 Tukey-Kramer 0.4924
0.0149 Tukey-Kramer 0.1780
0.7760 Tukey-Kramer 1.0000
0.3676 Tukey-Kramer 0.9708
0.5454 Tukey-Kramer 0.9964

Type 3 Tests of Fixed Effects
Effect Num DF DenDF F Value Pr>F
fuel2 6 93 1.13 0.3522

Least Squares Means
Effect fuel2 Estimate Back transformed
fuel2 A -0.6674 0.503040751

fuel2 B -0.08942 0.90446141¢
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Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 C 0.2022 1.21409280z
fuel2 D -0.6478 0.51319554%
fuel2 E -0.5972 0.54035046%
fuel2 F -0.07154 0.92095903¢
fuel2 G -0.2417 0.77529173

Table B62: Least squares means fasphase2-methyt4-nitronaphthalene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 100 1.01 0.4244

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 A -1.8268 0.15092771z<
fuel2 B -1.8930 0.14061927¢
fuel2 C -1.0468 0.341059344
fuel2 D -2.1480 0.10671735¢
fuel2 E -1.9331 0.13469893¢
fuel2 F -1.1700 0.300366941
fuel2 G -1.4963 0.213957271

Table B63: Least squares raas forparticlephasel,3-dinitronaphthalene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F
fuel2 6 100 2.05 0.0662

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2 A -3.7599 0.02228606¢
fuel2 B -2.5050 0.08067558
fuel2 C -3.2339 0.03840352¢
fuel2 D -2.3478 0.09457920¢
fuel2 E -2.1225 0.118731924
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Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2

fuel2 G

F

-3.5670
-3.4738

0.02724044¢
0.02999901

Table B64: Least squares means faarticlephase nitropyrene

Type 3 Tests of Fixed Effects
Effect Num DF Den DF F Value Pr>F

fuel2

6 98

1.06 0.3940

Least Squares Means

Effect fuel2 Estimate Back transformed

fuel2
fuel2
fuel2
fuel2
fuel2
fuel2
fuel2

Table B65: Least squares means foC

A
B
C

D
E
F
G

-2.0425
-1.9542
-2.6446
-2.1115
-1.9338
-2.6201
-1.7396

0.12870404¢
0.140677774
0.070033762
0.12005624¢
0.14359768%
0.07179558¢
0.17459062¢

Type 3 Tests of Fixed Effects

Effect  Num DF | Den DF

fuel2

Effect | fuel2

fuel2 | A

fuel2 | B

fuel2 C

fuel2 | D

fuel2 | E

6 122

Estimate | Back transformed

-1.3648

-0.9836

-0.8934

-1.0143

-1.0963

F Value

159 0.1569

Least Squares Means

Pr>F

0.2554317¢

0.37396241

0.4092618¢

0.3626562

0.3341049¢
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Type 3 Tests of Fixed Effects
Effect | Num DF Den DF | FValue| Pr>F

fuel2 | F -1.0538 0.34861051
fuel2 |G -1.0473 0.3508838¢
Appendix C

Table C1. Average weighted emissions (g/mile) andrboen balance fuel economy
(miles/gallons) for the test vehicle/fuel combinations

THCw Average
Federal CARB Fed/SME20 | Fed/AFME20 | Fed/WCQ20 | Fed/HVO20 | CARB/WCO
ULSD Diesel 20
Vehicle #1 0.032 0.022 0.032 0.026 0.029 0.027 0.024
Vehicle #2 0.061 0.055 0.064 0.062 0.055 0.059 0.061
Vehicle #3 0.018 0.016 0.021 0.017 0.022 0.019 0.018
Vehicle #4 0.051 0.041 0.049 0.041 0.045 0.044 0.037
Vehicle #5 0.083 0.055 0.067 0.079 0.060 0.062 0.068
Vehicle #6 0.018 0.014 0.014 0.013 0.024 0.013 0.012
Vehicle#7 0.040 0.032 0.044 0.032 0.034 0.032 0.031
Vehicle #8 0.059 0.063 0.055 0.051 0.053 0.067 0.066
NMHCw Average
Vehicle #1 0.015 0.009 0.018 0.012 0.015 0.013 0.011
Vehicle #2 0.038 0.033 0.041 0.032 0.034 0.030 0.035
Vehicle #3 0.008 0.005 0.008 0.007 0.009 0.005 0.005
Vehicle #4 0.021 0.017 0.020 0.015 0.019 0.014 0.013
Vehicle #5 0.068 0.035 0.049 0.059 0.046 0.044 0.051
Vehicle #6 0.007 0.004 0.007 0.004 0.014 0.005 0.005
Vehicle #7 0.025 0.019 0.029 0.019 0.021 0.018 0.016
Vehicle #8 0.010 0.011 0.013 0.009 0.014 0.011 0.015
CH,w Average
Vehicle #1 0.020 0.015 0.016 0.016 0.018 0.016 0.015
Vehicle #2 0.026 0.026 0.027 0.035 0.025 0.034 0.029
Vehicle #3 0.012 0.013 0.016 0.012 0.015 0.016 0.016
Vehicle #4 0.034 0.028 0.034 0.029 0.030 0.035 0.028
Vehicle #5 0.018 0.023 0.020 0.024 0.017 0.022 0.020
Vehicle #6 0.013 0.011 0.008 0.010 0.011 0.010 0.008
Vehicle #7 0.017 0.015 0.017 0.015 0.015 0.016 0.017
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Vehicle #8 0.057 0.059 0.048 0.048 0.046 0.065 0.059
COw Average
Vehicle #1 0.137 0.072 0.162 0.111 0.119 0.126 0.099
Vehicle #2 0.547 0.336 0.526 0.451 0.432 0.421 0.434
Vehicle #3 0.097 0.057 0.116 0.080 0.125 0.083 0.080
Vehicle #4 0.097 0.080 0.126 0.105 0.104 0.098 0.028
Vehicle #5 0.636 0.501 0.566 0.663 0.566 0.638 0.709
Vehicle #6 0.117 0.049 0.085 0.059 0.108 0.055 0.059
Vehicle #7 0.107 0.074 0.103 0.082 0.081 0.091 0.074
Vehicle #8 0.112 0.141 0.141 0.093 0.123 0.141 0.131
NOxw Average
Vehicle #1 0.041 0.045 0.028 0.028 0.033 0.046 0.031
Vehicle #2 0.144 0.150 0.173 0.149 0.181 0.138 0.142
Vehicle #3 0.034 0.047 0.035 0.040 0.039 0.030 0.043
Vehicle #4 0.035 0.043 0.049 0.039 0.041 0.048 0.045
Vehicle #5 0.159 0.143 0.139 0.165 0.198 0.144 0.165
Vehicle #6 0.231 0.240 0.279 0.235 0.260 0.259 0.243
Vehicle #7 0.030 0.037 0.036 0.036 0.037 0.044 0.035
Vehicle #8 0.053 0.063 0.052 0.062 0.053 0.066 0.054
CO,w Average
Vehicle #1 417 408 429 419 418 409 412
Vehicle #2 731 734 740 709 734 726 731
Vehicle #3 260 262 275 271 271 268 267
Vehicle #4 421 429 424 417 432 421 427
Vehicle #5 789 817 807 791 825 767 792
Vehicle #6 654 656 659 661 657 645 651
Vehicle #7 296 293 295 296 296 293 293
Vehicle #8 396 394 397 398 413 394 404
Carbon Balance FEw Average
Vehicle #1 26.6 26.2 25.2 25.6 25.8 26.3 255
Vehide #2 15.1 14.5 14.6 14.8 14.7 14.8 14.6
Vehicle #3 42.6 40.7 394 39.6 39.9 40.2 39.3
Vehicle #4 26.3 24.9 255 25.7 25.0 25.6 24.6
Vehicle #5 14.0 13.2 134 13.4 131 14.0 13.3
Vehicle #6 16.9 16.3 16.3 16.2 16.4 16.7 16.2
Vehicle #7 37.3 36.7 36.6 36.2 36.4 36.8 35.9
Vehicle #8 28.0 27.1 27.2 26.9 26.2 27.3 26.0
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Table C2:

Cycle-based PM mass emissiamsg/mile)

Vehicle #1Vehicle #2Vehicle #3Vehicle #4Vehicle #$Vehicle #6§Vehicle #TVehicle #
Federal ULSIp 0.75 1.52 0.18 0.99 2.18 2.65 0.73 0.68
CARB Diese] 1.26 2.12 0.26 1.02 1.93 1.36 0.60 0.60
Fed/SME-20] 1.45 1.45 0.62 0.96 1.35 1.45 0.36 0.52
Fed/AFME-2q0 0.78 0.64 0.48 1.13 0.87 1.04 0.40 1.22
Fed/WCO-200 0.30 1.18 0.31 1.57 0.94 2.31 0.35 0.96
Fed/HVO-20] 0.90 1.71 0.37 1.35 1.50 2.00 0.65 0.68
CARB/WCO-40 1.33 0.93 0.88 0.85 2.42 1.47 0.80 0.74
Table C3: Average veighted particle number emissions (particles/mile)
Federal ULSDCARB ULSPed/SME-20Fed/AFME-2{Fed/WCO-2(Fed/HVO-20CARB/WCO-2
Vehicle #1 1.3699E+112.5606E+1[l 1.4055E+1}l 1.5478E+1{l 1.1357E+1{l 9.3367E+10 1.1938E+1
Vehicle #2 1.7060E+1{11.3703E+1{1 8.0970E+10 2.7200E+1p 2.1994E+1D 2.7623E+10 6.4027E+]]
Vehicle #3 1.1868E+1D1.3765E+10 2.4971E+10 1.9704E+1{l 5.2160E+10 1.2932E+10 2.7491E+1
Vehicle #4 1.8989E+102.1574E+1D 3.8112E+10 2.7090E+1p 2.9433E+10 3.7038E+10 1.7124E+]]
Vehicle #5 2.4069E+002.8700E+00 1.1178E+00 2.7282E+00 3.0456E+00 4.2168E+00  3.2468E+(]
Vehicle #6 3.0608E+1D1.6467E+1P 2.7156E+10 2.8242E+1D 4.0827E+00 6.1371E+10  2.7636E+1
Vehicle #7 6.0422E+007.4305E+08 1.7559E+00 1.0301E+1D 2.4375E+00 2.7754E+00  1.5522E+1
Vehicle #8 1.0599E+103.2045E+10 5.0502E+10 7.8220E+0P 1.6707E+1D 5.4498E+10  2.7432E+1
Table C4: Average veighted formaldehyde and acetaldehydessions (ug/mile)
Formaldehyde
Federal ULSOCARB ULSIFed/SME-20Fed/AFME-20Fed/WCO-20Fed/HVO-20CARB/WCO-2
Vehicle #1 3543.11 2640.01 | 8862.72 7045.30 2363.63 | 10156.08 4054.39
Vehicle #2 23470.97 | 13640.84 | 21170.88 | 18063.27 | 17604.70 | 14219.30 11198.73
Vehicle #3 2160.38 1343.24 0.00 1468.99 3996.21 2037.56 2008.66
Vehicle #4 7415.22 2637.97 | 3581.87 6565.03 5571.03 7699.53 8901.01
Vehicle #5 13364.28 | 10907.81 | 11163.07 | 6406.56 13961.16 | 11608.09 9346.51
Vehicle #6 2350.20 2150.73 | 2893.87 2807.90 5465.21 2741.87 1835.22
Vehicle #7 3968.16 2962.77 | 4786.39 3632.91 4300.29 1731.71 3253.83
Vehicle #8 1371.32 1438.90 | 2779.58 1598.66 3281.07 1251.14 2841.68
Acetaldehyde
Vehicle #1 797.10 632.37 2047.58 1565.77 353.18 2925.94 885.13
Vehicle #2 8585.19 4503.52 | 7414.71 5258.81 5640.61 5258.81 3431.55
Vehicle #3 780.78 445.87 0.00 447.34 1317.33 673.09 609.87
Vehicle #4 2256.81 811.39 1889.00 2391.74 2515.08 2702.30 962.67
Vehicle #5 5731.96 2002.23 | 3234.01 4860.36 3349.48 4102.87 12000.85
Vehicle #6 1405.08 1149.30 | 1535.58 728.95 1957.58 653.29 877.32
Vehicle #7 1015.40 623.52 1056.51 815.26 1600.72 1060.88 971.40
Vehicle #8 367.85 378.34 542.94 598.47 655.71 381.20 762.92
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Table C5: Averagenitrogenous emissions for Vehicle #4 to Vehicle #8 (g/mile)

NO Average
Federal ULSITARB Diesgred/SME-20Fed/AFME-20Fed/WCO-20Fed/HVO-20CARB/WCO-

Vehicle #4 0.0033 0.0039 0.0145 0.0049 0.0090 0.0005 0.0048
Vehicle #5  0.1078 0.0997 0.0731 0.0639 0.1354 0.0920 0.1070
Vehicle #§  0.1161 0.1111 0.1631 0.1185 0.1491 0.1381 0.1643
Vehicle #f 0.0055 0.0119 0.0292 0.0109 0.0124 0.0192 0.0090
Vehicle # 0.0008 0.0042 0.0030 0.0000 0.0038 0.0042 0.0043

NO2 Average
Vehicle #4  0.028 0.032 0.026 0.031 0.033 0.028 0.037
Vehicle #5  0.027 0.036 0.054 0.034 0.044 0.044 0.045
Vehicle #¢  0.081 0.104 0.076 0.081 0.057 0.093 0.052
Vehicle #]  0.026 0.020 0.014 0.025 0.021 0.028 0.021
Vehicle # 0.059 0.062 0.053 0.066 0.043 0.063 0.054

N20O Average
Vehicle #4  0.009 0.013 0.013 0.010 0.008 0.012 0.009
Vehicle #% 0.066 0.064 0.054 0.034 0.068 0.062 0.061
Vehicle #§  0.017 0.011 0.014 0.014 0.014 0.014 0.010
Vehicle #f  0.019 0.019 0.020 0.022 0.021 0.025 0.017
Vehicle # 0.016 0.014 0.017 0.015 0.014 0.013 0.012

NO:NO2 Ratio
Vehicle #4  0.106 0.103 2.040 0.149 0.270 0.017 0.116
Vehicle #5  7.074 2.802 2.048 1.734 3.096 2.168 2.399
Vehicle #§  1.451 1.084 2.155 1.465 2.637 1.502 3.318
Vehicle #f  0.220 0.595 2.306 0.429 0.586 0.700 0.425
Vehicle #§  0.013 0.067 0.064 0.000 0.092 0.067 0.082
Table C6: AverageOC emissions (mg/mile)

Federal ULSDICARB ULSD |Fed/SME-20 |Fed/AFME-20|Fed/WCO-20 |Fed/HVO-20 |CARB/WCO-2

Vehicle #1 0.064 0.080 0.302 0.031 0.044 0.163 0.057
Vehicle #2 0.253 0.152 0.164 0.157 0.162 0.141 0.171
Vehicle #3 0.010 0.004 0.004 0.000 0.011 0.034 0.004
Vehicle #4 0.727 0.126 0.184 0.327 0.302 0.552 0.401
Vehicle #5 0.285 0.714 0.344 0.068 0.250 0.317 0.581
Vehicle #6 0.447 0.320 0.770 0.384 0.574 0.292 0.705
Vehicle #7 0.116 0.031 0.074 0.193 0.186 0.309 0.121
Vehicle #3 0.148 0.129 0.171 0.139 0.233 0.25( 0.294
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Table C7: Average NH emissiongmg/mile)

Federal ULS[ITARB Diesgfed/SME-2pFed/AFME-20Fed/WCO-20Fed/HVO-20CARB/WCO-]
Vehicle #1 17.5 7.5 55 14.6 11.3 17.4 10.0
Vehicle #2 7.4 7.5 7.6 51 6.3 7.2 7.8
Vehicle #3 1.2 2.5 1.6 1.4 1.8 1.3 0.9
Vehicle #4 NA 0.2 0.4 NA 0.1 NA NA
Vehicle #% NA 1.0 0.0 3.2 0.7 NA NA
Vehicle #§ 0.8 0.7 0.3 1.3 0.4 -0.1 NA
Vehicle #] 1.4 0.3 9.9 0.9 0.4 0.6 2.0
Vehicle #§ 0.7 0.5 51 0.2 1.3 0.5 0.7
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Table C8: Averageemissions during regeneration emissiasihg for Vehicle #1 and Vehicle

#3

Vehicle #1
Baseline HWFHETFederal ULSD Fed/SME-20
THC, g/mi 0.0047 0.039 0.065
NMHC, g/mi 0.0018 0.003 0.004
CH4, g/mi 0.0033 0.042 0.070
CO, g/mi 0.0000 0.008 0.013
NOx, g/mi 0.0761 0.103 0.096
CO2, g/mi 263 389 365
FE, mi/gallon 38.7 26.2 28.4
PM mass, mg/mi NA 11.54 11.10
PN, #/mi 5.21E+03 3.56E+14 1.74E+15
BCug/mi 34.11 (x10) 248.62 353.94
EC, mg/mi NA 0.560 0.516
OC, mg/mi NA 0.266 0.252
Formal, pg/mi 0.539 0.674 1.293
Acetal x 5, pg/mi 0.000 0.043 0.203
Propional x 10, pg/mi 0.000 0.100 0.033
Butyral x 10, pg/mi 0.000 0.000 0.040
Benzal x 10, pg/mi 0.000 0.172 0.000
Hexanal x 10, pg/mi 0.000 0.088 0.000
Vehicle #3

THC, g/mi 0.007 0.010 0.027
NMHC, g/mi 0.003 0.002 0.018
CH4, g/mi 0.005 0.009 0.010
CO, g/mi 0.015 0.009 0.053
NOx, g/mi 0.085 0.230 0.362
CO2, g/mi 165 196 224
FE, mi/gallon 61.7 52.7 455
PM mass, mg/mi 0.66 21.04 12.52
PN, #/mi 8.20E+13 9.03E+14 6.48E+14
Soot Mass, mg/mi 0.52 (x10) 1.417 1.306
EC, mg/mi 0.040 1.114 1.331
OC, mg/mi 0.252 0.517 0.655
Formal, pg/mi 0.238 0.287 1.405
Acetal, pg/mi 0.000 0.023 0.196
Propional, pg/mi 0.000 0.013 0.015
Crotonal, pg/mi 0.060 0.067 0.036
Butyral, pg/mi 0.000 0.034 0.123
Benzal, pg/mi 0.000 0.008 0.012
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Table D1: Gasphase PAH emissions fdtehicle #1

Appendix D

Componen{ng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCG20 Fed/HVO20 CARB/WCO-20
Naphthalene 25391+ 19588 | 473.53+221.80 | 2272.57 8226 815.15 * 357.26 201497 +68.10 | 441.20+559.90 | 50.22 + 71.01
Quinoline 0.00 £ 0.00 0.00 £ 0.00 2.08+2.95 2.06 +2.92 42.81 * 46.02 5.13+7.26 0.00 + 0.00
2-methylnaphthalene 197.27+95.12 | 436.48+ 134.89 | 804.52 + 425.48 420.13+ 103.08 764.95 * 6905 230.86£64.31 | 46.69 + 60.50
1-methylnaphthalene 90.33 £ 41.32 240.58 * 26.31 509.03 * 325.65 234.23% 78.60 42332+ 9.65 151.98  0.28 25.51 + 34.50
Biphenyl 32.68 + 16.56 78.88 + 25.27 122,11 +58.81 76.74 £ 4.41 77.64 + 28.64 26.74£9.15 41.09 58.10
2-methylbiphenyl 2230.79 + 477.44 | 2694.35 + 137.01 | 2054.23+588.42 | 149597 +283.48 | 3392.02+551.37 | 3709.07 + 903.28 23‘7‘2:32 *
2,6+2,7dimethylnaphthalene | 19.83 + 28.04 173.64 + 83.67 318.07 « 153.76 154.58 £ 53.79 87.85 + 24.28 0.00 + 000 1271+334
1,3+1,6+1,7dimethylnaphth 48.70  29.05 316.29 * 26.86 624.39 * 343 51 293.26 £ 74.25 171.51 + 48.61 47.96 * 36.22 92.63 £ 56.12
1,4+1,5+2,3dimethylnaphth 33.81+29.18 79.93 + 11.87 131.69 +51.16 86.73 + 28.96 90.79 £ 32.70 15.79 + 1208 29.33+31.15
Acenaphthylene 5.99 + 8.47 8.80 + 12.44 20.23+5.06 11.78 + 16.66 26.70 £ 37.76 5.92+0.17 0.00 + 0.00
1,2-dimethylnaphthalene 0.00 + 0.00 19.64 +27.78 30.21 + 13.67 15.93+8.30 10.12+8.34 4.92 * 6.96 0.00 + 0.00
1,8dimethylnapthalene 0.00 £ 0.00 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Acenaphthene 5.03+7.11 10.75 + 15.20 56.80 + 43.42 39.56 + 8.47 66.87 + 28.78 0.00 £ 0.00 0.00 £ 0.00
3-methylbiphenyl 850.00 + 337.86 | 851.05+537.93 | 1150.69 £77.26 0.00 £ 0.00 0.00 £ 0.00 1038.10 + 784.90 | 1234.89 = 851.19
4-methylbiphenyl 46153+ 16.64 | 779.86+182.50 | 410.0585.14 0.00 + 0.00 93.64 + 132.43 467.87 + 354.23 | 471.94 + 374.76
1+2ethylnaphthalene 140.72+91.40 | 182.03+27.72 313.10 % 68.19 192.96 * 41.16 192.65 + 18.70 15530 £ 25.46 | 124.33+28.18
L-ethyF2-methylnaphthalene | 2.07 £ 2.93 4.98 +7.05 53.43 £ 22.94 33.63£8.25 5.04+7.13 2114299 15.25 + 15.54
2,3,5+Hrimethylnaphthalene | 13.91 + 19.67 21.55 + 16.37 156.78 + 19.89 95.62 +3.88 25.81 £ 36.50 0.00 £ 0.00 15.91 + 2250
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B-trimethylnaphthalene 23.67 £33.48 70.16 £ 33.47 182.71 + 69.92 126.93 +12.91 23.95+0.31 14.73 £ 3.75 25.12 £ 35.53
A-trimethylnaphthalene 28.11 £ 39.75 102.31 +£50.19 239.94 £ 60.54 180.08 + 25.59 50.57+ 50.15 5.98 £ 4.36 73.97 £104.61
C-trimethylnaphthalene 38.58 £29.14 58.37 £ 0.38 192.24 + 106.95 100.27 £ 49.78 26.70 £ 37.76 14.48 + 20.48 64.20 £ 90.80
2-ethyl1-methylnaphthalene 0.00 £ 0.00 2.05+£2.90 4.03+0.20 10.02 + 8.32 16.06 + 16.73 0.00+ 0.00 2.13+3.01
E-trimethylnaphthalene 4.44 +6.28 26.22 +16.34 100.67 + 4.94 76.73+3.94 7.42 +£10.49 0.00 + 0.00 8.75 + 0.53
2,4,5trimethylnaphthalene 0.00 + 0.00 2.03+2.88 0.00 + 0.00 7.99 +11.29 0.00 £ 0.00 0.00 + 0.00 517 +£7.32
F-trimethylnaphthalene 12.43 £ 17.58 18.63 + 16.39 84.27 £ 8.05 27.74 £4.09 10.10 £ 12.57 0.00 £ 0.00 14.52 + 20.53
Fluorene 134.86 + 70.40 0.00 £ 0.00 366.41 £ 367.40 198.90 + 20.27 171.91 + 14.90 86.41 £ 35.10 55.95 £ 77.54
1,4,5trimethylnaphthalene 11.84 £16.74 0.00 £ 0.00 2.78 £3.93 296 £4.18 0.00 £ 0.00 0.00 £ 0.00 5.83+£0.36
Jtrimethylnaphthalene 11.84 £ 16.74 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
A-Methylfluorene 4.17 £0.04 2.03+2.88 15.33+7.37 21.85+8.41 7.16 £4.14 0.00 £ 0.00 15.91 + 22.50
B-Methylfluorene 2.98 £0.03 1.47 £ 2.07 5.65+3.79 0.00 £0.00 2.99+£0.04 2.96 £0.09 4.19+5.92
1-Methylfluorene 3.59 +5.08 0.59 + 0.83 0.00 + 0.00 10.04 + 4.20 0.59 + 0.84 0.58 + 0.82 3.35+4.74
9-fluorenone 19.15 +21.22 4.98 +7.05 13.99 +19.78 74.99 + 16.92 49.12 + 4.86 23.25+32.88 23.43+33.14
Dibenzothiophene 3.59 +5.08 0.00 + 0.00 1.15+0.06 1.18 £ 0.00 0.59 +0.84 1.18 £ 0.03 0.61 +0.86
Phenanthrene 92.33£9.22 131.18 + 48.69 152.45 +7.49 200.66 + 28.61 152.08 £ 91.19 77.09 £14.81 115.04 + 48.20
Anthracene 6.51£9.21 3.52+£4.98 21.39+£5.11 10.05 £ 12.55 3.56 £5.03 1.18 £ 0.03 4.21 +4.38
Xanthone 2.98 £0.03 11.66 + 4.05 2.88+£0.14 20.64 £ 16.63 59.79 £ 11.94 5.98 £ 4.36 292+0.18
1,4Naphthoquinone 11.91+£0.10 5.84 £ 0.04 11.51 + 0.56 5.89£8.33 5.93+8.39 0.00 £ 0.00 2.79 £3.95
Acenaphthenequinone 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
3-methylphenanthrene 8.97 £ 8.50 20.40 £ 8.12 11.41 + 3.50 17.73 + 12.58 5.96 +4.16 1.45+2.05 22.96 + 10.95
2-methylphenanthrene 19.05 + 0.17 24.52 +0.16 4.13+4.27 21.87 +20.94 0.60 + 0.85 4.20+4.30 50.38 +9.28

152



Perinaphthenone 22.07 £8.61 16.71 + 23.63 42.12 + 30.51 5.03+£7.11 43.14 + 478 44.38 £ 62.77 7.13 £4.55
2-methylanthracene 2.98 £0.03 2.92+£0.02 4.16 £5.89 1.48 £ 2.09 2.99+£0.04 5.85+4.01 0.00 £ 0.00
4,5methylenephenanthrene 5.95 £ 0.05 293+4.15 298+4.21 8.85+4.15 3.02£4.27 3.02+£4.27 2.79 £3.95
9-methylptenanthrene 4.15+4.17 15.75+4.03 0.00 £0.00 12.99 + 0.04 12.46 £ 17.62 4.20+4.30 9.79 £ 3.52
1-methylphenanthrene 0.00 + 0.00 2.03+2.88 1.94+2.75 10.04 £ 0.03 0.00 + 0.00 2.11+2.99 7.54 +10.66
Anthrone 14.87 £ 4.08 32.07 £12.18 11.11+151 5.92 +8.37 14.83 £ 20.98 12.08 +17.08 23.59 £ 9.68
9-methylanthracene 4.17 £ 0.04 2.05+2.90 1.94+£2.75 413 +0.01 0.00 +0.00 2.11+299 4.08 £ 0.25
Anthraquinone 296 +4.18 0.00 = 0.00 11.51 £ 0.56 296 +4.18 11.92+8.31 3.02 +4.27 0.00 + 000
A-dimethylphenanthrene 7.99 £11.30 4.09 £0.03 39.54 £ 42.57 2.07 £2.93 2.08£2.94 9.93 £8.07 47.22 +17.71
B-dimethylphenanthrene 0.59+0.84 12.79 £ 16.43 6.55 £ 9.26 0.59+0.84 0.00 £ 0.00 6.64 £ 9.39 0.61 £ 0.86
1,7-dimethylphenanthrene 7.16 + 4.27 2.05+£2.90 7.00+£4.41 2.06 £2.92 2.08£2.94 0.00 £ 0.00 475+6.71
3,6-dimethylphenanthrene 0.00 £ 0.00 5.86 £ 8.29 2.78 £3.93 296 £4.18 5.99 £ 0.08 5.92+0.17 2.79 £3.95
D-dimethylphenanthrene 1.50+2.12 1.47 +2.07 0.00 + 0.00 1.48+2.09 2.99+0.04 2.96 + 0.09 2.92+0.18
E-dimethylphenanthrene 2.96 +4.18 2.93+4.15 2.78 +3.93 0.00 + 0.00 14.89 £+ 12.51 3.02+4.27 0.00 £ 0.00
C-dimethylphenanthrene 415+ 4.17 4.07+4.10 413 +4.27 7.08 £ 0.02 55.24 + 26.11 4.20 £ 4.30 3.96+ 3.88
Fluoranthene 1.48 £ 2.09 0.00 + 0.00 11.41 £ 3.50 11.80+4.14 10.38 £ 14.68 0.00 +0.00 7.61+10.76
Pyrene 47.53 = 24.85 11.65+£8.18 97.18 £ 137.43 64.89 + 24.85 14.89 £ 12.51 32.35+11.59 21.30+£30.13
9-Anthraaldehyde 0.00 + 0.00 0.00 + 0.0 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Retene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(a)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 2.90+4.10 3.04 £4.30
benzo(b)fluorene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
5-methylchrysene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
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B-MePy/MeFI 0.00 +0.00 0.00 + 0.00 1.94+275 2.07 £2.93 0.00 +0.00 4.92 +6.96 0.00 + 0.00
1-MeFI+C-MeFI/Py 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
1+3-methylfluoranthene 2.10+2.97 0.00 + 0.00 0.00 +0.00 2.07+2.93 0.00 +0.00 2.03+2.87 2.13+3.01
4-methylpyrene 2.07 +2.93 2.05+2.90 0.00 +0.00 413 +0.01 2.08+2.94 0.00 +0.00 1.95+2.76
C-MePy/MeFI 0.00 £ 0.00 2.05+2.90 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 4.14+0.12 0.00 £ 0.00
D-MePy/MeF| 2.07+£2.93 0.00 £ 0.00 1.94 +2.75 0.00 £ 0.00 2.11+£2.99 2.03+2.87 0.00 £ 0.00
1-methylpyrene 5.97 +£4.26 0.00 £ 0.00 1.49+2.10 0.00 £ 0.00 0.00 £ 0.00 1.51+2.13 0.00 £ 0.00
Benzonaphthothiophene 0.60 +£0.85 0.00 £ 0.00 1.15+0.06 0.00 £ 0.00 1.20 £ 0.02 0.00 £ 0.00 0.00 £ 0.00
benzo(c)pheanthrene 2.98 +0.03 0.00 + 0.00 2.88+0.14 295+0.01 453 +6.41 1.45+2.05 0.00 + 0.00
Benzo(ghi)fluoranthene 2.98 +0.03 0.00 + 0.00 0.00 = 0.00 1.47 +£2.08 2.99+0.04 151+2.13 292+0.18
9-phenylanthracene 0.00 +0.00 0.00 + 0.00 0.00 0.0 0.00 +0.00 9.01+4.35 592+0.17 0.00 + 0.00
6-methylchrysene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
Cyclopenta(c,d)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 2.03+2.87 0.00 £ 000

Benz(a)anthracene 2.07+£2.93 0.00 £ 0.00 0.00 £ 0.00 2.07+£2.93 0.00 £ 0.00 4.14+0.12 0.00 £ 0.00
Chrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzanthrone 2.96+4.18 0.00 £ 0.00 0.00 £ 0.00 2.96 +4.18 5.99 +0.08 0.00 £ 0.00 0.00 £ 0.00
Benz(a)anthracerg 12dione 5.99 +8.47 0.00 £ 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00
3-methylchrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00+0.0

7-methylbenz(a)anthracene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
7,12dimethylbenz(a)anthracene| 0.00 = 0.00 0.00 + 0.00 0.00 +0.00 29.45+41.65 71.90 £9.39 33.21 £ 46.97 0.00 + 0.00
Benzo(b)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzo(j)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
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Benzo(k)fluoranthene 0.00 = 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 000 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
Benzo(a)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
BeP 0.00 % 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 2.11+2.99 0.00 £ 0.00 2.13£3.01
BaP 0.00 £ 0.00 1.47% 2.07 1.49 £ 2.10 0.00 £ 0.00 1.48£2.10 4341614 0.00 £ 0.00
Perylene 0.00 % 0.00 0.00 £ 0.00 1.49 £ 2.10 0.00 £ 0.00 14.86 * 16.74 151+2.13 152+2.15
3-methylcholanthrene 1.19+0.01 1.17£0.01 1.15+0.06 414 +4.19 422 +4.29 1.18+0.3 0.56 £+ 0.79
7-methylbenzo(a)pyrene 0.60 * 0.85 0.00 £ 0.00 0.00 * 0.00 24.25 + 34.30 0.00 * 0.00 0.60 * 0.85 0.00 £ 0.00
?’éﬁ‘i@r{gmbenzo(”‘)pyre“e 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 2.03+2.87 0.00 £ 0.00
Indeno[13-cd]fluoranthene 3.00  4.24 0.00 £ 0.00 0.00 * 0.00 0.00 * 0.00 0.00 * 0.00 0.00 % 0.00 0.00 £ 0.00
Indeno[123cd]pyrene 0.00 = 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 = 0.00 0.00 £ 0.00
Dibenzo(ac)anthracene 0.00 = 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
Dibenzo(ah+ac)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 2.97 £ 4.20 0.00 £ 0.00 0.00 £ 0.00
Dibenzo(ah)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00% 0.00 0.00 £ 0.00
Dibenzo(a,j)anthracene 0.00 % 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
Benzo(b)chrysene 0.00 * 0.00 7.92+11.20 0.00 £ 0.00 0.00 £ 0.00 8.01+11.33 0.00 % 0.00 0.00 £ 0.00
Picene 0.00 + 0.00 0.00% 0.00 0.00 * 0.00 2.07 £2.93 514 +7.26 0.00 % 0.00 0.00 £ 0.00
Benzo(ghi)perylene 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 4.13+0.01 2.11+£2.99 2.11+£2.99 0.00 £ 0.00
Anthanthrene 0.00 = 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 * 0.00 0.00 £ 0.0 0.00 + 0.00
Triphenylene 0.00 % 0.00 0.00 £ 0.00 0.00 * 0.00 0.00 * 0.00 0.00 * 0.00 0.00 % 0.00 0.00 £ 0.00
Dibenzo(a,l)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
Coronene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00

155



Dibenzo(a,e)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00

Dibenzo(a,i)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00

Dibenzo(a,h)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00

Dibenzo(b,k)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
Table D2: Gasphase PAH emissiorisr theVehicle #2

Componentng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCQG20 Fed/HVO20 CARB/WCO-20

Naphthalene

2916.37 + 1603.86

1484.05 + 1873.24

1652.05 + 157.42

400.22 + 409.71

1385.78 + 1021.02

895.99 + 1261.71

1029.47 + 310.54

Quinoline

20.09 £ 0.37

2.65+3.75

5.22 +0.00

0.00 £ 0.00

0.00 £ 0.00

32.04 +37.73

17.16 £ 16.45

2-methylnaphthalene

641.91 +335.48

1215.31 + 861.75

672.78 £ 26.70

262.56 * 207.48

178.33 £59.28

817.60 + 1051.22

290.61 + 202.03

1-methylnaphthalene

327.04 £193.93

691.85 + 556.77

400.52 + 57.82

156.77 + 136.14

132.23 £ 32.23

534.54 + 755.95

224.26 £ 147.30

Biphenyl 77.74 £ 40.67 180.83 +114.13 130.53 £ 10.61 13.34 £ 18.86 13.49 £ 19.07 135.35+191.42 121.73 + 34.57
2-methylbiphenyl 374.57 £ 529.72 1068.87+ 1511.61 | 0.00 +0.00 162.34 + 229.58 402.89 + 569.77 0.00 +0.00 1740.94 + 29.78
2,6+2,7dimethylnaphthalene 128.02 + 7.59 420.71 + 398.83 292.37 £ 57.87 27.99 +21.85 29.55+41.78 223.81 £ 316.51 29.96 +42.37
1,3+1,6+1,7dimethylnaphth 235.76 £ 6.23 734.65 * 758.90 553.38 £ 226.51 68.94 +3.73 59.17 + 32.45 425.88 +602.28 | 6.72 £9.50
1,4+1,5+2,3dimethylnaphth 12.70 £ 5.49 235.60 £ 215.71 165.57 £ 63.21 35.19 +4.50 16.90 + 10.83 115.14 £ 162.84 | 36.71 +27.33
Acenaphthylene 11.02 + 15.58 87.01 +1@.08 7.46 +10.55 7.62+10.78 7.69 +0.02 68.63 + 97.06 11.73 £5.42
1,2-dimethylnaphthalene 2.64+3.73 61.86 + 48.67 2.61 +3.69 0.00 +0.00 2.70+3.81 36.98 +52.30 6.61 +9.35
1,8-dimethylnaphthalene 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 11.85+16.76
Acenaphthene 56.91 +41.05 65.16 + 9.60 117.10 £ 10.49 0.00 +0.00 21.87 +30.93 29.36 +41.52 25.00 + 16.37
3-methylbiphenyl 436.99 +618.00 | 788.39 +1114.95 | 700.87 +£991.18 248.29 + 254.12 453.49 + 161.78 0.00 + 000 0.00 + 0.00
4-methylbiphenyl 96.15 +61.37 253.95 + 359.14 78.32 + 36.96 315.01 +£7.20 200.10 + 98.48 149.20 £ 135.52 | 0.00 = 0.00
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1+2ethylnaphthalene 149.77 £ 55.14 299.50 + 237.90 228.97 £ 52.63 62.29 £ 70.35 63.13 £49.13 181.87 + 257.20 107.37 + P4
1-ethyl2-methylnaphthalene 19.90 + 20.68 63.30 £ 89.52 132.00 + 73.77 0.00 +0.00 0.00 +0.00 21.73+30.73 0.00 + 0.00
2,3,5+Hrimethylnaphthalene 23.95+16.22 150.48 + 212.80 385.57 + 158.03 13.65+19.31 25.71 + 36.36 29.36 +41.52 0.00 + 0.00
B-trimethylnaphthalene 33.91 +47.96 208.62 + 317.42 413.90 + 216.03 0.00 +0.00 0.00 +0.00 45.75 +64.70 0.00 + 0.00
A-trimethylnaphthalene 111.36 + 24.27 366.39 + 355.58 477.29 + 279.29 16.60 + 23.48 44.13 + 62.40 74.35 +105.14 1.98+2.79
C-trimethyinaphthalene 63.67 + 48.50 250.00 * 332.57 350.54 £ 84.21 56.80 + 49.02 3.84+£5.43 0.00 £ 0.00 0.00 £ 0.00
2-ethyl1-methylnaphthalene 2.64+£3.73 10.01 £ 14.16 20.14 £ 0.01 0.00 £ 0.00 5.38 £ 0.02 0.00 £ 0.00 277391
E-trimethylnaphthalene 33.48 +0.61 117.46 + 160.87 197.63 £ 94.84 0.00 £ 0.00 0.00 £ 0.00 24.78 + 35.05 0.00 £ 0.00
2,4,5trimethylnaphthalene 5.21+0.09 24.20 + 26.88 6.34 + 8.96 0.00 = 0.00 13.07 £ 0.04 2.67+3.77 0.00 + 0.00
F-trimethylnaphthalene 64.78 £ 6.44 115.05 + 139.62 199.13 + 57.92 0.00 = 0.00 4.60 £ 6.51 458 £ 6.47 0.00 + 0.00

Fluorene 474.79 + 306.97 231.32 £ 146.72 1127.73 + 73.29 114.49 + 45.03 193.86 + 44.08 135.10 +£102.26 | 263.94 + 58.16
1,4,5trimethylnaphthalene 14.78 £ 10.25 15.16 + 21.44 29.84 + 31.66 0.00 +0.00 0.00 +0.00 3.81+5.39 0.00 + 0.00
Jtrimethylnaphthalene 0.00 £ 0.00 0.00 £ 0.00 14.92 £ 21.10 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
A-Methylfluorene 16.42 + 5.56 39.03 +£5.90 113.39 + 68.62 23.82 +15.36 2.70+3.81 6.48 £9.17 13.27 £10.95
B-Methylfluorene 1.88 + 2.66 14.96 = 5.07 22.38 +5.28 1.91+2.69 3.85+0.01 1.91+2.70 19.72 £ 22.39
1-Methylfluorene 24.10 + 32.00 20.45 + 26.82 124.56 + 15.88 9.00+0.21 0.77 £1.09 0.77 £1.08 0.78 £1.10
9-fluorenone 0.00 £ 0.00 13.72 £19.40 28.73 +40.62 8.94+5.10 40.01 +16.43 2.68+£3.79 44.94 + 44,84
Dibenzothiophene 1.49+0.03 0.74 £1.05 4.47 +£6.33 0.00 +0.00 0.00 +0.00 0.77 £1.08 0.79+1.12
Phenanthrene 220.44 £ 109.22 262.66 + 30.57 533.28 £ 52.48 71.62 +33.45 130.84 +71.08 137.53 £5.00 184.46 + 35.25
Anthracene 16.46 £ 10.82 16.42 +£10.35 27.59 *+ 26.36 0.00 +0.00 0.77 +£1.09 5.34 +5.39 0.00 + 0.00
Xanthone 1.84 +2.60 33.74 £ 0.52 26.10 + 31.63 1.84 +2.61 3.85+0.01 3.82+0.01 11.82 £ 11.22
1,4Naphthoguinone 0.00 £ 0.00 30.08 + 11.07 3.73+£5.27 3.81+5.39 7.69 + 0.02 0.00 £ 0.00 3.89 £5.50
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Acenaphthenequinone 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
3-methylphenanthrene 37.25+£5.94 29.95+4.84 100.69 + 21.05 18.51 £ 20.79 19.23 £ 0.06 15.31 £ 16.25 17.78 £ 25.14
2-methylphenanthrene 24.00 £ 21.48 35.12 +15.36 143.21 + 10.62 8.12+£11.48 36.15 £ 5.55 39.77 £21.73 4491 + 39.29
Perinaphthenone 53.98 £ 76.34 50.57 £43.20 53.72 £ 58.04 2.58 £ 3.65 47.61 + 48.8 24.49 £ 27.09 64.09 £ 38.12
2-methylanthracene 9.42 +13.32 3.75+0.06 11.19 + 0.01 0.00 + 0.00 5.78 +8.17 7.63 +£5.38 1.95+2.75
4,5methylenephenanthrene 3.77 £5.33 11.21£5.13 7.46 £ 0.00 0.00 £ 0.00 3.85+5.45 3.81+5.39 3.95+5.59
9-methyiphenanthrene 8.08 £11.43 27.70 £ 4.87 57.43 £5.25 0.76 £ 1.08 13.07 £5.40 1.53 £0.00 21.26 £ 16.86
1-methylphenanthrene 6.24 £ 8.83 21.14 £ 29.89 35.05 £ 10.53 5.25+£0.12 6.55 £ 9.26 2.68 £3.79 18.57 + 26.26
Anthrone 33.62 £16.39 11.13+15.73 5223 £ 63.31 0.00 £ 0.00 0.00 £ 0.00 1147 £5.44 11.85+16.76
9-methylanthracene 6.24 £ 8.83 5.25+£0.08 5.22 £0.00 0.00 £ 0.00 2.69 £3.80 2.67£3.77 0.00 £ 0.00
Anthraquinone 0.00 £ 0.00 3.71+£5.24 18.64 + 26.36 0.00 £0.00 7.69 £0.02 0.00 £ 0.00 15.80 + 22.35
A-dimethylphenanthrene 23.95+£16.22 9.04 £5.44 20.14 £ 0.01 12.87 £ 10.90 16.89 + 16.26 2.68 £3.79 0.00 £ 0.00
B-dimethylphenanthrene 5.16 +5.17 0.00 + 0.00 35.06 + 36.94 0.76 + 1.08 16.95 + 21.80 46.51 + 65.78 1.57 £ 0.02
1,7-dimethyphenanthrene 5.21 + 0.09 9.04 £5.44 12.68 +10.54 2.58 + 3.65 5.38 £ 0.02 5.35 + 0.02 2.77 £3.91
3,6-dimethylphenanthrene 0.00 £ 0.00 3.79+5.36 14.92 + 0.01 3.69 £5.22 7.69 £ 0.02 0.00 + 0.00 0.00 + 0.00
D-dimethylphenanthrene 0.00 £ 0.00 3.75+ 0.6 3.73+£0.00 0.00 £ 0.00 3.85+0.01 1.91+2.71 1.98 +2.79
E-dimethylphenanthrene 0.00 + 0.00 3.79+5.36 11.19 +5.28 0.00 + 0.00 0.00 £+ 0.00 7.64 +£0.02 3.95+5.59
C-dimethylphenanthrene 5.26 £ 5.36 20.45 £ 26.82 27.59 £15.81 0.74£1.04 5.39 £ 545 0.77 £1.08 68.07 £ 26.99
Fluoranthene 7.39+£5.13 7.46 £5.19 16.79 £ 23.74 1.84 +2.61 3.85+0.01 3.82+0.01 11.82 +11.22
Pyrene 41.06 = 16.53 22.50 £0.35 55.95 £ 26.40 22.26 £20.70 15.41 +21.80 15.28 £ 0.04 54.89 £ 0.59
9-Anthraaldehyde 0.00+ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Retene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
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benzo(a)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £0.00 3.89 £5.50
benzo(b)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 3.81+£5.39 0.00 £ 0.00
5-methylchrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
B-MePy/MeFI 0.00 £ 0.00 0.00 = 000 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 2.72+£3.85
1-MeFI+C-MeFI/Py 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 2.58 + 3.65 0.00 £ 0.00 2.67 +£3.77 2.72 +3.85
1+3methylfluoranthene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 +0.00 2.72 +3.85
4-methylpyrene 5.21 + 0.09 0.00 + 0.00 5.22 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 2.72 £ 3.85
C-MePy/MeFI 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 2.67 +3.77 0.00 + 0.00
D-MePy/MeFI 0.00 £ 0.00 0.00 £ 0.00 2.61+ 3.69 2.67£3.77 2.70£3.81 0.00 £ 0.00 2.77+391
1-methylpyrene 1.84 £ 2.60 0.00 £ 0.00 0.00 £ 0.00 1.84 £2.61 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzonaphthothiophene 0.73+1.04 0.74 £1.05 0.00 £0.00 0.74 £1.04 0.00 £ 0.00 1.53+£0.00 0.00 £0.00
benzo(c)phenanthrene 0.00 £ 0.00 1.90 + 2.68 559+791 1.84 +2.61 5.78 £8.17 5.72 £8.09 0.00 £ 0.00
Benzo(ghi)fluoranthene 1.88 £ 2.66 3.75+0.06 1.86 + 2.64 0.00 + 0.00 3.85+0.01 3.82+0.01 11.82 +11.22
9-phenylanthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 3.69 +£5.22 3.85+5.45 0.00 + 0.00 0.00 + 0.00
6-methylchrysene 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
Cyclopenta(c,d)pyrene 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 2.58 + 3.65 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
Benz(a)anthracene 5.21+0.09 0.00 + 0.00 0.00 +0.00 2.67+3.77 0.00 +0.00 17.92 £ 25.34 17.28 +5.73
Chrysene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
Benzanthrone 7.44 +£0.14 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 11.73+5.42
Benz(a)anthraceng,12-dione 0.00 £ 0.00 3.79+£5.36 3.73+£5.28 3.69+£5.22 3.84£5.43 7.64 £0.02 0.00 £ 0.00
3-methylchrysene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.0 0.00 + 0.00 0.00 + 0.00
7-methylbenz(a)anthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
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7,12dimethylbenz(a)anthracene| 0.00 = 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 19.27 £ 27.25 0.00 £ 0.00 97.99 + 4.49
Benzo(b)fluoranthene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Benzo(j)fluoranthene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzo(K)fluoranthene 0.00 £ 0.00 0.00 £ 0.0 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzo(a)fluoranthene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
BeP 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 2.58 £ 3.65 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
BaP 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 1.84+261 0.00 £ 0.00 1.91+2.70 0.00 + 0.00
Perylene 0.00 £ 0.00 5.56 + 7.87 0.00 £ 0.00 0.00 £ 0.00 7.68 £ 5.41 0.00 £ 0.00 1.98+2.79
3-methylcholanthrene 0.00 = 0.00 1.50 £ 0.02 5.22£527 0.74+1.04 154 £ 0.00 0.76 + 1.08 1.57+0.02
7-methylbenzo(a)pyrene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 20.54 + 29.05
%ﬁimgmbenzo(a)pyre”e 0.00 + 0.00 5.25 + 0.08 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Indeno[123cd]fluoranthene 0.00 £ 0.00 0.00 £ 0.00 3.73:527 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Indeno[123cd]pyrene 74.40 £ 1.35 74.99 + 1.16 74.59 £ 0.04 75.00 £ 1.72 76.90 £ 0.23 76.41 £ 0.22 78.42 £ 0.84
Dibenzo(ac)anthracen 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Dibenzo(ah+ac)anthracene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Dibenzo(ah)anthracene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 3.84+543 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,j)anthracene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Benzo(b)chrysene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Picene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 10.36 + 14.65 0.00 £ 0.00 0.00 + 0.00
Benzo(ghi)perylene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 2.67+3.77 0.00 £ 0.00 2.67+3.77 0.00 £ 0.00
Anthanthrene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 2.67+3.77 0.00 £ 0.00

160



Triphenylene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Coronene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,e)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,i)pyrene 0.00 + 0.00 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,h)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(b,k)fluoranthene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Table D3: Gasphase PAH emission fMehicle #3
Componen(ng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCGQ20 Fed/HVO20 CARB/WCO-20

Naphthalene 823.96 £ 419.22 387.93 £ 121.85 3488.89 £ 3193.02 | 1039.17 +409.74 3292.82 £ 2589.81| 875.97 +54.04 1426.98 + 116.0¢
Quinoline 9.55+5.33 6.01+5.18 74.58 = 47.30 11.24+7.28 23.18 £+ 4.68 7.97+2.38 1452 + 255
2-methylnaphthalene 235.73£71.40 181.54 + 21.05 564.60 * 368.44 269.55 +79.76 494.72 +120.29 301.71 £ 10.90 464.64 +1.30

1-methylnaphthalene

141.39 + 74.98

103.67 + 14.83

721.23 £721.68

202.09 £ 113.54

619.41 + 491.39

167.09 + 16.64

245.21 £ 17.65

Biphenyl

83.80 + 80.06

41.42 +7.90

102.01 + 34.88

65.21 +16.23

81.43+8.11

78.42 +19.85

102.00 £ 22.77

2-mettylbiphenyl

3056.73 +£1887.21

2056.89 + 460.17

2232.53 + 837.08

3096.34 + 22.20

1392.21 + 175.59

1296.70 + 1041.1(

2144.47 +502.68

2,6+2,7dimethylnaphthalene 94.89 + 23.64 44.89+7.74 100.23 £ 2.42 104.43 £ 19.50 161.32 £ 57.83 133.05 + 26.27 174.51 £ 13.56
1,3+1,6+1,7dimethylnaphth 159.49 £ 70.77 83.54 +15.76 269.79 + 112.09 173.74 £ 11.64 335.09 + 34.96 190.00 + 14.76 271.80 +19.88
1,4+1,5+2,3&dimethylnaphth 46.65 + 24.15 28.40+1.14 122.08 + 104.53 64.25 + 6.26 127.05+13.% 57.23 +11.63 90.47 +11.51
Acenaphthylene 14.35+17.89 5.09 + 4.67 8.79+4.97 10.58 +£2.29 12.08 £ 9.68 9.03+4.93 19.06 + 14.80
1,2-dimethylnaphthalene 7.00 +0.28 3.36 £4.75 22.86 +12.45 5.23+7.40 15.64 +£12.39 12.70 £ 2.27 20.3+0.16
1,8-dimethylnaphthalene 1.70+2.40 0.00 +0.00 1.76 £ 2.49 0.00 +0.00 0.00 +0.00 0.00 + 0.00 0.00 +0.00
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Acenaphthene

595+0.24

30.08 + 3.52

30.60 = 0.02

3.05+431

47.50 +10.24

31.65+0.74

45.57 +6.98

3-methylbiphenyl

164734 +1016.44

1655.34 + 412.23

1859.53 + 247.44

1859.82 + 45.84

1678.24 + 114.15

1182.64 + 619.27

1351.92 + 127.7¢

4-methylbiphenyl 743.27 £ 440.66 776.16 £ 204.96 838.86 £ 152.26 765.28 £ 27.24 685.53 £ 52.38 612.63 £ 142.99 832.84 £ 74.83
1+2ethylnaphthalene 38.05 £ 31.22 16.20 + 4.16 41.15+9.97 32.39+£11.87 35.39£12.58 37.01+6.84 56.03 £ 17.53
1-ethyt2-methylnaphthalene 125.14 + 49.59 73.51 £ 30.36 102.00 + 17.48 127.40 £ 19.95 119.54 £ 10.91 72.90 £ 14.57 127.87 +13.0
2,3,5+Hrimethylnaphthalene 49.25 + 14.37 10.24 + 6.88 56.27 +17.37 42.63 +23.31 117.89 + 28.04 76.42 £ 4.37 79.49 £7.94
B-trimethylnaphthalene 66.00 + 29.88 22.63 £ 25.92 69.28 £ 7.41 71.83 +46.36 125.66 + 59.95 80.94 +£17.33 104.31 +4.08
A-trimethylnaphthalene 87.09 + 35.68 24.88 £3.76 67.52 £9.90 78.94 £ 51.49 149.91 + 60.18 86.18 £ 0.54 133.71 + 3.48
C-trimethylnaphthalene 69.50 £ 30.02 24.88 £ 3.76 62.25 £ 7.50 66.26 £ 18.77 108.25 + 40.20 88.21 £ 17.50 107.80 £ 572
2-ethyl1-methylnaphthalene 0.70 £0.03 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 244 £2.47 252+251 0.00 £ 0.00
E-trimethylnaphthalene 37.15 £ 21.29 17.18 + 6.56 52.76 £ 2.52 47.86 £15.91 83.19 £ 13.02 49.17 £6.30 63.93 £5.38
2,4 5trimethylnaphthalene 4.25+2.65 4.84+6.84 10.03 £ 14.18 11.38+£7.72 30.16 £5.18 19.01 + 8.16 4559 £ 2.09
F-trimethylnaphthalene 39.45 +13.97 10.94 + 6.85 46.42 + 2.46 37.96 £ 15.72 63.12 +17.73 48.05+3.70 61.19 +£10.24
Fluorene 80.05 +67.54 105.86 + 4.88 121.33 £9.87 40.93 + 30.77 180.15 + 9.03 124.07 + 36.35 179.67 £8.72
1,4,5trimethylnaphthalene 5.90 +2.23 0.69 +0.03 2.46 +2.49 4.24 +0.08 37.30 £51.78 8.00£0.19 12.81 £ 7.43
Jtrimethylnaphthalene 70.10 £ 59.72 4.16 £ 0.19 9.50 + 2.49 7.78 +£0.15 45.99 + 59.21 8.06 £ 5.33 11.05+£0.09
A-Methylfluorene 5.40 + 7.64 0.00 +0.00 17.58 £ 9.94 3.53+0.07 19.08 £ 7.53 23.61+£2.02 2243 +7.15
B-Methylfluorene 245+0.10 9.60 +10.25 2.46 +0.00 0.00+ 0.00 2.42 £0.02 4.40 = 2.67 757 +7.27
1-Methylfluorene 3.50+0.14 0.00 £ 0.00 1.76 £2.49 0.00 £ 0.00 5.18 £2.40 3.58 £5.06 6.91 £ 0.05
9-fluorenone 49.70 = 36.64 46.91 £ 4.62 66.83 £ 19.94 12.54 £ 17.73 95.22 + 6.46 118.62 + 36.22 140.00 + 23.07
Dibenzothiophene 1.75+0.07 2.52 +3.56 7.03+2.48 1.77 £0.03 12.15+5.01 16.49 + 10.67 13.83 £ 2.55
Phenanthrene 190.10 + 200.59 67.87 +£18.93 123.80 + 4.89 50.38 + 20.96 154.86 + 8.79 139.14 + 18.70 237.40+ 18.93
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Anthracene 8.80£2.83 1.79 £ 2.53 1.76 £2.49 1.79 £ 2.53 10.39+£0.10 9.18 £ 7.93 25.94 £7.53
Xanthone 1.75 £ 0.07 5.88 £8.31 22.86 £ 4.96 4.48 +6.33 4158 +2.84 21.92 £8.23 86.38 £ 3.11
1,4Naphthoquinone 1.19+1.68 9.37£0.43 13.02 £9.96 11.29+2.28 11.07 £ 2.35 11.73+7.99 757 +7.27
Acenaphthenequinone 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00
3-methylphenanthrene 19.60 + 18.10 8.39 + 11.87 12.31+2.50 5.28+2.40 20.76+ 4.70 18.25+5.57 29.36 £ 2.22
2-methylphenanthrene 31.80 +£16.13 10.30 £ 4.43 24.62 +0.02 14.19 £ 5.27 34.64 +£0.32 10.73 +15.18 34.55+0.27
Perinaphthenone 9.50 + 2.86 0.00 £ 0.00 2.11+2.98 2.09 £2.96 14.55+£0.14 9.85+2.80 14.57 + 14.77
2-methylanthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00 1.72+2.43
4,5methylenephenanthrene 6.66 £ 9.42 1.18 +1.66 2.99+£4.23 0.00 £0.00 4.17 £ 2.49 7.91+£7.53 11.05 + 2.36
9-methylphenanttene 12.50 + 12.87 10.30 £ 4.43 8.79£2.48 0.00 £0.00 13.81 £ 9.67 10.79 £10.03 22.46 £ 2.62
1-methylphenanthrene 19.65 + 20.58 5.21+£0.24 14.07 £ 2.48 0.87£1.23 8.61+9.72 9.03+4.93 15.51 £ 9.65
Anthrone 0.70 £0.03 237+£2.34 1125+9.94 9.52+2.32 241 +243 4.37+0.10 7.60 £ 0.06
9-methylanthracene 1.26+1.78 243+0.11 2.46 +0.00 1.22+1.73 414 +2.41 2.55 +0.06 0.00 + 0.00
Anthraguinone 0.00 + 0.00 0.00 + 0.00 7.03+£0.00 0.00 + 0.00 3.44 +4.87 19.8 + 2.10 6.93+4.94
A-dimethylphenanthrene 0.90 £1.27 0.00 £0.00 0.88+1.24 0.90 £1.27 0.00 £0.00 4.62 £6.54 5.16 £ 4.85
B-dimethylphenanthrene 12.35+5.45 10.24 + 6.88 15.82 £9.94 10.58 £ 2.29 15.59 £ 0.15 18.28 + 8.14 20.70 £ 7.17
1,7-dimethylphenanthrene 7.80 £5.26 0.69 £0.03 7.74 £4.97 2.50 £ 2.55 4.13+4.86 4.37+0.10 9.34£251
3,6-dimethylphenanthrene 1.75 £ 0.07 0.84+1.19 1.76 £ 0.00 0.90 £1.27 1.73£0.02 3.67 £ 2.66 3.45+£2.42
D-dimethylphenanthrene 3.55+2.62 1.74 £ 0.08 1.76 £ 0.00 1.77 £0.03 2.58 £ 3.65 5.52 £5.27 5.18 £ 0.04
E-dimethylphenanthrene 0.36 £0.51 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.34£0.49 0.37 £0.52 241 +242
C-dimethylphenanthrene 11.30 £ 5.40 4.16 £ 0.19 7.74+4.97 5.98 + 2.38 9.32+7.26 6.27 + 7.86 12.77+2.34
Fluoranthene 16.80 £ 17.99 10.99 + 4.40 13.01+2.48 2.50 + 2.55 19.73 £ 2.27 13.43+2.26 33.50+2.18
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Pyrene 15.66 £ 22.15 579 +4.64 21.80+2.47 1.25+1.77 31.83+7.05 1710+0.40 35.27 £ 7.60
9-Anthraaldehyde 0.00 +0.00 515+221 14.07 £ 4.96 0.00 +0.00 2441 +3451 8.94 +12.65 20.69 £ 9.61
Retene 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00
benzo(a)fluorene 0.00 £ 0.00 1.79+2.53 0.00 +0.00 0.00 +0.00 1.72+2.43 3.64 +0.09 1.72+2.43
benzo(b)fluorene 0.00 £ 0.00 0.00 £ 0.00 1.76 +2.49 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
5-methylchrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00+ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
B-MePy/MeFI 0.00 £ 0.00 0.00 +0.00 1.76 +2.49 0.00 £ 0.00 1.72+2.43 3.64 £0.09 0.00 +0.00
1-MeFI+C-MeFI/Py 0.00 £ 0.00 0.00 +0.00 1.76 +2.49 0.00 £ 0.00 1.72+2.43 3.64 £0.09 172+2.48
1+3-methylfluoranthene 0.85+1.20 1.74 £ 0.08 0.88+1.24 0.00 + 0.00 1.73+0.02 0.89 +1.26 0.00 +0.00
4-methylpyrene 245+0.10 0.00 +0.00 1.23+1.74 1.22+1.73 242 +0.02 2.55+0.06 1.20+1.70
C-MePy/MeF| 1.26+1.78 0.00 + 000 0.00 +0.00 0.00 +0.00 1.22+1.73 2.55+0.06 1.20+1.70
D-MePy/MeFI 1.26+1.78 1.25+1.77 0.00 +0.00 0.00 +0.00 1.22+1.73 2.55+0.06 2.42+0.02
1-methylpyrene 1.80 + 2.55 0.00 £ 0.00 1.76 +2.49 0.00 £ 0.00 3.46 £ 0.03 1.8 +2.61 1.72+2.43
Benzonaphthothiophene 0.00 £ 0.00 0.69 +0.03 0.70+0.00 0.71+0.01 241+243 0.73+£0.02 0.35+0.49
benzo(c)phenanthrene 0.90 +1.27 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00 1.73+0.02 0.92+1.31 0.00 +0.00
Benzo(gh)fluoranthene 1.19+1.68 1.18 +1.66 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00
9-phenylanthracene 1.80 +2.55 0.00 +0.00 0.00 +0.00 1.79+2.53 0.00 +0.00 0.00 £ 0.00 0.00 +0.00
6-methylchrysene 0.00 £ 0.00 0.00+0.0 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00 +0.00
Cyclopenta(c,d)pyrene 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00 0.00 +0.00
Benz(a)anthracene 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00+ 0.00 0.00 + 0.00 0.00 +0.00
Chrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzanthrone 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.36 £ 0.51 0.00 £ 0.00 0.36 £ 0.51 0.69+0.01
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Benz(a)anthraceng, 12dione | 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
3-methyichrysene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
7-methylbenz(a)anthracene 0.00 £ 0.00 0.00 £0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00
7.12dimethylbenz(a)anthracene| 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00
Benzo(b)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
Benzo(j)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
Benzo(k)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 000 0.00 £ 0.00
Benzo(a)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
BeP 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
BaP 126+ 1.78 243011 123+ 1.74 2.470.05 417 +2.49 0.00 £ 0.00 0.00 £ 0.00
Perylene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 1.74 £ 2.47 0.00 £ 0.00 0.00 £ 0.00
3-methyicholanthrene 1.80 £ 2.55 3.47:0.16 1.76 £ 2.49 1.74 £ 2.47 1.72 £ 2.43 3.64 £0.09 3.45£ 0.03
7-methylbenzo(a)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
?’é&‘;rzg'r"be”zo(a)pyre”e 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 000
Indeno[123cd]fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
Indeno[123cd]pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(ac)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(ah+ac)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(ah)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(a,j)anthracene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
Benzo(b)chrysene 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00 + 000 0.00  0.00 0.00 £ 0.00
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Picene 0.70 + 0.03 0.69 + 0.03 0.70 + 0.00 0.35 + 0.49 0.69 + 0.01 0.00 + 0.00 0.69 + 0.01
Benzo(ghi)perylene 0.00 + 0.00 0.00 + 0.00 0.35 + 0.50 0.00 + 0.00 4.16 + 0.04 0.73 £ 0.02 0.69 + 0.01
Anthanthrene 0.00+ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Triphenylene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,l)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Coronene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,e)pyrene 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,i)pyrene 0.00 = 0.00 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,h)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(b,k)fluoranthene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Table D4: Gasphase PAH emission f&fehicle #4
Componen{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCQ20 Fed/HVO20 CARB/WCO-20
naphthalene 1447.17+1866.22 33408+195.24 675.83+678.01 | 2136.79+1725.48 | 2635.87+2925.23| 3803.23+1059.94| 2460.21+2823.80
quinoline 1.32+1.11 1.05+0.73 2.63+2.98 2.83+3.27 31.47+43.01 2.59+2.92 0.26+0.37
2-methylnaphthalene 83.93+62.04 113.32+58.37 76.05+19.05 185.64+31.36 134.60+0.00 36.53+2.56 74.53+1.85
1-methylnaphthalene 46.04+36.04 50.91+22.55 38.15+10.08 96.54+22.05 67.04+0.00 20.61+1.62 38.71+4.84
Biphenyl 93.88+122.33 33.61+10.07 25.78+2.26 76.87+44.78 817.20+1107.18 35.45+8.48 28.71+12.29
2,6+2,7dimethylnaphthalene 37.35+3%40 65.28+42.11 36.84+10.45 72.77+36.76 67.04+0.00 14.08+3.54 30.29+3.36
1,3+1,6+1,7dimethylnaphth 50.50+51.30 98.83+63.35 54.47+13.82 115.51+57.06 103.46+0.00 21.65+3.09 44.77+4. 47
1,4+1,5+2,adimethylnaphth 18.41+19.33 35.39+23.07 18.68+4.86 36.79+17.09 41.17+0.00 9.15+1.94 19.23+0.37
Acenaphthylene 5.26+3.71 6.04+1.80 2.89+0.37 8.34+2.33 50.12+56.69 1.04+0.01 7.11+3.35
1,2-dimethylnaphthalene 9.73+10.78 16.77+11.73 8.68+0.38 15.04+5.65 17.95+0.00 3.13+0.03 8.16+1.86
1,8-dimethylnaphthalene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Acenaphthene 87.04+118.62 23.84+17.98 15.52+4.11 23.69+4.41 40.12+0.00 5.21+1.42 21.33+0.37
1+2ethylnaphthalene 259.28+358.47 25.97+14.24 18.42+4.48 42.05+8.92 47.51+0.00 7.04+1.03 42.40+8.56
1-ethyk2-methylnaphthalene 11.57+12.64 13.11+8.05 7.10+2.61 13.75+3.83 13.72+0.00 7.07+4.88 7.37+0.74
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2,3,5+Hrimethylnaphthalene 39.45+50.57 60.49+51.83 26.58+9.33 33.18+11.99 50.67+0.00 8.87+0.64 24.49+0.38
B-trimethylnaphthalene 21.83+24.16 56.59+4406 23.95+11.56 38.87+17.05 48.03+0.00 9.65+1.00 19.23+3.35
A-trimethyInaphthalene 29.72+33.83 58.96242.92 30.5249.70 52.31+27.14 62.81+0.00 13.3120.96 29.76+7.07
C-trimethylnaphthalene 22.09+26.03 58.42+45.90 24.47+7.09 36.55+14.52 47.51+0.00 8.08+1.76 17.65+4.10
2-ethyl-1-methylnaphthalene 0.79+1.12 1.31+1.10 0.53+0.00 1.30+0.35 11.02+14.83 0.26+0.37 0.53+0.74
E-trimethylnaphthalene 36.03+46.48 37.99+29.74 19.74+5.60 23.85+9.19 35.37+0.00 5.74+0.06 14.75+2.24
2,4,5trimethylnaphthalene 122.02+162.87 99.50+86.77 23.15+3.00 61.51+13.40 93.43+0.00 20.82+11.59 25.02+1.86
F-trimethylnaphthalene 27.35%34.95 39.81+32.33 16.84+5.97 20.74%7.77 32.73+0.00 5.74+0.68 13.17+2.24
Fluorene 46.81+55.77 91.34+88.72 48.15+15.30 50.12+6.95 87.62+0.00 13.57+1.33 30.81+410
1,4,5trimethylnaphthalene 12.88+18.22 17.04+11.36 4.74+2.98 1.30+0.35 91.56+112.31 3.37#4.02 2.11+0.75
Jtrimethylnaphthalene 9.20+12.27 10.73+11.42 8.4245.96 4.92+2.50 20.59+0.00 2.62+1.50 3.42+0.37
A-Methylfluorene 22.09+25.28 32.73+29.05 19.73+486 25.35+16.52 35.37+0.00 4.19+2.26 11.59+7.45
B-Methylfluorene 3.9445.58 6.03+4.77 7.3645.20 20.09+23.96 118.54+159.44 42.28+1.02 1.84+1.86
1-Methylfluorene 10.26+11.52 14.68+10.27 8.42+2.24 44.56+54.10 24.17+14.77 66.02+2.61 11.85+6.33
9-fluorenone 173.83+216.02 31.17+24.61 13.95+4.85 46.51+36.79 27.98+0.00 13.1049.00 18.96+2.23
Dibenzothiophene 9.73+10.04 14.64+17.71 5.00+3.35 3.37+1.05 3.69+0.00 4.72+4.48 7.90+0.75
Phenanthrene 163.09+154.61 247.33+240.38 112.63+38.06 179.10+138.81 245.97+0.00 4260+9.69 110.35+8.58
Anthracene 5.0045.58 8.12+6.24 4.74+0.75 8.30+2.81 6.33+0.00 2.61+0.77 3.95+0.37
Xanthone 7.1046.32 5.2345.15 2.89+0.37 6.98+4.67 6.86+0.00 3.67+3.73 3.42+1.86
1,4-Naphthoquinone 41.29+56.15 1.85+1.13 1.84+1.86 11.76+8.64 33.73£25.45 15.25+20.10 38.45+28.30
Acenaphthenequinone 0.000.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
3-methylphenanthrene 26.30+29.74 29.58+26.85 12.89+3.36 25.38+12.11 38.53+0.00 17.56+13.11 30.81+1.87
2-methylphenanthrene 17.89+19.33 2981+33.92 12.10+2.99 19.10+18.09 35.37+0.00 12.60+12.69 15.80+0.00
Perinaphthenone 2.89+3.35 2.89+1.09 0.53+0.74 3.09+4.36 5.28+0.00 25.49+30.91 2.11+1.49
2-methylanthracene 13.94+19.71 14.89+20.31 10.52+2.97 8.62+4.91 26.39+0.00 4.97+1.16 3.69+2.98
4,5methylenephenanthrene 7.89+8.92 5.50+4.78 3.68+0.75 4.40+2.51 8.45+0.00 5.75+1.54 2.63+0.00
9-methylphenanthrene 10.78+10.78 15.69+16.95 7.10+0.38 13.68+13.39 17.42+0.00 17.34+20.12 10.80+4.84
1-methylphenanthrene 7.1046.32 11.24+12.90 5.00+1.87 8.52+7.9 14.25+0.00 10.50+11.19 5.27+2.24
Anthrone 124.12+171.80 11.51+11.79 2.37+0.37 6.50+0.47 8.45+0.00 21.26+22.01 17.38+2.24
9-methylanthracene 14.20+20.08 0.52+0.74 0.26+0.37 0.00+0.00 29.11+40.42 0.52+0.01 0.79+0.37
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Anthraquinone 23.41+28.63 15.96+15.83 7.10+1.12 28.11+30.09 33.6317.70 13.85+2.73 14.48+1.86
A-dimethylphenanthrene 2.89+3.35 6.0246.26 2.1040.00 11.58+15.63 45.13452.62 18.010.17 1.84+0.37
B-dimethylphenanthrene 2.89+3.35 5.235.90 2.89+1.86 12.87+16.72 55.61+69.69 9.99+12.66 1.32+0.37
1,7-dimethylphenanthrene 3.16+3.72 5.23+5.90 3.68+2.23 11.85+14.53 29.65+32.23 20.37+1.70 2.63+0.00
3,6-dimethylphenanthrene 3.68+4.46 5.23+6.64 1.05+0.75 4.93+1.03 59.54+78.97 4.99+6.33 5.79+4.47
D-dimethylphenanthrene 14.73+18.59 19.37+17.66 5.53+4.10 8.31+0.61 63.77+66.30 20.99+20.16 3.69+0.00
E-dimethylphenanthrene 0.53+0.74 2.09+2.21 1.05+0.00 1.81+1.81 53.78+67.09 8.41+10.43 3.16+0.74
C-dimethylphenanthrene 9.73+12.27 9.94+11.06 4.47+0.37 8.53+6.86 67.18+74.85 21.29+27.92 6.58+0.37
Fluoranthene 16.58+9.28 22.76+24.69 11.05+2.99 26.58+25.70 127.26+143.40 14.68+11.97 11.85+0.37
Pyrene 17.88+20.82 24.05+29.51 8.42+0.75 14.45+14.49 79.80£74.04 10.50+11.19 12.90+0.37
9-Anthraaldehyde 4.2145.21 0.78+1.11 1.05+1.49 1.30+0.35 0.00+0.00 6.01+1.91 1.84+112

Retene 0.00£0.00 0.2620.37 0.00%0.00 0.26+0.36 0.26+0.37 0.79+1.12 0.00£0.00
benzo(a)fluorene 0.53%0.74 0.2620.37 0.00%0.00 0.51+0.73 0.00+0.00 0.52+0.01 0.26+0.37
benzo(b)fluorene 1.58+2.23 0.00£0.00 0.26+0.37 1.29+1.08 0.00+0.00 0.78+0.36 0.79+1.12
5-methylchrysene 0.00+0.00 0.00%0.00 0.00%0.00 0.00%0.00 0.00%0.00 0.00£0.00 0.00£0.00
B-MePy/MeFI 1.05+0.74 0.2620.37 0.2620.37 1.55+1.45 0.2620.37 1.31+0.38 0.2620.37
1-MeFI+C-MeFI/Py 0.53+0.00 0.79+0.36 0.26+0.37 13.37+18.91 0.00£0.00 4.944.01 1.84+0.37

1+3-methylfluoranthene 1.84+1.86 0.26+0.37 0.26+0.37 1.55+1.45 0.26+0.37 1.04+0.01 1.05+0.74
4-methylpyrene 1.31+1.86 0.78+1.11 0.26+0.37 1.03+0.72 1.06+1.49 1.84+2.60 1.05+0.00
C-MePy/MeFI 3.16+4.46 0.26+0.37 0.26+0.37 2.06+2.17 0.00+0.00 2.08+072 1.58+1.49
D-MePy/MeFl 2.37£2.60 2.10+1.47 1.58+2.23 8.24210.17 1.06+1.49 17.47£2.39 2.90+1.12
1-methylpyrene 1.84+1.86 0.52+0.74 0.26+0.37 1.03+0.72 0.53+0.75 5.98+4.00 0.53+0.00
Benzonaphthothiophene 1.58+1.49 0.52+0.74 0.00+0.00 9.28+10.89 1.06+1.9 5.73+2.15 0.00+0.00
benzo(c)phenanthrene 0.26+0.37 0.00£0.00 0.00+0.00 0.26+0.37 0.26+0.37 0.26+0.37 0.00+0.00
Benzo(ghi)fluoranthene 5.79+7.44 0.78+1.11 2.63+2.23 1.03+0.72 0.00+0.00 8.14+9.32 0.26+0.37
9-phenylanthracene 0.26+0.37 0.00+0.00 0.00£0.@ 0.00+0.00 0.00+0.00 0.26+0.37 0.00+0.00
6-methylchrysene 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00%0.00 0.00£0.00 0.00£0.00
Cyclopenta(c,d)pyrene 0.79+1.12 0.00+0.00 0.26+0.37 0.78+0.36 0.00+0.00 0.00+0.00 0.00+0.00
Benz(a)anthracene 0.79+1.12 0.00£0.00 0.00+0.00 0.26+0.36 0.00£0.00 0.00£0.00 0.00£0.00
Chrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
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Benzanthrone 1.58+1.49 0.78+1.11 0.26%0.37 1.54+2.18 0.00%0.00 1.58+2.23 0.2620.37
Benz(a)anthracerg,12dione 7.10+930 0.26+0.37 0.53+0.00 0.26+0.37 0.00£0.00 2.37+3.35 0.00£0.00
3-methylchrysene 0.26+0.37 0.26+0.37 0.00+0.00 0.26+0.36 0.00%0.00 0.00£0.00 0.00£0.00
7-methylbenz(a)anthracene 1.58+2.23 0.00£0.00 0.00%0.00 0.51%0.73 0.2620.37 0.00£0.00 0.00£0.00
7,12dimethylbenz(a)anthracene 1.58+2.23 0.2620.37 0.26+0.37 0.51+0.73 0.00+0.00 0.00+0.00 0.000.00
Benzo(b)fluoranthene 0.00£0.00 0.00£0.00 0.00%0.00 0.000.00 0.00£0.00 0.00£0.00 0.00£0.00
Benzo(j)fluoranthene 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+000 0.00+0.00 0.00+0.00
Benzo(k)fluoranthene 0.00£0.00 0.00£0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(a)fluoranthene 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.26+0.37
BeP 0.00£0.00 0.00£0.00 0.00%0.00 0.52+0.01 0.00£0.00 0.00£0.00 0.00£0.00
BaP 0.26+0.37 0.00+0.00 0.26+0.37 0.26+0.37 0.00+0.00 0.52+0.73 1.05+1.49
Perylene 0.26+0.37 0.00+0.00 #DIV/O! 0.000.00 0.00£0.00 0.52+0.73 0.26+0.37
3-methylcholanthrene 0.00£0.00 0.52+0.74 0.26+0.37 0.00%0.00 0.00+0.00 0.2640.37 0.00+0.00
7-methylbenzo(a)pyrene 0.00+0.00 0.26+0.37 0.26+0.37 0.00+0.00 0.26+0.37 0.00+0.00 0.26+0.37
9,10dihydrobenzo(a)pyrene

7(8H)one 0.000.00 0.00+0.00 0.26+0.37 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00
Indeno[123cd]fluoranthene 0.00+0.00 0.00+0.00 0.53+0.74 0.000.00 0.00+0.00 0.00+0.00 0.000.00
Indeno[123cd]pyrene 0.00£0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
Dibenzo(ac)anthracene 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00
Dibenzo(ah#&c)anthracene 0.00£0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
Dibenzo(ah)anthracene 0.00+0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.00%0.00 0.00£0.00 0.00£0.00
Dibenzo(a,j)anthracene 0.00+0.00 0.26+0.37 0.00+0.00 0.00+0.00 0.00+0.00 0.0040.00 0.00+0.00
Benzo(b)chrysene 0.00£0.00 0.00%0.00 0.00%0.00 0.000.00 0.00£0.00 0.00£0.00 0.53%0.74
Picene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00
Benzo(ghi)perylene 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00#0.00 0.000.00
Anthanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Triphenylene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Dibenzo(a,l)pyrene 0.00£0.00 0.0020.00 0.00%0.00 0.000.00 0.00%0.00 0.00£0.00 0.00£0.00
Coronene 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Dibenzo(a,e)pyrene 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
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Dibenzo(a,i)pyrene 0.00£0.00 0.00%0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,h)pyrene 0.0040.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(b,k)fluoranthene 0.00£0.00 0.00%0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Table D5: Gasphase PAH emission f&fehicle #5
Component{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCQG20 Fed/HVO20 CARB/WCO-20
naphthalene 29596.39+7676.97 1279.59+1588.50 | 3271.050.00 1048.78+0.00 | 3133.46+3294.43 3557.51+1185.15| 3752.19+2570.61
quinoline 206.38+8.00 7.12+7.23 24.504.00 120.51+146.61 3.05x1.44 20.80+3.86 30.48+32.53
2-methylnaphthalene 2477.30+688.41 84.54+29.27 327.00+0.00 108.49+0.00 85.04+14.05 131.93+42.61 461.19+145.60
1-methylnaphthalene 2054.22+662.96 51.10+25.34 236.15+0.00 75.80+0.00 59.66+16.19 75.44+24.9 244.46165.29
Biphenyl 378.91+46.46 27.03+0.16 92.89+0.00 173.38+198.95 39.09+10.03 100.57+69.16 175.73+92.97
2,6+2,7dimethylnaphthalene 235.03+19.05 31.97+2.55 89.22+0.00 90.88+73.17 31.22+4.68 55.36+14.63 178.52+102.62
1,3+1,6+1,7dimethylnaphth 40542+36.05 49.57+3.27 139.13+0.00 176.52+160.66 49.25+7.21 97.32+32.72 279.89+123.96
1,4+1,5+2,3dimethylnaphth 118.02+8.08 15.861.80 47.14£0.00 58.03+51.94 17.52+1.80 32.52+10.54 89.65144.72
Acenaphthylene 5.10+2.13 1.49+0.03 5.81+0.00 3.45+0.73 5.08+3.% 4.49+0.16 39.04+31.67
1,2dimethylnaphthalene 45.46+1.05 5.95+0.59 22.07+0.00 25.70+24.44 14.47+9.70 12.54+4.72 35.20+21.24
1,8dimethylnaphthalene 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00
Acenaphthene 104.32+32.54 7.94+085 29.34+0.00 19.66+3.28 31.72+19.73 84.26+94.56 133.19+131.98
1+2ethylnaphthalene 498.37+30.72 15.60+2.16 63.47+0.00 93.68+102.36 24.12+7.55 252.17+313.94 329.74+369.28
1-ethyl-2-methylnaphthalene 35.30+16.15 5.95+0.59 13.42+0.00 14.70+10.98 7.11+1.44 10.54+1.74 37.69+29.05
2,3,5+Hrimethylnaphthalene 65.29+45.62 17.12+0.67 69.7620.00 29.50+3.18 27.92+1.45 35.0445.42 135.13+99.77
B-trimethylnaphthalene 73.48+50.74 16.83+3.19 61.8620.00 32.91+9.41 25.38+4.32 35.57+5.45 120.17+65.77
A-trimethyInaphthaine 123.59+64.83 23.06+0.62 65.37+0.00 41.73+16.28 26.65+6.12 44.1048.10 142.54+93.83
C-trimethyInaphthalene 66.59+53.22 18.85+0.36 61.63+0.00 28.50+5.28 25.64+4.68 33.91+2.38 115.8067.43
2-ethyk1-methylnaphthalene 1.02+0.01 0.50+0.01 0.76+0.00 0.98+069 0.51+0.72 1.31+0.31 3.41+1.97
E-trimethylnaphthalene 47.62+32.13 11.91+0.23 41.33+0.00 21.1245.35 17.01+3.24 26.09+7.24 80.00+55.34
2,4,5trimethylnaphthalene 55.10+51.33 9.96%4.40 68.62+0.00 22.47+17.27 5.58+0.00 8.53+2.65 19.35+7.39
F-trimethylnaphhalene 44.04+29.94 11.41+0.22 47.45+0.00 18.68+1.90 20.31+2.14 23.10+3.73 78.99+56.77
Fluorene 75.05+60.14 19.30+4.55 108.51+0.00 49.41+4.72 44.93+6.13 48.26+5.31 181.40+116.68
1,4 5trimethylnaphthalene 14.36+15.27 2.22+1.71 19.77+0.00 7.88+1.47 5.84+036 24.17+15.37 41.14+32.49
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Jtrimethylnaphthalene 28.16+18.99 5.92+3.40 28.17+0.00 10.33+0.59 13.20+2.16 15.94+3.01 53.19+38.11
A-Methylfluorene 36.32+15.43 12.65+0.59 39.26+0.00 20.89+2.92 15.99+12.57 19.39+3.55 80.80+69.32
B-Methylfluorene 6.65+2.22 1.99+0.74 7.0820.00 3.69+0.38 31.46%39.47 2.06+2.14 16.23+7.26
1-Methylfluorene 21.49+10.27 7.44+0.14 18.99+0.00 8.86+0.78 45.93+46.28 7.85+3.36 17.91+12.49
9-fluorenone 08.48+42.25 13.15+0.60 33.73+0.00 16.70+4.70 15.99+1.80 212.37+231.61 258.05+250.05
Dibenzothiophene 11.75+1.53 4.23+1.13 10.66+0.00 2.71+1.77 5.33+0.36 3.72+0.93 34.18+34.77
Phenanthrene 265.05+129.06 70.52+9.05 310.25+0.00 107.4446.92 128.70+6.89 247.92+103.91 607.36+380.86
Anthracene 8.19+5.84 2.24+0.39 11.17+0.00 4.42+0.65 6.09+4.3 9.07+3.43 21.25+11.50
Xanthone 11.00+4.05 2.48+0.05 8.62:+0.00 3.44+0.03 3.81+1.07 8.25+2.27 24.57+9.07
1,4-Naphthoquinone 31.34+21.08 2.73+0.40 6.69+0.00 32.09+26.46 0.00+0.00 3.33+4.70 7.98+9.86
Acenaphthenequinone 0.00+0.00 0.00+0.00 0.00+0.00 0.0040.00 0.00+0.00 0.00+0.00 0.00+0.00
3-methylphenanthrene 107.82+13.07 8.93+0.17 37.56+0.00 15.97+3.67 20.82+3.60 35.16+21.51 122.58+120.55
2-methylphenanthrene 23.04+15.34 7.701.20 45.22+0.00 13.03+0.22 17.2621.45 21.38+9.25 66.79+56.64
Perinaphthenone 3.85+5.45 0.75+0.36 6.32:0.00 3.20+1.08 2.28+1.08 8.38+7.51 7.17+8.00
2-methylanthracene 3.32+0.34 1.7122.42 7.40£0.00 5.37+7.60 12.44+6.83 22.55+13.80 43.67+29.65
4,5methylenephenanthrene 8.71+7.29 2.73+0.40 5.31+0.00 3.69+0.31 7.61+2.15 5.00+0.88 27.97+23.15
9-methylphenanthrene 14.3245.16 4.9620.09 21.85+0.00 7.12+1.67 14.47+9.68 12.78+3.61 36.27+22.75
1-methylphenanthrene 11.01+7.66 3.47+0.07 15.98+0.00 5.66+0.40 5.84+1.79 9.86+3.09 28.66+18.40
Anthrone 61.52+62.57 2.2642.50 9.43+0.00 4.1645.18 7.11+5.74 11.38+0.17 50.80+61.13
9-methylanthracene 1.03+1.45 0.25+0.36 0.7620.00 0.7420.34 0.76+0.36 1.06+0.05 2.91+2.69
Anthraquinone 129.02+152.99 15.79+8.82 54.18+0.00 10.330.80 115.53+137.55 63.76+42.94 77.69+56.35
A-dimethylphenanthrene 7.41+1.14 1.24+0.37 7.62+0.00 2.70+1.02 3.55+0.72 6.26+3.44 13.39+7.51
B-dimethylphenanthrene 3.07+2.19 0.99+0.02 5.85+0.00 1.23+0.36 8.37+8.25 2.14+0.85 9.51+8.46
1,7-dimethylphenanthrene 3.33+1.83 1.24+0.33 6.60+0.00 1.97+0.02 2.79+1.08 2.15+1.60 10.82+8.88
3,6-dimethylphenanthrene 3.84+1.83 1.24+0.37 5.59+0.00 1.48+0.01 2.03+0.72 2.41+1.24 12.61+7.85
D-dimethylphenanthrene 10.23+4.41 4.48+2.19 11.16+0.00 3.21+1.77 15.48+17.58 3.18+0.15 14.42+7.56
E-dimethylphenanthrene 4.09+0.03 0.24+0.35 4.07+0.00 3.67+3.79 6.35+0.36 16.85+7.92 53.50+53.54
C-dimethylphenanthrene 12.00+0.45 2.73+0.40 14.48+0.00 4.91+1.34 7.11+1.44 6.63+0.69 26.93+23.11
Fluoranthene 35.81+13.99 6.71+1.18 34.06+0.00 9.59+0.95 12.18+1.43 36.68+7.75 75.49+11.86
Pyrene 14.83+5.16 3.98+0.78 38.434.00 7.13+0.97 11.6745.74 15.67+2.62 40.04+16.66
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9-Anthraaldehyde 0.2520.36 0.2520.36 2.03+0.00 0.7420.34 0.7620.36 1.30+1.06 2.06+0.65
Retene 0.00£0.00 0.00£0.00 0.26+0.00 0.00£0.00 0.00£0.00 1.10+1.55 1.31+0.42
benzo(a)fluorene 0.00£0.00 0.00%0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 1.310.42
benzo(b)fluorene 0.51%0.00 0.00£0.00 0.2620.00 0.00£0.00 1.02+0.72 0.51+0.72 0.53+0.76
5-methylchrysene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
B-MePy/MeF! 1.03+1.45 0.00+0.00 0.000.00 0.000.00 0.25+0.36 0.00+0.00 2.36+1.20
1-MeFI+C-MeFI/Py 0.00+0.00 0.00+0.00 0.00+0.00 0.24+0.35 2.79+3.95 0.00+0.00 1.01£1.43
1+3-methylfluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.24+0.35 0.25+0.36 0.55+0.77 0.00+0.00
4-methylpyrene 1.54+1.% 0.00£0.00 2.03+0.00 0.25+0.35 0.25+0.36 0.53+0.03 2.11+1.55
C-MePy/MeFI 0.77+0.37 0.00+0.00 0.51+0.00 0.00+0.00 1.27£1.79 0.5120.72 0.530.76
D-MePy/MeFl 1.2820.37 0.00+0.00 1.27+0.00 0.25+0.35 8.88+12.56 0.77+1.09 0.00+0.00
1-methylpyrene 0.77+0.37 0.00+0.00 1.27+0.00 0.25+0.35 1.01+1.44 0.53+0.03 1.84+1.18
Benzonaphthothiophene 2.03+2.87 0.731.04 3.80+0.00 0.99+1.40 2.79£3.23 0.82+1.16 0.00+0.00
benzo(c)phenanthrene 0.77+0.37 0.00£0.00 0.00+0.00 0.00£0.00 0.51+0.72 1.10+1.55 0.00+0.00
Benzo(ghi)fuoranthene 3.8525.45 0.7520.36 0.7420.00 0.74%1.05 2.28+1.08 4.65£6.58 1.77+2.50
9-phenylanthracene 0.00£0.00 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00 0.00+0.00
6-methylchrysene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+Q00
Cyclopenta(c,d)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.25+0.36 0.00+0.00 0.00+0.00
Benz(a)anthracene 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Chrysene 0.00%0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00+0.00
Benzanthrone 0.25+0.36 0.00+0.00 0.00+0.00 0.24+0.35 0.76+1.08 0.55+0.77 0.50+0.71
Benz(a)anthracerg,12dione 0.77+1.09 0.00£0.00 0.00£0.00 0.24+0.35 0.00£0.00 0.00£0.00 0.00+0.00
3-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.24+0.35 0.25+0.36 0.00+0.00 0.00+0.00
7-methylbenz(a)anthracene 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
7,12dimethylbenz(a)anthraceng 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.25+0.36 0.00+0.00 0.00+0.00
Benzo(b)fluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
Benzo(j)fluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(k)fluoranthene 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
Benzo(a)fuoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00
BeP 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
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BaP 0.25+0.36 0.00+0.00 0.00:+0.00 0.24+0.35 0.51+0.00 0.00+0.00 0.00:+0.00
Perylene 0.00+0.00 0.0040.00 0.25+0.00 0.74+0.34 0.00+0.00 0.27+0.39 0.00:+0.00
3-methylcholanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
7-methylbenzo(a)pyrene 0.00+0.00 0.00+0.00 0.00:+0.00 0.24+0.35 0.00+0.00 0.00+0.00 0.25+0.36
9,10dihydrobenzo(a)pyrene
7(8H)-one 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:0.00
Indeno[123cd]fluoranthene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Indeno[123cd]pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Dibenzo(ac)anthracene 0.00+0.00 0.00+0.00 0.00:+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:+0.00
Dibenzo(ah+ac)anthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.24+0.35 0.25+0.36 0.00+0.00 0.00£0.00
Dibenzo(ah)anthracene 0.00+0.00 0.00+000 0.00:+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:+0.00
Dibenzo(a,j)anthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(b)chrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Picene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.26+0.36 0.00:+0.00
Benzo(ghi)perylene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00
Anthanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.0040.00 0.00+0.00
Triphenylene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:+0.00
Dibenzo(a,l)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Coronene 0.00£0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.0040.00 0.0040.00 0.00+0.00
Dibenzo(a,e)pyrene 0.00+000 0.00:+0.00 0.00:+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00
Dibenzo(a,i)pyrene 0.00+0.00 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:+0.00
Dibenzo(a,h)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00
Dibenzo(b,kjluoranthene 0.00+0.00 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:+0.00
Table D6: Gasphase PAH emission fMehicle #6
Component{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCGQG20 Fed/HVG20 CARB/WCO-20
naphthalene 208.81+79.54 | 146.94+28.88 507.56+43.64 215.29+10.88 824.16+702.48 | 1622.44+1986.07 440.10+0.00
quinoline 4.47+3.47 2.76+1.75 6.04+3.54 4.27+1.00 1.75+1.05 2.07+0.74 1.48+2.10
2-methylnaphthalene 80.90+8.67 75.84+2.69 143.17+2.70 106.76+4.54 348.19+62.84 123.22+57.16 517.86+398.46
1-methylnaphthalene 39.45+4.35 38.55+0.82 78.39+0.66 53.62+1.21 154.66+36.35 74.16+43.78 249.37+202.48
Bipheny! 30.65+11.20 26.71+1.74 54.70+4.14 25.91+2.08 166.69+34.84 93.10+85.11 317.57+299.63

173



2-methylbiphenyl 149.00+£91.40 | 164.26+45.07 217.45+36.58 74.69+8.43 127.67+86.51 | 13225.80+18617.5 19446.11+27030.14
2,6+2,7dimethylnaphthalene | 41.13+13.16 32.75+1.10 66.55+4.54 41.54+1.73 268.61+42.91 57.31+12.68 307.68+224.16
1,3+1,6+1,7dimethylnaphth 67.32+20.19 56.19+1.74 111.9245.43 66.73£3.55 410.6897.78 93.46+23.08 451.68+316.05
1,4+1,5+2,3dimethylnaphth 21.19+7.10 16.88+0.15 36.30+2.99 19.64+1.02 136.91+29.05 32.28+10.01 149.05+106.01
Acenaphthylene 1.25+0.37 1.51+0.69 8.06+0.68 2.26+1.03 13.25+8.05 3.35+1.81 12.59+11.52
1,2-dimethylnajhithalene 7.98+2.71 7.30+0.27 15.63+2.91 6.80+0.46 57.04+17.98 10.84+2.97 51.40+32.18
1,8dimethylnaphthalene 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Acenaphthene 11.70+6.54 11.08+0.13 22.69+2.94 9.82+0.51 79.58+19.22 86.96+16.98 272.444323.12
3-methylbiphenyl 118.39+74.55| 101.84+11.91 182.75+3.21 67.19+1.43 571.73+297.04 | 4038.13+5593.67 | 12214.09+16818.59
4-methylbipheny! 44.78+26.18 44.40+11.22 75.61+6.12 27.68+0.27 256.58+109.25 | 1372.18+1896.19| 5091.85+7032.61
1+2ethylnghthalene 22.68+8.49 19.150.94 40.83+0.55 21.13+1.09 99.10+24.03 254.18+324.55 426.59+504.80
1-ethyl-2-methylnaphthalene 6.72+3.08 5.54+0.07 14.62+1.48 6.29+0.26 51.04+14.48 9.81+0.05 54.02+37.28
2,3,5+Hrimethylnaphthalene | 23.89+13.07 18.63+1.20 43.86:2.31 21.44+5.68 229.37+86.43 33.31+7.82 191.37+124.64
B-trimethylnaphthalene 28.38+13.71 21.91+1.52 48.91+5.18 25.72+6.10 245.60+99.42 32.25+0.21 203.04+126.47
A-trimethyInaphthalene 35.11+16.08 27.71+0.38 57.2346.28 33.2847.65 274.72+83.60 43.88+3.86 282.35+207.91
C-trimethylnaphthalene 28.39+13.00 22.91+1.51 48.66+6.25 26.23+6.82 254.12+98.64 34.84+2.72 213.54+134.35
2-ethyl-1-methylnaphthalene 0.00+0.00 0.50+0.71 1.26+0.36 0.76+0.37 6.75+4.55 1.03+0.00 7.69+5.99
E-trimethylnaphthalene 17.43+8.93 13.600.55 30.50+2.61 15.89+4.17 154.54+69.65 23.49+4.86 136.21+80.17
2,4,5trimethylnaphthalene 3.00+0.05 3.78+0.31 8.57+0.68 3.78+0.42 48.7621.94 5.68+0.76 87.54+88.87
F-trimethylnaphthalene 16.18+8.59 12.34+0.92 28.74+0.83 14.63+4.50 160.84+57.92 21.1%3.75 128.31+76.68
Fluorene 32.36+17.18 26.44+2.18 63.77+1.32 24.18+1.81 329.65+65.82 33.81+1.26 255.06+150.44
1,4,5trimethylnaphthalene 4.76+1.13 6.78+3.13 9.82+3.17 6.30+1.17 54.57+9.50 18.61+13.23 30.75+7.85
Jtrimethylnaphthalene 11.70+5.83 9.06+132 19.16+1.50 10.09+3.01 120.57+42.99 15.23+2.63 56.03+7.29
A-Methylfluorene 10.98+1.95 12.83+3.05 14.37+1.84 11.86+3.39 113.39+41.97 12.64+0.30 109.17+96.41
B-Methylfluorene 2.49+0.67 2.02+0.02 2.27+1.77 2.02+0.74 21.3247.60 2.84+0.38 15.7825.55
1-Methylfluorene 8.72+3.76 8.07+0.81 11.35+1.83 9.33+2.64 23.20+23.56 12.39+3.71 59.86+38.55
9-fluorenone 9.96+4.80 11.99+16.24 7.84+11.08 14.37+3.43 86.76+86.75 169.80+219.77 98.41+88.17
Dibenzothiophene 1.25+0.33 0.75+0.35 2.77+0.35 0.75+1.06 18.84+13.96 1.81+1.10 18.35+7.79
Phenanthrene 64.06+22.00 67.72+6.67 90.51+12.12 60.74+10.57 774.82+205.09 113.67+54.56 547.99+385.19
Anthracene 3.49+1.36 2.52+0.03 4.54+0.02 2.52+0.04 20.06+6.53 2.32+1.08 12.04+8.64
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Xanthone 2.24+1.03 1.76+0.34 2.52+0.72 2.53+1.46 15.31+8.27 3.62+1.48 21.66+23.64
1,4-Naphthoquinone 0.25+0.36 0.75+1.06 5.81+8.22 0.00+0.00 3.25+1.75 2.83+4.00 23.53+15.12
Acenaphthenequinone 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
3-methylphenanthrene 11.22+3.01 15.84+4.4 12.86+3.26 17.22+13.80 96.85+41.13 25.59+16.55 65.79+30.17
2-methylphenanthrene 6.22+3.09 6.05+0.07 10.08+0.75 6.05+1.52 89.27+23.36 10.33+4.43 58.81+36.37
Perinaphthenone 0.50+0.01 0.76+0.37 0.00+0.00 1.76+0.38 7.97+11.27 5.70+8.06 17.30+20.27
2-mettylanthracene 10.73+2.31 13.11+1.58 15.13+2.91 4.79+1.14 44.99+38.25 7.48+3.25 21.46+2.48
4,5methylenephenanthrene 2.00+0.03 3.28+0.40 1.51+0.01 1.77+1.10 13.02+2.02 4.40£4.77 14.27+6.21
9-methylphenanthrene 3.74+1.71 4.03+0.66 5.29+0.38 3.03+0.76 48.6441.71 6.46+1.86 32.47+20.08
1-methylphenanthrene 2.24+1.03 2.51+0.68 3.53+1.44 2.52+0.75 34.62+13.02 1.54+1.45 22.03+15.78
Anthrone 1.99+0.68 1.01+0.72 5.05+2.87 2.01+0.03 2.77+3.92 3.6245.13 32.00+36.88
9-methylanthracene 0.50+0.01 0.25+0.36 0.50+0.00 0.25+0.36 1.25+0.36 1.55+2.20 2.84+3.32
Anthraquinone 262.91+361.09 0.25+0.36 394.48+387.96 11.32+0.89 133.69+19.51 18.88+19.43 237.60+32.85
A-dimethylphenanthrene 1.25+0.33 1.26+0.37 2.27+0.37 0.76+0.37 12.27+0.26 1.55+0.74 8.42+4.22
B-dimethylphenantfene 0.99+0.69 1.01£0.72 1.26+0.36 0.7620.37 12.54+2.93 1.29+1.10 18.27+18.16
1,7-dimethylphenanthrene 0.99+0.69 1.01+0.01 1.77+0.36 1.26+0.38 16.29+3.31 1.81+1.10 23.72+25.86
3,6-dimethylphenanthrene 1.00+0.02 1.01+0.01 1.26+0.36 0.76+0.37 13.27+0.96 1.29+0.37 35.89+42.38
D-dimethylphenanthrene 1.25+0.33 1.52+1.44 1.26+0.36 0.76+0.37 11.03+2.92 1.03+0.73 7.66+3.84
E-dimethylphenanthrene 9.48+1.98 11.60+2.28 15.89+5.41 4.03+0.78 38.51+48.12 6.19+2.89 25.02+1.64
C-dimethylphenanthrene 2.24+1.03 2.27+0.8 4.54+1.44 2.52+0.75 31.09+7.33 3.62+1.48 25.61+18.05
Fluoranthene 3.98+2.77 3.54+1.47 9.33+1.82 3.78+0.42 71.13+3.70 7.7545.15 41.72+28.27
Pyrene 3.48+2.77 3.02+0.04 8.32+3.24 3.28+1.12 42.03+12.43 3.88+2.57 21.45+11.47
9-Anthraaldehyde 0.25+0.35 0.25+0.36 0.50+0.71 0.25+0.35 2.01+1.43 0.52+0.73 2.26+1.00
Retene 0.25+0.35 0.00+0.00 0.00+0.00 0.00+0.00 1.00+0.01 0.00+0.00 0.51+0.02
benzo(a)fluorene 0.00%0.00 0.00£0.00 0.75+1.07 0.00£0.00 0.50+0.00 0.00+0.00 1.02+0.75
benzo(b)fluorene 0.00%0.00 0.00£000 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 1.04+1.47
5-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
B-MePy/MeFI 0.2520.35 0.00+0.00 1.26+1.78 0.00+0.00 0.00+0.00 0.00+0.00 1.30+1.83
1-MeFI+C-MeFI/Py 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 5.69+7.35
1+3methylfluoranthene 0.25+0.35 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 9.33+13.20
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4-methylpyrene 0.00+0.00 0.25+0.35 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 4.15+5.87
C-MePy/MeFI 0.2540.35 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.0020.00 1.81£2.57
D-MePy/MeFl 0.25+0.35 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 5.44%7.70
1-methylpyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 1.30+1.83
Benzonaphthothiophene 0.00:+0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.26+0.37 6.74+9.53
benzo(c)phenanthrene 0.250.35 0.00£0.00 0.250.36 0.00£0.00 0.00£0.00 0.000.00 3.09+2.97
Benzo(ghi)fluoranthene 1.24+1.04 0.75+1.06 0.76+1.07 0.76+0.37 0.00+0.00 0.00+0.00 7.00+9.90
9-phenylanthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.25+0.35 0.00+0.00 0.2620.37
6-methylchrysene 0.00+0.00 0.000.00 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00 0.00£0.00
Cyclopenta(c,d)pyrene 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.25+0.35 0.00:0.00 1.04+1.47
Benz(a)anthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.78+1.10
Chrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzanthrone 0.25+0.35 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.52+073 4.41+6.23
Benz(a)anthracerg,12dione 0.00+0.00 0.00+0.00 0.00+0.00 0.00:0.00 0.00+0.00 0.00+0.00 2.07+2.93
3-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.52+0.73
7-methylbenz(a)anthracene 0.00%0.00 0.00£0.00 0.00£0.®@ 0.00£0.00 0.00£0.00 0.000.00 0.2620.37
gi'#ithymenz(a)anthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 1.30+1.83
Benzo(b)fluoranthene 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00
Benzo(jfluoranthee 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(k)fluoranthene 0.00%0.00 0.00+0.00 0.00£0.00 0.00+0.00 0.00%0.00 0.000.00 0.00£0.00
Benzo(a)fluoranthene 0.00+0.00 0.00£0.00 0.25+0.36 0.00£0.00 0.00+0.00 0.00+0.00 0.25+0.35
BeP 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
BaP 0.00+0.00 0.76+0.37 0.00+0.00 0.00+0.00 0.25+0.35 0.00+0.00 0.00+0.00
Perylene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.25+0.36 0.00+0.00 0.00+0.00
3-methylcholanthrene 0.00:0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
7-methylbenzo(a)pyrene 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.26+0.37 0.26+0.37
9,10dihydrobenzo(a)pyrene

7(8H)-one 0.00+0.00 0.000.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.@ 0.26+0.37
Indeno[123cd]fluoranthene 0.00%0.00 0.00£0.00 0.75+1.07 0.00£0.00 0.00+0.00 0.00+0.00 0.26+0.37
Indeno[123cd]pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
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Dibenzo(ac)anthracene 0.00%0.00 0.00+0.00 0.0020.00 0.00£0.00 0.00+0.00 0.00+0.00 0.000.00
Dibenzo(ah+ac)anthracene 0.00+0.00 0.0040.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(ah)anthracene 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,j)anthracene 0.0Q£0.00 0.000.00 0.00£0.00 0.000.00 0.00£0.00 0.000.00 0.00£0.00
Benzo(b)chrysene 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.000.00
Picene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(ghi)perylene 0.00£0.00 0.25+0.35 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Anthanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Triphenylene 0.00+0.00 0.000.00 0.00+0.00 0.000.00 0.00£0.00 0.00+0.00 0.00£0.00
Dibenzo(a,l)pyrene 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Coronene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,e)pyrene 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,i)pyrea 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.000.00
Dibenzo(a,h)pyrene 0.00+0.00 0.00+0.00 0.00£0.00 0.0040.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(b,k)fluoranthene 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.@
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Table D7: Gasphase PAH emission fafehicle #7

Component{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCGQG20 Fed/HVO20 CARB/WCO-20
naphthalene 367.21+177.17 | 473.93#135.27 | 2319.15+2159.42) 1979.09+1859.93| 515.67+62.01 1019.03+162.07 252.8+101.81
quinoline 50.11+37.65 16.76+0.90 97.93+70.51 30.08+3.04 42.23+21.26 58.55+2.27 7.22+8.50
2-methylnaphthalene 265.53+205.53 309.15+82.02 946.77+494.35 |  413.45+56.00 411.78+24.43 535.39+28.07 114.49+86.24
1-methylnaphthalene 164.23+116.20 164.82+4.17 574.24+350.95 254.39+34.48 240.61+12.70 330.20+13.68 65.46+51.53
Biphenyl 29.48+16.67 33.92+6.32 161.99+134.91 | 115.80+103.04 57.65+21.33 108.00+51.43 29.51+10.95
2,6+2,7dimethylnaphthalene 51.48+31.82 52.28+15.62 229.57+177.28 92.69+30.86 111.49+1865 186.65+90.36 42.34+14.13
1,3+1,6+1,7dimethylnaphth 107.24467.10 95.78+30.66 403.31+304.31 152.28+19.59 189.66+13.55 296.98+133.82 74.29+25.97
1,4+1,5+2,3dimethylnaphth 31.77+19.48 27.89+7.43 133.43+105.08 47.48+8.96 59.0446.40 93.34+42.82 22.62+7.62
Acenaphthylene 2.29+1.95 1.31+1.86 3.11+0.59 1.99+0.16 1.68+1.08 7.751.60 2.75+0.90
1,2-dimethylnaphthalene 10.69+6.06 10.45+4.25 10.43+11.43 7.70+7.79 22.33+6.02 34.92+19.95 8.86+1.41
1,8dimethylnaphthalene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.00£0.00
Acenaphthene 5.65+1.52 7.55+2.78 85.42+108.98 76.83+99.31 15.90+14.25 32.33+22.34 10.99+1.87
1+2ethylnaphthalene 31.93+20.56 33.21+10.57 373.48+418.80 | 312.29+370.30 61.48+5.96 103.41+33.25 22.33#£9.35
1-ethyl-2-methylnaphthalee 7.48+2.39 5.76+1.13 17.71+11.11 11.50+0.55 14.07+6.90 25.25+13.20 8.55+1.40
2,3,5+Hrimethylnaphthalene 12.06+2.39 16.09+7.41 30.10+19.34 23.88+9.14 34.24+28.93 82.76+60.76 21.23+3.94
B-trimethylnaphthalene 16.49+3.91 21.02+6.93 46.04+29.21 28.72+4.3 44.95+28.92 95.79+64.03 27.64+4.45
A-trimethylnaphthalene 23.83+9.97 24.72+8.65 72.44+48.39 38.87+7.41 56.88+32.79 119.51+78.97 33.73+3.24
C-trimethyInaphthalene 16.34+4.56 19.75+6.88 42.80+25.90 28.56+3.86 43.42+30.22 91.69+64.29 27.33£3.59
2-ethyl1-methylnaphthalene 0.46+0.22 0.32+0.01 1.47+1.24 0.78+0.67 1.38+0.65 2.58+0.18 0.76+0.21
E-trimethylnaphthalene 10.54+3.69 11.72+4.30 29.36+19.98 19.08+5.75 25.99+20.73 62.23+43.85 17.562.60
2,4,5trimethylnaphthalene 2.90+1.08 3.04+0.80 6.79+4.53 4.614.00 6.73+5.61 17.67+13.30 4.43+1.14
F-trimethylnaphthalene 7.94+2.17 10.27+3.57 20.35+15.27 14.49+6.05 24.00£19.22 57.68+43.48 15.42+2.14
Fluorene 15.27+4.34 21.06+8.73 33.07+17.63 21.66+3.88 53.49+56.16 111.55+91.08 28.99+1.23
1,4,5trimethylnaphthalee 1.22+0.00 2.25+0.99 16.05+16.78 13.82+12.32 7.80+7.56 18.43+12.21 5.19+0.93
Jtrimethylnaphthalene 5.35+1.09 6.25+1.83 12.83+8.86 9.54+2.44 16.66+13.60 41.51£33.60 10.98+0.29
A-Methylfluorene 6.11+0.44 18.19+15.05 31.34+35.46 5.52+0.16 17.73+16.85 3101+14.85 11.29+0.29
B-Methylfluorene 1.37+0.65 6.57+1.84 9.03+0.11 0.760.63 3.21+2.37 7.10+4.85 2.29+0.25
1-Methylfluorene 6.11+3.90 59.41+74.28 122.67+96.20 6.44+0.62 12.23+9.93 22.36+14.74 6.71+0.52
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9-fluorenone

10.84+2.82 211.01+273.83 | 205.65+269.29 | 175.52+247.79 18.80+13.60 8.87+11.70 10.23+1.64
Dibenzothiophene 0.31+0.43 0.80+0.26 4.28+2.67 0.78+0.67 1.22+0.86 2.41+2.12 0.15+0.22
Phenanthrene 38.18+9.99 57.77+26.88 96.15+70.95 64.27+36.54 108.06+110.80 199.28+134.18 55.85+4.17
Anthracene 1.83+087 4.49+1.08 4.43+2.46 1.23+0.47 3.82+4.54 10.71+9.95 1.82+0.84
Xanthone 1.83+0.87 1.77+0.75 3.84+1.63 2.47+1.37 2.7542.16 5.15+1.65 1.98+0.24
1,4-Naphthoquinone 3.21+2.81 2.90+1.47 22.84+20.47 6.11+1.12 9.02+0.23 0.00+0.00 6.62+9.36
Acenaphthenequinone 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
3-methylphenanthrene 8.5520.44 9.0616.67 20.37+11.91 20.66+8.83 21.39+25.93 18.0245.57 17.15+11.00
2-methylphenanthrene 5.19+1.74 5.80+2.94 8.56+4.51 6.18+3.21 11.46+11.88 17.53+10.51 5.95+0.72
Perinaphthenone 0.15+0.22 0.96+0.04 4.5645.18 3.58+3.79 0.00+0.00 1.07+1.52 0.15+0.21
2-methylanthracene 5.04+1.52 7.30+6.38 6.21+1.19 3.02+2.95 14.21+16.20 34.92+3.44 3.83+1.99
4,5methylenephenanthrene 1.38+1.08 2.73+0.79 3.68+4.36 3.75+5.3 5.2045.62 6.18+5.72 2.59+0.25
9-methylphenanthrene 3.67+2.16 3.86x1.51 5.4612.66 3.862.06 6.72+6.91 9.83#5.24 3.51+0.69
1-methylphenanthrene 2.29+0.65 2.25+0.99 2.36+2.07 1.99+0.16 6.11+6.91 8.30+6.55 2.29+0.19
Anthrone 0.46+0.65 0.80+0.26 1.19+0.43 1.24+0.90 1.83+2.16 3.47+3.18 0.76+0.64
9-methylanthracene 0.31+0.43 0.16+0.22 1.92+1.44 1.72+2.43 0.61+0.43 0.45+0.21 0.31+0.00
Anthraquinone 15.59+16.87 39.37+0.00 51.35+18.60 61.81+4.18 53.97+28.25 139.60+0.00 14.00+19.38
A-dimethylphenanthrene 1.68+1.08 1.29+0.50 1.63+0.19 1.08+0.25 2.14+2.16 3.64+0.38 1.53+0.45
B-dimethylphenanthrene 1.68+1.08 0.97+0.49 1.04+0.64 1.39+0.69 1.83+1.73 1.66+0.62 0.92+0.01
1,7-dimethylphenanthrene 1.99+1.51 1.13+0.72 1.48+0.02 1.23+0.47 2.29+1.94 4.39+1.88 1.37+0.20
3,6-dimethylphenanthrene 1.22+0.87 2.52+1.70 6.97+1.13 1.08+0.68 1.68+1.94 1.97+1.05 0.61+0.01
D-dimethylphenanthrene 1.99+1.95 1.1340.72 1.03+0.62 0.77+0.24 1.38+1.51 26.78+35.71 2.77+3.06
E-dimethylphenanthrene 2.75+0.44 4.69+3.57 5.18+0.15 3.50+1.85 20.17+27.22 9.42+2.69 0.76+0.21
C-dimethylphenanthrene 3.97+3.03 2.26+1.44 3.41+0.25 2.62+1.16 4.74+4.54 5.2745.73 2.29+0.25
Fluoranthene 3.82+1.09 9.04+2.57 17.61+1.68 5.41#3.41 7.95+7.78 16.47+10.31 3.97+0.05
Pyrene 4.43+2.81 5.47+2.47 5.18+0.99 2.77+Q95 6.42+6.48 11.36+2.22 2.90+0.25
9-Anthraaldehyde 0.61+0.43 0.32+0.01 0.4520.21 0.00%0.00 0.61+0.43 2.76+3.90 0.15+0.22
Retene 0.15+0.22 0.00+0.00 0.15+0.21 0.00+0.00 0.15+0.22 0.15+0.21 0.00+0.00
benzo(a)fluorene 0.00£0.00 0.00£0.00 0.15+0.21 0.00£000 0.00+0.00 0.15+0.21 0.00+0.00
benzo(b)fluorene 0.15+0.22 0.00£0.00 0.1520.21 0.00%0.00 0.00%0.00 0.00£0.00 0.00%0.00
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5-methylchrysene 0.00+0.00 0.00£0.00 0.0020.00 0.00%0.00 0.000.00 0.00£0.00 0.00%0.00
B-MePy/MeF! 0.15+0.22 0.00+0.00 0.00+0.00 0.31x0.44 0.00+0.00 0.30£0.43 0.00£0.00
1-MeFI+C-MeFI/Py 0.00+0.00 0.00+0.00 0.44+0.62 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00
1+3methylfluoranthene 0.00+0.00 0.00+0.00 0.29+0.42 0.16+0.22 0.00+0.00 0.00+0.00 0.15+0.21
4-methylpyrene 1.38+1.51 0.00£0.00 0.45+0.63 0.47+0.66 0.31+0.43 0.30£0.43 0.15+0.22
C-MePy/MeFI 0.1520.22 0.00+0.00 0.00+0.00 0.16+0.22 0.15+0.22 0.00+0.00 0.00+0.00
D-MePy/MeFl 1.22+1.30 0.00+0.00 0.30+0.42 0.16+0.22 0.00+0.00 0.1520.22 0.00£0.00
1-methylpyrene 1.22+1.30 0.00£0.00 0.30£042 0.3120.44 0.31+0.43 0.4520.64 0.1520.22
Benzonaphthothiophene 0.00£0.00 0.00£0.00 0.00£0.00 0.31+0.44 0.00+0.00 0.00+0.00 0.00+0.00
benzo(c)phenanthrene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.15+0.22 0.15+0.21 0.00+0.00
Benzo(ghi)fluoranthene 1.07+0.65 0.3320.46 0.00£0.00 0.00£0.00 0.000.00 0.00£0.00 0.4620.21
9-phenylanthracene 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 0.00£0.00 0.00£0.00
6-methylchrysene 0.00+0.00 0.00£0.00 0.00£0.00 0.0020.00 0.000.00 0.00£0.00 0.00£0.00
Cyclopentéc,d)pyrene 0.0040.00 0.0040.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benz(a)anthracene 0.00+0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00
Chrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzanthrone 0.00£0.00 0.16+0.23 0.59+0.83 0.1620.22 0.00+0.00 0.00£0.00 0.00£0.00
Benz(a)anthraceng 12dione 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.000.00 0.00£0.00 0.30%0.43
3-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.15+0.22 0.15+0.21 0.00+0.00
7-methylbenz(a)anthracene 0.00£0.00 0.00£0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.000.00 0.00+0.00
7,12dimethylbenz(a)anthracend  0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 0.00£0.00 0.00%0.00
Benzo(b)fluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.000.00 0.00+0.00
Benzo(j)fluoranthene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(k)fluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(a)fluoranthene 0.00£0.00 0.00£0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.15+0.21 0.00+0.00
BeP 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
BaP 0.00£0.00 0.1620.23 0.15+0.21 0.150.21 0.15+0.22 0.00£0.00 0.31%0.00
Perylene 0.00+0.00 0.16+0.23 0.00+0.00 0.15+0.21 0.15+0.22 0.31+0.43 0.15+0.22
3-methylcholanthrene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 0.000.00 0.00+0.00
7-methylbenzo(a)pyrene 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00%0.00 0.00£0.00 0.00%0.00
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9,10dihydrobenzo(a)pyrene

7(8H)-one 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Indeno[123cd]fluoranthene 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Indeno[123cd]pyrene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 0.00£0.® 0.00£0.00
Dibenzo(ac)anthracene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.000.00 0.00+0.00
Dibenzo(ah+ac)anthracene 0.00£0.00 0.00£0.00 0.0020.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(ah)anthracene 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,j)anthracene 0.00£0.00 0.00£0.00 0.0020.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(b)chrysene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00 0.00£0.00 0.00£0.00
Picene 0.00+0.00 0.00+0.00 0.00+0.@ 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(ghi)perylene 0.00£0.00 0.00£0.00 0.1520.21 0.00£0.00 0.00%0.00 0.00£0.00 0.00£0.00
Anthanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Triphenylene 0.00+0.00 0.00+0.00 0.00+000 0.00+0.00 0.00+0.00 0.00+0.00 0.00%0.00
Dibenzo(a,l)pyrene 0.00£0.00 0.00£0.00 0.00£0.00 0.0040.00 0.00+0.00 0.00+0.00 0.00+0.00
Coronene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,e)pyrene 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.000.00 0.00£0.00 0.00£0.00
Dibenzo(a,i)pyrene 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,h)pyrene 0.00£0.00 0.00£0.00 0.00%0.00 0.00%0.00 0.00+0.00 0.000.00 0.00+0.00
Dibenzo(b,k)fluoranthene 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00£0.00
Table D8: Gasphase PAH emission f&fehicle #8
Componen{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCQ20 Fed/HVO20 CARB/WCO-20

naphthalene 1122.68+97.27 | 1403.07+242.14 |  791.07+97.04 1109.76+53.24 164.54+59.91 1678.90+435.37 136.40+28.55
quinoline 40.43£17.13 41.74+13.39 41.70+6.83 45.37+3.15 1.26+1.19 67.91+21.95 0.41+0.00
2-methylnaphthalene 644.80+102.11 | 702.50+178.35 457.78+3.82 620.58+32.34 67.57+28.73 745.00£311.19 45.81+10.79
1-methylnaphthalene 353.38+35.64 378.15+97.45 244.97+14.06 326.99+9.57 34.21+13.47 394.35+160.70 22.18+4.37
Biphenyl 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 19.03+2.83 0.00+0.00 17.4145.25
2,6+2,7dimethylnaphthalene 185.48+8.95 150.11+29.6 113.57+16.34 155.67+11.99 28.76+3.34 141.51+17.18 22.60+3.78
1,3+1,6+1,7dimethylnaphth 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 48.83+8.25 0.00+0.00 38.1445.81
1,4+1,5+2,3dimethylnaphth 98.41+6.32 80.42+17.22 59.29+12.05 88.29+1.61 14.38+0.47 74.00+1144 12.02+2.33
Acenaphthylene 9.22+6.85 39.51+21.73 9.73+15.83 24.69+4.11 0.63+0.29 31.01+31.42 1.04+0.29
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1,2-dimethylnaphthalene 35.47+33.84 37.60+38.38 28.19+12.10 14.79+1.65 5.92+1.74 65.17+1.87 4.56+0.58
1,8dimethylnaphthalene 38.64+15.94 48.12+8.60 28.10+6.09 55.14+3.45 0.00+0.00 50.58+3.01 0.00+0.00
Acenaphthene 74.09+3.83 55.65+16.33 63.79+14.80 51.61+0.28 10.58+1.29 74.56+17.04 12.0245.26
1+2ethylnaphthalene 55.23+8.98 48.62+8.25 36.31+7.57 47.00+0.20 9.90+9.79 50.05+10.66 2.07+1.76
1-ethyt2-methylnaphthalene 264.94+57.38 257.21+14.80 176.97+22.09 292.63+26.03 4.02+0.26 277.20+3.30 3.73+0.01
2,3,5+Hrimethylnaphthalene 107.22+24.64 56.09+7.68 55.02+16.88 85.57+18.52 19.06+3.76 44.56+19.11 17.20+5.55
B-trimethylnaphthalene 121.02+34.04 81.1910.99 60.58+11.46 106.71+15.10 20.94+0.72 59.20+6.34 17.21+2.03
A-trimethyInaphthalene 32.35+10.90 31.48+4.27 19.20+4.96 31.09+1.13 24.54+0.98 29.460.41 21.35+3.78
C-trimethyInaphthalene 168.34+33.40 130.71+20.20 92.23+12.90 133.98+11.02 21.79+0.49 10277+9.01 18.03+3.20
2-ethyl-1-methylnaphthalene 7.8942.10 4.41+3.00 1.12+0.92 5.12+2.38 0.850.01 0.97+0.85 0.62+0.29
E-trimethylnaphthalene 61.96+22.61 56.96+16.45 37.94+17.20 59.75+0.49 13.54+0.72 44.08+14.29 10.99+2.62
2,4,5trimethylnaphthalene 35.89+8.67 26.62+4.93 24.08+4.97 27.05+0.45 3.17+0.27 21.76+3.16 3.52+1.46
F-trimethylnaphthalene 178.15+47.08 135.89+37.58 89.92+8.59 146.22+10.47 12.49+2.20 99.81+12.94 10.99+2.62
Fluorene 153.49+28.68 122.52+19.82 118.62+7.46 122.42+2.01 15.24+0.73 136.62:15.28 15.55+4.38
1,4,5trimethylnaphthalene 4.09+2.25 1.63+2.19 1.43+1.48 0.59+0.83 2.32+1.48 8.62+7.54 1.24+0.58
Jtrimethylnaphthalene 24.39+8.25 17.43+3.47 13.90+4.80 16.78+0.45 10.79+0.99 11.14+8.84 9.54+2.33
A-Methylfluorene 46.89+15.41 40.73+9.44 32.79+14.85 35.9745.00 6.99+0.96 42.92+1.50 6.84+4.98
B-Methylfluorene 33.16+4.76 22.85+14.49 19.28+5.34 23.52+1.26 7.64+6.65 16.76+3.68 9.13+8.81
1-Methylfluorene 66.60+20.69 66.71+21.92 57.33+2.84 37.44+10.49 4.44+0.26 70.23+5.47 4.15+0.58
9-fluorenane 101.07+32.16 82.26+12.97 64.96+10.36 89.47+5.23 5.53+7.23 266.15+168.91 1.24+0.00
Dibenzothiophene 18.80+6.12 16.57+2.23 14.26+2.65 10.65+0.19 0.21+0.30 19.000.60 0.21+0.29
Phenanthrene 348.84+112.52 220.16+18.46 176.90+15.44 243.12422.72 38.73+3.63 526.04+266.20 42.29+8.15
Anthracene 10.28+1.96 7.83+3.89 5.8045.22 7.68+1.70 0.63+0.29 25.63+11.87 0.42+0.59
Xanthone 5.18+1.10 7.86+0.97 4.84+2.03 6.29+0.64 1.27+0.01 16.61+9.21 1.24+0.00
1,4-Naphthoquinone 100.70+48.49 292.33+168.73 157.25+87.98 113.2+155.48 1.27+0.61 470.32+100.90 0.42+0.59
Acenaphthenequinone 26.97+2.98 21.83+1.04 16.43+1.91 17.98+3.15 0.00£0.00 17.83£2.68 0.000.00
3-methylphenanthrene 47.4017.52 28.19+7.58 23.13+4.60 30.02+4.72 6.35+1.25 41.87+1.34 6.22+1.75
2-methylphenanthree 48.97+17.50 31.94+3.63 22.85+4.31 30.59+0.24 3.39+1.23 37.28+4.21 4.15+1.17
Perinaphthenone 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.43+0.60 0.00+0.00 0.41+0.00
2-methylanthracene 10.23+2.16 6.950.91 5.21+0.57 6.9820.16 6.3420.54 7.45+0.91 6.01+2.63
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4,5methylenephenanthrene 13.13+7.89 11.80+2.03 7.29+0.80 11.38+0.36 1.06+1.51 13.19+2.50 1.87+0.88
9-methylphenanthrene 26.39+9.71 17.19+1.74 12.04+2.04 15.74+0.29 2.54+0.62 18.49+3.36 2.69+0.88
1-methylphenanthrene 25.63+6.89 16.10+1.17 14.7045.14 21.47+1.62 1.69+0.58 23.30+4.41 2.07+0.00
Anthrone 4.49+7.77 6.87+11.89 14.08+24.38 0.00£0.00 1.48+0.29 91.98+159.31 1.24+0.00
9-methylanthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.21+0.30 0.00+0.00 0.21+0.29
Anthraquinone 5.90+3.71 12.56+6.83 5.42¢1.18 9.93+3.55 5.95+5.44 9.56+8.29 10.15+7.32
A-dimethylphenanthrene 9.35+4.77 7.0620.56 3.62+2.11 6.02+1.25 0.64+0.30 10.96+2.25 1.24+0.58
B-dimethylphenanthrene 4.96+1.50 1.14+0.99 2.58+2.15 2.630.90 0.64+0.30 2.84+0.74 1.04+0.88
1,7-dimethylphenarttrene 10.95+3.13 6.85+6.01 5.02+4.35 3.48+4.93 1.27+0.01 4.99+8.64 1.04+1.46
3,6-dimethylphenanthrene 5.46+1.12 2.13+0.95 3.06+1.68 2.53+1.23 1.06+0.91 4.25+0.99 1.87+0.30
D-dimethylphenanthrene 9.27+3.64 4.21+0.60 4.57+1.47 4.88+0.17 3.19+4.52 6.17+0.94 6.22+0.01
E-dimethylphenanthrene 0.93+1.60 0.68+0.79 0.94+0.82 1.88+0.30 2.77+3.91 1.65+0.14 3.11+0.88
C-dimethylphenanthrene 8.11+14.05 14.79+25.61 0.00%0.00 0.00£0.00 1.70+0.61 42.18+6.07 2.28+0.88
Fluoranthene 53.57+15.08 48.23+7.48 33.39+12.61 39.08+2.60 4.24+2.43 128.98+88.60 8.08+2.63
Pyrene 26.64+10.07 30.72+11.55 18.36+14.05 20.99+2.75 2.12+0.62 109.07+79.37 2.90+1.17
9-Anthraaldehyde 43.27+17.41 26.51+9.11 26.30+3.74 28.19+1.90 0.42+0.59 31.57+2.36 0.62+0.88
Retene 0.71+0.12 1.08+0.05 0.69+027 0.84+0.03 0.00+0.00 0.87+0.42 0.00+0.00
benzo(a)fluorene 0.82+1.43 0.52+0.90 0.66+1.13 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00
benzo(b)fluorene 0.19+0.33 0.30+0.33 0.42+0.47 0.83%0.10 0.00%0.00 1.19+2.06 0.000.00
5-methylchrysene 1.45+2.51 0.33x0.8 0.00+0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.00+0.00
B-MePy/MeF! 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00
1-MeFI+C-MeFI/Py 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.00£0.00
1+3methylfluoranthene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 1.87+3.24 0.00+0.00
4-methylpyrene 2.02+2.97 1.63+1.33 2.45+3.42 1.71+0.62 0.21+0.30 3.56+2.47 0.21+0.29
C-MePy/MeFI 0.49+0.55 0.28+0.48 0.60+1.04 0.39+0.55 0.00+0.00 0.0040.00 0.00£0.00
D-MePy/MeFl 2.23+3.18 0.28+0.32 2.68£3.62 0.98+0.10 0.21+0.30 2.59+0.81 0.00+0.00
1-methylpyrene 0.50+0.87 0.94+1.47 1.37+2.30 0.20+0.28 0.00+0.00 0.16+0.19 0.00+0.00
Benzonaphthothiophene 0.00+0.00 0.07+0.12 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
benzo(c)phenanthren 0.20+0.34 0.25+0.44 0.27+0.47 0.00£0.00 0.21+0.30 0.38+0.66 0.21+0.29
Benzo(ghi)fluoranthene 1.57+1.27 1.22+1.43 1.20+1.52 0.35+0.50 1.28+1.81 2.46+2.04 0.62+0.29
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9-phenylanthracene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00%0.00 1.38+1.49 0.000.00
6-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.26+0.37 0.00£0.00 0.00£0.00 0.00+0.00
Cyclopenta(c,d)pyrene 0.64+0.56 1.09+1.31 0.00%0.00 0.30£0.43 0.00%0.00 0.28+0.48 0.00+0.00
Benz(a)anthracene 0.07+0.12 0.72+1.25 0.00:+0.00 0.11+0.15 0.00£0.00 0.00£Q00 0.000.00
Chrysene 0.23+0.39 0.29+0.51 0.28+0.25 1.51+0.36 0.00£0.00 0.00£0.00 0.000.00
Benzanthrone 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00 0.00+0.00
Benz(a)anthracerg,12dione 4.01+6.95 33.36+57.78 0.00+0.00 0.00+0.00 0.00+Q00 0.0040.00 0.00+0.00
3-methylchrysene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.0020.00 0.00£0.00 0.00%0.00
7-methylbenz(a)anthracene 0.00+0.00 0.27+0.46 0.00+0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00
7,12dimethylbenz(a)anthracend 0 00+0.00 0.0040.00 0.00%0.00 0.00£0.00 0.00%0.00 0.00+0.00 0.21+0.29
Benzo(b)fluoranthene 0.00£0.00 0.00£0.00 0.00%0.00 0.230.32 0.00£0.00 0.00£0.00 0.000.00
Benzo(j)fluoranthene 0.00+0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(k)fluorarttene 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(a)fluoranthene 0.00+0.00 0.0040.00 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
BeP 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00+0.00
BaP 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.42+0.00 0.00+0.00 0.21+0.29
Perylene 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00 0.42+0.00 0.00£0.00 0.41+0.00
3-methylicholanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
7-methylbenzo(a)pyrene 0.00+0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.42+0.59 0.00+0.00 0.21+0.29
9,10dihydrobenzo(a)pyrene

7(8H)-one 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Indeno[123cd]fluoranthene 0.00+0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.21+0.30 0.00+0.00 0.21+0.29
Indeno[123cd]pyrene 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00
Dibenzo(ac)anthracene 0.00£0.00 0.00£0.00 0.000.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
Dibenzo(ah+ac)anthracene 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.21+0.29
Dibenzo(ah)anthracene 0.00£0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
Dibenzo(a,j)anthracene 0.05+0.09 0.00£0.00 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
Benzo(b)chrysene 0.0040.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00 0.00£0.00 0.00%0.00
Picene 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00
Benzo(ghi)perylene 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00 0.00+0.00 0.00+0.00 0.00+0.00
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Anthanthrene 0.00+0.00 0.00+0.00 0.00+0.00 0.36+0.51 0.00+0.00 0.00+0.00 0.00+0.00
Triphenylene 0.03+0.05 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,l)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Coronene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,e)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00£0.00
Dibenzo(a,i)pyrene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(a,h)pynee 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Dibenzo(b,k)fluoranthene 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Table D9: Particlephase PAH emissions fdehicle #1
Componentng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCQG20 Fed/HVO20 CARB/WCO-20
Naphthalene 0.41 + 0.58 3.72+5.26 0.00 + 0.00 0.00 + 0.00 71.45 + 101.04 10.87 + 15.37 5.39 + 7.62
Quinoline 0.00 + 0.00 7.69 + 10.87 0.00 + 0.00 1.75+2.48 0.00 + 0.00 0.00 + 0.00 0.00+ 0.00
2-methylnaphthalene 16.49 + 17.85 14.81 + 20.94 0.00 + 0.00 13.25+12.18 57.14 + 67.95 1551 +21.93 20.29 + 28.69
1-methylnaphthalene 7.03+9.94 6.13+5.72 4.69 + 3.65 6.16 + 6.98 31.27 +44.23 13.35 + 18.88 11.45 + 16.20
Biphenyl 0.00 = 0.00 0.00 = 0.00 0.00 + 0.00 0.53+0.75 1.39 +1.96 1.31+1.85 0.00 = 0.00
2-methylbiphenyl 11.87 +1.93 14.44 + 10.12 1154 +1.12 15.20 + 3.24 7.73+£10.93 8.50 + 4.63 7.39 +0.19
2,6+2,7Zdimethylnaphthalend 2.61 + 3.70 5.01+2.81 3.61+2.15 1.11+1.D 4.64 +2.40 4.66 + 6.59 1.76 £ 2.49
1,3+1,6+1,7dimethylnaphth| 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00
1,4+1,5+2,3dimethylnaphth | 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 7.14 +10.09 34.77 + 38.52 24.34 +1.92 0.00 + 0.00
Acenaphthylene 1.39+1.96 1.64 +2.32 1.98+2.79 1.43+2.02 1.55+2.20 0.00 + 0.00 0.00 + 0.00
1,2-dimethylnaphthalene 7.01+0.28 4.02 £0.36 0.80 +1.13 5.71 +5.55 0.00 + 0.00 2.40 +2.33 6.99 +1.34
1,8dimethylnaphthalene 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00 0.00 + 0.00
Acenaphthene 3.93+0.22 1.90 + 2.68 2.55 + 3.61 3.79 +5.36 1.86 + 2.64 4.93+1.83 1.79 + 2.53
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3-methylbiphenyl 1.74 £ 2.46 478 £6.76 0.00 £0.00 14.77 £ 18.90 3.43£4.85 5.37 £7.60 0.00 £ 0.00
4-methylbiphenyl 2.11+£294 4.07 £5.75 1.27+£1.80 13.10 + 14.98 0.19£0.26 729477 0.00 £ 0.00
1+2ethylnaphthalene 3.77+£5.34 79.64 £ 39.00 89.35+£8.53 32.94 £ 25.70 77.23 £ 40.08 60.44 £ 6.94 12.52 +17.70
1-ethyl2-methylnathalene | 20.53 £ 29.03 3.46 £ 0.20 1.60 £ 2.26 0.00 £0.00 13.47 £ 19.05 0.00 = 0.00 1.32+1.87
2,3,5+Hrimethylnaphthaleng 2.40 + 0.63 5.66 + 0.37 3.93+1.76 5.16 +1.73 12.22 +11.63 5.05 + 0.33 3.08 +1.62
B-trimethylnaphthalene 14.39 +£17.13 17.60+ 23.07 19.30 + 26.11 2.98 +£ 0.02 7.19+7.67 2.60+0.76 27.24+3.71
A-trimethylnaphthalene 0.00 + 0.00 0.83+1.18 0.00 + 0.00 0.00 + 0.00 10.53 + 14.90 0.00 + 0.00 1.35+1.91
C-trimethylnaphthalene 0.00 + 0.00 0.11+0.16 0.38 +0.53 0.00 + 0.00 503+7.12 0.00 + 0.00 0.00 + 0.00
2-ethyl1-methylnaphthaleng 0.00 + 0.00 0.85 £ 0.50 0.77 £1.10 0.00 £ 0.00 0.00 £ 0.00 0.50£0.70 0.00 £ 0.00
E-trimethylnaphthalene 0.76 £ 0.67 294 +£4.15 0.00 £ 0.00 0.59+0.84 4.98 £ 6.95 0.00 £ 0.00 0.00 £ 0.00
2,4 5trimethylnaphthalene | 0.00 = 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
F-trimethylnaphthalene 1.66 £ 2.09 124 +1.75 0.00 £ 0.00 0.41 £ 0.58 2.15+2.95 0.90 £1.27 0.00 £ 0.00
Fluorene 1.63+1.32 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
1,4,5trimethylnaphthalene | 0.00 + 0.00 2.66 + 3.76 16.94 + 23.95 4.68 + 6.62 0.00 + 0.00 3.08 £1.91 0.00 + 0.00
Jtrimethylnaphthalene 2.80+3.95 3.07 +1.46 3.26 £ 0.99 4.33+1.95 1.77+£2.51 294 +4.15 2.79+0.18
A-Methylfluorene 2.67+191 3.26 £+ 4.39 3.57 £ 0.60 1.93+1.00 8.37 £10.04 0.00 + 0.00 6.96 + 8.22
B-Methylfluorene 0.00 + 0.00 2.23+3.15 3.19+0.28 0.00 + 0.00 0.00 £+ 0.00 2.38+3.36 2.70 +£3.83
1-Methylfluorene 3.74+£0.9 478 £0.71 5.40 £ 0.96 1.93+2.73 10.75 £ 10.30 7.22+£2.89 5.16 £0.20
9-fluorenone 6.85+1.61 6.54 £1.23 4.59 + 3.48 3.46 £4.90 0.00 £ 0.00 2.90+4.10 5.72 £ 0.64
Dibenzothiophene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 1.11+£1.57 0.00 £ 0.00 0.82+1.16 0.00 £ 0.00
Phenanthrene 0.00 + 0.00 5.66 + 5.23 9.89 + 2.07 14.31 + 20.23 7.13 +£5.95 12.09 +13.16 0.00 + 0.00
Anthracene 1.24+1.75 1.40+1.98 0.39 £ 0.55 0.81+1.15 255+3.61 0.64 +0.90 1.20+1.70
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Xanthone 1458 +4.72 25.06 £ 10.55 18.25+0.11 14.75+1.01 18.48 £ 26.14 4.72+1.37 6.45+5.17
1,4-Naphthoquinone 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
Acenaphthenequinone 5.39+7.62 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 3.41 + 483 1.78 £2.52
3-methylphenanthrene 0.62 +0.88 4.31+0.64 7.90 +1.29 1.44+2.04 0.94 +1.33 3.10+0.83 297 +4.19
2-methylphenanthrene 0.00 £ 0.00 0.49+0.70 4.26 £2.26 1.39+1.96 8.00+11.32 2.90+0.16 5.67 £ 8.02
Perinaphthenone 23.63 + 102 24.81+9.21 32.79 £ 25.25 10.46 = 14.79 7.56 +10.70 11.18 £ 0.27 4.87 £6.89
2-methylanthracene 0.98 £1.39 0.43+0.61 0.00 £ 0.00 1.10+1.55 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
4,5methylenephenanthrene| 0.00 = 0.00 0.00 £ 0.00 0.00 £ 0.00 0.31+0.44 0.00 £ 0.00 0.24+0.34 0.00 £ 0.00
9-methylphenanthrene 2.30+3.25 295+4.17 458 + 0.94 6.38 + 3.30 0.00 +0.00 3.15+0.81 1.86 £ 2.63
1-methylphenanthrene 6.62 +0.82 7.07 £0.35 6.80 + 2.63 8.59 + 2.46 0.00 +0.00 7.08 +0.96 1.87+£2.64
Anthrone 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
9-methylanthracene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
Anthraquinone 10.55+0.74 10.64 + 4.56 17.36 £ 3.85 6.10 +0.82 2.18 +3.08 3.83+£5.42 9.13 +2.62
A-dimethylphenanthrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
B-dimethylphenanthrene 3.36 +4.76 6.39 +0.29 6.60 +1.92 3.16 +4.46 2.12+3.00 3.76 £ 0.62 5.65+1.21
1,7-dimethylphenanthrene | 0.00 + 0.00 0.00 £ 0.00 0.96 +£1.35 1.56 +2.20 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
3,6-dimethylphenanthrene | 9.93 + 0.26 3.18 £4.49 0.27 £ 0.39 0.23+0.32 0.00 +0.00 1.91+2.69 478 +1.91
D-dimethylphenanthrene 2.67+1.37 4.29 +£1.06 2.59 + 3.66 2.73+1.95 0.00 +0.00 220+3.11 2.74 +3.87
E-dimethylphenanthrene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
C-dimethylphenanthrene 2.23+3.15 2.33+3.30 2.84+401 221+3.12 0.00 £ 0.00 2.11+299 0.00 + 0.00
Fluoranthene 0.00 £ 0.00 2.18 +3.08 4.74 +£0.86 0.59+0.84 0.00 £ 0.00 0.31+0.43 0.29+041
Pyrene 0.00 £ 0.00 4.02 £5.69 9.98 +0.01 3.20+3.20 3.21+4.54 0.90+1.27 0.00 £ 0.00
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9-Anthraaldehyde 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
Retene 0.00 £ 0.00 0.00 £ 0.00 0.24 £0.35 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(a)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00+ 0.00
benzo(b)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
5-methylchrysene 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
B-MePy/MeF| 0.00 + 0.00 0.00 £ 0.00 0.00 + 000 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
1-MeFI+C-MeFI/Py 0.00 + 0.00 1.20+1.70 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 3.13+1.76
1+3-methylfluoranthene 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00
4-methylpyrene 3.50+1.39 3.70+£1.36 8.55£6.25 3.55+£2.87 1.32+£1.87 2.29+0.99 3.71£0.35
C-MePy/MeFI 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
D-MePy/MeFI 1.07+£151 1.95+2.76 135+£191 0.00+ 0.00 0.00 £ 0.00 0.91+1.29 2.32+3.28
1-methylpyrene 4.06 £ 0.65 1.36 +£1.92 3.22+0.61 1.30+1.83 0.00 £ 0.00 2.35+0.54 2.70£0.93
Benzonaphthothiophene 0.00 + 0.00 0.74 £1.05 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.65 +0.92 0.00 £ 0.00
benao(c)phenanthrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Benzo(ghi)fluoranthene 2.27+0.14 6.10 £ 2.95 9.35+£0.00 6.47 £ 0.63 1.24 £ 1.75 294 +1.39 282+1.14
9-phenylanthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
6-methylchrysene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Cyclopenta(c,d)pyrene 0.00 + 0.00 0.41 +0.58 0.35+0.50 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Benz(a)anthracene 0.00 £ 0.00 0.22+0.31 1.32+1.86 0.23+0.33 0.00 £ 0.00 0.26 £0.17 0.09£0.12
Chrysene 1.33+£0.38 0.78 £ 0.67 3.97+2.79 1.04 £ 0.66 0.80+1.13 1.09 £0.25 0.67 £0.95
Benzanthrone 0.00 + 0.00 1.46 +2.07 2.88 +4.07 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00

0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00

Benz(a)anthracerg, 12
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dione

3-methyichrysene 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
7-methylbenz(a)anthracene| 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
Zji'rlnzethwbenz(a)anthracene 3.33+0.28 412 +1.36 5.21+0.21 5.19 £ 2.76 13.17 £ 3.80 2,52 +3.28 2.41+341
Benzo(b)fluoranthee 053 0.61 0.110.05 4.04 £ 2.65 0.17 £ 0.24 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
Benzo(j)fluoranthene 0.00 £ 0.00 0.00  0.00 2.45 £ 0.20 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
Benzo(k)fluoranthene 1.03£0.79 0.72+1.01 1.01£0.72 0.00+ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
Benzo(a)fluoranthene 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
BeP 0.39 £ 0.55 0.63 +0.47 2431021 0.70 £ 0.06 0.22+0.31 0.06 + 0.08 0.02 £ 0.03
BaP 0.56 £ 0.79 146+1.15 2.38%0.55 0.00 £ 0.00 0.00 £ 0.00 031044 047+ 0.26
Perylene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
3-methyicholanthrene 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 000 0.00  0.00
7-methylbenzo(a)pyrene | 0.00 £ 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
?’éﬁ%‘r{gr"benzo(‘e‘)pyre”e 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Indeno[123cd]fluoranthene | 0.77 £ 1.09 0.00  0.00 1.10£1.55 0.00 £ 0.00 0.00 £ 0.00 1.42£0.23 0.00  0.00
Indeno[123cd]pyrene 1.02 £ 0.48 1.00%1.42 2.77 £ 1.69 0.54£0.76 0.00 £ 0.00 1.01£0.28 0.00  0.00
Dibenzo(ac)anthracene | 0.00 = 0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
Dibenzo(ah+ac)anthracene | 0.00 = 0.00 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(ah)anthracene | 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00+ 0.00 0.00 + 0.00
Dibenzo(a,j)anthracene | 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00
Benzo(b)chrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00
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Picene 4.85+3.77 2.47 +3.49 7.95 + 2.59 5.08 +7.18 1.39+1.97 524 +7.41 1.76 + 2.49
Benzo(ghi)perylene 3.46 + 0.82 5.84 +2.57 8.22 + 3.09 3.73+0.17 2.34+331 3.33+0.11 1.63+231
Anthanthrene 0.00 = 0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00 0.00 + 0.00
Triphenylene 0.00 + 0.00 0.00  0.00 14.36 + 20.30 14.06 + 19.89 0.00 + 0.00 0.00 + 0.00 0.00  0.00
Dibenzo(a,l)pyrene 0.00 + 0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Coronene 0.00 + 0.00 0.00 £ 0.00 2.61%3.69 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(a,e)pyrene 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Dibenzo(a,i)pyrene 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00+ 0.00
Dibenzo(a,h)pyrene 0.00 = 0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00 0.00  0.00
Dibenzo(b,k)fluoranthene | 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00 0.00  0.00
Table D10: Particlephase PAH emssions folVehicle #2

Componen{ng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCG20 Fed/HVO20 CARB/WCO-20

Naphthalene 222.88+249.37 | 303.88 +347.67 | 0.00 £ 0.00 24.63 + 34.83 0.00 + 0.00 414586 0.00 £ 0.00

Quinoline 0.00 = 0.00 0.00 + 000 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00

2-methylnaphthalene 183.19+192.93 | 29853+329.43 | 8.38+11.85 22.85 + 32.31 10.74 + 8.38 475+2.02 4.61+6.52

1-methylnaphthalene 101.66 + 100.01 | 149.81+ 168.68 | 2.75 + 3.89 11.90 + 1682 1148 +11.12 3.65+5.16 7.45 + 10.54

Biphenyl 15.99 + 22.62 17.74 £ 22.23 0.00 + 0.00 1.17 £1.65 0.00 + 0.00 5.34 % 0.25 9.15 + 12.94

2-methylbipheny! 24.83 +12.97 24.20 +11.41 13.78 £3.31 13.54+2.38 16.69  1.57 1471+ 1.61 12.43+0.59

2,6+2,%dimethylnaphthalene | 44.12 + 37.48 62.25 + 58.75 476 +6.74 10.56 + 14.93 5.66 + 2.46 3.73+3.17 4.14 +5.85

1,3+1,6+1,7dimethylnaphth | 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00

1,4+1,5+2,3dimethylnaphth | 35.66 + 50.43 64.68 + 91.47 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 = 0.00 1.27 £1.80
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Acenaphthylene 0.00 £ 0.00 3.36 £4.75 7.50 £10.61 1.59 +2.25 197 +£2.78 5.41 +£3.19 1.65+2.33
1,2-dimethylnaphthalene 20.14 £ 14.96 21.03 £11.37 7.10 £ 3.61 8.37 £0.16 3.00£0.72 0.28 £0.39 2.09+£2.72
1,8-dimethylnaphthalene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Acenaphthene 1.87 £ 2.65 3.85+5.45 6.91 £+ 3.06 3.55+£5.02 7.83 £0.05 6.35+1.88 3.61+0.34
3-methylbiphenyl 49.33 +41.99 51.89 +20.73 1.69+2.39 37.38+£23.14 25.20+1.22 13.71+£19.39 0.00 £ 0.00
4-methylbiphenyl 20.44 +£17.47 39.31+7.75 1.20+1.70 25.85+6.94 24,67 +£2.14 12.82 +18.13 0.00 £ 0.00
1+2ethylnaphthalene 89.91 +50.32 197.8% £ 172.71 71.55 £ 58.57 61.88 £ 30.79 69.11 + 3.69 31.65 +44.76 76.96 £ 5.97
1-ethyl2-methylnaphthalene | 2.77 + 3.92 2.25+£3.18 4.04 £ 1.46 4.07£1.79 3.96 +1.07 1.82 +2.58 0.00 = 0.00
2,3,5+Hrimethylnaphthalene | 11.86 + 5.47 16.12 + 3.74 7.79 £ 010 10.35+3.14 9.59+041 6.75+0.73 453+1.30
B-trimethylnaphthalene 18.35 £ 15.59 19.37 £13.20 24.55 £ 27.27 32.18 £ 35.29 6.59+1.31 42.59 =+ 6.67 126 +1.78
A-trimethylnaphthalene 9.27 £11.21 10.30 + 14.57 0.14 £0.20 0.50+0.71 0.59+0.84 0.00 £ 0.00 0.00 £ 0.00
C-trimethylnaphthalene 10.25 £ 14.47 15.72 + 20.49 0.00 £ 0.00 2.20+£1.52 0.20£0.28 0.00 £ 0.00 0.00 £ 0.00
2-ethyt1-methylnaphthalene | 0.00 + 0.00 0.00 £+ 0.00 1.00+1.42 1.11 +1.57 1.64+2.32 2.79+0.49 0.00 £ 0.00
E-trimethylnaphthalene 16.48 + 15.38 24.24 +23.38 0.00 + 0.00 5.07 + 5.07 1.24+1.75 0.00 + 0.00 0.00 £ 0.00
2,4,5trimethylnaphthalene | 3.49 £ 4.94 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
F-trimethylnaphthalene 16.73 £12.10 14.79 + 14.70 1.01+£1.43 0.15+0.22 253 +1.63 4.94 +5.02 0.04 £ 0.06
Fluorene 7.81 +10.08 545+7.71 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
1,4,5trimethylnaphthalene 77.37 £78.93 85.51 +72.13 10.44 £ 10.09 19.68 £ 10.76 1126 +0.33 3.83+541 0.00 + 0.00
Jtrimethylnaphthalene 7.48 £ 4.15 0.00 £ 0.00 491+0.31 9.04 £ 1.65 4.82 +£0.62 3.99+0.39 3.99+1.47
A-Methylfluorene 411 +1.68 11.97 +£13.31 2.07£2.93 16.12 + 22.79 6.10 £ 4.03 3.80+5.38 1.64 +2.32
B-Methyifluorene 6.74 + 9.53 0.00 + 0.00 7.74 +2.63 3.76 £5.32 0.00 + 0.00 3.72+5.26 2.46 +3.48
1-Methylfluorene 14.79 £ 11.16 8.46 +11.96 4.36 +4.52 7.63 +10.36 0.10+0.14 7.55 +6.27 9.51 +5.52
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9-fluorenone 12.85+£0.10 9.19 £ 3.54 9.67 £0.57 0.00+ 0.00 8.19 £ 0.85 6.53£3.94 2.88 £4.07
Dibenzothiophene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Phenanthrene 20.22 £ 18.46 35.82+£0.85 9.77 £ 4.62 35.20 £ 10.74 37.44 £ 2.96 17.57 £ 24.85 0.00 £ 0.00
Anthracene 517 £4.11 4.45 + 2.36 1.26 £+ 0.34 3.20£0.93 0.83+1.17 3.22+141 0.51+0.72
Xanthone 14.98 + 3.80 13.94 +9.25 20.98 +2.99 12.63 +£0.70 12.86 + 2.55 12.18 +1.74 5.45 + 1.95
1,4Naphthoquinone 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 000 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00
Acenaphthenequinone 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
3-methylphenanthrene 14.40 £ 10.24 13.90 + 3.72 5.56 £ 1.90 9.39 £0.96 9.27 £1.73 551+1.92 1.16 £ 1.63
2-methylphenanthrene 6.76 £ 6.26 10.37 £ 8.96 5.55+7.84 5.72+£5.78 4.93+£0.03 4.54 +6.42 4.58 £ 6.45
Perinaphthenone 13.42 + 18.98 24.38 £ 8.36 36.79 £ 2.39 24.86 £ 5.55 42.16 + 3.28 26.34 £ 0.59 27.05 £ 1.69
2-methylanthracene 0.63 +£0.89 0.00 £ 0.00 0.84+1.19 0.00 £0.00 3.12+£1.02 1.88 £ 2.66 4.07 £1.43
4,5methylenephenanthrene | 0.00 £ 0.00 0.08 £0.12 0.00 £ 0.00 0.00 £0.00 0.36 £0.51 0.00 £ 0.00 0.00 £ 0.00
9-methylphenanthrene 3.38 +1.53 0.00 + 0.00 4.62 +0.92 6.10 £ 2.27 4.62 +0.22 498 +7.05 1.26 +1.78
1-methylphenanthrene 12.15+5.43 17.12 £ 0.56 9.46 +1.32 15.94 +£1.82 14.05 + 3.45 5.58 + 7.89 3.14+4.44
Anthrone 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
9-methylanthracene 0.00 £ 0.0 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
Anthraquinone 13.89 £ 0.68 12.12 + 6.88 10.69 £ 4.75 17.92 + 3.08 12.62 £5.16 7.25 +£10.26 0.00 £ 0.00
A-dimethylphenanthrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00+ 0.00 0.00 + 0.00 0.00 + 0.00
B-dimethylphenanthrene 5.54 +7.83 11.35+241 8.44 £ 4.39 7.82 £0.36 8.02£2.90 6.54 £ 0.65 9.55+4.16
1,7-dimethylphenanthrene 0.00 £ 0.00 413 +5.84 0.00 £ 0.00 0.00 £ 0.00 2.11+299 1.75+£2.48 0.00 £ 0.00
3,6-dimethylphenanthrene 4.10+5.80 2.15 + 3.05 1.80 £ 2.54 0.38 £ 0.54 0.00 + 0.00 3.20 £ 4.53 2.95+2.48
D-dimethylphenanthrene 7.14+4.55 5.01+7.08 455+1.01 1.69 +2.39 5.36 £ 0.96 0.71+£1.00 0.00 £ 0.00
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E-dimethylphenanthrene 0.00 +0.00 0.00 + 000 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
C-dimethylphenanthrene 0.00 +0.00 5.87+8.31 0.00 +0.00 0.00 +0.00 4.39+0.28 2.54 +3.59 0.00 + 0.00
Fluoranthene 493 +4.18 4.60 +3.41 3.48+3.74 1.56+1.28 1.43+0.96 1.10+1% 0.00 + 0.00
Pyrene 8.08 +9.42 12.18 + 6.25 5.01+7.09 5.69 +2.92 6.46 + 2.49 2.63+3.72 0.00 + 0.00
9-Anthraaldehyde 0.00 £ 0.00 0.00 £ 0.00 16.68 + 23.58 0.00 £ 0.00 4.95 £ 6.99 0.00 £ 0.00 0.00 £ 0.00
Retene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.19 £ 0.27 0.20+0.28 0.11+0.15 0.00 £ 0.00
benzo(a)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(b)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
5-methylchrysene 0.00 +0.00 0.00 + 0.00 0.00 = 0.00 0.00 = 0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
B-MePy/MeFI 0.00 +0.00 0.00 + 0.00 0.00 = 0.00 0.00 = 0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
1-MeFI+C-MeFI/Py 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 + 000 242 +3.42 0.00 +0.00 0.00 + 0.00
1+3-methylfluoranthene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
4-methylpyrene 4.17 £2.43 6.27 +0.18 4.12 +0.88 2.01+284 544 +2.34 5.72+0.51 4.88 £ 4.00
C-MePyMeFI 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
D-MePy/MeFlI 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
1-methylpyrene 517+1.74 4.13+0.83 4.62 +£0.80 0.00 £ 0.00 2.56 £1.45 0.00 £ 0.00 156 +221
Benzonaphthothiophene 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(c)phenanthrene 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00
Benzo(ghi)floranthene 9.45 +4.88 7.88 +0.06 7.37 +0.82 6.31+3.10 4.56 +0.28 7.86 +4.82 423 +1.37
9-phenylanthracene 0.00 +0.00 0.00 + 0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 + 0.00
6-methylchrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Cyclopenta(c,d)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
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Benz(a)anthracene 0.00 = 0.00 1.03 £ 1.45 0.00 £ 0.00 0.02 £ 0.03 0.00 £ 0.00 0.00 = 0.00 0.05 £ 0.07
Chrysene 1.35+1.91 1.59 £ 0.19 1.36 £ 0.03 0.00 £ 0.00 0.59 £ 0.83 0.52+0.74 1.12 £0.20
Benzanthrone 2.54 £ 3.59 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 1.66 £ 2.34 0.00 £ 0.00 1.04 £ 1.46
Benz(a)anthracer 12dione | 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
3-methylchrysene 0.00 % 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
7-methylbenz(a)anthracene | 0.00 * 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £0.00
g;;ﬁthylbenz(a)amhracene 2.75+3.88 7.64 +1.67 6.50 + 0.63 3.96 £ 5.60 8.86 £ 7.75 6.05 + 2.97 13.86 + 1.42
Benzo(b)fluoranthene 0.67 £ 0.69 1.06+0.75 1.45+0.37 0.33+0.47 0.00 £ 0.00 0.28 £ 0.39 0.00 £ 0.00
Benzo()fluoranthene 0.00 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 * 0.00 0.00 % 0.00 0.00 £ 0.00
Benzo(k)fluoranthene 0.00 = 0.00 0.00 £ 0.00 0.51£0.72 0.00 £ 0.00 0.00 = 0.00 0.00 = 0.00 0.00 £ 0.00
Benzo(a)fluoranthene 0.00 = 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 = 0.00 0.00 £ 0.00
BeP 2.08 £ 0.95 1.48 £ 0.11 0.87£0.64 0.89 £ 0.05 0.33%0.24 0.66 £ 0.24 0.03 £ 0.04
BaP 0.66 + 0.94 0.00 £ 0.00 1.12 £0.81 0.00 £ 0.00 0.57 £ 0.26 0.78  0.05 0.51%0.72
Perylene 0.00 % 0.00 0.00 £ 0.00 0.00 * 000 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
3-methylcholanthrene 0.00 * 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
7-methylbenzo(a)pyrene 0.00 £ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00
3&%&‘;?%?0“”20(&)'[’“6“6 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Indeno[123cd]fluoranthene | 0.63 + 0.89 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 2.60 +0.02 1.77 £ 0.56 1.24 £ 0.67
Indeno[123cd]pyrene 0.18+0.15 0.07 £ 0.00 0.07 £ 0.00 0.08 £ 0.00 0.58 £ 0.01 0.39+0.12 0.28+0.15
Dibenzo(ac)anthracene 1.41 +2.00 0.00 + 0.00 0.70 £ 0.99 0.00 £ 0.00 1.43+0.18 0.41+058 0.50 £ 0.70
Dibenzo(ah+ac)anthracene | 0.00  0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
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Dibenzo(ah)anthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,janthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Benzo(b)chrysene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Picene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Benzo(ghi)perylene 9.31+3.64 13.63+1.79 10.18 + 8.20 453 +2.46 19.07 + 6.83 5.72+8.09 451+1.094
Anthanthrene 6.27 +0.04 6.61+ 1.66 5.34+0.78 5.63+0.31 5.40 + 3.00 3.93+1.00 3.75+0.26
Triphenylene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,l)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Coronene 0.00 = 0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,e)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00+ 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,ipyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(a,h)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00
Dibenzo(b,k)fluoranthene | 0.00 * 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Table D11: Particlephase PAH emissions fotehicle #3

Componen{ng/mile) Fed ULSD CARB USLD Fed/SME20 Fed/AFME20 Fed/WCGQ20 Fed/HVO20 CARB/WCO20
Naphthalene 0.25+0.35 1.02 + 1.44 7.84+6.25 2.23+3.15 0.00 + 0.00 6.22 £8.79 38.16 * 46.80
Quinoline 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
2-methylnaphthalene 5.52 + 4.45 3.75+5.30 13.80 + 13.80 9.40 + 11.60 0.67 +0.40 10.02 + 14.18 35.93+42.24
1-methylnaphthalene 0.00 + 0.00 0.00 +0.00 2.11+2.99 0.22+0.31 0.00 + 0.00 5.45+ 7.70 20.02 + 28.31
Bipheny/ 0.00 = 0.00 0.00  0.00 0.91+1.29 0.22+0.31 0.46 * 0.65 3.38+4.77 14.39 + 20.00
2-methylbipheny! 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.34 +0.48
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2,6+2,7dimethylnaphthalene | 2.03 + 0.07 1.05+0.51 2.69 £ 257 1.53+1.49 0.72+0.84 2.46 £ 2.35 11.10+12.12
1,3+1,6+1,7dimethylnaphth | 0.00 + 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
1,4+1,5+2,3dimethylnaphth | 10.01 + 8.51 16.22 + 4.28 23.24 £6.95 19.82 £ 0.46 43.69 £ 12.83 22.01 £0.90 33.21 £18.95
Acenaphthylene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.34+£0.48 0.00 £ 0.00
1,2-dimethylnaphthalene 2.58 + 1.46 2.35+0.86 2.89+1.08 3.30+0.16 1.49+211 2.21+3.12 11.61 +11.99
1,8-dimethylnaphthalene 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 1.42 +£2.00 1.33+1.87 0.00 + 0.00 0.00 £ 0.00
Acenaphthene 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
3-methylbiphenyl 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 + 0.00 0.66 + 0.93 4.05+5.72
4-methylbiphenyl 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.03+£0.04 0.34£0.49 0.93+1.31
1+2ethylnaphthalene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
1-ethyl2-methylnaphthalene | 0.00 + 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
2,3,5+Hrimethylnaphthalene | 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
B-trimethylnaphthalene 0.26 + 0.37 0.00 £+ 0.00 0.00 + 0.00 0.22 +0.26 0.66 + 0.01 0.24 +0.33 0.30£0.43
A-trimethylnaphthalene 140 +1.98 0.66 +0.84 0.00 + 0.00 0.95+1.35 0.45+0.30 0.00 + 0.00 0.00 £ 0.00
C-trimethylnaphthalene 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00 1.06 +1.49 1.13+1.60 0.00 + 0.00
2-ethyt1-methylnaphthalene | 0.11 + 0.15 0.00 + 0.00 0.03 £ 0.04 0.41 £ 0.58 1.27+£0.18 0.90 +1.28 0.00 = 0.00
E-trimethylnaphthalene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
2,4,5trimethylnaphthalene | 0.60 £ 0.11 0.13+0.18 0.34+0.44 0.60 + 0.84 0.10+0.15 0.00 + 0.00 0.60 +0.32
F-trimethylnaphthalene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Fluorene 0.58 £0.39 0.00 £ 0.00 0.30£0.29 0.75+0.84 0.59+0.23 0.27 £0.03 0.00 £ 0.00
1,4,5trimethylnaphthalene | 19.04 +4.91 8.40 £5.25 7.59 + 0.08 11.39 +3.77 0.03 + 0.05 0.66 + 0.93 6.95 + 3.83
Jtrimethylnaphthalene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
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A-Methylfluorene 1.69 £ 1.07 0.38 £ 0.54 0.00 £0.00 0.66 £0.94 0.44+0.@ 1.12+£0.72 0.50 £ 0.42
B-Methylfluorene 2.04 £2.88 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.10+0.14 0.70 £0.99 2.74 £2.54
1-Methylfluorene 0.92+0.13 0.00 £ 0.00 0.00 £0.00 0.04 £ 0.06 0.00 £ 0.00 1.16 £ 1.64 1.17+£1.24
9-fluorenone 1.01 £0.60 0.00 £ 0.00 1.08 £1.35 259+1.27 1.76 £1.17 2.00 £0.07 2.45+0.17
Dibenzothiophene 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
Phenanthrene 0.00 + 0.00 0.00 £ 0.00 0.00 + 0.00 2.13+0.63 0.00 + 0.00 0.30 £ 042 1.25+0.64
Anthracene 0.13+0.18 0.27 £0.38 0.86 +0.39 0.55+0.16 0.08 +0.12 0.43 +0.60 0.96 £ 0.64
Xanthone 3.48+0.72 5.64 +2.48 4.85+0.38 7.44 = 3.39 498 +2.38 2.98+0.13 4.88 + 0.03
1,4-Naphthoquinone 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Acenaphthenequinone 0.28 £0.09 0.00 £ 0.00 0.65+£0.92 298+4.21 2.34+£3.31 0.34£0.48 2.88+1.84
3-methylphenanthrene 1.50 £ 0.96 1.12 £+ 0.57 0.95+0.74 3.09+£0.70 247 +2.40 1.45+0.86 0.58+0.43
2-methylphenanthrene 0.90 £1.27 0.00 £ 0.00 0.53+0.19 3.71 £ 0.66 0.00 £ 0.00 0.21+£0.30 0.95+0.53
Perinaphthenone 3.44 + 4.86 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.39 £ 0.55
2-methylanthracene 0.00 + 0.00 0.00 £ 000 2.15+3.05 1.99+281 0.00 + 0.00 0.00 + 0.00 4.29 £ 6.07
4,5methylenephenanthrene | 3.16 £ 0.41 2.26 £ 0.36 0.83+0.12 3.38 £ 0.96 0.68 + 0.97 2.59+0.22 1.15+0.41
9-methylphenanthrene 0.15+0.21 0.01 +£0.02 0.00 = 0.00 1.22 +£0.76 0.57 +0.80 0.31+0.44 0.19 £ 0.26
1-methylphenanthrene 0.49 + 0.64 0.18 £ 0.25 0.25+0.35 1.53+0.53 0.00 +0.00 0.80+1.12 1.06 £0.84
Anthrone 7.82+151 4.38+6.19 0.00 + 0.00 8.62 + 0.07 0.00 + 0.00 0.00 + 0.00 1.46 +2.06
9-methylanthracene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Anthraquinone 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
A-dimethylphenanthrene 1.18+0.03 1.38+1.95 0.27 £ 0.38 295+ 1.47 0.00 + 0.00 0.90+1.28 0.90 +£1.27
B-dimethylphenanthrene 1.07+0.24 0.00 + 0.00 0.00 + 0.00 1.60+0.52 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
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1,7-dimethylphenanthrene 1.16 £ 0.58 0.00 £ 0.00 1.24+£1.75 0.69+£0.12 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
3,6-dimethylghenanthrene 0.65 £ 0.88 0.08 £0.12 0.62 £0.87 1.30+£0.72 0.00 £ 0.00 0.00 £ 0.00 1.50+1.01
D-dimethylphenanthrene 1.40 £1.99 0.00 £ 0.00 0.00 £0.00 2.10+£1.37 0.00 £ 0.00 0.00 £ 0.00 1.28 +1.03
E-dimethylphenanthrene 0.00 £ 0.00 0.00 £ 0.00 0.00+ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
C-dimethylphenanthrene 2.71+0.15 0.00 + 0.00 5.19+3.34 8.01+271 2.42 +0.90 1.21 £0.05 1.00+1.41
Fluoranthene 0.28 + 0.39 0.00 + 0.00 0.00 + 0.00 4.60 + 0.02 0.49 + 0.69 0.00 + 0.00 0.13 +0.18
Pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 7.54 £ 0.80 0.58 +£ 0.82 0.00 + 0.00 0.27 £ 0.39
9-Anthraaldehyde 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
Retene 0.00 £ 0.00 0.01 £0.02 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(a)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
benzo(b)fluorene 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
5-methylchrysen 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
B-MePy/MeFl 0.49 + 0.69 0.00 + 0.00 0.00 + 0.00 0.66 + 0.93 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
1-MeFI+C-MeFI/Py 0.28 + 0.39 0.62 +0.88 0.00 + 0.00 0.00 + 0.00 0.00 +0.00 0.00 + 0.00 0.00 + 0.00
1+3methylfluoranthene 0.27 £ 0.38 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
4-methylpyrene 0.15+0.21 0.11+0.15 0.31+0.44 2.36 £ 0.01 0.00 £+ 0.00 0.05 + 0.07 0.00 + 0.00
C-MePy/MeFI 0.00 +0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 0.00 + 0.00 0.00 + 0.00
D-MePy/MeFI 1.43 £0.37 0.00 + 0.00 0.63 +0.89 4.03+0.36 0.00 £+ 0.00 0.95+1.35 1.27+0.23
1-methylpyrene 0.08 £0.12 0.00 £ 0.00 0.05 £0.07 1.42 £0.29 0.00 £ 0.00 0.20+0.28 0.00 £ 0.00
Benzonaphthothiophene 0.37 £0.25 0.25+0.35 0.14 £0.20 0.96 £0.77 0.78 £1.10 1.29 £ 0.60 0.47 £0.53
benzo(c)phenanthrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Benzo(ghi)fluoranthene 0.07 £ 0.10 0.00 + 0.00 0.04 + 0.06 2.32+1.95 0.08 £ 0.11 0.14 + 0.04 1.09+1.00
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9-phenylanthracene 0.00 £ 0.00 0.00 £ 0.00 0.00 * 0.00 0.00 * 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
6-methyichrysene 0.00 £ 0.00 0.00 £ 0.00 0.00 * 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Cyclopenta(c,d)pyrene 0.00 £ 0.00 0.00 £ 0.00 0.08+0.11 0.44+017 0.00 £ 0.00 0.27+0.38 0.04£0.06
Benz(a)anthracene 0.94+017 0.00 £ 0.00 057 £0.29 0.67+0.13 0.00 £ 0.00 0.35 £ 0.49 0.47 £ 0.66
Chrysene 141042 0.34+0.15 0.83£0.82 175012 0.00 £ 0.00 114+0.28 092+131
Benzanthrone 0.71£1.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benz(a)anthracer& 12dione | 0.00 £ 0.00 0.00 £ 0.00 0.00  0.00 0.00+0.0 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
3-methylchrysene 0.00 + 0.00 0.00 £ 0.00 0.00  0.00 0.28 + 0.40 0.00  0.00 0.39+0.15 0.00 £ 0.00
7-methylbenz(a)anthracene | 0.00  0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
gi’rﬁthylbenz(a)amhracene 0.00 £ 0.00 0.88 + 0.63 0.91+1.28 0.00 £ 0.00 1.09 154 0.81+0.17 0.85+1.17
Benzo(b)fluoranthene 0.50 + 0.24 0.18+0.14 0.18+0.20 0.30 £ 0.43 0.26 £ 0.36 023+ 0.01 0.28+0.03
Benzo(j)fluoranthene 0.00 £ 0.00 0.00+ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.78 £ 1.10
Benzo(K)fluoranthene 0.00 £ 0.00 0.04+0.05 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Benzo(a)fluoranthene 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
BeP 0.090.12 0.02+0.02 0.17£0.02 0.12+0.07 0.02+0.03 0.23+0.27 0.13+0.02
BaP 0.09+0.13 0.17£0.24 0.18 £ 0.05 0.10£0.15 0.00 + 0.00 0.24 +0.09 0.21+0.03
Perylene 0.00 + 0.00 0.00 £ 0.00 0.00  0.00 0.00 + 000 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
3-methylcholanthrene 0.00  0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 £ 0.00
7-methylbenzo(a)pyrene | 0.00 * 0.00 0.00 £ 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 £ 0.00
3k§%‘;¥)‘zgr°benzo(a‘)pyre“e 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00  0.00 0.00  0.00 0.00 + 0.00 0.00 + 0.00
Indeno[123cd]fluoranthene | 0.00 * 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
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Indeno[123cd]pyrene 0.00 + 0.00 0.17 +0.24 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(ac)anthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(ah+ac)anthracene | 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 £0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(ah)anthracene 0.00 # 0.00 0.00 + 0.00 0.00 + 0.00 0.00 % 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,j)anthracene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Benzo(b)chrysene 0.00 # 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Picene 0.48 +0.20 1.00 + 0.27 0.00 + 0.00 0.00 + 0.00 0.20 +0.28 0.54+0.76 0.00 + 0.00
Benzo(ghi)perylene 0.29 + 0.42 0.35+0.49 0.26 + 0.30 0.47+ 0.46 0.12+0.17 0.62 +0.11 0.32+0.02
Anthanthrene 0.00 + 0.00 0.00 + 0.00 0.00 % 0.00 0.00 % 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Triphenylene 0.22+0.32 0.00 + 0.00 0.00 + 0.00 0.53+0.14 0.28 + 0.39 0.00 + 0.00 0.97 +1.37
Dibenzo(a,)pyrae 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Coronene 0.00 # 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,e)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,i)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(a,h)pyrene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
Dibenzo(b,k)fluorathene 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00
Table D12 Particlephase PAH emissions fdehicle #4
Componen{ng/mile) Fed ULSD CARB ULSD Fed/SME20 Fed/AFME20 Fed/WCG20 Fed/HVO20 CARB/WCO-20
naphthalene 80.10+ 93.20 18.99+ 10.61 36.56+ 21.92 113.79+ 57.62 66.49+ 85.13 7.31+ 0.82 98.24+ 95.73
quinoline 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 13.45+ 16.06 0.00+ 0.00 0.00+ 0.00
2-methylnaphthalene 58.75+ 62.26 16.06+ 4.25 33.14+ 17.08 118.41+ 84.53 57.25+ 74.30 12.57+ 6.78 112.72+ 107.28
1-methylnaphthalene 33.72+ 37.28 8.17+ 2.69 17.62+ 9.28 57.22+ 37.27 34.56+ 45.17 4.97+1.16 72.17+79.71
Biphenyl 49.53+ 49.96 19.24+ 8.75 23.68+ 7.42 77.04+ 44.93 40.60+ 38.88 7.04+ 1.77 22.65+ 0.00
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2-methylbiphey! 137.79+ 140.57 51.88+ 14.29 58.67+ 5.64 132.80+ 61.96 122.41+ 35.16 22.92+9.35 57.94+ 0.00
2,6+2,#dimethylnaphthalene 19.23+ 18.27 6.85+ 1.56 15.78+ 11.15 57.22+ 38.01 31.93+ 42.19 5.23+ 1.53 62.42+ 65.19
1,3+1,6+1,7dimethylnaphth 0.00+ 0.00 0.00% Q00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
1,4+1,5+2,3dimethylnaphth 24.76+ 24.61 9.48+ 1.58 15.26+ 8.17 55.87+ 30.27 38.74+ 30.31 5.74+ 0.06 81.91+ 93.49
Acenaphthylene 21.60+ 21.63 7.10£0.44 10.79+ 0.38 19.26+ 3.24 21.33+ 8.65 4.16+ 217 42.93+ 46.56
1,2dimethylnaphthalene 10.27+ 9.32 2.38+3.37 4.47+6.32 46.24+ 29.75 21.37+ 25.77 2.88+ 1.88 20.81+ 8.57
1,8dimethylnaphthalene 5.01+ 5.59 0.78+ 1.11 1.31+ 1.86 23.28+ 15.82 3.69+ 2.25 1.04+ 0.01 12.38+ 12.29
Acenaphthene 4.22+ 4.47 0.79+ 0.38 6.05+ 7.06 29.24+ 16.62 20.06+ 28.37 2.10+ 1.50 1.32+ 1.86
3-methylbiphenyl 129.35+ 122.68 49.72+ 3.11 72.09+ 6.63 174.95+ 100.47 134.26+ 41.53 25.53+ 8.58 63.20+ 0.00
4-methylbipheny! 63.75+ 59.66 24.47+2.11 35.52+ 3.31 83.85z+ 51.65 66.61+ 2.25 12.51+ 4.29 32.13+0.00
1+2ethylnaphthalene 28.98+ 30.57 9.48+ 2.33 14.21+ 4.45 42.07+ 27.48 27.41+ 23.94 5.22+ 0.06 75.85+ 84.93
1-ethyl-2-methylnaphthalene 3.94+ 5.58 7.36% 0.07 9.73+3.34 34.86+ 36.93 28.22+ 29.52 4.21+ 5.95 34.50+ 45.07
2,3,5+Hrimethylnaphthalene 6.85+ 5.97 2.63+0.77 7.63+ 7.06 25.58+ 13.63 16.88+ 20.91 3.14+ 1.51 16.33+ 9.69
B-trimethylnaphthalene 9.75+ 7.83 3.94+0.33 11.31+ 11.52 40.27+ 30.03 27.18+ 38.44 4.19+ 2.26 5.00+ 7.08
A-trimethyInaphthalene 6.06x 7.08 1.32+ 0.39 3.42+ 2.60 16.14+ 2.45 8.70+ 9.34 1.31+0.38 20.54+ 24.58
C-trimethyInaphthalene 15.81+ 14.92 5.00+ 0.42 13.41+ 11.52 44.69+ 30.46 26.12+ 33.23 4.44+ 1.16 48.99+ 50.66
2-ethyl-1-methylnaphthalene 0.00+ 0.00 0.26+ 0.37 0.53+0.74 2.09+ 0.77 0.79+ 1.12 0.26+ 0.37 0.00+ 0.00
E-trimethylnaphthalene 3.69+ 2.98 1.32+ 0.39 3.42+ 4.83 10.72+ 7.88 33.25+ 46.28 2.62+2.24 6.85+ 2.98
2,4,5trimethylnaphthalene 0.79+ 1.12 1.32+0.39 3.68+3.72 10.72+ 7.88 8.70+ 8.60 2.36+ 1.87 19.49+ 18.62
F-trimethylnaphthalene 17.12+ 15.29 4.47+0.42 14.73+ 8.17 47.49+ 23.52 34.57+ 45.92 4.45+ 1.89 44.51+ 46.56
Fluorene 20.29+ 20.51 7.64+ 2.68 17.62+ 16.73 72.34+ 43.39 49.87+ 66.82 7.32+ 1.56 86.12+ 103.18
1,4,5trimethylnaphthalene 0.53+0.74 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Jtrimethylnaphthalene 0.00+ 0.00 0.26+ 0.37 2.10+2.23 6.04+ 8.55 5.81+ 8.21 1.57+ 0.02 1.05+ 0.00
A-Methylfluorene 26.08+ 28.71 7.10+ 0.44 9.47+0.73 27.39+ 12.55 22.39+ 12.38 3.91+ 0.33 9.48+ 0.00
B-Methylfluorene 0.26+ 0.37 0.00% 0.00 1.05+ 1.49 2.10+ 2.97 0.52+ 0.74 0.00+ 0.00 0.00+ 0.00
1-Methylfluorene 10.54+ 11.18 2.10 0.02 3.95% 2.60 16.98+ 10.19 13.45+ 16.80 2.35% 0.39 4.21+ 0.00
9-fluorenone 10.01+ 10.44 2.90+1.15 6.84+ 2.23 22.97+12.12 10.81+ 12.33 1.57+0.02 2.63+ 0.00
Dibenzothiophene 7.38+ 7.46 2.37+0.40 3.16+ 1.49 15.13+ 6.11 10.54+ 6.74 2.09+ 0.02 4.21+ 0.00
Phenanthrene 88.53+ 105.87 16.87+ 6.87 28.14+ 23.41 143.68+ 23.52 117.94+ 154.93 22.99+ 3.20 26.33+ 0.00
Anthracene 26.09+ 32.43 5.28+ 3.03 6.31+ 1.48 21.64+ 8.79 52.25+ 71.67 4.18+ 1.52 11.59+ 0.00
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Xanthone

2.37+1.12 1.06+ 0.75 6.05+ 3.35 3.64+ 0.06 111.90+ 156.76 6.31+ 8.19 0.53+ 0.00
1,4-Naphthoquinone 26.87+ 18.66 14.72+ 2.08 16.31+ 0.02 9.00+ 12.73 14.21+ 0.81 15.66+ 0.57 7.90+ 11.17
Acenaphthenequinone 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
3-methylphenanthrene 10.28+ 12.30 2.11+1.51 2.63+2.23 12.22+ 0.55 12.14+ 15.68 2.35+ 0.34 2.11+ 0.00
2-methylphenanthrene 12.65+ 14.91 2.37£1.14 4.47+1.86 16.90+ 0.63 19.79+ 25.76 1.81+ 2.56 3.69+ 0.00
Perinaphthenone 152.87+ 91.71 667.08+ 746.93 208.59+ 103.60 338.46+ 98.19 172.22+ 76.68 59.17+ 33.12 59.52+ 0.00
2-methylanthracene 0.00+ 0.00 0.00+ 0.00 0.26+ 0.37 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 000

4,5methylenephenanthrene 2.90+ 3.36 0.53% 0.01 1.05+ 0.74 4.16+ 0.06 3.96+ 4.85 0.52+ 0.01 1.05+ 0.00
9-methylphenanthrene 5.27+5.96 0.79+ 0.38 1.58+ 1.49 6.50+ 0.27 7.65+ 10.08 1.04+ 0.01 2.11+ 0.00
1-methylphenanthrene 5.53+ 6.34 1.06+ 0.75 1.31+1.11 7.03+1.21 6.07+ 7.84 1.04+ 0.01 1.05+ 0.00
Anthrone 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 11.83+ 16.73 4.46% 6.30 0.00+ 0.00 0.00+ 0.00
9-methylanthracene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Anthraquinone 4.48+2.61 1.31+ 0.36 2.63+0.75 17.28+ 15.71 2.64+ 2.99 0.262+ 0.37 2.63+3.72
A-dimethylphenanthrene 0.00+ 0.00 0.53+ 0.01 0.53+0.74 3.63+ 0.68 2.64+ 3.73 0.79+ 0.38 0.00+ 0.00
B-dimethylphenanthrene 0.00+ 0.00 0.00% 0.00 0.00+ 0.00 0.00+ 0.00 0.53+ 0.75 0.26+ 0.37 0.00+ 0.00
1,7-dimethylphenanthrene 0.00% 0.00 0.00% 0.00 0.00£ 0.00 0.00+ 0.00 1.84+ 2.60 0.00+ 0.00 0.00+ 0.00
3,6-dimethylphenanthrene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.26+ 0.37 0.00+ 0.00
D-dimethylphenanthrene 20.82+29.44 1.84+ 0.39 0.00+ 0.00 0.00+ 0.00 1.84+ 2.60 0.00+ 0.00 0.00+ 0.00
E-dimethylphenanthrene 2.90+ 3.36 0.53 0.01 0.53+ 0.00 1.54+ 2.18 0.26+ 0.37 0.52+ 0.01 0.00+ 0.00
C-dimethylphenanthrene 0.26+ 0.37 0.26% 0.37 0.00+ 0.00 1.54+ 2.18 0.00+ 0.00 0.00+ 0.00 1.05+ 0.00
Fluoranthene 8.96+ 8.95 2.11+0.77 2.89+ 1.86 11.43+ 1.30 11.08+ 12.70 2.61+0.03 2.63+ 0.00
Pyrene 11.33+ 13.79 2.63+0.77 2.89+1.11 11.13+ 6.08 13.72+ 16.43 3.13+0.70 2.63+ 0.00
9-Anthraaldehyde 1.58+ 2.23 1.58+ 0.02 2.89+1.11 6.57+9.29 0.79+ 1.11 2.61+ 0.03 0.00+ 0.00
Retene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.26+ 0.36 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
benzo(a)fluorene 0.00+ 0.00 0.00% 0.00 0.26+ 0.37 0.00+ 0.00 0.00+ 0.00 0.26+ 0.37 0.00+ 0.00
benzo(b)fluorene 0.79+ 1.12 0.2620.37 0.00+ 0.00 0.00+ 0.00 0.53% 0.75 0.00+ 0.00 0.00+ 0.00
5-methylchrysene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
B-MePy/MeF! 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
1-MeFI+C-MeFI/Py 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00% 0.00 0.00+ 0.00
1+3methylfluoranthene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
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4-methylpyrene 1.32+1.12 0.53% 0.01 1.58+ 0.75 1.03+ 1.45 0.79+ 1.12 0.78+ 0.36 #DIV/O!
C-MePy/MeFI 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00% 0.00 #DIV/O!
D-MePy/MeFl 0.00+ 0.00 0.00+ 0.00 1.05+ 1.49 0.00+ 0.00 0.53+0.75 0.26+ 0.37 #DIV/O!
1-methylpyrene 0.53% 0.75 0.00% 0.00 0.79+ 1.12 0.00+ 0.00 0.79+ 1.12 0.26+ 0.37 #DIV/O!
Benzonaphthothiophene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
benzo(c)phenanthrene 0.00% 0.00 0.00% 0.00 0.26% 0.37 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Benzo(ghi)fluoranthene 1.05+0.75 0.53+ 0.01 1.32+1.86 0.00 0.00 0.26+ 0.37 2.10+ 2.24 0.00+ 0.00
9-phenylanthracene 0.00+ 0.00 0.00% 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
6-methylchrysene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Cyclopenta(c,d)pyrene 0.00+ 0.00 0.00% 0.00 0.26+ 0.37 0.51+0.73 0.262 0.37 0.00+ 0.00 0.00+ 0.00
Benz(a)anthracene 1.32+1.12 0.00% 0.00 0.79+ 0.37 0.00+ 0.00 0.53% 0.75 0.00+ 0.00 0.00+ 0.00
Chrysene 1.58+ 1.49 0.53+ 0.01 1.05+ 0.75 0.77+ 1.0 1.32+1.12 0.52+0.01 0.53+ 0.00
Benzanthrone 0.00+ 0.00 0.00% 0.00 0.53+ 0.74 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Benz(a)anthracerg,12dione 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00 0.00
3-methylchrysene 0.00+0.00 0.00% 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
7-methylbenz(a)anthracene 0.00% 0.00 0.00% 0.00 0.00£ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
gi,rﬁethylbenz(a)anthracene 0.00+ 0.00 0.00% 0.00 0.00+ 0.00 0.00+ 0.00 0.0Q+ 0.00 0.00+ 0.00 0.00+ 0.00
Benzo(b)fluoranthene 0.26+ 0.37 0.53+0.01 0.79+ 1.12 0.51+0.73 0.79+1.12 0.53+ 0.74 0.26+ 0.37
Benzo(j)fluoranthene 0.00+ 0.00 0.26% 0.37 0.53+0.74 1.03+ 1.45 0.26+ 0.37 0.53+ 0.74 0.53+0.74
Benzo(k)fluoranthene 0.00+ 000 0.26% 0.37 0.53% 0.74 0.00+ 0.00 0.00+ 0.00 0.79+1.12 0.26+ 0.37
Benzo(a)fluoranthene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
BeP 0.26+ 0.37 0.79+ 0.38 1.32+1.12 1.05+ 1.49 0.00+ 0.00 0.53+0.74 0.262 0.37
BaP 0.26+ 0.37 0.79+ 0.38 0.79+ 1.12 1.58+ 2.23 0.262 0.37 0.26+ 0.37 0.00 0.00
Perylene 0.00+ 0.00 0.26% 0.37 0.26+ 0.37 0.00+ 0.00 0.00+ 0.00 0.26+ 0.37 0.00+ 0.00
3-methylcholanthrene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.0Q: 0.00
7-methylbenzo(a)pyrene 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
9,10dihydrobenzo(a)pyrene

7(8H)-one 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00 7.62+ 10.78 0.00+ 0.00 0.00+ 0.00 0.00+ 0.00
Indeno[123cd]fluoranthene 0.0Q+ 0.00 0.00% 0.00 0.00+ 0.00 1.31+ 1.86 0.53+ 0.75 0.00+ 0.00 0.00+ 0.00
Indeno[123cd]pyrene 0.00+ 0.00 0.53+ 0.01 0.79+ 0.37 0.51+0.73 1.32+1.12 0.26+ 0.37 1.58+ 1.49
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