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NOTATION

The following is a list of acronyms, abbreviatioagdunits of measure used ingh
documentSome acronyms used onlytebles may be defined only in those tables.

GENERAL ACRONYMS, INITIALISMS, AND ABBREVIATIONS

ACES
AEAB

BC

CARB
Cl
CO2
CRC

DOC
DPF

EO
E10
E85
EC
ECA
EPA
ERG

FTD

GREET
GVvwW

HDV
HRSG

IPCC

LDV
LHV

MOVES
MY

Advanced Collaborative Emission Study
Atrax Energi AB

black carbon

California Air Resources Board
confidencenterval

carbon dioxide

Coordinating Research Council

diesel oxidation catalyst
diesel particulate matter filter

zero ethanol blending by volume

10% ethanol blending by volume

85% ethanol blending by volume
element carbon

Emission Control Area

U.S. Environmental Protection Agency
Eastern Research Group

Fischer Tropsch diesel

Greenhousegases, Regulated Emissions, and Eneisgyin Transportation
gross vehicle weight

heavyduty vehicle
heat recovery steam generator

Intergovernmental Panel on Climate Change

light-duty vehicle
lower heating value

Motor Vehicle Emission Simulator
model year

viii



NCDC National Climatic Data Center

NGCC natural gas combined cycle

NM number of measurement

oC organic arbon

PDF probability distribution function

PMy 5 particulate matter with an aerodynamic diameter of2bor less
RFG reformulated gasoline

RICE reciprocating internal combustion engine

RVP Reid Vapor Pressure

SO sulfur oxides

UNITS OF MEAURE

Btu British thermal unit
h hour(s)

g gram(s)

kg kilogram(s)

kWh kilowatt hour(s)

L liter(s)

lb pound(s)

m3 cubic meter(s)

mi mile(s)

MJ megajoule(s)

mm millimeter(s)

ppm part(s) per million
psi pounds per square inch
em micron(s)



ESTIMATION OF EMISSI ON FACTORS OF PARTICULATE BLACK CARBON A ND
ORGANIC CARBON FROM STATIONARY, MOB ILE, AND NON -POINT SOURCES
IN THE UNITED STATES FOR INCORPORATION IN TO GREET

ABSTRACT

This document conilas emission factorsf black carbon (BC) and organic
carbon (OC) from stationary, mobhilend norpoint sources in the United States.
These data are to be incor porGeeenhalsei nt o Ar g«
gasesRegulatedEmissions, andEnergy use i ransportation (GREE™) model
for the purpose of evaluating the climate forcing and air quality impacts of BC
and OC emissions of various vehicle/fuel systehine BC and OC emission
factors for stationary sources were estimated based oiplautieasurement
based studieSimulations with the U.S. Environmental Protection Agehcy
(EPAYs Mot or Vehicle Emission Simulator were
and OC emission factors of a varietycategorie®f onroad vehicles
Particularly, weconsulted findings itheliterature about the impacts of recent
advances in vehicle emission control technolo@geg.,diesel particulate filte)s
on both the total mass and chemical compositions of tailpipgsBdrticulate
matter with an aerodynamdsameter of 2.5um orless)emissionsWe developed
new PM s emission factors from various types of-ofiad agricultural equipment
used for biofuel feedstock prodWetion, usi:Ht
developed and applied an approach to estimatetan value and probability
distribution of the BC and OC emission factors of a specific emission source
when multiple data sources were availaBtethat the variation and uncertainty
associated with the BC and OC emission factors can be assessed.nd/e fou
distinct OC/BC emission ratios and total BC and OC emission portions in the
PM..s emissions among different fuels and combustion technologies, which
indicates that changen fuel properties andwitching of combustion technologies
can lead taramaticchanges in B@nd OC emission characteristics

1 INTRODUCTION

Particulate black carbqiBC) and organic carbon (O@pntribute to the adverse impacts
associated witlparticulate matter with an aerodynamic diameter ot2ror less(PM2 5) on
visibility (Parketal. 2003)andhuman healttfPope and Docker006 Mauderly and
Chow2008 Saikawaet al. 2009, andtheyaffectclimate(RamanathaandCarmichaeR008;
Saikawaet al. 2009;Bondetal. 2013)through multiple mechanisnssich as direct effect,
snow/ice albedo effect, and other effects.



In directeffect BC absorbs both incoming and outgoing radiation of all wavelengths,
which contributes to warming of the atmosphere and dimming at the sunfiaide OC perturbs
theradiative balance of the earth directly by scattering incoming solar radiation

In thesnow/ice albedo effe¢BC deposited on snow and ice darkens the surface and
decreases reflectivity, thereby increasing absorption and accelerating melting

In athereffects BC alters the properties of clouds, affecting cloud reflectivity and
l i feti me ( A janddtabilitgaf theatmdspheric boandlgry layérii s -dinedt
effect o) an@Cpegturlesthe mdiative baianca of the eanthirectly by ating as
cloud condensation nucland modifying cloud propertiesich asloud droplet number, size,
and lifetime(Andreae et al. 2005)

The direct and snow/ice albedo effects of BC are widely understood to lead to climate
warming while the direct effects of O@regenerally known to lead to climate cooling
(IPCC2013) The United Stateaccounts for approximately 3/6of the totalglobalBC
emissiongChowetal. 2010) In 2005,BC wasestimated to account for approximately 12% of
all direct PMp 5 emissionswithin the UnitedStatedEPA 20123).

According tothe U.S. Environmental Protection Agen&PA), BC can be defined
specifically as a solid form of mostly pure carbon that absorbs solar radiation (light) at all
wavelengthsand OC is the mix of compounds containing carbon bound with other eleffioents;
example hydrogen and oxygen (EPA 2012BXC s produced by incomplete combustion asnd
the most effective form of PMyy mass, at absorbing solar energhile OC may be aroduct
of incomplete combustion, or formed through the oxidation of volatile organic compounds in the
atmosphere. Both primary and secondary OC possess radiative properties that fall along a
continuum from lightabsorbing to lightscattering (EPA 2012apverall OC causes a negative
forcing with uncertaintieglPCC 2013) Therefore, estimates of the net effect of BC emissions
sources on climate should include the offsetting effects -@moitted pollutantiike OC
(Yangetal. 2014) This is particularlymportant fo evaluating mitigation options favor of
climate benefitsasemission reductions aombustion sourcaiatemit more BC tha®C may
have the greatest likelihoa providing climate benefits.

In this work, we estimated and compilB@ ard OCemission factor,swhich are
expressed in mass fractions (%) of theJdH¥missionsfor various stationary, mobiJ@and non
point source®ased on model simulations and literature revielmese emission factoese to be
incorporated into th&reenhousgasesRegulatecEmissions, andEnergyusein Transportation
(GREET™) model(Argonne2014)for the purpose odvaluating thelimate forcing and air
guality impacts of BC and OC emissions on-lifecle greenhouse gas emissions and air pollutant
emissions of various vehicle/fuel systems



2 METHODOLOGY AND DATA

2.1 ESTIMATION OF BC AND OC EMISSION FACTORS

BC andOC aremajorcomponents of PWs, and theiremission factorsan be expressed
asmass fractioaof the PM 5 emissionfactor. A source profile representise mass fractions of
these specias the PM 5 emissiors from a specific emission sourdénlike carbon dioxide
(COp) or sulfur oxides (SOy) emissiondrom fuel combustion, which can be estimated on a
carbon or sulfur mass bales basisBC andOC are not predictable from overall stoichiometry,
becauseheir formation and destruction are limited by kinetics, not equilibrium states
(Bondetal. 2004). As a resulsource profiles thahcludethe mass fractions &C andOC in
PMo 5 emissionshave to be determined via direct measuremeht®mbustion processes.
Thermatoptical and filterbased optical techniques have been adoptedst measurement of
BC emissionso far(EPA2012).

With a source profile and the P\ emission factoof a specific emission sourade BC
and OC emission factocan be estimated by Equation 1.

0@ 00 gz 0'G (1)
Where

‘O '@ is the emission factor of specigef PMy 5 emissions of emission sourige
including BC and OC

00 g isthe PM s emission factor of emission sourcand

0 "Q is the mass fraction of specigsn %, of the PM 5 emission factor of emission
sourcel.

We collected multiple source profiles for manytleé stationary ananobile emission
sources in this analysiBor an emission source of which multiple source profiles are available,
the uncertainties associated with each source profilerendumber of measuremgitM) on
which each source profile was basegretaken into accourtb estimate the mass fractions of
BC and OC emissions of thVl> 5 emissionfrom the same emission sourddie uncertainties
associated with a source profile are essential to the magnitude of estimated BC and OC
emissions. The umctainties of source profiles result from both instrument calibration or test
measurement uncertainties, which are difficult to quantify, and statistical uncertaintiagesu
from multipletests br the same emission sour&ome of the source profilege collected have
their uncertainties quantified by a statistical distribution that is characterized with its mean and
standard deviatignn most casethers lack any quantification of the possible uncertainties
associated.

Being aware of the BC ar@dC emission uncertainties, we adopted the M@#do
stochastic simulation technique to quantify the uncertainties of BC and OC emission mass



fractions when combining different source profiles for an individual emission sdtoca given
source profilewith its uncertainties quantifieloly a particular type of statistical distributighe

Monte Carlo stochastic simulation technique randomly generates surrogate values to résresent
statistically true valubased on its knen probabilitydistributionfunction (PDF). This process
wasrepeated to generate a thousand data pointedagource profileFor a giversource profile
without any statistical distribution to definis uncertainties, the same static valugs

reproduced a thousand times, and #r@e 1,000 static valuegereadded to the pool of each set

of the thousand surrogate values generated by the NBamwte technique for other source

profiles with defined uncertaintider the same emission sourddoreover, theNM from which

a source profie was derivedvasused as a weighting factor among different source profiles for

the same emissicsource pecause the degree of the measurement accuracy tends to increase and
the uncertainty tends to decrease with incredddd A new PDFwasdeveloped bsed on all the

data points representing all source profiles with and without PDFs for the emission ssurge
Equation2. In particular, we assumed that the NM for a source profile that had a defined PDF
but did not reveal the NMvas 5, which is usuallghe minimumNM required to define the PDF.

For those source profiles that did not define a PDF and did not reveal the NM, we assumed that
the NM was 3, which is usually the minimudM required to meet thguality assurancand

quality controlprocedures for the measurement, as depict&igurel.

0q B &q 0Gp @

AN 3)

h

Whee

W "Q, is the weighting factor of source profjléor emission sourci
0 ;, is theNM on which source profilgfor emission sourcewas based; and

0 "Qy; is the mass fraction of specigsn %, of the PM 5 emission factor as represented
by source profilg for emission source

Usingthis approachwe incorporated the recognized uncertainties of source profiles and
the levels of accuracy and uncertainty associated with the source profiles that arednulycat
the NM into our estimation of the BC and OC mass fractions. This was the best available
approach for this analysis. Thishecause itd difficult and prohibitive in many circumstances to
fully evaluate the degree differences in the quality, repsentativenesand magnitude of
uncertaintyassociated with the measuremenbire source profile comparedth another, given
the complexities of the varying conditions for both the formation of emissions and the
measurements, which ararelyfully chamlacterizedn the source profilesn addition, use of the
NM as a weighting factor reduces the uncertainties of the alternatively oversimplified approach
that calculates tharithmetic mean of the available multiple source profiles



Source profile SP, SP, SP, e SP,

'g}v gigg lity Yes Yes No é No

Availability of NM : Yes No Yes é No
NM assumed: Actual 5 Actual é 3

FIGURE 1 Assumptions for theNM for Source Profiles with and without K nown
PDF andNM

2.2 BMISSION SOURCESAND PM2 s EMISSION FACTORS

GREET considers activities in multiple industries that produce emissmmsxample,
via process fuel combustion, vehicle operati@mg]flaring of oil field associated ga3ablel
lists the emissiosourcesfor whichBC and OCemission factors are needed for GREET to
perform the lifecycle analysis with the climate forcing and air quality impacts of such species
consideredThe PMp 5 emission factors of tleeemission sources GREETare also
summarzed in Tablel. The PM 5 emission factors of various types of electricity generation
technologies that are modeledGREET are summarized in Talde

In addition to orroad motor vehicles, of which the emission factors were simulated using
t he EPAOG® ¢$Motdr(W®hielS8 Emission Simulatorpodel (Caietal. 2013b), as shown in
Tablel for some oftheon oad vehi cl e NONRDABZQO8anddel EFARCLGak
which takes into account the emission impactsafroad emission standards promulgated in
2008 was employed to estimate the Pyemission factors of a variety of agricultural farming
equipment operating on gasoline, diesel, or liquefiecdbptm gas (LPG). These emission
factors are needed in GREET to simulate the emissions from biofuel feedstock production
activities that involve the use of various types of agricultural farming equipment for land
preparation, feedstock seeding, irrigatiand feedstockarvest, which results in fuel
consumption and produces air pollutant emissions, including BC and OC. Agricultural farming
tractors, irrigation sets, combines, mowers, sprayers, balers, harvesters, and crushing and
processing equipment may bmployed for biofuel feedstogiroduction. These farming
machineries vary in engine horse power ratings, and, therefore, may differ in fuel consumption
rate and air pollutant emission factors per horsepower.



TABLE 1 EmissionSourcesand their PM» s Emission Factorsin GREET for 2010T echnologies

Combustion Combustion PM, s Emission Availability Data
EmissionSource Fuel Type Technology Factor(g/mmBtu)  of PDF Sourceé
Natural gas (NGjired utility/industrial NG Utility/industrial boilers 3.493 Yes Eastern
boilers (>100 mmBtu/h input) Research
Group
(ERG
2014
NG-fired utility/industrial boilers (10 NG Utility/industrial boilers 3.175 Yes ERG 2014
100 mmBtu/h input) (16i 100mmBtu/h
input)
NG-fired gas turbines NG Gas turbines 3.575 Yes Caietal.
2013a
NG-fired combined cycle turbines NG Combined cycle 0.133 Yes Caietal.
turbines 2013a
NG-fired reciprocating engines NG Reciprocating engines 7.197 Yes ERG 2014
NG-fired kilns NG Kilns 90.000 No Dunn etal.
2012
Residuafuel oil (RFO)fired utility RFO Utility boilers 13.349 Yes Caietal.
boiler 2013a
RFOHired industrial boilers RFO Industrial boilers 16.173 Yes ERG 2014
RFOired commercial boilers RFO Commercial boilers 16.173 Yes ERG 2014
RFOired reciprocating engines RFO Reciprocating engines 54.043 Yes Caietal.
2013a
RFOired turbines RFO Turbines 6.574 Yes Caietal.
2013a
Diesetfired industrial boilers Diesel Industrial boilers 5.473 Yes ERG2014
Diesetfired commercial boilers Diesel = Commercial boilers 7.522 Yes ERG 2014
Diesetfired reciprocating engines Diesel Reciprocating engines 54.043 Yes ERG 2014
Diesetfired turbines Diesel Turbines 6.574 No Caietal.
2013a
Gasolinefired reciprocating engines Gasoline Reciprocating engines 52.558 No ERG 2014
Crude oiffired industrial boilers Crude oil  Industrial boilers 19.313 No
Liquid petroleum gasLPG)-fired LPG Industrialboilers 3.738 No ERG 2014
industrial boilers
LPG-fired commercial boilers LPG Commercial boilers 3.738 No ERG 2014




TABLE 1 (Cont.)

Combustion Combustion PM, s Emission Availability Data
Emission Source Fuel Type Technology Factor (g/mmBtu) of PDF Source
Coalfired industrial boilers Coal Industrial boilers 24.485 Yes ERG 2014
Coalfired kilns Coal Kilns 20 No Dunn et al.
2012
Biomassfired boilers Biomass Boilers 32.837 No ERG 2014
Sugarcane field burning Sugarcane Fieldburning 2.6 No Franca et
(g/kghiry straw) al. 2012
Sugarcane bagasfieed boilers Sugarcane Boilers 45.359 No ERG 2014
bagasse
Petroleum cokdired boilers Petroleum Boilers 24.485 Yes Caietal.
coke 2013a
Biogasfired reciprocating engines Biogas  Reciprocating engines 6.942 No ERG 2014
Flaredassociated gas in oil fields Associated Flaring 3.700 No
gas
Charfired boilers Char Boilers 20278 No Caietal.
2013a
Ocean tankers using bunker fuel Bunker fuel Ocean tankers 166.841 No
Barges using RFO RFO Barges 38.885 No
Diesel locomotive Diesel Locomotives 29.365 No Dunn et al.
2013
NG-fired pipeline reciprocating engine NG Reciprocating engines 0.997 No Dunn et al.
2013
Diesel trucks, class 6 Diesel Class 6 trucks 0.195 (g/mi) Yes Caietal.
2013b
Diesel trucks, class 8b Diesel Class 8b trucks 0.449 (g/mi) Yes Caietal.
2013b
Gasoline cars Gasoline Cars 0.0071 (g/mi) Yes Caietal.
2013b
Diesel cars Diesel  Cars 0.0049 (g/mi) Yes Caietal.
2013b
Gasoline lightduty truck (LDT, Gasoline LDT1 0.0112 (g/mi) Yes Brinkman
maximum 3,750 |Ib loaded vehicle et al. 2005

weight)




TABLE 1 (Cont.)

Combustion Combustion PM, s Emission Availability Data

Emission Source Fuel Type Technology Factor (g/mmBtu) of PDF Source
Gasoline LDT(loaded vehicle weight Gasoline LDT2 0.0140 (g/mi) Yes Brinkman
3,750 6,000 Ib) et al. 2005
Diesel LDT(maximum 3,750 Ib loadec  Diesel LDT1 0.0129 (g/mi) Yes Brinkman
vehicle weight) et al. 2005
Diesel LDT(loaded vehicle weight of Diesel LDT2 0.0175 (g/mi) Yes Brinkman
3,750 6,000 Ib) et al. 2005

2 Entries without a data source are based on expert engineering judgment

b Assumed the same as cdiabd utility boilers.

TABLE 2 PM5 5 Emission Factorsof Electricity Generation Technologiesby Fuel

Type
Combustion Combustion PM, s Emission  Availability
EmissionSource Fuel Type Technology Factor(g/kwh) of PDF
Coaltfired boilers Coal Boilers 0.1994 Yes
Coalfired integrated Coal IGCC 0.7198 No
gasification combined
cycle (IGCC)
Natural gasNG)-fired NG Combined cycle 0.0009 Yes
combined cycle
NG-fired turbines NG Turbines 0.0386 Yes
NG-fired internal NG Internal combustion 0.4718 Yes
combustion engines engines
NG-fired boilers NG Boilers 0.0426 Yes
Oil-fired boilers o]] Boilers 0.1395 Yes
Oil-fired turbines o]] Turbines 0.0763 Yes
Oil-fired internal o]] Internal combustion 0.0130 Yes
combustion engines engines
Biomassfired boilers Biomass  Boilers 1.9763 Yes

SourceCai et al(20133.



Major NONROAD model inputs required include ambient air temperaturdi erek
Vapor Pressure (RVR)nd the oxygen content of gasoline, and the sulfur contents of gasoline
and dieselBiofuel feedstocks, such as corn and switchgrass, are grown in vaatesistthe
United States With expected differences in the ambient air temperature and fuel quality,
especially théRVP of gasoline, among the cragowing states, differences in B emission
factors among the stategrealso anticipatedyecause othe known impacts of the temperature
and fuel quality on the PpJ emissions from operatigrof farming equipment in different
environmens with different fuel quality (EPA010b; EPA2005). Therefore, we used the
NONROAD model to generate the BMemisson factorsatthe state level, considering the
meteorological variation and fuel quality differences among the sHdtissis thesameapproach
wetook to estimate the emission factors ofroadvehicleswith MOVES.

We collected the annual averaged minimum, maximand average ambient air
temperature data by state for 20@011 from theéNational ClimaticData Center (NCDQ013.
The EPA hasdderal andtate summer RVP standards faisgling(EPA2013), and various
states have implemented boutique fuel programs that control the RVP of gasolin@@ERA
We estimated the RVP of gasoline by state based on these regulations. For reformulated gasoline
(RFG) that is used in placesth high smog levelge.g.,Californid), the RVP of RFGvas
coll ected from t heCakfédtrathas a RVW®f 793l in theelgcal BRGt a
(Auffhrammer and Kellog@011). We estimated the sulfur contents of gasoline and diesel
according to the fuel sulfur requirements as regulatethéy=PA (EPA2013hc). In particular,
we considered theecently finalized EPAier 3 fuel standards for gasoline and diesel, which
becomeeffective in 2017 (EPA&013d. The input data in 2010, 20,18nd 2020vereprepared
for the NONROAD modelTable3 suammarizethe statdevel averaged Psemission factors
for various types of agricultural equipmexs generated by NONROAD

TABLE 3 PM; 5 EmissionFactors (g/mmBtu) of Various
Types ofAgricultural Equipment Operating in 2010, 2013and

2020
Agricultural Equipment 2010 2013 2020
Agricultural mowers, diesel 109.7 923 533
Agricultural mowers, gasoline 126 11.6 10.8
Agricultural tractors, 4troke gasoline 7.7 7.8 7.9
Agricultural tractors, diesel 725 56.0 29.8
Balers, diesel 928 743 445
Balers, gasoline 6.4 6.5 6.9
Combines, diesel 88.7 679 39.6
Combines, gasoline 6.4 6.5 6.9
Irrigation sets, diesel 535 419 219
Irrigation sets, gasoline 125 11.0 11.0
Irrigation setsliquid petroleum gasLfPG) 7.3 7.5 7.6
Otheragricultural equipment, diesel 85.0 66.7 37.9
Otheragricultural equipment, gasoline 9.2 8.9 8.7
Otheragricultural equipment, LPG 6.3 6.5 6.8
Sprayers, 4troke gasoline 9.2 9.2 8.8
Sprayers, diesel 91.4 743 46.0




2.3 PM 5 EMISSION SOURCE PROFILES

PMo 5 source profiles vary with combustion technologies, for example, boilers, engines
and turbines, and with different burning fuéls identify PMp s emission source profiles for
specific emission sources employing particular combustion technologida&s, we mainly
consulted the EPAGJEPA2RE,Ovhich Tdnpildssbi7 Zbraegpmfiles
for PM> 5 emissionsdy source categoryand the PM speciation database maintained by the
California Air Resources BoardC@ARB 2014). Furthermore, weonducted a literature review of
recent studies on measurements of stationary, mobile, anpaionemission source profiles,
which shed light on new and updated knowledge of emission characteristics for BC and OC by
the research community. For tailpipmissions from ofroad vehicles, we mainly relied on the
simulation results of the EPA6s MOVES model |,
recent engine and tailpipe emission control technologies on tailpipe emissions gf B and
OC, amongpther pollutants, owing to incorporating in the model some recent chassis
dynamometer measuremsnf tailpipe emission factors of enoad vehicles running on gasoline
and diesel (EPA&014c).BC emissioninventories nearly always use mass fractiohslenent
carbon (ECYrom PM emission sourcprofiles in SPECIATE and/or the literature. We used the
same EC data in SPECIATE and the literature to represent BC in this analysis.

2.3.1 Boilers

We collected source profiles fatility, industrial,or commercal boilersthat burncoal,
natural gas, residual fuel oil, distillate fuel oil, and biomass fonsiad/or electricity
generationand aggregatetthe BC and OC emission factors accordinghi source profiles for
each combination of combustion techrgpland fuel type sing the MonteCarlo technique, as
shown in Tablet. The range from the lower bound to upper bound represent the 95%
confidence interval€Cl) of theBC and OCemission factorsaccording to the uncertainties
BC and OC emissions reved by multiple measurements.

For natural gddired boilers, the SPECIATE database has a composite source profile
(ID 91112)based on a recent study estimating emission inventorie$ PM, strace elements
in theUnited States(Reff etal. 2009).In addition, CARB6 BM ProfileDatabase reported BC to
be 7% of PM s by weight. Englanetal. 2007 conducted ution-based emissions sampling
of PMo 5 emissiondrom natural gakfired boilers and measured theeragemass fractions of
theBC and OC cmponentdo be 13% and 61%, respectivelyith the 95% confidence upper
and lower bounds being 22% and 4% for BC and 81% and 41% foo®iGe basis of 10 runs
of measurementWe donot have enough information to differentiate the influencing factors for
the variation in BC and OC emission shares as shown by these studjekseesfdre we
averaged them for the mean values and estimated the upper and lower bounds of the 95% CI
based on those measurements. In addition, we assumed that the BC and Of simasss of
PMo 5 emissions are the same for utility, industrial, and commercial boilers of all sizes, despite
the known differences in the P\ emission factors for these different types of boilers of
varying sizes (EPR014b).
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TABLE 4 Mean,Upper, and Lower Bounds of the 95% CI of theM assFraction (%) of BC and OC
in PM» 5 Emissionsfrom Boilers

BC ocC
Lower Upper Lower Upper
Mean Bound Bound Mean Bound Bound
Fuel Combustion Technology (%) (%) (%) (%) (%) (%) Reference
Naturalgas Industrial, commercial, 13.0 4.0 22.0 61.0 41.0 81.0 England et al. 2007
and utility boilers 7.0 CARB 2014
38.0 24.7 Reff et al. 2009
Natural gas, average 16,5 13.0 20.0 428 34.7 50.6
Bituminous Industrial,commercial, 8.1 0.0 16.7 2.2 0.0 5.7 Watson et al. 1996
coal and utility boilers 1.2 0.0 3.6 2.6 14 3.9 Watson et al. 2001
1.7 0.0 6.2 11.7 0.0 50.5 Watson et al. 2002
4.1 0.0 12.9 5.2 0.0 25.7
Bituminous coal, average 45 2.7 6.3 9.0 4.2 14.2
Subbituminous Industrial, commercial, 6.7 1.6 11.8 4.4 0.0 12.8 Watson et al. 1988a,b,c
coal and utility boilers 1.9 0.8 3.0 19 0.0 5.1
Subbituminous coal, average 4.3 2.6 6.0 3.9 1.7 6.4
Lignite coal Industrial, commercial, 2.7 0.0 9.2 62.9 33.2 92.5 Chow et al. 2004
and utility boilers 2.4 0.0 10.5 55.7 31.8 79.6
0.1 0.0 35 22.8 145 311
1.6 0.0 3.1 4.2 1.1 7.2
1.4 0.0 5.8 27.2 0.0 78.7
Lignite coal, average 2.7 1.6 3.8 358 28.8 431
Coal, averag€ Industrial, commercial, 4.3 3.2 55 8.1 53 11.1
and utility boilers
Distillate oil Industrial, commercial, 10.0 6.4 13.6 25.0 16.0 34.0 EPA2014a
and utility boilers
Residuabil Industrial and 1.0 1.0 1.0 1.0 1.0 1.0 EPA2014a
commercial boilers 7.1 0.4 13.8 7.9 4.3 11.5 England et al. 2007
8.0 8.0 8.0 3.0 3.0 3.0 Bond etal. 2004
Residual oil, average 6.3 3.6 9.4 4.4 2.6 6.2
Crude oll Industrial boilers 1.8 0.0 3.7 1.7 0.6 2.8 Houck et al. 1989
3.2 1.3 5.2 2.0 0.0 5.0
3.0 0.8 5.3 2.0 0.0 47
3.4 15 5.4 2.0 0.0 5.0
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TABLE 4 (Cont.)

BC ocC
Lower Upper Lower Upper
Mean Bound Bound Mean Bound Bound
Fuel Combustion Technology (%) (%) (%) (%) (%) (%) Reference
Crude oil, aggregated 29 2.3 3.5 21 1.4 2.8
Biomass Industrial, commercial, 13.8 7.6 20.0 326 16.6 48.6 EPA20l4a
and utility boilers
Char Industrialand 2.3 0.0 4.9 81.0 67.8 94.2 Zielinska et al. 1998
commercial boilers Fujita et al.1998
Watson et al. 1998
10.2 0.0 22.7 86.6 54.0 100.0 Chow etal. 2004
4.8 4.8 4.8 66.6 66.6 66.6 CARB2014
Char, aggregated 6.2 3.3 9.4 799 715 883

a8 Based on the relative shares of bituminous, subbitumjramaslignite coal for electricity generation (Cai et al. 2012).

Because of the lack of data, the same mass fractions of BC and OG mdphksions
from natural gadfired boilers were assumed for LH{Bed boilers.

For coalfired boilers, the current SPECIATE database has four source profiles
(IDs 3690, 3694, 3700, and 3701) for bituminous eo&ld utility boilers; two source profiles
(IDs 3191and3192) for subbituminous codired utility boilers; and five source profiles
(IDs 4367, 4368, 4369, 4370, and 4373) for ligHited boilers. The bituminous coal profiles are
based on previous measurements by Wagésah (1996, 2001, 2002)he subbituminous coal
profiles are based on previous measurements by Watsbn(1988a,b,c); and the lignite
profiles are based on previous measurements by @halw(2004). We applied our
methodology to estimate the mean values and 95% CI of thenB@C mass fractions in B\
emissions from the bituminoysubbituminous and lignitefired boilers. Furthermore, the
source profiles of these subtypes of coal were aggregated to represent the genératicoal
boilers on the basis of the relativigases of coal by subtype fed to power generation
(Caietal. 2012). Because of the lack of data for industrial and commercial boilers, it was
assumed that the BC and OC emission characteristics of these boilers are the same as those of
utility boilers. Dueto the lack of sourcprofile measurement for petroleum cekmed boilers, it
wasassumed that their BC and OC emission factors are theasthnese of coafired boilers.

Boilers are employed to combust distillate fuel oil, residual fughaidl oher oll
(e.g.,crude oil) for steam and/or electricity generatidhere is one source profile (D736) in
SPECIATE for distillate fuel cilfired boilers based on an EPA study on testingndustrial
scale distillate ailfired boiler wih a rated capagitof 60,000lb/h. The measuremerdatawere
representative of six individual source tests performed swemmer and winter (EP2014a).
For residual fuel ailfired boilers, the SPECIATE database contains measurement results from
one suclhboilerthatwastested over &-day period by th&lational Risk Management Research
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Laboratoryof the EPA (ID4737), eight commercial and industrial boilers iIB50110, and

four sampling runs by Core et al. (1989) (ID850510and135052.5. In addition,

Englandetal. (2007 conducted four measurement runs of a residual fuidireitl industrial

boiler. With these source profiles, we estimated the mean values and the 95% CI for residual fuel
oili fired boilers using Equation 2lso, we assumed that the BC and OC emisshares of

PMo 5 emissions are the same for utility, industraaid commercial boilers of all sizes. For

crude oil fired boilers, the SPECIATE database contains nine source profile82%1s 3252,

3253, 3254, 3255, 3291, 3292, 3293, and 329%nariy based on the Houast al. (1989)

study, we estimated the mean values and the 95% CI based on these measurements.

For biomasdired boilers, we relied oa source profile (ID 4704) with the highest quality
rating in SPECIATE that was based on a studyource sampling of fineM emissions from
woodired industrial milers by theNational Risk Management Research Laboratdrthe EPA
(EPA2014a).

Char is ceproduced and can be combusted in boilers for electricity generation in new
biofuel pathwaydike pyrolysisbased biofuel production (Warmegal. 2014). For chafired
boilers, we collected two source profiles for charbroiling from SPECIATE 3815 and 4383)
and one from the CARB PM Profile Database. We ignored the potential differences i sourc
profiles between charbroiling and char combustiobailers due to lack of data for the latter.
We estimated the mean values and the 95% CI of BC and OC emissions ffirechhoilers
based on these measurements.

2.3.2 Engines

Stationaryreciprocatingnternal combustion eggines(RICES) burning dieselre
primarily used in oil and gas exploratiofhose burning gasoline are primaniobile and
portable enginesyhile natural gasfired enginesareprimarily used to provide mechanical shaft
power for compressorsid pumps at pipeline compressatorage stationgnd natural gas
processing plant3.hese enginesay also be used in electricity generation applications or
smaller applications such as industrial generators or material haedumgment

For dieselfired RICE, the SPECIATE database laasource profilgID 5673)based on
themultiple measurement of such a RICE with and without diesel particulate matter filters
(DPF) (Englandetal. 2004 2007). The impact of the DPF is small, though, with 83% and 78%
of the PM 5 emissions being BC with and without the DPF installed, respectiBelyausef
the lack of the population distribution of diesel engines with and without DPF, the BC and OC
massdractions of diesel engines with and without DPF installedeaveraged, as shown in
Table5. Due tothelack of data, itvasassumed that residualidired RICE has the same BC
and OC mass fractions for residual @iled barges

For gasolindiredRI CE, we adopted the BC mass fracti

Report to Congressn Black CarbortEPA20123). For the OC mass fraction, we adopted that
for gasoline lightduty vehiclegLDVs) as a surrogatdue to lack of data.
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For natural gasfired RICE, we adopted the BC emission factor from the CARB PM
DatabaseHowever, the OC emission factor is not reported in the same source profile from the
CARB PM Database, and we assumed that the OC emission factor is the same as that for
natural fired boilers

TABLE 5 Mean, Upper, and Lower Bounds of the 95% CI of the Mass Fraction (%) of BC and
OC in PM2 s Emissions from Engines

BC ocC
Lower Upper Lower Upper
Combustion Mean Boun Bound Mean Bound Bound
Fuel Technology (%) d (%) (%) (%) (%) (%) Reference
Diesel Reciprocating engines 83.0 78.0 88.0 16.0 11.7 20.3 England et al. 2004
780 749 81.1 22.0 19.4 24.6  England et al. 2007
Diesel, aggregated 81.3 76.6 85.8 18.1 14.3 22.0
Natural gas Reciprocating engines 20 20 20 42.8 33.0 52.1
Gasoline Reciprocating engines 10 10 10 32 32 32 EPA 2012a
Hays et al2013
Residual oil  Reciprocating engines 15.0 9.0 21.8 39.0 24.1 55.1 Lacket al. 2009

2.3.3 Turbines

Another type of combustion technology for combusting natural gas, diesel, and residual
oil is turbine.The majority of natural gédéired combustion turbines are used at power plants to
generate electricitfenglandetal. (2007 conducted six runs of sowrofile measurement of
PMo 5 emissions from natural gas combined cy®l& CC)turbines and reported the mean and
95% CI of the measurements, as shown in T&bBecause ofhe lack of data, it was assumed
that the natural géfired simple cycle turbinbas the same mass fractions of BC and OC
emissions in PMsasa NGCCturbinedoes. This is a reasonable assumption because the major
difference between the simple cycle and combined cycle turbines is that the latter ingegrates
simple cycle turbine witla heat recovery steam generatdRSG that recovers hot exhaust gas
from the simple cycle to generate steam, despite the fachth&tRSG can be designed with
supplementary firing of fuel after the gas turbine in order to increase the quantity oratmger
of the steam generateaind the PM 5 emission profile for theupplementary firing of fuetould
be different.

Because of the lack of data for diesaahd residual oifired turbines, it was assumed that
they have the same mass fractions of BC@@din PM 5 emissions from diesdired boilers
and residual ailfired boilers, respectively.
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TABLE 6 Mean,Upper, and Lower Bounds of the 95% CI of theM assFraction (%) of BC and OC
in PM» 5 Emissions fromT urbines

BC ocC
Lower Upper Lower Upper
Combustion  Mean Bound Bound Mean Bound Bound
Fuel Technology (%) (%) (%) (%) (%) (%) Reference
Natural gas Combined cycle 2.9 0.8 5.2 68.0 53.9 82.1 England et al. 2007
Residual oil  Simple cycle 6.3 3.6 9.4 4.4 2.6 6.2
Diesel Simple cycle 10.0 6.4 13.6 25.0 16.0 34.0

2.3.4 Onroad Vehicles

The EPAds MOVES model has incorporated PM ¢
measurements of model yedY) 2006 and older vehicles and is capable of calculating the BC
and OCemissions from operations of @woad vehicles (EPR014c). Using MOVES, we
generated BC and OC emission factors in g/mi of gasoline and diesel passenger calsyight
commercial trucks, passenger trucks, staul and longong singleunit trucks, shdrhaul
andlong-long combination trucks, school buses, transit buses and intercity buses covering
MY 1990 2020 (Caietal. 2013b). MOVES also calculates tire and brake weap P&Mmissions.
We collected and applied speciation factors, as shown in Tatdecalculate the BC and OC
emission factors for tire and brake wear on the basis of the MOVES;BMission factors.

TABLE 7 Mass Fraction (%) of BC and OC in PM, 5 Emissions from Tire and Brake

Wear
BC ocC
Lower  Upper Lower  Upper
Mean Bound Bound Mean Bound Bound
Emission Source (%) (%) (%) (%) (%) (%) Referene

Tire wear 60.9 60.9 60.9 21.8 21.8 21.8 EPA2014a
22.0 22.0 22.0 47.2 47.2 47.2 EPA2014a

Tire wear, aggregated 41.4 41.4 41.4 345 34.5 34.5
Brake wear 2.6 2.6 2.6 10.7 10.7 10.7 CARB 2014
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The use of DPF, which is required for headuyty diesel trucks up to 80,000 Ib gross
vehicle weight GVW) beginning with MY2007, would significantly reduce the BC fraction
emitted from orroad diesel vehicles. As a resltOVES accounts for the lower BC/PM
fraction (about 10%) for diesels with DPFs for 907 and later diesel vehicles. Thias
based on Phageof the Advanced Collaborative Emission Stu8fES). This studywas
sponsored by the Health Effects Institut#E() and Coordinating Research Coun@RO)
(Khaleketal. 2009),which characterizethe BC/PMand OC/PMifractions of MY 2007 2009
heaw-duty diesel engines using DRPH%is studyfounda fraction of about 10%er vehicles
with DPFversus the more typit@0% to80% for vehicleswithoutDPF The recently published
Phase of theACES conducted dynamometer testing and completed detailed chemical
characterization of exhaust species emitted from thPée2011 highway heavy heaxjuty
diesel engines that utieddiesel oxidation catalysDOC) and a catalyzed DPF for PM
emissions control in compliance wiEPA 2010 emissions standardsh@leketal. 2013) The
results showed that emissioinem post2010 modern heavguty dieselsarewell below
requiredlevels In addition, thestudyfound that the very low level of PM emissions was
dominated by OC (66%) followed by BC (16%) and nitrate (14%) for 2010 technology engines,
comparedwith sulfate (53%) followed by OC (30%) and EC (13%) for the 2007 technology
engines. In particular, treudycommented othe use of DOC and DPF as the caofine
substantial reduction in sulfate between 2007 and 2010 thieesulfur content in the fuel and
lube oil was no different.

We are aware that the latest versiodM@VES wasdevelopedn tailpipe emissions
datg mostly fromthe CRC E-55/59 Program andcovered MY 1974 2004for PMy 5 emissions
(EPA 2012c) Emissiondatawerenot available foheavyduty trucksMY 2007 and newer, and
thusthe EPA estimated themissiorrates of newer model years based on 22086 emission
rates and the ratio between the emission standards for 2008 and those for newdresel
enginegEPA 2009).With the publication of the recent findings of PM emission speciation
characterization foMY 2007 2010 heawduty vehicle{HDVs) from both the Phaskand
Phase€ ACES Studies, we used the BC/PM and OC/PM ratios as repotieelRPhasel Study
for MY 20071 2009HDVs on the basis of the MOVE&enerated Plls emission factorfor
long-haul combination trucks, of which the majority consist of hedwty trucks with a GVW of
no less than 33,001 (Cai etal. 2013). In addition, we used the BC/PM and OC/Pafios as
reported in the Phase 2 ACES StudyNMy 2010 and neweHDVs. In this effort we adopted
the MOVESbased BC and OC emission factors for lightnmercial trucks, of which the
majority consist oL DVs with a maximum GVW of 10,00, for MY 2006 aul olderLDVs.
For MY 2007 and newegasolineLDVs that are subject to EPAer 2 emission standards, we
consulted recentyghamometemeasurements of the PM emission speciatiorhoget Tier2
compliantLDVs (Haysetal. 2013. We usedlie resultshattheBC/PM and OC/PM ratios are
68% and 32%, respectively, on a normalized b&¥ithout any recentavailablemeasurement
for dieselLDVs, we adopted our MOVESased BC and OC emission factors for diesel light
commercial trucks, of which the majority con$t_DVs with a GVW of 8,50110, 000lb. For
medium heawyduty trucks, we adopted our MOVHsased BC and OC emission factors for
shorthaul singleunit trucks, of which the majority consist of meditdaty vehicles with a
GVW of 19,501 260001Ib. The MOVESbased BC and OC emission factors for these vehicle
categories by model yeaan be found itCai etal. (2013b).
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2.3.5 Off-road Vehicles

Diesetpowered offroadHDVs areknown to be PMntensive emitters§PA2014d and
are widely employeth constructon, mining, and industrial operatisr-or diesel agricultural
tractas, we consulted the CARB PMaabase, which contains multiple emission source profiles
for off-road diesel vehicle models ranging from 2009 to 202@. variation in mass fraction of
theBC emission is pretty smallyhichindicaesC ARB 6 s a s snearydquakeductiast
of thePMy sand BC emissions thereas a result afheadvancementf tailpipe emission
control technologies and engine improvement for the vehicles in a fewtpezose.Table8
shows the mean and 95% CI of the BC and OC emissions factors-faadfi/ehicles based on
the CARB source profiles.

For diesel locomotives, the P\M and BC emissions data are very limitBend et al.
(2007) once assumed 20% of PKlemissions were BC, and there is no literature reporting the
OC emissions from diesel locomotiwe adopted the B@nd OC mass fractions for -enad
heavyduty trucks as surrogates, which are 8.4% and 88.6% of the PM2.5 emissions, respectively
(Cai et al.2013b).

TABLE 8 Mean,Upper, and Lower Bounds of the 95% CI of the Mass Fraction (%) of BC and
OC in PM», s Emissionsfrom Diesel Offroad Vehicles

BC OoC
Lower Upper Lower Upper
Mean Bound Bound Mean Bound Bound
Fuel Vehicle Type (%) (%) (%) (%) (%) (%) Reference
Diesel Off-road vehicles 40.8 21.3 64.4 61.5 44.8 82.2 Chowetal. 2010
64.7 64.7 64.7 22.7 22.7 22.7 CARB 2014
64.5 64.5 64.5 22.8 22.8 22.8
64.1 64.1 64.1 22.9 22.9 22.9
64.0 64.0 64.0 22.9 22.9 22.9
63.8 63.8 63.8 22.9 22.9 22.9
63.5 63.5 63.5 23.0 23.0 23.0
63.3 63.3 63.3 23.0 23.0 23.0%
63.1 63.1 63.1 23.1 23.1 23.1
62.7 62.7 62.7 23.1 23.1 23.1
62.0 62.0 62.0 23.3 23.3 23.3
61.4 61.4 61.4 23.4 23.4 23.4
61.0 61.0 61.0 23.4 23.4 23.4
Diesel offroad vehicles, 56.3 52.5 60.1 34.9 31.5 38.1

aggregated
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2.3.6 Aircraft

Numerous studies have conducted measurement of BC and OC emission factges from
fuel combustion. Kinsegtal. (2011) reportethatthe BC and OC emission factors of jet fuel
combustion during aircraft cruise were 0.02@0.275 and 0.0371tb 0.082 g/kg jet fuel,
respectively, for a variety of aircraft enginéxcording toPetzoldetal. (1999), the BC emissn
factor ranged from 0.01 to 0.14%g. The wide variation in BC emissions resulted from
variation in jet fuel quality, primarily the sulfur content, and in engine performambese
reported BC and OC emission facor g/kg of jet fuelwereconvertedo mass fractions, as
shown in Tabl®, according tahe PM 5 emission factors of jet fuel combustion we previously
estimatedElgowainyetal. 2012),which is 0.19g/kg. In addition, Tabl® shows the mass
fractions of BC and OC on the basis of CARB BMirce profiles.

We further estimated theverage mass faction$ BC and OC in jet fuel Phlsemissions
based on Table 9, with lower and upper bounds of the 95% CI given inTlable

TABLE 9 Compilation of BC and OC Emission Factors of Jet FueCombustiorf

BC ocC BC ocC

Aircraft Operations (o/kg) (o/kg) (%) (%) Reference
Cruise 0.0211  0.0832 11 44  Kinsey et al. 2011
Cruise 0.0261 0.0371 14 20 Kinseyetal. 2011
Cruise 0.0324  0.0507 17 27  Kinseyetal. 2011
Cruise 0.0281 0.082 15 43  Kinsey et al. 2011
Cruise 0.0251  0.0422 13 22  Kinseyetal. 2011
Cruise 0.0919 0.0504 48 27  Kinseyetal. 2011
Cruise 0.0984  0.0547 52 29  Kinseyetal. 2011
Cruise 0.134 71 Petzold et al. 1999
Cruise 0.01 5 Petzold et al. 1999
Cruise 0.021 11 Petzold et al. 1999
Cruise 0.09 a7 Pueschel et al. 1997
Cruise 0.18 95 Anderson et al. 1998
Cruise 0.015 8 Dopelheuer 2001
Landing and takeffst 15 CARB 2014
Landing and takeffsC 17 24  CARB 2014
Landing and takeffst 21 42 CARB 2014
Landing and takeffs® 48 27 CARB 2014
Landing and takeffs® 78 11 CARB 2014
Landing and takeffs 13 EPA 2012a

a Blank cells indicate a lack of data reported in the studies or databases.

b The highest BC emission factor reported was Og@K§, which is higher than the P\
emission factowe estimated. Therefore, this record is considered an outlier and wa:
excluded in this analysis

¢ These are assumed for landing and taftemission profiles, as the EPA does not
recognize these CARBwgssion profiles as one of the limited cruise phase emission
profiles (EPA 2012a).
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TABLE 10 Mean Upper, and Lower Bounds of the 95% CI of theM assFraction
(%) of BC and OC in PM» 5 Emissions fromJet Fuel Combustion during Cruise,
L anding, and T ake-offs

BC ocC
Lower Upper Lower  Upper
Mean Bound Bound Mean Bound Bound
Fuel OperationPhase (%) (%) (%) (%) (%) (%)
Jet fuel Cruise 313 6.8 80.6 30.3 20.6 43.7
Landing and takeffs 35.8 13.5 70.5 26.0 13.0 39.8

2.3.7 OcearTankers and Barges

Murphy etal. (2009) measured the chemical composition of particulate ship emissions
burning heavy fuel oiind found that sulfate and OC dominated the PM emissions, with a
minimum fraction of the PM emissions being BC. Findings bykletal. (2009, however,
differed, as a much higher BC/PM ratio of 15% was measured upon characterization of the
particulate emissions from commercial vessels. The eaak (2009 study showed that BC
emissions appear to be inversely correlated todukdlir content, while OC emissions appear to
be linearly correlated with fuel sulfur content. Despite the inconsistent findings about the BC/PM
ratio among studies, we adopted the findings of Let@t. (2009) for ocean tankers and barges
that burn heavyuel oil, because their relatively higher BC/PM than the measurement by
Murphy etal. (2009) couldbetter reflect the impact of tighter marine fuel standards with reduced
sulfur content for marine vessels (ERB10c) on possibly increased BC/PM and pdgsib
decreased OC/PM emissions, as shown in Thble

TABLE 11 Mean,Upper, and L ower Bounds of the 95% CI of theM assFraction (%)
of BC and OC in PM5 5 Emissions fromResidual Fuel Oil Combustion by Ocean
Tankers andBarges

BC ocC
Lower  Upper Lower  Upper
Fuel Mean Bound Bound Mean Bound Bound Unit
Residual fuel oil 0.41 0.27 1.57 0.83 0.41 1.57 a/kg
0.97 0.66 0.65 0.44 0.97 0.65 g/kg
0.36 0.23 0.75 0.22 0.36 0.75 g/kg
0.38 0.27 1.42 0.98 0.38 1.42 o/kg
0.8 0.23 2.1 0.92 0.8 2.1 g/kg
0.38 0.16 1.9 1.26 0.38 1.9 g/kg
Residual fuel oil, 15.0 9.0 21.8 39.0 24.1 55.1 % by weight

aggregated
Source: Lack et al. (2009).
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2.3.8 GasFlaring at Oil Fields

The EPA specifically identifies BC emissior
concern, o for which uncertainti e012a). Effortstogh a n«
accurately quantify, regul ate, attherstetti gate P
development of an isitu measurement technique, known asis®SA (Line-of-Sight
Attenuation of skylight) (Johnsoretal. 2013). Using the techniqubjcEwenand Johnson
(2012) measured lascaled flares for a range of burner diameterd,\etocities, and fuel
compositions, and obtained a BC emission factor of Rgppier 1,000m3 flared gas with a
heating value of 4MJ/m3, which translates into 0.02é&/mmBtu. The EPA has recently
corrected a clerical error in the soot emission fadimrflares in theEmission Estimation
Protocol for Petroleum Refineriésversion 2.0(EPA2013). The emission factor for lightly
smoking flares as recommended by the EPA is comparable to what McEwen and Johnson (2012)
recently foundas shown in Tabl#2. Smokeless combustion for industrial gas flares is
mandated inwrrent regulations (USG, 2008.t eam and excess air pows n
bare combustion zone in order to reduce BC prc
(Fortner et al. 2012). W consulted a recent comprehensive flare emission study, in which
particulate emissions and their BC and OC compositions from flarimgloétrialgasesvere
measuredFortner et al. 2012Jzor PM emissions from gas flared at oil field& adopted the
mass fractions of 95% and 5%r BC and OC, respectively, accordingtbeaverage BC and
OC mass fractions of the PM emissions from flared gases with high (>98%) destruction
efficiency of the vent gases (Fortner et2d112) assuming the gas flared at oil fields has the
same BC and OC mass fractions as Fortner et al. (2012) foufidrétindustrial gasethat
included a mixture of propane, propene, and natural gas

TABLE 12 BC Emission Factors from Flaring in Oil Fields

BC Emission
Source Factor Unit Reference

Associated gas flaring 0.0264 Ib/mmBtu McEwenand

Johnsor2012
Nonsmoking flaresf associated gas 0.0 Ib/mmBtu, LHV basis EPA2013%
Lightly smoking flareof associated gas 0.027 Ib/mmBtu, LHV basis EPA2013%
Average smoking flaresf associated gas 0.12 Ib/mmBtu, LHV basis EPA2013%*
Heavily smoking flaresf associated gas 0.19 Ib/mmBtu, LHV basis EPA2013%

2.3.9 Open Burning of Waste Agricultural Biomass

Open burning of waste agricultut@bmass is known as another major source responsible
for BC emissions both in the United States (EFA 23) and worldwide (Konde@tal. 2011;
Bondetal. 2013). Biomass open burning associated with biofuel feedstock production can lead
to significant air pollutant emissionSor example, pen burning of sugarcane straws and
residues associated with the manual harvest of Brazilian suga®ealeréetal. 2011) has been
foundto beresponsible for increased estimates of air pollutant emissions, includipg, Ridm
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Brazilian sugarcane ethandiqaoetal. 2012. For this emission source, we collected seven
source profiles for agricultural vegetation burnary field burning of perennial grasses from
SPECIATE (IDs3243, 3258, 3448, 345823222.5423232.5and423242.5, and six source

profiles for agricultural field burning of crop residues, including corn residue, wheat straw, and
rice straw from the CARBPM Database. These measurements show comparable mass fractions
of BC and OC emissions with moderate variations. We estimated the statistics of the mean
values and 95% CI of the BC and OC mass fractions ip £@missions based on these
measurements, as sk in Tablel3.

TABLE 13 Mean,Upper, and L ower Bounds of the 95% CI of theM assFraction (%) of BC
and OC in PMy 5 Emissions fromAgricultural BiomassOpenBurning

BC ocC
Lower  Upper Lower  Upper
Mean Bound Bound Mean Bound Bound
Fuel (%) (%) (%) (%) (%) (%) Reference
Agricultural biomass oper 12.3 0.0 26.0 44.4 24.7 64.1 Houck et al. 1989
burning 9.6 5.2 14.0 38.8 21.0 56.7 Houck et al. 1989
13.1 4.8 21.4 39.8 18.3 61.3 Houck et al. 1989
10.9 4.4 174 34.5 184 50.6  Houcket al. 1989
6.8 5.3 8.3 41.5 35.2 47.7  Core et al. 1989
8.2 6.2 10.2 30.5 22.3 38.6 Coreetal 1989
9.7 7.2 12.2 32.8 26.7 38.8 Coreetal 1989
115 115 115 0.0 0.0 0.0 CARB 2014
16.2 16.2 16.2 33.0 33.0 33.0 CARB 2014
20.2 20.2 20.2 22.0 22.0 22.0 CARB 2014
14.0 14.0 14.0 37.1 37.1 37.1 CARB 2014
13.9 13.9 13.9 33.5 33.5 33.5 CARB 2014
19.3 19.3 19.3 37.6 37.6 376 CARB 2014
Biomass open burming, 12.1 11.0 13.1 33.9 31.5 36.3

aggregated
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3 BC AND OC EMISSIONS FROM ALTERNATIVE FUEL VEH ICLES

3.1 BIODIESEL

A review of studies on biodiesel fuel impacts on emissions showed that a noticeable
decrease in PM emissions with the biodiesel content canrmdered as an almost unanimous
trendfor vehicles without DPFowing primarily to the favorable properties of biodieSdiese
properties includél) the oxygen content of the biodiesel moledhi@ enables more complete
combustion even in regions dfé¢ combustion chamber withfueli ch di f f,andi on pame
which promotes the oxidation of the already formed s{®)ttheabsence of aromatics in
biodiesel fuelghatare considered soot precursaad (3)the nil sulfur content of most
biodiesel fuels that prevertisef or mat i on of sul fat e, a signiycar
PM, among otherslthough some authors have occasionally reported some increases in PM
emissions when substitutirmpnventionaldiesel fuel by biodies€Lapuerta et al. 2008The
EPArevealedhatPM emissions decrease wihincreased blending ratio of biodiesel with
conventional diesel, with a maximum reduction of PM emissions of close to 50% for pure
biodieselfor vehicleswithout DPF(EPA 2002, which agreed with the findings of 20%
reductions with 20% blends and 50%ductons with pure biodiesel by Haasal. (2001).
However, smaller PM decreases (ER@02) were found when theddiesel fuel was compared
with an ultra-low sulfur diesel fuel rather thamith a conventional low sulfur on&Vith further
emission controls of diesel vehicles to meet stringent tailpipe emission standards, PM emission
reductions by biodiesel are even less.

The change "M composition is roredramaticwith biodiesel The BC mass fraction is
reducedand the OC/E ratio increases as the biesel blending ratio increases
(Aakkoetal.2002) The reduced BC/PM ratio is related to the oxygen content in biodassel
the increased OC/PM ratio is related to the lower volatility of saturated esters (Schmidtrand
Gerpenl996).For engines witlanoxidation catalystBC and OC accounted f83%and 46%
respectivelypf the PMfrom 100% biodiesetombustion(Aakko etal. 2002) When the
Continuously Regenerating TrépRT), which is acombination of an oxidatiooatalyst anc
particulate trap, is usethe PM emission levés greatly reduced and the OC/BC ratio increases,
with 63% and 9% of the PM emissions be®@ and BC, respectiveljAakkoetal. 2002) On
the basis ofhe Aakko etal. (2002)study, we assumed that biodiesel vehicles pridn¥o2007
produce BC and OC emissioot33% and 46% of the P)g emissions, antY 2007 and later
vehicles generate BC and OC emissioh8% and 63% of the Pj/k emissions, respectively.

3.2 ETHANOL

Gasoline with ethanddlendingreduceBC emissions comparesth gasoline
(Dutcheretal. 2011).Recentdynamometemeasuremeston tree Tier2 compliantLDVs
clearly exhibitthat the BC/PM ratio decreasdimearly with increasing fuel ethanol content
(R2=0.97) TheBC/PM ratio decreases fro0% for gasoline with 85%thanol blending by
volume (E85) to 10% for gasoline wigeroethanol blending by volum@&O0i 10%), while an
OC/PM trend is less apparehtdysetal. 2013).0n averagethe BC/PM ratio folgasoline with
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10% ethanol blending by volumg&Z10) and E85 is 64% and 22%, respectively, andQQZPM
ratiofor E10 and E853 19% andi8%, respectivelyCompared with EO and E1ltheuse of

E85p r o d u c ecantlydeisdghemigsions and a decrease 1@ Barticle proportions on
avemge. As pointed out by Hays et al. (2013), the fuel oxidation potential increases with the
addition of ethanol tgetroleum which explairs why the BC/PM ratio decreases with increasing
fuel ethanol contenQutcheretal. 2011; Inal and Senk&002).We adopted the BC/PMnd
OC/PM ratios for E10 and E8kehicles forLDVs based orthe work ofHaysetal. (2013).

3.3 FISCHERT TROPSCH DIESEL

Diesel produced from natural gas, coal, or biomass via the FiSalepschsynthesis
technologieenjoys great attention as an option for clean transportation fuels production
(Schulz1999 AEAB 2007; Huetal. 2012. Comparedvith combustion ofiltra-low sulfur
diesel (withsulfur content of less than Jpm), Sasol ha consistently observed% to44%and
1% to21%reductiorsin total PM emissionffom Fischer Tropsch dieselFTD) combustionn
LDV andHDV enginesrespectivelywithout particulate filtersunning under the steadyate
cycle (Schaberg@ndBell 2010. For jet engines burning 100% Fisckieopsch jet (FTJ) and
50% conventional jet blended with 50% FTJ, a reduction of 62% and 39%, respe il
emissions from the landing and ta&# operations was measured, in comparison to conventional
jet combustion (Lobo et al. 201 Hurther, measurements made with a pkastoustic soofBC)
sensor indicate that tH&C proportion of the PM is appraxiately the same for different fuels,
indicating thaBC is reduced by approximately the same amai@sipite different fuelr diesel
enginegFormanetal. 2014). Therefore, we assurd¢hatthe BC/PM and OC/PM ratios for FTD
and FTJwerethe same as thedor the U.S. lowsulfur dieselvehiclesand conventional jet fuel
engines
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4 DISCUSSION AND SUMMARY

4.1 DISCUSSION

4.1.1 Impacts of Advancesin Emission Control Technologies

Both onroad and offroad diesel vehicles are known to be major &M BC emission
sources. Stringent fuel standamlith a focus on lowsulfur diesel, as well as advanced emission
control technologiesare taking effects hard-hand to reduce diesel PM and BC emissions. It
has beembserved that the use of DPF redud¢esBC/PM ratio fronthe more typical 7% to
80%for vehicles without DPF tabout 10%or vehicles with DPF (Khale&tal. 2009). Without
triggering any active DPF regeneration operations, the total mass and BC fraction of the PM are
reduced wittHDVs using DPF and DOC. Meanwhile, the OC/PM ratio increases significantly
with a significant decrease in sulfatéhalek etal. 2013) when no active DPF regeneration
operations are allowe@&ecause othe lack of active DPF regeneration, it is likely that the
internal surfaces of the DOC and DPF never got hot enough for the adsorbed sulfur to be
released in high concentratioki{aleketal. 2013). For nofroad diesel engines, the-ppm
ultra-low sulfur diesel habeenphased in for use since 2010 (ER@l14e). It § expected that
both the total PM emissiaandthe sulfate/PM and BC/PM will decrease, while the O C/ril
actin the same fashion as the trgaluty diesel vehicles (Catal. 2013Db). In this analysis, we
assumed that theelel norroad engines from 2@models have the same reduced BC/PM and
increased OC/PM ratios as those for di¢feNs.

Emission control technologigsuch aslectrostatic precipitat@nd fabric baghouse
filters, are used imbout99.6% of the coaffired power plants in th&nited States
(Caietal. 2013a). Theelectrostatic precipitat@ystem usually captures about 99% of the PM
(Helble2000), andip t099.9% of the PM is removed if fabric baghouse filters are used
(EPA2003. BC is associated with PMith an aerodynamic diametef less tharl € m
(EPA2012a) Therefore, it is believed that mitigation technologies such as fabric filters and
electrostatic precipitators for fine PM are equally effective for BC mitigalibe.earlier
measurement of PM speciation in the flue gas efdbalfired power plants employed
electrostatic precipitatefor PM emission control (Watsaetal. 1988ab,c; 1996; 2001; 200
Recent field measurement has suggested that parti@CagandOC emissiors from power
plantswith flue gas desulfurizatiorglectrostatic precipitatesrand baghouse filters
(Saarnicetal. 2014)arelower thanwhatthe arlier measurement by Watsetal. (1988ab,c;
1996; 2001; 2002 had revealedThisis partly due to the use of the more effict badnouse
filters in the Saarnietal. (2014) studybecause baghouse filters are especially capable of
removing fine and ultrafine PM and are consequently efficient to remov&ia€e a majority of
U.S. power plants are employing only #lectrosttic precipitatorfor PM emission control
(EPA2014h),we assumethatthe BC and OC mass fractionkthelikely reduced PM
emissions as a result pbssiblymore efficientelectrostatic precipitaterfor PM removaltoday
remain the same. The potential bias of this assumfitiathe BC and OC emission factors in
o/kWh of power generation is small, because the PM emission has reached a very low emission
level with the advanced emission control technologies.
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For residual di fired boilers, the total PM emissions are known to decrease with lowered
fuel sulfur content (EP2R0149. Without further characterization of the impacts of emission
control technologiesn the PM compositions from studies available to us, we assunteelNha
emission control technologigscluding scrubberslectrostatic precipitaterand fabric
baghouse filtersare capable of reducing the BC and OC emissions in proportion to the total PM
emissionsresuling in the same BC and OC mass fractions eftthtal PM emissions as those
without emission controls.

The global community has also been working to reduce the sulfur content of fuels used in
marine vessels. Currently, tB#A has established requirements for the sulfur content of bunker
type fuel sed in percylinder displacement at or above-BC3) marine vessels on both a
global basis and for an Emission Control ArE€A) in specific target year&PA 20144). More
stringent sulfur content standarchn decrease both sulfate D@ emissions, amording to the
finding by Lacketal. (2009) that the OC is linearly dependent on the fuel sulfur content as being
(0.65x S%+ 0.5) in g/kg bunker fuel. There is no such simple depender8€ efmissions on
fuel sulfur content as one major determining factor is engine load, although fuel quality also
plays a role (Lack and Corb&012).In addition t he E P A Geguirémemdares ul f ur
designed to reduce sulfate emissions rather than etehlee of DPFshecauseven the
cleanest fuelvith 1,000 ppmsulfur within the ECA by 201%o0uld not enabl¢heuse of DPFs
Therefore, we assume that the OC/PM ratio will decrease linearly with decreased sulfur content
in bunker fuel, while the BC/PM ratwill remains the sames thecurrent level as revealed by
Lack etal. (2009).

4.1.2 BC and OC Emission Characteristics

BC and OCareusuallyco-emitted but in different proportiorend different combined
BC and OC mass fractiorisr differentemisson sources. For example, the average OC/BC ratio
could range fronapproximatelyl/4 (diesel heawduty enging), which agrees witthe EPA
(EPA2012a)to approximately 8L for open biomass burninfhe combined BC and OC mass
fractions for coaffired boilersarelow, accounting for only 12% of the P\ emissions, with
trace metals such &®n (Fe), copper Cu), calcium Ca), potassiumK), andzinc (Zn) coming
from ashkforming impurities inthe cod-dominant PM emissionSaarnioetal. 2014) In
contrastPMy 5 emissions ofow-sulfur dieselfired engines and lossulfur dieseHDVs are
dominated by BC and OC, accounting foore thar®5%. Therefore, fuel properties and
combustion technologies dritke changes in both the OC/BC ratiodthe combined BC and
OC mass fraction of the PM; emissions.

4.2 SUMMARY OF BC AND OC EMISSION FACTORS

Table1l4 summarizeshe BC and OC emission facgn mass fractions (%) of the
corresponding PMs emissions from stationary, mohikend nompoint emission sourceas
detailed in Sectio@. This tablewvasincorporated into GREET as input parameters to define the
BC and OC emission factors of various emission soufidesintermediate BC and OC emiwsi

26



TABLE 14 BC and OCMass Fractionsin PM » s Emissionsby Emission Source

BC ocC
Upper Lower  Upper
M L M
Fuel Technology ean ower Bound ean Bound Bound Reference
(%) Bound %) (%) (%) (%)
(%) 0 0 0
England et al. 2007
Natural gas  Boiler 16.5 13.0 20.0 42.8 34.7 50.6 CARB 2014
Reff et al. 2009
Watson et al.
Coal Boiler 4.3 3.2 5.5 8.1 5.3 11.1 1988a,b,c; 2001; 2002
Chow et al. 2004
Industrial,
Distillate ol  commercial, and 10.0 6.4 13.6 25.0 16.0 34.0 EPA 2014a
utility boilers
EPA 2014a
RFO Boiler 6.3 3.6 9.4 4.4 2.6 6.2 England et al. 2007
Bond et al. 2004
Crude oil Boiler 2.9 2.3 35 21 14 2.8 Houck et al. 1989
Industrial,
Biomass commercial, and 13.8 7.6 20.0 32.6 16.6 48.6 EPA 2014a
utility boilers
Zielinska et al. 1998
Fujita et al.1998
Char Boiler 6.2 3.3 9.4 79.9 715 88.3 Watson et al. 1998
Chow et al. 2004
CARB 2014
. . England et al. 2004,
Diesel Engine 813 766 858 181 143 220 ngandeta
2007
Natural gas  Engine 20 20 20 42.8 34.7 50.6 CARB 2014
) . EPA 2012a
Gasoline Engine 10 10 10 32 32 32 Hays etal. 2013
RFO Engine 15.0 9.0 21.8 39.0 241 55.1 Lack et al. 2009
Naturalgas Combined cycle 2.9 0.8 5.2 68.0 53.9 82.1 England et al. 2007
RFO Simple cycle 6.3 3.6 9.4 4.4 2.6 6.2
Diesel Simple cycle 10.0 6.4 13.6 25.0 16.0 34.0
Tire wear 41.4 41.4 41.4 34.5 34.5 34.5 EPA 2014a
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TABLE 14 (Cont.)

BC oC
Upper Lower  Upper
Fuel Technology Mean  Lower Bound Mean Bound Bound
(%) Bound (%) (%) (%) (%)
(%) ° ° ° Reference
Brake wear 2.6 2.6 2.6 10.7 10.7 10.7 CARB 2014
Kinsey et al. 2011
Petzold et al. 1999
Jet fuel Cruise 31.3 6.8 80.6 30.3 20.6 43.7 Pueschel et al.997
Anderson et al. 1998
Dopelheuer 2001
Landing and EPA 2012a
Jet fuel takeoffs 35.8 13.5 70.5 26.0 13.0 39.8 CARB 2014
. Off-road Chow et al. 2010
Diesel vehicles 56.3 525 60.1 349 315 38.1 CARB 2014
RFO Ocean tanker 15.0 9.0 21.8 39.0 24.1 55.1 Lack et al. 2009
Houck et al. 1989
Biomass Open burning 121 11.0 131 339 315 36.3 Core et al. 1989

CARB 2014

factors expressed in g/mmBtu for stationary emission sources anoboffvehicles, in g/lkWh
for electricity generation, and in g/mi for @woad vehicles are summarized in Tab% These
emission factors are based on thedmission factors in GREET drthe BC and OC mass
fractions in PM s emissions by emission source, as shown in Tabland using Equatich
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TABLE 15 BC and OC EmissionFactors of Stationary, M obile, and Non-point Sources

BC oC
Lower Upper Lower Upper
Emission Source Mean Bound Bound Mean Bound Bound Unit
Natural gas (NGfired utility/ 0.577 0.387 0.769 1.495 1.066 1.921 g/mmBtu
industrial boilers (>100 mmBtu/h
input)
NG-fired utility/industrial boilers 0.523 0.352 0.699 1.359 0.969 1.746 g/mmBtu
(1G6i 100 mmBtu/h input)
NG-fired gas turbines 0.104 0.007 0.232 2431 1.670 3.185 g/mmBtu
NG-fired combined cycle turbines  0.004 0.000 0.009 0.090 0.062 0.119 g/mmBtu
NG-fired reciprocating engines 1.439 1.439 1.439 3.080 2.375 3.750 g/mmBtu
Flared NG in oil fields 12.247 g/mmBtu
NG-fired kilns? 14.850  9.990 19.800 38.520 27.450 49.500 g/mmBtu
Residual fuel oil (RFGjired utility 0.841 0.240 1.455 0.587 0.227 0.961 g/mmBtu
boiler
RFOfired industrial boilers 1.019 0.291 1.763 0.712 0.275 1.164 g/mmBtu
RFOfired commercial boilers 1.019 0.291 1.763 0.712 0.275 1.164 g/mmBtu
RFOHired reciprocating engines 8.107 4.864 11.782 21.076 13.024 29.779 g/mmBtu
RFOired turbines 0.394 0.210 0.651 0.263 0.125 0.421 g/mmBtu
Dieselfired industrial boilers 0.547 0.263 0.854 1.368 0.624 2.096 g/mmBtu
Diesetfired commercial boilers 0.752 0.361 1.173 1.881 0.858 2.881 g/mmBtu
Dieselfired reciprocating engines  43.937  40.154  47.774 9.782 6.485 13.078 g/mmBtu
Dieselfired turbines 0.657 0.316 1.025 1.644 0.749 2.518 g/mmBtu
Diesel farming tractors 40.818 36.468 45.095 25.303 21.533 29.000 g/mmBtu
Gasolinefired reciprocating engine  5.256 5.256 5.256 16.819 16.819 16.819 g/mmBtu
Crude oitfired industrial boilers 0.560 0.367 0.753 0.406 0.212 0.618 g/mmBtu
LPGfired industrial boilers 0.617 0.415 0.822 1.600 1.140 2.056 g/mmBtu
LPG-fired commercial boilers 0.617 0.415 0.822 1.600 1.140 2.056 g/mmBtu
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TABLE 15 (Cont.)

BC ocC
Lower Upper Lower Upper

Emission Source Mean Bound Bound Mean Bound Bound Unit
Coalkfired utility boilers 0.872 0.527 1.257 1.643 0.892 2.596 g/mmBtu
Coalfired industrial boilers 1.053 0.637 1.518 1.983 1.077 3.134 g/mmBtu
Coalkfired kilng? 0.860 0.520 1.240 1.620 0.880 2.560 g/mmBtu
Biomassfired boilers 9.330 5.139 13.523 22.042 11.224 32.860 g/mmBtu
Sugarcane field burning 21.215 18.410 24.021 59.438 52.775 66.101 g/mmBtu
Sugarcane bagasfieed boilers 6.260 3.447 9.072 14.787 7.530 22.044 g/mmBtu
Petroleum cok4ired boilers 1.054 0.637 1.519 1.982 1.077 3.133 g/mmBtu
Biogasfired reciprocating engines  1.388 1.388 1.388 2971 2291 3.617 g/mmBtu
Flaredassociated gas 3.515 3.515 3.515 0.185 0.185 0.185 g/mmBtu
Charfired boilers 1.257 0.345 2.170 16.203 13.506 18.920 g/mmBtu
Ocean tankers using bunker fuel  25.026 15.016 36.371 65.068 40.209 91.929 g/mmBtu
Barges using RFO 5.833 3.500 8.477 15.165 9.371 21.426 g/mmBtu
Diesellocomotive 2.480 2.480 2.480 26.004 26.004 26.004 g/mmBtu
NG—_fired pipeline reciprocating 0.199 0.199 0.199 0.427 0.329 0.519 g/mmBtu
engines
Diesel trucks, classt6 0.001 0.001 0.001 0.013 0.013 0.013 g/mi
Dieseltrucks, class 8b 0.006 0.006 0.006 0.024 0.024 0.024 g/mi
Gasoline cafs 0.005 0.005 0.005 0.002 0.002 0.002 o/mi
Diesel carg 0.001 0.001 0.001 0.004 0.004 0.004 g/mi
Gasoline lightduty truclé 0.008 0.008 0.008 0.004 0.004 0.004 g/mi
Diesel lightduty truck 0.001 0.001 0.001 0.009 0.009 0.009 g/mi
Coalfired boilers 0.009 0.005 0.012 0.016 0.009 0.026 g/kwh
Coalfired integraed gasification 0.031 0.019 0.045 0.058 0.032 0.092 g/kWh

combined cycle
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TABLE 15 (Cont.)

BC ocC
Lower Upper Lower Upper
Emission Source Mean Bound Bound Mean Bound Bound Unit

NG-fired combined cycle 0.00003 0.000002 0.00006  0.0006 0.0004 0.0008 g/kWh
NG-fired turbines 0.001  0.00a 0.003 0.026 0.018 0.034 g/kwh
NG—'fired internal combustion 0.094 0.094 0.094 0.202 0.156 0.246  g/lkWh
engines

NG-fired boilers 0.007 0.005 0.009 0.018 0.013 0.023 g/kWh
Oil-fired boilers 0.009 0.003 0.015 0.006 0.002 0.010 g/kwh
Oil-fired turbines 0.005 0.002 0.008 0.003 0.001 0.005 g/kwh
Qil-fired internal combustion 0.002 0.001 0.003 0.005 0.003 0.007 g/kWh
engines

Biomassfired boilers 0.273 0.150 0.395 0.644 0.328 0.960 g/kWh

a Assumed the same as NiBgd boilers.
b Assumed the same as cdiaed boilers.
€ For MY 2010 and newerehicles.

31



This page intentionally left blank

32



5 REFERENCES

Aakko, P., N.O. Nylund, M. WesterholmM. Marjaméaki,M. Moisio, and R.Hillamo, 2002
AEmissions fronHeavy-duty Engine with and withou@\fter TreatmentUsing Selected
Biodieselsin Proceedings of FISITA 2002 World Automotive Congre82E195 Available at
http://www.ieaamf.org/app/webroot/files/file/Annex%20Reports/AMF_Annex_13_paper.pdf

AEAB (Atrax Energi AB), 2007Synthetic Gasoline and Diesel Oil Produced byckesi
Tropsch Technology. A Possibility for tRature?, International Energy Agent&dvanced
Motor Fuels (IEA/AMF) ReportAnnex XXXI, March.Available athttp://www.iea
amf.org/app/webroot/files/file/Annex%20Reports/AMF_Annex_31.pdf

Anderson B.E.W.R. Cofer,D.R. Bagwell,J.W.Barrick, C.H. Hudgins, an&.E. Brunke 1998
AAirborne Observations ofircraft AerosolEmissions |:Total Nonvolatile Particle Emission
Indices Geophysical Research Lettet§5(10):1689 1692.

Andreae, M.O., C.D.Jones,aRd M. Cox, 2 0 0 5day AgrSsoliCooling Implieseas e n t
Hot Future, 0 NBTW90e 435 (7046)

Argonne Argonne National Laboratoyy2014,Greenhouse Gases, Regulated Emissions, and
Energy Use in TransportatioGREET) Model. Available athttps//greet.es.anl.gov

Auffhammer M, andR. Kellogg, 2011 ,iiClearing the Air? The Effects of Gasoline Content
Regulation on Air Quality American Economic Reviel®1 (October 2011): 2682722.
Available at http://www.aeaweb.org/articles.php2ddi.1257/aed01.6.2687.

Bond, T.C.D.G. StreetsK.F. Yarber,S.M. Nelson,J.H.Woo0, andZ. Klimont, 2004,/A
TechnologybasedGlobal Inventory of Black and Organic Carb&missions from Combustion,
J. Geophys.Red09, D14203, doi:10.1029/2003JD003697.

Bond,T.C,etal, 2 OHistorjcalEmissions oBlack andOrganicCarbonAerosol from
EnergyrelatedCombustion, 18502000 Global BiogeochenCycles21,
doi:10.1029/2006GB002840.

Bond, T.C., S.JDoherty, D.W. Fahey, P.M. Forster, T. Berntsen, B.J. DeAndd|G. Flanner,

S. Ghan, B. K"archer, D. Koch, S. Kinne, Y. Kondo, P.K. Quinn, M.C. Sarofim, M.G. Schultz,

M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, N. Bellouin, S.K. Guttikunda, P.K. Hopke,

M.Z. Jacobson, J.W. Kaiser, Z. Klimont, U. Lohmann, Jé¢hwi&rz, D. Shindell, T. Storelvmo,

S.G. Warren, and C.S. Zender, 2013, ABounding
System: A Sci e ntGedphys ReA 58562885558, dailt0.10D2/jgrd.50171.

Brinkman,N., M. Wang, T. WeberandT. Darlington 2005,GM Study: Welto-Wheels
Analysis of Advanced Fuel/Vehicle Syst@mdNorth American Study of Energy Use,
Greenhouse Gas Emissions, and Criteria Pollutant Emissiwveslable at
https://greet.es.anl.gov/publicatidmz3qg5dw

33



Cai, H., M. Wang A. Elgowainy, and JHan 2012 Updated Greenhouse Gas and Criteria Air
Pollutant Emission Factors and Their Probability Distribution Functions for Electric Generating
Units. Available athttps://greet.es.anl.gov/publicatiapdatedelecemissions

Cai, H., M. Wang,A. Elgowainy, and JHan 2013aUpdated Greenhouse Gas and Criteria Air
Pollutant Emission Factors of the U.S. Electric Generating Units in 28¢%8ilable at
https://greet.es.anl.gov/publicati@hectricity-13.

Cai H.,A. BurnhamandM. Wang 2013b,Updated Emission Factors of Air Pollutants from
Vehicle Operations in GREET Using MOVESailable athttps://greet.es.anl.gov/publication
vehicles13.

CARB (California Air Resource Board?014,Speciation Profiles Used in ARB Modeling
Available athttp://www.arb.ca.gov/ei/speciate/speciate.htm

Chow, J.C.J.G.WatsonH.D. Kuhns,V. EtyemezianD.H. Lowentha] D.J.Crow, S.D. Kohl,
J.P.Engelbrechtand M.C.Green,2004 fiSourceProfiles for Industrial, Mobile, andArea
Sources in tk Big Bend Regional Aerosol Visibility and Observational (BRAVO) Study
Chemospher&4 (2)185 208.

Chow, J.C.C. Chow, J.G. Watson, D.H. LowenthakW. A. Chen, and N. Motallebi, 2010,
ABl ack and Organic Carbon Emission | nvArntori es
Waste ManageAssoc60(4):497507, doi10.3155/10473289.60.4.497.

Core, J.E., Raul.A., Chow, J.C., Watson, J.G., Pritchett, L.C., Frazier, C.A., Kalman, D.,
Houck, J.E., Ward, D., Cooper, J.A., Redline, D., 198eptor modeling source

profile development for the Pacific Northwest States: The Pacific Northwest Source
Profile Library. Prepared by Oregon Department of Environmental Quality, Portland, OR.

Dopelheuer A.2001, Quantities, Characteristics and Reduction Potentials of Aircraft Engine
EmissionsSociety of Automotive Engineers, Technical Paper 200:B008.

Dunn, J, L. Gaines, M. Barnes, J. Sullivan, and M. Wang, 20A&gerial and Energy Flows in
the Materials Production, Assembly, and End of Life Stages of the Automotive Lithium lon
Battery Life CycleAvailable athttps://greet.es.anl.gov/publicatitib-Ica.

Dunn, J., A. Elgowainy, A. Vyas, L. Pu, J. Han, and M. Wang, 20p@8late to Transportation
Parameters in GREEY Available athttps://greet.es.anl.gov/publicatit@nsportation
distribution13.

Dutcher, D. M. Stolzenburg,J. Medrano,D. GrossD. Kittelson,and P.McMurry, 2011,

AEmissions from Ethanol Gasoline Blends: A Single Particle Perspeditraosphere
2(2):182 2000, doi:10.3390/atmo0s2020182.

34



Elgowainy, A., J. Han, M. Wang, N. Carter, R. Stratton, J. Hileman, A. Malwitz, and
S.Balasubraranian, 2012l ife Cycle Analysis of Alternative Aviation Fuels in GREET

Available athttp://greet.es.anl.gov/publicati@viationlica.

England, G.C.S.Wien, T. McGrath,andD. Hernandez, 20Q£€evelopment of Fine Particulate
Emission Factors an8peciation Profiles for Oil and Gas Fired Combustion Systems. Topical
Report: Test Results for a Combined Cycle Power Plant with Oxidation Catalyst and SCR at Site
Echaq prepared for U.S. Department of Energy, National Energy Technology Labgratory
Pittsbugh, PA the Gas Research Instituiees Plairs, IL, and the American Petroleum

Institute Washington, DC.

England, G.C.J.G.Watson J.C.Chow,B. Zielinska, M-C.O. Chang K.R., Loos,and

G.M. Hidy, 2007 fiDilution-basedEmissionsSampling fromStationary Sources: Part 2Gas
fired CombustorsCompared wittOther Fuel-fired Systems &. Air Waste ManageAssoc
57 (1):79193.

EPA (U.S. Environmental Protection Agency), 2082Comprehensive Analysis of Biodiesel
Impacts on Exhaust EmissiQiisPA420P-02-001. Available ahttp://www.epa.gov/otag/
models/analysis/biodsl/p02001.pdf

EPA 2003,Air Pollution Control Technology Fact Sheéwailable athttp://www.epa.gov/
ttnchiel/mkb/documentsHulse.pdf

EPA, 2005 Exhaust Emission Effectd Fuel Sulfur and Oxygen on Gasoline Nonroad Engines
NR-003c Available athttp://www.epa.gov/otag/nonrdmdl.htm#techrept

EPA, 2009 Development of Emission Rates for He®wuty Vehicles in the Motor Vehicle
Emissions Simulator (Draft MOVES200@vailable athttp://www.epa.gov/otag/models/
moves/techdocs/420p09005.pdf

EPA, 2010a, NONROAD Moddhonroad engines, equipment, and vehiclésgpilable at
http://www.epa.gov/otag/nonrdmdl.htm

EPA, 2010bNonroad Evaporative Emission RatéR-012d Available athttp://www.epa.gov/
otag/nonrdmdl.htm#techrept

EPA, 201@, iiControl of Emissionsrom New MarineCompressiofignition Engines at or
Above30 Liters per CylinderFinal Rule Gode of Federal Regulation§itle 40, Part80, 85,
86, et al., 228623065. Available ahttp://www.gpo.gov/fdsys/pkg/FR01004-30/pdf/2010
2534 .pdf.

EPA, 2012, Report to Congress on Black Carhdreport Number EPA50/D-12-001,
Washington, DC. Available dittp://www.epa.gov/blackcarbon/2012reftullreport. pdf

EPA, 2012blist of Boutique Fuels for State Implementation Plans (SWR&ilable at
http://www.epa.gov/otag/fuels/boutiquefuels/boutiquelist.htm

35



EPA, 2012cDPevelopment of Emission Rates for He&wty Vehicles in the Motor Vehicle
Emissions SimulatdlOVES2010Final Report Available at
http://www.epa.gov/otag/models/moves/documents/420b12049.pdf

EPA, 2013, Guide on Federal and State Summer RVP Standards for Conventional Gasoline
Only. Available athttp://www.epa.gov/otag/fuels/gasolinefuels/volatility/standards.htm

EPA, 2013, Gasoline Sulfur Standardévailable athttp://www.epa.gov/otag/standards/
fuels/gassulfur.htm

EPA, 2018, Highway, Nonroad, Locomotive, and Marine Diesel Fuel Sulfun@&ads
Available athttp://www.epa.gov/otag/standards/fuels/diesdfur.htm

EPA, 2013, Tier 3 Vehicle Emission and Fuel Standards Programailable at
http://www.epa.gov/otag/tier3.htm

EPA, 201%®, Emission Estimation Protocol for Petroleum Refiasf Version 2.0 Available at
http://www.epa.gov/ttnchiel/efpac/protocol/

EPA, 2014aSPECIATE(Version 4.4. Available athttp://www.epa.gov/ttnchiel/software/
speciate

EPA, 2014bAP 42, Fifth Edition, Volume Thapter 1: External Combustion Sces.
Available athttp://www.epa.gov/ttn/chief/ap42/ch01/index.html

EPA, 2014cMOVES (Motor Vehicle Emission Simulatorivailable athttp://www.epa.gov/
otag/models/moves

EPA 2014d|nventory of U.S. Greenhouse Gas Emissions and Sinksi 2099 EPA 430R-
14-003.Available athttp://www.epa.gov/climatechange/Downloads/ghgemission$sbi&-
Inventory-2014Main-Text.pdf

EPA, 2014eHighway, Nonroad, Locomotive, and Marine Diesel Fuel Sulfur Standards
Available athttp://www.epa.gov/otag/standardséfs/dieselulfur.htm

EPA, 2014fOcean Vessels and Large Shipsailable athttp://www.epa.gov/otag/
oceanvessels.htm

EPA, 20149 fiEmissions Factors & AP 42, CompilationAif Pollutant Emission Factors,
A Ch a p.3 Feiel Oil Combustiand A v a http:Avioviv.epa.gav/ttnchiel/ap42/ch0l/
final/c01s03.pdf.2014g

EPA 2014h,Air Markets ProgranData. Available ahttp://ampd.epa.gov/ampd

ERG (Eastern Research Grgug014,Memorana on air pollutant emission factors of boilers,
turbines, engines and kilns. To be published at GREET websips://greet.es.anl.gov

36



Franca, D.A., K.M. Longo, T.G.S. Neto, J.C. Santos, S.R. Freitas, B.F.T. Rudorff, E.V. Cortez,
E. Anselmo,andJ.A.Cara| h o, 2haGnle& Sugdrdame 8urning: Determination of
Emi ssion Factors t hr ouMtrhosferaB:A@4rl8t or y Measur emer

Forman G., P.Schabergand A.Swarts 2014, Personal communication on particulate matter
emissions and associated blaekbon emissions from lowsulfur diesel and Fischiefropsch
diesel vehiclesApril 15, 2014.

Fortner, E.C., W.A. Brooks, T.B. Onasch, M.R. Canagaratna, P. Massoli, J.T. Jayne, J.P.

Franklin, W.B. Knighton, J. Wormhoudt, D.R. Worsnop, C.E. Kolb, and Bdgtndon, 2012,
AParticulate Emissions Measured Duringdndt he TCE
Eng. Chem. Re&1: 125861 12592.

Fujita, E.M.,J.G.Watson,J.C.Chow,N. RobinsonL. Richards, and N. Kumar, 1998 prthern
Front Range Air Qualit Study. Volume C: Sourég@portionment andamulationMethods and
Evaluation final reportprepared for Colorado State UniversiBort Collins, CO Available at
https://www.dri.edu/images/stories/editors/eafeditor/FujitaetalL998NFRAQSCMB. pdf

HaasM. J . , K. M. Scott, T.L. Alleman, and R. L. Mc
Biodiesel Fuel Prepared from Soybean Soapstock: A High Quality Renewable Fuel Produced
from a WastHmEerfydeds120idX2. 0

Hays, M.D., W.PrestonB.J.Georg, J.Schmid R.Baldauf R. Snow J.R.Robinson T. Long,
and JFaircloth 2 OChrBgnacéopus Aerosols Emitted from Lighiity Vehicles Operating on
Gasoline and Ethanol Fuel Blend&nviron. Sci. Techno#7:14502 14509

Helble, J.J.200Q AA Modelfor theAir Emissions offraceMetallic Elements frontCoal
CombustorEEquipped withElectrostaticPrecipitators Buel Processing Technolo@g:125
147.

Houck, J.E.)J.C.Chow,J.G.Watson,C.A. Simons,L.C. Pritchett,J.M. Goulet,and C.A Frazier,
1989 Determination ofarticle SzeDistribution andChemicalComposition ofParticulate
Matter fromSelectedSources in the San Joaquin Valléynal Reporf Report No. A6175-32,
prepared for California Air Resources Board, Sacramento, CA, by OMNI Envirmame
Services Ing.Beaverton, ORand Desert Research Institute, Reno, NV.

Hu. J. , F. Y u Apphcatidn offFischérirgpscl2 SytHesis infBiomassltmuid
Conversion Gatalysts2:303-326, d0i:10.3390/catal2020303

|l nal, F., and S. M. Senkan, 2002, AEffects of (
Hydr ocar bons ( PAHSs )Conbuastd ScETechthol ARo/r4nhet) i: dn ,1® .

IPCC (Intergovernmental Panel on Climate Change), 20li8ate Change 2013: The Physical
Science Basis. Contribution of Working Group | to the Fifth Assessment Répuat
IntergovernmentalPanel onClimate ChanggeStocker, T.F., D. Qin, GK Plattner, M. Tignor,
S.K. Allen, J.Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley (edSgnbridge

37



University Press, Cambridge, United Kingdaand New York, NY, USAAvailable at
http://www.ipcc.ch/index.htm

Carbon Emi ssi onrerésalt e s

Quanti fy Soot/ Bl ack
doi:10.1080/02786826.2013.809401.

Science and Technolog47(9):10171029,

Johnson, M. R. , R. W. Devill er s, a M @SA Kiethiodto T h 0 ms ¢
. .
9

Khalek I.A., T.L. Bougher and P.M. Merritt, 2009CRCReport: ACES Phase 1, Phase 1 of the
Advanced Collaborative Emissions Study, Final Replume. Available dtttp://www.crcao.org/
reports/recentstudies2009/ACES%20Phase%201/ACES%20Phasel%20Final%RoRebsd
UN2009.pdf

Khalekl.A., M.G. Blanks and P.M. Merritt, 2013CRC Report: ACES Phase 2, Phase 2 of the
Advanced Collaborative Emissions Stubdypv. Available ahttp://crcao.org/reports/
recentstudies2013/ACES%20Ph2/08124 CRC%20ACES%20Phas&20FINAL%
20Report_Khalelk6-SwRI.pdf

Kinsey et al., 2011 ChHemical Characterization of the Fine Particle Emissions from Commercial

Aircraft Engines during the Aircraft Particle Emissions eXperiment (APEX) 1 t&ilviron
Sci and Technal45:3415 3421.

Kondo, Y.,H. Matsui,N. Moteki, L. Sahu,N. TakegawaM. Kajino, Y. Zhao,M.J. Cubison,
J.L.JimenezS. Vay, G.S.Diskin, B. Anderson A. Wisthaler,T. Mikoviny, H.E. Fuelberg,
D.R.Blake,G. Huey,A.J. WeinheimerD.J. Knapp, andV.H. Brune,2011,AEmissions ofBlack
Carbon,Organic,andlnorganicAerosols fronBiomassBurning in North Americand Asia in
20080 J. Geophys. Re#\tmos 116, D08204¢0i:10.1029/2010JD015152.

LapuertaM., O. Armas,andJ. Rodrigue#ernandez2008,fiEffect of Biodiesel Fuels oDiesel
EngineEmissions Brog Energy Combust SE4:198 223

Lack, D.A., J.J. Corbett, T. Onasch, B. Lerner, P. Massoli, P.K. Quinn, T.S. Bates, D.S. Covert,

D. Coffman, B. Sierau, S. Herndon, J. Allan, T. Baynard, E. Lovejoy, A.RisRankara, and

EWilliams, 2009, fiParticul ate Emissions from

Opti cal B.rGegpleys. Red B4 sD0@F04, doi: 10.1029/2008JD011300.

Lack, D.A, and J.JCorbett,2012,fiBlack Carbon fromShips: A Review of theEffects ofShip
Speed,Fuel Quality andExhaustGasScrubbingd Atmos. Chem. Phy423985 4000, doi:
10.5194/acil2-39852012, 2012.

n

Mauderly, J.L., and J.C. Chow, hl@galréxjcolZl0OHe al t h

2571 288.

/

(

E

Mc Ewe n , J. D. N. , and M. R. Johnson, 2012, ABl aclk

for Buoyancy Dr i venl ArsVBaste Maadge Assd@€3x3073Rladoie s, O

10.1080/10473289.2011.650040.

38



Murphy, SM., H. Agrawal, A Sorooshian, LT. Padré, H Gates, SHersey, WA. Welch,
H. Lung, JW. Miller, D.R. Cocker A. Nenes, FH. Jonsson, . FlaganandJ.H. Seinfeld

2009,iComprehensive Simultaneous Shipboard and Airborne Characterization of Exhaust from

a Modern Container Ship at Se&nviron. Sci. Techno#i3 (13): 4626 464Q

NCDC (National Climatic Data Center), 2013ome page. Available at
http://www.ncdc.noaa.gov

Park, R.J., D.J. Jacob, M. Chin, and R.V. MarZ®03,iSources ofCarbonaceous Aerosadwver
the United StateandImplicationsfor Natural Visibility,0 J. Geophys. Re408D12):4355,
doi:10.1029/2002JD003190.

Petzold A. A. DopelheuerC.A. Brock, andF. Schroder1999 filn Situ Observations an¥odel
Calculations oBlack CarbonEmission byAircraft atCruiseAltitude, dournal of Geophysical
Research104D18):22171 22181.

Pope, C.A,, Il and D.W.Dockery, 2006iiCritical Review: Health Effects of Fine Particulate
Air Pollution: Lines that Connectd. Air & Waste Manage. Assda6.709 742.

PueschelR.F., K.A.Boering, SVerma, S.DHoward, G.V.Ferry, JGoodman, D.AAllen, and
P.Hamill, 1997,iSootAerosol in the_ower AtratospherePole-to-Pole Variability and
Contributions byAircraft, &. Geophys. Re$02, D11, 1311313118,

Ramanathar/., and GCarmichael 2 0Q)oBa) andregionalClimate ChangedPueto Black
Carbono Nature Geoscienc&221i 227.

Ref f , A . , Emissiors Inventorny200 RWE TracdiElements across the United States,
Environ. Sci. Techno#3 (15)5790 5796

SaarnioK., A. Frey, J.V. Niemi, H. Timonen, TROnkkd P.Karjalainen M. Vestenius

K. Teinilg L. Pirjola, V. Niemelg J.Keskinen, A. Hayrinen andR. Hillamo, 2014,iChemical
Composition andsize of Particles inEmissions of &Coal-fired Power Plant with Flue Gas
Desulfurization &. Aerosol Sciencé3:14-26.

SaikawaE., V. Naik, L.W. Horowitz, J Liu, andD.L. Mauzeral] 2009,iPresent ané&otential
Future Contributionsf Sulfate Black andOrganic Carbon Aerosofsom China taGlobal Air
Quality, Premature MortalitandRa d i at i v é&tméspher Envigpnnied3:2814 2822

Schaberg, RandA. Bell, 2010 fiComprehensive Evaluation of Exhaust Emissions with Diesel
Fuel from a Commercial Scale GasLiquids Plant) SAE Int. J. Fuels LubB(2)175 195,
doi:10.4271/201@1-1512.

Schmidt, K., and J. Van Gerpen, 1998 Effect of Biodiesel Fuel Composition on Diesel
Combustion and EmissionSAE Technical Paper 961086, doi:10.4271/961086.

39



Schulz H., 1999,ShortHistory andPresentTrends of Fschef TropschSynthesis Applied
Catalysis A: GeneraNol. 186, Issuesil2, pp.3i 12.

SeabraJ.E.A. 1.C. MacedoH.L. Chum,C.E.Faronj andC.A. Sartq 2011 fiLife Cycle
Assessment of BraziliaBugarcand’roducts: GHGEmissions andnergyUseBiofuelsp
Bioprod.Biorefining5:519 32.

Tsao GC., J.E.CampbellM. MenaCarrascoS.N. Spak,and Y.Chen 2012 fiincreased
Estimates ofAir-pollution Emissions from Brazilian SugeaneEthanol Blat Clim Change
2:53 37.

United States Governme(iiSG ) Code of Feder al Regul ati ons
New Stationary Sources, General Control Device and Work Practiceifeatents, 40 CFR §
60.18.Available athttp://edocket.access.gpo.gofr/ 2009/julqtr/40cfr60.18.htm.

Wang Z., J.B. Dunn, J.Efféets ofCo-peodudedBbthaQorliféVa n g ,
Cycle Greenhousé&asEmissions ofPyrolysis-derivedRenewabld-uds, Biofuels, Bioproducts
and Biorefining8(2):189 204.

Watson, J.G J.C.Chow, L.W. RichardsS.R.Andersen,J.E.Houck, andD.L. Dietrich, 1988a
The 198788 Metro Denver Brown Cloud Air Pollution Study, Volume I: ProgRian, Report
No.8810.1F] preparedor 1987 88 Metro Denver Browloud Study, Inc, Greater Denver

Chamber of Commerce, Denver, CO, by Desert Research Institute, Reno, NV.

Watson, J.GJ.C.Chow, L.W. RichardsS.R.Andersen,).E.Houck, andD.L. Dietrich, 1988h
The 198788 Metro Denver Brown Cloud Air Pollution Study, Volume II: Measurem&gport
No. 8810.1F2preparedor 1987 88 Metro Denver Brown Cloud Study, InGreater Denver
Chamber of Commerce, Denver, CO, by Desert Research Institute, Reno, NV.

Watson, J.GJC.Chow, L.W. Richards,S.R.Andersen,J.E.Houck, andD.L. Dietrich, 1988¢
The 198788 Metro Denver Brown Cloud Air Pollution Study, Volume Ill: Datterpretation
Report No. DRI 8810 Jpreparedor 1987 88 Metro Denver Brown Cloud Study, Inc., Greate
Denver Chamber of Commerce, Denver, CO, by Desert Research Institute, Reno, NV.

Watson, J.G.D.L. Blumenthal J.C.Chow,C.F.Cabhill, L.W. RichardsD. Dietrich,R. Morris,
J.E.Houck,R.J.Dickson,and S.RAndersen, 199aVit. Zirkel Wilderness Area Reasonable
Attribution Study of Visibility Impairment, Vol. II: Results of Data Analysis iodeling

prepared for Colorado Department of Public Health and Environment, Denver, CO, by Desert
Research Institute, Reno, NV.

Watson J.G.,E.M. Fujita, J.C.Chow, B.Zielinska, L.W.Richards, W.DNeff, andD. Dietrich,
1998,Northern Front Range Air Quality Study. Findport prepared for Colorado State
University, Fort Collins, CO, by DesdResearch Institute, Reno, NV. Availalae
http://www.dri.edu/images/stories/editors/eafeditor/Watsonetal L998NFRAQSFinal.pdf

40

S

20


http://www.sciencedirect.com/science/journal/0926860X/186/1

Watson, J.GJ.C.Chow,D.H. Lowenthal,C.F. Cabhill, D.L. Blumenthal L.W. Richardsand
J.H.Gonzaks, 2001fAerosolChemical andptical Properties during the Mt.igkel Visibility
Study, dournal of Environmental Qualit30 (41118 1125.

Watson, J.GJ.C.Chow,D.H. Lowenthal,N.F. Robinson,C.F. Cahill, and D.L.Blumenthal,
2002 iSimulatingChanges irSourceProfiles fromCoal-fired Power Stations: Use irChemical
MassBalance of PM.5 in the Mt. Zirkel Wilderness Bnergy & Fuelsl6 (2) 311 324.

Yang, Q.,C.M. Bitz, andS.J.Doherty,2 0 1 @ffsettimgEffects ofAerosols on Arctic and
Global Climate in theLate 20thCenturyp Atmos. Chem. Phy44:3969 3975, doi:10.5194/aep
14-39692014

Zielinska, B.,J.D.McDonald,T. Hayes J.C.Chow, E.N. Fujita,and J.GWatson, 1998

NorthernFront Range Air Quality Study, Volume B: Soukdeasurementigreparedor
Colorado State University, Fort Collins, CO, bg$2rt Research Institute, Reno, NV.

41






Argonne°

NATIONAL LABORATORY

Energy Systems Division
Argonne National Laboratory

9700 South Cass Avenue, Bldg. 362
Argonne, IL 60439-4815

www.anl.gov

., U.S. DEPARTMENT OF

SENT(
5

Argonne National Laboratory is a U.S. Department of Energy
laboratory managed by UChicago Argonne, LLC



