
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Investigation of Particle and Gaseous Emissions from Conventional and Emerging Vehicle 
Technologies Operating on Bio-Fuels

Permalink
https://escholarship.org/uc/item/4nt6d3x2

Author
Short, Daniel

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4nt6d3x2
https://escholarship.org
http://www.cdlib.org/


 

 

 

UNIVERSITY OF CALIFORNIA 

RIVERSIDE 

 

 

 

Investigation of Particle and Gaseous Emissions from Conventional and Emerging 

Vehicle Technologies Operating on Bio-Fuels 

 

 

 

A Dissertation submitted in partial satisfaction 

of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in 

 

Chemical and Environmental Engineering 

 

by 

 

Daniel Zachary Short 

 

 

August 2014 

 

 

 

 

 

 

 

Dissertation Committee: 

Dr. Akua Asa-Awuku, Chairperson 

Dr. David Cocker 

Dr. Heejung Jung 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Daniel Zachary Short 

2014 



 

 

The Dissertation of Daniel Zachary Short is approved: 

 

 

            

 

 

            

         

 

            

           Committee Chairperson 

 

 

 

 

University of California, Riverside 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

Acknowledgments 
 

I would first like to thank and recognize my advisor, Dr. Akua Asa-Awuku, who has 

played a significant role in my success. You helped guide me through many of my 

struggles in classroom and laboratory work. Through the many times I felt overwhelmed 

and confused there was guidance and support. Thank you for believing in me so that I 

could truly perform to my true potential. Next, I also owe a great deal of gratitude to Dr. 

George Karavalakis which he has been a true friend and inspiration to me throughout my 

graduate student years. Countless times you gave me advice on projects, life, and 

publication ideas through my graduate student years. I will always be grateful for the 

time spent with you here and we will continue to have a friendship for years to come. 

Another person I would like to give a considerable amount of thanks is my colleague, 

Miss Diep Vu. Countlessly, you listened to my speeches, gave me suggestion on basically 

everything, and worked countless hours with me on projects (including this dissertation 

work). You have been a true friend and a great colleague.  

 

I would also like to thank Dr. Tom Durbin who gave me support and guidance throughout 

my dissertation. You helped me tremendously in data analysis and journal writing. I 

learned a great deal from your abilities and am truly thankful. And remember we are 

always having fun. Also, I must thank Dr. David Cocker, one of my committee members, 

who helped guide me to this particular area of research. I thank you for helping me 

through my struggles and giving advice on instruments that never seem to give the data I 



v 

need. You gave valuable and insightful feedback on all of my work which help me 

enormously through this journey. Thank you!  

 

I would also like to extend a thank you to particular CE-CERT faculty such as Dr. J. 

Wayne Miller, Dr. Kent Johnson, Dr. Heejung Jung, Kurt Bumiller, Joe Valdez, and 

Mark Villela. All of you helped me tremendously throughout my PhD, and I greatly 

appreciate your help and support.  

 

A thank you also goes to my numerous colleagues during my graduate school years 

whom are Derek, Mary, Chai-Li, Carlos, Vincent, Michael, and Shaokai. At some point 

all of you listened to me and helped me get to where I am today. I thank you for all of 

your help and support. In addition, I must thank the numerous students (Tyler, Hans, 

Carola, Wartini, and Jimmy) that worked in the Laboratory for me or helped out with a 

project. You gave your time and expertise to my work and I am extremely thankful.  

 

Last but by far not least, I would like to thank my parents who have devoted a 

tremendous amount of energy, time, and encouragement for me to pursue my dreams. 

You were beside me when life had a different plan. You challenged me to push my limits 

and to dream bigger. You allowed me to realize there isn’t limits in what you want in life; 

you just need to go and seize it. Thank you for sticking by me for the wild journey life 

has brought thus far. I am certain that you will always be by my side and I am forever 

indebted to what you have invested in me. Thank you!  



vi 

 

The text of Chapter 2, part or in full, is a reprint of the material as it appear in the 

Journal of Aerosol Science and Technology, Volume 48, Issue 7, 2014, Pages 706-714. 

The text of Chapter 3, part or in full, is a reprint of the material as it appear in the journal 

Environmental Science and Technology; Components of Particle Emissions from Light- 

Duty Spark-Ignition Vehicles with Varying Aromatic Content and Octane Rating in 

Gasoline, Daniel Short, Diep Vu, Georgios Karavalakis, Thomas Durbin, Akua Asa-

Awuku; Submitted. The text of Chapter 4, part or in full, is a reprint of the material as it 

appear in the journal Fuel; Georgios Karavalakis, Daniel Short, Diep Vu, Mark Villela, 

Akua Asa-Awuku, Thomas Durbin; Evaluating the regulated emissions, air toxics, 

ultrafine particles, and black carbon from SI-PFI and SI-DI vehicles operating on 

different ethanol and iso-butanol blends; Pages 410-421, 2014. The text of Chapter 5, part 

or in full, is a reprint of the material as it appear in the Journal of Aerosol Science; Daniel 

Short, Diep Vu, Thomas Durbin, Georgios Karavalakis, and Akua Asa-Awuku, Particle 

Speciation of Emissions from Iso-Butanol and Ethanol Blended Gasoline in Light-Duty 

Spark-Ignition Vehicles, Submitted. The text of Chapter 6, part or in full, is a reprint of 

the material as it appear in the Environmental Science and Technology; Georgios 

Karavalakis, Daniel Short, Diep Vu, Akua Asa-Awuku, Thomas Durbin, The impact of 

ethanol and iso-butanol blends on gaseous and particulate emissions from two passenger 

cars equipped with spray-guided and wall-guided direct injection S.I. engines, Submitted. 

The text of Chapter 6, part or in full, is a reprint of the material as it appear in the Science 



vii 

of the Total Environment; Particle Composition Emissions from Spray and Wall-Guided 

GDI and Flex Fuel Vehicles on Various Ethanol and Iso-butanol Gasoline Blends 

 Daniel Short, Diep Vu, Vincent Chen, Carlos Espinoza, Tyler Berte, Georgios 

Karavalakis, Thomas Durbin, Akua Asa-Awuku; Submitted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

ABSTRACT OF THE DISSERTATION  
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Vehicle Technologies and Bio-Fuels 
 

 

by 
 
 

Daniel Zachary Short 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, August 2014 

Dr. Akua Asa-Awuku, Chairperson 

 

 

 

 

Light-duty vehicles emit gaseous and particle emissions that have the ability to effect 

climate, human health, and air quality. Vehicle technologies are changing rapidly due to 

the need to increase fuel efficiency. The use of biofuels (i.e., ethanol and iso-butanol) 

may increase due to the desire to reduce the use of fossil fuels. The changes in fuels and 

vehicle technologies may change the resulting emissions and need to be assessed.  For 

instance, the water-soluble and water-insoluble particle composition could have 

detrimental health effects. This dissertation investigates the emissions of PM and gaseous 

emissions from current and emerging vehicle technologies.  

The first section of the dissertation discusses a novel technique developed to determine 

the real-time Water-Insoluble Mass (WIM) fractions of vehicle emissions. The technique 

is then implemented in the following sections to infer the WIM fraction of vehicle 

emissions. The next section investigated the PM emissions from a number of hybrid, PFI, 

and GDI vehicle technologies on ranging aromatic concentrations and octane rating. The 



ix 

next section evaluated the gaseous and particulate emissions from PFI and GDI vehicles 

on varying concentrations of ethanol and iso-butanol fuels. Ethanol concentration ranged 

from E10 to E20 and iso-butanol fuels ranged from B16 to B32. The last section of this 

dissertation examined the gaseous and particle emissions from GDI and FFV 

technologies from vary concentrations of ethanol and iso-butanol fuels. For the GDI 

vehicles, ethanol concentration ranging from E10 to E20 and iso-butanol concentrations 

of B16 to B32 were used. The FFVs used ethanol concentrations were E10, E51, and E83 

with an addition iso-butanol blend of B55. PM mass, Particle Size Distributions (PSDs), 

Particle Number (PN), BC/soot, Water-Soluble Organic Carbon (WSOC), and real-time 

WIM fractions were measured for the last three sections mentioned. Significant results on 

particle composition effects from vehicles, fuels, and driving conditions were found. 

Increasing vehicular speed increased particle hygroscopicity and decreased the WIM 

fraction. Alcohol concentration decreases the fraction of soot to the total PM mass for the 

GDI vehicles tested. Generally, increased ethanol concentration decreased the PN and 

PM mass.  
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Chapter 1: Introduction 

Gaseous and Particulate Matter (PM) emissions are emitted every day from 

numerous sources such as ships, planes, trucks, passenger vehicles, etc. These emissions 

can have detrimental effects on human health, air quality, and climate (Nauss et al. 1995, 

Davidson et al. 2005, Andreae et al. 1997, Baumer et al. 2008, Avol et al. 1979, Twomey 

et al 1977, and references therein). Common gaseous pollutants, such as CO2, cause 

warming effects on the earth’s surface from the absorption of solar radiation (IPCC 2007 

and references therein). Oxides of nitrogen (NOx) is another gaseous pollutant that is a 

precursor for ozone formation (Derwent et al. 2001; Fry et al. 2012). Ozone can effect 

climate by absorbing solar radiation, and ground level ozone can be harmful to human 

health leading to numerous deaths every year (Sheffield et al. 2011; Devlin et al. 2012; 

Dickerson et al. 1997). PM below 2.5µm can be inhaled deep within human lungs and 

can lead to detrimental human health effects (Yang et al. 2008). In addition, the 

inhalation of particular particle composition such as Water-Soluble Organic Mass 

(WSOM) can lead to various pulmonary and cardiovascular diseases (Ramgolam et al. 

2009). Black Carbon (BC), like CO2, is able to absorb solar radiation and is a leading 

contributor to global warming with CO2 (Bond et al. 2013; Ramanathan and Carmichael 

2008). Light Duty Vehicles (LDVs) emit all of these harmful pollutants, which choosing 

a vehicle technology and fuel that limits these harmful pollutants is essential.  

Gasoline fuels and Light-Duty Vehicle (LDV) technologies are changing rapidly 

due to efforts to limit the emission effects on climate, regulate emissions that harm 

human health, reduce the dependence on fossil fuels, and increase vehicle fuel economy. 
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With increasing concentration of oxygenates in gasoline, such as ethanol, vehicle gaseous 

and particulate emissions can change. In addition, changes vehicle technologies, such as 

increase use of Gasoline Direct Injection (GDI), can also effect these emissions. 

Thousands of LDVs drive on major roadways every day and emitting large amounts of 

emissions. Communities near these major roadways are particularly vulnerable to these 

PM and gaseous emissions. In addition, lower income families and minority children live 

in areas that have two times the traffic density compared to other regions in Southern 

California (Boarnet et al. 2001). Moreover, Children are 6 times as likely to develop 

cancer when they reside 250 yards near heavily traveled roadways (Pearson et al. 2000). 

These individuals become helpless to these health effects. Also, these pollutants have 

contributed to a noted decrease in home values near major roadways. Home values 

decrease within ~.25 miles of a major roadway compared to home values that are of a 

greater distance from the major roadways (Boarnet et al. 2001, Langley et al. 1981). A 

reduction in the amount of vehicular emissions is crucial to making these areas healthy to 

inhabit. Which an essential process in emission reductions is measuring the actual 

emissions from new emerging fuels and vehicle technologies. This is to ensure changes in 

vehicle and fuel infrastructure maintain or reduce emission levels and update the global 

aerosol and gaseous emission inventories and models.  

   

1.1 Gasoline Oxygenates and Octane Rating  

Oxygenates are commonly added in gasoline to increase octane rating and to 

reduce crude oil usage. Ethanol is a common oxygenate found in gasoline and is 
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increasing in concentration every year due to the Renewable Fuels Standard (EPA, 2007). 

As of 2012, 10% ethanol in gasoline or E10 is found in almost every gasoline station in 

the United States (EPA, 2013). However, ethanol can be extremely corrosive at large 

concentrations and due to its lower energy content compared to gasoline can decrease 

fuel economy (Yan et al. 2013; Karavalakis et al. 2014). In addition, ethanol can increase 

gasoline’s RVP values thus having fuel manufactures adjust gasoline RVP values to 

comply state and federal regulations (Anderson et al. 2012; Yan et al. 2013).  

Iso-butanol is another oxygenate that is showing promise due to its higher energy 

content and less corrosive compared to ethanol (Morela et al. 2012) . These properties 

make it more ideal to blend with gasoline.  In addition, iso-butanol less corrosive 

properties allow for its use in existing infrastructure. However, iso-butanol is not 

economically feasible due to lower yield production. Iso-butanol is produced from the 

Acetone-Butanol-Ethanol (ABE) method and currently produces lower yields of butanol 

per bushel of corn compared to current production technologies for ethanol (Jin et al. 

2011; Nigam and Singh 2011). Both ethanol and iso-butanol can serve as octane boosters 

thus increasing the octane rating in gasoline (Anderson et al. 2012). 

Aromatic concentration is another octane booster that is commonly found is 

gasoline (Salvia et al. 2005; Nadim 2001). Average gasoline blends today contain 

roughly 25% aromatic concentration and is slowly decreasing due to the addition of 

ethanol. Fuel manufacturers must maintain a constant octane rating. In order to maintain 

a specific octane rating, aromatic concentration must decrease with increasing ethanol 

concentration (EPA, 2013). EPA Tier 3 regulations tries to address this concern with 



4 

 

limiting the amount of aromatics and/or increasing the minimum octane rating in the fuel 

(EPA, 2013).  

1.2 Emerging Vehicle Technologies 

Port-Fuel Injection (PFI) vehicles have been the conventional vehicle in the U.S. 

market for the last several decades. PFI vehicle technology mixes gasoline and air 

together before entering the combustion chamber (Shin et al. 1995). Gasoline Direct 

Injection (GDI) vehicles have seen increased production over the last few years due to 

their increased fuel economy compared to PFI vehicles (Zhao et al.. 1999). GDI vehicles 

inject fuel, separately from air, directly into the combustion chamber (Alkidas 2007). 

This method increases fuel economy by up to 15% compared to PFI vehicles (Alkidas 

2007). The increase in fuel economy helps vehicle manufacturers meet federal fuel 

economy standards which out major changes to the vehicle infrastructure. 

One of the drawbacks to GDI vehicle technology is that it can emit 4 to 5 times 

more PM compared to PFI vehicles (Liang et al. 2013). The increase in PM emissions is 

attributed to increased piston bowl fuel wetting preventing the complete combustion of 

the fuel (Stevens and Steeper 2001). Spray-Guided (SG) GDI vehicles is another 

emerging vehicle technology that sprays the fuel from the top of the piston cylinder in the 

combustion chamber (Giglio et al. 2013). This technique allows for significantly reduced 

PM emissions compared to the WG-GDI vehicle with the expected increased fuel 

economy from a GDI vehicle (Giglio et al. 2013).   

 Conventional vehicles have limits on the total amount of ethanol concentration 

blended with gasoline. There are unknown effects with concentrations of ethanol higher 
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than E10 in conventional vehicles due to the corrosivity of ethanol and the unknown 

long-term compliance of these vehicles using higher ethanol fuels (Cadle et al. 2009). 

Flex Fuel Vehicles (FFVs) incorporate anti-corrosive material in the vehicle allowing for 

increased concentrations of ethanol in gasoline to be used. These vehicles allow up to 

E85 to be used and both PFI and GDI engines are manufactured for their use. 

1.3. Particle Composition 

Particles are formed during combustion through locally fuel rich areas (Kittelson 

1998). These particles can have various compositions such as solid carbonaceous material 

known as soot or BC. Particle diameters below 2.5 µm have the potential for lung 

deposition, which the probability for lung deposition is higher for diameters below 

100nm (Yang et al. 2008, Nauss et al. 1995). Lung deposition of particles has been 

shown to have negative effects on human health (Yang et al. 2008). In addition, organic 

material known as Organic Carbon (OC) can be formed, and can either be water-soluble 

or insoluble. Water-Soluble Organic Carbon (WSOC) can be harmful to human health 

and effect Cloud Condensation Nuclei (CCN) activity. Various cardiovascular and 

pulmonary diseases have been found to be associated with the inhalation of WSOC. Long 

term exposure to WSOC has been linked to induce DNA damage when inhaled. 

Specifically, Reactive Oxygen Species (ROS) activity, known to cause damage to cellular 

macromolecules, has been measured and correlated with WSOC emissions (Verma et al. 

2012; Shafer et al. 2010).  

The characterization of the hydrophobic and hydrophilic properties of PM is 

important to determine the impacts on not only human health but also climate change 
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(IPCC, 2007; Andreae and Rosenfeld, 2008). Cloud formation is achieved from water 

vapor condensing onto aerosols. These aerosols are known as cloud condensation nuclei 

(CCN). Emissions have water-insoluble matter that can affect these water-uptake 

properties which will alter cloud formation. This will have an effect on climate patterns 

and global warming (IPCC, 2007; Squires, 1958). In addition, CCN activity can be 

affected by the amount of WSOC in the atmosphere. Everns et al. (2005) shows that 

WSOC concentration can affect the droplet concentration in the atmosphere. Determining 

the amount to water-insoluble and water-soluble matter from engine exhaust is important 

to find the level of impact vehicles have on climate patterns.  

This dissertation work aims to increase the scientific knowledge on particle and 

gaseous emissions from emerging and conventional vehicle technology using various 

biofuels. It is largely unknown the real-time particle water-solubility from conventional 

vehicles driving on various driving conditions. In addition, WSOM emissions from GDI 

and FFV technologies are largely unknown. Oxygenate concentration in gasoline has 

been increasing in the U.S., which defining the emissions from high oxygenated fuels 

becomes crucial. As oxygenate concentration increases, aromatic concentration has 

decreased in gasoline. These are all factors in this dissertation that will be investigated to 

determine emissions effects.  

1.4. Outline of Dissertation 

Chapter 2 discusses a real-time method developed to determine the water-

insoluble mass fractions of particle emissions. The method was first implemented on a 

near-roadway study located 15 m from the I-710 freeway in Long Beach, CA. BC 
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concentrations were correlated to the water-insoluble mass fraction to find the BC 

contribution to the water-insoluble mass. 

Chapter 3 outlines the particle speciation of emissions from GDI and PFI vehicles 

running on varying aromatic concentrations and octane rating. These vehicles were run 

on the Unified Cycle (UC) and three steady-state speeds of 70, 50, and 30 MPH. Particle 

speciation includes WSOM, particle surface tension, Real-Time Water-Insoluble particle 

emissions, and BC emissions. This chapter determines the effects aromatic content and 

octane rating in emerging and conventional vehicle particle composition emissions. 

Chapter 4 investigates the criteria pollutants, Particle Number (PN), PM mass, 

and Particle Size Distributions (PSDs) of 5 vehicles tested over the Federal Test 

Procedure (FTP) and UC. These 5 vehicles include 3 Port Fuel Injection (PFI) and 2 

Gasoline Direct Injection (GDI) vehicles. The vehicles were run on a range of ethanol 

and iso-butanol concentrations. Little information exists on measurements of particle 

emissions from iso-butanol blended fuels.  

Chapter 5 discusses the particle composition emissions from conventional and 

emerging light-duty vehicles. The vehicle technologies included 3 PFI and 2 GDI 

vehicles over both the FTP and UC. In addition, the vehicles were driven at 3 steady-state 

speeds of 70, 50, and 30 MPH to see particle composition effects from vehicle speed. 

Vehicles used various blends of ethanol and iso-butanol in gasoline.  Black Carbon, 

Water-Soluble Organic Carbon, and Real-Time Water-Insoluble Particle Emissions were 

measured and the determination of their contributions to the total PM mass were 

investigated. 
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Chapter 6 analyzes the criteria pollutants, PN, PM Mass, and PSDs of 4 vehicles 

on ranging ethanol and iso-butanol blends. The vehicle technologies tested include: SG-

GDI, WG-GDI, PFI- FFV, and GDI-FFV. The SG-GDI and WG-GDI vehicles were run 

on ethanol blends ranging from E10 to E20 and iso-butanol blends of B16 to B32. The 

FFVs were run on ethanol blends ranging from E10 to E83 and an iso-butanol blend of 

B55. Vehicles were driven over the FTP and UC. This chapter shows the effects on 

higher ethanol blends on particulate and criteria emissions as well as emission differences 

between WG-GDI and SG-GDI vehicles. 

Chapter 7 investigates the particle speciation of emissions from 4 different vehicle 

technologies. Two of these vehicles include a PFI-FFV and GDI-FFV which used ethanol 

blends of E10 to E83 and an iso-butanol blend of B55. The other two vehicles include a 

SG-GDI and WG-GDI running on ethanol blend of E10, E15, and E20 and iso-butanol 

blends of B16, B24, and B32. Soot, WSOM, Real-Time Water-Insoluble particle 

emissions, and Organic Carbon/ Elemental Carbon fractions were measured. PFI and 

GDI FFV technologies showed changes in particle composition in relation to the total 

mass and differences in SG-GDI and WG-GDI vehicles with particle composition were 

also shown. 

Chapter 8 concluded the findings of this dissertation 
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Chapter 2: A Unique Online Method to Infer Water-Insoluble Mass 

Fractions 

2.1. Introduction 

The mass, size, and water-insoluble chemical composition of particulate matter with 

aerodynamic diameter equal to or less than 2.5μm (PM2.5) significantly affects air quality, 

climate, and human health (Avol et al. 1979; Charleston et al. 1992; Davidson et al. 

2005).  Carbonaceous materials, such as Black Carbon (BC), can contribute to water-

insoluble PM2.5 and their subsequent effects on health and climate.  BC is formed from 

the incomplete combustion of fossil fuels and biomass (Novakov et al. 2000) and can 

have a peak mode below 100 nm in diameter (Rose et al. 2006). BC is defined as light 

absorbing material formed by the incomplete combustion of fossil fuels and biomass.  BC 

is emitted from both anthropogenic and natural sources. Thus the BC combustion species 

is operationally defined by the method of detection. Here, BC is quantified by the ability 

of a material to absorb energy at a 670 nm wavelength. BC aerosol is often considered 

water-insoluble when freshly emitted but can add water-soluble materials in surface 

oxidation and condensation reactions during its atmospheric lifetime (Cooke et al. 1996; 

Koehler et al. 2009; McMeeking et al. 2011; Snider et al. 2010).  Hence as a BC particle 

ages, the particle can modify its overall water-insoluble fraction, hygroscopic properties, 

and reduce the critical water-vapor saturation required to initiate heterogeneous 

nucleation (Zhang et al. 2008). BC has garnered recent attention due to its complex and 

transient role in the atmosphere (e.g., but not limited to Ramanathan et al. 2008; Liggio et 

al. 2012; McMeeking et al. 2011). Freshly emitted BC can absorb radiation and heat the 
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surrounding air (Conant et al. 2002; Chung and Seinfeld 2005; IPCC 2007). However as 

additional water-soluble (or non-refractory materials) condense on the surface, the 

particle can directly reflect sunlight and have a cooling effect that can reduce 

temperatures at the earth’s surface (Bond et al. 2004). The real-time contribution of BC to 

the water-insoluble mass is important for our intrinsic understanding of ambient particles 

and must be quantified.  In this study, we present and test a unique method to estimate 

BC contributions to the inferred water-insoluble mass from real-time particle counts.   

Real-time particle concentrations can be measured using a condensation particle 

counter (CPC). One of the earliest particle concentration counters was introduced by 

Aitken et al. 1890-1891 and counted condensed particles with a magnifying glass. The 

first CPC that used Kelvin-effect measurement principles to size particles was developed 

in 1935 (Junge 1935) and is now the most-widely used method.  In the 1970’s the 

saturation tube, growth tube, and optical particle techniques were implemented to 

improve aerosol counting measurements (Rosen et al. 1974; Bricard et al. 1976). One of 

the first commercial CPCs was developed in 1980 by TSI, Inc. (Agarnal and Sem 1980) 

and uses the same measurement principles as the CPCs used in this study.  

The lower limit of particle detection for CPCs is defined by the 50% particle 

activation efficiency or 50.  The 50 of a CPC is calculated by plotting the ratio of 

particles counted by two distinct counting devices at varying diameters.  For commercial 

CPC calibration, counts are compared with data from an Aerosol Electrometer (an 

instrument that counts particles based on net charge).  Above the 50 diameter, larger 
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particles will likely activate, form droplets, and be detected.  Hence, there are fewer 

statistical counting errors above 50. 

Modern butanol-based CPCs  (B-CPC) can detect aerosols with a lower size limit 

of 3 nm (Stolzenburg and McMurry 1991). Yet stored butanol is flammable and the 

exhaust from the CPC can be toxic if not properly vented. To address these safety 

concerns, a commercial continuous-flow water-based CPC (W-CPC) was introduced to 

the market in 2003 (Hering et al. 2005). The reported 50 for ambient particles away from 

major roadway particle sources is 4.7 nm for the TSI 3785 W-CPC (Liu et al. 2006). A 

newer version of the W-CPC (TSI Model 3786) has 50 = 2.4 nm for ambient particles.  

Hermann et al. 2007 reported a 50 = 7.6 nm for the TSI 3785 Model W-CPC and 50 = 

7.8 nm for the TSI Model 3772 B-CPC for silver particles. The reported W-CPC 50  

diameter was comparable to the B-CPC counting efficiency for silver particles.  

However, adjustments in the temperature gradients between the saturation and growth 

tubes within the CPC can alter the 50 diameter. An increased difference in temperature 

between the saturation and growth tubes in the W-CPC can also decrease 50 diameters 

(Petaja et al. 2006).  Petaja et al. (2006) reports that the 50 of silver particles ranged from 

4 to 14 nm with a temperature difference of 55oC to 15oC, respectively.  

There are few studies that directly compare the differences between the B-CPC 

and W-CPCs. Previous studies discuss the discrepancies that exist. Franklin et al. (2010) 

showed a correlation between 1% of measured geometric mean diameter of the W-CPC 

TSI Model 3786 and the B-CPC TSI Model 3025 for low sulfur diesel particle diameters 
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above 10 nm. Biswas et al. (2005) and Herring et al. (2005) have shown sensitivity 

toward particle counting abilities of the W-CPC for particles that range below 30 nm for 

ambient particle measurements. Mordas et al. (2008) concluded that the efficiency of the 

W-CPC (TSI 3786) was dependent on the chemical composition of the particle but 

provided little or no chemical information.  Kulmala et al. (2007) presented a method that 

used four CPCs consisting of an ultrafine W-CPC, ultrafine B-CPC, W-CPC, and B-CPC 

called a condensation particle counter battery (CPCB). The CPCB is used to infer 

chemical composition information of newly formed particles between diameters of 2 to 

20nm. Kulmala et al. (2007) CPCB study aligns the 50 diameter (50=11nm) for both the 

W-CPC and B-CPC. In CPCB operation, a hygroscopic particle lowers the 50 diameter; 

the W-CPC will measure a larger particle concentration than the B-CPC. A study with the 

CPCB in the Boreal Forest finds new particle formation compositions have a strong 

affinity for water (Riipinen et al. 2009) and therefore the comparison of CPCs can 

determine the hygroscopicity of a particle up to 20nm. A similar exploitation between the 

butanol and water based instruments but different method is explored in our study to 

understand the effects of chemical composition on the lower detection efficiency.  

In this study we quantify the particle hygroscopicity parameter with simultaneous 

particle detection in butanol and water-based CPCs.  The developed theory, derived from 

classical thermodynamics of droplet formation, estimates the water-insoluble mass in 

particle compositions.  A late model W-CPC, with smaller instrument temperature 

gradient, was used to exploit the theoretical differences in particle counting 

measurements that can be used to infer the water-insoluble mass. The method was 
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calibrated with known simple organic and inorganic aerosol compositions, and the 

experimental set-up (Section 2.1) was applied to a field study.  The differences in the two 

CPC instruments provide quantitative and real-time information on the water-insoluble 

component found in near-road aerosol sources.  

2.2. Theory and Analysis 

2.2.1. Water-Insoluble Mass Estimates Method 

The method described here uses a W-CPC and B-CPC with two separate electrostatic 

classifiers and Differential Mobility Analyzers (DMAs). When operated in scanning 

mode to rapidly size and count electrical mobility particle distributions, the unit is often 

referred to as a scanning mobility particle sizer (SMPS). Two SMPS units were used for 

this analysis; one with a B-CPC and the other with a W-CPC. Each unit consists of a TSI 

3080 Electrostatic Classifier with a TSI 3081 DMA and CPC. The experimental setup is 

shown in Fig. A-1. The SMPS samples a polydispersed flow of particles and charges 

particles with a Krypton-85 radioactive source.  An equilibrium charge distribution was 

applied to particles entering the DMA.  Then the electrical mobility of the particles size 

selects particles into a monodisperse flow (Wang et al. 1990). The dry monodispersed 

particles then flow into the CPC; the concentration of size-selected particles was 

measured. The SMPS was connected to either a B-CPC (TSI Model 3772) or a W-CPC 

(TSI Model 3785). Both CPCs were synchronized and verified to be scanning on the 

same universal time. Because CPCs were not connected to the same electrostatic 

classifier during the field study, the 50 values were averaged over a 10 minute period. 
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This ensured both CPCs were counting the same particles during the averaging period. 

Each electrostatic classifier has a scan time of 2.25 minutes with a sheath flow rate of 10 

L/minute. A total of four scans were performed for each 10 minute average;  four 50 were 

calculated for each averaged value. We report differences in CPC particle counts below 

250 nm by taking the ratio of particle concentrations from the water and butanol based 

counting instruments.  For our analysis, it was assumed that the B-CPC counts all 

particles measured in the DMA selected size range. The differences in CPC particle 

counts were used to estimate the water-insoluble mass (Section 2.3). Discrepancies 

between the W-CPC and B-CPC, especially those between the minimal detectable size 

(10nm and 40nm) were attributed to particle solute properties. Unlike the CPCB, our 

method size selects each particle. In addition, the CPCs were not calibrated to have the 

same 50. Thus the method presented here can determine the particle hygroscopicity 

parameters for much larger particle diameters (up to 40 nm, given the TSI 3785 set-point 

water-vapor saturation). The 40nm limit is estimated from the thermodynamic models 

discussed in the next section. 

2.2.2. Droplet Growth in CPCs 

In CPCs, dry particles are exposed to a high relative humidity, or saturated vapor of the 

working fluid.  Saturation, S, is the ratio of partial pressure (Pv) to the saturation vapor 

pressure (Psat) of the working fluid. After the particles exposure to saturated conditions, 

the B-CPC employs a cooled growth tube to condense the working fluid vapor on the 

particle surface, which initiates wet droplet growth. For butanol-based instruments, it is 
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assumed that activation depends on the Kelvin effect and the maximum S encountered 

along the particle trajectory through the condenser (Stoltzenberg and McMurry 1991). 

The process to form wet particles in the W-CPC is different.  The initial saturation 

area in the W-CPC is cool; the W-CPC uses a cold growth tube to produce the saturated 

working fluid vapor followed by a wetted/warm-walled condenser to grow wet particles 

(Hering et al. 2005). When the particle passes through the condenser, the mass transfer of 

water vapor is faster than the thermal transfer of heat to the aerosol flow. Lower 

molecular weight water vapor molecules diffuse more quickly, from the wetted/warm 

wall, to the particle surface than air and water molecules condense in the saturated 

environment. Dry particles are wetted, activated and grow to sizes detected by the optical 

counter. 

Here, we present the robust theory of chemical effects for droplet formation and 

then explain the simplifications and assumptions used from the original theory for our 

analysis. The heterogeneous condensation of water vapor into the particulate phase can 

be predicted with Köhler Theory (Köhler 1936). 

    (1) 

where R is the universal gas constant, T is the temperature at activation, D is the wet 

droplet diameter, ρb is the density of the bulk fluid condensing onto the particle (water or 

butanol), Mb is the molecular weight of the bulk fluid, and σb is the surface tension at the 

droplet vapor/liquid interface. ab is the activity of the bulk fluid.  Köhler theory is the 

combination of the Kelvin effect that increases vapor pressure and the dissolved solute 
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effect that decreases vapor pressure at the droplet surface. When solute effects are 

negligible, ab = 1. Equation 1 reduces to the Kelvin term. Thus a maximum critical 

saturation, Sc, exists for which a minimum layer of water is required to form a droplet. Sc 

is greater than one and critical supersaturation, sc,  (Sc -1) is commonly used in its place.  

For dry particles greater than 40 nm exposed to water or butanol sc > 2%, the Kelvin term 

dominates and the dry particle will experience uncontrollable droplet growth.   Assuming 

the Kelvin effect is ideal and governed by the fluid properties, changes in particle 

activation for a given fluid are thus controlled by the dissolved solute properties and the 

activity of the droplet solution.    The water activity, aw, is approximated by Raoult’s Law 

where aw is equivalent to the mole fraction of water in droplet solution. Rearrangement of 

Eq. 1 yields  (Seinfeld and Pandis 2006); 

  ,    and      (2) 

where ns is the moles of solute and ν is the ion dissociation of the particle in water. For a 

spherical solute particle, ns is related to the dry particle diameter, ds, the density of the 

particle, ρs and the molecular weight of the particle, Ms such that sc and ds  are related as 

follows: 

        (3) 

For an instrument with sc, ds is equal to the theoretical ε50 diameter. Köhler Theory 

requires explicit chemical information of each solute species present.  For unknown and 
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rapidly changing particle composition, the full Köhler Theory is complex. The theory can 

be simplified to predict the activation behavior of soluble and insoluble particle mixtures. 

 

2.3 Water-Insoluble Mass Fraction Estimates 

Traditional  Köhler theory can be rewritten in terms of a single solute parameter  called 

- Köhler theory. aw is parameterized as follows (Petters and Kreidenweis 2007): 

       (4) 

where Vs is the Volume of the solute, Vw is the volume of water, and κ is the 

hygroscopicity parameter.  For multicomponent system at equilibrium the Zdanovskii, 

Stokes, and Robinson (ZSR) assumption is applied.  A simple mixing rule is derived for 

which 

 (5) 

where εi is the component volume fraction of species and κi is the hygroscopicity 

parameter of that component. 

 The parameter  characterizes the effects of solute composition for droplet 

activation. -values can range from 0 to 1; where 0 is less hygroscopic but wettable and 1 

is a very hygroscopic solute.  The  value is calculated from direct measurements of ds 

(or ε50) measurements at a fixed instrument sc as follows:  

 (6) 
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- Köhler theory (Eq. 6) is similar to Eq. 3 but assumes the σb properties of the droplet 

are that of the pure fluid. Changes in measured κ values suggest chemical changes in 

solute composition (Petters and Kreidenweis 2007).  The changes in composition can be 

approximated with a two-component model of low hygroscopic and highly hygroscopic 

solute material. In this study, we choose sulfuric acid (SA) and dioctyl phthalate (DOP) 

as a proxy two-component mixture. SA has been measured in vehicular diesel exhaust, 

and is believed to be a key nucleation gas component in engine new particle formation 

(Tobias et al. 2001; Arnold et al. 2006; Arnold et al. 2012).  SA is highly hygroscopic 

and has a sa=0.9 (Petters and Kreidenweis 2007). Motor vehicle particulate composition 

(up to 95%) is dominated by unburned lubricating oil and fuel spectral signatures 

(Schauer et al. 1999; Tobias et al. 2001; Sakurai et al. 2003).   DOP has been previously 

used as a proxy for hydrophobic but wettable aerosol from vehicular exhaust (e.g., Asa-

Awuku et al. 2009).  DOP is a diester of phtlaic acid with DOP ≈ .01.  

The two-component mixtures were applied for two reasons 1) the simple model 

must comprise of materials that may be found near major roadway sources and 2) each 

component must have distinct water-affinities, preferably approaching realistic limits of 

the single parameter, -hygroscopicity.  By assuming a unit particle density and a two-

component mixture, we infer the water-insoluble mass fraction, χ with Eq. 7. 

 (7) 

where, am is the hygroscopicity of ambient unknown composition (Eq. 6. and Sect. 2.3). 

am is also an indication of the hygroscopic fraction (assuming ideal Kelvin with a two 
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component hygroscopic and a low hygroscopic core with  =1 and 0, respectively).  

Equation 7 is a modified approximation accounting for likely hygroscopic and a low 

hygroscopic, but wettable, components found in vehicular exhaust. Equation 7 is a form 

of Eq. 5, where the water-insoluble volume fraction, χ, relates specifically to DOP and κi 

is the κ of either SA or DOP. am is derived from measurements using Eq. 6, where only 

the χ term is unknown. The SA and DOP two-component model (Eq. 7) provides 

conservative estimates of χ within 15% uncertainty. 15% uncertainty is derived from the 

variability of am in section 3.2. The uncertainty includes 10% error in particle counting 

from CPC instrumentation. In follow-up work, Petters and Kreidenweis (2008) and 

Petters and Kreidenweis (2013) discussed the limitations of partially soluble species and 

surfactant partitioning in -Köhler theory. As with traditional Köhler theory, chemical 

speciation is required to account for the non-ideal solubility and surfactant tension effects 

in the extension of - Köhler theory. In this study, we utilize the single parameter first 

posed in Petters and Kreidenweis (2007) that assumes a complete soluble and insoluble 

species exists to provide fast measurements of particle hygroscopicity.  If the size 

distribution is assumed to be internally mixed (a uniform composition is applied to each 

size), we can estimate the mass of water-insoluble material as χ multiplied by the particle 

volume distribution and unit density. 
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2.2.2.2. External Mixing State Effects   

In complex aerosol, there are multiple chemical species that can inhibit droplet 

activation. These chemical species may be indicative of an external mixture of two 

distinct soluble populations at different sizes.  These populations will produce two 

separate ε50 diameters, which will also produce multiple am. The weighted average of 

multiple am represents the varying chemical composition. The corresponding water-

insoluble mass fractions, χ, can be averaged to provide an overall water-insoluble mass 

fraction. Each corresponding water- insoluble mass fraction is solved with Eqs. 6 and 7. 

Once an overall water-insoluble mass fraction is calculated, Eqs. 6 and 7 are rearranged 

to solve for an overall κam and overall ε50. 

2.2.3. Method Calibration and Analysis 

 The water-insoluble mass estimate method was calibrated with atomized 

ammonium sulfate, sodium chloride, and DOP.  For calibration, the atomized aerosol is 

dried and size selected with the TSI Model 3081 DMA. The monodisperse stream was 

split and the W-CPC and B-CPC sample at a rate of 1 LPM, respectively.  For a given 

particle diameter, the ratio of W-CPC counts was divided by B-CPC counts. The data 

selected for each scan of the size distribution is similar to a cloud condensation nuclei 

(CCN) activation curve; the ratio of activated water droplets to total particles versus 

particle diameter is plotted. This economical method is similar to the use of a CCN 

counter with a sc =2% to retrieve κ values for the measured particles. A sigmoidal 

equation was fit to the data to find the diameter corresponding to a ratio of 0.5. Fig. A-2 
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shows the curve for both ammonium sulfate, sodium chloride and DOP. The ratio of 0.5 

is the ε50 that is assumed to be the minimum diameter for droplet activation and 

subsequently used to calculate . Again,  was calculated in Eq. 5 with the only unknown 

parameter, ε50. This same method for calculating  was also used to calculate the ambient 

hygroscopicity near roadway (am), obtained from during the field study. The ε50 

measured for calibration ammonium sulfate aerosol was 16.9 nm, as shown in Fig. A-2.  

A 16.9 nm critical diameter is used in in Eq. 6 to calculate the single hygroscopicity 

parameter, .   for the calibration is 0.62 within ± 0.1 of published and theoretical values 

for the CCN activation of ammonium sulfate (Petters and Kreidenweis 2007).  The 

calibration procedure was repeated with DOP. For DOP  < 0.00804 and ε50 =71.3 nm; 

consistent with wettable but low hygroscopic material (Fig. A-2). In addition, the 

calibration procedure was repeated for sodium chloride.   =1.38 and ε50 =12.9 nm for 

NaCl. The measured  for sodium chloride is ± 0.1 to the literature value of 1.28 (Petters 

and Kreidenweis 2007). Each of the calibration solution ε50 measurements were measured 

with the same instrument critical supersaturation (sc) at 2%. It was assumed that the 

presence of multiple charged particles is negligible for our data. The calibration data 

agrees well with literature values thus supporting this assumption. The experimental 

analysis was applied to ambient aerosol measurement to infer real-time water-insoluble 

mass estimations. Thus in addition to the field measurement, the proposed experimental 

method was also tested with known aerosol in controlled settings.    
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2.2.4. BC Measurement and Analysis 

 BC mass concentration was measured with a multi-angle absorption photometer 

(MAAP). The MAAP is a filter-based measurement that uses one light source at 670 nm 

to produce photons directed toward an accumulation of particles on Teflocarbon filter 

paper (Petzold et al. 2004). The back scattering of these photons was then measured by 

four photodetectors located at 45 degree intervals. As particles accumulate on the filter 

paper, the light transmitted back or above the filter paper correlates to the concentration 

of BC.  A photodetector below the filter paper determines the upper limit of detection. 

The upper limit occurs when < 10% of light emitted is transmitted through the filter 

paper.  Once this is achieved, clean filter paper is moved on to the detection area for 

continuous online black carbon measurements. Calibrating the instrument requires a 

known amount of BC that is aerosolized and then analyzed with the MAAP. Aquadag © 

aqueous solution is atomized and then dried. The Aquadag ©  BC  mass concentration is 

simultaneously measured with an Aerosol Particle Mass (APM, Kanomax model 3600) 

Analyzer (Schwarz et al. 2006) and the MAAP.  After calibration, The MAAP BC 

concentrations agree to within ± 11% of APM measurements. 

 

2.2.5. Field Study Location  

 The Interstate Highway 710 (I-710) is a major truck route in Southern California. 

Approximately 20% of the I-710 total traffic flow is comprised of heavy-duty trucks.  

Measurements were taken 15 meters east (and mostly downwind) of the I-710, on the 
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southbound side of the freeway near the intersection with Long Beach Blvd. on May 10th 

(weekday) and 14th, 2011(weekend). There were no other significant sources of particles 

other than the highway traffic emissions.  Data were provided for the days which 

simultaneous sizing and counting instrumentation is available. All instruments were 

housed inside one of SCAQMDs air conditioned monitoring trailers. Five minute average 

traffic information (i.e. total and heavy duty diesel traffic flows) on the north and 

southbound I-710 lanes were retrieved from Caltrans website (http://pems.dot.ca.gov). 

Meteorological instrumentation recorded wind direction and velocity data (Fig. A-3).  

 

2.3. Results and Discussion 

2.3.1. Black Carbon and Particle Number Concentration  

Fewer than 200 trucks and ~ 1000 cars per 5 minute traversed the I-710 highway 

on the weekday and weekend.  The concentration of cars and trucks (Fig. A-4) showed 

small variations for both days.  However significantly less vehicles travelled on the 

highway during the weekend. On both days, wind and particle instrument measurements 

increase in magnitude/direction in the late afternoon (14:00 and 16:00 PDT, pacific 

daylight time). A significant change in wind direction from downwind to upwind of the 

freeway occurs for both the BC and total particle concentrations (Fig. 2-1a). Downwind 

aerosol measurements are considered to be when freeway aerosols were flowing in the 

opposite direction of the sampling inlet. Whereas, upwind aerosol measurements are 

defined as when the freeway aerosols were flowing in the direction of the sampling port 
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inlet. Data showing the total particle concentration measured with a W-CPC (TSI Model 

3781) was only available for the weekday measurements during the campaign. The BC 

concentration for both days (Fig. 2-1), reached a maximum 10 minute average 

concentration of 3 g m-3 and 1 g m-3 at 14:00 and 16:00 PDT for the weekday and 

weekend measurements, respectively. The measurements were averaged every 10 

minutes with a lower detection limit of 0.1 g m-3. BC concentrations on the weekend are 

lower compared to the weekday concentrations. Lower BC concentrations are likely due 

to fewer weekend heavy-duty vehicle traffic (Fig. A-4.)   

 

Fig. 2- 1. Ten minute averaged black carbon (BC) and particle number (PN) 

concentrations from water-based (W-CPC) particle concentrations on the weekday (a) 

and only averaged BC concentrations on the weekend (b).  

 

2.3.2. Particle Size Distribution 

The particle counts of both the W-CPC and B-CPC instruments were compared to 

infer solute properties. A ten minute average was applied to the particles counts for each 

particle diameter of each instrument. Ten minute averages account for size distribution 
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number and variability of four size distribution scans (2.25 minutes each) taken with the 

SMPS. A ratio of the W-CPC to B-CPC particle count averaged data was calculated. 

Again, ε50  is calculated from the ratio of W-CPC and B-CPC particle counts which was 

used to calculate am (Eq. 5). We note that there were occurrences in our data set, 

especially above the 200 nm regime, where the W-CPC recorded greater particle counts 

than the B-CPC.  For these occurrences at high instrument sc, particle size (surface area) 

is more important for droplet activation than solute composition.  Thus we focus our 

comparison on the discrepancies near or below 40 nm.  

Fig. 2-2 shows the relationship between two CPCs for the weekday and weekend. 

There were fewer particle counts in the W-CPC data compared to the B-CPC data. The 

instruments agree above the 30 nm particle diameter range.   
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Fig. 2- 2. The weekday particle size and number distributions measured with a (a) B-CPC 

and (b) W-CPC. The weekend particle size and number distributions measured with a (c) 

B-CPC and (d) W-CPC. The scale between the figures shows particle number 

concentration (# cm-3).  

 

 

Fig. 2-2a and 2-2b show a large increase in particle counts after 14:00 hrs. The 

increase in particle number concentration correlated to the change in sampling wind 

direction (downwind to upwind, Fig. 2-1). Lower particle number concentrations persist 

during the weekend.  The weekday and weekend diurnal profiles are similar. Fewer 

particles were measured during the weekend. The B-CPC size distributions had a 

majority of weekend particle counts below the 40 nm range (Fig. 2-2c). The W-CPC size 

distribution (Fig. 2-2d) show fewer particles below the 30nm range (similar to the 
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comparison of weekday measurements Fig. 3-2a-b). Both Figs. 2-2c and 2-2d show an 

increase in particle concentration at 16:00 hours, which is due to the change in wind 

direction.   

 

Fig. 2- 3. The comparison of water to butanol particle concentration counts (ratio from 0 

to 1) for the (a) weekday and (b) weekend measurements. 

 

The ratio of particle number concentrations measured by B-CPC and W-CPC is 

shown in Fig 2-3.  Before changes in wind direction on the weekday (Fig. 2-3a), the W-

CPC measured fewer than 50% of the particles below 30nm measured by the B-CPC.  

Hence a gradual change in the activation ratio occurs as particles increase in size 

(observed via the changing color gradient in Fig. 2-3). Before the change in wind 

direction on the weekend (Fig. 2-3b.), the W-CPC measures 50% of the particles at a 

range of sizes below 100nm.  However, the CPC count ratio was more variable on the 

weekend than on the weekday (Fig. 2-3). The diameter for which the W-CPC measures 

50% or more of the total particles occurs at sizes above and below 30 nm for the upwind 

weekend measurements.   
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Fig. 2- 4. Changing κ (dashed line) and ε50 (solid line) for both weekday and weekend 

data sets. The shaded region represents the time before the wind change. 

 

Fig. 2-4 shows the aerosol ε50 and calculated κam values for sampling downwind 

and upwind of the freeway.  As ε50 increases, κam decreases.  A sample activation plot is 

shown in Fig. A-5 for the weekday and weekend, which is used to determine ε50. Multiple 

ε50 values were shown from upwind of the freeway aerosol. The average ε50 was used to 

calculate κam values for multiple ε50 (Section 2.3.1). The weekend has more of these 

multiple ε50 which accounts for the variation in ε50 (Fig. A-5).  The overall hygroscopicity 

parameter decreases (Δ κam ~ 0.35)   for upwind aerosols on both days.  Despite changes 

in traffic patterns and overall particle concentrations, κam was greater than 0.6 (very 

hygroscopic) in the morning hours and then becomes less than 0.2 (slightly hygroscopic). 

Though there were significantly more particles emitted during the weekday (Fig. 2-2.), 

the composition of particles on the weekday and weekends were similar. The changes in 

particle soluble composition were dominated by changing wind direction aerosol 

sampling rather than traffic volume.  
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2.3.3. Inferred Water-Insoluble Mass  

 Fig. 2-5 correlates the inferred water-insoluble mass and BC mass concentration. 

The water-insoluble mass was estimated from the particle volume distributions and κam 

(Fig. 2-4).  The total particle mass was estimated using the aerosol size distributions 

measured from the B-CPC particle number, assuming a density of 1 g/cm3. 1 g/cm3 was 

used as an estimate for the density of the particles sampled since density information was 

not measured. Turpin and Lim (2001) determined the density of the Los Angeles Basin 

aerosol was about 1.2 g/cm3.  The difference in prescribed and literature roadway source 

aerosol density is within 25%.The weekday data points correlate to a slope of 1 to 1; 

whereas the weekend data points correlated to the 2 to1 line (Fig. 2-5.). The majority of 

these points were within 25% of the slopes (dotted lines in Fig. 2-5). During the weekday 

BC mass concentrations are equivalent to the estimated particle water-insoluble mass 

(Fig. 2-5a). This was determined from the data correlating with the 1 to 1 line.  On the 

weekend, the BC concentration and the estimated water-insoluble mass data were within 

25% of the 2 to1 slope; suggesting the estimated water-insoluble mass increases more 

rapidly than the BC mass concentrations.  

 



37 

 

 

Fig. 2- 5. Black Carbon Concentration versus inferred water insoluble mass from the 

weekday (a) and weekend (b) measurements.  The solid line shows the rate of increase; 

either 1:1 for the weekday and 2:1 for weekend.  Dashed lines represent 25% deviation 

from (a) 1:1 or (b) 2:1 solid lines.  

 

Both slopes in Fig. 2-5 were positive and thus BC mass concentrations contribute 

to the estimated water-insoluble mass. We note that BC may not be the only water-

insoluble component from roadway emissions. The weekend data shows a larger amount 

of the estimated water-insoluble mass compared to the BC mass concentration  (data 

points correlate with the 2 to 1 line) indicating that BC is not the only water-insoluble 

composition. There may be other particulate compositions (i.e, lubrication oil) that can 

contribute to the water-insoluble mass estimates that may not absorb light at a 670 nm 

wavelength.  Conversely our data shows that the weekday measurements of BC material 

may be entirely water-insoluble; the contribution of BC was the main source of water-

insoluble mass for the weekday.  The unknown water-insoluble compositions contribute 

less than 25% uncertainty to the correlation of the water-insoluble mass estimates and BC 
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mass concentrations for the weekday.  Additionally, changes in unit particle density could 

contribute to the 25% deviations. Nonetheless, the data shows that the presence of BC 

(and other water-insoluble materials) affect counting efficiencies of the W-CPC.  

 

2.4. Summary 

The aerosol solute composition affects the counting efficiency of W-CPC and B-CPCs. 

Published work confirms discrepancies exist between the two CPC instruments and can 

be used to infer water-affinities (Kulmala et al. 2007; Riipinen at al. 2009). In this study, 

two SMPS systems measured differences in particle size and number distributions with 

two CPCs of different working fluids.  The method was used to capture quick changes in 

solute hygroscopicity and gain quantitative insight into the ephemeral nature of near 

road-way sources. Initial calibration measurements confirm that the discrepancies in CPC 

readings can be attributed to the estimated water-insoluble mass and are consistent with 

classical thermodynamic theory. The method presented here is different than those 

already published, and is able to determine particle hygroscopicity up to a 40nm particle 

diameter (instead of 10nm with the method described in Kulmala et al. (2007)). The 

method can find critical activation diameters that are translated into a single 

hygroscopicity parameter, .  The assumption that particles are a two-component mixture 

of highly hygroscopic and low hygroscopic compositions works well for internally mixed 

aerosols. In our near roadway field study the sampled air mass particle number, 

composition, and estimated water-insoluble mass varied with traffic patterns and wind 
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direction.  Sampling downwind to upwind of the freeway aerosol had the greatest 

influence on measurements; particles from the freeway that were directly adverted to the 

sampling port inlet during peak traffic hours were less hygroscopic than those measured 

earlier in the day.  The fresh vehicular emissions contained higher concentrations of BC 

and water-insoluble material that were less likely to nucleate in the W-CPC.  The particle 

number concentrations that contained water-insoluble material affected the counting 

efficiency of the instrumentation.  On the weekend, the increase in the water-insoluble 

mass estimates was about two times the contribution of the BC. This suggests that other 

species (e.g., aerosol that do not absorb at 670nm wavelengths) were present and water-

insoluble.  Thus other water-insoluble species from near-roadway sources may affect the 

efficiency of water-based condensational particle counting instrumentation. Additional 

chemical composition measurements (not available during this field study) can provide 

further insight into the total particle composition. The coupling of CPCs with different 

working fluids can provide fast and real-time evidence of changes in hygroscopic 

composition. A conservative estimate of the water-insoluble mass fraction from traffic-

related aerosols can be inferred using a two-component mixture of wettable hydrophobic 

material and highly hygroscopic solute. 
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Chapter 3: Components of Particle Emissions from Light- Duty Spark-

Ignition Vehicles with Varying Aromatic Content and Octane Rating in 

Gasoline 

3.1. Introduction 

Gasoline manufactured in the U.S. contains several components (e.g., oxygenates 

and aromatic compounds) that are used to modify gasoline octane rating.  An example 

component, Tetraethyl lead (TEL), was used to increase the octane rating of the fuel, thus 

allowing for better combustion within the engine (Nadim et al. 2001). However, TEL 

proved to be detrimental to air quality and was banned from all consumer fuels (Nadim et 

al. 2001). Other additives were found to replace TEL and provide the octane rating 

needed for gasoline (Nadim et al. 2001). These additives include oxygenates, such as 

ethanol, and aromatic hydrocarbons (Nadim et al. 2001; Silva et al. 2005; Perry et al. 

1995). Regulations of these additives in the U.S. are enforced by state and federal 

governments. For example, the California Air Resources Board (CARB) limits the 

amount of aromatic hydrocarbons to be 35% by volume in gasoline (CARB 2010) . The 

federal baseline of aromatic hydrocarbons for conventional gasoline in the U.S. is ~29% 

for summer and winter blends (Weaver et al. 2010).   Gasoline blends of 10% ethanol are 

found in most gas stations across the United States (RFS 2007). However, due to the 

increased ethanol concentration in fuels over the last decade, the amount of aromatics in 

fuels has decreased to not exceed the minimum octane rating (EPA 2013). If this trend 

continues, aromatic concentrations could be considerably lower if E15 fuels become the 

standard in the U.S.  
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The most common light-duty vehicle (LDV) engine in production is the Port-Fuel 

Injection (PFI) engine (Zhao et al. 1999). PFI technology mixes air and gasoline before 

entering the combustion chamber. Hybrid vehicles use a variation of PFI engine 

technology and an electric motor. Both engines alternate as the primary running engine to 

decrease fuel usage and increase the rate of energy storage in the form of lithium ion 

batteries.  Gasoline direct injection (GDI) engines have increased in manufacturing and 

are predicted to dominate the U.S. market in the future (Zhao et al. 1999; Graham 2005). 

GDI technology injects gasoline and air in the combustion chamber separately (Zhao et 

al. 1999). Previous studies have concluded GDI engines increase PM emissions 

compared to PFI engine on E10 blended gasoline (Liang et al. 2013). 

Vehicular particle emissions can cause adverse health effects. PM composition, 

such as water-soluble, can pose a health risk to humans (Ramagolam et al. 2009; 

Gutierrez-Castillo et al. 2006; Valavandidis et al. 2008; Squires 1958 and references 

therein). Water-soluble PM has been linked to pulmonary and cardiovascular diseases, 

and long- term exposure is shown to cause human DNA damage (Ramagolam et al. 2009l 

Gutierrez-Castillo et al. 2006). Water-soluble and water-insoluble organic materials and 

metals have been linked with the cellular production of reactive oxygenated species 

(ROS) (Geller et al. 2006; Verma et al. 2010; Biswas et al. 2009). Furthermore,  

hygroscopic particles can grow to droplet sizes when inhaled and enhance PM deposition 

rates (Longest et al. 2010).   

To our knowledge, there is a lack of research for particle composition and number 

emissions from combustion with varying aromatic concentration and octane rating. A 
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companion paper to this report will be published with criteria pollutant and air toxic 

emissions associated with this study. The primary focus of this work is to determine 

particle hygroscopicity and composition effects from current light duty vehicle (LDV) 

inventory and possible fuel blends. In particular, the effect of decreased oxygenated and 

aromatic components in the combustion of alternative fuels of advanced vehicle 

technologies and their subsequent impact for particulate matter (PM) emitted from 

vehicles will also be explored. The study will discuss changes in these emissions from 

fuels, differences in engine technologies, and operating conditions. PM mass and PN are 

noted to be much larger for the GDI vehicles compared to the PFI vehicles, as is shown in 

the Supplemental Materials. Data presented show vehicle speed effects on BC emissions 

rates and water-insoluble particle composition from varying aromatic fuels and octane 

rating. Fuel properties and vehicle technology can impact emissions. This will work will 

also show that vehicle speed also plays an important role in the particle composition 

emissions.   

 

3.2. Experimental Methods 

3.2.1. Testing Procedure 

 Vehicles were tested at the Vehicle Emissions Research Laboratory (VERL) 

located at the College of Engineeing- Center for Environmental Research and 

Tehcnology (CE-CERT). VERL is equipped with a Burke E. Porter light-duty chassis 

dynamometer and a constant volume sampler (CVS) that creates uniform dilution of the 
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emissions from the tailpipe for each vehicle. Vehicles were tested over 3 California 

Unified Cycles (UC). Additional information about the transient cycle procedure can be 

found in the Appendix B.1. After the cycle, the vehicles were driven at three steady-

state speeds (70, 50, and 30 MPH). 

 

3.2.2. Test Vehicles and Fuels 

Seven vehicles were tested, which include five passenger cars and two light 

duty trucks. The vehicle engine configurations include 5 wall-guided GDI technology 

vehicles, one hybrid vehicle with a PFI configuration, and one conventional PFI 

vehicle. The vehicle test matrix includes 5 passenger cars: 2012 Chevrolet Impala, 2012 

Mazda 3, 2012 Kia Optima, 2012 Honda Civic Hybrid, and a 2012 Nissan Altima. The 

majority of these vehicles were GDI technology except the Nissan Altima, which was a 

conventional PFI, and a Honda Civic Hybrid, which was a hybrid vehicle with a PFI 

configuration. In addition, two light-duty trucks were also tested, a 2012 Ford-F150 and 

a 2012 GMC Terrain. Both light-duty trucks had GDI technologies. All vehicles were 

certified to meet the Federal Tier 2, Bin 2 exhaust emission standards or the California 

LEV-II, SULEV exhaust emissions standards. The vehicles were Tier-3 like, which 

Tier-3 regulations have yet to be implemented. The Ford F-150 was equipped with a 

3.5L V-6 Ecoboost engine. The Ford F-150 was certified to meet the Tier 2 Bin 4 

emission certification.  

 Four fuels with varying aromatic content were used in this study. All fuels were 

blended with nominal aromatic content of 15%, 25%, and 35% by volume. In addition, 



54 

 

the fourth fuel has higher octane number but the same aromatic content as the third fuel 

(35% Aromatics by volume). These aromatic fuels were blended to be within 0.5 vol% 

of the specific aromatic target. Sulfur content was maintained at appromimately 27ppm. 

All fuels are blended with ~10 vol% ethanol (E10). The lubrication oil used was 5W-20 

and non-synthetic. Additional fuel properties are listed in Appendix Table B-1. 

 

3.2.3. Online Particle Water-Insolubility 

For the experiment setup, a water-condensation particle counter (W-CPC) (TSI 

Model 3785) and butanol- CPC (B-CPC) (TSI Model 3772) were used with an 

electrostatic classifier (TSI Model 3080).  Scanning mobility particle sizer (SMPS) is 

used to determine the size and number of particles (Wang et al. 1990). The 

characterization of the size distribution is important, as heterogeneous particle nucleation 

is a function of particle size. The electrostatic classifier selects a particle diameter 

between 10 to 289 nm.  The dry particles then exit the classifier and the stream is split 

into both the B-CPC and the W-CPC. A particle scan from 10 to 280 nm takes 

approximately 135 seconds, thus about 17 scans were completed during a UC. Significant 

differences between these instruments were shown for particles below 40 nm (Short et al. 

2014). The difference is due to the particle hygroscopicity properties or κ. As the surface 

area of the particle decreases, the particles solubility properties have an increasing effect 

on the probability of droplet activation (Short et al. 2014).  

Appendix Fig. B-3 shows the real-time plot of the ratio of water to butanol 

particle counts for a given SMPS scan. The plot shows a sigmoidal distribution from 0 to 
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1. When the distribution reaches a ratio of 0.5 then 50% of the total particle, for any 

particular diameter, are forming droplets within the W-CPC. The diameter of the particles 

that reach this 50% threshold is known as the critical diameter or ds. This operates under 

the assumption that the B-CPC provides total particle number. The diameter, ds, that 

corresponds to this 0.5 ratio is used to calculate the Water-Insoluble Mass (WIM) 

fraction. The WIM fraction is the total fraction of particles that exhibit water-insoluble 

properties of particles with diameters below 40nm. The method is calibrated with 

aerosolized ammonium sulfate. The ds for ammonium sulfate was 20.5 nm at the W-CPC 

instrument critical supersaturation and is consistent with predicted results published in 

(Petters and Kreidenweis 2007). To find an cumulative overall WIM fraction over a 

driving cycle, the total W-CPC to B-CPC ratio was found. The ratio was calculated by 

the sum of each total particle number for every particle diameter selected by the 

electrostatic classifier. A plot of the ratio was used to determine an overall ds for that 

particular vehicle and fuel. Appendix B.2 and Short et al (2014) gives a more detailed 

description of the method to determine the WIM fraction from ds. 

 

3.2.4. Water-Soluble Organic Mass Fraction and Surface Tension 

Measurement 

Teflon filter samples were taken during each UC test. Hence, the WSOC and 

surface tension measurements are representative of the cumulative aerosol composition.  

Each filters was placed in a vial and sonicated for 90 minutes with Millipore © DI water 

(18mΩ, < 100ppb). Once sonicated, large non-dissolved particles were removed using a 
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Whatman© 25mm syringe filter. The sample was then diluted into ratios of 1:1, 1:3, and 

1:5.  Each vial contains 30mL of sample. The surface tension, σb,  for each samples was 

measured with a pendant drop tensiometer (Attension Theta 200). The tensiometer is an 

optical unit that uses the Young-Laplace equation to compute the droplet surface tension. 

100 images were captured for each droplet.  The water-soluble organic carbon (WSOC) 

concentrations of these samples were measured using a GE Seivers 900 Total Organic 

Carbon (TOC) analyzer.  The instrument takes two measurements per sample of total 

dissolved organic carbon and inorganic carbon. The total dissolved organic carbon 

concentration, in ppm or mg/L, was then multiplied by the amount of water added (60 

mL). The WSOC concentration was then multiplied by the ratio of the average organic 

molecular weight per carbon weight, 1.2, to account for all water-soluble organic 

noncarbonaceous components (Turpin and Lim 2001). This term is defined as the Water 

Soluble Organic Mass (WSOM). The WSOM mass was divided by the total mass of PM 

on the filter to determine the water-soluble organic mass fraction.  

3.2.5. Online Black Carbon Measurement 

A Multi-Angle Absorption Photometer (MAAP) (Thermo Scientific Model 5012) 

measures BC concentrations. The MAAP applies a light source at ~670 nm on a flat layer 

of aerosol accumulated on Teflocarbon filter paper. Four optical detectors, above the 

filter paper, then determine the backscattering of light from the aerosol. The scattering is 

correlated with the concentration of black carbon. Calibration of the instrument can be 

done using 2 different procedures. The thermometer, pressure sensor, and sample flow 

rate are calibrated first. The calibration is also verified by aerosolizing Aquadag© BC 
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solution and simultaneous measuring the solution with an aerosol particle mass (APM, 

Kanomax Model 3600) Analyzer and the MAAP (Schwarz et al. 2006). Both methods 

were used in this study.  The calibrations used in this test resulted within ± 12% 

agreement with the APM measurements. 

3.3. Results and Discussion 

3.3.1. Water-Soluble Organic Mass  

 This section discusses the WSOM results from the method described in Section 

2.4. Results are shown for six vehicles (except the Nissan Altima) and all four fuels over 

the UC in Fig. 3-1a. In general, there were consistent fuel trends of increasing WSOM 

emission factors with increasing aromatics for most vehicles with an average WSOM 

emission factor (EF) of 1.34 mg mi-1. The GMC Terrain showed the highest WSOM EF 

value from all 6 vehicles, which was 4.97 mg mi-1 for the 15% aromatic fuel. The WSOM 

EF for the Honda Civic Hybrid increased by 37% from 0.29 mg mi-1 to 0.39 mg mi-1 for 

the 15% aromatic fuel compared to the 35% aromatic fuel. The Kia Optima showed a 

46% increase in the WSOM emission factor from 1.19 mg mi-1 for the 15% aromatic fuel 

to 1.73 mg mi-1 for the 35% aromatic fuel. The Ford F-150 had a WSOM EF increase of 

42% from the 15% aromatic fuel to the 35% aromatic fuel. All three of these vehicles did 

not show a change in the WSOM EFs with an increase in the fuel octane rating. The 

Chevrolet Impala showed a 123% increase in the WSOM emission factor from the 15% 

to the 35% aromatic fuel. The increased octane rating fuel decreased the WSOM 

emission factor 47% to 1.1 mg mi-1 for the Chevrolet Impala. For the Mazda 3, the 



58 

 

WSOM emission factor did not show an effect from the different aromatic contents or 

octane ratings with an average WSOM EF of 0.91 mg mi-1. 

 

 

 

Fig. 3- 1. The WSOM Emission Factor (a.) and the WSOM/PM mass Fraction (b.) over 

the UC cycle for six vehicles tested. 

 

a. 

b. 



59 

 

In Fig. 1b, the WSOM/PM mass fractions are shown for the six vehicles tested 

over the UC cycle. The 15% aromatic fuel has a consistently larger WSOM/PM mass 

fraction compared to the other fuels tested, ranging from 0.2 to 0.65. The other fuels 

range from 0.05 to 0.4 for the 15% aromatic fuel. The majority of the PM emissions are 

WSOM for the Chevrolet Impala, Mazda 3 and the GMC Terrain. The Ford F-150 shows 

the lowest WSOM/PM mass fractions of all the vehicles. The Honda Civic Hybrid has a 

large fraction of WSOM for all fuels. The highest aromatic content fuels and the high 

octane rating fuel showed WSOM (~0.15) emission factors similar to those reported in a 

previous study for a PFI vehicle (Chueng et al. 2009).  

3.3.2. Paraffin and Isoparaffin compound effects on WSOM/PM mass 

emissions 

The WSOM/PM Mass emissions were above 0.4 wt% for the 15% Aromatic fuel and 

very low for the other fuels. This trend was correlated with several fuel compounds and a 

correlation was found between WSOM/PM Mass fraction and the wt% of Iso-paraffins 

and the dominate iso-parrafin compound (2,2,4 trimethylpentane or iso-octane), Table 1. 

The sum of the Iso-paraffins and C8 iso-paraffins and iso-octane had the largest amounts 

in the 15% aromatic fuel and dropped 50% for the 25% aromatic fuel. WSOC/PM mass 

also showed a 50% decrease in the fraction between the 15% and 25% aromatic fuels. 

The iso-paraffin amounts and WSOM/PM Mass fractions for the other three fuels were 

relatively low and remained low (<10%wt and <0.2). 
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15% Aromatics 9.21 40.69 20.54 13.70 0.498 0.375 0.509 0.674 0.634 0.185 

25% Aromatics 12.93 26.39 10.87 6.55 0.335 0.100 0.241 0.163 0.184 0.083 

35% Aromatics 13.17 20.2 3.62 2.49 0.304 0.152 0.250 0.118 0.087 0.046 

35% Aromatics 

with High 

Octane 

12.08 23.87 10.9 9.31 0.4 0.178 0.175 0.202 0.101 0.089 

 

Table 3- 1. Paraffin and Isoparaffin compounds in all fuels with WSOC/PM Mass 

fraction emissions for six vehicles tested 

Studies have shown that the oxidation of paraffins is possible with a TWC (Yung 

Fang 1980; Canvani and Trifiro 1999). In addition, Yung-Fang et al. (1980) showed that 

a increased number of carbon chains also increase oxidation rates at high temperatures 

(200-500oC). In addition, Curran et al. (2002) proposed mechanisms of iso-octane 

oxidation from which other carbon chain free radicals may form. Thus, the TWC could 

be potentially oxidizing these particular isoparaffins, making the particles more soluble. 

The spectated organic composition is unavailable. However, it is possible that the 

oxidation of C8 iso-paraffins would cause an increase in WSOM when an increased C8 

iso-paraffin concentration exists in the fuel. 

Potential effects on human health from the inhalation of WSOM can be caused by 

an increase in paraffin and iso-paraffin concentrations. The results have shown that a 

50% increase in paraffin and iso-paraffin concentrations increased the amount of WSOM 
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emitted by as much as 50%. This could have a potentially more significant impact on 

human health from vehicular emissions. In addition, communities near roadways with 

large concentrations of vehicular traffic could be especially vulnerable from these 

increased emissions. Increases in hygroscopic and WSOM emissions can have an impact 

on Cloud Condensation Nuclei (CCN) activity (Ervens et al. 2005; Ekman et al. 2007). 

Increases in CCN will impact climate by reflecting sunlight back into space, thus causing 

a cooling effect on the earth’s surface (Pierce and Adams 2009). More effectively 

quantifying vehicle EFs of WSOM and other water-soluble material could be crucial to 

obtaining a better radiative budget. 

3.3.3. Water- Insoluble Mass Fraction by Phase 

 Fig. 3-2 shows the results of the WIM faction for each individual phase of the 

UC. Collectively, the results suggest that particle emissions during phase 2 dictate the 

water-insolubility of the particles overall. Phase 2 is more transient in nature with higher 

average vehicle speed and load than cold-start and hot-start phases. The WIM fraction 

changes with respect to vehicle speed. In Fig. 3-2c, the Kia Optima results are shown. 

The results from the Kia Optima show a more significant decrease in the WIM fraction 

between phases 1 and 2. Phase 1 and 3 PM emissions were largely water-insoluble, but 

phase 2 particle emissions were more soluble particle emissions. The WIM fraction for 

the 15% aromatic fuel decreased by 94% from phase 1 to phase 2, ranging from 0.05 to 

0.9. Fig. 3-2a shows the results from the Chevrolet Impala and Fig. 3-2b shows the 

results from the Nissan Altima. These vehicles were selected because their water-

insoluble particle emissions were similar to and representative of other vehicles in the 
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fleet. For example, the Nissan Altima had similar water-insoluble particle emissions 

compared to the Honda Civic Hybrid and the Chevrolet Impala had water-insoluble 

particle emissions similar to those for the Mazda 3 and Ford F-150. In Fig. 3-2a for the 

Chevrolet Impala, the WIM fraction for the 25% aromatic fuel decreased by 20% 

between phases 1 and 2. For the same fuel, the WIM fraction decreased by 35% for the 

Nissan Altima (Fig. 3-2b), ranging from 0.59 to 0.91. The results from these two graphs 

show that phase 1 and 3 have higher WIM fractions compared to Phase 2. The results for 

the GMC Terrain, Mazda 3, Honda Civic Hybrid, and Ford F-150 are shown in Appendix 

Fig. B-4.  
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Fig. 3- 2 Water-insoluble mass faction by Phase for the Chevy Impala (a.), Nissan Altima 

(b.), and the Kia Optima (c.) computed over the entire UC cycle 

3.3.4. Cumulative Water-Insoluble Mass Fraction 

 As shown in Fig. 3-3, the majority of the cumulative emissions for the vehicles 

were water-insoluble. The Honda Civic Hybrid, Nissan Altima, Chevy Impala, and 

Mazda 3 do not show any particular fuel trends, with WIM fractions ~0.9. The Kia 

Optima, GMC Terrain, and Ford F-150 show increasing WIM fractions with increasing 

aromatic content. The WIM fractions for the Kia Optima increased by 23% between the 

25% and 35% aromatic fuels, ranging from 0.59 to 0.76. In addition, the Kia Optima 

showed that the highest octane rating fuel produced the lowest WIM fraction (0.54) of all 

(c.) 

(b.) (a.) 
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four fuels. The other two vehicles showed an increase between the 15% and 35% 

aromatic content fuel of 189% for the GMC Terrain and 17% for the Ford F150. For the 

GMC Terrain, the higher octane rating fuel showed an equivalent WIM fraction with the 

25% aromatic content fuel (WIM fraction of 0.51). The Ford F150 showed a 6% decrease 

in the WIM fraction from the 35% aromatic fuel to the high octane rating fuel. 

 

 

Fig. 3- 3 Water-insoluble mass faction calculated over the UC cycle 

3.3.5. Particle Hygroscopicity and BC Concentration during Vehicle 

Steady-State Speeds 

The vehicles were driven at 3 different steady-state speeds of 70, 50, 30 mph. To 

better understand particle water-insolubility during steady-state speeds the hygroscopicity 

term, , is reported. Particle hygroscopcity was determined through Equation 3 in in 

Appendix B.2. As stated in the experimental section, as  approaches 1, the particles are 
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less water-insoluble; as  approaches 0, particles are more water-insoluble. The results 

for the particle hygroscopicity values and BC concentrations for each steady-state 

condition are shown in Fig. 3-4 for the Chevy Impala, Nissan Altima, and Kia Optima. 

These vehicles were chosen because of the similar WIM fraction results described in 

Cumulative Water-Insoluble Mass Fraction section. The other vehicle steady-state results 

are shown in Fig. B-5. Some fuels during the 70 mph steady-state speed had  values 

higher than 1, showing the particles were highly hygroscopic. A common vehicular 

emission component, sulfuric acid, has a  value of 0.9, which means that other highly 

hygroscopic components could be present in the emissions. Although the specific highly 

hygroscopic component cannot be determined in this study due to the limitations of the 

instruments used. The majority of particle emissions at 70 mph tend to be less 

hydrophobic and water-insoluble than sulfuric acid.   
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Fig. 3- 4  values for the Chevy Impala (a.), Nissan Altima (c.), and Kia Optima (e.) and 

BC concentration for the Chevy Impala (b.), Nissan Altima (d.), and the Kia Optima (f.) 

for steady-state vehicle speeds of 70, 50, 30 MPH 

(a.) (b.) 

(c.) (d.) 

(e.) (f.) 
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The  values for the Chevrolet Impala, Nissan Altima, and Kia Optima, over the 

steady-state cycles are shown in Fig. 3-4a, 3-4c, and 3-4e, respectively. All vehicles show 

decreasing particle hygroscopicity with decreasing vehicle speed. For the Chevrolet 

Impala, the largest  value was 1.05 for the 70 mph speed. The Nissan Altima showed the 

largest hygroscopicity reduction between the 70 and 50 mph speeds of 73% and the 

largest  value for the 70 mph speed of 1.41. The Kia Optima showed some of the 

highest  decreases of all the vehicles in this study with a 91% decrease in the  values 

from the 70 to 30 mph speeds for the 35% aromatic fuel with the high octane rating. In 

addition, the Kia Optima showed a different effect from that of the mph other vehicles, 

with large decreases in particle hygroscopicity between the 50 to 30 MPH speeds.  

BC concentrations are shown in Fig. 3-4b, 3-4d, and 3-4f. The majority of the 

trends for all three vehicles show that BC concentration decreases with vehicle speed. 

This trend was also consistent with particle hygroscopicity. The Chevrolet Impala BC 

concentration from 70 to 30 mph decreases from 9.445 to 0.340 µg m-3. In addition, BC 

fuel trends shown during the UC were also seen for the Chevrolet Impala BC 

concentrations during steady state speeds. The BC steady-state fuel trends were not 

similar to the BC EFs over the UC for the Nissan Altima, which increasing aromatic 

concentration did not increase the BC concentrations over the steady-state speeds. The 

BC steady-state concentrations for the Kia Optima followed a relatively similar pattern to 

those for the UC, where increasing aromatics increased BC emissions. 
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High vehicle speeds were shown to cause increases in particle hygroscopicity and 

lower particle water-insolubility. Phase 2 of the UC cycle contains higher vehicle speeds 

and accelerations than the other 2 phases in the cycle. Fig. 3-2 shows that the Kia Optima 

and GMC Terrain emit lower WIM fractions during phase 2 of the UC because of the 

higher vehicle speeds. In addition, the cumulative overall WIM, Fig. 3-3, are low for the 

Kia Optima and GMC Terrain compared to the other GDI vehicles. In addition, steady 

state vehicle conditions, Fig. 3-4, showed that higher vehicle speeds produce more 

hygroscopic particles (κ > 1) compared to lower vehicle speeds (κ < 0.1). Thus, vehicle 

speed directly effects particle hygroscopcity. The cumulative WIM fractions reflect 

emissions at lower vehicle speeds in phase 1 rather than phase 2 because the majority of 

particle emissions were emitted.  

3.3.5. BC Emission Rate 

 It is assumed that all BC emissions from these vehicles is water-insoluble. The 

BC emissions were compared to the WIM fractions by dividing the BC EFs by the total 

PM mass, shown in the next section. This will be used to determine the BC contribution 

to the cumulative WIM fraction. Fig. 3-5a shows the BC EFs for all seven vehicles driven 

over the UC.  Increasing aromatic content increases BC EFs. Increased octane rating in 

fuel reduces the BC EFs for the GDI vehicles. In addition, the GDI vehicles emit more 

BC and exhibit larger differences in BC with increasing aromatic content compared to the 

PFI vehicles. The BC EFs for the GDI vehicles ranged from 255 µg mi-1 to 2385 µg mi-1. 

BC emissions for the Kia Optima increased by 190%, the Chevrolet Impala increased by 

138%, Mazda 3 increased by 356%, the GMC Terrain increased by 334%, and the Ford 
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F150 increased by 155% from the 15% to 35% aromatic fuels. The GMC Terrain had the 

largest range of BC EFs between the 15% and 35% aromatic fuels, from 549.7 µg mi-1 to 

2385.4 µg mi-1, respectively. The Honda Civic Hybrid showed a BC EF increase of 

107%, ranging from 136 µg mi-1 to 282 µg mi-1, between the 15% to 35% aromatic fuels. 

BC EF for the Nissan Altima increased by 175%, ranging from 83 µg mi-1 to 228 µg mi-1, 

between the 15% to 35% aromatic content fuel.  
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Fig. 3- 5 The BC Emission Factor (a.) and BC/PM Mass Fraction (b.) for all seven 

vehicles and all fuels driven on the Unified Cycle (*Unavailable data values) 

 

Increased octane rating in fuel reduces the BC EFs for the GDI vehicles. There 

was no effect from the increase in octane rating for the Nissan Altima or Honda Civic 

Hybrid with a BC EF of 230.19 µg m-3 and 260.7 µg mi-1, respectively. The increase in 

octane rating at the 35% aromatic composition had a varying, but definitive, effect for the 

5 GDI vehicles. With the 35% aromatic with high octane fuel, the Kia Optima has a BC 

emission factor of 817.7 µg mi-1, similar to the 15% aromatic content BC concentration. 

The higher octane number fuel was similar to the 25% and 35% aromatic content fuel for 

the Chevrolet Impala vehicle at 1103.1 µg mi-1. The Mazda 3 had a BC EF, of 730 µg mi-

1, also similar to the 25% aromatic and 35% aromatic BC EF. The BC emissions factor 

for the 35% aromatic fuel with high octane was 2038.5 µg m-3 for the GMC Terrain and 

a. 

b. 

* 
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1295.6 µg mi-1 for the Ford F-150. These values were both similar to the 25% and 35% 

aromatic content BC emissions for their respective vehicles. 

3.3.6. BC/PM Mass Fraction 

The fraction of BC to PM mass is shown in Fig. 3-5b for all seven vehicles. PM 

Mass emission factors are shown in Appendix Fig. B-6. It should be noted that due to a 

lack of PM mass measurements for the GMC Terrain on the 35% aromatic with high 

octane number fuel there are not any BC to PM mass fractions reported. The fractions 

were averaged for each trial where both PM and BC emission factors were available. The 

Honda Civic Hybrid and Nissan Altima vehicles showed larger BC and PM fractions 

compared to the GDI vehicles. The impact of increasing aromatic content and octane 

rating was less consistent for the BC to PM fraction than with the BC emission rate.  The 

BC to PM ratios for the Honda Civic Hybrid, Chevrolet Impala, Mazda 3, and the Ford F-

150 vehicles decreased with increasing aromatic content from 15% to 35%. Interestingly, 

the Honda Civic Hybrid was the only vehicle of this set which was not a GDI vehicle. 

The Ford F-150 had the largest BC to PM mass fraction decrease, of about 54% between 

the 15% and 35% aromatic fuels, which was similar to the decrease for the Chevy Impala 

(53%) and the Honda Civic Hybrid (48%) vehicles, with the Mazda 3 vehicle having the 

smallest decrease of about 36%. The Nissan Altima, Kia Optima, and GMC Terrain 

vehicles had statistically similar BC and PM fractions with increasing aromatic content in 

gasoline. The higher octane rating fuel had similar BC to PM mass fractions to the 35% 

aromatic content with lower octane rating fuel for the Honda Civic Hybrid, Nissan 

Altima, Chevy Impala, Mazda 3, and Ford F-150, which were 0.32, 0.44, 0.18, 0.16, and 
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0.10, respectively. The Kia Optima vehicle showed a significant decrease of 49% in the 

BC to PM mass fraction for the higher octane number fuel. Overall, the ratios of BC to 

PM mass were considerably low compared to the overall WIM fractions shown in Fig. 3. 

Over half of all PM emissions are composed of material other than the measured BC in 

this study. This study is the first to determine the BC EFs, over the UC, from the optical 

techniques implemented with the MAAP. Other studies have shown measurements of BC 

using a photoacoustic technique, where the BC contribution to the total PM mass is much 

larger (~80%) [34-36]. However, this studies BC measurements contribute additional 

information into the complex properties and measurement of BC.  

Large increases in BC emissions could have a profound effect on climate patterns 

if aromatic level fuels were to become more heavily produced. However, increased 

octane rating in fuels has the potential to reduce BC emissions with the higher aromatic 

fuels. BC is a short lived climate forcer in the atmosphere that has the ability to absorb 

radiative light, thus causing a warming effect. If increased production of wall-guided GDI 

vehicles are to be heavily produced as predicted, then there could be a large change in 

climate patterns due to the increased amounts of BC. The results showed that GDI 

vehicles are 5 to 6 times higher emitters of BC compared to the PFI and Hybrid vehicles. 

In addition, the higher aromatic fuels increased the amounts of BC EFs. The 35% 

aromatic fuel increased the BC EF by as much as 350% from the 15% aromatic fuel. 

However, BC was reduced with the higher octane rating fuel. If the trend of decreasing 

aromatics in fuels continues and higher octane rating fuels become more common (due to 
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higher ethanol blends) than reductions in BC from the higher PM emitting GDI vehicles 

could be shown.  

 

 In the next decade, higher ethanol concentrations in gasoline will become more 

common due to the Renewable Fuels Standard (RFS). Decreasing aromatic concentration 

in gasoline may also become common due to increased ethanol concentration. The results 

show that decreasing aromatic concentration also decreases PM mass and more 

importantly BC from the high emitting GDI vehicles. High ethanol concentrated gasoline 

may be a better alternative fuel in the market in terms of decreased BC emissions. As 

ethanol concentrations are increased in the U.S., the higher octane fuel would effectively 

decrease BC emissions from the high PM emitting GDI vehicles thus helping to minimize 

BC impacts on the atmosphere.  
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Chapter 4: Criteria and Particle Emissions from Port Fuel Injection 

and Gasoline Direct Injection Vehicles on Ethanol and Iso-Butanol 

Blended Fuels 

4.1. Introduction 

Globally the on-road transportation sector contributes significantly to air pollution and 

climate change. One of the challenges for the automotive manufacturers is to decrease 

pollutant emissions meeting strict fuel economy and carbon dioxide (CO2) emissions 

requirements. One possible solution is the use of oxygenated biofuels. Biofuels have been 

the subject of significant political and scientific attention, owing to concerns about 

climate change, global energy security, and the decline of world oil resources that is 

aggravated by the continuous increase of the demand for fossil fuels. Among the different 

oxygenated biofuels being used globally today, ethanol is the most widely employed, 

although geographically its usage is somewhat restricted to U.S. and Brazil. In 2010, the 

United States (U.S.) Environmental Protection Agency (EPA) implemented the 

Renewable Fuel Standard (RFS) Program Final Rule, which mandates the use of 36 

billion gallons of renewable fuels to be blended into transportation fuel by 2022, with 

ethanol expected to make up the majority of this requirement (RFS, 2007). 

Another pathway that could help reach the congressionally mandated biofuel volumes is 

the use of bio-butanol. Butanol or butyl alcohol also has potential as a biofuel for use in 

internal combustion (IC) engines Szwaja and Naber (2010) and Merola et al. (2013). 

Analogous to ethanol, butanol can be produced both by petrochemical and fermentative 

processes. Biomass-derived butanol can be produced by alcoholic fermentation of 
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biomass and agricultural feedstocks, such as corn, wheat, sugar beet, sugarcane, and 

cassava Xue et al. (2013). Butanol is a higher-chain alcohol with a four-carbon structure. 

It exists as different isomers based on the location of the hydroxyl (OH) group and 

carbon chain structure. Butanol offers a number of advantages over ethanol for 

transportation use. Butanol is less corrosive than ethanol, has a higher energy content 

than ethanol, and more closely resembles gasoline. In comparison to ethanol, butanol has 

higher tolerance to water contamination, potentially allowing its use of the existing 

distribution pipelines, whereas ethanol must be transported via rail or truck (Jin et al. 

2011). Butanol also has an increased octane number compared to gasoline, but lower than 

ethanol. Butanol’s heat of vaporization is less compared to ethanol, which would provide 

cold-start benefits for engines running with butanol blended fuels compared with ethanol 

blends with gasoline (Cooney et al. 2009). 

In addition to the alternative fuels diversity in the fuel pool, the automotive 

manufacturers have taken efforts in improving the overall efficiency of gasoline powered 

passenger cars, which is directly connected to meeting more stringent carbon dioxide 

(CO2) emissions limits. To reach CO2 targets, different strategies have been studied, 

including engine downsizing and higher boost pressures in combination with direct 

gasoline injection. Gasoline Direct Injection (GDI) engines can offer up to 25% 

improvement in fuel economy compared with port-fuel injected (PFI) engines (Zhao et al. 

1999). This is mainly achieved through reductions in pumping and heat losses when 

operated unthrottled at low-mid loads. GDI fueling for gasoline engines significantly 

improves engine power, which allows the engine displacement volume to be reduced for 
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a given application, even while the engine performance improves (Alkidas 2007). The 

penetration of GDI vehicles in the U.S. market is rapidly increasing. It is foreseen that 

this category of vehicles will dominate the gasoline market, eventually replacing the 

conventional and less efficient PFI vehicles. It is interesting to note that in the U.S., half 

of all light-duty vehicle certifications for the 2012 model year included gasoline DI 

engines, reaching approximately 24% of the market, up from virtually 0% in 2007. This 

trend is expected to dramatically increase, with a projection of 48% and 93%, 

respectively, of all new vehicles having GDI engine by 2016 and 2025 (MECA, 2013). 

One of the drawbacks of GDI engines is the increase in particulate emissions in 

comparison to PFI engines, due to combustion in fuel rich regions in the cylinder. Aakko 

and Nylund (2003) found that particle mass emissions for a GDI vehicle were an order of 

magnitude higher than for a PFI vehicle for the European 70/220/EEC driving cycle. 

Szybist et al. (2011) reported that particle number emissions with GDI fueling increased 

by 1–2 orders of magnitude compared to PFI fueling. There are also a plethora of studies 

examining the effects of ethanol on gaseous and particle emissions from PFI and GDI 

vehicles. Studies of older vehicles have generally shown reductions in total hydrocarbons 

(THC), non-methane hydrocarbon (NMHC), and carbon monoxide (CO) emissions with 

ethanol blends, while nitrogen oxide (NOx) emissions have either shown no significant 

changes or increases with increasing ethanol blends (Knoll et al. 2009; Durbin et al. 

2007; Graham et al. 2008). Karavalakis et al. (2012) found that THC, NMHC, and CO 

emissions were lower with ethanol blends, while NOx emissions showed some increases 

with increasing ethanol content in gasoline. These trends were more consistent for the 
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older vehicles in the study. They also found higher acetaldehyde and some higher 

formaldehyde emissions with the ethanol blends, whereas the toxic compounds of 

benzene and 1,3-butadiene were lower. A recent study by Bielaczyc et al. (2013) showed 

small reductions in THC, CO, and NOx emissions from SI-PFI vehicles with higher 

ethanol blends over the New European Driving Cycle (NEDC). They also found that the 

addition of ethanol caused a decrease in the number of particles and a significant 

reduction in particulate matter (PM) mass emissions. Maricq et al. (2012) showed small 

benefits in PM mass and particle number emissions as the ethanol level in gasoline 

increased from 0% to 20% when testing a GDI turbocharged vehicle with two engine 

calibrations. They also found higher reductions in both PM mass and particle number 

emissions with ethanol contents >30%. Finally, Storey et al. (2010) reported that NOx 

emissions decreased with increased ethanol concentration, while some increases were 

seen in THC emissions when they tested a turbocharged GDI vehicle over the Federal 

Test Procedure (FTP) cycle and the more aggressive US06 cycle. They also showed 

reduced PM mass and particle number emissions with ethanol blends. 

Butanol has not been studied as extensively as ethanol. An earlier study found that 

butanol blends resulted in lower CO2, CO, and NOx emissions compared to gasoline 

(Gautam et al. 2000). Dernotte et al. (2010) assessed different butanol–gasoline blends at 

different engine loads, spark timings, and equivalence ratios in a SI-PFI engine. They 

found some THC reductions with butanol, while no significant differences were seen in 

NOx emissions. Schulz and Clark (2011) carried out a study comparing various ethanol 

blends and a 16% butanol blend using six modern technology vehicles over the FTP 
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cycle. They found a limited number of statistically significant differences between the 

fuels tested, however, a decreasing trend in CO and formaldehyde emissions was 

observed with the butanol blend compared to gasoline. With respect to GDI engines, 

Wallner and Frazee (2010) found that NOx, CO, and THC emissions were lower with 

increasing butanol content in gasoline, while some increases were seen for formaldehyde 

and acetaldehyde emissions when they utilized n-butanol and iso-butanol as blending 

agents with gasoline. In a similar study, the same authors showed lower volumetric fuel 

consumption and lower NOx emissions for butanol compared to ethanol blends (Wallner 

et al. 2009). 

The purpose of this investigation is to elucidate the effects of fuel type and blend 

concentration for ethanol and iso-butanol on the exhaust emissions from five modern 

technology light-duty gasoline vehicles fitted with PFI and GDI stoichiometric engines. 

Testing was conducted over the FTP and the Unified Cycle (UC) that include effects of 

both cold-start and transient operation. The study utilized a total of seven alcohol blends, 

including 10%, 15%, and 20% ethanol blends and 16%, 24%, and 32% butanol blends, 

and an alcohol mixture consisting of 20% ethanol and 16% butanol. 

4.2. Experimental 

4.2.1. Test fuels and vehicles 

A total of seven fuels were employed in this study. The fuel test matrix included an E10 

fuel (10% ethanol and 90% gasoline), which served as the baseline fuel for this study, 

and two more ethanol blends, namely E15 and E20. For this study, iso-butanol was 
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blended with gasoline at proportions of 16% (Bu16), 24% (Bu24), and 32% (Bu32) by 

volume, which is the equivalent of E10, E15, and E20, respectively, based on the oxygen 

content. In addition, an alcohol mixture consisting of 20% ethanol and 16% iso-butanol 

(E10/Bu8) was used. This mixed alcohol formulation was equivalent to E15 based on the 

oxygen content. All fuels were custom blended to match the oxygen contents, maintain 

the Reid vapor pressure (RVP) within certain limits (6.4–7.2 psi), and match the fuel 

volatility properties, except the E10/Bu8 fuel that was a 50/50 splash blend of the E20 

and Bu16 fuels. The main physicochemical properties of the test fuels are given in 

Appendix Table C-1. 

This study utilized five light-duty gasoline vehicles of different designs (passenger cars 

and trucks). The vehicles included a 2007 model year (MY) Honda Civic equipped with a 

PFI engine, a 2007 MY Dodge Ram equipped with a PFI engine, a 2012 MY Toyota 

Camry equipped with a PFI engine, a 2012 MY Kia Optima equipped with a GDI engine, 

and a 2012 MY Chevrolet Impala equipped with a GDI engine. The Honda Civic, Dodge 

Ram, Toyota Camry, Kia Optima, and Chevrolet Impala had 29,000, 52,400, 13,500, 

11,824 and 25,372 miles, respectively, at the start of the test campaign. The technical 

specifications of the test vehicles are given in Appendix Table C-2. It should be noted 

that not every vehicle was tested on all fuels. Only the Toyota Camry and the Kia Optima 

were tested on the E10/Bu8 mixture. 
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4.2.2. Driving cycles and measurement protocol 

Each vehicle was tested on each fuel over three Federal Test Procedure (FTP) and three 

Unified Cycle (UC) tests. The 6 tests on a particular fuel were conducted sequentially 

once the vehicle was changed to operate on that fuel, and the fuel was not changed to 

another fuel during this time. A fuel change with multiple drain and fills was conducted 

between the testing on each fuel to condition the vehicle and ensure no carryover effects. 

Detailed information on the driving cycles employed in this study and the testing protocol 

are provided in Appendix Section C-2. 

4.2.3. Emissions testing and analysis 

All tests were conducted in CE-CERT’s Vehicle Emissions Research Laboratory 

(VERL), which is equipped with a Burke E. Porter 48-inch single-roll electric 

dynamometer. A schematic on the experimental setup and sampling system on a chassis 

dynamometer is provided in Appendix Fig. C-2. A Pierburg Positive Displacement 

Pump–Constant Volume Sampling (PDP–CVS) system was used to obtain certification-

quality emissions measurements. For all tests, standard bag measurements were obtained 

for THC, CO, NOx, non-methane hydrocarbons (NMHC), and CO2. NMHC was 

determined from the combined results from the THC analyzer and a separate CH4 

analyzer. Bag measurements were made with a Pierburg AMA-4000 bench.  

PM measurements were made on both a mass and number basis. PM mass samples were 

collected cumulatively over the entire FTP and UC cycles, with one sample collected for 
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each test. Total PM mass determinations were collected using 47 mm Teflon® filters and 

measured with a 1065-compliant microbalance in a temperature and humidity controlled 

clean chamber. Particle number measurements were made with a TSI model 3772 

condensation particle counter (CPC) for the Honda Civic and Dodge Ram and a TSI 

model 3776 CPC for the Toyota Camry, Kia Optima, and Chevrolet Impala. The TSI 

3772 was replaced by the TSI 3776, since it has a lower cut point, 2.5 nm compared to 

10 nm for the TSI 3722, and also a low coincidence error, which is below 300,000 

particles per second. 

4.3. Results and discussion 

The figures for each emissions component show the results for each vehicle tested on the 

alcohol blends over the FTP and UC cycles based on the average of all tests conducted on 

that particular fuel blend. The error bars represent the standard deviation for the average 

of each fuel. Statistical comparisons between fuels for a given vehicle were made using a 

2-tailed, 2-sample, equal variance t-test. For the purpose of this discussion, results are 

considered to be statistically significant for p ⩽ 0.05. 

4.3.1. Regulated emissions 

THC emissions for all vehicle/fuel combinations over the FTP and UC test cycles are 

shown in Fig. 4-1a. In general, THC emissions were found at low levels for all five 

vehicles for both test cycles, ranging from 0.005 to 0.12 g/mile for the FTP and 0.005 to 

0.09 g/mile for the UC. Higher THC emissions were observed for the older model PFI 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0005
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fueled Honda Civic and Dodge Ram vehicles compared to the newer vehicles. Overall, 

the largest portion of THC emissions was emitted during the first 200–300 s of the FTP 

and UC cycles (bag 1) when the engine was cold, ranging from 0.014 to 0.675 g/mile for 

the FTP and 0.043 to 1.135 g/mile for the UC. The higher cold-start THC emissions can 

be attributed to the catalyst being below its light-off temperature during the cold-start 

phase and incomplete combustion products from the fuel enrichment during start up. For 

the GDI vehicles, it was hypothesized that an important source of THC emissions would 

be fuel impingement on combustion chamber surfaces. It is therefore reasonable to 

assume that a portion of THC emissions might be derived from unburned fuel fractions 

during the initial stages of the cold-start portions of the FTP and UC. 
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Fig. 4- 1. THC (top panel, a) and CO (bottom panel, b) emissions for all vehicle/fuel 

combinations over the FTP and UC test cycles 
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Fuel effects showed mixed results for different vehicles and cycles. For the PFI vehicles, 

the E20 and Bu16 blends showed lower THC emissions for the Honda Civic on the FTP 

and for the Dodge Ram over the UC, but showed higher THC emissions for the Toyota 

Camry over the UC. The GDI Kia Optima showed some of the strongest trends, with the 

E15, E20, Bu16, and E10/Bu8 showing higher THC emissions than E10, but the higher 

butanol blends were either lower or comparable to the Bu16 fuel. The Chevrolet Impala 

showed very limited fuel differences, with most fuel pairs showing no statistically 

significant differences. 

Trends of decreasing THC emissions with increasing alcohol concentration have 

generally been seen in previous studies utilizing test cell engines or larger fleets of older 

technology vehicles (Knoll et al. 2009; Karavalakis et al. 2012; Schulz et al. 2011; Gu et 

al. 2012). This phenomenon has been widely attributed to the presence of oxygen content 

in the fuel, which leans the air–fuel ratio and promotes oxidation during combustion and 

over the catalyst. On the other hand, some increases in THC emissions with ethanol and 

butanol fuels have been observed in previous studies conducted with test cell engines and 

light-duty vehicles (Durbin et al. 2007;Dernotte et al. 2010). The present study did not 

show strong fuel trends over the fleet of vehicles tested. In particular, while specific 

vehicle/cycle combinations may have shown differences between fuels, these differences 

were generally not consistent for both cycles on a particular vehicle, or for more than one 

of the vehicles. The lack of strong trends indicates advancements in catalyst technology 

and air/fuel ratio control are reducing the impact of fuel differences on exhaust emissions. 

Overall, there is not a strong trend of higher or lower THC emissions for the butanol 
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blends in comparison with the ethanol blends with the equivalent oxygen content. 

Previous studies have suggested that iso-butanol could produce lower THC emissions due 

to the lower latent heat of vaporization of iso-butanol compared to ethanol (Wallner et al. 

2009). 

Fig. 4-1b presents the influence of ethanol and iso-butanol addition on CO emissions for 

both cycles. The higher alcohol fuels showed lower CO emissions for the Honda Civic on 

both cycles and for the higher emitting Dodge Ram over the UC. This is consistent with 

previous studies that have shown reductions in CO with increasing alcohol content due to 

improved oxidation of the CO as a result of the oxygen content in the fuel (Karavalakis et 

al. 2012; Schifter et al. 2001). For the Honda Civic, a statistically significant decrease of 

20% for E20 relative to E10 was seen over the FTP, while statistically significant 

decreases of 17% and 26% for E15 and E20, respectively, relative to E10 were seen over 

the UC. For the Toyota Camry, CO emissions trended higher with the higher butanol 

blends, with Bu32 showing a 54% increase in CO emissions compared to E10 at a 

statistically significant level. For the FTP, the GDI vehicles showed no statistically 

significant differences between the fuels tested. For the UC, the Kia Optima showed 

some decreases at a statistically significant level in CO emissions with the higher ethanol 

and butanol blends compared to E10. The Chevrolet Impala showed lower emissions for 

E20 and Bu16, but not at a statistically significant level. The statistically significant 

decreases in CO emissions for the Kia Optima were 41%, 36%, and 56% for E15, Bu16, 

and E10/Bu8, respectively. 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0005


91 

 

CO production is primarily controlled by the air–fuel ratio in the cylinder. Mixtures 

richer than stoichiometric produce high CO emissions, whereas mixtures at 

stoichiometric and leaner produce little CO emissions. For the test fleet as a whole, there 

were not strong fuel effects on CO emissions, with the exception of some trends of lower 

CO emissions for higher alcohol blends for the 2007 MY vehicles. This was due to the 

fact that the test engines utilized stoichiometric combustion and tightly controlled the 

global equivalence ratio close to 1.0, producing little CO emissions and relatively minor 

changes in air–fuel ratio throughout testing. The 2007 MY vehicles appear to be more 

sensitive to small changes in air–fuel ratio, as they produced less CO for the higher 

alcohol fuel formulations. Analogous to THC emissions, the cold-start portion of the FTP 

and UC dominated CO emissions for all test vehicles. Comparing the 2012 MY vehicles, 

the PFI Toyota Camry had relatively low concentrations of CO during the cold-start 

phase. The relatively low CO suggests that the combustion was not rich. For the GDI 

vehicles, cold-start CO emissions were found to be significantly higher compared to hot-

running and hot-start emissions, and considerably higher than those of the Toyota Camry. 

This result suggests that the combustion was richer for the GDI engines during the first 

200–300 s of the test cycles. For the 2007 MY PFI vehicles, the CO emissions during 

cold-start had much high concentrations, while the bags 2 and 3 CO emissions were 

comparable to those of the newer vehicles. This result implies that these engines run 

close to stoichiometric and slightly rich through the entire FTP and UC tests. 

NOx emissions as a function of fuel type are shown in Fig. 4-2. The NOx emissions for 

the Honda Civic, Toyota Camry, and the two GDI vehicles were about an order of 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0010
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magnitude lower than those for the Dodge Ram. For the Honda Civic, there was a 

tendency towards higher NOx emissions over both test cycles for the E15, E20, and Bu16 

blends relative to E10. For the FTP, statistically significant increases of 36% and 31%, 

respectively, for E20 and Bu16 were seen, while for the UC a 54% statistically significant 

increase in NOx was observed for E15 relative to E10. For the Dodge Ram, some 

decreases in NOx emissions were seen for both cycles, however, these differences were 

not statistically significant. For the Toyota Camry, lower NOx emissions were seen for 

the E15 fuel for the FTP and the Bu24 and Bu32 fuels for both the FTP and UC, but these 

reductions relative to E10 were only statistically significant for Bu24 (22%) and Bu32 

(22%) blends over the UC. For the GDI vehicles, NOx emissions were found to be higher 

for the Chevrolet Impala than the Kia Optima for the FTP, which trends with the lower 

THC emissions for the Chevrolet Impala. For the Kia Optima, NOx emissions did not 

show any significant differences between the fuels over the FTP, whereas some higher 

NOx emissions were seen for E20 (26%) and E10/Bu8 (33%) at a statistically significant 

level over the UC. For the Chevrolet Impala, the only statistically significant increase in 

NOx emissions compared to E10 was seen for Bu32 (29%) blend over the FTP. 
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Fig. 4- 2. NOx emissions for all vehicle/fuel combinations over the FTP (bottom panel) 

and UC (top panel) test cycles 

 

NOx emissions can vary with air–fuel ratio/oxygen content or other combustion factors 

such as in-cylinder temperatures and the residence time/duration for combustion (Masum 

et al. 2013). Previous studies have shown that NOx emissions can increase with low, 

intermediate, and higher ethanol blends, although this trend is not consistent between 

studies, and is stronger in older vehicles or vehicles with less sophisticated control of air–

fuel ratio (Knoll et al. 2009; Karavalakis et al. 2012; Masum et al. 2013). Other studies 

have shown reductions in NOx emissions with higher ethanol blends may be due to the 

higher latent heat of vaporization of ethanol and it’s subsequently lower flame 

temperature, leading to an increase in-cylinder cooling and lower process temperatures, 
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and thus, lower NOx emissions (Koc et al. 2009). Previous investigations have also 

shown that NOx emissions can decrease with the addition of butanol (Wallner et al. 2009; 

Merola et al. 2012). Under the present test conditions, there were no consistent fuel 

trends with oxygenate content, suggesting that individual fuel differences for different 

vehicles could be related to factors that were unique to the different test vehicles, 

including test-to-test variability. 

Fig. 4-3a shows the effect of alcohol type and concentration on the CO2 emissions for the 

test vehicles over the FTP and UC. CO2 emissions showed some specific differences 

between different fuels for different vehicles, but no consistent trends over all testing 

conditions. From a theoretical standpoint, it might be expected that CO2 emissions would 

trend with either the carbon/hydrogen ratio or carbon/energy content in the fuel. 

Carbon/hydrogen ratio decreases in the following order E10–Bu16, E15–Bu24–E10/Bu8, 

and E20–Bu32, as shown in Appendix Table C-1. Overall, there are not universal trends 

relating to either of these metrics, but in the cases where fuel differences are seen for the 

different vehicles, they tend to track better with the decreasing carbon/hydrogen ratio. 

Reductions in CO2 emissions at a statistically significant level for the lower 

carbon/hydrogen ratio fuels were seen for the Dodge Ram over the FTP, but not for the 

UC, and the Toyota Camry for both the FTP and UC cycles, but not for the butanol 

blends. Interestingly, the Honda Civic over the UC did show a trend of lower CO2 

emissions for the E15 and E20 blends relative to the E10 fuel, but higher CO2 emissions 

relative to the Bu16 fuel. The GDI vehicles exhibited lower CO2 emissions for the higher 

ethanol blends with some differences being statistically significant for the Kia Optima. 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0015
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For the Chevrolet Impala, CO2 emissions were about the same between the fuels over 

both test cycles, with some weak trends towards lower CO2 emissions for the higher 

ethanol and butanol blends relative to E10. 
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Fig. 4- 3. CO2 (top panel, a) emissions and fuel economy based on the carbon balance 

method (bottom panel, b) for all vehicle/fuel combinations over the FTP and UC test 

cycles. 
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Fuel economy results for the test vehicles are presented in Fig. 4-3b. For this study, fuel 

economy was calculated based on the carbon balance method and the unique properties 

for each different test fuel and not according to the standard EPA equation. The carbon 

balance equation more directly accounts for the differences in energy content between 

different fuels, which are somewhat normalized out in the standard EPA equation. 

Overall, the results revealed that as the alcohol concentration increased the fuel economy 

decreased by 2–5% for the FTP and 1–6% for the UC, which is approximately 

proportionally to the decrease in energy content of the blend. This trend was consistent 

for all vehicles, with the higher ethanol blends and butanol blends showing lower fuel 

economy than E10 and Bu16, respectively, while the E10/Bu8 blend had about the same 

fuel economy as the E15 blend for the SI-SIDI vehicles and a slightly lower fuel 

economy for the Toyota Camry. 

4.3.2. PM mass, particle number, and black carbon emissions 

The cumulative PM mass emissions are shown in Fig. 4-4a. Note that PM mass was only 

collected for the GDI vehicles and for most of the fuels for the Toyota Camry. PM mass 

emission results for the GDI vehicles showed reductions with the fuels with the highest 

oxygen levels for a number of the vehicle/cycle combinations, but not necessarily the 

blends with the intermediate oxygen levels. Other properties, such as fuel volatility, can 

also play a role in PM emissions, which is sometimes more important than the presence 

of oxygen in the fuel. However, in the current study most physicochemical properties of 

the test fuels were kept constant with relatively narrow ranges. Thus, the oxygen content 

should be the primary contributing factor for lowering PM emissions. 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0015
http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0020
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Fig. 4- 4. PM mass emissions for the Toyota Camry and the GDI vehicles over the FTP 

and UC test cycles (top panel, a) and total particle number emissions for all vehicle/fuel 

combinations over the FTP and UC test cycles (bottom panel, b). 
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For the Chevrolet Impala, the PM mass results showed some trends with the oxygen 

content in the fuel, with the E20 and Bu32 fuels showing the lowest PM mass levels over 

both cycles. For the butanol blends for the Chevrolet Impala, PM benefits were seen for 

the higher butanol fuels relative to Bu16 over the UC and for Bu32 compared to both 

Bu16 and Bu24 over the FTP. For the Kia Optima, the E20 and Bu32 fuels showed the 

lowest PM mass emissions for both the FTP and UC cycles. For the Kia Optima, the 

Bu32 fuel showed the lowest PM mass emissions, while the Bu16 showed the highest 

emissions over the FTP. Over the UC for the Kia Optima, the fuel trends were less 

consistent, with the E15, Bu16, and Bu24 fuels showed the highest emissions, while the 

Bu32 fuel was slightly lower than the remaining fuels. For the Toyota Camry, the use of 

higher ethanol blends produced discordant results with both decreases in PM emissions 

over the FTP and increases over the UC. While the reductions in PM emissions for the 

FTP were not statistically significant, the use of E15 led to a statistically significant 74% 

increase in PM emissions relative to E10 over the UC. For both test cycles, the use of 

higher butanol blends resulted in increases in PM emissions compared to ethanol blends, 

although data on Bu16 and E10/Bu8 is missing to draw a more complete picture of how 

the ethanol and butanol blends compare. The Bu32 blend showed dramatic increases in 

PM emissions relative to E10 at a statistically significant level on the order of 183% and 

336% for the FTP and UC, respectively. 

PM mass results ranged from 0.15 to 7.3 mg/mile for the FTP and 0.30 to 6.87 for the 

UC, averaging 0.28 and 0.59 mg/mile for the Toyota Camry, 4.40 and 4.88 mg/mile for 

the Kia Optima, and at 2.75 and 2.78 mg/mile for the Chevrolet Impala for the FTP and 
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UC, respectively. This study showed considerably higher PM mass emissions from the 

GDI vehicles compared to the PFI vehicle. High PM emissions for the GDI fueled 

vehicles are expected and have been reported in previous studies (Storey et al. 2012; 

Maricq et al. 2013). Our results are also in agreement with a more recent study of PFI 

vehicles of model year 2005 and newer, which show PM mass rates of <1 mg/mile over 

the FTP (Zhang et al. 2010). Elevated PM mass emissions from GDI vehicles can be 

ascribed to insufficient homogeneous mixture and subsequent fuel evaporation, wall 

wetting, and a less efficient mixing of air and fuel compared to PFI vehicles, where the 

fuel is injected and vaporized into the intake ports (Piock et al. 2011; He et al. 2012). In 

addition, the higher PM emissions from the GDI vehicles were predominantly released 

from the cold-start phase where cold piston and cylinder surfaces exacerbate liquid fuel 

impingement and reduce evaporation from surfaces, which produces soot when the fuel 

ignites (Maricq et al. 2013). It should be noted that while this study employed relatively 

modern GDI vehicles, these vehicles did not have sufficient control of PM emissions 

meet the future California LEV III and Tier 3 standards for PM mass emissions to be 

implemented in 2017 (3 mg/mile), and in particular the even more stringent LEV III PM 

mass standards for 2025 (1 mg/mile). 

The total particle number emissions are displayed in Fig. 4-4b. For the GDI vehicles, 

particle number emissions corroborate the PM mass trends, with the Kia Optima 

generally showing higher particle number emissions than the Chevrolet Impala. Both 

GDI vehicles exhibited significantly higher particle number counts compared to their PFI 

counterparts. This can be ascribed to the better mixture preparation of PFI engines in 

http://www.sciencedirect.com/science/article/pii/S0016236114002579#f0020
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relation to GDI engines and the likelihood of fuel impingement onto the piston for the 

GDI engines. This may result in liquid fuel that is not totally vaporized at the start of 

combustion. As a consequence, local fuel-rich combustion or even pool fires can occur 

near the piston, generating high particle emissions (Whelan et al. 2010; He et al. 2010). 

Overall, the more aggressive driving conditions for the UC increased particle number 

counts for all vehicle/fuel combinations compared to the FTP. 

For the FTP, the use of E15 and E20 reduced particle number emissions compared to 

E10, with some exceptions. For the UC, the use of E15 and E20 blends showed mixed 

results with some particle number benefits for the Dodge Ram and the Kia Optima. For 

the Kia Optima, the blends of E15 and E20 exhibited statistically significant decreases in 

particle number emissions of 23% and 30%, respectively, compared to E10. Particle 

number for E15 and E20 benefits were also seen over the UC, however, no statistical 

comparisons can be made due to the fact that only a single test was available for E10 for 

the UC. For the Chevrolet Impala, particle number emissions for E10, E15, and E20 were 

not significantly different for both cycles. For the butanol blends, particle number 

comparisons were complicated for some vehicles and some butanol blends. For the 2007 

PFI vehicles, the use of Bu16 increased particle number emissions compared to E15 and 

E20 for both cycles, except for the Honda Civic over the UC. For the Toyota Camry, 

particle number emissions for Bu16 remained roughly the same as those of E10 for both 

cycles, while lower particle number emissions were observed for the higher butanol 

blends compared to Bu16 with these reductions over the FTP being statistically 

significant. For both cycles, the E10/Bu8 blend was at about the same levels as the E15. 



102 

 

Analogous to ethanol blends, the Kia Optima showed statistically significant decreases in 

particle number emissions for the FTP were also seen for Bu24 (34%) and Bu32 (72%) 

blends relative to Bu16. The alcohol mixture (E10/Bu8) showed a statistically significant 

reduction in particle number emissions from both E10 (22%) and Bu16 (47%) blends, 

respectively. For the UC, however, a different picture was observed for the butanol 

blends. The higher butanol blends resulted in increases in particle number emissions 

compared to Bu16 with Bu32 showing a sharp increase of 236% at a statistically 

significant level. For the butanol blends for the Chevrolet Impala, there was 46% and 

44% increase in particle number emissions for Bu24 relative to Bu16 at a statistically 

significant level over the FTP and UC, respectively. Statistically significant decreases of 

39% and 47%, respectively, for the FTP and UC for Bu32 compared to Bu16 were also 

observed. 

Particle number results reported here generally decreased with the addition of ethanol and 

iso-butanol, implying that the presence of oxygen in the fuel was the main contributing 

factor for the particle number decrease by suppressing soot formation. In addition to the 

oxygen content, particles are also strongly related to the aromatic hydrocarbons content 

in the fuel (Gu et al. 2012). The addition of higher blends of ethanol and iso-butanol in 

gasoline decreased the fraction of aromatic hydrocarbons and therefore their propensity 

of forming soot. This is consistent with the findings of Wallner and Frazee (2009), which 

showed that the reduction in the availability of carbon in ethanol combustion decreases 

the potential for benzene and soot formation as the ethanol blend ratio increases. The iso-

butanol blends had higher particle number emissions compared to their corresponding 
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ethanol blends in some cases, but not in others, although the Bu32 blend emitted the 

lowest particle number emissions for most vehicle/fuel combinations. Previous studies 

have suggested that during GDI combustion branched butanols can produce intermediate 

products, such as propene and butene, leading to the formation of more benzene and soot 

(McEnally and Pfefferle 2005). The results of this study indicate that, in some cases, the 

degree of branching (iso-butanol versus ethanol) may have a stronger impact on soot 

formation than the oxygen content, since the butanol blends had equivalent oxygen 

contents to their corresponding ethanol blends. In addition to fuel structure, the higher 

viscosity of butanol blends relative to ethanol blends could have also influenced particle 

number emissions by altering the fuel spray characteristics (Aleiferis and Romunde 

2013). 

The cold-start phase for both test cycles contributes strongly to the overall particle 

number emissions, as the engine and catalyst are not yet at operating temperature and 

therefore particles consisting of volatile residues cannot be effectively oxidized. It is 

interesting to note that most of the particle emissions occur towards the beginning of the 

FTP and UC, with roughly 60–90% of the particle emissions occurring in the first 200–

300 s. More specifically, for the Honda Civic, fuel average particle number counts for 

cold-start, hot-running emissions, and hot-start were 3.46 × 1011, 9.14 × 1010, and 

4.62 × 1010 #/mile for the FTP and 9.52 × 1011, 1.42 × 1011, and 9.67 × 1010 #/mile for the 

UC, respectively. For the Dodge Ram, fuel average particle number counts were 

1.48 × 1012, 2.52 × 1011, and 2.40 × 1011 #/mile for the FTP and 2.59 × 1012, 6.77 × 1011, 

and 3.01 × 1011, #/mile for the UC, respectively. For the Toyota Camry fuel average 
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particle number counts were 1.75 × 1011, 2.58 × 1010, and 3.26 × 1010 #/mile for the FTP 

and 1.58 × 1012, 1.19 × 1011, and 3.10 × 1010 #/mile for the UC, respectively. For the Kia 

Optima, fuel average particle number counts were 1.95 × 1013, 3.82 × 1012, and 

2.64 × 1012 #/mile for the FTP and 4.44 × 1013, 8.72 × 1012, and 3.57 × 1012 #/mile for the 

UC, respectively. Finally, for the Chevrolet Impala, fuel average particle number counts 

were 1.91 × 1013, 1.39 × 1012, and 9.40 × 1011 #/mile for the FTP and 4.60 × 1013, 

3.50 × 1012, and 1.09 × 1012 #/mile for the UC, respectively. The cold-start emissions for 

the UC are substantially higher compared to those of the FTP, because the cold-start 

phase for the FTP is about ∼200 s longer than that for the UC, and hence includes some 

driving after the initial spike in cold-start emissions has ended. For the UC, hot-running 

particle emissions were also systematically lower than those for the hot-start due to the 

driving schedule being less aggressive than in the hot-running phase and that there is a 

much lower tendency to overfuel in the hot-start compared with the cold-start. For the 

cold-start for the GDI vehicles, fuel accumulation onto the cold piston and cylinder 

surfaces can contribute to the sharp increases in particle number emissions. Hot-running 

and hot-start particle emissions for the FTP did not show significant differences as 

opposed to those of the UC. The significant reduction in particle number emissions after 

the cold-start can be attributed to the higher intake air temperatures, fuel temperatures, 

and piston surface temperatures, which promote fuel vaporization and thus better fuel–air 

mixing, coupled with the higher efficiency of the TWC once it has reached its light-off 

temperature (He et al. 2010). 
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4.4. Conclusions 

There is a growing need to evaluate the potential impacts of new fuels on the exhaust 

emissions for modern technology vehicles, and ultimately their effect on regional and 

global air quality, as the deployment of ethanol and potentially butanol fuels continues to 

expand in the gasoline pool along with more widespread penetration of direct injection 

gasoline vehicles. In this study, seven alcohol formulations including ethanol blends, iso-

butanol blends and an alcohol mixture were tested on five different light-duty vehicles. 

Testing was performed on three PFI vehicles and two wall-guided GDI vehicles over the 

FTP and UC test cycles using a light-duty chassis dynamometer. 

For THC, CO, and NOx emissions, the results did not show strong fuel trends. Although 

some fuel differences were identified, these differences were generally not consistent for 

both cycles on a particular vehicle, or for more than one of the vehicles. The lack of 

strong trends indicates advancements in catalyst technology and air/fuel ratio control are 

reducing the impact of fuel differences on exhaust emissions. Our results also indicated 

that THC, CO, and NOx emissions were predominantly obtained during the cold-start 

phase, when the catalyst was temporarily cold and inactive. CO2 emissions showed 

reductions in some cases for the higher alcohol blends, while fuel economy based on the 

carbon balance method showed decreases with increasing alcohol concentration in the 

fuel. PM mass was substantially lower for the PFI vehicles compared to the GDI vehicles. 

PM mass emission results for the GDI vehicles showed reductions with the fuels with the 

highest oxygen levels for a number of the vehicle/cycle combinations, but not necessarily 
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the blends with the intermediate oxygen levels. Analogous to PM mass, particle number 

emissions were significantly lower for the PFI-fueled vehicles compared to the GFDI 

vehicles. In general, particle number emissions showed reductions with increasing 

ethanol and butanol concentration in the fuel, with these differences being statistically 

significant for some fuels and some vehicles but not for others.  
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Chapter 5:  Particle Speciation of Light-Duty PFI and GDI vehicles on 

Mid-Level Ethanol and Iso-Butanol Gasoline Blends 

5.1. Introduction 

Port-fuel injection (PFI) vehicles have represented the vast majority of the U.S. 

light-duty vehicle (LDV) market for several decades. Gasoline direct injection (GDI) 

vehicles have recently garnered attention due to their increased fuel economy and 

reduced carbon dioxide (CO2) emissions. These vehicles are predicted to dominate the 

U.S. market in the next few years (Graham, 2005; Zhao et al., 1999). For PFI systems, 

the fuel is injected into the intake ports outside the combustion chamber during the intake 

stroke as the air moves into the combustion chamber. GDI engines, on the other hand, use 

an injection system similar to that used in diesel engines, but at a much lower pressure 

(Alkidas et al. 2007). For the GDI engines, the fuel is injected directly into the 

combustion chamber during the intake stroke, which provides higher thermodynamic 

efficiency and lower greenhouse gas emissions. The drawback is that direct injection of 

fuel can lead to liquid fuel wetting on the piston bowl and cylinder surfaces and fuel-rich 

zones during combustion, which will likely result in higher emissions of particulate 

matter (PM) (Stevens and Steeper 2001; Piock et al. 2011). A number of studies have 

shown that GDI vehicles produce higher PM and particle number (PN) emissions 

compared to their PFI counterparts (Liang et al., 2013; Aakko et al., 2003; Ristimaki et 

al., 2005; Mamakos et al. 2013; Szybist et al., 2011; and references therein). PM can 

affect regional air quality, human health, and climate (IPCC, 2007; Nauss et al., 1995; 

Davidson et al., 2005; Andreae et al., 1997; Baumer et al., 2008; Avol et al., 1979; 
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Twomey et al., 1977; and references therein). Particles below 2.5 m, (PM2.5) can be 

inhaled deep within the lungs and can be deposited in the nose and subsequently access 

the brain (Nauss et al. 1995; Yang et al. 2009; Oberdorster et al., 2001; Oberdorster et al., 

2004). Long-term exposure to PM2.5 has been linked to cardiovascular and pulmonary 

diseases (Pope et al., 2004; Mills et al., 2009). Hence, the number and size distributions 

of ultrafine particles from modern GDI and PFI vehicular emissions need to be 

characterized. 

Particle chemical composition is also important. PM2.5 that contains water-soluble 

material has the ability to form droplets. Particles that promote water vapor condensation 

and form droplets are termed Cloud Condensation Nuclei (CCN). By behaving as CCN, 

inhaled hygroscopic particles can grow to droplet sizes and enhance harmful PM 

deposition rates (Longest et al., 2010). In addition to affecting health, CCN emissions of 

water-soluble particles affect climate by altering cloud droplet formation and cloud 

properties (Ervens et al., 2005).Water-soluble PM can be toxic when inhaled (Ramgolam 

et al., 2009; Guetterez-Castillo et al., 2006; Valavanidis et al., 2008; Squire, 1958 and 

references therein), and water-soluble particles have the ability to induce DNA damage 

(Guetterrez-Castillo et al., 2006). Water-soluble matter can cause pro-inflammatory 

response, thus promoting pulmonary and cardiovascular diseases (Ramgolan et al., 2009). 

Furthermore, water-soluble and water-insoluble organic materials (WSOC and WIOC) 

and metals from vehicular emissions are highly correlated with the cellular production of 

reactive oxygenated species (ROS) linked to toxicity and detrimental health effects 

(Cheung et al., 2009; Geller et al., 2006; Verma et al., 2010; Biswas et al., 2009).  
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Limited studies have characterized the water-insoluble/soluble composition of 

gasoline vehicle emissions. Cheung et al. (2009) reported water-soluble organic mass 

(WSOM) and water-insoluble organic mass (WIOC) emissions from a PFI vehicle fueled 

with gasoline. The WSOC and WIOC were each found to compose ~20%, respectively, 

of the total PM mass. Small amounts of elemental carbon (EC) were also emitted in their 

study (Cheung et al., 2009). To the best of our knowledge, little to no studies have 

characterized the water-insoluble/soluble composition from light-duty PFI and GDI 

vehicles with different alcohol fuel formulations. The addition of oxygenated fuels, such 

as ethanol and iso-butanol, can alter the resulting particle chemical composition and 

hygroscopicity. Thus, the potential influence of emissions of gasoline blends with 

different alcohols is not completely understood, especially with respect to regional air 

quality, health, and climate. 

 Black carbon (BC) is another important component of the vehicular PM 

composition. Black carbonaceous materials (i.e., soot or EC) are considered a significant 

source of insoluble material. Limited studies have investigated the contribution of BC to 

particle emissions from light-duty vehicles, especially as a function of different fuel 

compositions (Forestieri et al., 2013). Dutcher et al. (2011) found a decreasing trend of 

BC concentrations using an aetholometer with increasing ethanol content in gasoline in a 

PFI engine on an engine dynamometer. Giechaskiel et al. (2010) reported a ~90% 

increase in BC concentrations with increased vehicle speed from 50 to 140 km/h. 

The objectives of this study are to evaluate the emissions of gasoline PFI and DI vehicles 

over a range of ethanol and iso-butanol blends with an emphasis on characterizing 
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particle hygroscopcity. Five vehicles were tested on seven fuels over the Federal Test 

Procedure (FTP), the Unified Cycle (UC), and at steady-state speeds. This study 

investigates how factors, such as fuel type and driving cycle influence particle 

hygroscopicity, BC, WSOC, surface tension, and water-insoluble fractions. 

5.2. Testing Facility and Experimental Set-up 

5.2.1. Test Vehicles, Fuels, and Driving Cycles  

 Three light-duty PFI vehicles and two GDI vehicles were tested for this study. The 

PFI vehicles tested were a 2007 Honda Civic, 2007 Dodge Ram, and 2012 Toyota 

Camry. The GDI vehicles tested include the 2012 Kia Optima and 2012 Chevrolet 

Impala. Vehicle specifications can be found in Karavalakis et al. 2014.  

 A total of seven fuels were employed in this study, including ethanol and iso-

butanol blends. Each vehicle was tested on E10 (10% ethanol and 90% gasoline), E15, 

and E20 blends. In addition to the ethanol blends, iso-butanol blends were used including 

B16 (16% iso-butanol and 84% gasoline), B24, and B32. The butanol blends of B16, 

B24, and B32 were the oxygenated equivalent of E10, E15, and E20, respectively. An 

alcohol mixture comprising of 10% ethanol and 8% iso-butanol (E10/B8) was also used 

in this study. It should be noted that only the Toyota Camry and the Kia Optima were 

tested on the E10/B8 fuel blend. The fuels were custom made to maintain Reid Vapor 

Pressure (RVP), oxygen content, and fuel volatility and other properties. The main fuel 

properties can be found elsewhere (Karavalakis et al., 2014) and in Appendix Table C-1.  



117 

 

Each vehicle was tested on each fuel over three FTPs and three UC tests, speed 

versus time plots for each cycle are shown in Appendix Fig. C-1. The 6 tests on a 

particular fuel were conducted sequentially once the vehicle was changed to operate on 

that fuel, and the fuel was not changed to another fuel during this time. A fuel change 

with multiple drain and fills was conducted between the testing on each fuel to condition 

the vehicle and ensure no carryover effects. Detailed information on the driving cycles 

employed in this study and the testing protocol can be found elsewhere (Karavalakis et 

al., 2013). After transient operation, the vehicles were driven at steady-state speeds of 30, 

50, and 70 mph for each fuel.  Thus, the steady-state emissions characterized the 

emissions from a “hot” catalyst.  Due to operational constraints, not all fuels were tested 

at the steady-state speeds but all available data are presented. 

 The three steady-state speeds were driven for a duration of 30 minutes with 10 

minutes for each steady state speed. The steady-state tests were performed after an FTP 

or UC  test, the Three-Way Catalyst (TWC) and engine are both warm. Each vehicle was 

driven at 70 mph before the initial start of the test. The emission measurements would 

begin when the total particle concentration was steady without any large variation. The 

vehicles would be driven in the sequence of 70, 50, and 30 mph.  

5.2.2. Emission Testing and Analysis  

All tests were conducted in CE-CERT’s Vehicle Emissions Research Laboratory 

(VERL), which is equipped with a Burke E. Porter 48-inch single-roll electric 

dynamometer. Gaseous and PM emissions were measured during each cycle and while 

the vehicle was operated at steady-state speeds. Appendix Fig. C-2 shows the 



118 

 

experimental set-up with flow rates of the various particle and gaseous instruments used 

for this study. A Pierburg AMA-4000 bench was used for gaseous emissions. Total 

particle number (PN) was measured with a TSI-3776 condensation particle counter 

(CPC). Results from both the PN and criteria pollutants from this study are provided in a 

separate journal article (Karavalakis et al., 2014).  

BC concentrations were measured with a Multi-Angle Absorption Photometer 

(MAAP). The MAAP concentrates aerosol onto a Teflocarbon filter paper where a light 

with a 670nm wavelength emits photons toward the aerosol concentrated area (Petzold et 

al., 2004). The backscattering of photons was used to infer the mass of BC. The MAAP 

was calibrated with two techniques.  In the first technique, the temperature sensors and 

air flow rates were verified to be within 5% error of environmental conditions.  For the 

second method, BC from a solutions of Aquadag© was aerosolized and the mass 

concentration was simultaneously measured with an Aerosol Particle Mass (APM, 

Kanomax Model 3600) Analyzer and the MAAP (Schwarz et al. 2006). The Aquadag 

calibration showed the MAAP measurements were within ±11% of APM measurements. 

Online particle hygroscopicity and soluble-fraction properties were estimated using 

a technique published in (Short et al., 2014).  Briefly described here, the technique 

exploits discrepancies in particle size distributions measurements from a Water-based 

Condensation Particle Counter (W-CPC, TSI Model 3785) and Butanol-based CPC (B-

CPC, TSI Model 3772). The two CPCs were connected in parallel with an electrostatic 

classifier (TSI Model 3080).  The electrostatic classifier charges the particles with a 

Kyrpton-85 radiation source, size selects the dry polydisperse flow with a differential 
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mobility analyzer (DMA, TSI Model 3081L) and generates a mono-disperse stream 

(Wang et al., 1990). The monodisperse particles were then counted by both CPCs.  

The differences in the CPC particle counts below 250 nm are calculated by taking 

the ratio between the W-CPC and B-CPC instruments. The discrepancies between the 

two instruments, usually below 40 nm are attributed to the particle hygroscopicity (Short 

et al. 2014). The experimental method was calibrated through the aerosolization of 

ammonium sulfate. The corresponding theoretical equivalent diameter for activation, ds, 

measured for ammonium sulfate was 20.5 nm, corresponds to a  value that is equivalent 

to the known theoretical   value for ammonium sulfate published in Petters and 

Kreindenweis (2007). The determination of  is described in Section 5.3.5. The term ds is 

a particular particle diameter at which 50% of all particles were counted within the W-

CPC. This was determined from the ratio of W-CPC to B-CPC particle counts. In this 

study, the Kelvin term, governed by the bulk fluid surface tension, was verified to have 

little to no effect on the water droplet activation properties.   

The water-insoluble mass (WIM) fraction calculations were estimated for all three 

vehicles over the entire cycle and for each phase within the cycle. The overall cycle WIM 

fraction was calculated in a further step. Instead of comparing the CPC discrepancies 

from each 135 second SMPS scan, each diameter particle count was summed over the 

entire cycle. Thus, giving an overall cycle ds to provide an overall cycle am.  
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5.2.3. Emission Factor 

BC concentrations were reported in this study in units of g mi-1, or the emission 

factor (EF) of BC. The average BC concentration (g m-3), measured from the CVS, was 

multiplied for each phase by the total volume of air through the CVS during each cycle 

phase (m-3). The total BC mass for each phase is expressed in g. The EF of BC was 

calculated as follows: 

  (1) 

The numerator in these fractions includes terms for the total BC mass for each phase. For 

example, the total BC mass for phase 1 is BC1. The denominator, x, is the total mileage 

traveled for each phase. For example, x1, includes terms for the total mileage for phase 1. 

The constant values 0.43 and 0.57 are weighing factors used to proportion the different 

phases of the cycle during vehicle certification. 

 

  

5.2.4. Water-Soluble Organic Carbon and Surface Tension 

Measurements 

 Teflon filter samples were taken for each transient cycle test. Hence, the WSOC 

and surface tension measurements were representative of the cumulative aerosol 

composition over the FTP and UC. Filters were placed in vials and sonicated for 90 

minutes with 60 mL of Millipore© DI water (18 mΩ, < 100ppb). Once sonicated, large 

non-dissolved particles were removed using a Whatman© 25mm syringe filter. For the 
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WSOC analysis, the sample was then diluted into ratios of 1:1, 1:3, and 1:5, with each 

vial containing 30 mL of sample. The surface tension, σb, for each sample was measured 

with a pendant drop tensiometer (Attension Theta 200). The tensiometer is an optical unit 

that uses the Young-Laplace equation to compute the droplet surface tension. For each 

droplet, 100 images were captured.  The WSOC concentrations of these samples were 

measured using a GE Seivers 900 Total Organic Carbon (TOC) analyzer.  Once the 

WSOC concentration was determined, the water-soluble organic mass (WSOM) can be 

found by multiplying the WSOC concentration by the volume of the initial water soluble 

and the constant 1.2. The constant 1.2 (derived from Turpin and Lim (2001)) is an 

estimate of the average organic molecular weight per carbon weight. WSOM was 

reported as an emission factor in units of mg mi-1. The WSOM emission factor was not 

calculated based on emissions per phase as in the BC emission factor. This emission 

factor was calculated using the filter loading parameters and divided by the total mileage 

for each cycle. The WSOM value was divided by the total PM mass to compute the 

WSOM fraction. 

5.2.5. Water-Insoluble Mass Fraction Analysis  

  Rapid droplet growth in CPCs is possible when the saturation value, S, the ratio of 

the partial pressure (Pv) to the saturation pressure (Psat)  is greater than 1.  Köhler’s theory 

(Köhler, 1936) predicts the heterogeneous condensation of a bulk fluid vapor with a value 

S into the droplet phase (Eq. 2). 

    (2) 
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where R is the universal gas constant, T is the temperature at activation, D is the wet 

droplet diameter, ρb is the density of the bulk fluid condensing onto the particle (water or 

butanol), Mb is the molecular weight of the bulk fluid, σb is the surface tension at the 

droplet vapor/liquid interface, and ab is the activity of solute in the bulk fluid.  A critical 

supersaturation, sc (equal to critical saturation, Sc-1), exists for which a minimum layer of 

condensed water on a particle is required to form a droplet. If sc>2% for both water and 

butanol CPCs; then uncontrollable particle growth will occur for particles above 40nm. 

When σb is ideal and that of the fluid, changes in particle activation for a given bulk fluid 

are controlled by the dissolved solute properties and the activity of the droplet solution.  

 The fluid activity, ab, for the water droplet can be approximated by Raoult’s Law. 

The rearrangement of Eq. 2 yields 

  ,    and      (3) 

where ns is the moles of solute and ν is the ion dissociation of the particle in water. For a 

spherical solute particle, ns is related to the dry particle diameter, ds, the density of the 

particle, ρs and the molecular weight of the particle, Ms  such that sc and ds  are related as 

follows. 

        (4) 

At a given sc, ds is the theoretical critical diameter for activation, and the smallest 

diameter required for a fluid to condense on the particle surface. The ds value is obtained 

by finding the 50% efficiency of the ratio of W-CPC to B-CPC counts. It is an indication 
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of the particle hygroscopicity that can be represented by a single solute parameter,  

(Petters and Kreindenweis, 2007).  characterizes the effects of solute composition for 

droplet activation,  and is calculated from fixed CPC sc and from direct measurements of 

ds giving eq. 5. 

                             (5) 

 can range from 0 to 1, which 0 is water insoluble and 1 is very water-soluble. Eq. 4 is 

similar to Eq. 3 but Eq. 4 assumes the σb properties are that of a pure fluid. The  values 

in Eq. 4 determine particle hygroscopicity.  Assuming the particle is comprised of a 

completely water-soluble or water-insoluble compound, -hygroscopicity can be directly 

used to estimate a particles water-insoluble contribution (Petters and Kreindenweis, 

2007). Water-insoluble composition changes can be approximated using a two-

component model of a soluble and insoluble solute material. For our model, sulfuric acid 

(sa =.9) and dioctyl phthalate (DOP =.03) are used. Sulfuric acid has been measured in 

vehicular diesel exhaust and is believed to contribute to new particle formation through 

nucleation. Dioctyl phthalate (DOP) has been studied as a proxy for water-insoluble 

particle material from vehicular exhaust. With these model components, Eq. 6 estimates 

the water-insoluble mass fraction, χ. 

  (6) 

am is the measured hygroscopicity of the unknown composition. The WIM 

fractions are within 15% error uncertainty of chemical compositions (Short et al 2014). 
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5.3. Results 

5.3.1. Significant PN, PM mass, and Particle Size Distribution Vehicle 

Trends 

Results for measurements of the particle hygroscopicity and BC concentrations 

for each steady-state speed, the WIM fractions by each cycle phase and for the overall 

cycle, WSOM EFs and WSOM/PM Mass fractions, and BC EFs and BC/PM mass 

fractions are provided in this section. Karavalakis et al. (2014) reported additional 

information on the PM mass and PN emissions from these five vehicles previously. As 

this background information provides some basis for understanding the results in the 

current study, these results are briefly summarized here. The PM mass emissions ranged 

from 0.1 to 1.45 mg/mi for the PFI vehicles and from 1.8 to 7.23 mg/mi for the GDI 

vehicles, while the PN emissions for the PFI vehicles ranged from 4.9x1010 #/mi to 

6.3x1011 #/mi, and for the GDI vehicles ranged from 4.1x1012 #/mi to 2.4x1013 #/mi. 

Thus, the GDI vehicles had 5 times more PN and PM mass emissions compared to the 

PFI vehicles. Particle size distributions (PSDs) were measured for only the PFI vehicles 

in Karavalakis et al. 2013. The size distributions show that the majority of the particles 

are in the nucleation mode (Karavalakis et al. 2013). Although PSDs were not measured 

for the GDI vehicles, Storey et al. 2010 has shown that the mode diameter is 

approximately ~50 nm, or in the accumulation mode size range under steady-state driving 

conditions.    
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5.3.2 Steady- State BC and Hygroscopicity 

 The hygroscopicity estimates for sub-40 nm particles for all test vehicles during 

the steady-state conditions of 30, 50, and 70 MPH are shown in Fig. 5-1 for the PFI 

vehicles and 5-2 for the GDI vehicles. The data shows that hygroscopicity increases with 

increasing vehicle speed. The higher am is equivalent to lower amounts of water-

insoluble PM. At 70 mph, all vehicles had the highest kappa or hygroscopicity values. 

The GDI vehicles and the Toyota Camry had am values above 1.5 at 70 mph, which were 

higher than those for the Dodge Ram and Honda Civic. It is important to note that most 

of the am values at the 70 mph and 50 mph speeds for these fuels and vehicles are larger 

than the reported   for sulfuric acid (i.e., am > 0.9), a common soluble vehicular 

emission. Hence, using a simple two component model of sulfuric acid and DOP does not 

fully capture the WIM fraction of the aerosol. In fact, the estimated WIM fractions are 

actually negative, so these values are not shown. This indicates that the particles are very 

hygroscopic and can be considered fully wettable and water-soluble. It should be noted 

that am > 1 corresponds to an activation diameter below 10 nm, since particle sizes 

below 10 nm fall below from the lower detection limit of the SMPS, it is difficult to 

accurately characterize differences in am values > 1. Hence, particles at both 50 and 70 

mph are likely both similar in nature to sulfuric acid or sulfate, which have am values just 

below 1. Furthermore, surfactant effects (though negligible in the measured filters, which 

were not collected at steady-state speeds) could play a role at higher speeds. As these 

surfactants could be condensing onto the particle surface thus changing the perceived 

hygroscopicity. This is further described in Section 5.4.3. Most particle emissions at 30 
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MPH were water-insoluble. At 30 MPH, all five vehicles have am values that are 

significantly lower than their respective 70 MPH am values. Decreasing vehicle speed 

decreased the hygroscopicity of PM from all tested vehicles.  

BC concentrations are also shown to be higher with increased vehicle speeds for 

each of the test vehicles, Fig. 5-1 and 5-2. The GDI vehicles and the Toyota Camry 

showed larger BC decreases with decreasing vehicle speed than the Dodge Ram and 

Honda Civic. The Dodge Ram on the E10 fuel had a 16% decrease in BC concentration 

compared to a 93% decrease for the Toyota Camry between the 70 MPH to 30 MPH 

steady-state speeds. In addition, the Kia Optima and Chevrolet Impala had a 75% and 

71% decrease, respectively, in BC concentration from the 70 MPH to 30 MPH speeds for 

the E10 fuel. 
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Fig. 5- 1. The particle hygroscopicity parameter (к) and BC concentrations for 3 steady-

state speeds of 70, 50, and 30 MPH for the 2007 Honda Civic {κ (a.) and BC (b.)}, 2007 

Dodge Ram {κ (c.) and BC (d.)}, and 2012 Toyota Camry {κ (e.) and BC (f.)} * Denotes 

data unavailable 
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* * * 
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Fig. 5- 2. The particle hygroscopicity parameter (к) and BC concentrations for 3 steady-

state speeds of 70, 50, and 30 MPH for the 2012 Kia Optima {κ (a.) and BC (b.)}, and 

2012 Chevy Impala {κ (c.) and BC (d.)}. * Denotes data unavailable 

 

5.3.3 Water-Insoluble Mass Fraction  

 Fig. 5-2 and Fig. 5-3 show the WIM fractions of each cycle phase and the 

cumulative WIM fractions, respectively, for all five vehicles. High WIM fractions 

indicate that particles emitted over the FTP cycle were mostly water-insoluble for all five 

vehicles. However, the UC shows different trends for the WIM fractions by phase. For 

the UC cold-start and hot-start phases for all vehicles, WIM emissions fractions remain 

similar to those for the FTP. The Honda Civic, Dodge Ram, and Kia Optima, on the other 

hand, all show WIM fractions for the hot-running phase of the UC that decrease 

 

(b.) 

(d.) 

(a.) 

(c.) 

* * * 

* * * * * * 
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compared to the cold-start and hot-start phases.  Higher vehicles speeds occur during the 

hot-running phase of the UC. These decreases were consistent with the results for the 

hygroscopicity measurements during steady-state conditions. In particular, driving 

conditions with the highest speeds (i.e. the hot-running phase of the UC) and the 70 MPH 

steady-state speed show the lowest WIM fractions. A better understanding of particle 

solubility emission trends can be obtained by investigating the offline WSOM emission 

trends, as discussed below is Section 5.4.4. Over the FTP, the Toyota Camry exhibited 

lower WIM fractions compared to the other four vehicles. It should be noted that this 

vehicle, also had the lowest PM mass emission rates and the most prominent nucleation 

mode peak (Karavalakis et al. 2013).  
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Fig. 5- 3 Estimated water-insoluble mass fraction by phase of both the FTP and Unified 

Cycles for the 2007 Honda Civic {FTP(a.) and Unified (b.)}, 2007 Dodge Ram {FTP (c.) 

and Unified (d.)}, 2012 Toyota Camry {FTP (e.) and Unified (f.)}, 2012 Kia Optima 

{FTP (g.) and Unified (h.)}, and 2012 Chevy Impala {FTP (i.) and Unified (j.)}. * 

Denotes data unavailable 

(a.) 

(b.) 

(c.) (d.) 

(e.) (f.) 

(g.) (h.) 

* * * 

* * * 
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The decrease in the WIM fraction between the cold-start and hot-running phases 

can be quantified for specific test fuels for different vehicles. When comparing the E10 

fuel for the Honda Civic over the UC, a 70% decrease in the WIM fraction is shown from 

the cold-start to hot-running phase. For the E15 fuel on the Dodge Ram over the UC, a 

44% decrease of the WIM fraction was shown from the cold-start to hot-running phase. 

The Kia Optima had the most consistent decrease in the WIM fraction over the UC for all 

fuels. For the E10 fuel, a 62% decrease in the WIM fraction was shown from the cold-

start to hot-running phase over the UC.  
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Fig. 5- 4. Estimated water-insoluble mass fraction over the entire FTP (a.) and UC Cycles 

(b.) * Denotes data unavailable 

 

Cumulative PM emissions, over both the FTP and UC, were mostly water-

insoluble as shown in Fig. 5-3. Both GDI vehicles over the FTP cycle have cumulative 

WIM fractions of ~0.9. The Honda Civic and Dodge Ram also have cumulative WIM 

(a.) 

(b.) 

* * 
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fractions over the FTP cycle of ~0.8. However, the Toyota Camry has lower cumulative 

WIM fractions compared to the other four vehicles. Similar trends were shown over the 

UC even though a decrease in the WIM fraction is seen for phase 2 of the UC. This was 

due to the cumulative WIM fractions being dominated by the cold-start phase of the 

cycle, as a significant majority of the particles are emitted in the cold-start phase.  For 

both cycles, lower vehicle speeds (speed below 55 mph) are found during the cold-start 

phase. The cumulative WIM fractions show that the lower vehicle speeds during parts of 

the cycle where most of the particle are emitted produce higher water-insoluble particle 

emissions.  

Fuel differences also changed the cumulative WIM fractions for some vehicles 

and fuels. The Toyota Camry was the only vehicle that had a consistent fuel trend over 

both cycles. Over the FTP cycle, the Toyota Camry showed a 53% decrease in the WIM 

fraction with increasing ethanol concentration from E10 to E20. The Toyota Camry, with 

increasing ethanol and iso-butanol fuel concentrations over the UC, also showed 

decreasing WIM fractions of 53% and 40%, respectively.  The Honda Civic and the 

Dodge Ram both showed fuel effects over the UC. The Honda Civic had a 61% decrease 

in the WIM fraction from the E10 to the E20 fuel on the UC. The E10/B8 fuel was 

comparable to both the E10 and B16 gasoline blends for the Toyota Camry and Kia 

Optima, with a WIM fraction of 0.6. Comparing E10 to the B16 fuel blend over all five 

vehicles, B16 had a higher WIM fraction for the Toyota Camry and Kia Optima. For both 

GDI vehicles, the WIM fractions were similar when comparing fuels over both cycles.  
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Potential correlations between the WIM fractions and fuel properties can be 

examined for the Toyota Camry. Mono-aromatic compound concentration decreases with 

increasing alcohol concentration for both the ethanol and iso-butanol fuel blends, as 

shown in Table 5-1. The WIM fraction for the Toyota Camry also decreases with 

increasing alcohol concentration. Most mono-aromatic compounds (Toluene, Benzene, 

m-Xylene, etc.) are considered to be water-insoluble and highly volatile. When plotting 

the mono-aromatic concentration against the WIM fraction, a R2 value of 0.70 is shown. 

Mono-aromatics don’t make up all the water-insoluble particles below 40 nm measured 

in the cumulative WIM fractions for the Toyota Camry. Other water-insoluble 

components (i.e., BC and inorganic material) could also contribute to the WIM fraction. 

Thus explaining the low R2 value shown for the correlation. This correlation only works 

with the Toyota Camry cumulative WIM fraction, as more sub-40 nm particles make up 

the total particle mass for this vehicle compared to the GDI vehicles. The GDI vehicles 

have a particle mode diameter much larger at ~50 nm according to Storey et al. 2010 so 

the mode diameter is above the detection limit of the WIM fraction measurement.  

 

 E10 E15 E20 B16 B24 B32 E10/B8 

Mono-Aromatics (wt 

%) 26.23 20.91 18.31 25.47 20.69 19.80 26.75 

FTP (WIM Fractions) 0.5086 0.2310 0.2030 0.5990 0.3484 0.3875 0.6372 

UC (WIM Fractions) 0.7469 0.1531 0.4592 0.6353 0.3208 0.2987 0.7878 
 

Table 5- 1. Table of Mono-Aromatic concentrations in fuels tested with the averaged 

cumulative WIM Fractions over the FTP and UC for the Toyota Camry 
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The correlation in high vehicle speeds and increasing particle water-solubility 

cannot be explained with certainty. However, one particular phenomenon could help 

determine the cause of the trend. A possible hypothesis is that some water-insoluble 

particles are being coated with a more water soluble layer. Cruz and Pandis (1998) 

verified the reverse case, that a coating of DOP around a water-soluble component, such 

as ammonium sulfate, decreased the activation diameter, ds. thus, affecting measured 

particle  κ- hygroscopcity. Although DOP is very water-insoluble, it shows that it is 

possible to affect the perceived hygroscopicity of a particle by condensing different 

soluble material onto a particle. Our results may indicate that the condensing material is 

more soluble than the water-insoluble core. Iso-paraffin compounds have been shown to 

be able to break a part and oxidize (Yung-Fang 1980; Curan et al. 2002). These now 

oxidized compounds could be water-soluble material and condensing onto the particles 

emitted. The measured hygroscopicity of the particle is dictated by the composition on 

the surface of the particle rather than the particle core. Thus for our measurements, the 

composition of the particle surface decreased the actual particle hygroscopicity from 

highly water-insoluble to more water-soluble. Our results cannot definitively determine 

the composition of coatings that might be condensing on insoluble cores. Single particle 

chemical analysis was not collected here, but might provide additional information on 

possible soluble inorganic compounds.  The bulk chemical composition information 

provides little information about particle morphology. 
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5.3.4. Water-Soluble Organic Mass Emission Factors and Surface 

Tension Analysis 

 The WSOM EFs are shown for both the Kia Optima and Chevrolet Impala over 

both cycles in Fig. 5-4 (a-b). In addition, the WSOM/PM mass fraction results are shown 

in Fig. 5-4 (c-d). These vehicles were selected for the WSOM analysis because they have 

the highest overall PM mass emissions. Note that the WSOM value is representative of 

the entire PM mass, whereas the WIM fractions in Section 5.5.3 only represent the mass. 

The WSOM EF can be compared to the total PM mass to understand the amount of 

soluble organic mass emitted over each cycle. The Chevrolet Impala had much higher 

WSOM/PM mass fractions compared to the Kia Optima. The WSOM/PM mass fractions 

for the FTP and UC ranged from 20% to 60%, respectively, over the Chevrolet Impala.  

The Kia Optima show fractions of ~20% of the total PM emissions for the FTP and UC.  
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Fig. 5- 5. The Water-Soluble Organic Mass (WSOM) emission factors over the FTP (a.) 

and UC (b.) and WSOM/PM fractions over the FTP (c.) and UC (d.) for both the Kia 

Optima and Chevrolet Impala 

 

Both the WSOM EFs and WSOM/PM mass fractions showed different fuel trends 

for both GDI vehicles. Generally, increasing iso-butanol concentration decreased the 

WSOM EF for both the vehicles and cycles, but the ethanol fuels did not show consistent 

trends. Over the FTP cycle, the Kia Optima and Chevrolet Impala exhibit a ~60% 

decrease in the WSOM emissions with increasing iso-butanol concentration. Over the 

(a.) (b.) 

(d.) (c.) 
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UC, the Kia Optima WSOM EF increased ~60% with increasing iso-butanol 

concentrations, but the WSOM EF decreased ~40% over the same fuels for the Chevrolet 

Impala. The Chevrolet Impala showed a ~ 21% increase in the WSOM emissions with 

increasing ethanol concentration. The fuel trends were slightly different for the 

WSOM/PM mass fractions. The Chevrolet Impala showed different trends in the WSOM/ 

PM mass fractions, while the Kia Optima shows WSOM/PM mass fractions there were 

consistently ~20% of the total PM emissions for the FTP and UC. For the Chevrolet 

Impala over the FTP, the WSOM/PM mass fraction increased 180% with increasing 

ethanol concentration from the E10 to E20 fuel, while the iso-butanol fuel blends show a 

~40% WSOM fraction with a slight increase with increasing alcohol content.  

For the Chevrolet Impala, the WSOM/PM mass results were not consistent with 

our WIM fractions measured in Sections 5.4.3, which showed relatively high levels of 

WIM. This lack of correlation is due to the PSDs. The PSDs for the Chevrolet Impala are 

in the accumulation mode, which makes most of the PN above the 40 nm threshold of the 

WIM fraction. Although part of the total amount of PN is below 40 nm, other water-

insoluble material was above 40 nm making the WIM fraction not consistent with the 

WSOM/PM mass fraction. These results were relatively consistent with WSOM 

measurements from a Euro 3 compliant Toyota Corolla tested in Cheung et al. (2009), 

where ~20% of PM emissions were found to be WSOM. 

Surface Tension was also measured for the same samples extracted for the 

WSOM analysis. The majority of these fuels and the vehicles have a surface tension that 

closely resembles the surface tension of water. The surface tension of water at 23C and 1 
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atm is 72 mN/m. As a basis of comparison, the surface tension results are at a maximum 

with the E10 fuel on the Honda Civic at 73.55 mN/m and are around 71 mN/m for the 

Toyota Camry. The Kia Optima and Chevrolet Impala both have surface tension results 

on average of 72.95 mN/m ± 1.04 mN/m. As all the surface tension measurements are 

similar to the surface tension of water, this suggests that the assumption of pure water 

used in the kappa calculation (Section 2.5) is valid. 

5.3.5. Black Carbon Emission Factors 

 BC also contributes to the particle mass. Fig. 5-5 shows the BC EFs for the FTP 

and UC for all five vehicles. The BC EFs showed significant differences from vehicle to 

vehicle, but were similar for the FTP and UC for any given vehicle. The GDI vehicles 

had the highest BC EFs of all five vehicles over both cycles, and show about 5 times the 

amount of BC compared to the PFI vehicles. This is comparable to the differences in total 

PM mass and PN between the GDI and PFI vehicles, as discussed in Section 5.4.1. The 

Kia Optima has slightly higher BC EFs overall (~800 g mi-1) compared to the Chevrolet 

Impala (~550 g mi-1) over the FTP cycle. Over the FTP cycle for the PFI vehicles, the 

Dodge Ram has the highest BC EF of the PFI vehicles over both cycles followed by the 

Honda Civic and the Toyota Camry, respectively. The Toyota Camry was the only 

vehicle that showed clear fuel trends over both cycles. Increasing ethanol and iso-butanol 

concentration over both cycles decreased BC EFs by 17% and 51%, respectively.  

  

 



140 

 

 

 
Fig. 5- 6. Black Carbon emission factors over the entire (a) FTP and (b) UC cycles 

* Denotes data unavailable 

 

 Fig. 5-6 shows the BC/PM mass fractions for the Toyota Camry, Kia Optima, and 

Chevrolet Impala for both the FTP and UC. Despite differences in the FTP and UC 

driving cycles, the testing regime did not affect the fraction of BC to PM emitted. For the 

(a.) 

(b.) 

* * * 

* 
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majority of the vehicles, cycles, and fuels, the BC/PM mass fraction ranged from 0.1 to 

0.3, or BC was ~20% of the total PM. Over the FTP cycle, all three vehicles show 

consistent BC/PM mass fractions at ~0.20, with the exception of the Toyota Camry 

showing a low BC/PM mass fraction of ~0.05 for the iso-butanol fuels. For the UC, the 

Kia Optima BC/PM mass fractions remained at 0.20, similar to the FTP. The Chevrolet 

Impala showed a clear fuel trend over the UC of increased BC/PM mass fractions from 

0.20 for the E10 fuel to 0.30 for the E20 fuel blend with a similar increase was also 

shown for the iso-butanol fuel blends. The Toyota Camry showed BC/PM mass fractions 

of ~0.02 to ~0.13 over the UC, with lower mass fractions seen for the higher ethanol and 

iso-butanol blends.  

 

 

 
 

Fig. 5- 7 BC PM fraction over the FTP (a.) and Unified (b.) cycles 

* Denotes data available 

 

* * * * * * * * * * 
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The total PM mass is roughly 5 times the amount of BC emitted. It should be 

noted that the BC equivalent concentrations were based on optical methods from the 

MAAP. Other BC and soot-like measurements may use different wavelengths, 

measurement techniques, or may measure elemental carbon (EC) from filter media, as 

opposed to real-time methods (Slowik et al. 2007). In general, previous studies have 

shown that GDI PM is dominated by 80% to 90% soot/EC emissions (Maricq et al., 

2013; Storey et al. 2014; Khalek et al. 2009; and references therein). Other BC 

measurement techniques (i.e., photoacoustic) have been shown to give a higher soot 

material mass compared to the MAAP (Slowik et al. 2007). Our measurement found BC 

or soot material to be lower at ~20% (0.20 BC/PM Mass fraction) of the total PM mass 

for GDI vehicles, and suggests that further work on EC and BC methods of 

measurements is needed. For the Toyota Camry (PFI), assuming BC has similar 

properties to EC, the results were consistent with Cheung at al. (2009), which found 

elemental carbon (EC) emissions represented a minor fraction of the total PM (roughly 

5%). 

5.4. Conclusions 

 This study concluded that high steady-state speeds produce large fractions of sub- 

40 nm hygroscopic particles for both PFI and GDI vehicles. This was seen for both the 

higher steady-state speeds and for the higher speeds and more aggressive phase 2 of the 

UC for the Dodge Ram, Honda, Civic, and Kia Optima. As the steady-state speed 

decreases from 70 to 30 mph, the emitted particles become less hygroscopic and more 

water-insoluble for particle diameters below 40 nm. The particle emissions from the 
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lower speed portions of the transient cycles were mostly non-hygroscopic and behaved 

like water-insoluble particles. The cold-start phase, during of which the engine is cold 

and the TWC is below its light-off temperature, produced non-hygroscopic particles. The 

lower speed hot start phases and the hot running transient phase of the FTP all showed 

more water-insoluble particles. The enhancement of water-soluble particles has the 

ability to induce DNA damage, cause pro-inflammatory response, and can promote 

pulmonary and cardiovascular disease (Ramgolan et al., 2009; Guetterrez-Castillo et al., 

2006). Thus, in addition to average daily driving emissions, the spatial regions in which 

high speed and low speed vehicle operation occurs must be studied; the particle 

composition on high speed highways maybe significantly different than local residential 

driving. The difference in results could have important implications for ambient health 

studies. Future work that correlates the high vehicle speeds and low water-insoluble 

emitted particles is needed to determine the cause of this phenomena. However, this 

study provides evidence that particle composition changes exist with vehicle speed and 

should warrant further investigation. 

 This study showed that particle composition differences exist between different 

vehicle technologies and fuels. Overall, roughly 30% of the PM mass consists of WSOM. 

The Kia Optima showed ~20% of the PM mass was WSOM and the Chevrolet Impala 

had ~40% WSOM. The total PM mass was roughly 5 times higher than the BC mass for 

the Toyota Camry and both GDI vehicles with BC making up ~10-30% of the PM mass. 

No significant trends were shown between the BC EFs and the ethanol and iso-butanol 
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fuel blends. The WSOM mass makes up roughly 20-60% of the total PM mass for the 

fuels and two GDI vehicles tested. 
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Chapter 6:  The Impact of Ethanol and Iso-butanol Blends on Gaseous 

and Particulate Emissions from Passenger Cars Equipped with Gasoline 

Direct Injection and Flex-Fuel Vehicles 

6.1. Introduction 

 

The proportion of gasoline vehicles operating with spark ignition (SI) direct injection 

(DI) fueling systems is steadily increasing in both the European and the United States 

(U.S.) markets. In the U.S. alone, half of all light-duty vehicle certifications for the 2012 

model year included GDI engines, reaching approximately 24% of the market, up from 

virtually 0% in 2007 (MECA, 2013). The widespread penetration of GDI vehicles is due 

to their improved fuel economy over conventional throttled SI port fuel injection (PFI) 

engines, which increases thermodynamic efficiency and improves fueling control, and 

ultimately leads to carbon dioxide (CO2) reductions (Alkidas 2007).  

Currently, the vast majority of GDI engines employ wall-guided designs in which the 

fuel spray is directed from a side-mounted fuel injector towards a contoured piston and 

then upward toward the spark plug (Zhao et al. 1999). While wall-guided GDI (WG-

GDI) engines offer advantages over their PFI counterparts, there can be issues relating to 

fuel preparation including fuel in contact with the cylinder wall surfaces during 

combustion, which will likely form soot or other semi-volatile compounds because the 

wall quenches the flame and prevents the complete combustion of the fuel. In addition to 

soot formation, an increase in total hydrocarbon (THC) emissions is expected due to 

incomplete evaporation and mixing with air and of adsorption and subsequent desorption 

of the fuel that, after being trapped in the piston top land crevice, is dissolved in lubricant 



154 

 

oil with consequent dilution and lose of lubricant properties (Alkidas 2007; Zhao et al. 

1999; Stevens and Steeper 2001). 

Currently, there is a trend for stoichiometric homogeneous WG-SIDI engines, which 

are dynamically penetrating the vehicle market. Alternative designs to WG-SIDI engines 

use either homogeneous or stratified-charge spray-guided (SG) GDI engines (Giglio et al. 

2013). While SG-GDI engines can be operated in a homogeneous charge mode only, the 

greatest fuel economy benefit is achieved with unthrottled lean stratified operation (Park 

et al. 2012). Advanced SG-SIDI engines are mostly available in Europe, but not in the 

U.S. because their lean operation requires nitrogen oxides (NOx) emissions control (Oh 

and Bae 2013). For the SG-GDI configuration, the fuel injector and spark plug electrodes 

are closely spaced in the center of the chamber. The fuel injector confines the fuel spray 

such that it does not contact the cylinder walls, thus reducing the incidence of fuel wall 

wetting, improving mixing and reducing soot formation (Giglio et al. 2013; Oh and Bae 

2013; Dahms et al. 2011). 

While GDI engines are offering important fuel economy and CO2 reduction benefits 

compared to their PFI counterparts, additional changes are ongoing in the fuel industry to 

further reduce greenhouse gas emissions and to secure renewable fuel supply. In the U.S., 

the passage of the Energy Independence and Security Act (EISA 2007) along with the 

Renewable Fuel Standard (RFS), which was initiated in 2005 and expanded in 2007, 

mandates the use of 36 billion gallons of renewable fuels in the transportation fuel pool 

by 2022 (EPA, 2007). Analogous to the U.S., the European Union (EU) also promotes 

the use of renewable fuels with the implementation of the EU Renewable Energy 
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Directive (2009/28/EC), which sets an objective of 10% market share of biomass fuels by 

2020 (EURO, 2009). Currently, ethanol produced both from corn and other cellulosic 

feedstocks is considered to be the most promising biofuel in the U.S. (Gardebroek and 

Hernandez 2013). More than 95% of gasoline sold in the U.S. contains 10% ethanol 

(E10), and the U.S. Environmental Protection Agency (EPA) has granted a partial waiver 

for the use of E15 blends in model year 2000 and newer vehicles. However, there are 

several drawbacks with the use of ethanol as gasoline extender. These include ethanol’s 

lower energy content compared to gasoline, the increase in Reid vapor pressure (RVP), 

and the inability to transport it through pipelines due to risk of water-induced phase 

separation (Anderson et al. 2012; Yan et al. 2013). Ethanol is very corrosive and at large 

concentrations can harm pipelines and existing infrastructure.  

Conventional vehicle technologies are not able to incorporate large volumes of 

ethanol into the operation of the vehicle. In fact, concentrations higher than E15 are not 

recommended in conventional vehicles because higher concentrations of ethanol will 

corrode vehicle components (DOE, 2013). In addition, long-term compliance of vehicles 

,in terms of criteria pollutant emissions, isn’t known in conventional vehicles with up to 

20% ethanol fuel use (Cadle et al. 2009). Flex Fuel Vehicles (FFVs) allow for vehicles to 

use ethanol fuel mixtures up to E85. FFV use is very popular in Brazil where 

approximately 85% of vehicles driven are equipped with FFV technology (Delgado et al. 

2007). However, the use of E85 fuel blends have resulted in a estimated decrease in fuel 

economy up to 25% due to ethanol having lower energy content compared to gasoline 

(Roberts 2008).  
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Recently, higher alcohols, such as butanol, have been the subject of increased interest 

as potential fuels in SI engines (Irimescu 2012). Iso-butanol is a higher chain alcohol 

with a four carbon structure that has different isomers based on the location of the 

hydroxyl group (1-butanol, n-butanol, 2-butanol, tertiary-butanol, and iso-butanol) (Jin et 

al. 2011). While n-butanol could be an attractive candidate for ethanol replacement 

because it can be produced via the mature and well-known acetone-butanol-ethanol 

(ABE) fermentation process, the dramatic energy demand, high water use, and 

unfavorable process economics have led research towards to iso-butanol (Tao et al. 

2014). Similar to ethanol, iso-butanol can be produced from biochemical pathways via 

fermentation using biomass-derived feedstocks, including corn, sugarcane, and cellulosic 

biomass (Tao et al. 2014; Xue et al. 2013). Compared to ethanol, iso-butanol exhibits a 

higher energy density, which is close to that of gasoline. In addition, iso-butanol has a 

lower latent heat of vaporization, is less soluble to water, and less corrosive than ethanol. 

The motor octane number of iso-butanol is lower than ethanol. However, both iso-butanol 

and ethanol improve the octane ratings of gasoline when they are added (Jin et al. 2011). 

The use of ethanol has been widely investigated for SI engines and vehicles, while 

data on emissions from iso-butanol blends is relatively sparse. While most studies on the 

effects of ethanol on tailpipe emissions have been focused on PFI engines and vehicles, 

there are some studies available on GDI engines/vehicles (Karavalakis et al. 2012; 

Durbin et al. 2007). Storey et al. 2010 analyzed the effect of E10 and E20 blends on a 

2007 model year GDI vehicle and found that NOx, carbon monoxide (CO), 

formaldehyde, and benzaldehyde emissions decreased with higher ethanol blends, while 
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acetaldehyde emissions showed increases. They also showed reduced PM mass and 

particle number emissions with ethanol blends. Maricq et al. 2012 showed small benefits 

in PM mass and particle number emissions as the ethanol level in gasoline increased from 

0 to 20% when they tested a GDI turbocharged vehicle with two engine calibrations over 

the Federal Test Procedure (FTP), while particle size was unaffected by ethanol level. 

Chen et al. 2012 investigated the effect of ethanol blending on the characteristics of PM 

and particle number emissions from a SG-GDI engine. They found increases in 

particulate emissions as the ethanol content increases. Clairotte et al. 2013 showed that a 

flex fuel vehicle fitted with GDI engine reduced CO, CO2, and NOx emissions with 

higher ethanol blends. Higher THC emissions with higher ethanol blends were also seen 

in other studies employing SG-GDI engines (Price et al. 2007). In addition, Graham et al. 

2008 showed lower CO and non-methane organic gases (NMOG) emissions from a GDI 

vehicle with E10 and E20 blends relative to gasoline. Most chassis dynamometer studies 

on iso- butanol blends have been conducted on PFI-fueled vehicles (Schulz et al. 2011; 

Ratcliff et al. 2013). Recent engine investigations on butanol blends on WG-GDI engines 

have shown that NOx, CO, and THC emissions were lower with increasing butanol 

content in gasoline, while some increases were seen for formaldehyde and acetaldehyde 

emissions when they utilized n-butanol and iso-butanol as blending agents with gasoline 

(Wallner and Frazee 2010).  In another study, the same group of authors showed lower 

volumetric fuel consumption and lower NOx emissions for butanol compared to ethanol 

blends (Wallner et al. 2009). Karavalakis et al. 2014 studied the gaseous and particulate 

emission effects of different ethanol and iso-butanol blends from a fleet of PFI and WG-
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GDI vehicles over the FTP and Unified Cycle (UC). Their results did not show strong 

differences between fuels for THC, CO, and NOx emissions for both cycles. They showed 

higher PM mass, particle number, and black carbon emissions for the GDI vehicles 

compared to their PFI counterparts. They also showed reductions in PM mass, particle 

number, and black carbon emissions with increasing alcohol content.  

Studies have shown that lower THC, NMTHC, and NOX emissions are associated 

with E85 fuel blend (Karavalakis et al. 2012; Graham et al. 2008; He et al. 2003). 

Graham et al. 2008 found that a 45% and 48% decrease in NOx and NMTHC, 

respectively, with the use of the E85 fuel blend compared to pure gasoline. In addition, et 

al. found that CO emissions were reduced by 22% with the E85 fuel blend compared to 

gasoline (Zhai et al. 2009). However, a 12% increase in THC was found for this study 

perhaps due to the larger matrix of vehicles tested for this study (Zhai et al. 2009). E55 

blend also shows decreased NOx emissions by 50% but no difference in NOx emissions 

was seen between the E85 and E55 fuel blends (Hubbard et al. 2014). Particulate 

emissions associated with the use of E85 is very limited. Lee et al. 2009 showed that total 

PN emissions using the Particulate Measurement Programme (PMP) decreased by 37% 

for the E85 fuel blend compared to pure gasoline.  

In this study, the impacts of varying ethanol and iso-butanol blend concentrations on 

the tailpipe emissions from two passenger cars equipped with SG-GDI and WG-GDI 

fueling systems, respectively, are evaluated. Emissions and fuel economy testing was 

conducted over the FTP and the Unified Cycle (UC) test cycles that include both cold-

starts and transient operation. A major goal of this study was to investigate the influence 
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of fuel type and engine technology on particle emissions, including PM mass, particle 

number, and soot. 

6.2. Experimental 

6.2.1. Test fuels and vehicles 

A total of nine fuels were employed in this study. The fuel test matrix included an 

E10 fuel (10% ethanol and 90% gasoline), which served as the reference fuel for this 

study for all four vehicles. The SG-GDI and WG-GDI vehicles were tested on two more 

ethanol blends, namely E15 and E20. Iso-butanol, which is a branched isomer of butanol 

with the OH group at the terminal carbon, was blended with gasoline at proportions of 

16% (Bu16), 24% (Bu24), and 32% (Bu32) by volume, which is the equivalent of E10, 

E15, and E20, respectively, based on the oxygen content. The FFVs were tested on 

ethanol fuel blends of E51 and E83 in addition to an iso-butanol blend of B55. All fuels 

were custom blended to match the oxygen contents, maintain the Reid vapor pressure 

(RVP) within certain limits (6.4-7.2 psi), and match the fuel volatility properties. The 

main fuel parameters of the alcohol blends can be found in Appendix Table C-1 and D-1. 

This study utilized two 2012, one 2013, and one 2014 model year gasoline passenger 

vehicles fitted with three-way catalysts (TWC) and operated stoichiometrically. The first 

vehicle (WG-SIDI) was a 2.0L I4, California LEVII, SULEV certified passenger car, 

having a rated horsepower of 148 hp at 6500 rpm, and equipped with a wall-guided direct 

injection SI engine. The second vehicle (SG-SIDI) was a 3.5L V6 , California LEVII, 

SULEV certified passenger car, having a rated horsepower of 302 hp at 6500 rpm, and 
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equipped with a spray-guided direct injection SI engine. The third was a 2013 Light-Duty 

FFV equipped with a 3.7L V6 PFI engine and was a California LEVII, ULEV certified 

vehicle. The fourth vehicle was a 2014 Light-Duty FFV with a 5.3L V8 GDI engine and 

was a California LEVII, ULEV certified vehicle. The four vehicles had an accumulated 

mileage of 18,851 for the WG-SIDI, 10,996 for the SG-SIDI, 13,687 for the PFI-FFV, 

and 2,649 for the GDI-FFV at the beginning of the test campaign. 

6.2.2. Driving cycles and measurement protocol 

Each vehicle was tested on each fuel over three FTPs and three UC tests. The 9 

particular fuel tests were conducted sequentially once the vehicle was changed to operate 

on that fuel, and the fuel was not changed to another fuel during this time. A fuel change 

with multiple drain and fills was conducted between the testing on each fuel to condition 

the vehicle and ensure no carryover effects. Detailed information on the driving cycles 

employed in this study and the testing protocol can be found elsewhere (Karavalakis et al. 

2013). 

6.2.3. Emission testing and analysis 

All tests were conducted in CE-CERT’s Vehicle Emissions Research Laboratory 

(VERL), which is equipped with a Burke E. Porter 48-inch single-roll electric 

dynamometer. A Pierburg Positive Displacement Pump-Constant Volume Sampling 

(PDP-CVS) system was used to obtain certification-quality emissions measurements. For 

all tests, standard bag measurements were obtained for THC, CO, NOx, NMHC, and CO2. 

NMHC was determined from the combined results from the THC analyzer and a separate 
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methane (CH4) analyzer. Bag measurements were made with a Pierburg AMA-4000 

bench. 

PM measurements were made on both a mass and number basis. PM mass samples 

were collected cumulatively over the entire FTP and UC cycles, with one sample 

collected for each test. Total PM mass determinations were collected using 47 mm 

Teflon® filters and measured with a 1065-compliant microbalance in a temperature and 

humidity controlled clean chamber. Total particle number was measured using a TSI 

3776 ultrafine-Condensation Particle Counter (CPC). This CPC is butanol-based and has 

the ability to count particles down to 2.5 nm with a total concentration of up to 300,000 

(#/cm3). Hence, the ultrafine CPC was ideal for an accurate total particle number 

measurement. The instrument operated at a flow rate of 1.5 L/min. An ejector diluter was 

used to collect samples from the CVS tunnel. The ejector diluter uses THC and particle-

free compressed air at a pressure of 20 psi. 

Real-time particle size distributions were also obtained for some fuel blends using an 

Engine Exhaust Particle Sizer (EEPS) spectrometer. The EEPS was used to obtain real 

time second-by-second size distributions between 5.6 to 560 nm. Particles were sampled 

at a flow rate of 10 L/min, which is considered to be high enough to minimize diffusional 

losses. They were then charged with a corona charger and sized based on their electrical 

mobility in an electrical field. Concentrations were determined through the use of 

multiple electrometers. 

Real-time soot emissions were measured using an AVL Micro-Soot Sensor (MSS). 

The MSS is an instrument that measures soot mass concentrations on a one-Hertz basis 
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using a photo acoustic detection technique. The instrument is designed to measure soot 

concentrations down to ~5µg/m3 and operates at a flow rate of 2 L/min. 

6.3. Results and Discussion 

6.3.1. THC Emission Factor 

The THC emission results for the Mercedes Benz E350 (SG-GDI) and the Mazda 3 

(WG-GDI) vehicles over the FTP and UC test cycles are presented in Fig. 6-1. Overall, 

THC emissions were found to be at relatively low levels for both vehicles, ranging from 

0.008 to 0.016 g/mile for the FTP and 0.008 to 0.022 g/mile for the UC. Generally, the 

higher ethanol blends exhibited lower THC emissions for the SG-GDI vehicle, while no 

strong fuel trends were observed for the butanol blends or for the WG-GDI vehicle. The 

decreases in THC emissions could be ascribed to the fuel bound oxygen (Knoll et al. 

2009). For the FTP, statistical analyses for the two vehicle fleet as a whole showed that 

THC emissions did not show any statistically significant differences for the weighted, 

hot-running, and hot-start phases of the cycle. For the cold-start phase of the FTP (bag 1), 

THC emissions showed marginally statistically significant reductions of 31% for E20 

compared to Bu24 (p=0.101). Similar to the FTP, the THC emissions did not show any 

statistically significant differences for the UC with the exception of bag 1 emissions. For 

the cold-start phase, THC emissions showed statistically significant reductions of 40% 

for E20 compared to Bu24 (p=0.008). 

The FFV are also presented in Fig. 6-1 over the FTP and UC. Overall the THC were 

found to be at elevated levels compared to the Mercedes Benz E350 (SG-GDI) and 
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Mazda 3(WG-GDI) vehicles. In addition, significant fuel trends existed for the Chevrolet 

Silverado (GDI-FFV) where a 28% increase existed for the E85 fuel blend compared to 

E10. THC values ranged from 0.029 to 0.049 for the FTP and 0.020 to 0.040 for the UC. 

For the SG-GDI and WG-GDI vehicles, a 70% decrease in THC emissions was shown 

over the FTP cycle for the E10 fuel when comparing to the FFVs (p=0.03). In addition, 

no statistical difference was shown over the UC between the SG-GDI and WG-GDI 

vehicles compared to the FFVs.  

The majority of THC emissions were emitted during the first 200-300 seconds of the 

cold-start phase of the FTP and UC. For the FTP, the average cold-start THC emissions 

ranged from 0.033 to 0.055 g/mile for the SG-GDI vehicle, 0.029 to 0.040 g/mile for the 

WG-GDI vehicle, 0.133 to 0.197 g/mile for the Ford F150 (PFI-FFV) vehicle, and 0.126 

to 0.217 g/mile for the Chevrolet Silverado (GDI-FFV). For the UC, the average cold-

start THC emissions ranged from 0.100 to 0.162 g/mile for the SG-GDI vehicle, 0.082 to 

0.122 g/mile for the WG-GDI vehicle, 0.262 to 0.433 g/mile for the PFI-FFV vehicle, 

and 0.379 to 0.621 g/mile for the GDI-FFV. The higher cold-start THC emissions were 

due to the less efficient operation of the TWC, when it is below the vehicles light-off 

operating temperature. THC emissions for the hot-running and hot-start phases were 

practically eliminated due to the efficient oxidation of hydrocarbon fuel fractions by the 

TWC. Fuel impingement effects can also significantly influence THC emissions in GDI 

engines (Zhao et al. 1999), especially during cold-start conditions where a portion of 

THC emissions could be a result of unburned fuel fractions. It is assumed that increased 
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cylinder surface temperatures also contribute to lower THC emissions during the hot-

running and hot-start phases by aiding better fuel vaporization and minimizing pool fires. 

 

 

Fig. 6-1 THC Emissions Factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

 

a. 

b. 
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6.3.2. NMHC Emissions Factors 

NMHC emissions are shown in Fig. 6-2. For the Mercedes Benz E350 (SG-GDI) 

vehicle, NMHC emissions showed some decreases with increasing ethanol content in the 

blend over both the FTP and UC. However, these trends were not seen for the iso-butanol 

blends of the Mazda 3 (WG-GDI) vehicle. Statistical analysis revealed that weighted 

NMHC emissions for both test cycles did not show any significant differences for the two 

vehicles combined. NMHC emissions for the cold-start showed statistically significant 

reductions of 35 (p=0.047) and 42% (p=0.004) for E20 compared to Bu24 for the FTP 

and UC, respectively. For the FTP, NMHC emissions for the hot-running phase (bag 2) 

showed marginally statistically significant increases of about 600% for E10 relative to 

E20 (p=0.097) and marginally statistically significant decreases of 600% for E20 relative 

to Bu24 (p=0.097).  

For the two FFVs, increasing ethanol concentration reduced NMHC over both the 

FTP and UC. Significant increases in NMHC were shown during the cold start or phase 1 

of both cycles for both FFVs. Statistically no differences existed between the weighted 

NMHC for both cycles. Decreases of 50% and 17% existed between the E20 fuel 

compared to E10 for the Ford F150 (PFI-FFV) over the UC and FTP, respectively. In 

addition, a 29% decrease was shown between the E20 fuel compared to the E10 fuel for 

the Chevrolet Silverado (GDI-FFV) over the FTP cycle. No statistical decrease was 

shown over the UC for the GDI-FFV. Generally, the B55 fuel blend had a weighted 

NMHC emission factor lower than the E10 fuel blend except for the PFI-FFV over the 

FTP which showed a 33% increase compared to the E10 fuel blend.  
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Fig. 6-2. NMHC Emissions Factors for all four vehicles tested over the UC (a.) and FTP 

(b.) cycles 

 

 

a. 

b. 
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6.3.3. CH4 and CO2 Emission Factor 

Although the emissions of CH4 can contribute significantly to total CO2-equivalent 

greenhouse gas (GHG) emissions, CH4 emissions from mobile sources are not regulated 

in the U.S., as opposed to the EU. Emissions of CH4 are a function of the type of fuel 

used, the design and tuning of the engine, the type of emission control system, the age of 

the vehicle, as well as other factors. Generally, CH4 emissions from gasoline are 

relatively small in terms of global warming potential. As shown in Fig. 6-3 for the 

Mercedes Benz E350 (SG-GDI) and Mazda 3 (WG-GDI) vehicles, CH4 emissions were 

found at very low levels ranging from 0.002 to 0.004 g/mile for the FTP and 0.001 to 

0.008 g/mile for the UC, with the SG-GDI vehicle having higher CH4 emissions 

compared to the WG-GDI vehicle over both cycles. For the SG-GDI vehicle, some trends 

towards lower CH4 emissions with E15 and E20 blends relative to E10 and higher CH4 

emissions with Bu24 relative to Bu16 and Bu32 were seen for both cycles. On the other 

hand, the WG-GDI vehicle did not show consistent fuel trends. In general, the precursors 

of CH4 formation are CH3 and C8H18, which suggests that the addition of either ethanol or 

butanol to gasoline could inhibit the path via C8H18 decomposition to produce CH4 

(Broustail et al. 2012). The cold-start CH4 emissions for the FTP showed statistically 

significant differences between fuels, with E10 showing increases of 48, 65, 49, and 50%, 

respectively, compared to E20 (p=0.040), Bu16 (p=0.001), Bu24 (p=0.031), and Bu32 

(p=0.026). For the FTP, further statistically significant increases of 49% for E20 

compared to Bu24 (p=0.043) were seen over the hot-start phase. No statistically 

significant differences between the fuels were observed for the UC. It should be noted 
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that cold-start CH4 emissions were found to be somewhat higher compared to hot-running 

and hot-start phases for both cycles, but the differences in emission levels weren’t as 

pronounced as observed with THC and NMHC emissions. This was probably due to the 

fact that CH4 is considered to be an inert gas in terms of its oxidation activity in the 

TWC. 
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Fig. 6-3. CH4 Emissions Factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

 

a. 

b. 
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More pronounced fuel trends of CH4 weighted emissions were shown for the FFVs 

compared to the Mercedes Benz E350 (SG-GDI) and Mazda 3 (WG-GDI) with 

increasing ethanol concentration (Fig. 6.3). In addition, the Ford F150 (PFI-FFV) showed 

statistical differences in the E83 fuel between both cycle with a 100% increase in the CH4 

emission factor for the FTP compared to the UC (p=0.008). For the PFI-FFV over the 

UC, a 100% increase in the CH4 emission factor was shown from the E10 to E83 fuel 

blend (p=0.008). The Chevrolet Silverado (GDI-FFV) over the UC, showed a 229% 

increase in the CH4 emission factor was shown from the E10 to E83 fuel blend (p=0.003). 

Over the FTP cycle, a 214% and 130% increase in the CH4 emissions factor from the E10 

to E83 fuel blend was shown for the PFI-FFV and GDI-FFV, respectively (p=0.001). For 

the cold start emissions (phase 1) over the UC, a 189% increase in the CH4 emissions was 

should for the E83 fuel compared to the E10 fuel blend (p=0.018). In addition, the cold 

start emissions over the FTP cycle showed a increase in CH4 emissions of 174% for the 

E83 compared to the E10 fuel blend (p=0.169). No statistical difference was shown for 

the other cycle phases. All CH4 emissions were shown to by during the cold start as with 

the WG-GDI and SG-GDI vehicles with the lower decreases to the warm phases being 

less profound.   
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Fig. 6-4. CO2 Emissions Factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

Fig. 6-4 shows the effect of alcohol fuel formulation on the CO2 emissions over the 

FTP and UC for all four vehicles. From a theoretical standpoint, it might be expected that 

b. 

a. 
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CO2 emissions would trend with the carbon/hydrogen ratio in the fuel. Carbon/hydrogen 

ratio decreases in the following order E10/Bu16, E15/Bu24, and E20/Bu32. Significant 

CO2 emission trends for the Mercedes Benz E350 (SG-GDI) and Mazda 3 (WG-GDI) are 

shown below. Although some differences are seen between different fuels for different 

vehicles/cycles, there is not a general trend of CO2 increases seen with that fuel order for 

these two different vehicles. Over the FTP for the Mercedes Benz E250 (SG-GDI) and 

Mazda 3 (WG-GDI) vehicles, the weighted CO2 emissions showed statistically 

significant reductions of 8% for E20 compared to Bu24 (p=0.006). Over the UC for the 

SG-GDI and WG-GDI vehicles, the differences between the fuels were more pronounced 

with E20 and Bu24 producing statistically significant increases of 4 and 3%, respectively, 

compared to E10 (p=0.003) and Bu32 (p=0.039). Overall for the SG-GDI and WG-GDI, 

Bu24 showed the highest weighted CO2 emissions, with E15 (p=0.008) and E20 

(p=0.00003) showing statistically significant reductions of 4 and 5%, respectively, 

compared to the Bu24 blend, while marginally statistically significant reductions of 3% 

with B16 compared to Bu24 was also seen (p=0.097). For both test cycles, cold-start CO2 

emissions showed statistically significant reductions of 9% for both the FTP (p=0.023) 

and the UC (p=0.0008) with E20 compared to Bu24. For the FTP hot-running CO2 

emissions, the lowest emissions were seen for E20, which showed statistically significant 

or marginally statistically significant reductions of 4 to 6% relative to the Bu24, Bu32, 

and E10 blends. For the UC hot-running CO2 emissions, Bu24 showed the highest 

emissions with E10, E20, and Bu16 showing statistically significantly or marginally 

statistically significant reductions of 3 to 5% compared to Bu24 blend. E10 also showed 
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an increase of 4% compared to E20 at a statistically significant level (p=0.002). During 

the hot-start CO2 emissions for the FTP, E20 showed a statistically significant decrease of 

10% relative to Bu24 (p=0.019), whereas no statistical differences were seen between the 

fuels for the UC. Overall, it appeared that the influence of ethanol use was more 

beneficial than iso-butanol in terms of GHG emissions for these vehicles, when 

considering both CO2 and CH4, although this trend would need to be examined over a 

larger set of vehicles. 

Slightly elevated levels of CO2 emissions were shown for the FFVs compared to the 

GDI vehicles Fig. 6-4. No significant fuel trends were shown for the Ford F150 (PFI-

FFV) over both the FTP and UC. Slight decreases in CO2 emissions factor with 

increasing ethanol concentration were shown for the Chevrolet Silverado (GDI-FFV) 

over both cycles. A 7% decrease in the CO2 emissions factor was shown over the UC for 

the GDI-FFV from the E10 to E83 fuel blend (p=0.032). In addition, a 4% decrease in the 

CO2 emissions factor was shown over the FTP from the E10 to E83 fuel blend (p=0.059). 

No statistical differences were shown for the cold start CO2 emissions factors for both 

FFVs. However, there were statistical differences between the FTP and UC for the FFVs. 

For the E10 fuel, a 9% decrease from the UC to FTP cycle was shown for the CO2 

emissions factors (p=0.056). When comparing the averaged CO2 emissions factors of the 

cold start phase of the FTP and UC, a 40% decrease was shown from the UC to FTP 

cycles (p=0.025). This was due to more profound levels of CO2 emissions during the cold 

start phase of the UC compared to the FTP which had similar CO2 emissions compared to 
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the warm and stabilized phases. The differences in driving conditions during phase 1 of 

the UC could have increase the efficiency of the TWC.  

6.3.4. Fuel Economy 

Fuel economy for each vehicle/fuel combination is presented in Fig. 6-5. Fuel 

economy was calculated based on the carbon balance method and the unique properties 

for each different test fuel and not according to the standard EPA equation. The carbon 

balance equation more directly accounts for the differences in energy content between 

different fuels, which are somewhat normalized out in the standard EPA equation. There 

were some trends of fuel economy reductions with increasing alcohol content/energy 

content, but not in all cases. The butanol fuels showed the most significant fuel economy 

differences for the Mercedes Benz E350 (SG-GDI) and Mazda 3 (WG-GDI). Results 

below show statistical comparisons between the WG-GDI and SG-GDI results. For the 

FTP, weighted fuel economy results showed statistically significant increases of 7% for 

Bu16 compared to Bu24 (p=0.032) and Bu32 (p=0.018), respectively. Statistically 

significant increases with Bu16 of 5% (p=0.021) and 6% (p=0.003) for the hot-running 

phase and 9% (p=0.054) and 8% (p=0.082) for the hot-start phase compared to Bu24 and 

Bu32, respectively, were also observed. For the UC, weighted fuel economy showed 

statistically significant increases of 5 and 4% for Bu16 relative to Bu24 (p=0.0001) and 

Bu32 (p=0.005), respectively. There were not statistically significant differences between 

the fuel economies for the different ethanol fuels, on the other hand. The ethanol fuels did 

show some statistically significant differences compared to the some of the butanol fuels 

and generally showed higher fuel economies than the Bu24 and Bu32 fuels. 
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Fig. 6- 5. Fuel Economy results based on the Carbon Balance Method 

 

For the FFVs, decreases in fuel economy were shown with increasing ethanol 

concentration. No significant differences in fuel economy was shown between the Ford 

a. 

b. 
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F150 (PFI-FFV) and Chevrolet Silverado (GDI-FFV). A 25% (p=0.001) and 16% 

(p=0.004) decrease in fuel economy was should from the E10 to E83 fuel for the PFI-

FFV and GDI-FFV, respectively, over the UC. Over the FTP, a 27% (p=0.001) and 23% 

(p=0.002) decrease in fuel economy was should from the E10 to E83 fuel blend for the 

PFI-FFV and GDI-FFV, respectively.  

6.3.5. CO Emission Factors 

CO emissions are shown in Fig. 6-6. CO emissions ranged from 0.134 to 0.527 g/mile 

for the FTP and 0.168 to 1.080 g/mile for the UC for the Mercedes Benz E350 and 

Mazda 3, with the Mercedes Benz E350 (SG-GDI) vehicle producing considerably lower 

CO emissions than the Mazda 3(WG-GDI) vehicle. Statistically significant differences 

between the WG-GDI and SG-GDI are mentioned below. For the FTP, weighted CO 

emissions showed statistically significant increases of 37, 33, and 48%, respectively, for 

E10 compared to E20 (p=0.002), Bu16 (p=0.006), and Bu32 (p=0.00005). Interestingly, 

the intermediate Bu24 blend also showed emissions that were higher at a statistically 

significant level than those of E20, Bu16, and Bu32. For the cold-start CO emissions, 

E10 was statistically significantly higher in the order of 41 and 54%, respectively, 

compared to E20 (p=0.009) and Bu32 (p=0.0003), and marginally statistically 

significantly higher in the order of 33% compared to Bu16 (p=0.073). Additionally, Bu24 

showed a 37% increase relative to Bu32 at a statistically significant level (p=0.025). For 

the hot-start phase of the FTP, CO emissions showed statistically significant increases of 

44 and 46%, respectively, for E10 (p=0.023) and E15 (p=0.016) compared to Bu32 

blend. No strong trends between the test fuels for the weighted CO emissions were seen 
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for the UC. For the cold-start CO emissions, E10 showed a marginally statistically 

significant decrease of 41% (p=0.081) and a statistically significant decrease of 45% 

(p=0.043) compared to B16 and Bu24 blends, respectively. A marginally statistically 

significant decrease of 39% for was also seen for E20 compared to Bu24 (p=0.093). 
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Fig. 6-6. CO Emissions Factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

 

a. 

b. 
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For the FFVs, there were strong fuel trends in decreasing CO emission factors with 

increasing ethanol concentration. In addition, the FTP cycle showed larger CO emission 

factors for the E10 fuel compared to the UC. The UC decreased the CO emission factor 

by 35% (p=0.024) and 37% (p=0.031) compared to the FTP cycle for the E10 fuel of the 

Ford F150 (PFI-FFV) and Chevrolet Silverado (GID-FFV), respectively. Over the UC, a 

57% (p=0.019) and 13% (p=0.062) decrease in CO weighted emissions from the E10 fuel 

to the E83 fuel blend. Over the FTP cycle, a 35% (p=0.055) and 38% (p=0.012) decrease 

in CO weighted emissions from the E10 fuel to the E83 fuel blend. Both FFVs showed 

significant decreases in the CO emission factors between the cold start and hot start phase 

of both cycles, which is due to the TWC not being fully warm thus not to maximum 

efficiency.  

There were trends of lower CO emissions with the higher alcohol fuel blends for both 

vehicles with some exceptions. This trend was stronger for the ethanol blends, whereas 

the intermediate Bu24 tended to show the highest emissions for the butanol blends. 

Previous studies have shown reductions in CO with increasing alcohol content due to 

improved oxidation of the CO as a result of the oxygen content in the fuel (Karavalakis et 

al. 2012; Knoll et al. 2009; Schifter et al. 2011). It was observed that the higher CO 

reductions were achieved with E20 and Bu32 blends relative to E10. While it is 

hypothesized that the oxygen content was the primary contributing factor for the CO 

decrease, it might be possible that the CO decreases with E20 could be also a result of the 

considerably lower 50% distillation temperature (T50) compared to the other blends. This 

is in agreement with a previous study conducted by Durbin et al. 2007 where they found 
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reduced CO emissions with lowering T50 in ethanol blends. This is also in agreement 

with the findings of the EPAct study, which showed that both a combination of fuel-

borne oxygen and lower T50 were responsible for lower CO emissions on a fleet of PFI 

vehicles when running on ethanol blends (EPA 2013). It should be emphasizing that 

similar to THC/NMHC emissions, CO emissions were dominated by the cold-start 

portion of the FTP and UC. The significantly higher CO emissions during cold-start 

compared to hot-running and hot-start emissions suggest that the combustion was rich 

during the first 200-300 seconds of the test cycles. 
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6.3.6. NOX Emission Factor 

 

 

 

Fig. 6-7. NOx emissions factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

 

a. 

b. 
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NOx emissions as a function of fuel type are presented in Fig. 6-7. NOx emissions 

ranged from 0.004 to 0.010 g/mile for the FTP and from 0.005 to 0.028 g/mile for the 

UC. The NOx emissions for the Mazda 3 (WG-GDI) and the Mercedes Benz E350 (SG-

GDI) were comparable over the FTP, but lower for the WG-GDI for the ethanol fuels 

over the UC. Overall for all four vehicles, NOx emissions did not show any consistent 

fuel trends or any statistically significant differences between fuels for the FTP and UC. 

However for the Ford F150 (PFI-FFV), a 54% decrease in NOX emissions with 

increasing ethanol content was shown over the FTP (p=0.067).  Interestingly, some 

differences between the fuels were only observed for the hot-start phase of both the FTP 

and UC cycles for the SG-GDI and WG-GDI vehicles which are mentioned below. For 

the FTP, E10 and E15 showed statistically significant NOx decreases of 65% (p=0.049) 

and 67% (p=0.037), respectively, compared to Bu32. For the UC, NOx emissions showed 

statistically significant decreases of 96 and 101%, respectively, for E15 compared to E20 

(p=0.010) and Bu32 (p=0.008).  
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Fig. 6-8. NOx emissions factors for all four vehicles tested over the UC (a.) and FTP (b.) 

cycles 

 

a. 

b. 
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6.3.7. PM Mass, Number, and Size Distributions 

6.3.7.1. PM Mass Emission Factor 

The cycle-based PM mass emissions are shown in Fig. 6-8. PM emissions for the 

Mazda 3 (WG-GDI) vehicle, Ford F150 (PFI-FFV), and Chevrolet Silverado (GDI-FFV) 

were considerably higher than those of the Mercedes Benz E350 (SG-GDI) vehicle. For 

the WG-GDI vehicle, PM emissions ranged from 1.23-2.74 mg/mile for the FTP and 

from 0.68-2.53 mg/mile for the UC, while for the SG-GDI vehicle PM emissions ranged 

from 0.09-0.38 mg/mile for the FTP and from 0.17-0.45 mg/mile for the UC. For the PFI-

FFV, PM emissions ranged from 0.79 to 3.06 for the FTP and 0.73 and 1.49 for the UC, 

while the GDI-FFV have PM emissions range from 1.68 to 4.85 for the FTP and 1.15 to 

4.83 for the UC. Lower PM emissions have been found in previous chassis dynamometer 

studies utilizing SG-GDI vehicles compared to WG-GDI vehicles (Zhang and McMahon 

2012; Li et al. 2014). This study confirmed that PM emissions from SG-GDI and WG-

GDI (both the WG-GDI and GDI-FFV) engines are significantly different. The lower PM 

emissions from a spray-guided system were due to the fuel injection architecture with an 

injector located close to the spark plug thereby providing better mixture preparation and 

more efficient fuel evaporation, and less fuel present on the floor of the piston bowl 

(Pioch et al. 2011). Our results showed that both GDI vehicles can potentially meet the 

future California LEV III and Tier 3 standards for PM mass emissions to be implemented 

by 2017 (3 mg/mile), with the SG-GDI vehicle even complying with the ultra-low PM 

standard of 1 mg/mile, which is expected in 2025. 
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Fig. 6- 9. PM Mass emissions factor for all four vehicles over the UC (a.) and FTP 

(b.)  

 

 

a. 

b. 
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Statistical analysis of the results showed that there was no strong fuel effect on the 

cycle-based PM emissions for neither the FTP nor the UC. This result was probably due 

to the minor differences between the fuels for the Mercedes Benz E350 (SG-GDI) 

vehicles for both test cycles, which ultimately influenced the fleet-based statistics. 

However, the Chevrolet Silverado (GDI-FFV) found a strong fuel trend of decreasing PM 

mass emissions by 65% (p=0.031) and 76% (p=0.018) for the FTP and UC, respectively. 

It is worth mentioning that for the SG-GDI vehicle, a trend towards higher PM emissions 

for E15 and E20 relative to E10 was seen, however. Similar to the results reported here, 

Chen et al. 2012 showed an increase in PM emissions with increasing ethanol content on 

a SG-GDI engine. They attributed these phenomena to the higher enthalpy of 

vaporization and lower energy density of ethanol, and the poor spray atomization 

performance for the ethanol blends, which will produce a greater mixture in-homogeneity 

and induce high PM emissions. For the WG-GDI vehicle, the use of increasing alcohol 

content resulted in lower PM emissions, indicating that the oxygen content was the 

primary factor for reducing PM. The lower PM emissions with alcohol fuels in context 

with the influence of the oxygen content have been discussed in previous studies (Storey 

et al. 2010; Maricq et al. 2012; Costagliola et al. 2013). 

6.3.7.2. PN Emission Factor 

Particle number (PN) emissions are presented in Fig. 6-9. In general, PN emissions 

corroborate the PM mass trends, with the Mazda 3 (WG-GDI) vehicle showing higher 

particle number emissions compared to the Mercedes Benz E350 (SG-GDI) vehicle. The 

SG-GDI vehicle and the Ford F150 (PFI-FFV) showed similar PN emission factors. The 
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Chevrolet Silverado (GDI-FFV) showed the largest PN emission factors with ranges from 

1.59 x1013 to 5.24 x1012 #/mi for the FTP and 6.95 x1012 to 3.20 x1012 #/mi for the UC. 

For both FFVs, decreasing PN emissions resulted with increasing ethanol concentration. 

A 54% and 67% decrease in PN emissions for the UC and FTP, respectively, from the 

E10 to E83 fuel for the GDI-FFV. In addition, a 74% and 62% decrease in PN emissions 

was shown for the UC and FTP, respectively, from the E10 to E83 fuel blends for the 

PFI-FFV.  
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Fig. 6- 10. PN emission factor for all four vehicles over the UC (a.) and FTP (b.) 

 

Further analysis showed that PM mass emissions highly correlated to particle number 

emissions for the WG-SIDI vehicle, but not for SG-GDI vehicle. The highest correlation 

a. 

b. 
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was observed for the UC (R2 = 0.88), followed by the FTP (R2 = 0.78). Zhang and 

McMahon 2012 also reported higher particle number emissions for WG-GDI vehicles 

compared to SG-GDI vehicles over the FTP cycle. Note, that both vehicles produced 

higher particle number counts for the higher speed and load UC cycle compared to the 

FTP. The higher particle number emissions for the WG-GDI vehicle were likely due to 

the increasing wall wetting by fuel on the piston, valve, and cylinder liner. This may 

result in liquid fuel that is not totally vaporized at the start of combustion. As a 

consequence, local fuel-rich combustion or even pool fires can occur near the piston, 

generating high particle emissions (Maricq et al. 2013; He et al. 2010). For the SG-GDI 

vehicle, the lower particle number emissions were most likely due to the reduced contact 

between fuel and combustion chamber surfaces, which was achieved through the higher 

fuel pressure and therefore better spray atomization and mixture preparation. 

 

6.3.7.3. Particle Size Distributions 

The transient particle size distributions for all four vehicles over the FTP and UC 

cycles are shown in Figs. 10-13, respectively. All three GDI vehicles displayed diesel-

like distributions and fit well a bimodal lognormal fit. For the Mercedes Benz E350 (SG-

GDI) vehicle for both test cycles, the number-weighted particle size distribution for all 

fuels was decidedly bimodal. While the accumulation mode peak is dominating the 

particle size distribution, there is also a nucleation mode present as well. For the SG-GDI 

vehicle, the accumulation mode geometric mean particle diameter centered around 35 to 

50 nm for the FTP and 40 to 50 nm for the UC. The peak particle size of the nucleation 
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mode for the SG-SIDI was about 11 nm in diameter for both cycles. The Mazda 3 (WG-

SIDI) and Chevrolet Silverado (GDI-FFV) vehicle emitted considerably higher 

concentrations of accumulation mode particles over both test cycles compared to the SG-

SIDI vehicle. This can be attributed to the fact that there will be more localized fuel-rich 

zones in the charge cloud due to the reduced mixture preparation time associated with 

wall-guided engine architectures. The accumulation mode geometric mean particle 

diameter ranged from 55 to 70 for the FTP and from 50 to 60 nm for the UC for the WG-

GDI. Whereas, the GDI-FFV accumulation mode geometric mean particle diameter 

ranged from 70-90nm for the UC and 80 to 100nm for the FTP. Similar to the SG-SIDI 

vehicle, a nucleation mode distribution with peak particle size at around 11 nm was seen 

for the WG-GDI and GDI-FFV vehicles over both cycles. A lack of an accumulation 

mode exists for the Ford F150 (PFI-FFV) for both the UC and FTP cycles. However, the 

E10 fuel has the only accumulation mode peak of 90-100nm for the UC and 50-60nm for 

the FTP. Most particles were emitted in the nucleation mode (~10nm) during both the 

FTP and UC for the PFI-FFV.  

Fuel properties and type seemed to play an essential role in shaping the nature of 

particle size distributions from GDI vehicles. For both vehicles, the high oxygen content 

and high aromatics content fuels resulted in higher number concentration of accumulation 

mode particles, with this phenomenon being more pronounced for the WG-GDI vehicle. 

The lower oxygen/aromatic content B32 and E20 blends systematically showed lower 

number concentration of accumulation mode particles and in most cases a smaller size in 
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geometric mean diameter compared to the other blends.  B32 generally shifted towards 

smaller particle diameters than E20 for both vehicles over both test cycles. 

 

 

Fig. 6- 11. Mercedes Benz E350 particle size distributions over the UC (a.) and FTP (b.) 

 

 

UC 

FTP 

a. 

b. 
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Fig. 6- 12. Mazda 3 particle size distributions over the UC (a.) and FTP (b.) 
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UC 
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Fig. 6-13. Ford F150 particle size distributions over the UC (a.) and FTP (b.) 

 

 

UC 

FTP 

a. 

b. 
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Fig. 6-14. Chevrolet Silverado particle size distributions over the UC (a.) and FTP (b.) 

6.4. Conclusions 

This study examined the gaseous and particulate emissions impacts of ethanol and 

iso-butanol blends on a fleet which include a PFI, SG-GDI , WG-GDI, and WG-FFV 

over the FTP and UC driving cycles using a light-duty chassis dynamometer. Our results 

UC 

FTP 

a. 

b. 
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showed some reductions in THC and NMHC emissions with increasing alcohol content 

in the fuel and an indication that these pollutants were largely dominated by the cold-start 

driving conditions. In addition, the Mercedes Benz E350 (SG-GDI) and Mazda 3 (WG-

GDI) emitted less THC compared to the two FFVs. Emissions of CH4 and CO2 also 

showed reductions with the higher ethanol and butanol blends relative to E10, with some 

differences being statistically significant for the SG-GDI, WG-GDI, and the Chevrolet 

Silverado (GDI-FFV). The GDI-FFV and Ford F150 (PFI-FFV) showed statistically 

significant reductions in CH4 emissions with increasing ethanol. CO emissions generally 

decreased with higher ethanol and iso-butanol blends, with some of these differences for 

the weighted and cold-start CO emissions being statistically significant for all vehicles. 

For the SG-GDI and WG-GDI vehicles, the highest reductions in CO emissions were 

observed for E20 and Bu32 blends relative to E10 and could be ascribed to the fuel-

bound oxygen and the lower T50 of these fuels. For the weighted NOx emissions, there 

was no strong fuel trend in either driving cycle for any of the test vehicles. With the 

exception of the Ford F150 over the FTP, which showed decreased NOx emissions with 

increasing ethanol fuel content.  

By increasing the ethanol and iso-butanol blend level, the average PM mass and 

particle number emissions generally decreased over the FTP and UC cycles, respectively. 

This may be explained by the higher oxygen content and the lower aromatics in higher 

ethanol and butanol blends relative to E10. Our results also showed that important 

particulate reductions can be achieved with low-, mid-, and high-level alcohol blends 

from GDI vehicles and can potentially meet the future LEV III emission standards. For 
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both vehicles, the particles were dominated with accumulation mode size distributions 

having mean diameters between 35 to 50 nm for the FTP and 40 to 50 nm for the SG-

SIDI vehicle, and 55 to 70 for the FTP and from 50 to 60 nm for the UC for the WG-SIDI 

vehicle. The GDI-FFV mean particle diameter ranged from 70-90nm for the UC and 80 

to 100nm for the FTP. The higher oxygen content/lower aromatics content blends 

lowered the accumulation mode particle concentrations. The PFI-FFV had a large mean 

accumulation mode diameter for the E10 fuel and a nucleation mode for all fuels at a 

particle diameter of 10nm. The penetration of GDI vehicles into the U.S. market is 

expected to continue in the future, and the results of this study suggest that high 

concentrations of alcohol in fuels may prove beneficial in reducing most harmful 

emissions, especially particulates, while spray-guided DI engine and port fuel injection 

designs can substantially lower PM mass and number emissions compared to WG-GDI 

technology. 
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Chapter 7: Particle Speciation from the Use of Ethanol and Iso-butanol 

Fuels in Spray and Wall Guided Gasoline Direct Injection and Flex Fuel 

Vehicles 

7.1. Introduction 

 

In recent years, research into light-duty vehicles and fuels has expanded due to the 

Renewable Fuels Standard (RFS) and a need to reduce global dependence on crude oil 

(RFS, 2007). Automotive manufacturers are continually developing new technologies to 

reduce emissions and improve fuel economy to meet U.S. federal regulations. Some of 

these technologies include Gasoline Direct Injection (GDI) and Flex Fuel Vehicles 

(FFVs), which both have shown increased production in the U.S. market (Zhao et al. 

1999). In addition, alternative non-petroleum based fuels, such as ethanol, have gained 

popularity because they are not petroleum based. However, the impacts of different 

combinations of these fuels and vehicle technologies on emissions is still not fully 

understood. 

The production of GDI vehicles has increased since 2007 because of the increases 

in fuel economy obtained with the GDI technology (Zhao et al. 1999; Alkidas 2007). 

Predictions show that by 2025 approximately 93% of the light-duty passenger vehicle 

market will consist of GDI engines (EPA, 2013). There are two prominent types of GDI 

engines which include: Wall-Guided (WG-GDI) and Spray-Guided (SG-GDI) (Solomon 

et al. 2000; Drake et al. 2005: Alkidas 2007). WG-GDI engines have a fuel injector 

mounted on the side of the combustion chamber that sprays fuel towards the piston bowl 

surface. SG-GDI engines have a fuel injector located at the top of the combustion 



206 

 

chamber with the spark plug located directly next to the injector; providing an ideal 

coupling of the fuel injector and spark plug (Drake et al. 2005; Alkidas 2007). This 

technology, SG-GDI, offers the potential to improve fuel economy and reduce PM 

associated with GDI engines. However, the cost associated with manufacturing SG-GDI 

vehicles has limited the use of the spray-guided technology.  

There is also a class of vehicles called Flex Fuel Vehicles (FFVs) that are fitted 

with material to withstand the higher ethanol content fuels with up to 85% ethanol. FFVs 

can have either a PFI or GDI engine, and this study looks into the particle composition 

differences of both. Conventional vehicles are not equipped to handle the corrosive 

higher ethanol concentrations such as E85. Fuel sensors are also used to detect the use of 

ethanol in the fuel up to E85 to optimize engine performance by taking into account the 

lower energy content E85 fuel.  A few drawbacks on the mainstream use of FFVs include 

the current fuel distribution infrastructure in the U.S. (pipelines, underground storage 

tanks, transportation vehicles, etc.) which would have to be retrofitted to incorporate 

larger use of E85 fuel blends. It has been suggested that large concentrations of ethanol, 

such as E85, in gasoline can lead to an enhanced ozone health risk (Jacobson 2007). 

Salvo and Geiger (2014) has shown that heavy ethanol use in Sao Paulo, Brazil has led to 

reductions in ground level ozone. The current debate on the environmental impact of 

large uses of ethanol is still ongoing.  

 The use of renewable fuels has been increasing in gasoline every year since 2007 

due to the RFS requirements, which requires 15.21 billion gallons of renewable fuel to be 

blended in 2014 (RFS, 2014). Iso-butanol alcohol, a renewable fuel other than ethanol, 
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has been attracting attention because it’s less corrosive and exhibits a higher energy 

density than ethanol, so it can be used without any engine modifications (Wallner and 

Frazee 2010). Iso-butanol is produced similarly to the production of ethanol; from bio-

mass feedstocks using biochemical pathways via fermentation. The primary method for 

the production of iso-butanol is the Acetone-Butanol-Ethanol (ABE) process (Jin et al. 

2011; Nigam and Singh 2011). However, this method has been shown to have low yields 

of iso-butanol, making it difficult to produce iso-butanol compared to ethanol (Jin et al. 

2011; Nigam and Singh 2011). Ways of improving the ABE method to increase the 

butanol yield to make it more economically feasible as a fuel are under investigation, 

however.  

Vehicle fuels and technology changes can lead to changes in particle composition, 

which can have impacts on climate, air quality, and human health. Particles below 2.5 µm 

can be inhaled into the lungs and have been linked to reactive oxygen species (ROS) 

production (Tao et al. 2003). ROS generation has also been linked to particular PM 

compositions, such as Water-Soluble Organic Mass (WSOM) and Water-Insoluble 

Organic Mass (WIOM) (Verma et al. 2012). Long term exposure to WSOM can also 

effect DNA (Guetterrez- Castillo et al. 2006), and can act as Cloud Condensation Nuclei 

(CCN), thus impacting climate (Ervens et al. 2005). Despite these potential impacts, the 

literature is limited in studies of particle composition for fuels with high (>50%) alcohol 

content in gasoline.  Recently, Dutcher et al. (2011) showed that BC emissions decreased 

over 50% with increasing ethanol concentration (E0 to E85).  



208 

 

This study will discuss the particle composition differences in emissions between 

WG-GDI, SG-GDI, and FFVs using varying gasoline blends of ethanol and iso-butanol. 

Soot, Water-Insoluble Mass (WIM) fractions, and Water-Soluble Organic Carbon 

(WSOC) and Organic Mass (OM) analysis are all preformed to provide a detailed particle 

composition investigation. The soot and WIM fractions are measured in real-time during 

transient and steady-state driving conditions. The WSOC and OM analysis are done using 

integrated filter measurements that are processed in the laboratory. The coupling of the 

real-time and integrated filter measurements provides important information that can 

provide a unique understanding of the different contributions to the total PM mass.  

 

7.2. Experimental Method 

7.2.1. Test Vehicles 

The test vehicles and their specifications and mileages are listed in Table 7- 1. 

The vehicles included two FFVs and two conventional vehicles. Both FFVs are light-duty 

pickup trucks with one vehicle being equipped with a Port Fuel Injection (PFI) engine 

and the other a wall-guided Gasoline Direct Injection (WG-GDI) engine. The other two 

vehicles are light-duty passenger cars, but with different GDI technology engines. The 

first is equipped with a spray-guided GDI (SG-GDI) engine and the other is equipped 

with a WG-GDI engine. All vehicles were certified to LEV II, ULEV, or SULEV 

emission standards. 
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Table 7- 1. Test Vehicle Specifications 

7.2.2. Fuel Specification 

All vehicles were tested on E10 (10% ethanol and 90% gasoline), and this served 

as the base fuel. The SG-GDI (Mercedes- Benz E350) and WG-GDI (Mazda 3) were both 

tested with 6 custom blended ethanol and iso-butanol gasoline fuels. This included E15 

and E20. In addition, these vehicles were tested on blends of 16%, 24% and 32% iso-

butanol, repectively, denoted as B16, B24, and B32. It should be noted that B16 is the 

oxygenated equivalent to E10. The PFI-FFV (Ford F150) and GDI-FFV (Chevrolet 

Silverado) were tested on four custom blended ethanol and iso-butanol fuels (including 

E10). The other two higher ethanol fuels include E51 and E83. The higher iso-butanol 

Vehicle Make and 

Model Year 

Engine 

Displacement and 

Configuration 

Injection 

System 

Emission 

Control 

Regulations 

Mileage 

2012 Mercedes Benz 

E350 

3.6L V6 Spray-guided 

GDI 

LEVII, 

SULEV 

10,996 

2012 Mazda 3 2.0L I4 Wall-guided 

GDI 

LEVII, 

SULEV 

18,851 

2013 Ford F150 3.7 V6 PFI LEVII, 

ULEV 

13,687 

2014 Chevrolet 

Silverado 

5.3L V8 GDI LEVII, 

ULEV 

2,649 
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blended fuel was a 55% iso-butanol fuel (B55). These fuels were custom made to control 

Reid Vapor Pressure (RVP), oxygen content, and fuel volatility among other properties. 

Specific fuel properties can be found in the Appendix Table C-1 and D-1. 

7.2.3. Experimental Protocol 

Vehicles were tested at CE-CERT’s Vehicle Emissions Research Laboratory 

(VERL). VERL is equipped with a Burke E. Porter 48” barrel light-duty chassis 

dynamometer. The facility is also equipped with a Constant Volume Sampler (CVS) for 

emissions sampling. All vehicles were tested on both the Federal Test Procedure (FTP) 

and the Unified Cycle (UC). The FTP is the primary certification test cycle developed by 

the U.S. EPA. The UC test cycle was developed by the California Air Resources Board 

(CARB) as a improved and more representative driving cycle compared to the FTP cycle. 

In addition, each vehicle (except the Chevrolet Silverado) was tested over three steady-

state speeds of 30, 50, and 70 miles per hour (mph). 

The FTP and UC each consist of three different types of driving simulations or 

phases. A speed versus time trace for each is shown is Appendix Fig. C-1. The first phase 

is known as the “Cold Start” phase. The vehicle’s engine and catalyst have been cooled 

for at least 8 hours before the start of the first phase, simulating conditions when the 

vehicle is first started for the day. The second phase is the stabilized phase; the vehicle’s 

engine and catalyst are now warm, so driving conditions represent normal driving after 

the vehicle is warmed up. After phase 2, a “hot soak” of the vehicle is performed where 

the vehicle is turned off for exactly 10 minutes. Phase 3 proceeds directly after the “hot 

soak”. Phase three is a “hot start” where driving conditions are identical to phase 1, 
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however, the vehicle now has a warm engine and catalyst. This usually results in lower 

emissions compared to phase 1. After a FTP or UC, the steady-state testing for the 

vehicle was performed. Each steady-state speed is run for exactly 10 minutes after a 

warm up period and after operation was stabilized. 

7.2.4. Instrumentation and Analysis 

This study included a number of particle and gaseous measurements, as listed in Fig. 

S2, although the focus of this paper is on the particle measurements. Appendix Fig. D-1 

shows the inlet connections of the instruments and the instrument flow rates, and the 

experimental set-up. The measurements for this paper include both filter particle 

measurements and real-time particle measurements. The following describes the 

instrumentation used in the particle analysis for this study.  

Organic Mass (OM) was measured for both the Ford F150 and Chevrolet Silverado 

(FFVs), but only over the FTP cycle.  Quartz filters were used for this analysis and the 

OM concentration was reported for the whole particle over all particle diameters. The 

Organic Carbon (OC) was measured using a Sunset Laboratory Elemental Carbon 

(EC)/OC Lab analyzer utilizing the National Institutes of Safety and Health (NIOSH) 

5040 protocol. The measurement is a thermal-optical method where the sample was 

thermally desorbed from the filter with helium gas and then oxidized using controlled 

heating increases. The sample in analyzed using a Flame Ionization Detector (FID). OC 

values were multiplied by a factor of 1.55 to take into account the non-carbonaceous 

organic matter, giving the Organic Mass (Turpin and Lim 2001). 
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For each transient test, Teflon filters were sampled to quantify Water-Soluble Organic 

Carbon (WSOC) and Water-Soluble Organic Mass (WSOM) was determined for the 

whole particle over all particle diameters. Particles were first extracted from the Teflon 

filter into an aqueous solution. Filters were placed in a clean 60 mL amber vial, and 60 

mL of Millipore© water (TOC~70 ppb) was added. Vials were then sonicated for 

approximately 90 minutes at room temperature. After sonication, the sample was then 

syringed out of the vial with a Whatman©  25 mm syringe filter (to extract any large 

water-insoluble material from the sample). A pendant drop tensiometer (Attension Theta 

200) was used for the surface tension analysis. The WSOC analysis was performed with a 

GE Seivers 900 TOC Analyzer. The WSOC concentration is multiplied by a factor of 1.6 

to convert to the water-soluble organic mass (WSOM) (Turpin and Lim 2001). This 

factor accounts for all non-carbonaceous organic mass measured that is water-soluble. 

The Water-Insoluble Organic Carbon (WIOC) is the WSOC subtracted from the OC 

values, giving the Water-Insoluble Organic Carbon value. This value was multiplied by 

1.4, which accounts for all non-carbonaceous mass that is water-insoluble, to give the 

Water-Insoluble Organic Mass (WIOM) value. Theoretically, the sum of the WIOM and 

WSOM should be equivalent to the OM. The correlation between the sum of the WIOM 

and WSOM with the OM from the OC analysis is plotted in Appendix Fig. D-2. The best 

fit linear line with a forced y-axis intercept of 0 gives a slope of .954 and a R2 value of 

.989. This correlation proves the assumption that the sum of the WIOM and WSOM is 

equivalent to the OM in this study. 
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 The Water-Insoluble Mass (WIM) fraction was estimated using a technique 

described in Short et al. 2014, which is based on real-time size distributions for particle 

diameters below 40 nm. The size distributions were measured using a Scanning Mobility 

Particle Sizer (SMPS), which consists of an electrostatic classifier (TSI 3080) used in 

tandem with an Butanol Condensation Particle Counter (B-CPC; TSI 3772) and a Water 

Condensation Particle Counter (W-CPC; TSI 3785). The CPCs use a different working 

fluid of either water or butanol. Each particle diameter is measured with two distinct 

particle concentrations from the B-CPC and W-CPC separately measure the particle 

concentration for that particle diameter. The differences between the two particle 

concentrations determine the WIM fraction. The particle concentrations for each particle 

diameter selected during the sampling period (i.e., cycle phase or overall cycle) is 

summed over each cycle or phase. This method was performed for both the W-CPC and 

B-CPC measurements; the ratio of the W-CPC by the B-CPC gives an overall ratio of the 

difference in W-CPC to B-CPC particle counts. This ratio was then used to determine an 

overall hygroscopicity value, κ, and the overall WIM fraction. 

Soot concentrations were measured in real-time using the AVL Micro Soot Sensor 

(MSS). It measures the soot concentration based on the whole particle, or over all particle 

diameter sizes from the particle stream (Schindler et al. 2004). The MSS is a photoacustic 

instrument that has a lower detection limit of 5 µg m-3.  An infrared (IR) light beam at 

808 nm isa aimed at the soot particles. Once the light beam is absorbed through the 

particle, sounds waves are produced and measured using a microphone. The GDI vehicles 
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emission streams were diluted 5 to 1 for the soot emission measurements to keep the 

analyzer from over ranging, since the emissions are higher than those of the PFI vehicle. 

7.3. Results 

7.3.1.1 WSOM Emission Factors 

The WSOM EFs were measured cumulatively on filters over both the UC and 

FTP and are shown in Fig. 7-1. The majority of the WSOM EFs are below 1 mg/mi for 

all 4 vehicles over both cycles. For the FTP cycle, increasing alcohol content increases 

the WSOM EFs for the WG-GDI and PFI-FFV vehicles. For the UC, the WSOM EFs 

remain relatively consistent with increasing alcohol content showing that for a more 

aggressive and high speed cycle WSOM EFs are relatively insensitive to alcohol content. 

The PFI-FFV showed a 150% increase in the WSOM EF with increasing ethanol content 

from the E10 to E83 fuels over the FTP cycle, but consistent WSOM EFs at 0.8 mg/mi 

for the same fuels over the UC. WG-GDI showed a 100% increase in the WSOM EF 

from the E10 to E20 fuels over the FTP cycle. The SG-GDI showed a small increase in 

the WSOM EF with increasing ethanol concentration, but a 185% increase from the B16 

to B32 fuels. In addition, a 67% decrease in the WSOM EFs was shown from the B16 to 

B32 fuels over the UC for the SG-GDI. The GDI-FFV over the FTP, on the other hand, 

showed the opposite trend with a 63% decrease in the WSOM EF with increasing ethanol 

content from the E10 to E83 fuels over the FTP and a 40% decrease over the UC.  
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Fig. 7- 1. The WSOM Emission Factors over both the FTP (a.) and Unified (b.) cycles for 

the WG-GDI, SG-GDI, PFI-FFV, and GDI-FFV 

 

 

  b) 

  a) 



216 

 

7.3.1.2 WSOM and WIOM Contributions to OM  

 

The determination of the WIOM and OM EFs are described in Section 2.3. The OM EFs 

are shown in Fig. S3. The EFs of the WSOM, WIOM, and PM mass are shown in Fig 7-

2a for the FFVs over the FTP. It should be noted that only one WSOM EF was measured 

for the FFVs over the FTP cycle, for which a corresponding WIOM and PM EF were 

reported. The WIOM EFs did not show strong fuels trends for either vehicle, but the E51 

fuel had the highest WIOM EF for each FFV. The WSOM EFs showed increases with 

increasing ethanol content for the PFI-FFV and decreases with increasing ethanol content 

for the GDI-FFV, as shown in section 3.1.1. The PM mass for the PFI-FFV increased 

with increasing ethanol content over the FTP. However, the GDI-FFV shows an opposite 

trend of a decreasing PM mass EF with increasing ethanol content. 

The WIOM and WSOM fractions of the total PM mass over the FTP cycle are 

shown in a stacked bar chart in Fig. 7-2b. The combined WIOM and WSOM (or OM) 

fractions ranged from about 43% to 72% of the total PM mass for the PFI-FFV, as shown 

in Fig. 2b. Due to the increase in the PM mass emissions, the fraction of WIOM and 

WSOM both decreased for E83 for the PFI-FFV. The PFI-FFV shows the majority of the 

OM emissions for the E10 and E83 fuels were WSOM, and the WSOM/PM mass fraction 

ranged from 0.48 to 0.37 from the E10 to E83 fuels. The B55 blend showed the highest 

WSOM emissions for the PFI-FFV, which was 60% of the total PM. For the GDI-FFV, 

the WIOM PM mass fractions increased with increasing ethanol concentration from 0.18 

for the E10 fuel to 0.42 for the E83 fuel. Note that the increases in WIOM fractions are 

due in part to the decreases in total PM mass for the GDI-FFV with increasing ethanol 
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content The WSOM fraction, for the GDI-FFV remained constant (~0.14) with all four 

fuels.  

Fig. 7-2b shows the combination of the WSOM and WIOM in relationship to the 

total PM mass, with the sum of the WSOM and WIOM equalling the total OM of the 

particles. Effectively, Fig. 7-2b shows the OM to PM mass fractions for both FFVs over 

the FTP cycle. The OM/PM mass fraction varies greatly for the PFI-FFV, but there is a 

consistent fuel trend of increasing OM/PM mass fractions with increased ethanol content 

for the GDI-FFV. As stated above, the WIOM/PM mass also increases with increased 

ethanol content. Both trends for the GDI-FFV are due more to the decreasing total PM 

mass with increasing alcohol content that changes with the particle composition. The 

differences in OM/PM mass trends between the vehicles might be attributed to their 

engine technologies with the increased ethanol content. Specifically, because the fueling 

for the GDI vehicles is not as well mixed as for the PFI vehicle, the oxygen in the higher 

alcohol appears to have a bigger impact in reducing PM in rich zones for the GDI 

vehicles than during the combustion for the PFI. 
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Fig. 7- 2. The WSOM, WIOM, and PM mass Emission Factors for both the PFI-FFV and 

GDI-FFV (a.). The WSOM and WIOM PM mass fractions in a stacked bar graph (b.) 

over the FTP cycle for the PFI-FFV and GDI-FFV. Both the addition of the WSOM and 

WIOM represent the OM/PM mass fraction. 

 

   a) 

   b) 
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7.3.2. Estimated Water-Insoluble Mass Fraction by Phase 

 

Using our real-time technique described in Section 2.4, the WIM fractions were 

estimated over both cycles for all four vehicles. These fractions are representative of 

particles below 40 nm in diameter. The overall cumulative WIM Fractions are shown in 

Fig. 7- 3. Generally, the WIM fractions are high (above 0.75) for all vehicles and fuels 

over both cycles, with some differences between the vehicle technologies. The SG-GDI 

and WG-GDI vehicles both showed consistent WIM fractions, above 0.75, over both 

cycles and all fuel blends. The FFVs show differences between the PFI and GDI engine 

technology. The GDI-FFV had WIM fractions above 0.8 for all fuels over the FTP cycle. 

The PFI-FFV shows a wider range in WIM fractions with low overall WIM fractions for 

some fuels over both cycles. The GDI-FFV and PFI-FFV have more resembling WIM 

fractions over the UC, with the GDI-FFV having low overall WIM fractions for some 

fuels.  

Over both cycles, the PFI-FFV showed largely water-insoluble particle emissions 

with the E10 fuel, but low amounts of water-insoluble particle emissions with the E83 

fuel. The decrease from the E10 to E83 fuel was 75% for the FTP cycle and 50% for the 

UC. The GDI-FFV showed mostly water-insoluble emissions over the FTP cycle. 

However, the UC showed a 33% decrease in the WIM fraction from the E10 to the E83 

fuel blend. The E51 and B55 fuel blend WIM fractions (~0.85) were significantly higher 

compared to the other WIM fractions. 
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Fig. 7- 3. The estimated water-insoluble mass fraction over both the FTP (a.) and Unified 

(b.) cycles for the WG-GDI, SG-GDI, PFI-FFV, and GDI-FFV 

 

WIM fractions were also estimated for each phase of the FTP and UC for all four 

vehicles. Fig. 7- 4 shows the FTP and UC WIM fractions by phase for all four vehicles. 

The SG-GDI and WG-GDI vehicles showed generally consistent WIM fractions between 

   a) 

  b) 
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all three phases for both cycles, although some variability existed for the SG-GDI with 

some fuel blends. The FFVs showed more variable WIM fractions between the 3 phases 

over both cycles. Generally, the E10 and E51 fuel blends had higher WIM fractions 

between both vehicles and cycles. 

The SG-GDI and WG-GDI vehicles had mostly water-insoluble particle 

emissions by phase.  The SG-GDI shows low WIM fractions for the E10 fuel over phase 

2 of the FTP cycle, but the E20 fuel has a high WIM fraction. Thus the increase in 

ethanol content in the fuel increased the WIM fraction for phase 2 of the FTP for that 

vehicle. The iso-butanol fuel blends show a large decrease in the WIM fraction, 48% for 

the FTP and 67% for the UC, with increasing iso-butanol concentration over both cycles 

for the SG-GDI. The WG-GDI vehicle also shows very hygroscopic particle emissions 

for all three phases over both cycles. The iso-butanol fuels show decreasing WIM 

fractions with increasing alcohol concentration over both cycles, but these decreases are 

roughly 20% or just above the method uncertainty of 15% (Short et al. 2014). 
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Fig. 7- 4. The estimated water-insoluble mass fraction over both cycles for the SG-

GDI{FTP(a.) and UC (b.)}, WG-GDI {FTP(c.) and UC (d.)}, PFI-FFV {FTP(e.) and UC 

(f.)}, and the GDI-FFV {FTP(g.) and UC (h.)}. 

 

   a)    b) 

   c)    d) 

   e)    f) 

   g)    h) 



223 

 

The FFVs had large decreases in the WIM fraction with higher alcohol content. 

For the PFI-FFV, large WIM fraction decreases were found with higher alcohol content 

over the FTP cycle for all three phases. Phase 1 had a 76% decrease, Phase 2 had a 56% 

decrease, and Phase 3 had a 50% decrease in the WIM fraction from the E10 to E83 fuel 

blend. The UC also showed large decreases from the E10 to E83 fuel blend, but only for 

phase 1 and 3, which showed decreases of 63% and 43%, respectively. For the GDI-FFV, 

the ethanol fuel blends had similar WIM fractions over the FTP cycle. The B55 blend had 

fractions that were lower than the E10 fuel blend for all three phases, with a minimum 

WIM fraction of 0.6 (Phase 2). The UC has decreasing WIM fractions, from the E10 to 

E83 fuel blend, by 61% (Phase 1) and 54% (Phase 3). Phase 2 showed a 243% increase in 

the WIM fraction from the E10 to E83 fuel blend. 

7.3.3. Steady-State κ-Values and Soot Concentration  

The SG-GDI, WG-GDI, and the PFI-FFV were run for 10 minutes over each of 

the three steady-state speeds. The κ values and soot concentrations average for each 

speed and fuel are reported in Fig. 7-5. All three vehicles show a κ value similar to the κ 

value for sulfuric acid (κ=0.9). The κ are shown here to illustrate how the particle 

hygroscopicity changes with vehicle speed. The κ values were used for reporting during 

the steady-state speeds, instead of the WIM fractions, because κ values approach or 

become greater than the κ value for sulfuric acid (κ=0.9), WIM fractions become 

negative. In these cases, κ provides a clearer understanding of the particle water-

insolubility. If the particle hygroscopicity is high than the particles are more water-

soluble, and the opposite for low particle hygroscopicity values. The SG-GDI vehicle 
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shows κ values that were above 0.5, or were more hygroscopic. Whereas, the WG- GDI 

vehicle has high κ values, or very hygroscopic particles for the 70 MPH speed, but at the 

30 MPH speed the κ values are low, or the particles were less hygroscopic. The PFI-FFV 

also has high κ values for the 70 MPH speed, but at the 30 MPH speed for the E51 and 

E83 fuel blends the particles become less hygroscopic, with values of 0.18 and 0.38, 

respectively. The κ values for the B32 fuel blend for the SG-GDI were low for all three 

speeds, but for the B32 fuel for the WG- GDI the particles κ was high for all three speeds. 

For all three vehicles, there was decreasing soot concentration with decreasing vehicle 

speed. The WG- GDI vehicle showed the highest soot concentration of all three vehicles 

of 87 mg m-3. These results show that vehicle speed directly impacts the particle 

hygroscopicity and water-insoluble particle concentrations of the emissions from light-

duty vehicles.  
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Fig. 7- 5. The estimated water-insoluble mass fraction over 70 MPH, 50 MPH, and 30 

MPH steady state speeds for the SG-GDI {κ(a.) and Soot(b.)}, WG-GDI { κ(c.) and 

Soot(d.)}, and PFI-FFV {κ(e.) and Soot(f.)} 

7.3.4. Soot Emissions Factors and Soot/PM Fraction 

The soot EFs were measured in real-time using the MSS instrument over both the 

UC and FTP cycles. The soot emissions presented are divided by the total PM mass to 

give the overall soot contribution to the PM mass discussed in this section. This fraction 

will then be compared to the overall WIM fraction and WIOM/PM mass fractions.  

   f) 
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Fig. 7-6 shows the soot EFs over both the FTP and UC for all four vehicles tested.  

Over the FTP and UC, the WG-GDI and GDI-FFV vehicles show higher amounts of soot 

emitted compared to the SG-GDI and PFI-FFV tested. The soot EF fuel differences 

between the SG-GDI and PFI-FFV were not significant compared to the WG-GDI and 

GDI-FFV. The E10 EF for both the SG-GDI and PFI-FFV vehicles was ~0.15 mg mi-1 

over the FTP, and ~0.3 mg mi-1 for the SG-GDI and ~0.19 mg mi-1 for the PFI-FFV over 

the UC. The WG-GDI had a soot EF range of 2.18 to 0.42 mg mi-1 between the E10 to 

E20 fuels, respectively, over the FTP and 1.73 to 0.3 mg mi-1 between the E10 to E20 

fuels, respectively, over the UC. The GDI-FFV had a soot EF range of 2.88 to 0.22 mg 

mi-1 between the E10 to E83 fuels, respectively, over the FTP and 1.95 to 0.49 mg mi-1 

between the E10 to E51 fuels, respectively, over the UC. Comparing the SG-GDI and 

WG-GDI vehicles, the E10 fuel blend showed an 85% difference between the soot EFs. 

The FFVs tested showed a ~90% difference in the soot EFs when comparing the GDI-

FFV to the PFI-FFV for the E10 fuel.   

Both the WG-GDI and GDI-FFV showed significant decreases in the soot 

emission factors with increased ethanol concentration. The WG-GDI vehicle showed a 

decrease of 81% for soot EFs from the E10 to E20 fuel blend over the FTP and an 83% 

decrease over the UC from the E10 to E20 fuel blend. The GDI-FFV showed a 93% 

decrease in the soot EFs from the E10 to E83 fuel blend over the FTP, and a 71% 

decrease from the E10 to E51 fuel blend over the UC.  
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Fig. 7- 6. The Soot Emission Factors over both the FTP (a.) and Unified (b.) cycles for 

the WG-GDI, SG-GDI, PFI-FFV, and GDI-FFV 

 

  b) 

  a) 
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 The total amount of soot for both the FTP and UC for all four vehicles was 

divided by the total amount of PM mass, shown in Fig. 7-7. The total PM mass EFs are 

shown in a companion paper to this study (Karavalakis et al. 2014). The fraction ranges 

from 0 to 1 and is highly variable.  The soot/PM mass EFs show that for the WG-GDI 

vehicle, on the E10 fuel, ~80% of the PM emissions were soot over the FTP cycle. This is 

equivalent to values reported by Mariqc at al. (2013), which showed for a WG-GDI 

vehicle tested about ~80% of the PM emissions were soot. Thus, showing that the 

measurements in this study were equivalent to other published studies. On average, the 

SG-GDI and WG-GDI vehicles have large soot/PM mass fractions compared to the FFV 

vehicles for both the FTP and UC. In addition, increased alcohol concentration in the fuel 

decreases the soot/PM mass fraction over both cycles. A 60% and 37% decrease in the 

soot/PM mass fraction was reported from the E10 to the E15 fuel blend for the SG- GDI 

vehicle over the FTP and UC, respectively. For the WG-GDI vehicle, a 59% and 47% 

decrease in the soot/PM mass fraction is shown from the E10 to E20 fuel blend over the 

FTP and UC, respectively. For the PFI-FFV and GDI-FFV vehicles, a 68% and 75% 

decrease in the soot/PM mass fraction, respectively, was shown from the E10 to E83 fuel 

blends over the FTP. Over the UC, the FFVs tested didn’t show a difference in the 

soot/PM mass fraction with increasing ethanol concentration.  
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Fig. 7- 7. The Soot/PM Mass fraction over both the FTP (a.) and Unified (b.) cycles for 

the WG-GDI, SG-GDI, PFI-FFV, and GDI-FFV 

 

The overall cumulative WIM fractions showed a similar trend with the soot/PM 

mass fraction, in that as the alcohol concentration increases the WIM fraction decreases 

for particle diameters below 40 nm. The addition of the soot and WIOM contributions to 

the total PM mass gives a fraction similar to, but below, those of the WIM fraction. This 

provides a good correlation between the different measurements presented, especially 

given that the overall cumulative WIM fractions only represent particle water-insolubility 

below 40 nm and not bulk composition, whereas the OM and soot emissions are 

determined for all particle diameters.  

Soot EFs show that vehicle technology and fuels can have an impact on the soot 

emissions, thus effecting the total amount of Black Carbon (BC) emitted. GDI technology 

is expected to be the primary vehicle technology for new model year vehicles in 2025. 

  a)  b) 
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The WG-GDI vehicle shows 6 times more soot emissions compared the SG-GDI vehicle. 

The GDI-FFV also shows about 8 times more soot emissions compared to the PFI-FFV. 

The SG-GDI vehicle has soot emissions that were comparable to the PFI-FFV. SG-GDI 

vehicle is a potential technology in terms of soot emissions comparable to PFI vehicle 

technology. In addition, increased ethanol concentrations were shown to reduce soot 

emissions for the FFVs and the GDI vehicles. 

7.4. Conclusions and Implications 

WSOM, WIM, and soot/BC are all important components of the total PM mass, 

making up 70- 100% of the total PM mass. The WSOM/PM mass and WIM fractions 

appear to correlate well in that low WSOM fractions (<15%) were shown with high 

(<75%) WIM fractions. In relation to the vehicle technologies tested, numerous findings 

were shown. The PFI-FFV had much larger WSOM/PM mass fractions than the GDI-

FFV, which the GDI-FFV had larger WIOM/PM mass emissions. All vehicles had high 

(<0.75) WIM fractions except the PFI-FFV which showed decreasing WIM fractions 

with increasing alcohol content. Vehicle speed was shown to have a correlation with the 

particle hygroscopicity value, κ, where increased vehicle speed increase the particle 

hygroscopicity or decreased the amount of water-insoluble particles. The EFs of WSOM 

and soot appear to follow the total PM mass fuel trend. However, the composition in 

terms of total PM shifts with the alcohol content in the fuel. As with the WIOM/PM mass 

fraction, where increased alcohol concentration increased the WIOM/PM mass fraction 

due to the decrease in the total PM mass. This also correlates with the soot/PM mass 
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fraction where the trend of decreasing soot/PM mass was shown with increasing alcohol 

content. 

As the RFS mandate increases ethanol concentration, a reduction in soot or BC 

emissions could be a result. A combination of SG-GDI technology and higher ethanol 

concentration could provide a solution to the maximum reduction in BC emissions from 

light-duty vehicles while providing increased fuel efficiency. More BC emissions could 

have an impact on climate due to BCs ability to absorb solar radiation. Thus WG-GDI or 

GDI-FFV technology would increase the overall BC emissions in the atmosphere with 

the possible increased production in this vehicle technology.  Although GDI-FFVs 

operating on E83 would show comparable soot EFs to the PFI-FFV and SG-GDI vehicles 

thus limiting the impact of BC on the environment. 

Vehicle speed has an effect on particle water-insolubility can needs to be 

considered when defining new regulations. These particle emissions will be more 

prevalent near major roadways were increased speeds of 70 MPH prevail. Communities 

near these roadways could be particularly vulnerable to water-soluble particle 

composition thus possibly impacting residents overall health. In addition, changes in 

water-soluble particle emissions can have an impact on CCN activity thus impacting 

climate patterns. Overall particle composition allows for a better determination on 

climate effects from changes in vehicle and fuel technology. 
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Chapter 8: Conclusions 

8.1 Dissertation Summary 

The objectives of this dissertation were to investigate the PM and gaseous 

emissions from a variety of emerging and conventional light-duty vehicles from various 

biofuels. High vehicular speeds were shown to decrease the amount of water-insoluble 

particles and increase particle hygroscopicity. As it was shown, passenger vehicles make 

up a large amount of the light-duty vehicle fleet and a factor in the selection of vehicles 

for this dissertation. GDI vehicle technologies, although increase fuel economy, show 

significant differences in PM emissions compared to conventional vehicles. Ethanol in 

gasoline has become common in the U.S. and increased concentrations result in 

differences in emissions. Iso-butanol is a viable fuel source and shows that emission 

levels are not significantly different when comparing to ethanol at equivalent oxygen 

levels. High levels of alcohol concentration decreased PN and PM emissions.  

 Chapter 2 developed a real-time method for determining the water-insoluble 

particle emissions from near-roadway sources off of the I-710 freeway in Long Beach, 

CA. The method used two electrostatic classifiers with either a butanol or water based 

CPC. Results showed that fresh vehicular emissions contained the most BC in terms of its 

contribution to the water-insoluble particle mass. However, during the weekend the 

water-insoluble particle mass was two times that of the BC concentration. Thus 

concluding that the method is accurate for determining the water-insoluble mass below 

40 nm particle diameter and its use in determining the BC contribution to the water-

insoluble mass. 
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 Chapter 3 investigated the particle speciation of emissions from a variety of GDI, 

PFI, and hybrid vehicles on varying aromatic and octane rating fuels. The results showed 

increased vehicles speeds reduce the amount of water-insoluble particles and increase 

particle hygroscopicity. In addition, increasing aromatic concentration increased PM 

mass, BC, and WSOM emission factors. In addition, increased iso-paraffin concentration, 

contained in the 15% aromatic fuel, increased the WSOM/PM mass fraction to be ~50% 

of the total PM mass. The 35% aromatic fuel in the GDI vehicles showed significantly 

high emission factors of BC compared to the PFI vehicle, which could have potential 

climate impacts. High octane fuels from the increased concentration of ethanol could 

reduce PM emissions. 

 Chapter 4 discusses the criteria and PM emissions from 5 vehicles, which 

included 3 PFI and 2 GDI vehicles. These vehicles were driven on varying blends of 

ethanol and iso-butanol in gasoline. The criteria pollutants lacks strong fuel trends which 

indicate significant advancements in catalyst technology and/or the air to fuel ratio. PM 

mass and PN was significantly lower for the PFI vehicles compared to the GDI vehicles. 

In general, PN decreased with decreasing alcohol concentration. PM mass showed 

reductions with the highest alcohol concentration or oxygen levels. 

 Chapter 5 analyzed the differences in particle composition emissions from 3 PFI 

and 2 GDI vehicles. These vehicles were on various ethanol and iso-butanol blended 

fuels. The results showed that higher vehicle speeds increased particle hygroscopicity and 

decrease the water insoluble mass fraction. About 30% of the PM mass consisted of 

WSOM. The Toyota Camry and both GDI vehicles showed that the PM mass was 5 times 
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the total amount of BC mass. The oxygen content in the fuels tested in this chapter 

doesn’t have an effect on the BC emission factors. 

 Chapter 6 evaluates the criteria and PM emissions from 4 vehicles, which include 

a SG-GDI, WG-GDI, PFI-FFV, and GDI-FFV. The vehicles were running on varying 

amounts of ethanol and iso-butanol in gasoline. The results showed significant reduction 

in CH4 emissions with the E83 fuel compared to E10 for both FFVs. The SG-GDI, WG-

GDI, and GDI-FFV showed reductions in CO2 emissions with higher ethanol 

concentration. In general, no strong fuel trends in NOx emissions were shown for any of 

the vehicles tested. PM mass was significantly reduced with increasing ethanol 

concentration for the FFVs. In addition, the particle mode diameter was reduced from the 

E10 to the E83 fuel blend for both FFVs. The study concluded that significant reductions 

in PM emissions were shown with the SG-GDI vehicle compared to the WG-GDI and 

that higher ethanol concentration also reduce PM emissions. 

 Chapter 7 discussed the particle composition emissions from a SG-GDI, WG-

GDI, PFI-FFV, and GDI-FFV on varying ethanol and iso-butanol concentrations. The 

results showed the increased vehicles speed decreases the amount of water-insoluble 

mass fraction and increases particle hygroscopicity. The SG-GDI vehicle emitted 6 times 

less soot compared to the WG-GDI vehicle tested. In addition, the PFI-FFV emitted 8 

times less soot compared to the GDI-FFV. For the GDI-FFV, increasing ethanol 

concentration also increased the OM/PM mass fraction. WSOM/PM mass fraction remain 

consistent with increasing ethanol concentration, but WIOM/PM mass increased with 

increasing ethanol concentration.  
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Chapter 9: Future Work 

This dissertation determined that different driving conditions effect the particle 

water-insoluble emissions. The continuation in studying vehicle driving conditions on 

water-insoluble particle emissions should be implemented. It is not known the fraction of 

BC to PM mass emissions during steady-state driving conditions. In addition, the 

composition of the particle coatings is not known. Both of these would lead to a better 

understanding of why the high speed driving conditions produce the higher hygroscopic 

and low water-insoluble mass fractions. Additional work is also needed on the WIOM 

and OM emissions from conventional and emerging light-duty vehicles. Little 

information is known about the WIOM and OM emissions from PFI vehicles. To the 

author’s knowledge, no information is available on OM and WIOM emissions from GDI 

and FFVs. This dissertation determined the WIOM and OM emissions from the FFVs. 

However, more research should be studied on these emissions from GDI vehicles to see 

changes in the WIOM and WSOM fractions of the total PM mass. These collectively 

could help better understand the particle composition of emissions from emerging vehicle 

technologies as well as during various vehicle driving conditions, which impact human 

health and climate. 

 

 

 

 

 



241 

 

Appendix A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. A- 1. Experimental setup for the method to determine the water-insoluble mass 

fraction. Two difference SMPS systems were used. 
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Fig. A- 2. Calibration curves for sodium chloride (light blue), ammonium sulfate (dark 

blue line), and DOP (black line). The dotted line shows the activation diameter when the 

ratio of W-CPC/B-CPC particle counts equals 0.5.  The activation diameter is 12.9 nm 

for sodium chloride, 16.9nm ammonium sulfate- 71.3 nm for DOP at 2% instrument 

supersaturation. 
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Fig. A- 3. Wind Rose Plot (a.). Wind Direction (b.) and speed (c.) are also plotted. Note 

the direction change in wind direction around 14:00. 

 

(a) 

(b) (c) 
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Fig. A- 4. Light-Duty vehicular traffic for the weekday (a.) and weekend (b.).  The dark 

blue line represents the south bound lane where the orange light color represents the 

North bound lane. Heavy Duty traffic for both lanes is also shown for the weekday (c.) 

and weekend (d.). 
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Fig. A- 5. Activation curves for weekday (a) and weekend (b). For the weekday, the 

activation diameter was 15.93 nm (light blue markers) downwind of the freeway and 18.3 

nm (dark blue markers) upwind of the freeway. The weekend had a activation diameter of 

15.686 nm (grey markers) downwind of the freeway. The black markers, over the 

weekend, had a double activation diameter of 16.102 nm and 21.5 nm to give an overall 

activation diameter of 18.801 nm upwind of the freeway 
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Appendix B. 

B.1 Experimental Details 

B.1.1 Driving Procedure 

The UC was developed by the California Air Resources Board (CARB) and is more 

representative of real world driving than the U.S. Environmental Protection Agency 

(EPA) driving cycle, Federal Test Procedure (FTP) (Gammariello et al. 1996, Austin et 

al. 1993, and Gammariello and Long, 1993). The cycle consists of 3 phases with a “hot 

soak” period between phase 2 and 3, shown in Supplemental Fig. 1. Each vehicle was 

tested as a cold start, which the car was not started for at least 8 hours. The cold start 

allows for a cooled engine and three way catalyst (TWC) at the start of the cycle. Phase 1 

and 3 are identical except phase 3 starts after the hot soak period which the engine and 

TWC are now warmed. During the hot soak period the engine was turned off for 10 

minutes. The start of phase 3 occurs with re-ignition of the engine. Phase 2 has higher 

speeds compared to the other phases with a maxiumum speed of 65 MPH. The average 

speed during the UC?  cycle is 24.6 MPH. The UC is more aggressive than the FTP with 

a higher average speed of 24.6 MPH compared to 21.2 MPH for the FTP.   Steady-state 

testing occurs after the transient cycles while the engine and three way catalyst are still 

warm.   

B.1.2 Emission Rate   

BC and WSOM concentrations were reported in this study as g mi-1, or the 

emission factor (EF) of BC. The average BC concentration (g m-3) is multiplied for each 
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phase by the total volume of air through the CVS during each cycle phase (m3). The total 

BC mass for each phase, (in the units of g). The EF of BC is calculated as follows: 

 

The numerator in these fractions was the total BC mass for each phase. For example, the 

total BC mass for phase 1 is BC1. The denominator, x , was the total mileage traveled for 

each phase, For example, x1, was the total mileage for phase 1. The constant values 0.43 

and 0.57 are weighing factors used to give an unbiased emission factor. 

 

B.2  Real-Time Water-Insoluble Mass Fraction Estimation 

 

A full description of the method is provided in Short et al. (2014). A condensation 

particle counter (CPC) exposes particles to a high relative humidy or super-saturation region 

(Sc) generated by a particular working fluid. Saturation, S, is defined as the ratio of the partial 

pressure, Pv, to the saturation vapor pressure, Psat, of its particular working fluid. This is further 

described in Equation 1. Psat is lower for butanol than it is for water at the same temperature.  

Butanol is also more volatile than water. Thus, these saturation conditions are more easily 

achieved when using butanol as a working fluid. A butanol-based CPC (B-CPC) exposes 

particles to a warmed growth tube that is used to condense the working fluid, butanol, onto the 

particle surface (Stoltzenberg and McMurry, 1991). In a water-based CPC (W-CPC), a cooled 

growth tube is employed, followed by a warm saturation tube to condense water onto dry 

particles (Hering et al. 2005). Heterogenous condensation of a bulk fluid into the particulate 

phase can be describe using Köhler Theory (Köhler 1936).  
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Where, R is the universal gas constant, T is the temperature at activation, D is the wet droplet 

diameter, ρb is the density of the bulk fluid condensing onto the particle (water or butanol), Mb 

is the molecular weight of the bulk fluid, and σb is the surface tension at the droplet vapor/liquid 

interface, and ab is the activity of the solute in the bulk fluid. Assuming ab is equivalent to 1, 

Equation 1 can be reduced to just the kelvin effect. This effectively creates a maximum critical 

supersaturation, sc, which is the minimal conditions required for water to condenseonto a dry 

particle. sc is greater than one so to simplify Sc-1, or sc, is used in its place.  

 

Assuming ab is equivalent to the mole fraction of water in droplet solution, sc can be described 

using Equation E-2, which is a variation of Equation 1.  

 

                    ,                   (2) 

 

Where ds is the particle diameter at which 50% of total particles have formed droplets and ν is 

the ion dissociation of the particle in water.  

 

Köhler theory can be rewritten in terms of a single solute parameter known as - Köhler theory 

(Petters and Kreidenweis 2007). This single solute parameter, , can range from 0 to above 1 

and characterizes the effects of solute composition for droplet growth. When  is 0, the particle 

is considered to be water-insoluble but wettable, whereas when  is 1 the particle is water-

soluble and easily wettable. This term can be described using ds and sc parameters in Equation 

3. 
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                                     (3) 

Equation 3 is very similar to Equation 2, except Equation 3 assumes the σb properties of 

the droplet are those of the pure fluid. For particles that have larger diameters, greater 

than 40 nm (sc= 2%), the particles will experience uncontrolled particle growth. The 

changes of the   term for an unknown composition can be approximated using a two 

component model solute. This model will consist of both a soluble solute, sulfuric acid 

(SA), and an insoluble solute, dioctyl phthalate (DOP). SA has been extensively 

measured in diesel exhaust and is highly soluble atsa= 0.9 (Tobias 2001; Arnold et al 

2006; Arnold et al. 2012). Vehicle lubrication oil has been shown to represent 95% of 

particulate emission making DOP a suitable choice for an insoluble but wettable, DOP ≈ 

0.01, vehicle exhaust aerosol substitute (Asa-Awuku et al. 2009). By using these   

parameters for the two component mixture, we can assume the water-insoluble mass 

(WIM) fraction, χ, to be defined as in equation 4. 

 

                          (4) 

Where am is the unknown composition found using equation 3 from parameters 

determined during experimentation. Equation 3 consists of all known constants needed to 

calculate am with the exception of ds. The WIM fraction method is helpful in 

determining real-time particle composition without the use of filters. The value ds is 

calculated from the ratio of W-CPC to B-CPC particle counts.   The method has been 



250 

 

tested and applied to nearby roadway sources and has been shown to capture quick 

changes in hygroscopic aerosol composition (Short et al. 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



251 

 

 
 

 

Fig. B- 1. UC cycle speed trace 
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Fig. B- 2. UC cycle speed trace 

 

 

 

Fig. B- 3. W-CPC/B-CPC Particle Ratio for the Kia Optima on Fuel Containing 35% 

Aromatics and High Octane 

 

 

 

 

 



253 

 

 

Property 
Test 

Method 
 

15% 

Arom. 

25% 

Arom. 

35% 

Arom. 

35% 

Arom. 

With HO 

Aromatics 
ASTM 

D1319 

Vol. % 14.7 25.4 34.7 34.7 

Specific 

Gravity 

ASTM 

D4052 

API 0.7309 0.7490 0.7631 0.7597 

API Gravity 
ASTM 

D4052 

API 62.1 57.4 53.8 54.8 

RVP 
ASTM 

D5191 

psi 7.88 7.88 7.50 7.85 

T10 
ASTM 

D86 

°F 133.7 133.0 133.2 131.2 

T50 
ASTM 

D86 

°F 194.7 198.7 205.3 196.2 

T90 
ASTM 

D86 

°F 315.9 329.4 329.7 323.1 

FBP 
ASTM 

D86 

°F 378.1 380.7 381.6 372.6 

RON 
ASTM 

D2699 

RON 90.4 92.0 91.4 96.6 

MON 
ASTM 

D2700 

MON 84.5 83.6 82.8 85.7 

(R+M)/2   87.5 87.8 87.1 91.2 

Benzene 

ASTM 

D5580 or 

D3606 

Vol. % 0.69 0.62 0.65 0.67 

Saturates 
ASTM 

D1319 

Vol. % 68.5 58.6 49.5 48.9 

Olefins 
ASTM 

D1319 

Vol. % 7.2 6.4 6.3 6.8 

Sulfur 
ASTM 

D5453 

ppm 26.1 26.1 27.9 26.6 

Ethanol 
ASTM 

D4815 

Vol. % 9.64 9.63 9.50 9.63 

Carbon  Wt.% 82.08 82.88 83.59 83.43 

Hydrogen  Wt.% 14.33 13.46 12.9 12.94 

Gross Heating 

Value 

ASTM 

 D4809 

BTU/gal

. 

118,207 119,417 120,469 119,628 

Carbon content 

per unit of 

energy 

 lbs. 

carbon/

BTU 

4.23×10-5 4.33×10-5 4.41×10-5 4.42×10-5 

 

Table B- 1. Main Physicochemical Properties of the Test Fuels 
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Fig. B- 4. The water-insoluble mass fraction by phase for the Honda Civic Hybrid (a.), 

Ford F-150 (b.), GMC Terrain (c.), and the Mazda 3 (d.) 
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Fig. B- 5. The κ values  for each steady-state speed for the Honda Civic Hybrid (a.), Ford 

F-150 (c.), GMC Terrain (e.), and the Mazda 3 (g.) and the BC concentration for each 

steady state speed for the Honda Civic Hybrid (b.), Ford F-150 (d.), GMC Terrain (f.), 

and the Mazda 3 (h.). Note: two steady-state fuels were tested for the Honda Civic 

Hybrid which are the 15% and 35% aromatic fuels 
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Fig. B- 6. The PM Mass Emissions Factors for all seven vehicles tested. 

*Represents Emission Factors multiplied by 5 

** Represents unreported data values 
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Appendix C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. FTP (a.) and UC (b.) speed trace 

 

 

 

 

 

 

 

 

 

 

Fig. C- 1. FTP (a.) and UC (b.) speed trace 
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Property 
Test Method  E10 E15 E20 B16 B24 B32 

Aromatics 
ASTM 

D5580 

Vol. 

% 

21.8 19.4 19.4 22.8 20.4 17.8 

API 

Gravity 

ASTM 

D4052 

API 57.8 57.8 57.6 56.3 56.7 55.9 

RVP 
ASTM 

D5191 

psi 7.0 6.91 7.2 7.1 6.9 7.1 

T10 ASTM D86 °F 137 144 143 148 145 142 

T50 ASTM D86 °F 206 215 163 203 209 207 

T90 ASTM D86 °F 313 309 291 313 317 232 

FBP ASTM D86 °F 344 350 356 341 379 339 

RON 
ASTM 

D2699 

RON 92.9 94.6 94.5 93.0 96.9 97.0 

MON 
ASTM 

D2700 

MON 84.7 86.1 85.0 84.0 86.2 86.6 

(R+M)/2 
ASTM 

2699/2700 

 88.8 90.4 89.8 88.5 91.6 91.8 

Olefins 
ASTM 

D6550 

Vol. 

% 

5.1 4.5 4.5 5.6 5.1 3.6 

Sulfur 
ASTM 

D5353 

ppm 10 9 7.56 9 8 7 

Oxygenates 
ASTM 

D4815 

Vol. 

% 

9.96 15.08 20.10 15.79 24.01 31.86 

Carbon 
ASTM 

D5291 

Wt.% 82.54 80.70 78.89 82.79 80.95 79.09 

Hydrogen 
ASTM 

D5291 

Wt.% 13.85 13.96 13.70 13.65 13.66 13.56 

Gross 

Heating 

Value 

ASTM 

D240 

BTU/I

b. 

18056 17515 17029 17637 17648 17339 

 

Table C- 1. Main Physicochemical Properties of the Test Fuels 
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 Honda Civic Dodge Ram Toyota 

Camry 

Kia 

Optima 

Chevrolet 

Impala 

MY 2007 2007 2012 2012 2012 

Configuration Inline, 4 

cylinders 

V8 Inline, 4 

cylinders 

Inline, 4 

cylinders 

V6 

Displacement, 

L 

1.8 5.7 2.5 2.4 3.6 

Horsepower 140@3600 

rpm 

345@5400 

rpm 

178@600

0 rpm 

200@630

0 rpm 

300@6500 

rpm 

Compression 

Ratio 

10.5:1 9.6:1 10.4:1 11.3:1 11.5:1 

Bore x Stroke, 

mm 

81 x 87.3 99.6 x 91 90 x 98 88 x 97 94 x 85.6 

Emission 

Control 

Systems 

TWC/AF/H

02S/EGR/ 

OBD II 

2TWC/2H02

S/EGR/SFI, 

OBD II 

WU-

TWC/H02

S/TWC 

DFI/H02S 

(2)/WU-

TWC/TW

C, OBD II 

DGI/H02S/TW

C/AIR, OBD II 

Emissions 

Certification 

U.S. Tier 2 

Bin 

5/ULEV II 

U.S. Tier 2 

Bin 4/LEV 

II 

U.S. Tier 

2 Bin 

5/PZEV 

Federal 

Tier 2, 

Bin 2 

LEV II, 

SULEV 

TWC: three-way catalyst; AF: air-fuel ratio sensor; HO2S: heated oxygen sensor; EGR: 

exhaust gas recirculation; OBD: on-board diagnostic; SFI: sequential fuel injection; WU-

TWC: warm-up three-way catalyst; DFI; direct fuel injection; DGI; direct gasoline 

injection; AIR: secondary air injection 

 

Table C- 2. Technical specifications of the test vehicles 
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Fig. C- 2. Experimental Setup of the study 
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C-2: Driving cycles and measurement protocol 

The FTP-75 is the primary emission certification driving cycle of light-duty vehicles 

in the U.S. The FTP-75 cycle consists of three segments or bags representing a cold-start 

transient phase, a stabilized phase, and a hot-start transient phase. The cycle covers a total 

distance of 11.04 miles with an average speed of 21.2 mi/hr.  The vehicle is turned off for 

a period of 10 minutes at the conclusion of the stabilized phase and prior to starting the 

hot-start transient phase. The California Unified Cycle (UC) is a dynamometer driving 

schedule for light-duty vehicles developed by the California Air Resources Board 

(CARB). The UC test has a three-bag structure similar to the FTP, with bags representing 

a cold-start transient phase, a stabilized phase, and a hot-start transient phase, but is a 

more aggressive driving cycle. It has a higher average speed, higher acceleration rates, 

fewer stops per mile, and less idle time. The UC test also has a ten minute hot soak, 

between Bags 2 and 3. 

 

Prior to testing any particular vehicle, an extensive preconditioning procedure was 

followed for oil and fuel changes. Prior to beginning testing on a vehicle, its lubricant oil 

was changed. Following the oil change, the vehicle was conditioned on the oil over two 

US06 cycles, followed by an LA4 and a US06 cycle sequence repeated twice (i.e., a total 

of 4 US06 cycles and 2 LA4s). The vehicle fuel preconditioning procedure incorporated 

multiple fuel drains and fills to ensure complete changeover of the fuel and to minimize 

or eliminate carryover effects between test fuels. The preconditioning procedure was 

similar to that specified in the Code of Federal Regulations (40 CFR 86.132-96). This 
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drain and fill sequence included two drain and 40% fills and one drain and 3 gallon fill. 

After the drain and 3 gallon fill, and the first drain and 40% fill, the vehicle was then 

conditioned either on the road or on the dynamometer over the Urban Dynamometer 

Driving Schedule (UDDS)/LA4, or the first two bags of the FTP. The on-road course was 

designed to simulate the LA4 portion of the FTP in terms of typical speeds as well as 

number of stops. In between drain and fill and preconditioning cycles, the vehicle was 

idled one or two times for two minutes with the vehicle being rocked back and forth. 

Following the first LA4, a sequence of engine off and idles was performed along with a 

drain and 40% fill. After this sequence, the vehicle was given its final preconditioning 

LA4 on the dynamometer, and then placed into cold soak overnight prior to performing 

the FTP or UC test. 
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Appendix D. 

 

 

 

 
 

Fig. D- 1. Experimental Setup of the study 
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Fig. D- 2 Correlation plot of OM with the sum of WIOM and WSOM. 
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Property 

Test 

Method 
 E10 E51 E83 B55 

Aromatics 
ASTM 

D5580 

Vol. 

% 

21.8 12.7 3.8  

API 

Gravity 

ASTM 

D4052 

API 57.8 52.4 48.9 53.7 

RVP 
ASTM 

D5191 

psi 7.0 7.1 6.15 7.0 

T10 
ASTM 

D86 

°F 137 147 162.5 148.

9 

T50 
ASTM 

D86 

°F 206 169 172.2 211.

6 

T90 
ASTM 

D86 

°F 313 224 173.7 225.

8 

FBP 
ASTM 

D86 

°F 344 353 188.6 232.

0 

RON 
ASTM 

D2699 

RON 92.9 105 106 99.6 

MON 
ASTM 

D2700 

MON 84.7 89 90.5 87.5 

(R+M)/2 

ASTM 

2699/27

00 

 88.8 97 98.3 93.6 

Olefins 
ASTM 

D6550 

Vol. 

% 

5.1 2.3 1.0 1.1 

Sulfur 
ASTM 

D5353 

ppm 10 7 3 1 

Oxygenates 
ASTM 

D4815 

Vol. 

% 

9.96 50.89 83.24 53.4

6 

Carbon 
ASTM 

D5291 

Wt.% 82.54 68.28 0.571 73.6

1 

Hydrogen 
ASTM 

D5291 

Wt.% 13.85 13.43 0.133 14.2

3 

Gross 

Heating 

Value 

ASTM 

D240 

BTU/I

b. 

1805

6 

1499

2 

1154

0 

1631

3 

 

Table D- 1 Main Physicochemical Properties of the Test Fuels 

 

 

 

 




