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This dissertation evaluates the impact of new fuels and control on emissions from several 

significant sources: marine vessels, harbor craft, heavy-duty vehicles, commercial 

cooking and natural gas fired turbines. PM and air toxics released to the atmosphere 

adversely impact air quality and human health. This dissertation examined the benefits of 

new fuel when used in ocean going vessels (OGVs) and harbor craft. In one project, 

gaseous and particulate matter emissions were measured at sea aboard a very large crude 

carrier (VLCC) to evaluate a novel, low-sulfur, heavy fuel oil (HFO) as a potential 

replacement for marine gas oil (MGO). Results showed that both NOx and PM2.5 

emissions were still ~4% and ~69% lower with MGO compared to low sulfur HFO. 

Another project quantified the benefits of a hydrotreated algae fuel was characterized 

when used in a marine diesel generator aboard a Stalwart class marine vessel. NOx 

emissions showed slight benefits while PM2.5 emissions were similar when switching 

from the ultra-low sulfur diesel fuel (ULSD) to a blend with the hydrotreated algae diesel 

fuel. Finally, a selective catalytic reduction (SCR) and diesel particulate filter (DPF) 
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aftertreatment controls installed aboard a tugboat led to significant reductions of NOx 

(~92%) and PM2.5 (~96%) emissions.  

This dissertation characterizes the effectiveness of commercial cooking technologies on 

the physical and chemical nature of particle mass, particle number and gaseous toxics 

from commercial cooking operations.  

Finally, this dissertation describes improved methodologies for characterizing PM 

emissions from natural gas fired turbines. Findings include that PM emissions from 

natural gas turbines are very low, with the effluent below national ambient air quality 

standards. The effects of varying dilution parameters such as dilution ratio, residence 

time, relative humidity and dilution temperature on particle mass from these sources were 

further characterized in this dissertation.  
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Chapter One:  Introduction 

Emissions from diesel engines at ports and nearby communities include the sources: 

ocean-going vessels (OGVs), harbor craft, heavy-duty vehicles, locomotives and cargo 

handling equipment. The majority of emissions are contributed from OGVs and harbor 

craft1. OGVs are classified as large commercial ships with a length of 400 feet or more 

with a weight of 10,000 gross tons. Typically, OGVs are operated on heavy-fuel oil 

(HFO) which contributes significant levels of gaseous pollutants such as nitrogen oxides 

(NOx), sulfur oxides (SOx) as well as particulate matter (PM). These pollutants have 

substantial health and air quality implications for nearby port communities. Today, 

emission control areas (ECAs) specified by the International Maritime Organization 

(IMO), stipulate switching from HFO to distillate fuels within 200 nautical miles of U.S. 

coastlines, however, the emission standards are high so emissions remain high.   

NOx is a precursor to atmospheric ozone (O3) formation, which contributes to urban air 

pollution and causes airway inflammation and induces respiratory responses from 

asthmatics2. Specifically, NO2 has been linked with respiratory related illnesses including 

airway inflammation3. Ultrafine particles are of concern as they are linked to respiratory 

diseases, and in some cases of overexposure has led to death4,5. Corbett et al.6 estimates 

that shipping related PM contributes upwards of 60,000 cardiopulmonary and lung cancer 

deaths annually. He further estimated that with increased shipping activity and current 

regulations that shipping related deaths would increase by another 40% into 2012. In 
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addition to OGVs, emissions from harbor craft contribute significantly to local and 

nationwide inventories. Corbett et al.7 studied the emissions of water craft around port 

communities and determined that approximately 65% of marine NOx emissions are 

contributed from harbor craft and other vessels around ports in inland waterways.  

Emissions from OGVs are regulated by the International Maritime Organization (IMO) 

with Annex VI of the International Convention for the Prevention of Pollution from Ships 

(MARPOL). These regulations include managing global SOx, NOx and PM emissions 

from OGVs. Within these ECAs, MARPOL has required reductions of fuel sulfur content 

from 3.5% to 0.50% (effective January 1, 2020). Strategies for reducing emissions near 

ports and nearby communities include use of cleaner fuels within ECAs and cleaner 

engine technology and using aftertreatment control technologies.  

The National Renewable Fuel Standard (RFS) program and Energy Independence 

Security Act were mandated in the United States to use 36 billion gallons of renewable 

fuel by 20208 in an attempt to reduce fossil fuel usage. Furthermore, U.S Executive Order 

135149 requires federal agencies to reduce fuel consumption, greenhouse gas emissions 

and fossil fuel usage. With cleaner fuels, aftertreatment technologies used for heavy duty 

diesel vehicles can be considered in the marine sector.        

Commercial cooking is becoming the leading source of PM2.5 emissions in Southern 

California. The South Coast Air Quality Management District (SCAQMD) projects 

(2014) that PM2.5 emissions from cooking will surpass heavy duty and off-road vehicles 

(2023). A charbroiling study conducted by McDonald et al.10 determined that the 
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majority of charbroiling emissions were composed of organic carbon (OC) with almost 

no elements and inorganic ions. Hildemann et al.11 and Schauer et al.12 estimated that 

approximately 21% and 23% of all organic PM2.5 in Los Angeles was from meat cooking, 

respectively.  

Conventional meat cooking operations contributing to the PM2.5 emissions inventory 

include chain driven charbroilers, deep fat fryers, clamshell griddles, flat griddles and 

underfired charbroilers. PM emissions from chain-driven charbroilers are currently 

controlled in commercial restaurants by flameless catalytic oxidizers. Regulators are 

currently shifting their attention to underfired charbroilers as the leading source of PM2.5 

emissions in urban areas. It is estimated that underfired charbroilers contribute up to 74 

percent of the total PM emissions and 59 percent from PAHs from cooking operations13. 

It is necessary to obtain a better understanding of the physical and chemical properties to 

better understand the toxicity and harmful health effects from cooking emissions.  

PM mass emissions from natural gas turbines are largely defined by the measurement 

methodology used to characterize them. Protocol methods combine up front filters 

(filterable PM) and iced impingers (condensable PM) to estimate the total PM emissions. 

These methods measure raw (undiluted) PM from the stack. The low levels of PM from 

natural gas fired turbines present a challenge for both particulate characterization and 

regulatory control. Current methodology used for characterization of PM from stationary 

sources is limited due to inherent measurement biases and lack of precision, which 

necessitate the need for improved measurement capabilities. This includes measurement 
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of condensable PM, which is formed when the gas phase precursors are mixed with the 

cooler ambient air. The formation of particles from semi-volatile precursors via 

condensational growth is dependent on: temperature, humidity, dilution ratio and 

residence time.  

This research herein is aimed at improving air quality around ports and urban 

communities thereby helping to mitigate their associated health effects. A major aspect of 

this thesis is to characterize the emissions from OGVs, harbor craft and marine vessels 

and heavy duty vehicles. These sources were tested with novel fuels to reduce fossil fuel 

usage and aftertreatment controls and new technology engines to reduce emissions. 

Another aspect of this thesis includes characterizing the physical, chemical and biological 

properties of the emissions from commercial cooking operations. Several commercial 

cooking control technologies are evaluated to determine their effectiveness. The final 

aspect of this research includes the development of a new PM test protocol for 

characterization of PM growth and formation from natural gas turbines.   

Chapter 2 provides the first in-use evaluation of a novel ECA fuel on a very large crude 

oil carrier (VLCC) as it sailed from the Port of Long Beach, CA to Port Angeles, WA. 

This study characterizes the modal and weighted gaseous, PM2.5 and ultrafine particle 

emissions from the vessel operating on a novel ECA fuel and marine gas oil (MGO).  

Chapter 3 investigates the impact of a novel alternative renewable fuel on the gaseous 

and particulate matter emissions from a high emitting main propulsion engine from a 

debris removal boat. Emissions were compared operating on a baseline CARB ultra-low 
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sulfur diesel (ULSD) fuel, a 50:50 blend of CARB ULSD, an algae renewable fuel (R50), 

and a 100% soy based biofuel (B100). Emission measurements were made according to 

the International Organization for Standardization (ISO) 8178 guidelines and the 

MARPOL Annex VI NOx technical code for the gaseous pollutants of NOx, CO, CO2 and 

PM2.5 emissions.  

Chapter 4 reports the impact of a sugarcane renewable fuel on the gaseous and particulate 

matter emissions of a marine diesel engine from a Stalwart class vessel. This is the first 

study to characterize the in-use emissions from a 67:33 blend of ULSD and Amyris 

renewable diesel (S33).   

Chapter 5 investigates the impact of traditional aftertreatment technologies used for 

heavy duty diesel on-road vehicles on the gaseous and particulate matter emissions from 

a tugboat. In-use measurements were characterized before and after a diesel particulate 

filter (DPF) and selective catalytic reduction (SCR) configuration for PM and NOx 

removal. Similar to the previous studies, emission measurements followed the ISO-8178 

and MARPOL Annex VI NOx technical code.  

Chapter 6 presents the impact of biofuels on the emissions and redox activity from heavy 

duty diesel vehicles with and without DOC/DPF/SCR aftertreatment configurations. 

Fuels consisted of a soybean oil methyl ester (SME), a waste cooking oil methyl ester 

(WCO), and a methyl ester obtained from animal fat (AFME) where each fuel was 

blended 50:50 with CARB ULSD. Vehicles were tested following the Urban 

Dynamometer Driving Schedule (UDDS) while operating on the CE-CERT heavy duty 
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chassis dynamometer. Emission measurements included nitrogen oxides (NOx), carbon 

monoxide (CO), carbon dioxide (CO2), total hydrocarbons (THC), methane (CH4), non-

methane hydrocarbons (NMHC), and particulate matter (PM). Additionally, unregulated 

emissions, including ammonia (NH3), carbonyl compounds, and light aromatic 

hydrocarbons were measured for both vehicles. Ultrafine particles, total particle number 

and particle size distributions were also investigated. Additionally the redox activity 

measured by the dithiothreitol (DTT) assay, was determined for both the vapor and 

particle-phase components of PM. 

Chapter 7 reports the impact of varying natural gas compositions on the exhaust 

emissions from a transit bus with a 2003 Cummins C Gas Plus, lean burn, spark ignited 

natural gas engine equipped with an oxidation catalyst. The vehicle was tested following 

the Central Business District (CBD) cycle while operating on the CE-CERT heavy duty 

chassis dynamometer. Emission measurements of NOx, THC, NMHC, CH4, CO, CO2 and 

PM and unregulated pollutants such as formaldehyde, acetaldehyde, ammonia, total 

concentration and ultrafine particles size distribution were characterized.  

Chapter 8 and Chapter 9 present the physical and chemical characterization of PM, PN 

and carbonyls from commercial cooking operations. Additionally, the toxicological and 

biological properties of commercial cooking emissions were investigated. Emissions 

were characterized from baseline and with three novel control technologies using the CE-

CERT commercial cooking facility.    
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Chapter 10 investigates the impact of dilution parameters on PM growth and formation 

from natural gas turbines. A dilution sampler was developed with real-time electronic PM 

instrumentation, as traditional PM measurement methods are not capable of measuring 

down to the very low PM levels from natural gas turbines. The dilution system was 

developed with the capability to vary dilution parameters such as dilution temperature, 

relative humidity, dilution ratio and residence time to determine the parameters effect on 

PM mass emissions.          

Chapter 11 summarizes the major findings of this dissertation.       
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Chapter Two:  Characterization at Sea of Criteria 

Pollutants, Ultrafine Particles and Black Carbon with 

an Innovative Low-Sulfur ECA Fuel  

2.1. Abstract 

OGVs operating outside of ECA have traditionally used HFO as a fuel of choice. The 

potential to operate OGVs on a single fuel without the need for fuel switching within 

ECA has the potential to save time and operational costs. Recently, cleaner burning, low 

sulfur HFO fuels meeting ECA specifications have been developed. This work presents 

the In-use criteria pollutant and ultrafine particles emissions from a modern very large crude 

oil carrier (VLCC) operating on two fuels: a marine gas oil (MGO) and a low sulfur heavy 

fuel oil (HFO). Weighted nitrogen oxide (NOx) emission factors of 10.2±0.08 g/kWh and 

10.7±0.03 g/kWh for HFO and MGO respectively, were observed to be well below the Tier 1 

NOx standard of 12.9 g/kWh for a medium speed, 512 rpm engine. Additionally, the NOx 

emission factors measured in this study are well below the 18.7 g/kWh and 18.1 g/kWh 

emission factors specified by Lloyds services data and the US EPA/CARB for main engine 

OGVs.  

Weighted PM2.5 emission factors of 0.62±0.008 g/kWh for HFO and 0.20±0.02 g/kWh for 

MGO were also observed to be well below those listed by Lloyds service data (1.23 g/kWh), 
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US EPA (1.08 g/kWh) and CARB (1.5 g/kWh) due to the very low sulfur fuels used in this 

study. PM2.5 was composed mainly of organic carbon (OC) for both fuels with very little 

elemental carbon (EC) present. Real-time AVL micro-soot sensor (MSS) soot measurements 

and EC analyzed by NIOSH method correlated very well (R2 ~0.99).  Real-time PM 

measured with the PPS-M sensor was 40% and 57% lower than gravimetric PM2.5 for HFO 

and MGO, respectively. Differences in these measurements were attributed to semi-volatile 

and volatile components contributing to positive filter sorption artifact and condensed semi-

volatiles not measured with the heated Pegasor Particle Sensor (PPS-M) sensor. PM mass 

measured by the Scanning Mobility Particle Spectrometer (SMPS) was also much lower than 

gravimetric PM2.5 mass attributed to evaporation effects at the high measurement dilution 

ratios. Size distributions showed unimodal peaks for both HFO (30-50 nm) and MGO (20-30 

nm) with size increasing with decreasing load. Overall, particle number (PN) emissions were 

28% and 17% higher with the PPS-M compared to the SMPS for the HFO and MGO fuels, 

respectively.    

2.2. Introduction 

Ocean Going Vessels (OGVs) contribute significantly to worldwide emissions 

inventories1. Corbett et al.2 estimates that ships contribute approximately 15% of the 

global NOx emissions and 5% to 8% of global SOx emissions. MARPOL Annex VI3 

regulates NOx and SOx emissions from ships operating in Emissions Control Areas 

(ECA) designated as 200 nautical miles off of shorelines. While Annex VI doesn’t 

directly regulate PM mass emissions, it limits the fuel sulfur content which contributes 
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significantly to PM emissions4-11. Currently, fuel sulfur levels have been reduced from 

1.5% (pre-2010) to 0.10% (2015) in ECAs and from 4.5% (pre-2010) to 0.50% (2015) in 

non-ECAs. The relative contribution from OGVs to emission inventories has continued to 

over the past decade12.   

Pope et al.13, 14 has linked PM emissions to increased respiratory illnesses and death. 

Corbett at al. estimates that approximately 70% of ship related emissions occur within 

400 km of land or port communities2 and estimates that PM emissions from ocean going 

ships contribute to approximately 60,000 deaths from cardiopulmonary and lung related 

diseases2,15. OGVs are also a major source of NOx emissions, which is a precursor to 

atmospheric ozone (O3) formation. OGVs are also major contributors to NOx inventories; 

NOx in turn is a key precursor to photochemical ozone (O3) formation.  

Few studies have been conducted to characterize in-use emissions from OGVs. 

Particularly, little is known about crude oil carriers make up approximately 29% of the 

worldwide OGV fleet16 and approximately 40%1 of the total ship emissions. The most 

relevant data to crude oil tankers are those provided by Wright et al.17, Cooper et al.18, 

and Agrawal et al.6.Wright et al. measured PM emissions with both 2.26 wt% sulfur HFO 

and a 0.16 wt% distillate fuel on the main engine of an oil tanker launched in 1990. 

Cooper at al. measured the PM emissions on a 1.5 MW Caterpillar 3508/720 auxiliary 

engine with 0.06 percent sulfur content. Agrawal et al.6 measured the emissions from a 

15.7 MW Sulzer main engine and a 900 kW Wartsila Vasa auxiliary engine from a 

Suezmax class vessel operating on either 2.85 wt% HFO or 0.06 wt% MGO fuel.               
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This study provides the first in-use gaseous, PM and ultrafine particles on a modern 

double hull design, very large crude oil carrier (VLCC) operated on a 0.005 wt% sulfur 

MGO and a 0.011 wt% HFO during transit from the Port of Long Beach, CA to Port 

Angeles, WA.  

2.3. Experimental Methods 

2.3.1. Vessel and Engine Description  

The OGV studied is a VLCC or supertanker (vessel with a deadweight (dwt) of 180,000 

to 320,000 MT), representative of the newer generation (2006) of crude oil tankers. This 

vessel is approximately 941 feet in length with a 1.3 million barrel carrying capacity. 

This VLCC is equipped with four main propulsion MAN B&W 6L48/60, 6.3 MW diesel-

electric medium speed engines resulting in a total power of 25.2 MW at 512 RPM. 

Additionally, the engines are equipped with variable injection timing (VIT) designed to 

lower NOx emissions. In this study, the emissions from MGO were measured from the 

starboard side engine while HFO emissions were measured from the port side engine.              

2.3.1.1. Fuel Properties  

The emissions in this study were characterized for two fuels: MGO and a low-sulfur 

HFO. The low sulfur HFO is a new fuel that will be available on the West Coast. This 

fuel provides ship operators with the potential of using either distillate or HFO to meet 

the required sulfur limits within the ECAs. Selected fuel properties for both fuels are 

summarized (Table 2-1). Both fuels have very little sulfur, ash and vanadium. The main 
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differences in the fuel properties are the viscosity, pour point and micro carbon residue 

(MCR).   

Table 2-1: Fuel Properties for HFO and MGO Fuels 

 

2.3.1.2. Test Cycles/ Test Matrix  

The emission measurements for this study followed the ISO-8178 E2 test cycle for 

marine applications. Testing of this cycle occurred in-route from the Port of Long Beach, 

CA to Port Angeles, WA. The load points specified in the ISO-8178 E2 cycle were 

followed as closely as possible. The actual load points and percent load are shown (Table 

2-2).   

Table 2-2: ISO-8178 and Achieved Load Points  

 

HFO MGO

density @ 15 ⁰C kg/m
3

845.2 850.9

viscosity @ 40 ⁰C cSt 12.07 3

carbon residue % m/m 0.03 0.06

sulfur % m/m 0.009 0.005

ash % m/m 0 0

vanadium mg/kg 0 0

nickel mg/kg 0 0

fuel units

Certificate of Analysis 

(COA)

ISO-8178 E2 mode 1 mode 2 mode 3 mode 4

fuel ISO Load 100 75 50 25

% 98% 73% 51% 24%

MW 6.0 4.5 3.1 1.5

% 99% 73% 50% 23%

MW 6.0 4.4 3.0 1.4

* Measurements made at 10% load as well 

HFO

MGO
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The exhaust flowrate for this study was calculated based on the air pump method which 

uses the engine stroke type, measured RPM, charge air temperature and pressure 

provided by the engine ECM and assuming a volumetric efficiency of one entering and 

leaving the cylinder. Fuel consumption necessary for the carbon balance method was not 

available. Prior comparisons conducted in our lab between the carbon balance and air 

pump methods on OGVs were found to agree within 5% of one another.       

2.3.1.3. Sampling and Analysis  

Measurements of gases and PM were taken according to the ISO-8178-219 sampling 

protocol. The sampling set-up utilized a primary partial flow venturi dilution and 

secondary ejector type dilution tunnel (Figure 2-1).   

 
Figure 2-1: Sampling System Flow Diagram 
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Real-time NOx, CO and CO2 were measured with a HORIBA portable five gas analyzer 

(PG-250). PM2.5 samples were collected onto 2µm 47-mm diameter Teflo filters® (Pall 

Gelman, Ann Arbor, MI) for subsequent off-line gravimetric analysis. The filters net 

mass gain was measured with a Mettler Toledo UMX2 microbalance following the 

conditioning and weighing procedures provided in the Code of Federal Regulations 

(CFR)20. Teflo® filters were subsequently extracted with HPLC grade water and a few 

drops of isopropyl alcohol and analyzed for ions using a DX-120 ion chromatograph. 

PM2.5 for elemental carbon (EC) and organic carbon (OC) analysis were collected on 47-

mm diameter, 2500 QAT-UP Tissuquartz® (Pall Gelman, Ann Arbor, MI) filters that 

were preconditioned at 600 ºC for 5 hours. A 1.5 cm2 punch from the filter was analyzed 

with a Sunset Laboratory (Forest Grove, OR) thermal/optical carbon analyzer according 

to the NIOSH 5040 reference method21. Sample dilution ratio from the partial flow 

venturi dilution tunnel was determined using NOx and CO2 measured for raw and dilute 

conditions. The dilution ratio of the secondary ejector type dilution tunnel was 

determined using a flame ionization detector (FID) to measure raw and dilute propane 

concentrations. Average primary dilution ratios were 11.6:1, which were used for the 

filter samples, PPS-M sensor, AVL MSS and the PG-250. For the SMPS a secondary 

ejector dilution stage at ~6.3:1 was used for a combined dilution ratio of ~73:1.  

Real-time particulate matter measurements included an AVL MSS, which employs a 

photo-acoustic method to measure the solid soot fraction of PM. A Pegasor PPS-M 

sensor was used to characterize both the solid and condensable fractions of total 

particulate matter mass and number. The PPS-M sensor uses an “escaping current” 
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method22 where clean air is ionized and mixed with the sample stream to thereby charge 

the particles. The escaping current is then measured at a fixed flowrate with a faraday 

cup. A default trap voltage of 400V was used for the PPS-M sensor. Real-time particle 

size distributions were measured with a Scanning Mobility Particle Spectrometer (SMPS) 

comprised of a TSI model 3080 classifier, 3081 differential mobility analyzer (DMA) and 

TSI 3776 condensation particle counter (CPC).  

2.3.1.4. Overall Weighted Emission Factors  

The weighted ISO 8178-E223 cycle emission factors were calculated according to 

equation: 

                                                            𝐸𝐹𝑥 =  
∑ 𝑚𝑖𝑊𝐹𝑖

𝑖=𝑛
𝑖=1

∑ 𝑝𝑖𝑊𝐹𝑖
𝑖=𝑛
𝑖=1

                 (1) 

where EFx is the weighted mass emission level in g/kWh of each pollutant and mi (g/hr), 

WFi and pi are the mass emission rate, weighting factor and engine load, respectively, for 

the ith operating mode. The ISO-8178 E2 test cycle specifies the steady state load points 

of 25%, 50%, 75% and 100%. Additionally, emissions from the 10% load point were 

collected but not included in the overall emission factor calculation.   

2.4. Results and Discussion 

Triplicate measurements were made as a function of engine load point and fuel type for 

the steady-state ISO-8178 E2 test cycle. Standard deviations denote the deviations 

resulting from the average of the triplicate measurements. The statistical significance for 



18 

emissions at each load point and fuel type was determined by a two-tailed, paired t-test 

with p≤0.05.        

2.4.1. Gaseous Emission Factors  

The modal and weighted gaseous emission factors of NOx, CO and CO2 for both fuels 

(g/kWh) are shown (Table 2-3).  

Table 2-3: Modal and Weighted Gaseous Emission Factors (g/kWh) 

 

Overall, both fuels showed the highest NOx emission factors at the 10% load point where 

engines operate far from their peak efficiencies. NOx emissions for MGO generally 

exceeded HFO for all loads (except 75%) resulting in a ~5% statistically significant 

increase in the weighted average (MGO: 10.7±0.03 g/kWh; HFO: 10.2±0.03 g/kWh). 

These differences are partially accounted for by the fuel density as fuel injection is a 

volumetric process. MGO has a slightly higher density at 850.9 kg/m3 compared to 845.2 

kg/m3 for HFO. Higher density fuels have more mass injection per unit volume compared 

to lower density fuels resulting in higher combustion temperatures and therefore higher 

thermal NOx emissions. The CO emissions were low as expected for diesel engines; 

MGO HFO MGO HFO MGO HFO

10
*

22.8 ± 0.16 15.3 ± 0.50 0.24 ± 0.01 4.7 ± 0.53 1192 ± 10 913 ± 7

25 10.6 ± 0.05 8.9 ± 0.30 0.60 ± 0.30 1.8 ± 0.10 746 ± 7 725 ± 26

50 9.6 ± 0.06 8.6 ± 0.06 0.42 ± 0.05 0.84 ± 0.10 612 ± 4 609 ± 4

75 10.5 ± 0.11 10.9 ± 0.11 0.28 ± 0.03 0.4 ± 0.05 662 ± 2 628 ± 5

100 11.3 ± 0.15 9.8 ± 0.15 0.28 ± 0.01 0.3 ± 0.05 632 ± 10 613 ± 1

Wt. Avg. 10.7 ± 0.03 10.2 ± 0.03 0.31 ± 0.01 0.5 ± 0.04 652 ± 2 627 ± 5

* Not included in Wt. Avg. per ISO-8178 E2 cycle

NOx CO CO2
load (%)
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statistically significant higher CO emissions for HFO than MGO were noted at all loads 

except the 100% load point attributable to increased combustion efficiency at higher 

temperature. The CO2 emission factors are the lowest for both fuels at the 50% load point 

where these vessels spend the majority of their time.       

2.4.2. PM Mass Emission Factors  

The modal and weighted emission factors for PM by off-line gravimetric analysis, EC, 

OC, real-time PM measured by the PPS-M sensor and real-time black carbon measured 

by the AVL MSS are summarized (Table 2-4). The highest emission factors were 

observed at the 10% load point for HFO (3.7±0.13 g/kWh) and MGO (1.2±0.12 g/kWh) 

and decreased with increasing load. Weighted PM2.5 mass emissions were approximately 

a factor of three lower for MGO (0.20±0.02 g/kWh) compared to HFO (0.62±0.008 

g/kWh). These differences may be partially attributed to the higher viscosity and MCR of 

the fuel. For example, higher viscosity HFO fuel is more difficult to atomize into the 

piston leading to larger fuel droplets, less complete combustion, and higher PM and CO 

emissions24-25. The micro carbon residue (MCR) is the amount of residual carbon 

deposits formed during high internal combustion temperatures. A fuel with a higher MCR 

tends to form higher levels of PM emissions compared to a lower MCR fuel26.  

Observed EC/OC ratios were very low ranging from 0.02 to 0.05 for HFO and 0.03 to 

0.14 for MGO which was consistent with those measured in past studies with similar 

fuels4-6.  
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Table 2-4: Modal and Weighted PM Emission Factors (g/kWh)  

 

 

 

MGO HFO MGO HFO MGO HFO MGO HFO

10 1.2 ± 0.12 3.5 ± 0.31 0.68 ± 0.09 2.2 ± 0.47 0.4 ± 0.004 2.6 ± 0.0005 0.15 ± 0.0007 0.16 ± 0.02

25 0.52 ± 0.04 1.7 ± 0.096 0.32 ± 0.03 1.1 ± 0.078 0.2 ± 0.0004 1.2 ± 0.00004 0.05 ± 0.0013 0.05 ± 0.004

50 0.17 ± 0.01 0.79 ± 0.03 0.09 ± 0.01 0.54 ± 0.024 0.05 ± 0.0001 0.5 ± 0.0004 0.01 ± 0.0001 0.01 ± 0.00005

75 0.19 ± 0.1 0.64 ± 0.03 0.09 ± 0.01 0.39 ± 0.02 0.05 ± 0.0002 0.3 ± 0.0005 0.01 ± 0.0002 0.01 ± 0.0002

100 0.16 ± 0.01 0.34 ± 0.03 0.08 ± 0.01 0.18 ± 0.03 0.04 ± 0.00004 0.1 ± 0.0001 0.005 ± 0.0003 0.01 ± 0.0002

Wt. Avg. 0.2 ± 0.02 0.6 ± 0.02 0.08 ± 0.01 0.4 ± 0.008 0.05 ± 0.0002 0.3 ± 0.0003 0.01 ± 0.0001 0.01 ± 0.0004

PM MSS
load (%)

PM2.5 Teflon PM PPS PM SMPS

MGO HFO MGO HFO MGO HFO

0.15 ± 0.0003 0.15 ± 0.02 1.02 ± 0.01 2.9 ± 0.22 0.007 ± 0.004 0.004 ± 0.0005

0.05 ± 0.0019 0.04 ± 0.0004 0.49 ± 0.025 1.3 ± 0.011 0.001 ± 0.0004 0.001 ± 0.00004

0.01 ± 0.0003 0.01 ± 0.0004 0.18 ± 0.004 0.71 ± 0.03 0.001 ± 0.0001 0.002 ± 0.0004

0.01 ± 0.002 0.01 ± 0.0003 0.22 ± 0.027 0.5 ± 0.002 0.001 ± 0.0002 0.002 ± 0.0005

0.004 ± 0.0002 0.01 ± 0.0003 0.13 ± 0.002 0.26 ± 0.005 0.001 ± 0.00004 0.002 ± 0.0001

0.01 ± 0.001 0.01 ± 0.0001 0.2 ± 0.02 0.5 ± 0.002 0.001 ± 0.0002 0.002 ± 0.0003

H2SO4*6.5H2OOCEC

2
0
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The EC plus organic matter (OM) and hydrated sulfate (H2SO4*6.5H2O) PM2.5 can be 

compared to the total PM2.5 measured gravimetrically on Teflo filters. The organic mass 

was estimated by multiplying the OC by a factor of 1.227 to account for the oxygen and 

hydrogen bound to the carbon. This comparison is possible as there is little ash and 

metals in both fuels, limiting their overall contribution to PM2.5. Linear regressions 

(Figure 2-2 (a)) for both fuels show good agreement (HFO slope=0.83 and MGO 

slope=0.92) with R2 correlations exceeding 0.99.     

The correlation between EC collected on quartz filters and analyzed by the NIOSH 

method and soot measured in real-time by the photo-acoustic method AVL MSS are 

shown in Figure 2-2 (a). The resulting linear regressions for both HFO and MGO fuels 

show good agreement (HFO slope=1.01 and MGO slope=1.03) with excellent R2 values 

>0.99. Kamboures et al.28 previously reported an R2 of 0.86 for AVL MSS versus EC 

determined by the IMPROVE_A method while Khan et al.29 previously measured an R2 

of 0.88 for PM measured by the AVL MSS.    

Linear regressions in Figure 2-2 (c) between the PPS-M sensor and PM2.5 measured 

gravimetrically show good agreement with R2 >0.99 for both fuels. PPS-M sensor data 

was corrected using size distribution measured from the SMPS in this study as default 

PPS-M sensor calibration assumes size distributions with an average size of 50 nm30. The 

weighted emission factors show that real-time PM mass measured by the PPS-M sensor 

is approximately 39% lower than PM2.5 teflon mass for HFO and 57% lower for MGO. 

Previous studies30 have also shown the PPS-M sensor to exhibit lower PM mass 
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compared to filter based methods. These differences may be attributed to differences in 

measurement methods. PM filter collection in the current study followed the ISO-8178 

sampling protocol where the sample stream is diluted and maintained at a filter face 

temperature <52 ºC. Species collected on these filters include both particulate and semi-

volatiles. Meanwhile, the PPS-M Sensor measures PM at 200 ºC where semi-volatile 

species collected on the Teflon filters will not be measured as PM by the PPS-M sensor. 

However, Amanatidis et al.29, 30 stated that heating the PPS-M sensor to 200ºC only 

partially removes semi-volatile and volatile species. It was concluded by Amanatidis et 

al.29,30 that the PM reported by the PPS-M sensor should lie between the AVL MSS and 

gravimetric filter measurement.   

Figure 2-2 (d) shows the linear regressions of the PM mass measured from the SMPS 

versus the PM2.5 gravimetric mass. Both methods show good agreement as a function of 

fuel type with R2>0.99. For the weighted emission factors, PM mass measured by the 

SMPS is approximately 46% lower than gravimetric PM2.5 for HFO and 74% lower with 

MGO. The lower PM is partially attributed to evaporation of semi-volatiles at the high 

dilution ratios (73:1) prior to the SMPS. The sample was diluted at approximately 73:1 

before entering the SMPS.  
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Figure 2-2: PM Correlations (a) MSS versus EC (b) TC and Hydrated Sulfate versus PM2.5 (c) PPS-M sensor versus PM2.5 (d) 

SMPS versus PM2.5 
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Figure 2-3: Correction factor for HFO and MGO  

Previous studies31, 32 have also shown that dilution ratio significantly influences PM mass 

measurements. Ristimaki et al.32 looked at the effects of dilution ratio on PM mass for a 

light fuel oil (LFO) and an HFO. PM measurements approached results of an EPA 

method 17 commonly used for stationary source measurements for dilution ratios >40:1 

while PM measurements disagreed for dilution ratios <40:1. Less condensable species 

remain at the higher dilution ratio minimizing condensation/evaporation effects. The ratio 

of PMSMPS: PMGravimetric increases with peak particle diameter (Figure 2-3) as smaller 

particles evaporate faster under the 73:1 dilution ratio. The ratio is smaller for MGO than 

HFO consistent with measured particle size.  
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2.4.3. Particle Size Distributions and Particle Number Emission Factors  

Particle size distributions (PSDs) (Figure 2-4) measured by the SMPS range from 30 to 

50nm and 20 to 30nm for HFO and MGO, respectively. Error bars denote the standard 

deviation from the average of the triplicate load point repeats. Previous research 

conducted by Kasper et al.33, showed size distributions for MGO from approximately 40 

nm at 100% load to 25 nm at 10% load. They found that at 1% load HFO showed larger 

mean particle diameters than MGO, while at 100% load MGO showed larger mean 

particle diameters than HFO. Lyyränen et al.34 found peak number concentrations for 

HFO at approximately 40 to 45 nm independent of engine load. Figure 2-4 shows the 

particle number and mass concentrations corrected for dilution ratio as a function of load 

point and fuel type. The 10% and 25% load points PSDs (HFO) showed the largest peak 

number and mass concentrations followed by the 50% to 100% load points. Similar to 

HFO trends, both 10% and 25% load points PSDs (MGO) showed the largest peak 

number and mass concentrations followed by the 50% to 100% load points. Increasing 

PM mass concentrations for decreasing load points (MGO and HFO, Figure 2-3 (b, d))  

are consistent with the gravimetric PM mass results (Table 2-4). 
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Figure 2-4: Particle Number (a-MGO, c-HFO) and Particle Mass (b-MGO, d-HFO) Concentrations 
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Total particle number emissions for both the SMPS and the PPS-M sensor are compared 

(Figure 2-5). Overall, the particle number for the PPS-M sensor exceeded the SMPS 

number by 28% and 17% for HFO and MGO, respectively. Dilution ratios for the PPS-M 

sensor and SMPS were on average 11.6:1 and 72.9:1 respectively. Differences in particle 

number between the PPS-M sensor and the SMPS are statistically significant for both 

fuels (except HFO at the 10% load point). Previous studies29 with the PPS-M sensor have 

shown higher PN emissions compared to a TSI model 3010 D CPC and a TSI model 

3776 CPC. Higher PN measured by the PPS-M sensor may be partially attributed to its 

lower size cutpoint (~3nm) compared to the SMPS (HFO: 15nm-661nm; MGO: 6nm-

225nm). In addition to DR and size range, other deviations are attributable to differences 

in measurement methodology between the PPS-M sensor (escaping current method) and 

the SMPS.  

 

Figure 2-5: Particle Number Emissions for HFO and MGO Fuels  
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2.4.4. Comparison to Literature 

NOx and PM emission factors (g/kWh) for main engine, medium speed OGVs from this 

study are compared against previous studies (Table 2-5). NOx emissions for both HFO 

and MGO calculated in this study are well below those of the Lloyds services data35, US 

EPA10 and CARB11. PM2.5 emissions were 0.20±0.02 g/kWh for MGO compared to a range 

of 0.17 to 0.38 g/kWh for Lloyds services data35, US EPA10 and CARB11. PM emissions for 

HFO were significantly less (0.62±0.008 g/kWh compared to a range of 1.3 to 1.5 g/kWh) 

directly attributable to the much lower sulfur content in the HFO fuel in this study.         

Table 2-5: Comparison of Main Engine Medium Speed Emission Factors with Literature  

 

2.5. Conclusions 

This research characterized in-use emissions from: a MGO and a novel low sulfur HFO 

aboard a VLCC while most previous studies used for inventory purposes use emission 

factors from engines operated on test rigs. Specifically, this study provides the in-use 

emissions from a VLCC on normal route from Port of Long Beach, CA to Port Angeles, 

WA. This study contributes to the advancement of emission data from OGVs as current 

NOx CO PM SO2

MGO 0.005 10.7 ± 0.03 0.31 ± 0.01 0.2 ± 0.02 --

HFO 0.06 10.2 ± 0.03 0.5 ± 0.04 0.62 ± 0.02 --

Lloyds Services data HFO -- 13.7 1.59 1.25 --

MGO 0.5 13.2 0.47 0.29 1.98

MGO 0.1 13.2 0.31 0.17 0.4

MGO 0.1 13.2 1.1 0.25 0.4

MGO 0.1 13.2 1.1 0.38 2.08

HFO -- 14.0 1.1 1.5 11.5

g/kWh
Fuel Sulfur (%)Main Engines (MSD)

US EPA

CARB 

Measured (Weighted)
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inventories contain few studies on crude oil carriers. Further, this study provides the first 

in-use testing of a low sulfur HFO fuel as a possible alternative to MGO. Overall, NOx 

emissions were slightly higher with MGO compared to HFO. Overall, PM2.5 mass 

measurements showed approximately 70% higher emissions with HFO compared to 

MGO. PM emissions resulted in the highest emissions at the 10% load point due to being 

off optimized load. PM emissions from the SMPS as a function of load showed peak 

number concentrations ranging from 30 to 50 nm with HFO and 20 to 30 nm with MGO. 

Real-time black carbon measured with the AVL MSS and off-line analysis of EC by the 

NIOSH method compare very well with R2>0.99 and slopes of approximately 1. While 

real-time PM from the PPS-M sensor is lower than the PM2.5 measured gravimetrically 

due to differences in dilution ratio and measurement temperature. The PM mass from the 

SMPS is below that of PM2.5 measured gravimetrically attributable to DR and 

temperature with differences between MGO and HFO attributable to the evaporation of 

the smaller particles.           
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Chapter Three:  Emissions of Criteria Pollutants, 

Carbon Dioxide, and Ultrafine Particles from a High 

Emitting Marine Vessel with 1st and 2nd Generation 

Biodiesel Fuels 

3.1. Abstract 

This research evaluated the impact of 1st and 2nd generation biodiesel fuels on in-use 

emissions of gaseous and particulate matter pollutants from a marine vessel operated in 

the San Francisco Bay. Most previous studies of emissions from alternative fuels were 

completed on automotive vehicles in well-controlled laboratories or dynamometers. The 

goal of this study was to measure the in-use emissions of a popular marine engine when 

operating on novel fuels. Few studies have quantified the real world emissions from a 1st 

and 2nd generation biodiesel fuels on marine vessels. Results provide an understanding of 

the performance differences and effects on in-use emissions from a marine vessel.  

Engine map results showed the engine used 20% more diesel fuel than expected, 

suggesting lower cylinder efficiency. Given that test platform, results show the overall 

weighted emission factor for NOx was not changed when switching from CARB-diesel to 

B100, this unexpected finding is attributed to the lower efficiency of the engine. PM2.5 

mass was the same for CARB-diesel and R50; however, 63% lower with B100. Analysis 
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of the PM showed EC was 9% lower with R50 and EC and OC were reduced by 40% and 

49% respectively with B100. Analysis of the particle size distributions (PSDs) showed 

there was a single mode with R0 and R50 at approximately 80 nm. However, B100 had 

an additional nucleation peak at ~30 nm for the 50% load and ~10 nm at the 25% load 

point concluding with the highest OC/EC ratios. Overall the second generation, algal 

based biodiesel was observed to have similar emissions to CARB diesel while offering 

significant life cycle benefits.  

3.2. Introduction 

Since diesel engines on marine vessels have less stringent regulatory controls than for on-

road applications, their relative contribution to local and regional emission inventories is 

increasing1. More important is that emissions from vessels operating near ports can create 

health issues for the people in local communities. Nitrogen oxides (NOx) and particulate 

matter (PM) are the two most widely studied pollutants for their pollution and harmful 

health effects2-11. The majority of NOx emissions are emitted in inland waterways near 

ports and local communities where many people live2,3. NOx is a precursor to 

atmospheric ozone (O3) formation, which contributes to urban air pollution and causes 

airway inflammation and induced respiratory responses from asthmatics5. Fine and 

ultrafine particles are also of concern as they are linked to respiratory diseases, and in 

some cases of overexposure has led to death6,7.   

A number of initiatives are underway to simultaneously reduce levels of criteria 

pollutants and greenhouse gases and dependence on petroleum-derived fuels in the 
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United States. For example, U.S. Executive Order 13514 issued on October 5, 2009 

mandated a 30% reduction of vehicle fleet petroleum by the year 202012. In another 

example, the U.S. National Renewable Fuel Standards (RFS) Program was promulgated 

for the growth of renewable fuels with 36 billion gallons of renewable fuel by the year 

202013. The 2014 Proposed Renewable Fuel Standards Program (RFS2) suggested annual 

percentages and volumes for cellulosic ethanol, biomass-based diesel, and advanced 

biofuel13. California has its own program with mandates for use of ‘low-carbon’ fuels. 

Recent federal requirements for renewable fuels are emphasizing second-generation 

biofuels, also known as advanced biofuels.  

To meet that goal the U.S. Army Corps of Engineers (USACE) decided to compare the 

emissions from their vessels when fueled by either CARB diesel or by one of two 

biodiesel fuels. One of the biodiesel fuels was a plant-based biodiesel and the other was 

an advanced, second-generation renewable fuel; namely, an algal-based biodiesel fuel 

produced for the U.S. Navy by Solazyme. The U.S. Navy contracted Solazyme to 

produce over 500,000 liters of the algae-based marine biodiesel fuel using their 

proprietary heterotrophic technology where in microalgae consume sugars from waste 

organic material and reportedly reach >80% oil content in a few days. Subsequent 

processing includes standard industrial fermentation and two-stage hydroprocessing; first 

to remove oxygen, and second, to reform/isomerize the finished diesel to improve cold 

flow properties. A number of trials, some extended, in military and commercial engines 

on ships of various sizes have demonstrated the performance of the new algal-based 

biodiesel. However, those projects did not measure emissions, the goal of this research. 

http://en.wikipedia.org/wiki/Biofuel
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Typically, the fuel is free of aromatics, sulfur, oxygen and nitrogen, has a high cetane 

number, and its heating value is similar to conventional diesel fuel. The B100 soy 

biodiesel used in this program was typical of what the vessel was operating under while 

the ultra-low sulfur diesel (ULSD) for this study meets the standards of the California Air 

Resources Board.   

This research was aimed at providing gaseous and PM2.5 emissions from a marine vessel 

operated on diesel fuel and biodiesel fuels following the ISO sampling protocols at each 

reachable ISO certification load point. The vessel for this study included a debris removal 

boat operated in the San Francisco Bay with two Tier 2 Cummins QSK19-M engines. 

The fuels in the study were: 100% soy biodiesel, CARB ULSD and a 50/50 volumetric 

blend of ULSD and hydrotreated renewable diesel (HRD). This study provides results for 

the gaseous emissions of nitrogen oxides (NOx), carbon monoxide (CO) and carbon 

dioxide (CO2) and particle emissions which include PM2.5 mass and speciated PM2.5 

elemental carbon (EC) and organic carbon (OC) emissions. Additionally, ultrafine 

particle size distributions were measured using a Fast scanning mobility particle 

spectrometer (SMPS).  

3.3. Experimental Methods 

3.3.1. Vessel and Engine Specifications 

The M/V Raccoon vessel selected for this study is a 180 ton, 100 foot long drift 

collection vessel specifically redesigned and modified to collect large amounts of flotsam 
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and jetsam in the San Francisco Bay area and is propelled by two Cummins QSK19-M 

engines. The engines were overhauled in 2011 to operate on B99 and specifications are 

listed in Table 3-1. Since the engines were sequential in manufacture and overhaul, only 

one was tested during the research. 

 

Table 3-1: Engine Specifications 

 
 

3.3.2. Test Fuels 

The engine was tested on three fuels: 1) 100% commercial #2 CARB diesel 2) 100% soy-

based biodiesel and 3) a 50/50 blend of commercial #2 CARB diesel and algal-based 

biodiesel.  

 

 

 

 

 

 

Engine Parameter Debris Removal Boat Drift Collection Vessel

Manufacturer-Model Cummins-QSK19-M Cummins-270B

Manufacturer Year 2006 2006

Cycle 4-Stroke 4-Stroke

Displacement 19 Liters 5.9 Liters

Number of Cylinders 6 6

Rated Speed 1800 rpm 2600 rpm

Max. Power Rating 500 bhp 1800 rpm 260 bhp @ 2600 rpm

Peak Engine Torque 3023Nm @ 1500 rpm 942 Nm @ 1800 rpm
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Table 3-2: Fuel Analysis 

 

Fuel properties analyzed by Southwest Research Institute are provided in Table 3-2. 

 

3.3.3. Test Plan 

The plan was for the engine to be operated following the propulsion curve load/RPM 

points specified in the ISO-8178 E314 certification test cycle. This would mean 

establishing the 100% load point while running in the San Francisco Bay; however, 

steady state operation for the time specified in the ISO was not achievable due to other 

vessels and current. Accordingly, the vessel was run against a piling in sufficient water 

depth in order to achieve steady state operation and establish the 100% load point. Other 

test/operating modes followed the %load/RPM for a propulsion curve specified in the 

ISO cycle and the actual load points used in this research are listed in Table 3-3.  

 

 

 

Properties Units R0 R50 B100

Aromatics % volume 33.7 15.9 *

Olefins % volume 2.9 2.1 **

Saturates % volume 63.4 82 **

Density g/ml 0.8477 0.8114 0.8813

API Gravity -- 35.26 42.8 29

*no aromatics in fatty acid material

** outside range of analysis for olefins (0.3% to 55%) & saturates (1% to 95%)
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Table 3-3: Engine Test Points  

 
 

The fuels in the test matrix were run at each point and in sequence of B100, R0, R50 and 

then a repeat of B100 to determine reproducibility and drift. The exhaust was sampled at 

each of these points for gases and PM. Measurements of concentration of gaseous and 

PM emissions and exhaust flow were taken while the engine followed the ISO-8178-E3 

cycle as close as practical. The load as percentage of the 100% load point was measured 

during the engine mapping with B100 and load points for subsequent fuels were based on 

that value. There is a maximum volume of fuel that can be pumped so an engine 

operating with the maximum flow rate of B100 will have less power than an engine 

operating on the maximum flow rate of B0. Thus we always measure the engine map 

with the fuel having the lowest energy content. 

3.3.4. Emission Measurements 

Emission measurements were made in duplicate following the ISO-8178-115 and ISO-

8178-216 protocols. To prevent condensation, a partial flow venturi dilution system was 

used to condition gaseous and particulate emissions that were sampled directly from the 

Fuel

ISO 8178-4 E3 Load (%) 100 75 50 25

B100 Load (%) 100 36 50 23

B100 Load kW 307 221 153 71

R0 Load (%) 100 73 49 23

R0 Load kW 307 223 149 71

R50 Load (%) 100 73 49 23

R50 Load kW 314 227 155 73

B100 Bookend Load (%) 99 76 51 24

B100 Bookend Load kW 305 232 157 73

Engine
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engine exhaust. At each load/test point, NOx, CO, and CO2 were measured continuously 

from the dilution tunnel and briefly from the raw exhaust with a HORIBA Portable Gas 

Analyzer (PG-250). Knowing the concentrations of NOx and CO2 in both the raw and 

dilution tunnel allowed us to calculate the dilution ratio by two independent methods. The 

dilution ratio determined from CO2 and NOx concentrations agreed within 5%. 

PM2.5 measurements were made after the diluted gas passed through a cyclone with a cut 

point of 2.5µm. Following the cyclone, the sample was split and flowed through a 47 mm 

Teflo® filter and a 47mm Pall Tissuquartz filter. The Teflo® filter was used for 

determining PM mass and the Tissuquartz filters were analyzed for EC, OC and total 

carbon with a Sunset Laboratory thermal/optical analyzer following the NIOSH reference 

method17. While the PM samples were collected, a DustTrak™ Aerosol Monitor recorded 

the PM levels to independently show that both the gas and PM concentrations were at 

steady state during sample collection. Additionally, a Fast Scanning Mobility Particle 

Spectrometer (Fast-SMPS)18 was used for real-time particle size distributions (PSDs) 

from 7 nm to 190 nm. As the PM concentration was too high in the primary dilution 

tunnel, a secondary ejector dilution tunnel was added to dilute the sample stream by 

109:1. The dilution ratio was determined by measuring the raw NOx and CO2 

concentrations at the stack and the dilute concentrations after the dilution tunnel with the 

HORIBA PG-250.  
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3.3.5. Engine Measurements 

Engine operating parameters were recorded at 1Hz from the Electronic Control Module 

(ECM) on the engine with a Dearborn adapter and stored on computer memory. The 

recorded parameters included: engine RPM, fuel consumption, percentage of engine load, 

intake manifold temperature and boost pressure. The fuel flow rate was independently 

recorded with attached fuel flow meters from FloScan Instrument Company, Inc. and 

strain gauges were installed to measure the shaft torque. 

3.3.6. Data Analysis 

Emission rates of gases and PM in grams/hour and emission factors in grams/kilowatt-

hour (g/kWh) were calculated at each mode/test point as well as the overall emission 

factor. Each load point from the steady-state ISO-8178 E3 cycle was repeated in 

duplicates per each fuel used in this study. Emission factors were calculated from the 

measured exhaust concentrations and shaft power and calculated mass flow rate. 

Statistical significance was determined at each load by a two-tailed, paired, equal 

variance t-test where p≤0.05. The equation for calculating the overall emission factor is 

shown below in Equation 1. Weighting factors are specified in ISO 8178-4.  

                                                        𝐴𝑊𝑀 =  
∑ (𝑔𝑖×𝑊𝐹𝑖

𝑖=𝑛
𝑖=1 )

∑ (𝑝𝑖×𝑊𝐹𝑖)𝑖=𝑛
𝑖=1

                            (1)                  

where: 

AWM = Weighted mass emission level (CO, CO2, PM2.5, or NOx) in g/kWh 

gi = Mass flow in grams per hour, 
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Pi = Power measured during each mode, and 

WFi = Effective weighing factor from ISO-8178-4 

Flow rate is needed to convert measured concentrations into mass flow rates and was 

determined by knowing the engine charge air pressure and intake manifold temperature 

and assuming the engine operated as an air pump for calculating exhaust flow. This 

approach is valid as approximately 95% of the exhaust flow is incoming air and the 

moles exhaust carbon dioxide equals the oxygen atoms reacted with fuel carbon. A 

smaller volume of oxygen converts fuel hydrogen to water leaving only the small amount 

of incoming moisture to be added. With accurate pressure and temperatures for the 

incoming air, the calculated exhaust flow will be accurate.  

3.4. Results 

The emission factors for each pollutant are presented in grams per kilowatt hour (g/kWh). 

Emission factors as a function of load and test fuel are presented in this study as the 

average of both duplicate measurements. Statistical significance was determined from a 

two-tailed, paired t test at p ≤ 0.05.  

3.4.1. Engine Mapping 

As the energy content of 100% biodiesel fuel is less than CARB diesel, the engine map of 

load versus RPM was determined with B100, suspecting that B100 would not reach the 

loads attainable by R0. As steady-state operation, even for several minutes, was not 

possible in the San Francisco Bay due to marine traffic and currents, the steady state ISO 
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modes were achieved by running the vessel against pilings. With this approach the 100% 

achievable load was approximately 314 kW at 1525 RPM versus the engine rating of 375 

kW at 1800 RPM. Less power and RPM were expected due to cavitation; however, 

starting at 90% of full power and following the propulsion curve from there still allows a 

comparison of the emission differences between various fuels.  

One of the key observations during the analysis of the engine mapping data was the 

differences between the measured and manufacturer data. For example, the engine 

needed about 22 gallons per hour of diesel fuel to reach 314 kW; however, the 

manufacturer data indicates only 18.4 are required. Thus the operating efficiency for the 

tested engine was considerably less than a new engine as about 20% more fuel was 

required to reach the load point. Knowing the cylinder efficiency is lower than design is 

an important factor when analyzing the data.  

3.4.2. Gaseous Emissions 

Average values of the duplicate measurements for the modal and weighted gaseous 

emission factors are shown in Table 3-4. Since B100 were used for Run #1 and Run #4, 

we were able to calculate the reproducibility of the data. This calculation showed the 

reproducibility for the weighted average CO2 as 6/699 or ~1%, an excellent value for 

field data and showing the data were reproduced for the same fuel and load. Also the 

weighted average CO2 values for all hydrocarbon fuels differed by 16 in 709, about 2%. 

Calculations of repeatability and the coefficient of variation (COV) again showed the 

process was statistically under control. Given the understanding of a repeatable system, 
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the columns in Table 3-4 show the percentage reduction for biodiesel fuels, B100 and 

R50, as compared with petro-diesel (R0) for both the modal and overall emissions 

factors. The greenhouse gas, CO2, weighted emission factors ranged from 684 g/kW-hr 

for R0 to 709 g/kW-hr for B100, a difference of 4%. This difference was within the error 

and expected since the same amount of work being carried out by the engine was the 

same at each test point. 

Knowing that the CO2 emissions were repeatable, the weighted emission factors for NOx 

were calculated and were the same for the B100 runs and for the R0 and R50 

hydrocarbon fuels, again showing stability of the test system. This finding is surprising as 

most research shows B100 to have higher NOx emissions than R0. However, in Jayaram 

et al.4 with the same engine, the authors measured an increase of 3/55 or ~6% for B50 

compared with R0. Their results were about half of the increase expected and not 

statistically significant. NOx emission values from Jayaram et al.4 for R0 were 7.1 g/kW-

hr as compared with 6.4 g/kW-hr in this research. Lower NOx values in this study were 

expected based on the observed fuel consumption and presumed lower cylinder 

efficiency. It is suspected that the NOx emission factor was statistically the same for RO 

and B100 due to the lower compression ratio and efficiency of the engine. 

 

Weighted CO emission factors were approximately 2 g/kWh for the hydrocarbon fuels 

and 1.3 for the B100 or ~28% less for the B100 fuel. P-values show the B100 to have 

statistically significant lower emissions than the hydrocarbon fuels. All fuels were below 

the Tier 1 and Tier 2 standards. 
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Table 3-4: Gaseous Emissions Factors 

Debris Removal Boat 

  NOx CO CO2 Reduction NOx CO CO2 

   g/kWh  (%) P-Value 

ULSD (R0)                   

100 5.5 2.5 664 -- -- -- -- -- -- 

75 6.6 1.7 692 -- -- -- -- -- -- 

50 6.4 1.8 704 -- -- -- -- -- -- 

25 9.2 0.7 732 -- -- -- -- -- -- 

Wt. Avg. 6.4 1.9 687 -- -- -- -- -- -- 

Blend (R50)                   

100 5.1 2.7 651 7.6 -8.9 2.0 0.02 0.01 0.3 

75 6.3 1.7 691 4.4 -2.4 0.3 0.01 0.3 0.1 

50 6.0 2.1 710 6.6 -15.2 -0.7 0.005 0.1 0.07 

25 8.8 0.7 723 4.7 -4.1 1.1 0.04 0.1 0.3 

Wt. Avg. 6.0 2.0 684 5.5 -6.5 0.5 0.01 0.02 0.3 

Soy (B100)                   

100 5.9 2.0 670 -8.4 19.1 -0.9 0.03 0.001 0.6 

75 6.1 1.0 689 6.6 38.5 0.5 -- -- -- 

50 7.1 1.5 737 -11.1 17.5 -4.6 0.0 0.01 0.01 

25 10.3 0.6 776 -11.7 9.4 -6.1 0.0 0.1 0.02 

Wt. Avg. 6.4 1.3 693 -0.7 28.0 -0.9 0.2 0.001 0.07 

Soy (B100 B)                   

100 5.7 2.2 670 -3.1 13.8 -0.8 0.01 0.04 0.6 

75 6.9 1.1 721 -5.2 31.3 -4.2 0.01 0.01 0.08 

50 6.6 1.7 745 -3.2 4.7 -5.8 0.05 0.05 0.004 

25 11.0 0.5 732 -19.6 21.9 0.0 0.03 0.03 1.0 

Wt. Avg. 6.5 1.5 709 -2.4 21.8 -3.2 0.6 0.007 0.007 

 

3.4.3. Particulate Mass Emissions 

PM2.5 mass emission factors are shown in Figure 3-1 with values ranging from 0.05 to 

0.24 g/kWh. The error bars represent the standard deviation of the tests runs at each load 

as a function of fuel type. All PM2.5 weighted emission factors values were below the Tier 

2 standards.  However, at 100% load in this study, the emissions factor is 0.25 g/kWh or 

about 200% higher than found in the earlier research4. The data showing higher PM mass 
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at peak load in this study again points to the reduced compression ratio in the cylinder of 

the current vessel. 

 
 

Figure 3-1: PM Emissions Factors 

 

A comparison of the overall emission factors from a statistical test indicates that R50 

were equivalent to R0. By contrast with B100, overall PM mass emission factors were 

reduced by 63%, a significant reduction as consistently found in other studies.  

3.4.4. Particulate Emissions: Composition and Particle Diameter 

Measurements of organic, elemental and total carbon were made from the quartz filters. 

These data were used as a check of the PM mass and as a means of fractionating the 
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amount of organic and elemental carbon. This comparison can be made as there is little 

sulfur, metal and ash content in the fuels, thereby contributing a very small non-carbon 

PM2.5 fraction to the total PM2.5 mass. Results for all fuels showed that organic carbon, 

OC, comprised the majority of the PM2.5 mass, ranging from 84% to 97%, with the 

remainder being elemental carbon, EC. Thus the reductions in PM mass were primarily 

reductions in the amount of OC. Findings again suggest that more engine oil and 

unburned fuel were emitted from the engine and contributing to the PM mass found in the 

exhaust of this study. Interestingly, the earlier study with a similar engine showed that the 

mass emission factors of both OC and EC were about equal, except at low loads where 

OC predominated.  

Particle size distributions were measured as a function of ISO load and fuel type with the 

Fast-SMPS and are shown in Figure 3-2. These plots show an averaged size distribution 

during each load point. The error bars subsequently represent the standard deviation of 

the distributions during each load point. All particles were <100 nanometers (nm) or 

ultra-fines. Results at the 75% load point show that all fuels had accumulation modes, 

ranging from 67nm to 87nm, a typical range for diesel exhaust. The highest number 

concentrations were seen for the R0 and R50 fuels. At 50% load, the R0, R50 and the 

 second B100 run had peaks about 85 nm. 
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Figure 3-2: Particle Size Distributions as a function of Load with Fast SMPS
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However, at 50% load the initial B100 test resulted in a bimodal size distribution, a mode 

at 28nm and a larger accumulation mode at approximately 80 nm. Bimodal size 

distributions were observed and repeated at the 25% and 50% loads for the first run with 

B100; however, these findings were not reproduced during the second run with B100. In 

the first run with B100 at 25% load, a nucleation peak was observed at 11 nm and an 

accumulation mode at 67 nm. For the 25% load point there was a nucleation mode at 11 

nm and an accumulation mode at 67 nm. The OC/EC ratios were 28.3 for B100 and 12.8 

for second B100 test. The B100 had reduced accumulation modes compared to R0 and 

R50, which consist primarily of carbonaceous soot agglomerates. For this study, a 

noticeable increase in number concentration for nucleation and smaller mode particles 

(<50 nm) occurred for the B100 fuel. This finding can be attributed to the absence of the 

larger carbonaceous agglomerates known to adsorb gas phase volatiles, thereby 

increasing the likelihood of nucleation19
. With a high OC/EC ratio, it is likely that gas to 

particle conversion is the prevalent mode of particle formation and these particles will 

remain discreet if there is not enough surface area of the solid particles for the forming 

nuclei to be adsorbed and included in the accumulation mode. Results on this study 

mirror the earlier study4 of on a Cummins QSK19-M engine where a high ratio of OC/EC 

at low loads provided conditions where nuclei could form and EC levels were too low to 

provide sufficient surface area for the nuclei to adsorb and accumulate.  
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3.5. Discussion 

Most of the existing literature on biofuels focuses on NOx and PM emissions measured 

from engines in heavy-duty vehicles operated either on a chassis or engine 

dynamometers20-29. Furthermore data for real world emissions from harbor craft are 

limited and most of the data are for engines operating close to the manufacture’s 

design values. In this research, the engine was operating at a significantly lower 

efficiency with ~ 20% increased fuel consumption. As a consequence of reduced engine 

efficiency the emission factor increased for PM mass and was reduced for NOx. Given 

this “real world” engine, the goal remained one of determining the emission differences 

between a series of three fuels: 1) 100% petro-diesel; 2) 50% petro-diesel and 50% algal-

based 2nd generation biodiesel and 3) 100% soy-based biodiesel while operating as 

closely as practical to the ISO loads. Results showed good repeatability and good 

reproducibility. 

Data from this research are compared with those of for the same engine model when 

operating on biofuels4. A main difference in the two studies is the engine of the earlier 

study used an amount of fuel specified by the engine manufacture at each load and the 

engine in this research used ~20% more fuel. As a consequence of the lower operating 

engine efficiency, the PM mass increased. Further the data showed the organic fraction of 

the PM mass ranged from 84 to 97% in this research, a significant increase over the 50% 

seen in the earlier study. Presumably the increase in PM mass and organic carbon mass in 

this study originated from carryover of engine oil and unburned fuel.  
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Other results showed the NOx emission factors with 100% petro-diesel were lower than 

earlier tests with the same engine model4, an expected consequence of an engine 

operating with lower efficiency and presumably lower compression. Furthermore when 

B100 was tested, the often reported 20% increase in NOx over petro-diesel was not 

observed. We believe the reduced sensitivity to biodiesel is another consequence of the 

lower operating efficiency of the engine so results on efficient engines operations are not 

directly comparable. The testing showed that the 100% petro-diesel fuel and the 50/50 

blend of petro-diesel and an algal-based 2nd generation biofuel had similar emissions. 

This was expected as the algal-based biodiesel is hydrotreated to remove the hetero-

atoms, including all oxygen normally found in biodiesel. However, while the measured 

CO2 emissions are the same for the CARB and algal-based diesel fuels, a total life cycle 

analysis would show significant greenhouse gas benefits to the algal-based fuel30. There 

would not be any degradation in the criteria emissions by switching to the algal-based 

fuel.  

The PM mass emission factor at the highest loads showed the consequence of an engine 

with reduced operating efficiency as emissions were twice the level reported by Jayaram 

et al.4 for a similar engine with petro-diesel. Notwithstanding the educed engine 

efficiency, results showed the often reported benefits in PM mass reduction for biodiesel 

as the PM mass emission factor was reduced about 63% with B100 as compared with 

petro-diesel. Earlier authors31 reported the closer proximity of oxygen atoms in biodiesel 

fuel provide more oxygen in the diffusion flame than normally occurring with 100% 

petro-diesel so combustion is improved and soot formation is reduced. PM reduction is 
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not observed with the 2nd generation biodiesel as all fuel-oxygen is removed during the 

hydro-treating process. 

Investigations of the PM composition and particle size distribution provided more 

evidence that the particles from bio- and petro-diesel combustion are ultra-fines, <100nm 

(Figure 3-2). Furthermore an interesting finding in this work was the presence of a 

bimodal particle size distribution, especially at low loads where the OC/EC ratio was 

high. Under those conditions, less EC is available and the data showed the OC will form 

nuclei that remain separate from the solid particles in the exhaust. As a consequence 

particle numbers are increased, a number of which are quite small.   

 

3.6. Conclusions 

This study has shown that the 50% algal-based 2nd generation biodiesel resulted in similar 

emissions to the CARB diesel fuel while the 100% soy-based biodiesel showed 

significant reductions in PM2.5 emissions with not much change in NOx emissions. The 

results from these fuels suggests that integrating a 100% soy-based biodiesel into existing 

infrastructure can significantly reduce PM2.5 emissions without any need for 

modifications to the engines.  

As Executive Order 13514 in the United States in mandating a 30% reduction of vehicle 

fleet petroleum by the year 2020, the implementation of biofuels can help meet this 

regulation. The implementation of biofuels can also help reduce air pollution in and 

around port communities which have significant implication to adverse health effects.         
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Chapter Four:  Impact of Sugarcane Renewable Fuel 

on In-Use Gaseous and Particulate Matter Emissions 

from a Marine Vessel 

4.1. Abstract 

In-use emissions aboard a Stalwart class vessel, the T/S State of Michigan, were 

measured from a 4-stroke marine diesel generator operating on two fuels: Ultra-Low 

Sulfur Diesel (ULSD) fuel and ULSD mixed with Amyris® renewable diesel (S33; 33% 

by volume) produced from sugarcane feedstocks with 67% by volume ULSD. 

Measurements followed the International Organization for Standardization (ISO) 8178 

procedures and protocols. Gaseous emissions reported include nitrogen oxides (NOx), 

carbon monoxide (CO) and carbon dioxide (CO2), while reported particulate matter (PM) 

emissions include PM2.5 mass, elemental carbon (EC) and organic carbon (OC). Overall, 

a 4% reduction in NOx emissions, 10% increase in CO and a 2% increase in CO2 was 

observed with S33. For PM, no statistically significant differences were seen with S33. 

PM2.5 was dominated by OC for both fuels. Overall there was a 26% reduction in EC and 

8% reduction in OC with S33.  
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4.2. Introduction 

Emissions from marine vessels and harbor craft near harbors and ports contribute 

significantly to both urban air pollution and adverse health effects1-7. The majority of 

harbor craft vessels nitrogen oxide (NOx) and PM emissions operating in inland 

waterways are released near port communities8. NOx serves as a precursor to atmospheric 

ozone (O3) and PM formation, while PM is known to cause adverse health effects, which 

include respiratory related illnesses and death9-10. Several strategies may be employed to 

reduce these emissions including improvements in engine technology, implementation of 

control strategies or after treatment, and use of cleaner burning fuels. Biofuels have been 

proposed as a potential solution to lower emissions and reduce net carbon emissions 

without requiring significant changes to current infrastructure. 

 

The National Renewable Fuel Standard (RFS) Program was created to stimulate the 

growth of renewable fuels into existing infrastructures11. The RFS Program regulations 

were finalized in the Energy Policy Act of 2005 and later expanded in the Energy 

Independence and Security Act of 200712. This later act mandates the U.S. use 36 billion 

gallons of renewable fuel by 2022 and each subsequent year after. Further, Executive 

Order 1351413 requires Federal agencies to develop Strategic Sustainability Performance 

Plans (SSPP) in an attempt to reduce fuel consumption, greenhouse gas emissions and 

fossil fuel usage.  

 

The alternative diesel fuel used in this program was produced by Amyris®. It is a first 

generation, sugarcane based renewable fuel from southeastern Brazil. The process of 
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converting sugarcane into diesel fuel begins with the fermentation of sugar with 

engineered yeast to produce isoprenoids, which are plant based organic compounds. One 

isoprenoid produced is beta-farnesene, a 15 carbon hydrocarbon, which is easily 

separated when it floats to the top of the fermentation broth. Amyris® next converts the 

beta-farnesene to diesel fuel through a finishing process. At a 35% blend with ULSD, the 

fuel has a similar cloud point, higher cetane number and similar energy density as 

conventional petroleum diesel fuels allowing for ease of implementation into existing 

infrastructure14-15.  

The majority of previously published articles on emissions from biomass fuels are from 

biofuels produced by the Fatty Acid Methyl Ester (FAME) process. Results from these 

studies suggest NOx emissions increase with biofuel blend level while PM and CO 

emissions decrease16-25. However, studies conducted with hydrotreated vegetable oil 

HVO26, 27 biofuel show reductions in NOx, PM, and CO emissions with increasing blend 

level. These studies with pure HVO have shown reductions of 7 to 14% in NOx, 28% to 

46% in PM and 5% to 78% in CO respectively. Another study by Knothe et al.28 

conducted on a 2003 six cylinder, 14 L diesel engine compared emissions from alkane 

and methyl ester based fuels over a transient heavy duty diesel cycle. The alkane fuels 

(hexadecane, dodecane) resulted in NOx reductions of 16% and 45% while the methyl 

soyate and oleate fuels resulted in 13% and 6% increases in NOx emissions. Methyl 

palmitate and laurate fuels reduced NOx by 4% and 5%, respectively. Relatively few 

studies have looked into these effects with marine engines. Roskilly et al.29 determined 

that NOx emissions decreased with biodiesel for B100 (recycled cooking fat and 
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vegetable oil) relative to B0 on two marine craft engines (1 to 11% for 38 kW, 18 to 24% 

for 21.3 kW). CO emissions were higher with biodiesel at the lower loads and similar at 

the higher load points while CO2 emissions were up to 3% higher with B100. In another 

marine comparative study, looking at different feedstock’s (palm oil, soybean oil, 

sunflower oil, animal fat) on a 400 kW engine, Petzold et al.30 determined that PM, NOx 

and CO2 emissions were similar for low sulfur diesel, palm, animal fat, soil bean oil and 

sunflower oil biogenic fuels. An in-use emission study by Jayaram et al.1 aboard a harbor 

craft vessel operated with a QSK19-M engine in the San Francisco Bay looked at the fuel 

effects of blends of soy based biodiesel (B20, B50) compared to ULSD (B0). They 

determined that there was a 16% reduction in PM2.5 with B20 and 25% reduction with 

B50 when compared to B0. For NOx emissions, there were no statistically significant 

differences with B20 and B50 compared to B0. For CO emissions there were no 

reductions with B20 and a 7% reduction with B50. A previous study conducted by Khan 

et al.31 on the T/S State of Michigan showed that an algae based renewable fuel (A50) 

reduced NOx emissions by 10%, CO by 18% and PM2.5 by 28%.  

The 33/67 blend of sugarcane/ULSD (S33) was used to meet the allowable 35/65 blend 

limit specified by the U.S. EPA RFS. The objective of this program was to evaluate the 

impact of S33 on criteria emissions. In-use, simultaneous measurement of NOx, CO, CO2 

and PM2.5 were conducted from one of the four marine generator engines with an in-use 

Simplified Measurement Method (SMM) system compliant with the International 

Maritime Organization (IMO) NOx Technical Code. Furthermore, ISO methods were 
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followed to measure PM2.5 mass. Sampling protocol followed the ISO 8178 guidelines 

and the MARPOL Annex VI32 guidelines for NOx, CO, CO2, PM2.5 and SOx.     

 

4.3. Experimental Section 

4.3.1. Vessel and Engine Specifications 

The vessel used in this program was a Stalwart Class (T-AGOS 1) Modified Tactical 

General Ocean Surveillance Ship. This vessel has four main diesel generators 

interconnected to a bus used to drive two 1600 kW main propulsion engines and provide 

electricity for the ship. The generator is a Caterpillar D398, 12- cylinder, 4-stroke engine 

with a 6.25 inch bore, 8.00 in stroke, rated at 600 kW with a total displacement of 48.3 

liters. Engine RPM, engine amperage used to calculate engine load in kW, fuel 

consumption, boost pressure and intake manifold temperature were monitored during in-

use testing.    

4.3.2. Test Fuels 

The engine was operated on two fuels: an Ultra-low sulfur diesel (ULSD) or S0 and a 

33% neat Amyris® renewable diesel blended with 67% ULSD (S33).  Fuel analysis was 

conducted by Southwest Research Institute (Table 4-1). Fuel properties from a prior 

study with the same vessel and engine using a ULSD fuel and a 50/50 blend of a 

hydroprocessed algal biofuel/ULSD31 are also provided in Table 4-1 for comparison.   
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Table 4-1: Fuel Properties for ULSD and S33 Fuels 

 
 

 

4.3.3. Test Matrix 

The emission measurements followed the ISO-8178-D233 test cycle. The target ISO cycle 

and achieved load points for this study are shown in Table 4-2. The achieved load points 

differed from the ISO load points due to limitations from the generator and 

environmental conditions encountered during in-use testing such as changes in lake 

current.  

Table 4-2: ISO 8178 and Achieved Load Points 

 

Properties Units S0 S0** S33 A50**

Density 15⁰C g/L 835.9 829 815.7 804

Aromatic % 26.7 -- 17.6 --

Carbon Content wt% 86.51 86.4 85.89 85.9

Cetane Number -- 50.1 51 50 65.1

Calorific Value MJ/kg 42.974 42.9 43.103 43.4

Viscosity @ 40⁰C cSt 2.479 2.3 2.601 2.5

Ash Content mass % <0.001 0.05 <0.001 0

Sulfur ppm 7.4 10.3 7 3.9

** S0 and A50 from previous study
31

Fuel Analysis

ISO-8178 D2 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Fuel ISO load 100 75 50 25 10

% 91 79 60 28 16

kW 547 473 360 165 94

% 91 80 61 27 15

kW 545 482 363 164 88

S0

S33
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4.3.4. Sampling and Analysis 

Measurements were conducted according to the ISO-8178-2 protocol34. The gaseous and 

particulate matter measurements were sampled from a partial flow venturi dilution 

system, which pulls at a fixed sample flow rate. Real-time gaseous NOx, CO and CO2 

emissions were measured with a HORIBA Portable Gas Analyzer (PG-250) while real-

time PM2.5 mass concentrations were measured with a TSI DustTrakTM model 8520 

monitor. The DustTrakTM and gaseous measurements were used to identify when steady-

state operation at each load point was achieved. PM2.5 mass samples were collected on 

Pall Gellman (Ann Arbor, MI) Teflo® filters. Before and after collection, the filters were 

conditioned for 24 hours in an environmentally controlled room (RH = 40%, T= 25 ºC) 

and weighed daily until two consecutive weight measurements were within 3 µg or 2%. 

Elemental carbon and organic carbon was collected for analysis on preconditioned (600 

ºC, 5 hours) 2500 QAT-UP Tissuquartz Pall (Ann Arbor, MI) 47mm filters. A 1.5 cm2 

punch from the filter was analyzed after collection with a Sunset Laboratory (Forest 

Grove, OR) Thermal/Optical Carbon Aerosol Analyzer according to the NIOSH 5040 

reference method35. The sample dilution ratio (DR) was determined by measuring the raw 

NOx and CO2 concentrations from a separate raw sampling port during the first test of 

each triplicate load point.  

4.3.5. Overall Weighted Emission Factors 

The overall weighted emissions factors for the gaseous and particulate pollutants are 

calculated according to the ISO-8178 D2 cycle as:  
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                                                            𝐸𝐹𝑥 =  
∑ 𝑚𝑖𝑊𝐹𝑖

𝑖=𝑛
𝑖=1

∑ 𝑝𝑖𝑊𝐹𝑖
𝑖=𝑛
𝑖=1

                 (1) 

Where EFx is the weighted mass emission level in g/kW-hr, mi (g/hr), WFi and pi are the 

mass emission rate, weighting factor and engine load respectively, for the ith operating 

mode. 

4.4. Results 

Triplicate samples for each mode and fuel were collected. The exhaust flow rate was 

determined by the ISO-8178-2 carbon balance method, which assumes that all carbon is 

converted to carbon dioxide during combustion. The emission factors are presented in 

grams per kilowatt hour (g/kW-hr), which is a function of the exhaust flow rate, engine 

load, concentration of the measured species and engine fuel consumption. Statistical 

significance was determined from a two-tailed, paired t test at p ≤ 0.05.  

4.4.1. Gaseous Emissions 

The modal and average weighted emission factors for NOx, CO and CO2 for both fuels 

are shown in Table 4-3.  
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Table 4-3: Modal and Weighted Gaseous Emission Factors for S0 and S33 Fuels 

 

The overall weighted emission factors for S0 and S33 are 30% and 34% below the 

MARPOL Annex VI NOx emission standard of 10.9 g/kW-hr. The weighted NOx 

emission factor is reduced by 4% with S33 compared to S0; the 100% (p=0.03) and 50% 

(p= 0.003) loads showed statistically significant reductions while the 75% (p=0.09) load 

and the weighted average (p=0.008) resulted in marginally statistically significant 

reductions. Weighted CO emissions were low, 1.21 g/kW-hr for S0 and 1.33 g/kW-hr for 

S33. However, an overall increase of 10% (p=0.01) was observed when comparing S33 

to S0. CO emission factors showed statistically significant increases at the 75% (p=0.05) 

and 10% (p=0.007) load points and a marginally statistically significant difference at the 

50% (p=0.07) load point. The highest CO emissions were observed at the 10% load point 

for both fuels. This was expected as diesel engines have lower thermal efficiencies at the 

lower load points. Overall differences in CO2 emission factors were not statistically 

significant at any load point. SO2 emissions were calculated from the sulfur content in the 

ISO ULSD Alt. Fuel NOx CO CO2 NOx CO CO2 NOx CO CO2

100 91 91 6.6 1.2 799 6.0 1.2 787 8.9
0.03 

-5.9
0.2

1.6
0.09

75 79 80 7.1 1.1 781 6.8 1.3 787 5.4
0.09

-12.8
0.05

-0.7
0.8

50 60 61 7.2 1.0 756 6.9 1.1 769 3.2
0.003

-16.9
0.07

-2.8
0.1

25 28 27 8.7 1.6 951 8.6 1.6 993 1.6
0.8

-4.9
0.6

-4.4
0.4

10 16 15 11.4 2.8 1387 11.0 3.2 1449 3.3
0.2

-14.3
0.007

-4.5
0.1

7.5 1.2 819 7.2 1.3 833 4.4
0.08

-10.3
0.01

-1.7
0.1

Exponenet in % reduction refers to p-value

Overall Weighted EFs
a
Percent reduction refers to switching from S0 to S33

Blend (S33) Percent Reduction
a

ULSD (S0)Test Mode

(%)(g kW
-1

 hr
-1

)(g kW
-1

 hr
-1

)(%)
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fuel. The reported sulfur emission factors per ISO-8178-136 for S0 and S33 are 0.00188 

g/kW-hr and 0.001797 g/kW-hr.   

4.4.2. Particulate Emissions 

The PM2.5, EC and OC emission factors are summarized in Figure 4-1. There is a 

relatively flat trend for both EC and OC emission factors between the 100% and 50% 

load points; however, EC and OC emissions factors are observed to increase at the 25% 

and 10% loads. OC reductions for S33 versus S0 fuel were statistically significant at the 

100% (p=0.019) and 50% (p=0.017) load points while EC reductions were statistically 

significant at the 100% (p=0.006) load point and marginally statistically significant at the 

75% (p=0.008) load point. The largest reductions in the EC and OC emission factors 

were measured at the 100% (48% EC, 17% OC) and 75% load points (38% EC, 11% 

OC). EC reductions are observed for the 50% loads and below ranging from 11 to 28% 

while OC reductions for the same loads ranged from 4 to 8%, respectively. EC emissions 

contributed a small fraction (3% to 8%) of the total PM2.5 mass emissions compared to 

OC (92% to 97%) for both SO and S33. There was an overall weighted average reduction 

of 26% (p=0.001) with EC and 8% (p=0.0003) with OC for S33 compared to S0.  
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Figure 4-1: Modal and Overall Weighted EFs of PM2.5, EC, and OC 

 

The EC plus organic mass (OM) PM2.5 collected measured by ECOC analysis off of 

quartz substrates and the gravimetric PM2.5 collected measured on Teflo® filters provides 

a quality control check (Figure 4-2) between these two independent methods.  The 

comparison is made possible by the low sulfur, metal and ash content in the fuels limiting 

their contribution to non-carbon PM2.5 formation. Organic mass is estimated by 

multiplying OC by a factor of 1.2 to account for hydrogen and oxygen bound to the 

carbon37. The linear regressions for both fuels show good agreement between the two 

methods (slopes of 0.92 (S0) and 1.01 (S33)) with excellent R2 values of 0.98 and 0.99.      
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Figure 4-2: Comparison of total PM mass on Quartz and Teflo® Filters 

 

4.5. Discussion 

Fuel consumption was calculated on the basis of the carbon balance method assuming 

that all fuel carbon is converted to CO2. Fuel consumption (Figure 4-3) shows small 

changes with S33 compared to S0.  In contrast the A50 fuel (50:50 blend of ULSD with 

algae fuel) 31 showed a marked reduction at the 50% to 25% modes. The small changes in 

fuel consumption between S0 and S33 are consistent with the measured calorific values 

of 43.0 and 43.1 MJ/kg, respectively.  
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Figure 4-3: Modal and Weighted Fuel Consumption for S0, S33 and A50 

 

There are limited studies looking into the impact of sugarcane renewable diesel fuel on 

criteria emissions. One study15,38 conducted by EPA for Amyris® compared their 

sugarcane renewable fuel blended with a baseline federal diesel and measured the 

resulting effect on a Detroit Diesel series 60 engine with no exhaust gas recirculation 

(EGR) or other aftertreatment devices. They showed that a blend of 20% sugarcane 

resulted in NOx, CO, and PM reductions of 5%, 7% and 2%, respectively. A higher blend 

level of 50% resulted in larger reductions (NOx 12%, CO 15% and PM 6%).  
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Higher cetane number fuels have lower peak combustion temperatures and subsequently 

lower thermal NOx emissions39, 40. Higher fuel density has also been correlated with 

higher NOx emissions. Since fuel injection is a volumetric process, more fuel is injected 

per unit volume for a higher density fuel than a lower density fuel, leading to higher 

combustion temperatures and therefore higher thermal NOx production. NOx emission 

factors for S33 used in this study (Table 4-3) and A50 (Table 4-4) from Khan et. al31 are 

compared to the baseline S0 fuels. Both baseline fuels weighted NOx emission factors 

compare well (7.5 and 7.9 g/kW-hr from this study and the past study31). Differences in 

NOx emissions between S33 and A50 are attributed to fuel density and cetane number. 

The densities of ULSD (829 kg/m3) and A50 (804 kg/m3) from the previous study31 and 

the densities of ULSD (836 kg/m3) and S33 (815.7 kg/m3) from the current study show 

similar differences between the base and renewable fuels; from density alone, similar 

NOx emissions would be expected. The larger differences in cetane numbers between 

A50 (65) and ULSD (51) compared to 50.1 for S0 and 50.0 for S33 for the current study 

is the main factor attributed to the larger, statistically significant reduction of 10.4% with 

A50 compared to the lower non-statistically significant reduction of 6.6% with S33 for 

NOx emissions.  
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Table 4-4: Modal and Weighted Gaseous Emission Factors for S0 and A50 Fuels from 

Khan et al31 

 

The modal and overall weighted emission factors for CO as a function of fuel blend level 

are shown in Table 4-3 and Table 4-4. Overall, baseline weighted CO emission factors 

are low and agree well at 1.2 and 1.4 g/kW-hr CO emission factors. A 10% increase is 

observed for CO emissions from S33 compared to S0. An 18% decrease in CO for A50 

fuel was observed in Khan et al.31 compared to S0. The C/H ratio was 6.4 for S0 and 6.1 

for S33 and 6.4 for S0 from Khan et al. and 6.0 for A50. From the C/H ratio alone, it is 

expected that both S33 and A50 would have similar CO emissions. The aromatic content 

of the fuel is also an important contributor to CO emissions. The aromatic content was 

17.6% for S33 compared to 26.7% for S0. Aromatic content was not directly measured 

for A50 in Khan et al.31 but it was assumed that with the high cetane number, density and 

C/H ratio of the fuel, the aromatic content was low. The larger reductions for CO 

emissions with A50 compared to S33 are therefore attributed to differences in aromatic 

content.  

ISO ULSD Alt. Fuel NOx CO CO2 NOx CO CO2 NOx CO CO2

100 92 92 7.1 1.1 838 6.3 1.0 831 10.7
0.0003

12.1
0.09 

0.9
0.14

75 82 80 7.2 1.1 790 6.7 1.0 784 7.8
0.0006

14.6
0.05

0.7
0.20

50 60 61 8.0 1.3 834 6.9 1.0 760 13.2
0.02

26.5
0.04

8.9
0.07

25 26 28 9.4 2.1 1046 8.2 1.7 944 12.6
0.001

15.9
0.0001

9.7
0.0008

10 17 15 10.5 3.9 1387 10.5 3.8 1396 0.8
0.7

1.7
0.7 -0.6

0.8

7.9 1.4 866 7.1 1.2 822 10.4
0.0002

17.6
0.02

5.1
0.01

Exponenet in % reduction refers to p-value

a
Percent reduction refers to switching from S0 to A50

Overall Weighted EFs

Test Mode ULSD (S0) Blend (A50) Percent Reduction
a

(%) (g kW
-1

 hr
-1

) (g kW
-1

 hr
-1

) (%)
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PM2.5 weighted emission factors were similar for both baseline fuels (0.12, 0.098 g/kW-

hr). There was a larger 25% reduction in PM2.5 with A50 compared to non-statistically 

significant reduction with S33. Overall, weighted emission factors for S33 and A50 are 

reduced with EC (~26%, 27%) and OC (~8%, 16%). Similar to CO emissions, reductions 

in PM2.5 with A50 and S33 can be attributed to the lower aromatic content of A50. PM 

emissions are a function of fuel aromatic content, cetane number and fuel oxygen 

content41. Aromatic compounds lead to incomplete combustion and particulate formation 

in the combustion chamber. Tables 4-3 and 4-4 show the modal and weighted PM2.5 

emission factors as a function of fuel type.  

4.6. Conclusion 

In this study, the effect of a sugarcane based renewable fuel compared to a baseline 

federal ULSD was determined for gaseous emissions of NOx, CO and CO2 and 

particulate matter emissions, PM2.5 mass and PM2.5 EC and OC fractions. The results 

indicate that there is a limited fuel effect with S33. Overall, a 4% NOx reduction, 10% 

increase in CO emissions, and a 2% increase in CO2 were observed. PM2.5 mass was 

similar for both S0 and S33. The EC and OC emissions were reduced by 26% and 8% 

respectively where the majority of the PM2.5 was composed of OC.   
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Chapter Five:  Impact of Aftertreatment Technologies 

on the In-Use Gaseous and Particulate Matter 

Emissions from a Tugboat  

5.1. Abstract 

In-use gaseous and particulate matter emissions were characterized aboard a tugboat 

fueled with a CARB based ULSD before and after SCR-DPF control technologies. 

Emissions of measured individual gaseous pollutants include: nitrogen oxides (NOx), 

carbon monoxide (CO), carbon dioxide (CO2) and ammonia (NH3) slip while particulate 

matter (PM) emissions measurements include: PM2.5 mass, elemental carbon (EC) and 

organic carbon (OC). Measurements were conducted according to the ISO-8178 

measurement and sampling protocol while emissions were weighted according to the 

ISO-8178-4-E3 steady-state test cycle for main engine marine applications.  

Overall weighted emission factors showed that the SCR reduced NOx by ~92% while the 

DPF reduced PM2.5 emissions by ~96%. The lowest reductions in NOx and highest NH3 

slip were observed at the 27% load point where the exhaust temperature was below the 

light-off temperature of the SCR catalyst. Reductions in PM2.5 were consistent throughout 

all load points ranging from 92% to 97%, respectively. The PM2.5 was composed mainly 

of organic carbon with OC/TC ratios ranging from 0.85 to 0.97 before the catalyst and 
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0.98 to 1.0 after the catalyst. The increasing emissions from a forced DPF regeneration 

were also captured in real-time and are reported herein.             

5.2. Introduction 

Emissions from marine vessels and harbor craft near ports and port communities 

contribute significantly to local air pollution and cause adverse health effects2-8. Pope et 

al.9-10 reported that prolonged exposure to PM2.5 emissions can cause respiratory related 

diseases and death while Corbett et al.3 estimated that shipping related PM contributes to 

approximately 60,000 cardiopulmonary and lung cancer deaths annually. Moreover, 

marine vessels and harbor crafts are significant contributors of nitrogen oxides (NOx) 

emissions, which are key precursors to atmospheric photochemical ozone (O3) formation. 

Corbett et al.11 determined that approximately 65% of all NOx emissions in the United 

States are contributed from marine vessels in inland waterways.  

The relative contribution of NOx from marine vessels and harbor craft to local and 

nationwide inventories is expected to increase due to improvements in fuels, 

aftertreatment controls and cleaner engine technologies in the transportation sector12. 

Various studies have investigated biofuels and other novel fuels and their effects on NOx 

and PM emissions from marine vessels, however few studies have explored the effects of 

aftertreatment controls on these emissions. The limiting factor in using catalysts such as 

SCR and DPF for marine applications was the high sulfur levels in the fuels that 

significantly shorten catalyst lifetimes13. Regulations imposed by MARPOL Annex VI 

have greatly reduced fuel sulfur levels from 1.5% to 0.10% and 4.5% to 0.50% for 
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marine vessels operated in Emission Control Areas (ECAs) and in non ECAs, 

respectively allowing technologies once solely used for heavy duty diesel applications in 

the transportation sector to be considered for marine vessels and harbor craft.   

It is important to characterize emissions from marine vessels and harbor craft and 

develop strategies for reducing them, yet in-use emission data remains scarce. This study 

characterizes the in-use emissions benefits of aftertreatment technologies on a tugboat. 

The control devices include a selective catalytic reduction (SCR) for NOx removal and a 

diesel particulate filter (DPF) for PM removal. Although various studies on heavy duty 

diesel vehicles have shown that the addition of a DPF/SCR control system significantly 

reduces NOx and PM emissions. Ultimately we are not aware of any peer-reviewed 

studies on the effectiveness of combined SCR/DPF on marine vessels or harbor craft.  

Gaseous and PM emissions of NOx, CO, CO2, NH3 and PM2.5 were measured according 

to ISO-8178 and MARPOL Annex VI14 guidelines. 

5.3. Experimental Section 

5.3.1. Test Vessel, Engine Specifications and Fuel 

This tugboat was equipped with two Detroit Diesel 12-V71 two-stroke, GMC 127, MY 

1973 engines upgraded to Tier II emission levels with Clean Cam Technology (CCTS) in 

the summer of 2011. The CCTS technology works by modifying the camshaft, cylinder 

liner and piston as well as changing fuel injection timing and the oxygen ratio for 

improved engine out emissions15. A Nauticlean S system was installed to control engine 
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out emissions in addition to the CCTS technology. This system consists of a Diesel 

Particulate Filter (DPF) for PM removal and a Selective Catalytic Reduction (SCR) for 

NOx removal. The test fuel used in this study was a California Air Resources Board 

(CARB) ultra-low sulfur diesel (ULSD) fuel, which is the typical fuel that these engines 

run.     

5.3.2. Test Matrix 

Emission measurements were conducted following the ISO-8178-4 E316 test cycle for 

marine applications. The target ISO load points and actual load points for both test 

conditions (Table 5-1). Load points differed slightly from the target ISO-8178 load points 

due to ocean current.  

Table 5-1: ISO 8178 and Achieved Load Points  

 

5.3.3.  Sampling and Analysis 

Measurements were conducted following the ISO-8178-217 sampling protocol. Both 

gaseous and particulate matter emissions were sampled from a partial flow venturi 

dilution system at >10 diameters downstream of the sampling probe. Real-time gaseous 

pollutants of NOx, CO and CO2 were measured with a HORIBA portable gas analyzer 

(PG-250). The dilution ratios were determined at each load by measuring NOx and CO2 

ISO 8178-E3 mode 1 mode 2 mode 3 mode 4

Condition ISO load 100 75 50 25

% 100 71 42 27

kW 188 133 78 52

% 189 135 79 51

kW 100 71 41 27

Before Catalyst

After Catalyst
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concentrations at raw and dilute sampling locations with the PG-250. A tunable diode 

laser (TDL) was used to measure ammonia (NH3) slip from SCR. NH3 slip was measured 

directly from the stack with a one-meter heated sample cell heated to the exhaust gas 

temperature to minimize thermal perturbations of the sample. The sample lines were also 

heated between between the stack and the quartz line sample line. The TDL sample cell 

optics was configured for dual pass operation.  

PM2.5 gravimetric measurement was performed on 2µm 47-mm diameter Teflo filters® 

(Pall Gelman, Ann Arbor, MI) weighed with a Mettler Toledo UMX2 microbalance. All 

weighing procedures followed the Code of Federal Regulations18. Real-time quantitative 

PM mass concentrations were measured with a TSI DustTrak model 8520. Speciated 

PM2.5 samples for speciation were collected on 47-mm diameter, 2500 QAT-UP 

Tissuquartz® (Pall Gelman, Ann Arbor, MI) filters, which were preconditioned at 600 ºC 

for 5 hours. A 1.5 cm2 was analyzed according to the NIOSH 5040 reference method19 

with a Sunset Laboratory (Forest Grove, OR) thermal/optical carbon analyzer. PM2.5 

emissions reported herein in g/kWh are based upon the gravimetric filter measurements.  

5.3.4. Overall Weighted Emission Factors 

The overall weighted emissions factors for the gaseous and particulate matter pollutants 

for the steady-state ISO-8178-4-E3 test cycle were calculated in grams per kilowatt-hour 

(g/kWh) as:   

 𝐸𝐹𝑥 =  
∑ 𝑚𝑖𝑊𝐹𝑖

𝑖=𝑛
𝑖=1

∑ 𝑝𝑖𝑊𝐹𝑖
𝑖=𝑛
𝑖=1

                 (1) 



87 

where EFx is the weighted mass emission level in g/kWh of each pollutant and mi (g/hr), 

WFi and pi are the mass emission rate, weighting factor and engine load, respectively, for 

the ith operating mode.  

5.4. Results 

Triplicate samples were collected at each load point. Exhaust flow was calculated using 

the ISO-8178-2 carbon balance method assuming that all carbon is converted to CO2 

during the combustion process.  

A forced regeneration event was run at the conclusion of the triplicate load point testing.  

5.4.1. Gaseous Emissions 

Modal and weighted, NOx, CO and CO2 emission factors are summarized (Table 5-2). 

Error bars represent the standard deviation of the three test runs conducted at each load 

point. Statistical significance was determined by a two-tailed, paired t-test where p≤0.05. 

NOx emissions before the catalyst were highest at the 71% (7.65 ± 0.21 g/kWh) and 

100% (10.8 ± 1.3 g/kWh) load points, respectively. Weighted NOx emissions were 

reduced by 92% by the SCR. The highest NOx emissions after the SCR were observed at 

the 27% load point (4.48 ± 0.26 g/kWh) due to the reduced removal efficiencies at the 

lower exhaust temperatures. CO emission factors ranged from 0.42 ± 0.01 g/kWh to 0.95 

± 0.01 g/kWh before the oxidation catalyst and 0.13 ± 0.01 g/kWh to 0.20 ± 0.01 g/kWh 

after the catalyst.  
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Table 5-2: Gaseous Emission Factors (g/kWh) 

 

CO reductions were statistically significant at all load points ranging from 63% to 79%, 

respectively. CO2 emission factors show a decreasing trend as engine load increases from 

27% to 100%. No statistically significant differences in CO2 is observed before and after 

the DPF/SCR system; this is expected as the engine was doing the same amount of work 

during the pre and post DPF/SCR measurements.  

NH3 measurements were made post catalyst (Figure 5-1) and correlate very well with 

NOx as a function of load point (R2 = 1).  Ammonia slip emissions were highest at the 

27% load point (1.66 ± 0.10 g/kWh) where highest NOx emissions (4.48 ± 0.26 g/kWh) 

were observed and were lowest at the 71% load point (0.089 ± 0.006 g/kWh) where with 

the lowest NOx emissions (0.24 ± 0.01 g/kWh) were observed.      

Test Mode

NOx CO CO2 NOx CO CO2 NOx CO CO2

27 6.2 ± 0.1 0.9 ± 0.01 921.9 ± 0.2 4.5 ± 0.3 0.2 ± 0.01 922.2 ± 0.6 28 79 -0.04

42 5.9 ± 0.2 0.5 ± 0.02 880.5 ± 0.1 1.4 ± 1.01 0.1 ± 0.05 881.8 ± 0.4 77 73 -0.1

71 7.6 ± 0.2 0.4 ± 0.01 812.4 ± 0.2 0.2 ± 0.01 0.2 ± 0.01 810.5 ± 0.2 97 63 0.2

100 10.8 ± 1.3 0.5 ± 0.07 791.8 ± 0.5 0.4 ± 0.02 0.1 ± 0.01 791.1 ± 0.2 96 74 0.1

Wt. Avg. 8.4 ± 0.5 0.5 ± 0.03 819.5 ± 0.06 0.7 ± 0.1 0.2 ± 0.01 818.2 ± 0.2 92 69 0.2

Load (%)
(g/kWh)

 ReductionAfter CatalystBefore Catalyst

(%)(g/kWh)
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Figure 5-1: NOx and NH3 Emissions versus Exhaust Temperature (ºC) Post Catalyst 

5.4.2. Particulate Emissions 

Modal and weighted PM2.5, EC and OC emission factors (g/kWh) are presented (Figure 

5-2). The highest PM2.5 emission factors were observed at the 100% load point for both 

before pre (0.31 ± 0.06 g/kWh) and post (0.010 ± 0.003 g/kWh) catalyst. 
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Figure 5-2: PM2.5, EC and OC Emission Factors (g/kWh) 

 

OC/TC ratios ranged from 0.85 to 0.97 pre-catalyst to 0.97 to 1.0 post-catalyst. The 

average OC/TC ratios were lowest (~0.87 and ~0.85) at the lower load points (27%, 42%) 

and highest (~0.97, ~0.89) for the higher load points (100%, 71%). Overall, PM2.5 and 

EC emissions were reduced by 96% and ~99%, respectively by the DPF. PM2.5 (~97%) 

and OC (~92%) emission factor reduction was greatest at the 100% load.    

The CARB ULSD fuel has little sulfur, ash and metals limiting their contribution to non-

carbon PM2.5. The EC plus the OM provides an important quality check of the PM 

emissions (Figure 5-3) between two independent methods. The OM is estimated in this 

work by multiplying the OC by a factor of 1.21 to account for the hydrogen and oxygen 

bound to the carbon. The linear regression shows extremely good agreement pre-catalyst 
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(R2=0.998) while post- catalyst the agreement is reasonable (R2=0.824). Post-catalyst 

PM2.5 and TC emissions are extremely low leading to higher variability compared to the 

pre-catalyst measurements.    

 
 

Figure 5-3: Comparison of total PM mass on Quartz and Teflo filters 

 

5.4.3. Fuel Consumption 

A comparison of fuel consumption pre and post catalyst calculated by the carbon balance 

method provides an important quality check of the emissions data (Figure 5-4). No 

statistically significant differences between the test conditions are observed as a function 

of the modal and weighted average. The engine is observed to be more efficient at the 

100% and 71% load points compared to the 27% and 42% load points, with an average 

reduction in fuel consumption of ~11% for the lower engine loads.     
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Figure 5-4: Modal and Weighted Fuel Consumption Before and After the Catalyst 

 

5.5. Discussion  

Few studies have been conducted on marine vessels with DPF-SCR. One such study by 

Nuszkowski et al.20 characterized the emissions benefits of an SCR on a passenger ferry. 

(~ 94% during cruise mode). The vast majority of existing literature on DPF-SCR 

controls is obtained from heavy duty diesel vehicles tested on chassis dynamometers21-30. 

The engine in this study with the CCTS was rated at a Tier II emissions level before the 

addition of the DPF/SCR aftertreatment technologies. Weighted NOx emissions pre-

DPF/SCR (Table 5-2) were ~14% higher (8.35 ± 0.54 g/kWh) compared to the Tier II 

standard (7.2 g/kWh). EPA allows a 20% allowance for in-use measurements, which 

would increase the Tier II in-use measured limit to ~8.6 g/kWh. The addition of the DPF-

SCR aftertreatment technology reduced NOx emissions by ~92%. The highest NOx 
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emissions were observed at the lower load points (27%, 42%) where exhaust 

temperatures entering the SCR were below 250 ºC. At temperatures above 250 ºC (Figure 

5-1) for the 71% (0.24 ± 0.01 g/kWh) and 100% (0.40 ± 0.02 g/kWh) load points NOx 

emissions begin to stabilize. These results are consistent with those found in literature for 

SCR equipped heavy duty diesel vehicles, which have optimal SCR operating 

temperatures ranging from 250ºC to 427ºC31. NH3 slip emissions were highest during 

highest NOx emissions (27% and 42% load points) attributable to the ammonia injection 

system responding to the higher engine out NOx emissions for these load points.  

CO emissions from compression-ignition marine vessels are very low ss seen with 

previous studies32-37. Both modal and weighted and pre SCR/DPF CO are well below the 

Tier II standard for CO emissions (5 g/kWh). Herner et al.22 and Li et al.30 observed CO 

reductions of  by ~94% and ~84%, respectively for DPF-SCR equipped systems 

compared to the 69% reduction observed in CO for the current study. Reductions in CO 

by the DPF-SCR system reflect the ability of the catalyst to efficiently oxidize CO to 

CO2.  Catalyst “light-off” specified by the manufacturer states that CO conversion to CO2 

increases rapidly at above 200 ºC; where the majority of exhaust temperatures exceeded 

200ºC for load points tested.  

Previous studies38 of DPF equipped heavy duty diesel vehicles observe PM mass 

emission reductions >90%. PM reductions post DPF/SCR of ~92% is consistent with 

earlier studies of DPF effectiveness. Overall PM2.5 emissions pre DPF/SCR were well 

below the Tier II emissions (0.30 g/kWh).  
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Real-time NOx, CO, CO2 and DustTrak concentrations during a forced regeneration event 

are shown (Figure 5-5). This regeneration event was triggered at the end of the study. 

NOx and PM concentrations exceeded 200 ppm and ~0.4 mg/m3, respectively. The 

significance of these increases to the total emissions for a given number of hours of 

operation of the tugboat cannot be estimated since no data is available on the length of 

time between regenerations or the total regeneration time during normal tugboat 

operations. 

 

Figure 5-5: NOx and PM2.5 Forced Regeneration at 25% Load Point  

 

5.6. Conclusion 

The effect of a SCR-DPF aftertreatment system on in-use emissions of a tugboat was 

characterized in this study. Overall, NOx and PM emissions were reduced by ~92% and 
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~96%, respectively. Pre and post DPF/SCR PM2.5 mass emissions contained mainly OC 

with very little EC present. Aftertreatment technologies like SCR has the potential to 

significantly reduce NOx emissions in ports and nearby port communities as nearly 65% 

of all NOx emissions from marine vessels occur in inland waterways11. The addition of a 

catalyzed DPF can help significantly reduce PM emissions and therefore reduce adverse 

health effects to those living in nearby port communities. Previously, these technologies 

were only available for heavy duty diesel vehicles in the transportation sector as high 

sulfur content in the fuels used in marine applications would rapidly degrade catalyst 

performance. The additions of such technologies are now possible in the marine sector 

since MARPOL Annex VI has regulated the sulfur levels in marine fuels.     
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Chapter Six:  Emissions and Redox Activity of Biodiesel 

Blends Obtained from Different Feedstocks from a 

Deavy-Duty Vehicle Equipped with DPF/SCR 

Aftertreatment and a Heavy-Duty Vehicle without 

Control Aftertreatment 

6.1. Abstract 

The primary objective of this study was to evaluate the impact of three different biodiesel 

feedstocks compared to a baseline CARB ULSD with two heavy duty trucks equipped 

with and without aftertreatment technologies.  The first vehicle was equipped with a 2012 

Cummins ISX-15 engine while the second vehicle was equipped with a 2004 Cummins 

ISX-450 engine. The 2012 Cummins ISX-15 engine was equipped with a selective 

catalytic reduction (SCR), diesel oxidation catalyst (DOC) and a diesel particulate filter 

(DPF) while the Cummins ISX-450 had no aftertreatment technologies. Both vehicles per 

fuel type were run under the Urban Dynamometer Driving Schedule (UDDS) on a heavy 

duty chassis dynamometer at CE-CERT. For this study, nitrogen oxides (NOx), carbon 

monoxide (CO), carbon dioxide (CO2), total hydrocarbons (THC), methane (CH4), non-

methane hydrocarbons (NMHC), particulate matter (PM) and ammonia (NH3) were 

measured. In conjunction with these measurements, unregulated emissions, including 
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gaseous toxics including carbonyl compounds and light aromatic hydrocarbons were 

measured for both vehicles. Ultrafine particles were also investigated with total number 

and particle size distributions. The health effects of ultrafine particles were analyzed from 

PM2.5 and semi-volatile compounds from Teflon filters and XAD-4 resin.  These included 

the redox activity from dithiothreitol (DTT) assay.  

The results indicated that Biodiesel feedstocks led to higher NOx emissions for both 

vehicles, lower CO emissions and similar CO2 emissions. THC emissions were reduced 

with biodiesel blends for the older engine and below detectable limits for the newer 

engine. PM mass emissions were reduced with the biodiesel blends for both vehicles and 

there was a large reduction between Vehicle 1 and Vehicle 2 due to the DPF. Particle size 

distributions for Vehicle 1 and Vehicle 2 showed a strong nucleation mode at 11 nm for 

all fuels as well as a second nucleation mode at approximately 35 nm for all fuels as well 

as an accumulation mode peak at 60 nm for the ULSD fuel. The gaseous toxic pollutants, 

carbonyl groups were dominated by formaldehyde, acetaldehyde butyraldehyde, and 

benzaldehyde for both vehicles. For the redox activity, the biodiesel fuels had less 

prooxidant activity than the ULSD.       

 

6.2. Introduction  

Particulate matter (PM) emitted from diesel exhaust has been shown to cause adverse 

health effects, including pulmonary related diseases and increased motality and 

morbidity1. To reduce emissions from diesel combustion, a variety of strategies are 

employed. These include improved engine technology, aftertreatment technologies and 
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the implementation of cleaner burning fuels. To reduce PM, aftertreatment technologies 

such as diesel particulate filters (DPFs), diesel oxidation catalysts (DOCs) and biomass-

derived fuels such as biodiesel have been used. For gaseous emissions, selective catalytic 

reduction (SCR) has been widely used to reduce nitrogen oxide (NOx) emissions by 

converting NOx to N2 and H2O with a catalyst and reducing agent, such as urea or 

ammonia2. SCR technology is currently used in the U.S. for heavy-duty diesel engines to 

meeting the 2010 NOx standards. In addition to new engine technologies and 

aftertreatment controls, there is a considerable interest in the use of biomass-derived fuels 

as means of reducing greenhouse gases and other harmful emissions.  

Biodiesel has emerged as a biofuel that can be used with existing diesel engine 

technology with little or no modifications. Fatty acid methyl esters (FAME), common 

known as biodiesel, are produced via the transesterification reaction of triglycerides with 

an alcohol in the presence of an alkaline or an acidic catalyst. Common feedstocks for the 

production of biodiesel are vegetable oils, animal fats, and waste cooking oils3. Biodiesel 

fuels have been widely studied for their effects on gaseous and PM emissions. The 

general consensus on biodiesel points to a reduction in PM, total hydrocarbons (THC), 

and carbon monoxide (CO) and an increase in NOx emissions4-6. Increases in NOx 

emissions with biodiesel have been attributed to increased oxygen content compared to 

diesel fuels, higher bulk modulus of compressibility, cetane number, as well as the degree 

of unsaturation7-10. Reductions in PM emissions have been largely attributed to lower 

aromatic content in the fuel, lower sulfur content in the fuel as well as the higher oxygen 

content, which leads to more complete combustion11-12. 
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There are several studies in the open literature on the effects of biodiesel blends from 

light-duty and heavy-duty vehicles13-15. In an older study, Wang et al. 16 tested six heavy-

duty trucks on regular diesel and a soy-based blend at 35% by volume and showed 

significant reductions in PM emissions. They also observed moderate reductions in THC 

and CO, while NOx emissions remained at the same levels for both fuels. Lammert et 

al.17 investigated six buses on a range of fuels, including CARB ULSD, certification 

diesel, neat soy-based biodiesel, and B20 blends over the Manhattan, Orange County, and 

UDDS test cycles. They found that the buses without aftertreatment control showed little 

or no effect for B20 on NOx emissions compared to a certification diesel, but a 

statistically significant effect for B20 on NOx compared to California Air Resources 

Board (CARB) diesel. They also showed that SCR control eliminated any fuel effect on 

NOx emissions. Hajbabaei et al.18 conducted a comprehensive engine dynamometer study 

on two heavy-duty engines, with and without a DPF, focusing on NOx mitigation 

strategies from different types of biodiesel fuels. The authors found a consistent increase 

in NOx emissions with increasing biodiesel levels in a CARB ultra-low sulfur diesel 

(ULSD), with soy biodiesel showing higher NOx emissions than a more saturated animal 

biodiesel. 

Recent studies have shown increases in carbonyl emissions from on-road heavy-duty 

diesel engines with and without exhaust aftertreatment control operating on biodiesel 

blends19-20. Cahill and Okamoto21 measured two heavy-duty vehicles meeting different 

EPA emission standards on four fuels including CARB ULSD, soy biodiesel, animal 

biodiesel, and renewable diesel. They found higher acrolein and crotonaldehyde 
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emissions and lower aromatic aldehyde emissions with the biodiesels compared to the 

baseline diesel fuel. They also found that DOC/DPF configurations appeared to be very 

effective at lowering carbonyl emissions from the newer engine. Finally, Ratcliff et al. 22 

tested a heavy-duty truck fitted with a continuously regenerated DPF on ULSD, B20, and 

B100 soy-based biodiesel. They found that formaldehyde and acetaldehyde were the 

dominant aldehydes in the exhaust and that their emissions were higher with biodiesel 

compared to ULSD. 

Aside from PM mass emissions, other information about particle emissions, such as 

particle number, PM composition, and health effects are also important. The majority of 

the studies focusing on the impact of biodiesel on ultrafine particles have been performed 

on light-duty vehicles23-34. Young et al. 25 investigated various waste cooking oil biodiesel 

blends on a heavy-duty engine equipped with DOC and DPF over the European 

Stationary Cycle (ESC). They showed the total particle number concentrations decreased 

with increasing biodiesel content. Westphal et al. 26 performed testing on a Euro 3 heavy-

duty engine with neat jatropha and rapeseed methyl ester over the ESC. They found that 

particle number emissions were about 1 order of magnitude lower than those of regular 

diesel. Heikkila et al. 27 investigated the effect of a rapeseed oil biodiesel, a regular diesel, 

and a synthetic diesel on nanoparticle emissions from a Euro 4 heavy-duty engine fitted 

with SCR control. They found that biodiesel produced substantially greater 

concentrations of nonvolatile nucleation mode particles with higher mean diameters than 

with the other fuels. They also found that the soot particle concentration and particle size 

were lowest with biodiesel. 
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With respect to health effects, biodiesel exhaust has been less well studied and less 

understood compared to regular diesel. Kooter et al. 28 studied a number of different 

biodiesel blends on a Euro 3 heavy-duty truck engine over the European Transient Cycle 

(ETC). They showed that the redox activity, as measured by the DTT assay, was reduced 

for biodiesel blends and neat biodiesel compared to diesel fuel. On the other hand, 

Guarieiro et al. 29 showed an increase in redox activity with increasing waste cooking oil 

biodiesel concentration. Similar findings were seen with a previous study conducted on a 

Euro 2 passenger car running on B100 soy-based biodiesel and diesel fuel. The authors 

found that biodiesel had the most potent exhaust relative to diesel and to a Euro 3 

compliant vehicle fitted with a DPF30. Finally, Gerlofs-Nijland et al. 31 tested two Euro 4 

vehicles equipped with or without a DPF on regular diesel and B50 over a combination of 

urban and rural driving cycles. They showed that B50 decreased oxidative potential for 

urban driving, while rural driving showed no strong fuel effects.  

 

The present study describes the results of experiments conducted on two heavy-duty 

vehicles, equipped with SCR and DPF and without emission controls, respectively, on a 

typical CARB ULSD and three biodiesel blends at 50% concentrations by volume. The 

biodiesel feedstocks were obtained from soybean oil, animal fat, and waste cooking oil. 

Testing was performed over the Urban Dynamometer Driving Schedule (UDDS) on a 

heavy-duty chassis dynamometer. For this study, we examined the effects of biodiesel 

source material, engine technology, and exhaust aftertreament on the criteria emissions, 

gaseous air toxic pollutants, and particle emissions, as well as in an in vitro model to 

assess the oxidative potential of vapor- and particle-phase PM emissions. 
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6.3. Experimental 

6.3.1. Test Fuel and Vehicles 

A total of four fuels were utilized in this study. The reference fuel was a typical on-road 

CARB ULSD. Three fatty acid methyl esters that span the degree of unsaturation 

common in the marketplace were used as blendstocks with the CARB ULSD. The 

biodiesels were blended at a 50% proportion by volume (B50). A methyl ester obtained 

from soybean oil (SME), a waste cooking oil methyl ester (WCO), and a methyl ester 

obtained from animal fat (AFME) were used. The soy-based biodiesel was selected 

because soybean oil is the dominant oil produced in the U.S., and the development of 

biodiesel in the U.S. has focused around this type of feedstock. Both the waste cooking 

oil and the animal fat feedstocks are considered to be low-cost and low environmental 

impact feedstocks, and are characterized as being CO2 neutral. The blends are labeled 

with the biodiesel type, followed by the percent concentration.  

Table 6-1: Main fuel properties of CARB ULSD and neat methyl esters. 

Properties CARB 

ULSD 

SME AFME WCO 

Aromatics, % 19.93    

Olefins, % 2.60    

Saturates, % 77.47    

Heating value, 

cal/g 
10938 9522 9518 9486 

Density, g/mL 

(15 ºC) 
0.84 0.88 0.87 0.88 

Cetane number 53.13 49.23 61.10 54.57 

 

The main physicochemical properties of the CARB ULSD and the three methyl esters are 

given in Table 6-1.  
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Two vehicles were used in this study, including a vehicle with a 2010 model year (MY) 

Cummins ISX-15 engine and a vehicle with a 2002 MY Cummins ISX-450 engine. The 

vehicle with the Cummins ISX-450 engine did not have aftertreatment technology. The 

vehicle with the Cummins ISX-15 engine was equipped with selective catalytic reduction 

(SCR) for NOx removal, a diesel particulate filter (DPF) for PM removal, and a diesel 

oxidation catalyst (DOC) for CO and THC removal. The main technical specifications of 

the engines are given in Table 6-2. 

Table 6-2: Technical specifications of the diesel engines. 

Engine model ISX-450 ISX-15 
Oil system 

capacity 

52.9 L 52.9 L 
Displacement  14.9 L 14.9 L 
Configuration Inline, 6 

Cylinders 

Inline, 6 

Cylinders Peak torque 2237 Nm/1200 

rpm 

2237 

Nm/1200 

rpm 

Horsepower 336 kW/1700 

rpm 

344 kW/1700 

rpm Compression 

ratio 

19:1 18.9:1 
Bore and Stroke 137mm & 

169mm 

 

137mm & 

169mm 

 

 

6.3.2. Test Cycle and Measurement Protocol 

Testing was conducted over the EPA Urban Dynamometer Driving Schedule (UDDS) for 

each fuel for both vehicles. The cycle covers a distance of 5.55 miles with an average 

speed of 18.8 miles/hour. A double UDDS (2X UDDS) test cycle was conducted for the 

newer 2010 Cummins ISX-15 engine equipped with the aftertreatment technologies to 

obtain sufficient PM mass for gravimetric analysis. A speed-time profile of the UDDS 

cycle is shown in Figure 6-1.  
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Figure 6-1. Urban Dynamometer Driving Schedule (UDDS) speed-time profile. 
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Mobile Emissions Laboratory (MEL), which is designed to meet the Code of Federal 

Regulations (CFR) Title 40 (40CFR) 1065 requirements. MEL consists of a constant 

volume sampler (CVS) dilution tunnel, which is equipped with real-time gaseous and 

particulate analyzers. For all tests, measurements of NOx, CO, CO2, THC, NMHC, CH4, 

and PM were measured. Total PM mass determinations were collected using 47 mm 

Teflon® filters and measured with a 40 CFR Part 1065-compliant microbalance in a 

temperature and humidity controlled clean chamber. Real-time measurements of NH3 

were also measured using a Unisearch Associates Inc. LasIR S Series tunable diode laser 

near infrared adsorption spectrometer (TDL). 

6.4.2. Carbonyls and VOCs Analysis 

Samples for carbonyl analysis were collected through a heated line onto 2,4-

dinitrophenylhydrazine (DNPH) coated silica cartridges (Waters Corp., Milford, MA). 

Sampled cartridges were extracted using 5 mL of acetonitrile and injected into an Agilent 

1200 series high performance liquid chromatograph (HPLC) equipped with a variable 

wavelength detector. The column used was a 5 μm Deltabond AK resolution (200cm × 

4.6mm ID) with upstream guard column. The HPLC sample injection and operating 

conditions were set up according to the specifications of the SAE 930142HP Protocol32. 

Samples for 1,3 butadiene, benzene, toluene, ethylbenzene, and xylenes were collected 

using Carbotrap adsorption tubes consisting of multi-beds, including a molecular sieve, 

activated charcoal, and carbotrap resin. An Agilent 6890 GC with a FID maintained at 

300 °C was used to measure volatile organic compounds. A Gerstel TDS thermal 
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adsorption unit was used for sample injection. This unit ramps the temperature from 30 

°C to 380 °C at a rate of 6 °C per minute to desorb the sample from the tubes. A 60 m × 

0.32 mm HP-1 column was used. For these analyses, the GC column and operating 

conditions were set up according to the specifications of SAE 930142HP Method-2 for 

C4-C12 hydrocarbons. It should be noted that the amount of sample that is collected and 

injected into the GC using the Carbotrap absorption tubes is considerably greater than 

what can be achieved using Tedlar bag samples, since the absorption tubes are sampled 

over the duration of the test cycle, and hence allow for much large volume of sample to 

be injected into the GC. Thus, the detection limits with the thermal desorption tubes are 

improved by several orders of magnitude compared to levels achieved in earlier Auto/Oil 

programs. 

6.4.3. Particle Measurements 

Additionally, real-time particle instruments were used to investigate the ultrafine particles 

emitted from the different blends and vehicles. The real-time particle instruments were 

sampled from a secondary venturi-type dilution tunnel off the CVS to further dilute the 

exhaust as to not overload the instruments. Instrumentation consisted of a TSI model 

3776 ultrafine condensation particle counter (CPC) with a 2.5 nm cutpoint for total 

particle number and an Engine Exhaust Particle Sizer (EEPS) spectrometer for particle 

size distributions. The 3776 CPC can sample about 300,000 particles per second. The 

EEPS has a particle size range from 5.6 to 560 nm with 32 channels (16 channels per 

decade). 
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6.4.4. Redox Activity Assessment (DTT Assay) 

Redox-active compounds catalyze the reduction of oxygen to a superoxide by 

dithiothreitol (DTT), which is oxidized to its disulfide. In this assay, the PM activity is 

assessed by measuring the remaining DTT. The remaining thiol is allowed to react with 

5,5′-dithiobis-2-nitrobenzoic acid (TNB), which is determined by its absorption at 412 

nm. Catalytic activity is expressed as the rate of DTT consumption per minute per 

microgram of PM33-34. For this study, a filter based collection system containing a XAD-

4 resin bed below the Teflon filter was used to collect vapor and particle components of 

PM2.5 for the DTT assay. The XAD-4 resin bed was capable of trapping volatile, reactive 

organic species of toxicological interest. 

6.5. Results and Discussion 

The results for both vehicles as a function of different fuel types with the UDDS cycle are 

shown in the figures below. The error bars denote the standard deviation for the average 

for 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 and marginally statistically 

significant for 0.05<p ≤ 0.1. 

6.5.1. CO2 Emissions 

CO2 emissions for both vehicles are shown in Figure 6-2. Figure 6-2 shows that there is a 

slight decrease in CO2 with SME-50 compared to ULSD, while AFME-50 and WCO-50 
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show no statistically significant differences compared to the CARB ULSD. These results 

practically confirmed that during transient operation, the engine efficiency was 

effectively not impacted with the use of high concentration biodiesel blend ratios. 

 
Figure 6-2: Average CO2 Emissions over the UDDS test cycle. 
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which showed CO emissions reductions relative to CARB ULSD at a statistically 

significant level. CO emissions for the Cummins ISX-15 engines were found to be 

approximately an order of magnitude lower than those for the older vehicle. It appeared 

that the influence of exhaust aftertreatment, and in particular the presence of a DOC, 

played a major role in reducing CO emissions.  

Our results showed lower CO emissions with biodiesel blends, particularly for the engine 

without aftertreatment, which is consistent with those reported in previous studies 12, 14, 35. 

This can be attributed to both the higher oxygen content in the methyl ester molecule, as 

well as a lower C/H ratio in biodiesel compared to petroleum diesel. Higher oxygen 

content will lead to more complete combustion, and therefore lower CO emissions36.  

 
Figure 6-3: Average CO Emissions over the UDDS test cycle. 
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6.5.3. THC, NMHC, and CH4 Emissions  

THC emissions are shown in Figure 6-4 for the Cummins ISX-450 engine over the 

UDDS test cycle. For the Cummins ISX-450 engine, THC emissions showed a declining 

trend with the B50 blends. The reductions relative to CARB ULSD were in the order of 

53% (p=0.005), 31% (p=0.006), and 21% for SME-50, AFME-50, and WCO-50, 

respectively, with the differences in THC emissions for SME-50 and AFME-50 blends 

being statistically significant compared to CARB ULSD. The absence of aromatic 

compounds and the higher oxygen concentration of biodiesel, all promote more complete 

combustion and thus reducing THC emissions. THC emissions for the newer Cummins 

ISX-15 engine were almost undetectable for all fuels, which is due to the presence of the 

DOC/DPF configuration. 

 
Figure 6-4: Average THC emissions for the Cummins ISX-450 engine. 
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NMHC emissions followed similar patterns with THC emissions, as shown in Figure 6-5. 

The addition of biodiesel, independent of its raw material, led to reductions in NMHC 

emissions compared to CARB ULSD, with SME-50 and AFME-50 showing statistically 

significant differences of 55% (p=0.005) and 31% (p=0.004), respectively. Analogous to 

THC emissions, for the Cummins ISX-15 engine the DOC/DPF configuration reduced 

NMHC emissions in the tailpipe to essentially undetectable levels. 

 
Figure 6-5: Average NMHC emissions for the Cummins ISX 450 engine. 
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Figure 6-6: Average CH4 emissions over the UDDS test cycle. 
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(p=0.018). These increases were 8.4% and 7.9%, which were much smaller than the 

increases in NOx emissions from the Cummins ISX-15 engine equipped with SCR.  

 
Figure 6-7: Average NOx emissions over the UDDS test cycle. 
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reaction chemistry lowering the SCR removal efficiency of NOx
39. Walkowicz et al. 40 

found increases in NOx emissions of 7% with B20 and 26% with B99 compared to ULSD 

for a heavy-duty diesel vehicle equipped with a 2004 Caterpillar 400 hp C13 engine. For 

the same vehicle equipped with a urea-based SCR system, NOx increases were very 

similar on a percentage basis, with B20 and B99 having 7% and 27%, respectively, 

higher NOx than ULSD. The SCR significantly reduced NOx emissions by 87.4%, 87.3% 

and 87.3% with ULSD, B20 and B99, respectively, compared to the test conducted 

without the SCR.     

The trend of increasing NOx emissions for biodiesel blends is consistent with a wide 

range of studies found in the literature. Comprehensive investigations conducted by 

Mueller et al.41 and Sun et al.42 confirmed that biodiesel promotes a combustion process 

that is shorter and more advanced than conventional diesel, which contributes to the 

formation of thermal NOx. The higher NOx emissions with biodiesel for both vehicles 

could also be a consequence of the higher oxygen content in biodiesel, which enhances 

the formation of NOx. The lower volatility of biodiesel compared to diesel fuel could also 

contribute to decreased fractions of premixed burn, as a result of fewer evaporated 

droplets during the ignition delay period43. Another contributing factor for NOx emissions 

increase could be the engine control module (ECM), which may dictate a different 

injection strategy based on the lower volumetric energy content of biodiesel. Eckerle et 

al.44 suggested that a higher fuel flow is required with biodiesel compared to diesel fuel 

for an engine to achieve the same power. The ECM interprets this higher fuel flow as an 
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indicator of higher torque, and therefore makes adjustments to engine operating 

parameters that, under certain operating conditions, increase NOx emissions.    

 

The trend of higher NOx emissions for the more highly unsaturated (i.e., having greater 

numbers of double bonds) biodiesel feedstocks is also consistent with previous studies18, 

45-46. More unsaturated methyl esters have lower cetane numbers and higher densities 

than saturated methyl esters. Double-bond structuring of methyl esters tends to decrease 

cetane number and lengthen ignition delay. The longer ignition delay can lead to greater 

premixed combustion, which can lead to greater NOx emissions. The greater number of 

double bonds for the more unsaturated methyl esters can also lead to higher adiabatic 

flame temperatures, although this argument has been criticized since it has been found 

that adiabatic flame temperatures do not usually vary with biodiesel feedstock, and 

measured peak temperatures show even less variation47.   

6.5.5. Carbonyl Emissions 

Carbonyl emissions are shown in Figures 6-8 and 6-9 for the Cummins ISX-450 and 

Cummins ISX-15, respectively. For a clearer presentation of the results, individual 

carbonyl compounds for the older Cummins ISX-450 engines were tunnel background 

subtracted, whereas for the Cummins ISX-15 engine, tunnel backgrounds are shown in 

Figure 6-9. Overall, eleven carbonyl compounds were identified and quantified in the 

exhaust including formaldehyde, acetaldehyde, acrolein, propionaldehyde, 

butyraldehyde, benzaldehyde, valeraldehyde, tolualdehyde, and hexanaldehyde. Under 

the present test conditions, the Cummins ISX-450 engine produced substantially higher 
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carbonyl emissions than the newer Cummins ISX-15 engine. The DOC/DPF 

configuration appeared to be very effective at fully oxidizing carbonyl emissions with 

unsaturated aldehydes and heavier saturated aliphatic aldehydes showing very low 

concentrations in the exhaust or being below the detection limits. For both vehicles, low 

molecular-weight carbonyls, such as formaldehyde and acetaldehyde, were the dominant 

species in the exhaust. These results compare favorably to previous studies showing that 

formaldehyde and acetaldehyde are the most abundant carbonyls in biodiesel exhaust13, 20, 

48. Heavier carbonyls were also present in the tailpipe, but in lesser amounts.   

 

In general, the use of biodiesel blends resulted in systematic decreases in formaldehyde 

emissions for both vehicles. For the Cummins ISX-450 engine, the SME-50 fuel resulted 

in a statistically significant reduction in formaldehyde at 18% (p=0.044) and a marginally 

significant reduction with WCO-50 at 11% (p=0.085) relative to CARB ULSD, while no 

statistically significant differences were seen for acetaldehyde emissions. For the 

Cummins ISX-15 engine, no statistically significant changes in formaldehyde emissions 

were seen. Interestingly, acetaldehyde emissions were found to be well below the 

background levels. Similar to acetaldehyde, most aldehyde species were below the 

background levels, with the exception of acrolein, butyraldehyde, and hexanaldehyde. 

The latter aldehydes were found at very low concentrations, however, and generally 

produced discordant results with both increases and decreases with the use of B50 blends.  

Previous studies have shown that carbonyl emissions from biodiesel exhaust are 

generally higher relative to petroleum diesel due to the oxygenated ester group in 
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biodiesel19, 48. Some studies have shown some decreases in carbonyl emissions with the 

use of biodiesel, however20, 22. Reductions in carbonyls with biodiesel could be attributed 

to the decomposition of esters via decarboxylation, which could decrease the probability 

of forming oxygenated combustion intermediates with respect to conventional diesel 

combustion49. In addition, the lower aldehydes with biodiesel could be a consequence of 

the higher cetane number of the biodiesel blends, which can lead to reduced ignition 

delay and promote more complete combustion.   

 

Figure 6-8: Average carbonyl emissions for the Cummins ISX-450 engine. 
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Figure 6-9: Average carbonyl emissions for the Cummins ISX-15 engine. 
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Cummins ISX-450 engine. This observation suggests that these compounds were 

effectively oxidized in the DOC/DPF system. 

For the Cummins ISX-450, 1,3-butadiene emissions did not show significant differences 

with the use of biodiesel blends, whereas for the Cummins ISX-15, a statistically 

significant decrease in 1,3-butadiene emissions was seen for WCO-50 blend relative to 

CARB ULSD at 60%, but not for the other biodiesel blends. Reductions in benzene 

emissions were achieved through the use of biodiesel blends for the older engine, but not 

for the Cummins ISX-15, where benzene emissions were about the same for all the test 

fuels. It appeared that the presence of exhaust aftertreatment negates the fuel effect with 

respect to benzene emissions. For the Cummins ISX-450, the reductions in benzene 

emissions for the SME-50 and AFME-50 blends relative to CARB ULSD were 

statistically significant. The lower benzene emissions with biodiesel could be due to the 

decrease in the aromatic and polyaromatic content in the fuel blend. Additionally, the 

oxygen enrichment with biodiesel may promote the oxidation of benzene, leading to a 

decrease of benzene emissions. Our results are in agreement with previous studies 

showing reductions in benzene emissions with biodiesel blends50-51.  

For the toluene emissions, the influence of biodiesel use was more pronounced for the 

older Cummins ISX-450 engine than the Cummins ISX-15 engine. For the Cummins 

ISX-450 engine, AFME-50 and WCO-50 blends showed marginally statistically 

significant reductions in toluene emissions compared to CARB ULSD in the order of 

56% (p=0.065) and 49% (p=0.085), respectively. The SME-50 blend trended lower for 
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toluene emissions compared to CARB ULSD, however, only a single measurement was 

made for this fuel and no statistical comparison can be made. The reduction in aromatics 

content in the biodiesel blends is the dominating factor in the reduction of toluene 

emissions. For the Cummins ISX-15 engine, the large measurement variability in toluene 

emissions made comparisons between difficult, although a marginally significant 

reduction of 30% (p=0.051) in toluene was seen for WCO-50 compared to CARB ULSD. 

For m,p-xylenes and o-xylene emissions, there was not a uniform trend between the two 

vehicles. For the Cummins ISX-450 engine, xylene emissions exhibited reductions with 

the use of biodiesel blends. Similar to toluene emissions, the reductions in xylene 

emissions with the use of biodiesel could be ascribed to the reduction of aromatics 

content in the fuel. Both increases and moderate differences in xylene emissions were 

observed with the biodiesel blends for the Cummins ISX-15 engine. The use of SME-50 

showed a statistically significant increase in m,p-xylene emissions compared to CARB 

ULSD, with the other biodiesel blends showing moderate differences relative to CARB 

ULSD. 
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Figure 6-10: Average VOC emissions for the Cummins ISX-450 engine. 

 

Figure 6-11: Average VOC emissions for the Cummins ISX-15 engine. 
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6.5.7. PM Mass, Particle Number Emissions, and Particle Size Distributions 

Figure 6-12 shows that the PM mass emission reductions achieved with the biodiesel 

blends from the Cummins ISX-450 engine were significant. The use of B50 blends, 

independent their source material, resulted in dramatic PM mass reductions at a 

statistically significant level. These reductions were 67% (p=0.0002), 67% (p=0.001), 

and 74% (p=0.001) for SME-50, AFEM-50, and WCO-50, respectively. For the newer 

Cummins ISX-15 engine, PM mass emissions were substantially lower than those of the 

older-technology engine and very low on an absolute basis. This observation indicates 

that the application of the DPF appeared to be very effective in reducing PM mass 

emissions. Fuel effects on PM mass emissions were literally absent for the newer engine, 

with some moderate decreases for some biodiesel blends relative to CARB ULSD, but 

not at a statistically significant level. For the newer Cummins ISX-15 engine, it was 

observed that biodiesel did not provide significant added benefits in PM reduction 

beyond those that were already being achieved with the DPF. The reductions in PM mass 

emissions for the older engine could be attributed to the increased oxygen concentration 

in the biodiesel blend, which reduces locally fuel-rich regions and limits soot nucleation 

in the formation process49. In addition to the oxygen content, the absence of aromatics, 

which act as soot precursors, could also contribute to the PM mass decrease with 

biodiesel.  
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Figure 6-12: PM emissions for the Cummins ISX-450 and Cummins ISX-15 engines over 

the UDDS test cycle. 
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fuels. All fuels showed nucleation mode particles with peaks at around 10 nm in diameter 

and accumulation mode particles with peaks ranged from 45 to 50 nm in diameter. It was 

observed that fuel type had varying effects on particle size distributions, with CARB 

ULSD producing more accumulation mode particles at larger mobility diameters 

compared to the biodiesel blends. This increase was found to be statistically significant. 

The lower accumulation particle concentrations with biodiesel could be a consequence of 

the reduced aromatics content in the fuel blends. The general trend showing decreased 

geometric mean diameters (GMD) with the biodiesel blends, could also be due to a 

decrease of the percentage of carbon and an increase of oxygen, favoring the reduction of 

elemental carbon cores and decreasing the accumulation and agglomeration phenomena 

and hence the GMD. Another interesting feature is that the unsaturated SME-50 blend 

showed more nucleation mode particle concentrations at a statistically significant level, 

followed by CARB ULSD, WCO-50, and AFME-50. Soy-based biodiesel, in particular, 

contains unsaturated fatty esters, which have been shown to increase nucleation mode 

particles, possibly because of the emission of organic species with high boiling points, 

which tend to be more condensable than hydrocarbon components. In addition, the 

double bonds in the ester molecules are likely to provide a direct path to the formation of 

carbonaceous soot via the formation of ethene and ethyne during the thermal 

decomposition of the molecule. Both of these species are known precursor molecules to 

carbonaceous soot53-54.  
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Figure 6-13: Particle number emissions for the Cummins ISX-450 engine over the UDDS 

test cycle. 

 

 
Figure 6-14: Particle number emissions for the Cummins ISX-15 engine over the UDDS 

test cycle. 
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For the Cummins ISX-15 engine, the particle size distributions for all test fuels exhibited 

a single lognormal mode characteristic of diesel engine PM. The particle size 

distributions were dominated by the nucleation mode with a peak at around 11 nm. The 

presence of nucleation mode particles and the significantly lower particle concentrations 

for the Cummins ISX-15 engine, suggests that the DOC/DPF configuration appeared to 

be very effective in trapping larger size particles. The CARB ULSD exhibited higher 

nucleation mode particle concentrations compared to the biodiesel blends, but not at a 

statistically significant level. The reductions in nucleation mode particle concentrations 

with biodiesel could be due to the higher molecular oxygen content in biodiesel, which 

favored soot oxidation and the lack of aromatics55. 

 

Figure 6-15: Particle size distributions for the Cummins ISX-450 engine. 
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Figure 6-16: Particle size distributions for the Cummins ISX-15 engine. 
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consumption rate of the Cummins ISX-450 engine decreased with the use of biodiesel 

blends relative to CARB ULSD, which produced the most potent exhaust for redox 

activity. The reductions in oxidative potential for the biodiesel blends were all 

statistically significant compared to CARB ULSD. The oxidative activities of the 

particle-phase components also show a feedstock dependency with the WCO-50 blend 

exhibiting higher redox activity than the other biodiesel blends. Analogous to the 

particle-phase components of PM, the oxidative activity of the vapor-phase components 

showed some marked reductions with the biodiesel blends relative to CARB ULSD 

(Figure 6-18). The reductions in oxidative activity for the biodiesel blends were all found 

to be statistically significant. The results from the older technology Cummins ISX-450 

engine indicate that, in terms of ROS production, biodiesel blends would have less 

adverse effects on human health compared to the CARB diesel.  

For the newer Cummins ISX-15 engine, the vapor-phase components showed a 

significantly lower level of prooxidants for biodiesel and CARB ULSD exhaust 

compared to Cummins ISX-450 engine. The oxidative activity of the vapor-phase 

samples for the Cummins ISX-15 engine followed similar patterns to the older engines, 

with the biodiesel blends showing lower levels of prooxidants compared to CARB 

ULSD. This result suggests that the DOC/DPF system is effective in reducing the actual 

toxicological impact of diesel and biodiesel emissions on human exposure by efficiently 

trapping highly reactive volatile and semi-volatile compounds present in the vapor phase. 

Overall, our results for both vehicles agree with those studies showing reductions in 

oxidative potential with biodiesel28, 31. It should be noted that some other studies have 
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also shown increases in oxidative activity with the use of biodiesel compared to diesel 

fuel29, 30, in contrast to these results.  

 

Figure 6-17: Prooxidant content of the particle-phase components of PM for the 

Cummins ISX-450 engine. 

 
Figure 6-18: Prooxidant content of the vapor-phase components of PM for the Cummins 

ISX-450 engine. 
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Figure 6-19: Prooxidant content of the vapor-phase components of PM for the Cummins 

ISX-15 engine. 

6.5.9. Ammonia Emissions 
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increases. It is, therefore, expected that the SCR system will inject more urea to be 

hydrolyzed into NH3 to suppress NOx emissions. The functioning of the SCR is also 

dependent on driving conditions. For the current study, the highest NH3 peaks were seen 

during the sharp acceleration periods of the UDDS test cycle (Figure 6-21), which is also 

where the highest NOx emission concentrations were seen.  

 

Figure 6-20: Average NH3 emissions for the Cummins ISX-450 and Cummins ISX-15 

engines over the UDDS test cycle. 
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Figure 6-21: Real-time NH3 versus NOx emissions for the CARB USLD and SME-50 

blend from the Cummins ISX-450 engine over the UDDS test cycle. 
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concentration on a typical CARB ULSD. Emission measurements were performed over 

the UDDS test cycle on heavy-duty chassis dynamometer.  

The main findings of this study is that THC, NMHC, CO, and PM mass emissions for the 

older Cummins ISX-450 engine showed reductions with the use of biodiesel blends 

compared to CARB ULSD. For the newer engine, THC and NMHC emissions were 

practically below the detection limits, as these species were effectively fully oxidized in 

the DOC/DPF system. CO and PM mass emissions were also low for the DOC/DPF 

equipped engine, and did not show any fuel effects. CO2 emissions showed some 

moderate decreases with the biodiesel blends relative to CARB ULSD, which is an 

indication that the engine efficiency wasn’t influenced by the high biodiesel blend ratio. 

Overall, NOx emissions exhibited increases with biodiesel for both vehicles with the 

differences in NOx emissions relative to CARB ULSD being statistically significant for 

the newer Cummins ISX-15 engine. For the Cummins ISX-15 engine, NOx emissions 

showed some feedstock dependency with the unsaturated SME-50 producing higher NOx 

than CARB ULSD and AFME-50 blend. Particle number emissions did not show any 

strong trends between the test fuels for the older engine, while for the newer engine 

particle number emissions were below the tunnel background levels. The older engine 

showed bimodal particle size distributions with peaks at around 55 nm and 11 nm in 

diameter. For the newer engine, the particle size distributions were dominated by 

nucleation mode particles with peaks at 11 nm in diameter.  
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Formaldehyde and acetaldehyde were the most abundant carbonyls in the exhaust with 

biodiesel generally showing lower formaldehyde and acetaldehyde emissions than CARB 

ULSD. There were no significant differences between the fuels for 1,3-butadiene for any 

of the test vehicles, while for the older engine benzene emissions decreased with the use 

of biodiesel relative to CARB ULSD. For the Cummins ISX-450 engine, all the mono-

aromatic compounds showed reductions with the biodiesel blends relative to CARB 

ULSD, whereas no strong fuel trends were seen for the newer engine. 

The results for the health-related parameters, as measured in the present study by the 

DTT assay, suggest that higher biodiesel blends in an older and a modern technology 

vehicle could be less harmful than petroleum diesel fuel from an oxidative stress level 

perspective.      
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Chapter Seven:  Influence of Different Natural Gas 

Compositions on the Regulated Emissions, Aldehydes, 

and Particle Emissions from a Transit Bus 

7.1. Abstract  

Urban air quality in California can have a large impact on the state’s economy, natural 

and managed ecosystems, and human health and mortality. The use of alternative, low-

carbon fuels is considered to be an effective measure to meet strict emissions regulations 

of particulate matter (PM) and oxides of nitrogen (NOx). Natural gas may be a potential 

alternative to conventional liquid fuels for use in automotive internal combustion engines, 

and can be used in fulfilling these requirements.  

The primary objective of this study is to evaluate the impact of varying natural gas 

composition on the exhaust emissions from a transit bus equipped with a 2003 Cummins 

C Gas Plus, lean burn, spark ignited natural gas engine and an oxidation catalyst while 

operating on the Central Business District (CBD) cycle on a chassis dynamometer. The 

vehicle was tested on five different fuel gas blends with varying compositions of light 

hydrocarbon species and inerts, resulting in different properties in terms of methane 

number (a measure of fuel knock resistance) and Wobbe number (a measure of fuel 

interchangeability). For this study, emissions of NOx, total hydrocarbons (THC), 
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nonmethane hydrocarbons (NMHC), methane (CH4), carbon monoxide (CO), carbon 

dioxide (CO2) emissions, and PM, as well as fuel economy were measured. The 

unregulated exhaust emissions were characterized by determining formaldehyde, 

acetaldehyde, ammonia, and total concentration and sizing of ultrafine particles. The 

results showed that natural gas composition had a strong influence on a number of 

emission components. Blends with higher methane contents showed lower NOx, CO, and 

NMHC, but higher THC, CH4, and formaldehyde emissions.  PM, CO2, and NH3 

emissions and energy equivalent fuel economy did not show consistent trends between 

the fuels tested.  

7.2. Introduction  

Diesel exhaust and diesel particulate matter (PM) are associated with adverse health 

effects including pulmonary cancer, allergy, asthma, and cardiopulmonary diseases1. 

Approaches for reducing PM emitted from diesel engines include the use of low sulfur 

diesel fuels, biomass-derived fuels, oxidation catalysts, and/or diesel particle filters 

(DPFs). Another approach is the use of natural gas, which is regarded as one of the most 

promising alternative fuels to meet the strict engine emissions regulations for PM and 

nitrogen oxides (NOx).  

One of the key factors for the development of natural gas operating vehicles was that they 

were in general assessed to be lower in emissions than earlier diesel and gasoline 

vehicles2-4. Although this is a less of an issue in comparison with advanced technology 

gasoline vehicles and diesel vehicles equipped with DPFs and NOx aftertreatment, it still 
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remains an important consideration. Natural gas vehicles emit virtually no visible PM or 

black soot due to the absence of aromatic and sulfur compounds in the fuel. In addition, 

the lack of carbon-carbon molecular bonds results in a substantially lower probability of 

benzene ring formation, which in turn results in the reduction of polycyclic aromatic 

hydrocarbons (PAHs) and soot5-6. As natural gas has the lowest C/H ratio of all stable 

hydrocarbon fuels, it has the lowest carbon dioxide (CO2) emissions per unit of energy 

released7.  

The emissions of natural gas heavy-duty vehicles are well documented in the literature. 

Wang et al.8 conducted an extensive study on over 300 earlier technology buses and 

trucks operated on alternative fuel formulations. They showed that natural gas had a 

strong potential to reduce PM mass and NOx emissions when compared to other fuels for 

these earlier vehicles. This study focused predominantly on diesel vehicles without 

aftertreatment, however, so it is also important to examine more recent studies as well. In 

a recent publication, Thiruvengadam et al.9 studied the emissions from transit buses 

operated with natural gas with and without oxidation catalysts. The authors found 

significant reductions in regulated emissions, carbonyl compounds, and PAHs with the 

use of a catalyst. In a recent study, Fontaras et al.10 showed that CNG refuse haulers with 

oxidation catalysts provided lower PM and NOx emissions compared to their diesel-

powered counterparts that were not equipped with aftertreatment, when tested in-use and 

under controlled operating conditions using a portable emission measurement system 

(PEMS). They also found some increases in CO and HC emissions for the CNG waste 

trucks compared to the diesel vehicles. Walkowicz et al.11 measured the emissions from 
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10 natural gas refuse haulers equipped with oxidation catalysts over a modified version of 

the William H. Martin driving cycle. They found that CO2 and NOx emissions were lower 

for the natural gas refuse haulers compared to the diesel refuse haulers, while the total 

PM mass was virtually the same as that for the DPF equipped diesel refuse haulers. 

While natural gas vehicles have low PM mass emission levels, it is also important to 

understand their total particle number and ultrafine particle emissions (particles with 

aerodynamic diameters smaller than 50 nm). Jayaratne et al.12 tested particle emissions 

from four compressed natural gas (CNG) and four diesel buses. They found that particle 

number emissions were significantly lower for the CNG buses. They also reported that all 

the particles emitted from the CNG buses were in the nanoparticle size range and 

composed mostly of ash from lubricating oil. Similar results were reported by Holmen 

and Ayala13 when they monitored the particle number emissions from diesel with DPF 

and CNG buses, and found that CNG exhaust produced 10-100 times lower particle 

number emissions than diesel exhaust. 

Okamoto et al.14 performed a mutagenic test on the exhaust from transit buses operating 

on CNG. The study reported a lower mutagenic activity on buses equipped with oxidation 

catalyst, compared to buses without oxidation catalysts. The study also concluded that the 

mutagenic activity was higher without the metabolic activator. Kado et al.15 reported 

similar results for transit buses operated on CNG, but also reported results using the tester 

strain TA98NR, which is insensitive to certain types of nitro-PAH. In this study they 

found that the mutagenic activity using the TA98NR decreased, indicating the possible 
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presence of nitro-PAH in the PM emissions. They also found that the CNG buses had 

higher 1,3-butadiene, benzene, and formaldehyde emissions compared to the diesel buses 

with DPFs. 

Several studies have also evaluated the effect of different natural gas compositions on the 

emissions from light-duty and heavy-duty vehicles/engines. Karavalakis et al.16 tested 

two light-duty natural gas vehicles and showed that gases with higher energy content 

provided better fuel economy. They also found that CO2 and non-methane hydrocarbon 

(NMHC) emissions decreased with the gases containing higher hydrocarbons. Feist et 

al.17 performed an investigation to determine the effect of different compositions of 

natural gas on the emissions of a variety of heavy-duty engines. The authors found that 

all lean burn engines showed increased NOx and hydrocarbons (HC) emissions with 

higher Wobbe number fuels, while the stoichiometric engine showed no clear trends for 

NOx or HC emissions with the various fuels. They also found that PM and carbon 

monoxide (CO) emissions showed no strong trends with methane number or Wobbe 

number, and that low Wobbe number fuels resulted in increased fuel consumption. 

Graboski et al.18 tested five different natural gas compositions on a heavy-duty Cummins 

lean burn engine at high altitude. They found that CO, PM, and NOx emissions were 

unaffected by fuel gas composition, while total hydrocarbons (THC) emissions increased 

with increasing levels of inert gases. In a recent study, Karavalakis et al.19 tested a refuse 

hauler with a 2001 Cummins lean burn spark ignited engine and an oxidation catalyst 

over the William H. Martin Refuse Truck Cycle on seven different gases. They found that 

NOx emissions increased for gases with higher levels of heavier hydrocarbons/higher 
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Wobbe numbers, while total hydrocarbon (THC), NMHC, and methane (CH4) emissions 

were affected by the concentration of higher hydrocarbons molecules in the gases, with 

gases with higher levels of CH4 showing higher THC and CH4 emissions and lower 

NMHC emissions. They also reported reductions in PM mass and particle number 

emissions for the gases with heavier hydrocarbons. 

This paper describes chassis dynamometer testing of a natural gas-powered transit bus to 

address knowledge gaps on the impacts of varying natural gas compositions on regulated 

emissions, fuel economy, carbonyl compounds, particle number emissions and particle 

size distributions. This study focuses on transit buses, a category of heavy-duty vehicles 

that warrants attention for controlling NOx and PM emissions due to the fact that they 

operate primarily in populated urban and suburban settings. For this study, a transit bus 

fitted with a 2003 8.3L C-Gas Plus engine was tested on a range of five fuel gas blends of 

varying methane number and Wobbe number. Testing was conducted on a chassis 

dynamometer over the Central Business District (CBD) test cycle.  

7.3. Experimental 

7.3.1. Test Fuels and Vehicle 

Five different gas fuel blends were tested in this study. The test gases included gases 

representative of those typically found in the marketplace and other gases with higher 

Wobbe numbers and lower methane numbers that might provide insight into the impact 

of a wider range of compositions from different sources. Wobbe number is defined as the 
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higher heating value (HHV) of a gas divided by the square root of the specific gravity of 

the gas with respect to air. The higher the Wobbe number of the gas, the greater the 

heating value per volume of gas that will flow through a hole of a given size in a given 

amount of time. Methane number is a measure of the knock resistance of a gas, with the 

knock resistance of a gas increasing with increasing methane number. Gases 1 and 2 were 

representative of Texas and Rocky Mountain pipeline gases, and served as the baseline 

fuels. These gases are based on actual pipeline data. The third fuel was a Peruvian LNG 

that has been modified to meet a Wobbe number of 1385 and a methane number of 75. 

Gases 4 and 5 are hypothetical gases designed to see whether two fuels with the same 

Wobbe number and methane number, but different compositions, would behave 

differently. Gases with higher propane and butane are found locally in South Central 

Coast region oil and gas fields, while gases with high ethane are found in San Joaquin 

Valley oil and gas fields. Gases 4 and 5 are both at the extremes for Wobbe number and 

methane number, so the typical local gas in the pipeline in these areas will have lower 

Wobbe numbers and higher methane numbers. Gases 4 and 5 are designed to have 

Wobbe numbers of 1385, which is the pipeline limit in California. Selected properties of 

the test gases are presented in Table 7-1. 

For this study, a transit bus equipped with a 2003 C Gas Plus, lean burn, spark ignited 

(SI), engine was used. This vehicle has an oxidation catalyst, which primarily controls the 

emissions of CO, THC, and partially PM. The C Gas Plus engine was produced from 

2001 to 2007 in the United States, and it represents one of the most common natural gas 

engine platforms currently used in transit buses in California.  
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Table 7-1: Main properties of the fuel gas blends. 

Gas 

# 
Description Methane 

(mole 

%) 

Ethane 

(mole 

%) 

Propane 

(mole 

%) 

I-

butane  

(mole 

%) 

N2  

(mole 

%) 

CO2  

(mole 

%) 

MN Wobbe 

# 

HHV 

(kJ/mol) 

H/C 

ratio 

MON 

1 Baseline,  

Texas Pipeline 

96 1.8 0.4 0.15 0.7 0.95 99 1339 1021 3.94 135.07 

2 Baseline,  

Rocky Mountain 

Pipeline 

94.5 3.5 0.6 0.3 0.35 0.75 95 1361 1046 3.89 131.2 

3 Peruvian LNG 88.3 10.5 0 0 1.2 0 84 1385 1083 3.81 125.7 

4 Associated  

High Ethane 

83.65 10.75 2.7 0.2 2.7 0 75.3 1385 1115 3.71 119.9 

5 Associated  

High Propane 

87.2 4.5 4.4 1.2 2.7 0 75.1 1385 1116 3.70 119.3 

Gas composition is reported on a mole percent basis; MN = Methane Number determined via California Air Recourses Board 

(CARB) calculations [20]; Wobbe Number = HHV/square root of the specific gravity of gas blends with respect to air; HHV = 

Higher Heating Value; H/C = ratio of hydrogen to carbon atoms in the hydrocarbon portion of the gas blend; MON = Motor 

Octane Number derived via mathematical relation, which was developed in [20] 
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7.3.2. Test Cycle and Measurement Protocol 

Testing was performed over the Central Business District (CBD) test cycle, with 6 

iterations of the CBD test cycle being performed on each fuel gas blend. The driving 

pattern for the CBD cycle was developed as a general representation of transit bus 

operation in a downtown business district8. A specially developed cycle was used for the 

CBD testing. This cycle consisted of a single CBD cycle as a warm-up, followed by two 

iterations, or a double, CBD cycle. The CBD cycle was repeated twice to provide a more 

robust particle sample for analysis. The CBD cycle is characterized by an average speed 

of 20.23 km/h, a maximum speed: 32.18 km/h (20 miles/hr), an average acceleration of 

0.89 m/s2, and a maximum acceleration of 1.79 m/s2. The driving distance for a single 

CBD cycle is 3.22 km, making the distance travelled for the full cycle used in this study 

9.66 km11. Emissions analyses for gaseous emissions were collected as an integrated 

sample over both the two CBD cycles. A speed-time profile for the extended CBD cycle 

is provided in Figure 7-1. 
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Figure 7-1: Central Business District (CBD) test cycle speed-time profile. 

 

7.3.3. Emissions Testing and Analysis 

All tests were conducted at the Center for Environmental Research and Technology 

(CERT) Heavy-Duty Chassis Dynamometer facility. Emissions measurements were 

obtained using the CE-CERT Mobile Emissions Laboratory (MEL). The MEL is a full 

dilution tunnel emissions sampling system designed to meet Code of Federal Regulations 

requirements, that is housed in a 53-foot long, class 8 truck trailer. For all tests, standard 

emissions measurements of THC, NMHC, CH4, CO, NOx, CO2, and PM, as well as fuel 

economy were measured. A TSI 3776 model ultrafine condensation particle counter 

(CPC) with a 2.5 nm cut point was used to measure real-time particle number 
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concentrations at one second intervals. In addition an Engine Exhaust Particle Sizer 

spectrometer (EEPS 3090, TSI Inc.), was used to measure real-time particle size 

distributions from 5.6 to 560 nm with a sizing resolution of 16 channels per decade and 

scan time of 0.1 seconds.  

Testing and analysis of carbonyl compounds were performed in accordance with 

protocols developed as part of the Auto/Oil Air Quality Improvement Research 

Program21. Samples for carbonyl analysis were collected through a heated line onto 2,4-

dinitrophenylhydrazine (DNPH) coated silica cartridges (Waters Corp., Milford, MA). 

Sampled cartridges were extracted using 5 mL of acetonitrile and injected into an Agilent 

1200 series high performance liquid chromatograph (HPLC) equipped with a diode array 

detector. A 5 μm Deltabond AK resolution (200 cm × 4.6 mm ID) column was used. The 

HPLC sample injection and operating conditions were set up according to the 

specifications of the SAE [930142HP] protocol. 

Measurements of ammonia (NH3) were also obtained on a real-time basis using a tunable 

diode laser near infrared absorption spectrometer (TDL) measuring in the raw exhaust. 

The TDL system was used because it provides significant advantages for the 

measurement of exhaust NH3 in sensitivity, response time, and the ability to measure in 

situ in raw exhaust. 
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7.4. Results and Discussion 

The figures for each emissions component show the results for each fuel tested on the C-

Gas Plus Cummins bus over the CBD test cycle based on the average of all tests 

conducted on that particular fuel. The error bars represent the standard deviation for the 

average for each fuel blend. For the purpose of this discussion, results are considered to 

be statistically significant for p ≤0.05. 

7.4.1. CO2 Emissions and Fuel Economy 

CO2 emissions are shown in Figure 7-2 as a function of gas composition. The results 

depict that fuel composition had no effect on CO2 emissions under the present test 

conditions.  

  
 

Figure 7-2: Average CO2 emissions over the CBD. 
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Other studies have shown that CO2 emissions can increase with higher levels of heavier 

hydrocarbons and decreases in H/C ratios, which is consistent with a greater fraction of 

the energy for the combustion process coming from C-C bonds for fuels with lower H/C 

ratios7, 16, 17. As shown in Figure 7-3, fuel economy, on a gasoline energy equivalent 

gallon basis, showed in no significant differences between the test gases similar to CO2 

emissions. This is not surprising since fuel economy calculated in this matter accounts for 

the differences in the energy content between the fuels, such that differences would only 

be seen if there were differences in the combustion efficiency between fuels. The only 

statistically significant increases in energy equivalent fuel economy were found for 

CNG2 compared to CNG1 blend. Comparisons between CNG1 and the even higher 

energy content CNG3, CNG4, and CNG5 gases were not statistically significant.  

 
 

Figure 7-3: Average fuel economy, on a gasoline equivalent basis, over the CBD. 
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7.4.2. CO Emissions  

CO emissions are presented in Figure 7-4. It is evident that CO levels showed stronger 

differences between the different fuel gas blends. Overall, CO emission levels ranged 

from 0.66 to 1.90 g/mi. Compared to CNG1, the highest increases were recorded for 

CNG4 and CNG5 gases and were in the order of 185% and 103%, respectively. It should 

be stressed that the increases in CO emissions with the CNG3, CNG4, and CNG5 gases 

were statistically significant when compared to CNG1. 

CO emission levels were substantially higher for the gases containing higher hydrocarbon 

molecules and having lower methane numbers. It is reasonable to assume that the 

concentrations of ethane and propene in the test gases influence the combustion event and 

subsequently CO emissions. The results of this study are consistent with the findings of 

Feist et al.17, which showed that CO emissions increased with decreasing methane 

number. This may have been due to the decrease in lambda with decreasing methane 

number that was observed for this engine. It is possible, however, that the higher octane 

rating for the lower Wobbe number gases achieved more efficient combustion and 

thereby reducing CO emissions. On a refuse hauler tested on the same fuels as used in 

this study, on the other hand, Karavalakis et al. found lower CO emissions with the gases 

containing heavier hydrocarbons and having lower methane numbers under compaction 

conditions19. 
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Figure 7-4: Average CO emissions over the CBD.  

 

7.4.3. NOx Emissions 

As shown in Figure 7-5, NOx emissions were significantly influenced by natural gas 

composition. In general, NOx emissions exhibited an increase as methane number 

decreased and Wobbe number increased. These results are in line with data reported in 

previous publications showing that NOx emissions increased for the mixtures with energy 

content/ higher Wobbe number/higher hydrocarbon content17,18,19,22,23. Compared to 

CNG1, the highest increases in NOx emissions were recorded for CNG3, CNG4, and 

CNG5 gases, and were on the order of 37.5, 33.5, and 32.5%, respectively. The increases 

in NOx emissions for CNG3, CNG4 and CNG5 gases were statistically significant when 

compared to the baseline CNG1 and CNG2 test gases. 
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The increase in NOx emissions with CNG3, CNG4, and CNG5 gases could be attributed 

to the presence high molecular-weight hydrocarbons in these gases. The addition of 

higher hydrocarbons (ethane and propane) can increase the adiabatic flame temperature, 

which would result in higher NOx emissions, as NOx is generated predominantly through 

the strongly temperature-dependent thermal NO mechanism22,23. Fuel gases with higher 

concentrations of heavier hydrocarbons have higher flame speeds and cause subsequent 

combustion temperature increases. In general, as flame speed increases at constant 

ignition timing, peak pressure occurs earlier, at smaller cylinder volumes, and thus higher 

temperatures. Peak combustion temperatures are therefore higher due to the advanced 

location of peak pressure and higher adiabatic flame temperature17. Feist et al.17 also 

noted that lean-burn engines run richer as methane number is decreased, which can lead 

to the oxidation of more fuel, higher combustion temperatures, and increased cylinder 

pressures, These are probably the main factors in the observed NOx differences. It is also 

possible that the higher hydrocarbons promote the formation of reactive radicals, which 

result in increased formation of prompt NOx. Another potential factor with the higher 

NOx emissions with the lower methane number gases might be the lower octane ratings 

of these gases compared to CNG1 and CNG2. Higher methane number fuels improve 

knock resistance, whereas the addition of heavier hydrocarbons inhibits knock resistance 

significantly. Additionally, the high Wobbe number fuel blends have less inert material 

than the low Wobbe blends. Low Wobbe number fuels have increased diluents, causing 

slower, cooler combustion.   
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Figure 7-5: Average NOx emissions over the CBD.  

 

7.4.4. THC, NMHC, and CH4 Emissions 

Figure 7-6 shows variation of THC emissions with the change of fuel gas composition. 

The gases containing heavier hydrocarbons and having higher Wobbe numbers and 

corresponding lower methane numbers, such as CNG3, CNG4, and CNG5, produced 

lower THC emissions than the baseline CNG1 and CNG2 gases. These trends are in 

agreement with the results previously reported by other authors17,19,24. The highest THC 

emissions reductions were observed with the CNG3, CNG4, and CNG5 gases compared 

to CNG1, and were in the order of 15, 24, and 21%, respectively. It is also worth noting 

that the differences in THC emissions for the higher hydrocarbon blends were statistically 

significant when compared to both CNG1 and CNG2. 
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The THC emissions results are similar to those reported by other researchers9. THC 

emissions are predominantly unburned natural gas, which is predominantly methane with 

lower levels of heavier hydrocarbons, as discussed below. Methane is a relatively 

unreactive exhaust component, which is considered a greenhouse gas. In the present case, 

the higher THC emissions for CNG1 and CNG2 could be attributed to the higher 

percentages of methane in these gases.   

The reductions in THC emissions for the gases with more heavier hydrocarbons and 

lower methane numbers may also be attributed to the more complete oxidation of the fuel 

as combustion temperatures increased. Based on the NOx emissions results, these gases 

exhibited higher combustion temperatures due to their higher adiabatic flame speeds, and 

thus more complete oxidation of the hydrocarbon compounds during combustion. Higher 

exhaust temperatures could also result in higher catalytic activity than for the baseline 

gases. In this regard, it is worth mentioning that a NOx/THC tradeoff, possibly caused by 

changes in peak flame temperature or speed, was observed. THC emissions decreased 

with low methane number fuels, while NOx emissions increased with low methane 

number and high Wobbe number fuels. These phenomena are in strong agreement with 

results previously reported by Graboski et al.18. 
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Figure 7-6: Average THC emissions over the CBD. 

 

NMHC emissions were generally found in very low levels, as shown in Figure 7-6. 

Overall, the gases with higher levels of heavier hydrocarbons/Wobbe numbers and lower 

methane numbers, such as CNG3, CNG4, and CNG5 produced higher NMHC emissions 

compared to CNG1 and CNG2 test gases. THC emissions from natural gas engines are 

predominately unburned fuel, therefore, the non-methane hydrocarbon fraction of THC is 

typically similar to the percentage of non-methane hydrocarbons in the test fuel. Previous 

studies have also shown that NMHC emissions increased with decreasing methane 

number of the fuel gases17,24. Compared to the baseline CNG1 gas, the increases in 

NMHC emissions (Figure 7-7) were on the order of 22, 61, 62, and 39% for CNG2, 

CNG3, CNG4, and CNG5, respectively. It should be mentioned that the differences in 

NMHC emissions for these fuels compared to CNG1 were all statistically significant, 
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which was mainly due to the higher quantities of NMHCs in CNG3, CNG4, and CNG5 

blends.  

 
 

Figure 7-7: Average NMHC emissions over the CBD. 

 

Emissions of CH4 are shown in Figure 7-8. The fuel effect seen was consistent, and 

indicated that gases with higher methane contents exhibited higher CH4 emissions than 

those gases with lower methane numbers. Emissions of CH4 for CNG1 were higher at a 

statistically significant level than those of CNG2, CNG3, CNG4, and CNG5. 
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Figure 7-8: Average CH4 emissions over the CBD.  

 

7.4.5. Ammonia Emissions 

Several recent studies have shown relatively high NH3 emissions for natural gas vehicles, 

which has raised interest in characterizing NH3 emissions from natural gas vehicles25,26. 

These reports of high NH3 emissions for natural gas vehicles have been predominantly 

for stoichiometric, spark ignited natural gas engines with three-way catalytic convertors 

(TWC), however, whereas the current engine is a lean-burn SI engine with an oxidation 

catalyst that does not have the same propensity for NH3 formation. For this study, the 

NH3 emissions ranged between 25 to 36 mg/mile over the CBD test cycle. These 

emission rates are less than the rates reported for the heavy-duty stoichiometric, spark 

ignited natural engines with three-way catalysts, but they are still on the high side of the 
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values reported for light-duty vehicles27,28. Under the present test conditions, the NH3 

emissions did not show consistent fuel trends, as shown in Figure 7-9. No statistically 

significant differences between fuels were seen for this testing.  

  
 

Figure 7-9: Average NH3 emissions over the CBD.  

 

7.4.6. Carbonyl Emissions 

The emissions levels for the carbonyl compounds for the CBD cycle are shown in Figure 

7-10 in mg/mile. Formaldehyde was by far the dominant carbonyl compound in the 

tailpipe, followed by acetaldehyde. These compounds are the major contributors to the 

total carbonyl emissions. Our results are consistent with previous studies showing that the 

dominant carbonyl emissions from CNG vehicles come from the lowest molecular-
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weight compounds9,15,19,29-30. The other aldehydes, including the high molecular-weight 

compounds of valeraldehyde, hexanal, and crotonaldehyde, and the aromatic aldehydes 

of benzaldehyde, were below the detection limits of the method for all fuel gas blends. 

For the formaldehyde emissions, a consistent trend of lower emissions was observed for 

the gases with heavier hydrocarbons and associated lower methane numbers compared to 

gases with higher methane numbers, such as CNG1 and CNG2. For the CNG4 and CNG5 

gases, the differences in formaldehyde emissions were statistically significant compared 

to CNG1 gas. Only a single test was available for CNG2 and CNG3 gases, so no 

statistical comparisons of the formaldehyde and acetaldehyde emissions differences could 

be made for these fuel blends. In general, acetaldehyde emissions were found in very low 

concentration levels relative to formaldehyde. No consistent trends between fuels were 

observed for acetaldehyde emissions. 

The differences in formaldehyde emissions as a function of natural gas composition can 

be attributed to differences in the fundamental combustion for the different fuels. Gases 

CNG1 and CNG2 were predominantly comprised of methane. It is known that 

formaldehyde is an intermediate step in the oxidation of methane under high temperature 

conditions and across the catalyst30. Thus, clearly formaldehyde dominates the carbonyl 

profile, as expected from the high methane content of the fuel gas blends. In addition, the 

lower formaldehyde emissions for the low methane number gases may also be attributed 

to their higher adiabatic flame speeds, and ultimately to higher combustion temperature 

increases, which resulted in more complete oxidation of the fuel hydrocarbon fractions. 
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For the high methane number gases, on the other hand, the cooler combustion, and thus 

the lower exhaust temperatures, as indicated by the NOx emission results, resulted in 

decreases in the reaction rate of hydrocarbon oxidation and increases in the probability of 

terminating the reaction in the phase of formaldehyde formation, without undergoing 

further oxidation31. It is also worth noting, that formaldehyde emissions exhibited a good 

correlation with THC and CH4 emissions. 

 
 

Figure 7-10: Average PM emissions over the CBD.  

 

7.4.7. PM mass, Particle Number Emissions, and Particle Size Distributions 

Natural gas is a gaseous fuel, unlike gasoline and diesel, which more readily mixes 

during combustion, reducing the formation of fuel rich zones. CH4, which is the major 
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component of natural gas, also has the lowest molecular weight and simplest structure of 

any hydrocarbon. Hence, its combustion will likely produce the lowest PM emissions 

levels. For this study, PM mass emissions were essentially at the same levels as the 

tunnel background, as shown in Figure 7-11, and did not show any fuel trends.  

The particle number emissions are given in Figure 7-12. Overall, particle number 

emissions exhibited increases for CNG2 and the lower methane number gases compared 

to CNG1. The increases in particle number emissions for CNG2, CNG3, and CNG4 were 

statistically significant compared to CNG1, but not for CNG5. On the other hand, the 

gases with lower methane numbers and heavier hydrocarbons produced lower particle 

number emissions compared to CNG2, with CNG5 having lower particle number 

emissions at a statistically significant level. It is not clear why CNG1 and CNG2 

presented such large variations in particle number emissions, as these gases had very 

similar properties. Interestingly, tests on a refuse hauler using these same fuels showed 

higher particle number emissions for CNG1, CNG4 and CNG5 compared to CNG 2 and 

CNG319. 
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Figure 7-11: Average PM emissions over the CBD.  

 
 

Figure 7-12: Average particle number emissions over the CBD.  
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In addition to particle number count, particle size distributions were analyzed over the 

CBD cycle for all fuel gas blends. As shown in Figure 7-13, particle size distributions for 

all gases showed a consistent nucleation mode, with a peak particle diameter at 10.8 nm 

and with number concentrations ranging from 8,076 to 9,683 particles/cm3. A smaller 

peak was also found in the 30-50 nm size range. Our findings are in agreement with 

previous studies reporting that natural gas-powered heavy-duty vehicles emit nucleation 

particles in the nanometer range7,12,13,32. For combustion in general, most of the particle 

mass is contributed by the accumulation mode particles. The very low PM mass for the 

CNG blends indicates, however, that the level of agglomeration of larger carbonaceous 

particles and gas phase adsorption and condensation was relatively limited. Due to the 

absence of these larger particles, nucleation is the prevalent mode of particle formation. 

The gases with higher methane numbers (CNG1, CNG2, and CNG3) exhibited higher 

nucleation mode particle concentrations compared to the gases containing heavier 

hydrocarbons and having lower methane numbers (CNG4 and CNG5). The higher 

particle number concentrations for CNG2 in both the 10 nm and 30-50 nm size ranges is 

consistent with the higher particle number emissions for CNG2, as shown in Figure 12. 

On the other hand, the particle concentrations for CNG1 in the 10 nm range are 

intermediate between those of CNG3 and CNG4/CNG5, showing differences from the 

total particle number emissions shown in Figure 7-12. These trends could be due to larger 

particles being emitted from the heavier hydrocarbon fuels thereby promoting 

condensation and adsorption with less nucleation mode particles. Alternatively, for the 

higher methane number gases, smaller-diameter particles being emitted in combination 
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with the absence of larger carbonaceous agglomerates could result in a higher nucleation 

mode concentrations, as the supersaturation ratios would be sufficiently high for 

nucleation to occur. 

 
 

Figure 7-13: Average particle size distributions over the CBD. 

 

7.5. Summary/Conclusions 

As the demand for natural gas in California expands, there could be a potential for a 

wider range of natural gas compositions to be used in natural gas vehicles. It is important 

to evaluate whether changing compositions of natural gas will have adverse impacts on 
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the emissions of existing and future natural gas vehicles. This study evaluated the 

emissions performance of a transit bus as a function of natural gas composition. For this 

study, a bus fitted with a 2003 Cummins 8.3L C Gas Plus lean burn spark ignition engine 

was tested on five different gases over the Central Business District (CBD) cycle using a 

heavy-duty chassis dynamometer. The fuel gas blends had varying methane numbers and 

Wobbe numbers, as well as different compositions of heavier hydrocarbon molecules. 

One of the main goals of this study was to examine extreme case scenarios in order to 

encompass the wide spectrum of Wobbe numbers and methane numbers that are found in 

the gas pipeline. 

Emissions of nitrogen oxides (NOx) trended significantly higher for the higher 

Wobbe/hydrocarbon gases. Total hydrocarbon (THC), nonmethane hydrocarbons 

(NMHC), and methane (CH4) emissions were affected by the concentration of higher 

hydrocarbon molecules in the gases, with gases with higher levels of CH4 showing high 

THC and CH4 emissions and lower NMHC emissions. Ammonia (NH3) emissions did not 

show consistent trends between the fuels tested. The gases containing heavier 

hydrocarbons and having lower methane number produced higher carbon monoxide (CO) 

emissions than the higher methane number gases. Formaldehyde and acetaldehyde were 

the most dominant aldehydes in the tailpipe. Formaldehyde emissions decreased with the 

low methane number and high Wobbe number gases, while acetaldehyde not showing 

any fuel trends. Particle number emissions showed mixed results, with the heavier 

hydrocarbon fuels showing particle number emissions lower than one baseline gas blend 

(CNG2) but higher than the other baseline gas blend (CNG1). Particle size showed lower 
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methane number gases having higher nucleation mode particle concentrations compared 

to the higher methane number/hydrocarbon gases. In addition, PM mass, CO2 and NH3 

emissions, and energy equivalent fuel economy did not show consistent trends between 

the fuels tested. Further efforts should be made to continue testing on heavy-duty natural 

gas vehicles to ensure greater confidence in the emissions changes with different gas 

compositions and different vehicle technologies reported in this study. 
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Chapter Eight:  Characterization of the 

Particulate Matter Emissions and Gaseous Air 

Toxic Pollutants from Commercial Cooking 

Operations 

8.1. Abstract 

The primary objective of this study was to characterize the effectiveness of three novel 

emission control technologies for particulate matter (PM), volatile organic compounds 

(VOCs) and gaseous toxics from commercial meat cooking operations. These control 

consisted of a filter based method (CT1), an inertial separation device coupled with an 

ultrasonic nebulizer (CT2) and an electrostatic precipitator (CT3). All experiments were 

conducted using standardized procedures at the CE-CERTs commercial cooking facility. 

PM mass emissions were collected using two independent methods: the SCAQMD 

Method 5.1 stationary source test method and a dilution tunnel method. Both methods 

agreed very well resulting in statistically significant reductions with CT1 (25%, 21%), 

CT2 (58%, 57%) and CT3 (86%, 90%). Organic carbon was the dominant PM 

component (>99%) for all baseline experiments. Carbonyls, dominated by formaldehyde 

and acetaldehyde showed statistically significant reductions for CT2 (52%, 60%) and 

CT3 (73%, 74%). Reductions in BTEX compounds were observed with CT2 and CT3.  
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8.2. Introduction 

Commercial cooking is an important contributor to ambient PM2.5 emissions in urban 

environments and megacities1-4. For example, PM2.5 from restaurant operations in the 

Southern California Air Basin (SoCAB) in 2014 contributed approximately 9.15 tons/day 

and is estimated to exceed 10 tons/day in 20235. In SoCAB, restaurant operations 

including charbroilers (chain-driven and under-fired) are responsible for about 84% of 

the PM2.5 emissions from restaurant operations5. The South Coast Air Quality 

Management District (SCAQMD) has implemented rules as part of the Air Quality 

Management Plan to reduce 7 tons/day of PM10 from charbroilers.  

Research activity aimed at understanding cooking organic aerosol contribution to total 

organic aerosol in urban settings is increasing due to the importance of airborne 

particulate emissions and the link to negative human health effects. Numerous studies 

have associated particulate air pollution with asthma exacerbations, increased respiratory 

symptoms, decreased lung function, increased medication use, and increased hospital 

admissions6-8. Epidemiological studies have shown that exposure to particulate air 

pollution is associated with increased cardiovascular and respiratory morbidity and 

mortality9,10. Further, Oberdorster et al.11 have shown that ultrafine particles are more 

biologically active than larger particles due to their greater surface area per unit mass. 

Additionally, Oberdorster et al.11 found that the small size facilitates uptake into cells and 

transcytosis across epithelial cells into the blood circulation to reach potentially sensitive 

areas, as well as penetrating the skin distribute via uptake into lymphatic channels.    
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Commercial cooking generates particulate emissions, volatile organic compound (VOC), 

heterocyclic aromatic amine, and polycyclic aromatic hydrocarbon emissions with the 

emission rate of each pollutant strongly dependent on cooking procedures including 

cooking temperature, ingredients and duration12. Zhao et al.13 showed a dominant 

presence of β-sitosterol and levoglucosan in PM2.5 from Chinese cooking operations 

involving vegetable oil. Huang et al.14 reported significant formaldehyde, acetaldehyde, 

and benzene production during residential cooking activities in Hong Kong. Mugica et 

al.15 reported that cooking emissions from tortillerias, restaurants, rotisseries, and fried 

food places in Mexico included non-methane organic compound emissions including 

monoaromatic hydrocarbons. Schauer et al.16 measured formaldehyde and acetaldehyde 

as the predominant aldehydes released from commercial charbroiling meat cooking 

operations. Buonanno et al.17 characterized particle emissions during grilling and frying 

and observed higher emissions with increased cooking temperatures. Buonanno et al.17 

also report particle emissions were a function of the oil used. Rogge et al.18 reported 

increasing organic acid and PM emissions for meats with higher fat contents. McDonald 

et al.19 compared cooking methods and identified under-fired charbroiling meat cooking 

emitted the highest amount of PM2.5 per pound of meat cooked. They also found that the 

vast majority of (~96%) charbroiling emissions were organic carbon (OC) in nature with 

almost no elements or inorganic ions. Hildemann et al.20 estimated that approximately 

21% of all organic PM2.5 in Los Angeles was from meat cooking, while Schauer et al.21 

estimated that 23% of the PM2.5 organic carbon mass emitted in Los Angeles was 

contributed from meat cooking activities. 
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Although previous studies have provided emissions from indoor and outdoor cooking 

operations, only very limited data has been published on the effectiveness of 

aftertreatment control technologies on emissions from commercial cooking operations. 

This work examines the physical and chemical characteristics of PM2.5, particle number 

emissions and gaseous toxic pollutants from under-fired charbroiled meat cooking 

operations with and without aftertreatment control technologies. 

8.3. Experimental Methods 

8.3.1. Test facility and Protocol 

The meat cooking experiments were conducted at the University of California Riverside, 

Center for Environmental Research and Technology (CE-CERT) commercial cooking 

test facility. The test facility is equipped with a Nieco charbroiler fired with natural gas. 

Total emissions were captured by a 1.2X1.2 meter Captive-Aire stainless steel hood 

equipped with grease baffles and ducted to the second level of the facility with a variable 

speed upblast blower used to adjust the stack velocity and flow rates according to the 

Uniform Mechanical Code (UMC) and National Fire Protection Association (NFPA).  

The testing protocol22 included cooking hamburger patties with fixed moisture (58-62%), 

thickness (5/8 inch) and diameter (5 inches) and a fixed fat content of 20±2% to an 

internal temperature of 175±5ºF. Cooking cycles, were developed in coordination with 

the California and National Restaurant Associations and private entities to best mimic 

commercial cooking processes, were six minutes in duration.  
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8.3.2. Sampling and Analysis 

A sampling system (Figure 8-1) was devised to simultaneously collect multiple PM and 

gas samples. The sample was isokinetically withdrawn from the stack at a fixed flow rate 

and diluted with VOC and particle free air using a partial flow venturi dilution system. 

The total PM mass was determined by gravimetric analysis of 47mm (Teflo® Pall 

Gelman, Ann Arbor, MI) filters. The filters were conditioned and weighed with a Mettler 

Toledo UMX2 microbalance according to the Code of Federal Regulations23. Elemental 

and organic carbon (EC/OC) from PM was collected on 2500 QAT-UP Tissuquartz (Pall 

Gelman, Ann Arbor, MI) filters that were pre-cleaned at 600 ºC at 5 hours. The NIOSH 

Method 504024 was followed using a Thermal/Optical Carbon Aerosol Analyzer (Sunset 

Laboratory, Forest Grove, OR) to determine OC and EC. The South Coast Air Quality 

Management District (SCAQMD) Method 5.1 was used to quantify PM mass emissions.     

Real-time particle number emissions were monitored by a TSI model 3776 ultrafine 

condensation particle counter (CPC) with a 2.5 nm cut-point. Particle size distributions 

were collected using a TSI Scanning Mobility Particle Spectrometer (SMPS) (TSI 3081 

long column, TSI 3772 CPC, 7-200 nm) and a custom built SMPS (TSI 3081 long 

column, TSI 3776 CPC, 27-696 nm).  

Carbonyl samples were collected through a heated line onto 2,4-dinitrophenylhydrazine 

(DNPH) coated silica cartridges (Waters Corp., Milford, MA). Sampled cartridges were 

subsequently extracted with5 mL acetonitrile and injected into an Agilent 1200 series 

high performance liquid chromatograph (HPLC) equipped with a variable wavelength 
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detector. A 5 μm Deltabond AK resolution (200 cm x 4.6 mm ID) with upstream guard 

column was used to separate the derivatized carbonyls. The HPLC sample injection and 

operating conditions followed the specifications of the SAE 930142HP protocol. Samples 

for 1,3-butadiene, benzene, toluene, ethylbenzene, and xylenes samples were collected 

using Carbotrap adsorption tubes consisting of multi-beds, including a molecular sieve, 

activated charcoal, and carbotrap resin. Analytes were injected into an Agilent 6890 gas 

chromatography (GC) equipped with a flame ionization detector (FID) and a Gerstel 

thermal desorption system (TDS). The TDS desorbs the sample by ramping from 30 ºC to 

380 ºC at 60 ºC min-1. The GC-FID operates following SAE method 930142HP method-2 

for C4-C12 hydrocarbons. Soluble ions (NO3
-, SO4

2-, Cl-) were extracted from Teflo® 

filter substrates by first wetting with 0.5 mL 95% EtOH and then sonicating for 60 

minutes in 10.0 mL of deionized water. Extraction was conducted for 60 minutes with 

sonication. For Teflo filters, 0.5 mL of 95% ethanol was first placed on the filter 

surface as a whetting agent. Ion chromatography (IC) was performed on a Dionex ICS-

3000 instrument equipped with an autosampler. 

 

 

 

 

 

 

 



190 

 

 

Figure 8-1: Schematic of Sampling System for measurement of particle phase and gas phase compounds 

Grill

Exhaust Hood

Sample Ports

SCAQMD 
Method 

5.1
Q1

Primary Dilution Tunnel

HEPA

DNP
H

Pump

4.9 LPM

TDS

P7

Secondary Dilution

SMPS

4.9 LPM

Q2

T2 T3

T1

4.9 LPM 4.9 LPM0.93 LPM0.075 LPM

P1 P2 P3 P4 P5 P6

Control 
Box

Impingers

Filter

XADT4

Pump

15 LPM

Q3

Pump

15 LPM

Activated Carbon

1
9
0
 

 



191 

 

8.3.3. Aftertreatment control technologies 

The first control device (hereinafter denoted as CT1) was an in-hood dual stage filtration 

system with a primary steel cartridge filter followed by a fabric filter. CT1 was located 

directly above the grill surface near the grease baffles. The primary stage of filtration was 

manufactured from stainless steel for easy washing with water and/or common dish wash 

detergents. The secondary fabric filter was biodegradable for disposal with other 

restaurant waste.  

The second control device (hereinafter denoted as CT2) was an aerosol grease removal 

prototype based on a patented technology for particle (solid or liquid) separation from an 

incoming flow stream using Boundary Layer Momentum Transfer (BLMT) theory25.The 

baseline unit was equipped with enhanced evaporative cooling and electrostatic 

ionization to condition the effluent prior to entry into the device. A duct was installed in 

the cooking ventilation system to extract a side stream for testing as the device was 

designed for a flow rate of ~300 CFM.  

The third technology (hereinafter denoted as CT3) was an electrostatic precipitator (ESP). 

ESPs are proven technologies used to clean PM effluents by using high voltage to ionize 

air molecules and charge particles followed by both negative and positive charged 

collector plates26. Subsequently, CT3 removes VOCs by adsorption onto an activated 

carbon bed comprised of a V bank of eight 0.6m x0.6m x0.05m panels with a dwell time 

> 0.10 seconds. The unit was constructed of 430 SS and welded liquid tight to allow for 

manual plate washing every two to twelve weeks depending on cooking load. The ESP is 
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followed by a 95% refillable activated charcoal carbon housing to remove VOC and 

semi-volatile emissions not collected on the ESP collector plates.  

8.4. Results and Discussion 

Triplicate samples were taken for baseline and each technology. Statistical significance 

between baseline and the control technologies were determined by a two-tailed, paired, 

equal variance t-test where p≤0.05. Emission factors of all measured pollutants in this 

study are presented in mass of emitted pollutant per kilograms of meat cooked.  

8.4.1. PM Mass and EC/OC emissions 

PM mass emission rate for baseline and each CT are provided (Figure 8-2) for both the 

dilution and M5.1. The dilution method draws the sample at a fixed flowrate from the 

stack and mixes the sample stream with clean dilution air, which effectively cools the 

sample PM to <52 ºC as specified in the ISO-8178 sampling protocol27. Method 5.1 

isokinetically withdraws the PM sample from the stack and condenses the PM in chilled 

(<15°C) liquid filled impingers. The lower sampling temperature of the M5.1 sample 

stream favors greater condensation of semi-volatile compounds when compared to the 

dilution method. The lower temperature and higher quench rate with M5.1 may account 

for the increased condensable PM and therefore higher total PM relative to the dilution 

method.  

Overall, all control technologies reduced PM compared to the baseline testing. CT3 

showed the largest reductions at 86% and 90%, followed by 58% and 57% for CT2, and 
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25% and 21% for CT1 for M5.1 and the dilution method, respectively. CT1, is effective 

in removing the particles at the CT location but not the abundant condensable vapors in 

the cooking effluent. The lower removal efficiency of CT1 (<25%) is attributed to the hot 

vapors not condensing prior to CT1. CT1 was installed directly above the grease baffles. 

Once cooled, the condensable PM was then detected after CT1. 

CT2 proved to be more effective than CT1 in removing PM2.5 emissions. The CT2 

condensed hot grease vapor at its lower operating temperature. Small particles were then 

activated and grown to larger particles for subsequent inertial impaction. The ability to 

grow the smallest particles due to kelvin effects allowed some particles to remain small 

and not be removed limiting CT2 efficiency to ~57%.  

CT3 showed the highest removal efficiency due to the ESP to effectively remove the 

smaller particles. Overall, efficiencies of electrostatic precipitators are often reported to 

exceed 99% for PM2.5 emissions26. The lower observed removal efficiency of 86%-90% 

in this study may be attributed due to the abundance of organic vapors accumulated 

throughout the ESP. Oil mist and vapors that adhere to the walls of the precipitators may 

reduce the electrical resistivity of the particles resulting in an insufficient electrical 

charge to adhere the particles to the collector plates and therefore a lower removal 

efficiency.    

The composition of PM mass was predominantly organic carbon (OC) with very little 

elemental carbon present in the samples (Figure 8-2). McDonald et al.19 similarly 

reported that OC comprised approximately 96% of total carbon for under-fired 
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charbroiling. See et al.28 further reported that the vast majority of PM emissions from 

different cooking processes were composed of OC. The high OC content originates from 

the origin of the cooking emissions, which is dominated by the volatilization of grease 

(not fuel/grease combustion) leading to very little sooting. The OC emission factors were 

not corrected for positive filter sorption artifact.  

 

Figure 8-2: PM, EC and OC Emission Factors (g/kg meat cooked) 

 

8.4.2. Particle Number and Particle Size Distributions 

Particle number emissions for baseline and control technologies are shown (Figure 8-3). 

CT3 had the greatest reduction in particle number followed by a 67% reduction with CT1 

and an increase of 60% with CT2. The PN reduction for CT1 is consistent with particle 

removal prior to condensation of organics after the device. An increase in particle number 

with CT2 is attributed to residual particle formation from the nebulizing unit used for 
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evaporative cooling and secondary particle bursts. Similar to the PM mass discussed 

above, CT3 shows a consistently higher reduction in PM number compared to CT1 and 

CT2.  

 

Figure 8-3: PN Emission Factors (#/kg Meat Cooked) 

 

The particle size distributions for baseline testing and after the CTs are shown (Figure 8-

4) with error bars representing the standard deviation of the scans during each test. All 

distributions were unimodal in nature with accumulation mode peaks ranging from 118 

nm to 150 nm. Hildemann et al.29 previously reported size distributions with a long 

residence time sampler from meat charbroiling and found peak mass concentrations at  

approximately 200 nm, slightly higher than those found in this study.
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Figure 8-4: Particle Size Distributions 

 

The peak mode diameters for baseline, CT1 and CT3 were all at 150 nm compared to 

CT2 at ~118 nm due to the greater efficiency of CT2 in removing the larger particles. 

The nebulizing unit (CT2) was unable to grow the smallest particles to a large enough 

size to be effectively removed by the inertial separation device. This may be due to the 

short residence times of the sample effluent in the nebulizer or limitations of condensable 

particle growth at very small sizes. Along with PM mass, CT3 showed the greatest 

reduction in PM number. This is expected as the mean diameter of the cooking emissions 

were approximately 0.15 µm, well within the 0.01 µm to 10 µm particle size removal 

operating range of the ESP.  
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8.4.3. Inorganic Ions 

Sulfate (SO4
2-) and nitrate (NO3

-) were among the dominant inorganic ions of the PM 

mass emissions, with their concentrations being at 33.6 ± 28.1 mg/kg and 15.5 ± 0.1 

mg/kg (Table 8-1).  

Table 8-1: Inorganic Ions (mg/kg Meat Cooked) 

 

The dominance of nitrate and sulfate ions from cooking aerosol emissions has been also 

previously shown by Schauer et al.21 and McDonald et al.19. Schauer et al.21 showed that 

the most abundant ions were potassium, sulfur and chloride (340±3 mg/kg, 190±1.2 

mg/kg, 160±3 mg/kg) for under-fired charbroiling with 25% fat meat patties. Similarly, 

McDonald et al.19 showed that under-fired charbroiling of 25% fat meat patties produced 

potassium, sulfate, chloride, and nitrate emissions at 60.14±3.29 mg/kg, 17.01±5.16 

mg/kg, 14.2±5.10 mg/kg, and 7.15±5.54 mg/kg, respectively. The emission rates 

measured in this study are lower than those reported by Schauer et al.10, but quite similar 

to those of McDonald et al.19. Differences between the results reported here and other 

studies may be attributed to differences in cooking conditions, including the duration of 

the cooking cycle and the state of the meat (thawed or frozen). 

 

Baseline Control 1 Control 2 Control 3

Chloride N/A N/A 0.9 ± 0.1 0.2 ± 0.02

Nitrate 15.5 ± 0.1 10.3 ± 0.1 7.6 ± 0.3 1.3 ± 0.3

Sulfate 33.6 ± 28.1 7.1 ± 0.3 11.9 ± 0.8 1.1 ± 0.1

mg/kg meat cooked

N/A: below detection limit of the test method
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Chloride was below detection for CT1 while CT2 and CT3 had statistically significant 

reductions from baseline emissions of 82% and 97%, respectively. Nitrate and sulfate 

showed reductions of 34% and 79% for CT1, 51% and 65% with CT2 and 91% and 97% 

with CT3. Reductions in inorganic ions followed PM reduction trends with removal 

efficiency for CT3>CT2>CT1. The percent reductions of baseline PM mass and PM 

constituents are compared for each CT (Figure 8-5). Generally, total PM and each PM 

component removal efficiencies tracked each other. The lower OC removal in CT1 is 

consistent with organic vapors condensing after CT1 as discussed above. Further, the 

high sulfate removal shows that the filter in CT1 is effectively filtering particles 

consistent with PM reduction. EC was not included in Figure 8-5 as the EC was very low 

within noise of the analysis with EC/OC ratios ranging from 0.001-0.004.  

 

Figure 8-5: Percent Reduction for PM and Ions per Control Technology  
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8.4.4. Carbonyls 

Carbonyls are known hazardous air pollutants formed from incomplete combustion. They 

are abundant in atmospheric chemistry and are precursors to ozone and peroxyacyl 

nitrates (PAN). The United States Environmental Protection Agency (EPA) lists 

acetaldehyde, acrolein, methyl ethyl ketone (MEK), formaldehyde, and propionaldehyde 

as hazardous air pollutants (HAPs). According to the International Agency for Research 

on Cancer (IARC), formaldehyde is considered as human carcinogen, acetaldehyde is 

classified as a suspected carcinogen, while both acrolein and crotonaldehyde are 

classified as highly toxic compounds. As shown in Figure 8-6, under-fired charbroiling is 

a significant source of carbonyl emissions, expressed in g/kg of meat cooked. Similar to 

this study, Schauer et al.21, found that formaldehyde and acetaldehyde were the most 

dominant carbonyl species. Emission factors for formaldehyde and acetaldehyde in this 

study (0.37 ± 0.073 g/kg, 0.32 ± 0.011 g/kg) were found to be lower than Schauer et al.10
 

(1.4 g/kg, 1.1 g/kg). Remaining abundant aliphatic aldehydes from Schauer et al.10
 

included propionaldehyde (0.25 g/kg), hexanaldehyde (0.20 g/kg), and butyraldehyde 

(0.37 g/kg) compared to 0.073 ± 0.0099 g/kg, 0.25 ± 0.022 g/kg and 0.060 ± 0.071 g/kg 

in this study. The most abundant carbonyls (formaldehyde and acetaldehyde) measured in 

this study and in Schauer et al.21 are larger on per fuel/meat basis than those measured by 

Weiss et al.29 from a medium/heavy duty diesel vehicle at 0.13 ± 0.018 g/kg and 0.046 ± 

0.012 g/kg, respectively.  
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Formaldehyde and acetaldehyde reductions in CT1 were not statistically significant while 

CT2 and CT3 showed statistically significant reductions of 52% and 60% and 73% and 

74%, respectively. CT1 only showed statistically significant reductions for the largest 

molecular weight carbonyls, valeraldehyde and hexanaldehyde. For all carbonyl 

compounds (except acrolein) CT2 and CT3 resulted in statistically significant reductions. 

The lack of carbonyl reductions in CT1 is expected as CT1 was a simple filtration device 

designed for PM removal only. Carbonyl reductions for CT2 are attributed to the ability 

of the ultrasonic mist nebulizer to condense hot grease vapor or other gaseous 

hydrocarbons onto existing particles prior to removal by the inertial separation device. 

The large carbonyl reduction for CT3 is attributed to direct adsorption onto the activated 

carbon beds included in CT3 after the collector plates.  

 
Figure 8-6: Carbonyl Emission Factors (g/kg Meat Cooked) 
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8.4.5. BTEX and 1, 3-Butadiene 

BTEX and 1,3-butadiene are classified by U.S. EPA as HAPs. Specifically, 1,3-butadiene 

is classified as a group B2 human carcinogen by the U.S. EPA. Huang et al.14 reported 

BTEX levels above the world health organization (WHO) limits for indoor dwellings 

during commercial cooking practices. Further, Mugica et al.15, found significant levels of 

benzene, toluene and ethylbenzene in restaurant emissions. Similar to the findings in this 

study shown in Figure 8-7, Schauer et al.21 determined that benzene and toluene were 

among the most abundant aromatic VOCs (0.083 g/kg and 0.040 g/kg compared to 0.021 

g/kg and 0.021 g/kg in this study).  

Overall, Control technology 1 show higher 1, 3 butadiene, benzene, toluene, ethyl 

benzene and m,p-xylene emissions than baseline at a non-statistically significant level. 

CT2 and CT3 show marked reductions for the majority of the compounds compared to 

baseline with CT3 resulting in the lowest emissions. The larger reductions in VOCs with 

CT2 and CT3 compared to CT1 can be attributed to the technologies ability to remove 

the VOCs. The inertial separation device or CT2, was equipped with a nebulizer or mist 

system which was implemented to cool the sample effluent and condense existing volatile 

compounds onto the solid particles, thereby growing them to a large enough diameter to 

be separated by the inertial separation portion of the device. For CT2, 1,3-butadiene, m,p-

xylene and o-xylene showed statistically significant reductions of 22%, 95% and 94% 

respectively. The ESP or CT3 had the highest consistent reductions in VOC emissions 

compared to baseline. CT3 showed statistically significant reductions for 1, 3-butadiene, 
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benzene, toluene, m, p xylene and o-xylene of 96%, 97%, 67%, 97% and 65% 

respectively. Similar to the carbonyl emissions, the very low VOC emissions can be 

attributed to the activated carbon bed. As the collector plates were able to collect the 

majority of the particles, the remaining gas phase VOCs were absorbed on the activated 

carbon bed panels which were configured to allow for a long residence time for a high 

collection efficiency of the VOCs.     

 
Figure 8-7: 1,3 Butadiene and BTEX Emission Factors (g/kg Meat Cooked) 
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in removing larger particles (>120 nm) and VOCs, although reductions were not as high 

as the ESP and activated carbon bed combination (CT3). The filtration device (CT1) is 

only effective in removing PM after condensation; condensation of semi-volatile organic 

compounds after the filter media resulted in the reduced PM removal efficiency.   
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Chapter Nine:  Characterization of the Toxicological 

and Biological Properties from Commercial Meat 

Cooking Operations 

9.1. Experimental Methods  

See Chapter 8.1-8.3 for description of the test facility and collection apparatus. 

 

Filters were extracted with ~170 mL dichloromethane (CH2Cl2) using the Dionex ASE 

for 15 min/cell at 1500 psi and 80C followed by ~170 mL acetone extraction under the 

same conditions. Extracts were concentrated to ~1ml by rotary evaporation at 35 C 

under gentle vacuum, and filtered through a 0.2 µm PTFE disposable filter device 

(Whatman Pura discTM 25TF), rinsing the flask 3 times with 1 ml dichloromethane and 

acetone (50/50 by volume) each time.  Filtrate was collected in a 4 mL amber glass vial 

for a total volume of ~4 mL. The extract was split into two fractions for analysis of polar 

and non-polar compounds. Approximately 200 µl of acetonitrile is added to the fraction 

for polar analysis which is then concentrated using a Pierce Reacti-Therm under a gentle 

stream of ultra-high purity (UHP) nitrogen with a water trap (Chrompack CP-Gas-Clean 

moisture filter 17971) to 100-200 µL. The fraction was derivatized using a mixture of 

bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMS) and 

pyridine to convert the polar compounds into their trimethylsilyl derivatives for analysis 
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of species of interest. The procedure is as follows: 50 µL of silylation grade pyridine was 

added followed by slow addition of 150 µL of BSTFA with 1% TMS. The vial was 

immediately capped and placed into custom thermal plates and maintained at 65C for 2 

hours. The samples were analyzed within 18 hours by EI GC/MS.   

9.1.1. Polycyclic Aromatic Hydrocarbons  

PAH and nitro-PAH PM and semi-volatiles samples were collected on 47 mm Teflo® 

filter and Amberlite XAD-4 absorbent resin (Aldrich Chemical Company, Inc.), 

respectively. PAHs and nitro-PAHs were extracted separately from the filter and XAD-4 

with high-purity, HPLC-grade dichloromethane (DCM) followed by acetone in a Dionex 

accelerated solvent extractor (ASE; 15 min @ 1500 psi and 80 ºC per solvent). The 

following deuterated internal standards were added to the media prior to extraction: 

naphthalene-d8, acenaphthylene-d8, phenanthrene-d10, anthracene-d10, chrysene-d12, 

pyrene-d10, benz[a]anthracene-d12, benzo[a]pyrene-d12, benzo[e]pyrene-d12, 

benzo[k]fluoranthene-d-12, benzo[g,h,i]perylene-d12, coronene-d12, 1-nitronaphthalene-d7, 

2-nitrobiphenyl-d9, 1-nitrofluorene-d9, 9-nitroanthracene-d9, 3-nitrofluoranthene-d9, 1-

nitropyrene-d9, 9-nitrochrysene-d11 and 6-nitrobenzo[a]pyrene-d11.  Extracts were 

concentrated to ~1mL by rotary evaporation at 35-45°C under gentle vacuum, and 

filtered through a 0.2 μm PTFE disposable filter (Whatman Pura disc TM 25TF). Filtrate 

and rinse was collected in a 4 mL amber glass vial. Approximately 500 µl of hexane was 

added to the vial followed by evaporations under a gentle stream of ultra-high purity 

(UHP) nitrogen to ~250 μL.  
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The PAH and nitro-PAH rich fractions were isolated on a solid-phase extraction (SPE) 

aminopropyl Sep-Pak cartridge (3 mL, 500 mg, Waters, Milford, MA) pre-conditioned 

with 3 mL DCM followed by 3 mL hexane. The cartridge was then eluted with 5 mL 2% 

DCM in hexane followed by 5 mL of 20% DCM in hexane. Approximately 100 µl of 

toluene was added to the extract and the extract was evaporated under gentle stream of 

UHP nitrogen (with a Chrompack CP-Gas-Clean moisture filter) to ~100 μL. The final 

extract volume was adjusted to 100 µL with toluene.  

The PAH and nitro-PAH extracts were analyzed at the Desert Research Institute, Reno, 

NV. The XAD cartridge extracts were analyzed for PAHs using an electron impact (EI) 

Varian 4000 GC/MS system equipped with a CP-8400 autosampler. Analytes and their 

corresponding deuterated internal standards were quantified by selective ion monitoring 

(SIM). Additional analyses were performed for filter PAHs and nitro-PAHs on a Scion 

456 GC interfaced with a Scion TQ triple quadrupole MS/MS equipped with CP-8400 

autosampler. Negative ion chemical ionization (NICI) with methane as a reagent gas was 

utilized for nitro-PAH analysis to enhance detection sensitivity. A 6-level calibration was 

performed for each compound and a mid-level check standard was run at least once every 

ten samples. If the relative accuracy of measurement (defined as a percentage difference 

from the standard value) was greater than 20%, the instrument underwent routine 

injector/column/detector cleanup (or replacement) followed by recalibration. Nitro-PAH 

analysis is particularly sensitive to column age, due to the chemical affinity of target 

compounds to active sites. 
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9.1.2. Trace Elements and Metals 

Trace elements and metals were collected onto 47 mm Teflo® filters and subsequently 

analyzed using X-Ray fluorescence (XRF) following EPA IO-3.3. Anions (Cl, NO3, PO4, 

SO4) and cations (Na, NH4) were also collected onto 47 mm Teflo® filters. Elemental 

and ionic analysis was conducted in triplicate for each experiment. 

9.1.3. Organic Acids 

The samples were analyzed by the electron impact (EI) GC/MS technique, using a Varian 

CP-3800 gas chromatograph (GC) equipped with a CP-8400 Autosampler and interfaced 

to a Vairan 4000 Ion Trap Mass Spectrometer (MS). 1 µl in size in the splitless injectors 

were made onto a 30m long 5% phenylmethylsilicone fused silica capillary column 

(J&W Scientific type DB-5ms) 30m x 0.25mm x 0.25 mm. Identification and 

quantification of the analytes were made by Selected Ion Storage (SIS) by monitoring the 

molecular ions of each analyte and each deuterated analyte. Calibration curves were 

made on the analytes molecular ion peaks using the corresponding deuterated species as 

internal standards. If there were no corresponding deuterated species, the one most 

closely matching in volatility and retention characteristics was used. Six concentration 

levels for each analyte were employed. One replicate analysis and one calibration check 

was performed for every 10 injections of samples. The system was recalibrated when the 

difference between true and measured concentrations exceeded 20%.  
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9.1.4. Heterocyclic Aromatic Amines 

The chemical analysis method utilized for quantification of heterocyclic aromatic amines 

(HAAs) was based on liquid chromatographic separation and mass-spectrometric (MS) 

detection of filter extracts, using the following protocol. Prior to extraction, the following 

deuterated internal standards were added to each sample filter in order to account for 

analyte loss during sample preparation: 

2-amino-3-methylimidazo[4,5-f]quinoline-d3 (IQ-D3)    

 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine-d3 (PhIP-D3) 

An ACQUITY ultra-performance liquid chromatography (UPLC) system (Waters, 

Milford, MA, USA) equipped with an autosampler and binary solvent system was used 

for chromatographic separation of the HAAs on a BEH-C18 column (Waters, 2.1 mm x 

50 mm, particle size: 1.7 µm). 7.5 µL analyte was injected onto the column maintained at 

30 ºC. HAA were separated on the column using a mobile phase consisting of acetonitrile 

(solvent A) and 20 mM ammonium formate in water (solvent B) at a flow rate of 0.4 

mL/min. The mobile phase gradient program was as follows: 0.1 min, 5% A (95% B); 1.9 

min, 5–30% A; 0.5 min, 30–60% A; 1.0 min, 60% A; 0.5 min, return to initial conditions 

(5% A); 2.0 min, equilibration of the column (5% A).  

A triple quadrupole mass spectrometer (Quattro Micro API, Waters, Milford, MA, USA), 

equipped with an electro-spray ionization (ESI) source, was used to acquire mass spectra 

following UPLC separation. MS parameters for HAA detection in positive ESI mode 

were as follows: capillary voltage, 3.5 kV; cone voltage, 50V; source temperature, 145 
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°C; desolvation temperature, 400 °C; cone gas flow rate, 50 L/h; desolvation gas flow 

rate, 600 L/h. Detection of the cation adducts was achieved in selected reaction 

monitoring (SRM) mode. The parameters set for SRM detection were as follows: dwell 

time, 0.02 s; inter-channel delay, 0.02 s; inter-scan delay, 0.01 s. UHP Argon was used as 

collision gas. 

MassLynx (version 4.1, Waters) software was used to control the UPLC-MS instrument 

and to process the acquired data. The HAA concentrations in the filter samples were 

calculated by comparing the response of an internal standard to the analyte. Analyte 

response was based on a six-point calibration curve obtained from HAA standard 

solutions with the following concentrations: 0.5, 1.0, 2.0, 5.0, 10.0 and 15.0 ng/µL. The 

correlation coefficient for the linear fit of the calibration curves for most HAAs was 

higher than 0.99. The limit of detection (LOD, considering a signal-to-noise (S/N) ratio 

of 3) and limit of quantification (LOQ, S/N = 10) values were calculated for individual 

HAAs based on 10 replicate analyses of a mixed standard solution with low 

concentration (0.08 ng/µL), as well as for one sample spiked with the standard mix 

(providing a final concentration of 0.5 ng/µL for each HAA) to account for the sample 

matrix effect. 

9.1.5. Chemical Reactivity and Cellular Assays 

Two chemical reactivity assays and two cellular assays were performed on the PM 

(Teflo® filter) extract and semi-volatile (XAD-4) extract samples for each experiment. 

The chemical reactivity assays assess the levels of prooxidants and electrophiles in each 



214 

 

sample. The dithiothreitol (DTT) assay examined the prooxidant content in each sample. 

This assay uses DTT as the electron source in a reaction catalyzed by prooxidants. The 

quantity of prooxidant is proportional to the rate of DTT consumption. This procedure 

has been applied successfully to diesel exhaust and ambient air PM and semi-volatile 

extracts1,2. Prooxidants in this assay include redox active metals and organic compounds. 

The methodological details of this assay are provided by Cho et al.3. An additional assay 

was performed that detects electrophiles in the extracts using the active site of the thiol 

enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the target nucleophile 

to determine the extent of oxygen independent inactivation of the enzyme. Electrophile 

content was measured in terms of the mole equivalents of a standard electrophile (N-ethyl 

maleimide, NEM) present in the sample. The details of this assay can be found 

elsewhere4. 

Extracts for cellular assays were incubated with a mouse macrophage cell line (Raw 

264.7) to assess their biological effects. Levels of the inflammatory cytokine tumor 

necrosis factor alpha (TNFα) released by cells into the incubation media following 

exposure using enzyme linked immunosorbant assays (ELISA). The cell extract was 

assayed for levels of hemeoxygenase-1 (HO-1), a marker enzyme for the activation of the 

antioxidant/antielectophile response element (ARE), to assess the protective or adaptive 

responses to the exhaust samples. Activation of this DNA site results in the expression of 

multiple protective enzymes, including HO-1, catalase, glutathione synthases, and 

glutathione transferases. These proteins are involved in the removal of cellular oxidants 

and foreign electrophiles. 
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9.2. Results and Discussion 

Error bars within this work denote the standard deviation of the average for each 

experiment. Statistical comparisons between experiments were made using a 2-tailed, 2-

sample, equal variance t-test. Results were considered to be statistically significant for p 

≤ 0.05 and marginally statistically significant for 0.05 <p ≤ 0.1. 

9.3. Polycyclic Aromatic Hydrocarbons (PAHs) 

9.3.1. Background  

Polycyclic aromatic hydrocarbons (PAHs) are a class of complex organic molecules, 

which include carbon and hydrogen with a fused ring structure containing at least two 

benzene rings. PAH compounds are produced by high-temperature reactions, such as 

incomplete combustion and pyrolysis of fossil fuels and other organic materials. 

Specifically, their formation results from the combination of free radical species formed 

in the flame zone, primarily from incomplete combustion. Under reducing conditions, 

radical-chain propagation is enhanced, allowing the buildup of complex organic material. 

PAH compounds are widely distributed in the atmosphere and they are well known for 

their mutagenic and carcinogenic properties. A total of 16 PAHs, ranging in size, from 

naphthalene (2-rings) to benzo[g,h,i]perylene and indeno[1,2,3-c,d]pyrene (6-rings) have 

been identified as priority pollutants by the U.S. EPA. Previous studies5 reported that 

PAHs are formed between 550 °C and 950 °C, and maximum PAH production occurs at 

approximately 780 °C. Considering the relatively low temperatures reached on the 
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surface of meat during charbroiling and the absence of PAH compounds within the meat 

itself, PAH formation during charbroiling were likely not emitted from the meat itself. 

Instead, PAHs were formed due to the direct access of lipids and fats onto the natural gas 

open hot flame, which were pyrolyzed and subsequently volatilized and partly re-

deposited on the meat surface6-8. PAH production from charbroiling cooking is a function 

both of the fat content of the meat and the proximity of the food to the heat source, and 

can be reduced by cooking for longer periods at lower temperatures9. 

For this study, more than 100 gaseous and particle-phase PAH compounds were 

identified and quantified for the baseline cooking experiment and the three control 

technologies, including non-substituted PAHs, methyl- and ethyl-substituted PAHs, 

biphenyls, and oxygenated PAHs (Table 9-1).  Overall, the results showed that lower and 

medium molecular-weight PAH compounds were dominant for all cooking processes. 

For particle-phase PAH emissions, phenanthrene, anthracene, fluoranthene, pyrene, 

fluorene, and methyl- and dimethyl-phenanthrenes were the most abundant PAHs. Many 

heavier PAH compounds were also detected in the particle-phase, with 

benzo(ghi)fluoranthene, cyclopenta(c,d)pyrene, benzo(a)pyrene, indeno[123-cd]pyrene, 

coronene, and benzo(ghi)perylene which are identified by U.S. EPA as priority 

pollutants. The most abundant gas-phase PAHs were mainly two-membered ring 

compounds and their ethyl- and methyl-substitutes. These were naphthalene, 2-

methylnaphthalene, 1-methylnaphthalene, 2,6+2,7-dimethylnaphthalene, 

1,3+1,6+1,7dimethylnaphthalene, acenaphthylene, 1+2 ethylnaphthalene, and some 
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trimethylnaphthalenes. The next major contributors to the gas-phase PAHs were three-

membered ring PAH compounds, including fluorene and phenanthrene. 
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Table 9-1: PAH Emission Factors (µg/kg) for baseline and control technology  

 

Compound (µg/kg) Baseline Control 1 Control 2 Control 3 Baseline Control 1 Control 2 Control 3

Naphthalene 8.1 ± 11.5 5 ± 1.3 4.5 ± 6.4 1.5 ± 2.1 85.6 ± 93 66.3 ± 52.7 25.8 75.4 ± 43.5

Quinoline 0 0 0 0 0 0 0 0.6 ± 0.2

2-methylnaphthalene 18.6 ± 5.3 8.3 ± 6.7 4.7 ± 0.9 0.5 ± 0.5 63.6 ± 34.5 27.2 ± 2.3 22.7 8.5 ± 3.7

1-methylnaphthalene 16.1 ± 5.2 6.8 ± 5.6 4.2 ± 0.8 1.2 ± 1.5 39.7 ± 22 18.1 ± 2.4 18.1 8.3 ± 3.5

Biphenyl 19.7 ± 8.8 10.1 ± 7.8 6.2 ± 1.1 2.3 ± 2.9 24.2 ± 12.7 33.8 ± 4 33.3 16.3 ± 7

2-methylbiphenyl 40.2 ± 56.8 23.7 ± 18.9 15.6 ± 1.3 2.3 ± 3.3 34.9 ± 35.7 17.2 ± 0.8 18.9 6.2 ± 3.9

2,6+2,7-dimethylnaphthalene 18.2 ± 6.9 7.1 ± 4.7 3.4 ± 0.5 0.3 ± 0.1 30.6 ± 10.2 17.5 ± 4.7 11.1 1.6 ± 0.2

1,3+1,6+1,7dimethylnaphth 58.1 ± 44.3 6.6 ± 9.3 3.6 ± 0.2 1.5 ± 2.1 33 ± 14.2 28.2 ± 0.9 14.1 4.8 ± 2.4

1,4+1,5+2,3-dimethylnaphth 39 ± 37.7 8.9 ± 8.2 5.7 ± 0.1 3.8 ± 5.4 11.8 ± 5.7 13.7 ± 2.8 8.8 3.1 ± 0.7

Acenaphthylene 17.1 ± 23.4 11 ± 7.4 11.1 ± 2.1 2.4 ± 3.3 6.3 ± 5 31.4 ± 8.3 34.5 9.1 ± 4.2

1,2-dimethylnaphthalene 15.4 ± 19.2 3.4 ± 4.8 0.1 ± 0.2 0.6 ± 0.8 26.5 ± 13.2 1.2 ± 1.1 0.8 2 ± 0.4

1,8-dimethylnaphthalene 2.9 ± 3.4 0 0 0.5 ± 0.6 0.9 ± 0.5 1.4 ± 1.9 1.2 0.1 ± 0.1

Acenaphthene 3.1 ± 4.4 3.01 ± 3.2 0.8 ± 0.4 0 0.8 ± 1.1 5.1 ± 0.4 2.8 0.8 ± 0.2

3-methylbiphenyl 63.1 ± 61.5 5.3 ± 7 3.3 ± 0.4 4 ± 5.6 14.5 ± 14.8 16 ± 1.1 12.3 2.6 ± 0.9

4-methylbiphenyl 24.4 ± 21 2.8 ± 3.6 1.2 ± 0.04 1.7 ± 2.4 8.4 ± 8.1 7.5 ± 0.6 6.1 1.4 ± 0.5

Dibenzofuran 25.8 ± 0.7 12.6 ± 8.1 8 ± 1.7 2 ± 2.2 14 ± 1.6 24.9 ± 0.8 17.9 4 ± 0.4

Bibenzyl 0 0 0 0 0 0 0 0

1+2ethylnaphthalene 1.8 ± 2.5 0.8 ± 0.6 0.2 ± 0.3 0 1.8 ± 0.8 2.4 ± 1.2 1.1 0.1 ± 0.03

1-ethyl-2-methylnaphthalene 58.7 ± 49.1 11.4 ± 7.8 5.2 ± 0.03 2.5 ± 3 7.2 ± 0.2 10.1 ± 2.3 5.2 0.7 ± 0.1

2,3,5+I-trimethylnaphthalene 15.3 ± 0.6 3 ± 1.9 1.2 ± 0.2 0.1 ± 0.1 5.9 ± 0.3 7 ± 0.7 3.8 0.4 ± 0.3

B-trimethylnaphthalene 4.002 ± 1.03 1.7 ± 1.5 0.3 ± 0.5 0.2 ± 0.2 1.4 ± 0.4 1.9 ± 0.4 0.7 0.2 ± 0.002

A-trimethylnaphthalene 25.4 ± 2.6 5.4 ± 3.3 2.3 ± 0.2 0.3 ± 0 10.2 ± 0.2 11.9 ± 2.4 6.0 0.8 ± 0.4

C-trimethylnaphthalene 35.8 ± 36.3 4.1 ± 2 1.7 ± 1.7 2 ± 2.9 5.6 ± 7.9 15.6 ± 12.6 13.6 4.2 ± 1.9

2-ethyl-1-methylnaphthalene 16.5 ± 20.8 1 ± 0.5 0.7 ± 0.1 0.2 ± 0.2 0 1.6 ± 0.7 0 0.1 ± 0.03

E-trimethylnaphthalene 8.5 ± 2.6 0.7 ± 1 0.7 ± 0.1 1.4 ± 1.8 3.3 ± 0.2 3.6 ± 0.2 1.5 0.2 ± 0.2

2,4,5-trimethylnaphthalene 0.3 ± 0.5 0 0 0 0 0.4 ± 0.5 0 0.1 ± 0.1

F-trimethylnaphthalene 31.6 ± 5.7 7.9 ± 4.7 3.4 ± 0.2 0.8 ± 0.6 11.5 ± 0.1 15 ± 2.7 7.9 0.7 ± 1

Fluorene 41.6 ± 3.6 25 ± 13.6 14 ± 1.6 2.2 ± 1.7 15.2 ± 1.5 25.7 ± 0.1 13.4 2 ± 0.6

1,4,5-trimethylnaphthalene 1.4 ± 2.04 0 1.3 ± 0.2 0 ± 0 0.2 ± 0.3 1.5 ± 1.2 0 0.1 ± 0.05

J-trimethylnaphthalene 0.8 ± 1.1 0 0 0 ± 0 0.3 ± 0.4 0.7 ± 0.2 0 0.05 ± 0.1

A-Methylfluorene 40.5 ± 37.5 10.1 ± 8.2 4 ± 0.3 2.7 ± 3.4 0.8 ± 1.1 3.1 ± 0.1 2.7 0.3 ± 0.2

B-Methylfluorene 0 0 0 0 ± 0 2.5 ± 3.5 0 0 0.1 ± 0.2

1-Methylfluorene 26 ± 16.5 6.4 ± 4.1 2.2 ± 0.1 1.1 ± 1.2 3.7 ± 1.2 6.4 ± 1.2 4.3 0.5 ± 0.4

9-fluorenone 237.5 ± 233.2 96.1 ± 65.7 45.7 ± 3.9 18.9 ± 23.1 5 ± 1.3 12.7 ± 1.9 8.9 0.6 ± 0.2

PAHs

Particle-phase PAHs Gas-phase PAHs

2
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Dibenzothiophene 15.6 ± 12.3 1.7 ± 0.7 1.1 ± 0.2 0 0.8 ± 1.1 2.8 ± 1.2 1.7 0.4 ± 0.4

Phenanthrene 149.9 ± 79 58 ± 34.8 33.8 ± 3.7 5.8 ± 5.5 25.6 ± 1 30.9 ± 3.5 14.7 1.8 ± 1.3

Anthracene 12.8 ± 10 6.1 ± 3.5 4.4 ± 0.3 1 ± 1.1 2.4 ± 1.1 1.1 ± 1.5 2.1 0.1 ± 0.01

Xanthone 87.5 ± 82 24.2 ± 15.1 12.2 ± 0.8 10.9 ± 14.1 0 2.9 ± 1.5 0.6 0

1,4-Naphthoquinone 127.7 ± 92.8 20.8 ± 6.7 8.4 ± 2 0.6 ± 0.9 135.3 ± 148.3 36.5 ± 29.4 14.6 1.9 ± 0.1

Acenaphthenequinone 191.8 ± 270 0 0 0 0 0 0 0

3-methylphenanthrene 100.9 ± 80.7 6.2 ± 2.5 3.8 ± 0.7 0.7 ± 0.9 2 ± 0.5 2.6 ± 0.7 1.3 0.2 ± 0.2

2-methylphenanthrene 123.9 ± 111.1 9.4 ± 5.2 5.8 ± 0.5 0.1 ± 0.1 2.4 ± 3.4 8 ± 7.4 1.2 0.2 ± 0.2

Perinaphthenone 89.6 ± 126.8 90.4 ± 72.5 27.7 ± 11.8 0 163.7 ± 231.5 0 0 10.3 ± 4.6

2-methylanthracene 18.9 ± 9.6 2.3 ± 1.9 0 1 ± 0.4 0 0.2 ± 0.1 0 0

4,5-methylenephenanthrene 22.8 ± 21.3 5.1 ± 3 3.1 ± 0.3 0 ± 0.1 0 0.4 ± 0.1 0.4 0

9-methylphenanthrene 70.4 ± 70.7 5.8 ± 2.7 3.9 ± 0.3 0.1 ± 0.1 0.5 ± 0.3 1.4 ± 0.5 0.8 0.1 ± 0.1

1-methylphenanthrene 58.2 ± 54.3 5.3 ± 2.9 3 ± 0.2 0.1 ± 0.1 0.5 ± 0.3 1.2 ± 0.5 0.7 0.1 ± 0.1

Anthrone 240.7 ± 340.5 0 0 34.2 ± 48.3 0 1.1 ± 1.6 0 0.5 ± 0.7

Anthraquinone 153.9 ± 27.2 32.8 ± 24.5 16.5 ± 3.5 10.1 ± 12.7 9 ± 1.3 4.9 ± 5.7 0 0.4 ± 0.2

A-dimethylphenanthrene 74.3 ± 70.2 0.5 ± 0.7 1.4 ± 0.05 0.7 ± 1.1 0.2 ± 0.3 0.6 ± 0.2 0 0

B-dimethylphenanthrene 7.5 ± 10.5 0 0 0.4 ± 0.5 0 0 0 0

1,7-dimethylphenanthrene 129.5 ± 130.9 5.4 ± 2.1 3.3 ± 0.4 0.6 ± 0.8 0 0 0 0.1 ± 0.2

3,6-dimethylphenanthrene 37.1 ± 38 1.2 ± 1.6 0.7 ± 0.2 0.1 ± 0.1 0 0 0 0

D-dimethylphenanthrene 45.3 ± 44.6 3.1 ± 2.1 0.9 ± 1.3 0.1 ± 0.1 0 0 0 0.1 ± 0.1

E-dimethylphenanthrene 79 ± 81.6 2.6 ± 1.9 1.7 ± 0.2 0 0 0 0 0.05 ± 0.1

C-dimethylphenanthrene 63.8 ± 30.8 3 ± 1.8 1.1 ± 0.2 0.4 ± 0.6 0 0 0 0

Fluoranthene 104.2 ± 93.2 39.2 ± 23.4 23.6 ± 3.5 5.2 ± 6.1 2.1 ± 1.3 2.3 ± 0.6 1.0 0.2 ± 0.2

Pyrene 168.6 ± 154.8 46 ± 27.1 26.3 ± 4.6 5.6 ± 6.7 0.1 ± 0.1 1.2 ± 0.1 0.4 0.1 ± 0.2

9-Anthraaldehyde 425.2 ± 441.4 9.5 ± 13.5 9.4 ± 0.3 0.3 ± 0.4 0 0 0 0.3 ± 0.4

Retene 0.2 ± 0.3 0.5 ± 0.3 0.2 ± 0.03 0 0 0.1 ± 0.2 0 0

benzo(a)fluorene 8.9 ± 9.1 3.1 ± 2.2 1.9 ± 0.2 0.6 ± 0.7 0 0 0 0

benzo(b)fluorene 3.4 ± 3.3 1.1 ± 0.8 0.6 ± 0.02 0.3 ± 0.3 0 0 0 0

5-methylchrysene 0.6 ± 0.9 0 0 0 0 0 0 0

B-MePy/MeFl 0 0 0 0 2.5 ± 3.5 0 0 0.1 ± 0.2

1+3-methylfluoranthene 15.9 ± 16.5 3.7 ± 2.4 2.4 ± 0.1 1 ± 1.1 0 0.7 ± 0.9 0 0

4-methylpyrene 25.7 ± 27.2 2.7 ± 2.2 1.7 ± 0.1 0.6 ± 0.8 0 0 0 0

C-MePy/MeFl 4.1 ± 3.3 1.8 ± 1.3 1 ± 0.1 0.4 ± 0.5 0 0 0 0

D-MePy/MeFl 28.5 ± 30.3 1.4 ± 1 1.2 ± 0.2 0 0 0 0 0

1-methylpyrene 15.5 ± 16.5 2.5 ± 1.6 1.8 ± 0.2 0.6 ± 0.8 0 0 0 0.05 ± 0.1

Benzonaphthothiophene 0 0.5 ± 0.3 0.2 ± 0.1 0.7 ± 1 0 0.5 ± 0.3 0 0

benzo(c)phenanthrene 13.8 ± 15.3 3.7 ± 2.3 2.1 ± 0.4 1.2 ± 1.6 0 0 0 0

Benzo(ghi)fluoranthene 49.3 ± 41.2 25.9 ± 16.2 16 ± 3.5 4.4 ± 5.2 0 0.2 ± 0.3 0 0

2
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6-methylchrysene 0 0 0 0 0 0 0 0

Cyclopenta(c,d)pyrene 36 ± 25.8 25 ± 14.2 16 ± 3.2 3.6 ± 4.2 0 0 0 0

Benz(a)anthracene 15.4 ± 13.4 8.7 ± 6.1 5.5 ± 1 1.7 ± 2 0 0 0 0

Chrysene 12 ± 9.7 7.2 ± 5 4.8 ± 0.9 1.4 ± 1.7 0 0 0 0

Benzanthrone 417 ± 564.6 23 ± 14.6 15.1 ± 1 35 ± 48.4 0 0 0 0

Benz(a)anthracene-7,12-dione 14.2 ± 20.1 2.7 ± 3.8 2.4 ± 1 1.3 ± 1.4 0 0 0 0

3-methylchrysene 1.7 ± 2.5 0 0 0 0 0 0 0

7-methylbenz(a)anthracene 0 0 0 0 0 0 0 0

7,12-dimethylbenz(a)anthracene 0 0 0 0
0 0 0

0

Benzo(b)fluoranthene 9.6 ± 8.2 4.5 ± 3.6 2.9 ± 0.6 1.1 ± 1.3 0 0 0 0

Benzo(j)fluoranthene 6.5 ± 5.02 9.9 ± 1.1 4 ± 0.2 0.6 ± 0.7 0 0.1 ± 0.1 0 0

Benzo(k)fluoranthene 4.2 ± 3.6 2.5 ± 1.9 1.5 ± 0.3 0.5 ± 0.6 0 0 0 0

Benzo(a)fluoranthene 7.2 ± 8.3 2.5 ± 1.8 1.2 ± 0.2 0.7 ± 0.9 0 0 0 0

BeP 8.5 ± 6.5 4.8 ± 2.9 2.6 ± 0.4 0.9 ± 1.1 0.2 ± 0.2 1.2 ± 1.4 0 0

BaP 11.7 ± 9.8 7.3 ± 4.4 4.2 ± 1.1 1.2 ± 1.5 0 0.9 ± 1.3 0 0

Perylene 2.6 ± 1.8 1.3 ± 1 0.7 ± 0.03 0.4 ± 0.6 0 0 0.7 0

3-methylcholanthrene 0 0 0.2 ± 0.2 0 2.2 ± 3.2 0 1.9 0.3 ± 0.5

7-methylbenzo(a)pyrene 0 0 0 0 0 0 0 0

9,10-dihydrobenzo(a)pyrene-

7(8H)-one
0 0 0 0 0 0 0 0

Indeno[123-cd]fluoranthene 0.6 ± 0.8 0.9 ± 0.5 0.4 ± 0.01 0.2 ± 0.2 0 0 0 0

Indeno[123-cd]pyrene 11.3 ± 9.4 5.4 ± 3.5 3.5 ± 0.9 1 ± 1.1 0.1 ± 0.1 0 0 0

Dibenzo(ac)anthracene 0 0 0.3 ± 0.004 0.1 ± 0.1 0 0 0 0

Dibenzo(ah)anthracene 4.3 ± 3.5 2.1 ± 1.2 1.1 ± 0.2 0.3 ± 0.4 0 0 0 0

Dibenzo(a,j)anthracene 0 0 0.1 ± 0.2 0.1 ± 0.1 0 0 0 0

Benzo(b)chrysene 2.9 ± 1.9 1.2 ± 0.9 0.7 ± 0.1 0.2 ± 0.3 0 0 0 0

Picene 0.8 ± 1.2 0 0.5 ± 0.1 0.1 ± 0.1 0 0 0 0

Benzo(ghi)perylene 20 ± 16.3 10.9 ± 6.8 6.8 ± 1.6 2.1 ± 2.4 0 0 0 0

Anthanthrene 3.9 ± 3.1 1.9 ± 0.9 1.2 ± 0.2 0.3 ± 0.3 0 0 0 0

Triphenylene 8.3 ± 7.1 3.8 ± 2.7 2.5 ± 0.4 0.9 ± 1.1 0 0 0 0

Dibenzo(a,l)pyrene 0 0 0 0 0 0 0 0

Coronene 4.7 ± 3.3 2.3 ± 1.8 1.5 ± 0.2 0.5 ± 0.6 0 0 0 0

Dibenzo(a,e)pyrene 1.8 ± 1.3 0.5 ± 0.8 0.5 ± 0.1 0.1 ± 0.1 0 0 0 0

Dibenzo(a,i)pyrene 1.5 ± 1.02 0.2 ± 0.3 0 0 0 0 0 0

Dibenzo(a,h)pyrene 1.7 ± 0.4 0 0 0 0 0 0 0

Dibenzo(b,k)fluoranthene 0 0 0 0 0 0 0 0

Total Emission Factor 4294.2 ± 4010.7 841.8 ± 571.3 456.6 ± 21.2 199.1 ± 249.8 818.6 ± 469.7 531.2 ± 11.1 471.6 173.7 ± 46.9

2
2
0
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9.3.2. Comparison  

Overall, particle-phase PAHs were found in higher concentrations than gas-phase PAHs. 

These findings differ from previous studies on cooking PAH emissions that found 

gaseous PAH fractions are emitted at significantly higher concentrations than particle-

phase PAHs10-12. Both particle and gas phase PAHs show a general reduction with each 

control technology compared to baseline (Figure 9-1), although in most cases the 

differences cannot be considered statistically significant due to the relatively large 

measurement variability for some PAH compounds. Statistically significant reductions 

for Control 2 and Control 3 relative to the baseline testing were only observed for light 

particle-phase PAHs, including 2-methylnaphthalene, 1-methylnaphthalene, 2,6+2,7-

dimethylnaphthalene, dibenzofuran, B-trimethylnaphthalene, A-trimethylnaphthalene, 

and C-trimethylnaphthalene. These reductions ranged from 69% to 92% for Control 2 

and from 92% to 99% for Control 3 compared to the baseline experiment. It should be 

noted that heavier PAH compounds of benzo(a)pyrene, benz(a)anthracene, chrysene, 

indeno[123-cd]pyrene, dibenzo(ah)anthracene, benzo(ghi)perylene, and 

benzo(k)fluoranthene all decreased with the aftertreatment control technologies compared 

to the baseline testing, but not at a statistically significant level. This was an important 

finding, since exposure to these species may induce a number of health effects, such as 

immunotoxicity, genotoxicity, carcinogenicity, reproductive toxicity, and may possibly 

also influence the development of atherosclerosis13.     
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Total PAH emission rates are similar to those in Rogge et al.6 measured for hamburger 

charbroiling. McDonald et al7 reported naphthalene, phenanthrene, acenapthylene, 

pyrene, fluoanthene and fluorine to be the major PAHs from hamburger underfired 

charbroiling. Analogous to other emission pollutants measured for this study, Control 1 

appeared to be the least effective technology in oxidizing light and heavier PAH 

compounds from meat cooking processes, with Control 3 being the most effective 

technology in reducing these pollutants. CT1 was more effective in removing the 

particle-phase PAHs compared to the semi-volatile phase PAHs. This was expected as 

CT1 is a filtration device designed to remove solid particulate. CT2 had slightly higher 

removal efficiency with particle and semi-volatile phase PAHs compared to CT1 which is 

consistent with the PM reduction. CT3 had the highest removal efficiencies for both 

particle and gas phase PAHs, consistent with reductions in PM.  

  

Figure 9-1: Percent Removal of Total particle-phase and gas-phase PAHs 
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Oxygenated PAHs (oxy-PAHs), such as polycyclic aromatic quinones, have been found 

to generate ROS resulting in oxidative stress that can lead to allergic diseases, and 

polycyclic aromatic ketones, quinones and anhydrides are well known mutagenic 

compounds14. Similar to PAHs, oxy-PAH compounds are emitted mainly from 

combustion processes, and they can also originate from heterogeneous reactions between 

PAHs and ozone. In contrast to their parent PAHs, most of the oxy-PAHs found in 

particulate matter are directly toxic and mutagenic15.  

 

Figure 9-2: Percent Removal of Total particle-phase and gas-phase oxygenated PAHs 

 

The most abundant particle-phase oxy-PAHs include 9-fluorenone, benzanthrone, 

perinaphthenone, 1,4-naphthoquinone, 9-anthraaldehyde, xanthone, and anthraquinone. 

Major gas-phase oxy-PAHs include 1,4-naphthoquinone, perinaphthenone, and 
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one, acenaphthenequinone, and benz(a)anthracene-7,12-dione were undetectable for both 

phases. Similar to their parent PAHs, oxy-PAHs were seen in substantially higher 

concentrations in the particle-phase than the gas-phase, suggesting that most of these 

compounds, which were light molecular-weight, three-membered ring PAHs, existed in 

the particle-phase. Figure 9-2 shows the percent removal for the total particle and gas-

phase oxygenated PAH emissions. Similar to their parent PAHs (Figure 9-1), oxy-PAHs 

showed increasing reductions as a function of each CT (CT1<CT2<CT3) compared to 

baseline.        

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) can be either directly produced 

from combustion sources by electrophilic aromatic substitution reactions between 

nitrating agents, such as nitrogen dioxide (NO2), and the parent PAHs, or formed from 

their parent PAHs by atmospheric OH or NO3 radical initiated reactions16. Although 

nitro-PAH emissions have been studied from diesel exhaust because of their 

mutagenicity, genotoxicity, and carcinogenicity17, very few studies have been conducted 

to study their emissions during commercial meat cooking. 1-nitropyrene and 4-

nitropyrene are of particular interest as the U.S. EPA has designated it as a Group-2B 

carcinogen. Emission factors for 35 particle-phase and gas-phase n-PAHs are included 

for both baseline testing and after each control technology (Table 9-2).  

Overall, total particle-phase n-PAHs are much greater than gas-phase n-PAHs. Similar to 

their parent PAHs, n-PAHs were reduced as a function of control technology for both 

particle and gas-phase total n-PAHs. The major particle-phase n-PAHs were 7-
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nitrobenz(a)anthracene, 2-nitroanthracene and 1,8-dinitronaphthalene while 9-

nitroanthracene and 1-nitropyrene were the most significant gas-phase PAHs (Figure 9-

4).  A general decrease was observed for all CTs for 1-nitropyrene and 4-nitropyrene. 

Figure 9-3 present the total particle-phase and total gas-phase nitro-PAH reductions 

compared to baseline, respectively. The reductions with CT compared to baseline are 

similar to their parent PAHs (Figure 9-1) and PM with CT3 showing the largest 

reductions for the particle and semi-volatile phase.  

 
Figure 9-3: Percent Removal of Total particle-phase and gas-phase nitro PAHs 

 

Figure 9-4: 1-nitropyrene particle and gas phase emissions (mg/kg)
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Table 9-2: n-PAH Emission Factors (ng/kg) for baseline and control technology  

 

Baseline Control 1 Control 2 Control 3 Baseline Control 1 Control 2 Control 3

1-nitronaphthalene 272.6 ± 272.6 0 0 21.8 ± 21.8 0 0 0 4 ± 5.6

1-methyl-5-nitronaphthalene 1720.6 ± 1334.5 227.1 ± 166.2 109.8 ± 7.5 182.9 ± 160.9 11.7 ± 2.2 9.7 ± 13.7 0 0.7 ± 0.9

2-nitronaphthalene 394.9 ± 208.5 102.5 ± 55 55.5 ± 4.3 21.4 ± 17.4 11.7 ± 2.2 9.7 ± 13.7 0 0.7 ± 0.9

2-nitrobiphenyl 571.9 ± 414.4 59.8 ± 7.9 40.8 ± 0.7 14.1 ± 10.6 9.7 ± 4.3 13.3 ± 3.7 12.0 1.5 ± 0.1

2-methyl-4-nitronaphthalene 999.9 ± 924.5 8.8 ± 12.5 14.1 ± 1.8 47.3 ± 45.8 9.7 ± 4.3 7.7 ± 4.2 6.0 1.2 ± 0.7

1-methyl-4-nitronaphthalene 519.9 ± 378.8 38.1 ± 28.9 37.7 ± 7.4 1.2 ± 0.3 12.2 ± 7.8 8 ± 6.2 10.5 1.3 ± 0.8

1-methyl-6-nitronaphthalene 1146.6 ± 1120 5.9 ± 8.3 7 ± 0.5 125.1 ± 125.1 3.6 ± 2 2.4 ± 1.7 3.0 0.4 ± 0.3

3-nitrobiphenyl 223.3 ± 101.3 42.4 ± 0 15.9 ± 2.3 1.2 ± 1.2 9.7 ± 4.3 7.1 ± 5 3.0 1 ± 0.5

4-nitrobiphenyl 636.4 ± 636.4 40.7 ± 57.5 38.4 ± 8.9 0 0 0 0 0

1,3-dinitronaphthalene 0 0 0 665.5 ± 665.5 0 0 0 0

1,5-dinitronaphthalene 761.6 ± 721.6 32.4 ± 19.2 14.5 ± 1.7 58.8 ± 57.5 4.8 ± 0.4 0.9 ± 1.2 0 0.1 ± 0.1

5-nitroacenaphthene 0 48.6 ± 38.7 22.1 ± 0.7 0 25.7 ± 7.6 8.5 ± 0.4 3.8 1 ± 0.3

2-nitrofluorene 0 46 ± 65 36.2 ± 2.1 299.9 ± 299.9 20.3 ± 28.7 11.5 ± 1.2 4.5 0

4-nitrophenanthrene 0 0 0 8.1 ± 8.1 0 0 0 0

9-nitroanthracene 550.2 ± 550.2 503.5 ± 120.4 107.9 ± 107.9 11.2 ± 11.2 161.3 ± 66.8 151.4 ± 25.8 77.5 5.1 ± 7.1

9-nitrophenanthrene 84.3 ± 84.3 69.2 ± 34.6 22.7 ± 22.7 2.1 ± 2.1 15.2 ± 21.5 0 0.0 0

1,8-dinitronaphthalene 4637.5 ± 4145 248.6 ± 138.3 0 204.2 ± 184.5 5.5 ± 7.8 0 1.5 0.1 ± 0.2

3-nitrophenanthrene 2341.4 ± 2341.4 1190.5 ± 1683.6 1602.2 ± 225.1 0 0 0 0 0

2-nitrophenanthrene 0 0 0 70.8 ± 70.8 0 0 0 0

2-nitroanthracene 4995.4 ± 3994.9 202.1 ± 285.8 0 455.5 ± 422.5 0 0 0 0

2-nitrofluoranthene 1900.2 ± 1900.2 0 0 0 49.4 ± 19.7 0 0 1.1 ± 1.5

3-nitrofluoranthene 677.6 ± 402.5 167.9 ± 47.5 0 74.2 ± 65.2 30.7 ± 24.7 0 0 0.4 ± 0.6

4-nitropyrene 1627.4 ± 1037.3 718.5 ± 216.2 171.1 ± 171.1 138.9 ± 106.2 53.2 ± 75.3 0 0 0

1-nitropyrene 906.2 ± 336.1 561.8 ± 277.9 366.8 ± 60.8 105.5 ± 68.2 342.1 ± 21.3 347 ± 359.1 64.0 11 ± 0.1

2-nitropyrene 0 0 0 0 0 0 0 0

2,7-dinitrofluorene 0 469 ± 351.6 0 0 0 0 0 0

2,7-dinitrofluoren-9-one 1663.2 ± 1663.2 0 0 0 0 0 0 0

7-nitrobenz(a)anthracene 7775.8 ± 4934 10703 ± 1954.4 5319.6 ± 692.1 998.9 ± 875.9 0 0 0 0

6-nitrochrysene 0 0 0 0 0 0 0 0

3-nitrobenzanthrone 0 0 0 0 0 0 0 0

1,3-dinitropyrene 0 0 0 0 0 0 0 0

1,6-dinitropyrene 0 0 0 0 0 0 0 0

1,8-dinitropyrene 0 0 0 0 0 0 0 0

6a+1e-nitrobenzopyrene 0 0 0 0 0 0 0 0

3-nitrobenzo[e]pyrene 0 0 0 0 0 0 0 0

Total Emission Factor 34406.7 ± 37098.6 15486.5 ± 4808.5 7982.3 ± 1516.1 3508.6 ± 4513.2 776.6 ± 84.9 577.1 ± 436.2 186.0 29.3 ± 14.8

Compound (ng/kg)
Particle-phase PAHs Gas-phase PAHs

2
2
6
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9.4. Organic Acids 

9.4.1. Background 

Meats consist of saturated and unsaturated fatty acids esters of glycerol. The chemical 

processes that typically occur during high temperature treatment of meat are the 

degradation of sugars, pyrolysis of proteins and amino acids, and the degradation of 

fats18. The cooking process leads to production of free fatty acids, free glycerol and 

mono- and diglycerides7.   

9.4.2. Comparison 

Both the most abundant polar organic compounds (Table 9-3) and organic acids (Figure 

9-5) measured in this study are summarized. Generally, both saturated fatty acids (C6 to 

C22) and unsaturated fatty acids were reduced by each control technology. The highest 

emissions of saturated acids were for nonanoic, myristic, palmitic, and stearic acids. 

These acids for Control 1 (31%, 46%, 41%, and 71%), Control 2 (74%, 78%, 81%, and 

88%) and Control 3 (93%, 94%, 95%, and 96%) showed statistically significant 

reductions compared to baseline. The most prominent unsaturated fatty acids containing a 

single double bond were oleic, elaidic, and palmitoleic acids. This distribution is in 

agreement with previous studies6,19. Other studies have reported that oleic and palmitoleic 

acids have been used as markers for meat cooking emissions in urban areas20. Similar to 

the saturated fatty acids, both oleic and palmitoleic acids showed statistically significant 
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decreases ranging from 32%-56% for Control 1, from 70%-84% for Control 2, and 92%-

95% for Control 3 compared to the baseline testing. 

 

Figure 9-5: Individual Organic Acid Emission Factors (g/kg) 

 

Several other organic molecular biomarkers were detected in charbroiled meat cooking 

including monosaccharide anhydrides and sterols. Molecular biomarkers are organic 

compounds of biological origin that have the same chemical structure as the original 

natural products found in living organisms. Such molecules are characterized by their 

restricted occurrence, source specificity, molecular stability, and suitable concentration 

for analytical detection. The major molecular biomarker observed under the present test 

conditions was cholesterol, followed by levoglucosan and b-sitosterol, which have been 

observed in previous studies6,19. Cholesterol and b-sitosterol are sterols, which are 
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compounds present in animal and vegetable body tissues with plant lipid waxes and 

membranes generally comprised of C28 and C29 pythosterol compounds such as b-

sitosterol. The most abundant sterol observed in this study was cholesterol. Cholesterol is 

biosynthesized by higher animals and found in body tissues such as animal fats and oils. 

Cholesterol emission rates showed statistically significant decreases of 58% and 92%, 

respectively, for Control 2 and Control 3 compared to the baseline testing. Levoglusan, a 

well-known tracer of wood-biomass burning, showed increased emission rates for 

Control 1, but decreased emission rates for Control 2 and Control 3 relative to the 

baseline experiment. The emission differences in levoglusan between cooking 

experiments were statistically significant. Although levoglucosan concentrations were 

relatively low for all cooking processes, a combination of molecular biomarker 

compounds (i.e., cholesterol and levoglucosan) and other compounds may be useful in 

distinguishing cooking organic aerosol.   

Dicarboxylic acids are produced from the oxidation of dialdehydes formed during the 

oxidation of unsaturated lipids. Similar to Rogge et al.6, dicarboxylic acids were 

measured in lower concentrations than alkanoic and alkenoic acids. The most abundant 

C4 to C12 dicarboxylic acids were hexanedioic (adipic) acid, succinic acid and azelaic 

acids.  

 

 



230 

 

Table 9-3: Organic Acids 

 

me-malonic (d-c3) 0.03 ± 0.03 0.01 ± 0.01 0.03 ± 0.03 0.01 ± 0.004

me-succinic acid (d-c4) 0.3 ± 0.05 0.7 ± 0.3 0.1 ± 0.005 0.01 ± 0.003

2-methylglutaric (d-c5) 0.2 ± 0.1 0.4 ± 0.3 0.1 ± 0.1 0.02 ± 0.02

3-methylglutaric acid (d-c5) 0.5 ± 0.2 0.1 ± 0.05 0.1 ± 0.001 0.004 ± 0.003

3-methyladipic acid (d-c6) 1.2 ± 0.2 1.3 ± 0.9 0.2 ± 0.2 0.02 ± 0.02

guaiacol 0.02 ± 0.003 0.03 ± 0.02 0.002 ± 0.002 0.003 ± 0.001

4-me-guaiacol 0.003 ± 0.003 0.015 ± 0.002 0.002 ± 0.002 0.001 ± 0.0003

4-formyl-guaiacol (vanillin) 0.02 ± 0.01 0.1 ± 0.1 0.01 ± 0.002 0.002 ± 0.002

4-ethyl-guaiacol 0.2 ± 0.1 0.01 ± 0.02 0.01 ± 0.01 0.01 ± 0.01

syringol 0.003 ± 0.003 0.005 ± 0.004 0.002 ± 0.002 0.001 ± 0.001

4-allyl-guaiacol (eugenol) 0 0 0.002 ± 0.002 0.0008 ± 0.0008

isoeugenol 0.1 ± 0 0.2 ± 0.1 0.02 ± 0.02 0.01 ± 0.01

acetovanillone 0.03 ± 0.01 0.02 ± 0.01 0.003 ± 0.003 0.001 ± 0.001

4-methyl-syringol 0.01 ± 0 0.02 ± 0.008 0.004 ± 0.003 0.001 ± 0.001

docosanoic acid (c22) 1.3 ± 1.1 0.5 ± 0.8 0.03 ± 0.03 0.01 ± 0.01

heneicosanoic acid (c21) 0.1 ± 0.1 0.001 ± 0.002 0.2 ± 0.1 0.006 ± 0.006

tricosanoic acid 0.6 ± 0.4 0.2 ± 0.1 0.1 ± 0.05 0.003 ± 0.003

tetracosanoic acid (c24) 2 ± 1.3 0.3 ± 0.4 0.1 ± 0.1 0.04 ± 0.02

hexanoic acid (c6) 11.7 ± 0.7 9.8 ± 0.2 5.1 ± 0.4 1.1 ± 0.05

heptanoic acid (c7) 0 9.078 ± 1.924 5.1 ± 1.2 1.2 ± 0.5

octanoic acid (c8) 30.5 ± 1.4 24 ± 1.5 9.8 ± 0.9 3 ± 0.5

nonanoic acid (c9) 60.9 ± 2.5 41.9 ± 2.4 16 ± 2.1 4.2 ± 0.5

decanoic acid (c10) 32.6 ± 1 29.4 ± 1.3 10 ± 1.3 3.4 ± 0.5

undecanoic acid (c11) 40.3 ± 3.7 35.2 ± 2.8 2.5 ± 0.1 3.3 ± 0.4

dodecanoic (lauric) acid (c12) 25.6 ± 2.6 14.5 ± 0.3 1.2 ± 0.3 1.7 ± 0.1

tridecanoic acid (c13) 21.5 ± 0.3 15.8 ± 0.4 5.8 ± 0.2 1.5 ± 0.04

myristic acid (c14) 123.2 ± 3.1 66 ± 6.4 27.7 ± 2.5 7.4 ± 0.4

pentadecanoic acid (c15) 58.6 ± 0.9 27.9 ± 0.6 11.7 ± 1.6 3.1 ± 0.3

palmitic acid (c16) 99.9 ± 1.7 59 ± 8.8 19.2 ± 3.5 4.7 ± 0.3

heptadecanoic acid (c17) 76.1 ± 2.1 41.3 ± 0.1 16.1 ± 1.4 4.5 ± 0.2

stearic acid (c18) 164.9 ± 16.2 48.4 ± 18.3 20.4 ± 2.7 6.3 ± 0.03

nonadecanoic acid (c19) 4 ± 0.3 3.8 ± 2.7 0.8 ± 0.2 0.3 ± 0.1

eicosanoic acid (c20) 2.9 ± 2.5 3 ± 0.6 0.4 ± 0.2 0.2 ± 0.03

Methyl-Alkanedioic Acid

Methoxylated Phenol

Alkanoic Acids

Compound (mg/kg) Baseline Control 1 Control 2 Control 3
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salicylic acid 2.8 ± 0.6 1.2 ± 0.9 0.8 ± 0.1 0.1 ± 0.001

vanillic acid 0.1 ± 0.01 0.1 ± 0.004 0.02 ± 0.005 0.004 ± 0.004

2,3-dimethoxybenzoic acid 0.3 ± 0.3 0.1 ± 0.1 0.01 ± 0.01 0.01 ± 0.01

2,4-dimethoxybenzoic acid 0.03 ± 0.02 0.02 ± 0.01 0.01 ± 0.0003 0.0003 ± 0.0003

2,5-dimethoxybenzoic acid 0.01 ± 0.01 0.06 ± 0.01 0.02 ± 0.01 0.001 ± 0.001

2,6-dimethoxybenzoic acid 0.04 ± 0.003 0.02 ± 0.006 0.004 ± 0.002 0.001 ± 0.001

3,4-dimethoxybenzoic acid 0.01 ± 0.01 0.15 ± 0.01 0.05 ± 0.004 0.002 ± 0.002

3,5-dimethoxybenzoic acid 0.04 ± 0.04 0.1 ± 0.1 0.2 ± 0.2 0.004 ± 0.004

homovanillic acid 0.02 ± 0.02 0.1 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

syringic acid 0.04 ± 0.03 0.1 ± 0.02 0.01 ± 0.01 0.0004 ± 0.0004

dehydroabietic acid 0.1 ± 0.1 0.3 ± 0.2 0.2 ± 0.1 0.03 ± 0.01

pimaric acid 0.5 ± 0.1 0.6 ± 0.5 0.4 ± 0.3 0.1 ± 0.1

abietic acid 0.2 ± 0.1 0.2 ± 0.2 0.3 ± 0.1 0.001 ± 0.001

isopimaric acid 0.1 ± 0.003 0.3 ± 0.04 0.2 ± 0.004 0.01 ± 0.007

benzoic acid 6.3 ± 2.8 10.8 ± 0.3 4.6 ± 0.8 1.2 ± 0.2

o-toluic 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.01 0.04 ± 0.01

m-toluic 0.3 ± 0.2 0.5 ± 0.1 0.2 ± 0.03 0.05 ± 0.02

p-toluic 0.2 ± 0.04 0.1 ± 0.1 0.1 ± 0.02 0.01 ± 0.001

isophthalic acid 1.7 ± 1.6 0.4 ± 0.2 0.1 ± 0.1 0.01 ± 0.01

phthalic acid 5.2 ± 0.3 9.5 ± 2.9 1.4 ± 1 1.8 ± 0.1

maleic acid 0.9 ± 0.4 3.8 ± 2.5 2.3 ± 1.1 1.3 ± 0.2

syringaldehyde 0.1 ± 0.1 0.1 ± 0.01 0.01 ± 0.01 0.004 ± 0.004

cis-pinonic acid 13.6 ± 1.4 5.5 ± 1.8 2.6 ± 0.4 0.5 ± 0.001

myristoleic acid 30.2 ± 3.9 25.8 ± 4.5 8.9 ± 0.7 2.6 ± 0.1

traumatic acid 38.6 ± 1.1 21.2 ± 0.2 8.1 ± 0.9 2.3 ± 0.1

isostearic acid 0.2 ± 0.2 0.4 ± 0.2 0.1 ± 0.01 0.004 ± 0.004

sandaracopimaric acid 0.2 ± 0.1 0.4 ± 0.05 0.2 ± 0.03 0.01 ± 0.01

7-oxodehydroabietic acid 0.2 ± 0.1 0.3 ± 0.2 0.1 ± 0.02 0.002 ± 0.002

8,15-Pimaradien-18-oic acid 0.4 ± 0.2 0.1 ± 0.01 0.1 ± 0.04 0.02 ± 0.01

oleic acid 289.8 ± 1.6 127 ± 2.1 45.1 ± 3.4 13.5 ± 1.5

palmitoleic acid 71.3 ± 4 48.3 ± 2.9 21.5 ± 3.3 5.6 ± 0.3

elaidic acid 199.5 ± 1.3 115.3 ± 1.7 40.4 ± 3.3 13.4 ± 1

Aromatic Monocarboxylic Acids

Aromatic Dicarboxylic Acids

Other Polar Organic Compounds

n-Alkenoic Acids
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9.5. Trace Elements and Metals 

9.5.1. Background 

Metals are thought to be very important in PM cellular toxicity. Thirty eight trace 

elements and metals were identified and quantified (Table 9-4). The redox active 

transition metals (Fe, Cr, Cu, Ni, V, Mn) can induce oxidative stress. Redox active 

transition metals can stimulate the formation of reactive oxygen species (ROS) in the 

alveoli including hydroxyl and superoxide anion radicals after inhalation and deposition 

of PM in the lungs. ROS initiates a cascade of reactions and can play an important role in 

oxidative damage to cellular membrane lipids, proteins-enzymes, and DNA. 

Additionally, ROS initiates pulmonary inflammation and through complex mechanisms 

succinic acid (d-c4) 15 ± 2.3 18.2 ± 2.3 6.6 ± 2.5 2 ± 0.2

glutaric acid (d-c5) 16.6 ± 0.4 14.3 ± 0.7 5.9 ± 0.9 1.5 ± 0.1

heptanedioic (pimelic) acid (d-c7) 8.8 ± 0.3 8 ± 2.4 4.4 ± 0.3 0.6 ± 0.1

suberic acid (d-c8) 0.003 ± 0.003 0.04 ± 0.1 0.02 ± 0.02 0

azelaic acid (d-c9) 12.5 ± 0.2 12 ± 2.5 5.6 ± 0.6 1 ± 0.1

sebacic acid (d-c10) 2.7 ± 0.3 3.1 ± 0.2 2 ± 0.3 0.2 ± 0.02

undecanedioic acid (d-c11) 2.6 ± 0.1 2.5 ± 0.05 1.5 ± 0.1 0.2 ± 0.02

dodecanedioic acid (d-c12) 2.5 ± 1.7 2.7 ± 0.2 1.4 ± 0.03 0.2 ± 0.03

1,11-undecanedicarboxylic acid 2.3 ± 0.3 3.1 ± 0.4 1.4 ± 0.1 0.2 ± 0.03

1,12-dodecanedicarboxylic acid 1.1 ± 0.6 1.2 ± 0.3 0.6 ± 0.2 0.1 ± 0.03

hexanedioic (adipic) acid (d-c6) 17.5 ± 3.4 15.3 ± 0.2 7.4 ± 0.7 1.1 ± 0.1

cholesterol 92 ± 8.4 77 ± 4.5 38.4 ± 0.8 6.2 ± 0.2

b-sitosterol 0.2 ± 0.04 0.1 ± 0.1 0.1 ± 0.1 0.005 ± 0.005

mannosan 0.1 ± 0 0.9 ± 0.5 0.2 ± 0.1 0.04 ± 0.02

levoglucosan 1.3 ± 0.8 2.2 ± 0.2 0.9 ± 0.4 0.1 ± 0.004

Total Emission Factor 1598.4 ± 8.5 966.8 ± 11.5 368 ± 35 102.2 ± 2.3

Sterols

Monosaccharide Anhydrides

n-Alkanedioic Acids
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may contribute to the impairment of excision repair mechanisms of DNA and activation 

of oncogenes21.   

9.5.2. Comparison 

Table 9-4 displays the emission factors for the trace elements and metals.  

Table 9-4: Trace Metals Emission Factors (µg/kg) for baseline and control technology  

 

Na 0 0 666.2 ± 15.4 0

Mg 355.6 ± 355.6 75.3 ± 75.3 527.2 ± 46.4 21.4 ± 21.4

Al 659 ± 24.8 75.3 ± 75.3 311.5 ± 57.1 77.5 ± 14.4

Si 1149.5 ± 210.2 75.3 ± 75.3 1440.7 ± 293.1 150.7 ± 51.5

P 2051.5 ± 166 1307.4 ± 50.6 868 ± 60.7 252.3 ± 33

S 15457.4 ± 842.4 13969.4 ± 190.3 10646.4 ± 103.2 1403 ± 136.5

Cl 10894.7 ± 406 8757.1 ± 118.9 9099.2 ± 516.5 872.3 ± 30.1

K 11389.1 ± 177.8 9451.7 ± 270 5497.8 ± 321.5 1449.1 ± 98.3

Ca 862.1 ± 312.3 165.7 ± 95.9 8223.8 ± 443.9 278.1 ± 132.8

Ti 279.2 ± 65.5 40.1 ± 10.5 21.1 ± 21.1 28.8 ± 6.9

V 102.6 ± 90.6 33.8 ± 24 22.1 ± 22.1 9.5 ± 5.2

Cr 62.8 ± 26.9 546 ± 496.5 572.1 ± 572.1 19.1 ± 8.4

Mn 34.6 ± 34.6 57.2 ± 10.1 50.5 ± 40.1 5.2 ± 0.8

Fe 1037 ± 227.1 1996.1 ± 978.8 1489.1 ± 1392.2 260.3 ± 14.9

Co 0 0 0 0

Ni 81.1 ± 8.6 152.6 ± 78.6 157.5 ± 151.4 9.6 ± 0.7

Cu 100 ± 3.5 561.8 ± 282.6 142.6 ± 3.6 32.1 ± 4.1

Zn 868.7 ± 28.8 121.5 ± 63.7 301.2 ± 24.2 155 ± 41.7

Ga 15 ± 15 9.6 ± 2.3 6.2 ± 6.2 0

Ge 3 ± 3 6.1 ± 6.1 2.6 ± 2.6 1.4 ± 0.3

As 0 4.8 ± 4.8 2.6 ± 2.6 0

Se 19.7 ± 7.7 12.1 ± 0.2 1 ± 1 0

Br 121.7 ± 11.4 122.2 ± 21.1 74.1 ± 4.1 13.3 ± 0.7

Rb 59.4 ± 25.1 30.6 ± 13.7 8.7 ± 8.7 5 ± 1.5

Sr 75.6 ± 26.9 3.6 ± 3.6 54 ± 1.5 0.8 ± 0.8

Y 48.3 ± 48.3 0 0 0

Zr 51.7 ± 51.7 17.3 ± 17.3 12.4 ± 12.4 6 ± 1.1

Mo 248.1 ± 48.5 24.1 ± 24.1 47.3 ± 47.3 1.7 ± 1.7

Pd 165.8 ± 165.8 0 0 0

Ag 175.4 ± 175.4 62.9 ± 55.7 0 3.8 ± 3.8

Cd 0 0 13.4 ± 13.4 1.1 ± 1.1

In 0 45.7 ± 45.7 0 5.4 ± 5.4

Sn 466.3 ± 466.3 216.1 ± 216.1 0 0

Sb 0 0 44.3 ± 44.3 0

Ba 0 54.5 ± 32.2 79.3 ± 79.3 8.5 ± 2.5

La 31.2 ± 31.2 85.1 ± 23.4 71 ± 71 0

Hg 10.3 ± 10.3 0 8.2 ± 8.2 2.8 ± 0.4

Pb 59.4 ± 25.1 4.9 ± 4.9 11.8 ± 0.5 3.1 ± 3.1

Trace Metals

Compound (µg/kg) Baseline Control 1 Control 2 Control 3
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Figure 9-6: Trace Elements Emission Factors (mg/kg) 

 

 

Figure 9-7: Redox Active Transition Metals Emission Factors (mg/kg) 
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Figure 9-6 shows the dominant elements to include sulfur, chloride, potassium and 

phosphorous similar to findings with Schauer et al.10 and McDonald et al.7. The use of 

control technologies resulted in reductions for the particle-phase S, K, Cl, and P 

emissions compared to the baseline testing. CT3 exhibited the largest reductions in 

elemental emissions, with S, Cl, and K emissions showing statistically significant 

decreases of 91%, 92%, and 87%, respectively, compared to the baseline experiment. For 

the redox active transition metals (Figure 9-7), iron (Fe), cooper (Cu), and chromium (Cr) 

were the most prominent metals for all cooking processes. It is interesting to note that 

CT1 and CT2 led to some increases for some redox active transition metals compared to 

baseline, whereas CT3 systematically showed lower metal emissions than baseline. Trace 

elements and metals can be found in meat and subsequently could be released during 

meat cooking processes. It is theorized that metal species such as Fe, Cu, and Ni can be 

released from the meat itself, but also leached from the stainless steel in-hood cartridges 

utilized in CT1. Specifically, for CT3, Ni and Cu emissions showed marginally 

statistically significant reductions of 88% and 68%, respectively.  

 

9.6.  Heterocyclic Aromatic Amines (HAAs) 

9.6.1. Background 

Heterocyclic aromatic amines (HAAs) are mutagenic and carcinogenic compounds that 

are present at parts per billion levels in cooked muscle foods, mainly meat and fish, and 

can be present in cooking aerosol emissions. Formation of thermic HAAs is the result of 
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complex reactions that involve creatine/creatinine, free amino acids, and sugars through 

the Maillard reaction at temperatures between 150 °C and 250 °C22. The compounds 2-

Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) and 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP) are the most abundant of the HAAs formed in 

cooked meat23. These compounds along with 2-Amino-3-methylimidazo[4,5-f]quinoline 

(IQ) and 2-amino-3,4-dimethylimidazo[4,5-f]quinoline (MeIQ) are listed by the U.S. 

Department of Health and Human Services as compounds reasonably anticipated to be 

human carcinogens. In addition, IARC categorized MeIQ, MeIQx, and PhIP as 

reasonably anticipated to be a human carcinogen and IQ as a probable human 

carcinogen23. 

9.6.2. Comparison  

HAA emission factors are shown below (Table 9-5). The major HAA particle-phase 

species was 4,8-DiMeIQx. Generally, for all HAAs in the particle-phase CT3 showed 

reduction compared to baseline while PhIP and Iqx were the major gas-phase HAA 

species. Overall, the vapor-phase HAAs were detected in higher concentrations than the 

particle-phase HAs. For the particle-phase HAAs, the most dominant compounds were 2-

amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline and 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine emissions followed by 2-amino-3-methyl-9H-pyrido[2,3-

b]indole and 2-amino-3-methylimidazo[4,5-f]quinoxaline. For the vapor-phase HAAs, 

the most dominant compounds were 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 

and 2-amino-3-methylimidazo[4,5-f]quinoxaline. The results reported here generally 
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showed some large reductions in HAA emission rates with the use of CTs compared to 

the baseline testing, with the largest reductions observed for CT3. For the vapor-phase, 

the reductions in 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine emissions were 

statistically significant for all three CTs compared to the baseline testing. For the vapor-

phase 2-amino-3-methylimidazo[4,5-f]quinoxaline emissions, the reductions were 

marginally statistically significant for CT2 and statistically significant for CT3 compared 

to the baseline testing.   

Table 9-5: HAA Emission Factors (ng/kg) 

 

9.7. Chemical Reactivity and Cellular Assays  

9.7.1. Background 

When exposed to the stress of chemical insults, there are two types of responses. These 

include an adaptive or apoptotic (cell death) response. This overall response is called 

hormesis and is characterized by a “U” shaped curve in response to increasing levels of 

Baseline Control 1 Control 2 Control 3

Species

4,8-DiMeIQx 493 ± 454.6 64.6 ± 1.5 25.7 ± 10.2 6.0

PhIP* -- 93.4 ± 26.5 41.6 ± 1.1 44 ± 15.5

MeAaC* 3.9 4.3 1.8 0.8 ± 0.1

Iqx 5.4 5.4 2.3 ± 0.02 0.16

Species

4,8-DiMeIQx 33.1 ± 30.6 13.5 ± 0.3 7.8 ± 3.1 1.1 ± 1.1

PhIP 1024 ± 22 355.8 ± 2.9 162.3 ± 0.1 33.5 ± 0.3

Iqx 224.5 ± 224.5 81.1 ± 81.1 341.2 ± 2.9 7.6 ± 7.6

AaC 0 1703.4 ± 1015.7 0 29.4 ± 29.4

Particle-phase

Gas-phase
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chemical challenge24 in which at lower concentrations, an adaptive cellular response 

occurs where the cell or organism responds by initiating a series of responses that serve 

to ameliorate the chemical challenge. As the concentration or intensity of the chemical 

insult increases, the cell or organism is overwhelmed and the process of programmed cell 

death or apoptosis takes place. The adaptive response can be one of reducing the 

concentration of the offending species by increasing relevant enzymes (response A) or 

altering the cell or organ physiology to initiate a generalized protective response, 

inflammation (response B). In the case of the latter, inflammatory response, the overall 

effect could be viewed as adverse, since this condition can exacerbate an existing health 

condition such as asthma. However, from the perspective of the survival of the organism, 

the response promotes survival events, such as removal of offending organisms in the 

case of infections. Environmental exposures commonly fall into the low concentration 

range in which the adaptive responses take place. Figure 9-8 summarizes two key 

adaptive events and the markers used to determine their intensities and relative 

contributions. A normal cell in its resting state is shown with a mixture of proteins (dark 

blue), mitochondria (grey) and the nucleus (pink). An environmental aerosol is shown as 

a mixture of vapors and particles of various sizes, including fine and coarse particles that 

have outer coatings, typically organic material. Upon exposure to the reactive species 

present in the aerosol mixture, a state of chemical stress is induced in which some 

proteins are oxidized (light blue) or modified (brown). These changes can lead to two 

overall responses, a protective pathway (A) in which the Keap-1/Nrf2 transcription 

system25,26 is activated and the expression of protective proteins such as glutathione 
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synthases, quinone reductases and hemeoxygenase-1 is increased. The expression of 

hemeoxygenase-1 (HO-1) is one of the more robust responses to ARE activation and is 

used as a marker for the response27-29. Other proteins in this response serve to reduce the 

stress in the cell and the cell returns to normalcy.  Alternatively, the cell can initiate the 

inflammatory response (path b) by activating the NFκB transcription factor, increasing 

expression of proinflammatory cytokines, including tumor necrosis factor alpha (TNFα). 

This latter response can be considered an adverse one in the context of air pollution 

toxicity since it would include responses that exacerbate a disease such as asthma. 

 

Figure 9-8: Schematic of cell responses, to chemical insults.  When challenged by a 

mixture of prooxidants and electrophiles, the cell can respond in two pathways, protective 

(A) and inflammatory (B) 
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The overall response by cells to a mixture of chemicals such as that found in an air 

pollution aerosol, appears to be the net effect between the protective response, which 

reduces the impact, and the inflammatory response which stimulates another cellular and 

organ response. The reactive chemicals in aerosols are redox active or electrophilic, i.e., 

capable of generating reactive oxygen or forming covalent bonds. We have developed 

two chemical assays designed to provide a quantitative measure of the reactivities of air 

pollution samples, to be used as predictors of potential biological effects. The assays are a 

DTT based prooxidant assay and a GAPDH based electrophile assay and have been 

applied to particle and vapor samples from the exhaust of each control device and 

baseline exhaust. To characterize the biological responses to aerosol exposure, assays for 

the protective response (hemeoxygenase-1 induction) and for the proinflammatory 

response have been developed. Prooxidants alter the intracellular chemistry by changing 

the ratio of oxidized to reduced antioxidant compounds. The most notable of these 

species is glutathione, a cysteine containing tripeptide whose thiol function is maintained 

in the reduced state by the cell. As the ratio of reduced to oxidized state decreases for 

cellular antioxidants, a state of oxidative stress results and the events shown in Figure 9-8 

can occur. 

 

9.7.2. Discussion of Chemical Reactivity Assays 

Redox activity is believed to reflect the ability to generate ROS, which induces oxidative 

stress. Studies have linked adverse health effects to oxidative stress, which is initiated by 

the formation of ROS within damaged cells30. The redox activity (Figure 9-9), was 
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determined by the DTT assay for both the particle-phase and gas-phase components of 

cooking emissions. Only one DTT sample was available from the particle-phase for 

baseline. CT1 exhibited similar redox activity as baseline for particle-phase samples, 

whereas CT2 and CT3 showed significant decreases in redox activity of 67% and 97%, 

respectively. The prooxidant content of the vapor-phase PM samples was lower than that 

for the particle-phase, a finding the UCLA group has made for ambient air samples as 

well31. The results suggest that charbroiled cooking emissions contain more redox-active 

constituents in the particle-phase than the vapor-phase of PM emissions. The results show 

that all three control technologies resulted in reductions in DTT activity compared to the 

baseline testing, with Control 3 showing the lowest redox activity in the vapor-phase PM 

emissions. The reductions in DTT activity for the control technologies compared to the 

baseline testing ranged from 57% to 97% and were all statistically significant. The gas-

phase redox activity was lower than the particle-phase. All three CTs reduced gas-phase 

DTT activity with CT3 showing the greatest reductions in redox activity. The DTT 

activity was lowered by 57%, 79%, and 97% for CT1, CT2 and CT3, respectively.  

The fraction of DTT-based redox activity was attributed to metal ions was evaluated by 

comparing DTT activity in the presence and absence of DTPA (Figure 9-10). DTPA is a 

metal chelator that binds copper and iron and prevents redox activity. As the Fenton 

reaction is catalyzed by transition metals, DHBA formation should be completely 

blocked by DTPA. The baseline ROS was 100% inhibited by DTPA indicating that all of 

the measured prooxidant activity was due to metals (Figure 9-10). Exhaust after CT1, 

CT2, and CT3 retained about 17% (5.09 prooxidants/m3*min), 15% (1.77 
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prooxidants/m3*min), and 24% of the total prooxidant activity (0.16 

prooxidants/m3*min), respectively. While a vast majority of the prooxidants is attributed 

to transition metals, the CT results with DTPA suggest that other compounds are present 

in the exhaust contributing to ROS.   

 

Figure 9-9: Redox activity of the particle-phase and gas-phase components of PM 

 

Figure 9-10: Redox activity in the presence of the metal chelator DTPA for the particle-

phase PM 

8

6

4

2

0

D
T

T
 A

c
ti

v
it

y
 (

P
ro

o
x

id
a

n
ts

/m
3
*m

in
)

Baseline CT1 CT2 CT3

 Particle Phase
 Vapor Phase

8

6

4

2

0

D
T

P
A

 D
T

T
 A

c
ti

v
it

y
 (

P
ro

o
x

id
a

n
ts

/m
3
*m

in
)

Baseline CT1 CT2 CT3



243 

 

In addition to the ability of PM to induce cellular stress by generating ROS, aerosols 

contain several electrophiles which can react with cellular components, initiating a 

second general pathway for toxicity. Electrophiles alter tissue proteins by forming 

covalent bonds with nucleophilic functions such as cysteine thiols and lysine amino 

groups on component amino acids of proteins.  In contrast to the actions of prooxidants, 

the resulting modified proteins must be replaced by renewed synthesis and if the 

replacement is slow, continued exposure to electrophiles can result in deficits in key 

proteins. The electrophile content of the samples was determined by GAPDH inhibitory 

actions. Through their chemical actions, both prooxidants and electrophiles can activate 

the Nrf2/keap 1 or NFκB transcription systems that lead to protection or inflammation, 

respectively. The gas-phase PM components generally exhibited higher electrophile 

content than the PM (Figure 9-11). Semi-volatile gas-phase electrophile activity showed 

statistically significant reductions of 84%, 87%, and 97% for CT1, CT2 and CT3, 

respectively. The PM showed a slight increase in GAPDH while CT2 and CT3 reduced 

GAPDH by 34% and 88%, respectively. Overall, the smaller ROS and GAPDH 

reductions for CT1 relative to CT2 and CT3 and consistent with the lower efficiency of 

the CT1 technology in controlling semi-volatile and PM emissions (Chapter 8). It is 

theorized that particle-bound species, such as PAHs and metals significantly contributed 

to the overall redox activity of the PM. The increase in electrophiles for Control 1 could 

be due to the higher total gas-phase PAH emission rates including a number of 

oxygenated PAHs such as PAH-quinones and PAH-aldehydes.    
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Figure 9-11: Electrophilic content of the particle-phase and gas-phase components of PM 

 

9.7.3. Discussion of Cellular Assays  

The two responses associated with exposure, protective and inflammatory, path (A) and 

path (B) of Figure 9-8 were monitored by determining levels of hemeoxygenase-1 (HO-

1) for path (A) and tumor necrosis factor alpha (TNFα) for path B. HO-1 is thought to be 

an antioxidant enzyme, acting by using oxygen to oxidize heme to bileverdin32 generating 

carbon monoxide, a cellular signaling molecule. It is one of many proteins whose 

expression is increased upon the activation of the ARE (see Figure 9-8) that are 

associated with the protective responses of cells. HO-1 expression is used here as a 

marker for ARE activation because its expression is more robust and easily measured.   
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Figure 9-12 shows the expression levels of TNFα and HO-1 following exposure to 

samples from the indicted control systems and baseline. The values have been corrected 

for expression by control filter extracts and for differences between experiments by 

normalization to the standards, LPS for TNFα and diesel exhaust particle sample (DEP) 

for HO-1. The negative values for Control 1 and Control 2 samples indicate the TNFα 

expression due to filter extracts was suppressed by the samples. A possible explanation 

for this effect is the activation of the protective response (path A, Figure 9-8) by 

components of the samples which could suppress the effects of the components 

promoting the inflammatory response (path B, Figure 9-8). Consistent with this notion, 

the expression of the protective response marker, HO-1 negatively correlated with the 

TNFα expression values (Figure 9-13). 

 

 

Figure 9-12: Expression of TNFa and HO-1 following exposure of Raw 264.7 cells to 

PM components   
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Figure 9-13: Correlation plot of cell responses for PM samples 

 

As we have observed with ambient air samples, expression of HO-1 by Control 1 and 

Control 2 vapor-phase samples was higher than that for the corresponding particle-phase 

samples when expressed per volume of air collected (Figure 9-14). Similar to the PM 

data, the TNFα expression was also negative and the samples for Control 1 and Control 2 

exhibited a similar trend, with the values exhibiting a negative correlation (Figure 9-15). 

 

Figure 9-14: Vapor-phase TNFα and HO-1 expression 
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Figure 9-15: Correlation plot of vapor-phase TNFα vs. HO-1 expression for Control 1 

and Control 2.  Pearson coefficient is 0.85 with a p value <0.065   

 

The dominant cellular response observed with cooking PM emissions is the increased 

expression of HO-1, the marker for protective response by samples from both the 

particle- and vapor-phases. It is surmised that the protective response suppresses the 

inflammatory response due not only to inflammatory components in the samples 

themselves but due to extracts of the blank filters for the PM and the solvent DMSO used 

to suspend the XAD extracts. In support of this contention, we note the negative 

correlation between the HO-1 and TNFα responses for those samples (Control 1 and 

Control 2) for which finite values of each response are available.    

Prooxidants and electrophiles activate the antioxidant/electrophile response element 

(ARE), which regulates other antioxidant and phase II enzymes that serve to reduce the 

intracellular concentration of reactive chemical species33,34. Higher levels of these 

enzymes protect cells from further insult by metabolically altering reactive chemicals to 
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unreactive compounds. As a recent example of this effect from this study, pre-exposure 

to vapor-phase components with high HO-1 inducing capacity attenuate the particle 

induced TNFα expression with a corresponding activation of the ARE in ambient air 

samples collected in the Los Angeles Basin. 

 

9.8. Association between Chemical Species and Health Assays 

Oxidative potential, electrophilic properties, and inflammatory responses and regression 

analysis was conducted between the activities measured by the different assays and major 

chemical constituents in each extract. Correlation tables for PM-phase extracts are 

summarized (Table 9-6). The particle-phase DTT correlated strongly with both particle-

phase GAPDH (R2=0.91) and HO-1 (R2=0.93) assays and OC (R2=0.97). The DTT assay 

was also moderately correlated with naphthalene, phenanthrene, fluorene and total 

organic acids. The relatively high correlation of DTT with organic acids was quite 

unexpected since these compounds are less likely to be involved in oxidation stress 

mechanisms. Reasonable correlations were also observed for total PAHs, vanadium, iron, 

cooper, and the sum of metals and elements. Previous studies have also shown good 

correlations between the PAH content of diesel PM and DTT33.  

The DTT correlated better with OC and other organic material than metals. Previous 

studies have shown strong correlations between the redox active metal and the DTT 

consumption rate35. The majority of these studies were conducted on diesel and/or 

gasoline vehicles/engines exhaust where metals and trace elements contribute a greater 

fraction of PM due to engine wear, lubrication oil, and fuel. Observations in this study 
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did not show important correlations between redox-active transition metals mainly due 

their concentrations relative to other combustion PM.  

The particle-phase extract GAPDH assay showed good correlations with HO-1 

expression, naphthalene, fluorene, OC, and total organic acids. The high correlation 

between GAPDH and total organic acids may not necessarily reflect their electrophilic 

activity, but rather the correlation of their concentration in the particle-phase. Unlike the 

DTT assay, the GAPDH assay showed better correlations with some transition metals, 

including chromium, iron, manganese, nickel, and cooper. The particle-phase HO-1 assay 

exhibited significantly strong correlations with naphthalene, phenanthrene, fluorene, OC, 

and total organic acids. Reasonable correlations were seen observed with total PAHs, 1,4-

naphthoquinone, vanadium, and the sum of metals and trace elements. 
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Table 9-6: Correlation for PM chemical constituents and particle-phase assays 

  particle-phase 

DTT vs. 

particle-phase 

GAPDH vs. 

particle-phase 

HO-1 vs. 

GAPDH 0.91  -  - 

HO-1 0.71 0.92 -  

Total PAHs 0.46 0.21 0.03 

Naphthalene 0.73 0.59 0.31 

Phenanthrene 0.65 0.40 0.15 

Fluorene 0.84 0.67 0.36 

1,4-Naphthoquinone 0.46 0.21 0.03 

OC 0.97 0.88 0.65 

EC 0.90 0.65 0.41 

V 0.55 0.30 0.08 

Cr 0.03 0.23 0.42 

Mn 0.40 0.69 0.78 

Fe 0.42 0.72 0.87 

Ni 0.23 0.51 0.62 

Cu 0.36 0.57 0.81 

Sum of Metals & 

Elements 

0.62 0.70 0.51 

Total Organic Acids 0.85 0.61 0.34 

 

DTT activity of the semi-volatile extracts correlated significantly well with the 

electrophile content (Table 9-7). The DTT assay also showed significantly strong 
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correlations with the total gas-phase PAHs, 1,4-naphthoquinone, and total carbonyls, and 

moderately correlated with OC, phenanthrene, and acrolein. Electrophiles did not show 

any correlation with the HO-1 response, but showed a reasonable correlation with 

acrolein and total carbonyls. They also exhibited good correlations with the gas-phase 

total PAHs and 1,4-naphthoquinone.  

Table 9-7: Correlation for Semi-volatile extract chemical constituents and assays 

  vapor-phase 

DTT vs. 

vapor-phase 

GAPDH vs. 

vapor-phase 

HO-1 vs. 

GAPDH 0.92 -  -  

HO-1 0.04 -  - 

Total PAHs 0.97 0.82 0.11 

Naphthalene 0.23 0.26 0.01 

Phenanthrene 0.50 0.23 0.68 

Fluorene 0.21 0.03 0.91 

1,4-Naphthoquinone 0.97 0.98 - 

OC 0.78 0.52 0.39 

Acrolein 0.61 0.41 0.32 

Total Carbonyls 0.95 0.76 0.15 

 

The correlations of the DTPA sensitive component of DTT activity (difference between 

total DTT activity and the DTPA inhibited activity) with measured transition metals was 

examined (Table 9-8). The DTT with DTPA assay showed significant correlations with 

total DTT and HO-1 response. A reasonable correlation was also seen for the electrophile 
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content and total particle-phase PAHs. The correlations between Mn, Fe, Ni, and Cu were 

rather minor, with the exception of vanadium. The higher correlation of HO-1 induction 

with DTPA sensitive DTT activity would suggest a major contribution by metals. This 

result is supported by the reasonable good correlation observed for HO-1 induction with 

soluble Fe and Cu ions. This phenomenon could be due to the possible complexation of 

metals by organic structures on particles as described by Ghio and his coworkers36-38.  

These investigators suggest that redox metals could complex with the poly oxygenated 

structures found in humic like substances (HULIS) found in air pollution to form 

complexes which promote access to cell interiors where the redox metals can generate 

reactive oxygen and cause oxidative stress. In general metal ions do not readily penetrate 

cell membranes so their actions may be mostly extracellular unless complexed with 

organic structures whose properties allows intracellular access.   
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Table 9-8: Correlation for PM chemical constituents and DTPA DTT activity 

  DTPA DTT vs. 

DTT 0.97 

HO-1 0.57 

GAPDH 0.81 

Total PAHs 0.61 

V 0.70 

Cr - 

Mn 0.30 

Fe 0.30 

Ni 0.15 

Cu 0.22 

Sum of Metals & 

Elements 

0.62 

 

9.9. Summary 

Most trace elements and metals were reduced showed with the use of control 

technologies including the redox active transition metals. Consistent with previous 

studies, the major elements for all cooking processes were sulfur (S), potassium (K), 

chloride (Cl), and phosphorus (P), which was reduced by each CT. Nitrate (NO3
-) and 

sulfate (SO4
2-) were the predominant inorganic ions detected for all cooking processes. 

Both ionic species showed decreases with the use of CTs.  
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Organic acids were decreased for all CTs with CT3 systematically showing the greatest 

removal of organic acids. The major saturated fatty acids were nonanoic, myristic, 

palmitic, and stearic acids, while oleic, elaidic, and palmitoleic acids were the major 

unsaturated fatty acids. Dicarboxylic acids were found in lower concentrations than 

alkanoic and alkenoic acids. CTs decreased emissions for all fatty acids. Cholesterol and 

other molecular biomarkers were also identified. Cholesterol emission rates were 

decreased by all three CTs.  

Total particle-phase PAH and oxy-PAH emissions exceeded total semi-volatile PAH and 

oxy-PAH emissions. The major semi-volatile PAHs were naphthalene and ethyl- and 

methyl-substituted napthalenes. The CTs reduced both particle- and gas-phase PAH 

emissions generally decreased with the use of control technologies compared to the 

baseline testing. For nitro-PAH emissions, light and medium molecular-weight 

compounds dominated both the particle- and gas-phase profiles. Similar to their parent 

PAHs, particle-phase nitro-PAHs were measured in higher concentrations than gas-phase 

nitro-PAH emissions. The species 1-nitropyrene, a known human carcinogen, was 

detected in both phases at relatively high levels and decreased with the use of control 

technologies compared to the baseline testing. All nitrate PAH species showed decreases 

with the control technologies compared to the baseline testing, with some decreases being 

statistically significant. 

The heterocyclic aromatic amines (HAAs) were analyzed in both the gas- and particle-

phase PM emissions, with most of these compounds being below the detection limits of 



255 

 

the analytical method. The formation of HAAs requires some complex chemical reactions 

and results suggest that most of these species were rarely detected in meat cooking PM 

emissions. This study showed that semi-volatile HAA emission rates were higher than 

those found for the particle-phase PM samples. The CTs reduced semi-volatile and 

particle-phase HAAs.  

Generally, particles contained higher levels of prooxidants while the semi-volatile 

extracts contained higher levels of electrophiles. Prooxidant and electrophile contents 

were good predictors of the hemeoxygenase-1 response to challenges by particles from 

the cooking aerosols. The chemical species responsible for this effect appears to be 

organic in nature because of the high correlation with organic carbon content. The 

induction of HO-1 by these reactive species appears to reflect an overall activation of the 

ARE, which may be responsible for a negative or null TNFα response by the cells. 

Overall, the control devices were capable of reducing potentially hazardous components 

in the cooking aerosols with varying effectiveness. The results indicate the order of 

effectiveness to be Control 3>Control 2>Control 1.    
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Chapter Ten:  Development of New PM Test Protocol 

and Characterization of PM Formation and Growth 

from Natural Gas Turbines   

10.1. Abstract 

The primary objective of this study was to characterize the effect of dilution on PM mass 

from a 14 MW, simple cycle, natural gas (NG) fueled turbine. A dilution sampler was 

developed with the capability of varying relative humidity, dilution temperature, and 

dilution ratio and residence time. Dilution ratios were varied in this study, from ~ 10 to 

40:1 while residence times were varied from 20 to 250 seconds. Results show PM 

measured mass concentrations in the turbine exhaust ranged from ~ 0.1 to 20 µg/m3. The 

highest PM mass concentrations were observed for low dilution ratios and high residence 

times, while lowest PM mass concentrations were observed with high dilution ratios and 

short residence times. PM mass concentrations began to plateau for residence times and 

dilution ratios greater than 100 seconds and 25:1, respectively. Significant differences 

were observed with the dilution tunnel, SCAQMD Method 5.1 and EPA Method 

201A/202. Filter samples for both regulatory methods show negative values, indicative of 

both the low PM mass concentrations in the NG turbine exhaust and filter fibers being 

lost to the filter holder during sampling.            
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10.2. Introduction 

NG turbines have very low PM concentrations in the effluent. Current methodology used 

to measure PM from natural gas turbines introduces inherent biases, uncertainty and lack 

of precision1,2. England et al.3 showed there to be significant run to run variability in PM 

measured by EPA Method 201A/202.      

 Dilution sampling has been used as the standard reference for characterizing PM 

emissions from vehicular exhaust4. Dilution sampling in conjunction with real-time PM 

instrumentation has the potential to greatly improve sensitivity and reliability of PM 

emission measurements from NG turbines. Dilution sampling as an alternative to Method 

201A/202 and Method 5.1 is explored in this work.          

10.3. Description of Turbine  

The unit tested was a Solar Titan™ 130 Turbine equipped with selective catalytic 

reduction (SCR) and an ammonia slip catalyst. The central utility plant at the turbine site 

used a cogeneration design based on a 13.5 MW Solar Titan gas turbine generator and a 

heat recovery generator that produced ~58,000 lb/hr of steam unfired and 120,000 lb/hr 

with a duct burner. The steam produced was 230 to 240 psig, slightly superheated, and 

was fed to a condensing steam turbine, which drove a 5MW generator. The gas turbine 

facility tracked the required electrical load. The steam chiller was operated when steam 

was not needed for space heating with the turbine generator continuously modulated to 
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maintain the steam header pressure. This tracking was performed manually by the turbine 

operators with the goal of minimizing export to the power to the grid.  

The Solar Model Titan™ 130 gas turbine two-shaft for compressor and mechanical drive 

applications are designed to deliver a simple-cycle thermal efficiency of 36 percent. The 

turbine at this test site was a combined cycle gas turbine with a Deltak Heat Recovery 

Steam Generator (HRSG). The turbine utilized low-NOx combustion technology 

(SoLoNOx Combustion System) capable of achieving NOx and CO emissions of 10 

ppmv and 20 ppmv, respectively. To further reduce NOx and CO emissions from the 

turbine, selective catalytic reduction (SCR) technology and CO catalysts were included as 

exhaust treatment. SCR and CO catalysts are considered best available technology 

(BACT), and are reliable, proven technologies that reduce NOx and CO emissions to 2 

ppmv and 3 ppmv, respectively. SCR relies upon injection ammonia vapor (NH3) into the 

flue gases and subsequent reaction on a downstream catalyst to reduce NOx to elemental 

nitrogen and water. Ammonia emissions were limited to 5 ppmv based upon their South 

Coast Air Quality Management District (SCAQMD) Permit to Operate.  

10.4. Design of PM Dilution Sampling System  

A critical part of this study was to design a dilution system with the capability of varying 

dilution ratio, residence time, dilution temperature and relative humidity while 

monitoring changes in real-time with electronic PM instrumentation. This parametric 

study included residence time, dilution ratio, quench rate, sample temperature and 
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relative humidity. The design specifications of the mixing and residence sections of the 

dilution sampler are summarized (Table 10-1).  

Table 10-1: Dilution Sampler Specifications 

 

 

The UCR dilution system is shown (Figure 10-1). The system pulled a fixed sample flow 

through an in-stack PM2.5 cyclone at stack temperature. The sample was diluted with 

particle-free (ULPA filtered) and VOC free air. The mixing section is composed of a 

stainless steel metal frit, where the sample stream is surrounded by dilution air introduced 

through small pores in the metal frit. The mixed sample is then sent through a residence 

chamber to allow particles to grow. The residence times were controlled by restricting 

flow through the mass flow meters (MFMs) with PID controlled solenoid valves.  

Residence Time sec 10 30 50

Length inch 38 38 38

Diameter inch 5.8 5.8 5.8

DR -- 10,30,50 10,30,50 10,30,50

Sample Flow Rate LPM 15 15 15

Aging Flow Rate LPM 100 33 20

Bypass Flow Rate LPM 65,365,665 132,432,732 145,445,745

Reynolds # -- 844 844 844

Residence Chamber Specifications

Residence Time sec 10 30 50

Total Mixing Diameter inch

Mixing Length inch

Total FR Mixing LPM 165 465 765

Reynolds # -- 8359 23557 38775

Mixing Section Specifications

1

10
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Figure 10-1: UCR Dilution System 

 

10.5. Sampling and Analysis 

Total PM2.5 mass was determined by gravimetric analysis of 2µm, 47mm Teflo® (Pall 

Gelman, Ann Arbor, MI) filters. The filter masses were measured with a Mettler Toledo 

UMX2 microbalance and were weighing according to the Code of Federal Regulations 

(CFR)5. Particle size distributions were collected using a TSI Scanning Mobility Particle 

Spectrometer (3085 short column, TSI 3776 CPC) for smaller particles and a custom built 

T: Teflon 

Q: Quartz 

MFM: Mass Flow Meter  
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SMPS (radial DMA, mixing CPC) for larger particle sizes. EPA Method 201A/202 and 

SCAQMD Method 5.1 were used as the current protocol PM collection methods for 

stationary sources.  

10.6. Results and Discussion 

Initially, two sample matrices (Tables 10-2 and 10-3) were used to sample the NG turbine 

with the UCR Dilution system. These matrices changed the dilution ratio and residence 

times while keeping the dilution temperature (~25 ºC) and relative humidity (~60%) at 

ambient levels. The first matrix (Table 10-2) was used to scan through residence times in 

a stepwise manner while holding residence time constant. Additionally, the protocol 

methods, SCAQMD Method 5.1 and EPA Method 201A/202 were used to measure PM 

from the new effluent. Additionally, the ammonia levels were measured at the beginning 

and end of the testing.  

Table 10-2: Scanning up Residence Times 

 
 

The second sample matrix (Table 10-3) was further used to determine changes in PM 

from different dilution ratio and residence times.  

Dilution Ratio Residence Time (s)

10,25,40 10

10,25,40 20

10,25,40 30

10,25,40 40

10,25,40 50

10,25,40 60

10,25,40 70

10,25,40 80

10,25,40 90
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Table 10-3: Initial Matrix 

 
 

The test matrix was ultimately altered based on the operational load of the turbine. 

Particles were observed for days with a high load (~14 MW) down to very high dilution 

and low residence time settings.  Much lower PM mass concentrations were observed 

when the turbine was operated at lower load points (~9MW) dropping in some cases 

below ambient levels. Therefore, the test matrix was modified to incorporate lower 

dilution ratio and lower residence time endpoints for lower load point days to obtain 

higher PM mass concentrations.   

 

Dilution Ratio Residence Time (s)

10 10,30,50

10 10,30,50

10 10,30,50

25 10,30,50

25 10,30,50

25 10,30,50

40 10,30,50

40 10,30,50

40 10,30,50
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Figure 10-2: PN: Scanning through Residence Times (a) DR = 10 (b) DR = 18 (c) DR = 25
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Figure 10-3: PM Mass: Scanning through Residence Times (a) DR = 10 (b) DR = 18 (c) DR = 25
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Figure 10-2 shows the size distributions obtained by the nano SMPS versus residence 

times and dilution ratio after accounting for dilution ratio. An increase in residence time 

at a fixed dilution ratio (Figure 10-2 a, b, c) led a shift to larger particle diameter and 

increased particle number concentration. The effluent PM mass based size concentrations 

are shown in Figure 10-3. PM mass concentration increased with increasing residence 

time for each fixed 10, 18 and 25:1 dilution ratio settings. The integrated PM mass 

concentrations in the NG effluent ranged from 0.07 to 1.6 µg/m3, well below the NAAQS 

hour limit for PM2.5 of 12 µg/m3.   

The integrated PM mass concentrations (after correcting for dilution ratio) are displayed 

as a function of the residence times and dilution ratios (Figure 10-4 and 10-5). This data 

is also presented as a function of the turbine operational load as represented by the color 

scale. The integrated mass concentration as a function of the residence times for the 

varying dilution ratios used throughout this study is provided (Figure 10-4). Increasing 

residence times led to higher PM mass concentrations for fixed dilution ratios of 10, 18, 

24 and 38. The PM mass plateaus above a residence time of approximately 80s. Overall, 

the vast majority of the concentrations in the NG effluent are well below 1 µg/m3.  

 

Figure 10-5 below shows the effect of dilution ratio on particle mass concentration 

corrected for dilution ratio. Overall, higher PM mass concentrations are observed as 

dilution ratio is lowered. Figures 10-5 (b-c) are separated from Figure 10-5 (a) based on 

residence time to more clearly observe the overall trends. The PM mass concentration 

begins to plateau for the majority of the fixed residence time settings at approximately 
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25:1. The mass concentrations observed at a dilution ratio setting of 10:1 exceed 10 

µg/m3 where at higher dilution ratios, the PM mass concentrations were well below 1 

µg/m3. The PM mass concentrations begin to decrease as the dilution ratio increases 

above 10:1 due to limitations in available condensable hydrocarbon and sulfur containing 

species.    
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Figure 10-4: PM Mass Concentrations as a Function of Varying Residence Times (a) DR = 10 (b) DR = 18 (c) DR = 24 (d) DR 

= 24 (e) DR = 38
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Figure 10-5: PM Mass Concentrations as a Function of Varying Dilution Ratios  

(a) R.T. = 20s (b) R.T. = 40s (c) R.T. = 80 (d) R.T. = 160s (e) R.T. = 250s 

 

The NG emissions factor for the PM protocol test methods is shown (Figure 10-6). 

Overall, a total of five SCAQMD Method 5.1 samples and four EPA Method 201A/202 
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and inorganic condensable fraction of PM. Both methods were operated together on two 

test days. The PM mass emission factor for EPA Method 201A/202 (140324) was higher 

than SCAQMD M5.1 (140324) while SCAQMD M5.1 (140402) had higher PM emission 

factors than EPA Method 201A/202 (140402). A Teflon based non-fibrous filter is 

recommended to improve filter based PM sensitivity.   

  

Figure 10-6: PM Protocol Methods (a) SCAQMD Method 5.1 (b) EPA Method 201A/202 

 

The PM mass concentrations are compared between both the protocol methods and the 

dilution sampler (Figure 10-7). The PM mass concentrations for the dilution sampler as a 

function of varying dilution ratio and residence time are well below the PM mass 

concentrations from M5.1 and M201A/202. Highest PM mass concentrations 

characterized with the UCR dilution sampler extend to ~ 20 µg/m3 compared to ~7-10 

mg/m3 measured by the protocol methods. Large differences in PM mass concentrations 

can be attributed to positive artifact associated with the protocol methods.       
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Figure 10-7: Comparison of Different PM Measurement Methods 

 

 

10.7. Summary/Conclusions 
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ratios ~25:1. Overall, results suggest that PM mass measured by SCAQMD M5.1 and 

EPA M201A/202 (~9 mg/m3) was significantly higher than the highest PM mass 

measured by the dilution sampler (~20 µg/m3). Ultimately, these differences can be 

attributed to positive biases associated with the protocol methods.    
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Chapter Eleven:  Conclusions 

This research was categorized into three main sections. The first section characterizes 

emissions from novel fuels and control technologies on OGVs, harbor craft/marine 

vessels and heavy duty vehicles. Secondly, commercial cooking emissions including both 

PM and gaseous air toxics were characterized and the effectiveness of novel control 

technologies was evaluated. Third, a study characterizing PM emissions from natural gas 

turbines were characterized with a new PM test method and compared to traditional 

impinger based protocol methods.  

Chapter 2 investigates the criteria pollutants, ultrafine particles and black carbon from a 

low sulfur HFO fuel on a VLCC at sea. Results from this study show that PM2.5 

emissions were ~3 times higher than MGO. Compared to traditional HFO on medium 

speed OGVs, PM2.5 emissions was only reduced by a factor of ~2. Higher PM2.5 with low 

sulfur HFO compared to MGO was attributed to the higher viscosity with HFO. Overall, 

NOx emissions were similar for both fuels as well. Implications from this study suggest 

that further study is needed on low and high speed OGVs operating on low sulfur HFO.             

Chapter 3 investigates the effects of 1st and 2nd generation biofuels on the criteria 

pollutants and ultrafine particles from a high emitting marine diesel engine. NOx 

emissions were unchanged when switching to CARB ULSD, which was attributed to the 

lower cylinder efficiency and compression ratios in the engine. PM2.5 emissions were 
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similar between CARB ULSD and R50, while there was an overall ~63% reduction with 

B100 compared to CARB ULSD. Bimodal particle size distributions were observed with 

B100 at 25% and 50% load points with high OC/EC ratios. Implications from this study 

suggest that high emitting engines may not show the typical fuel trends expected from 

biofuels.      

Chapter 4 investigates the effect of a renewable fuel on in-use criteria pollutants and PM 

emissions from a marine vessel. Emission measurements were made with a baseline 

ultra-low sulfur diesel (ULSD) and a 33:67 blend of ULSD and sugarcane renewable fuel 

(S33). PM2.5 emissions showed no statistically significant reductions when switching fuel 

from ULSD to S33. Ultimately, this was explained by the similarities in sulfur, ash and 

viscosities between each fuel. Slightly higher aromatic content was observed with S0 

compared to S33. NOx emissions were slightly reduced with S33 compared to ULSD. 

This was attributed to the higher density of S0 as fuel injection is a volumetric process 

leading to higher density fuels having more mass injected per unit volume. This, in turn 

leads to higher combustion temperatures promoting higher thermal NOx emissions. 

Overall, Chapter 4 showed that the S33 fuel did not significantly change criteria pollutant 

or PM emissions. Further studies should be conducted with increasing sugarcane blends 

to determine their effect on emissions.   

In Chapter 5, the benefits of aftertreatment control devices for NOx and PM were 

investigated on a tugboat. Overall, NOx emissions were reduced by ~92% with selective 

catalytic reduction (SCR). Higher NOx and NH3 were observed at lower load points, 
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which can be attributed to the low exhaust temperatures (<250ºC). The catalyst is inactive 

at low exhaust temperatures below 250ºC resulting in higher NOx emissions. The diesel 

particulate filter (DPF) reduced PM2.5 emissions by ~96%. PM2.5 were composed mainly 

of organic carbon (OC) with very little elemental carbon (EC) present. SCR-DPF 

configurations traditionally used for on-road vehicles significantly reduced NOx and 

PM2.5 emissions from harbor craft. This is significant for air pollution and health effects 

at ports and nearby communities.        

Chapter 6 investigates the effects of aftertreatement and different biodiesel feedstocks on 

the criteria emissions, non-regulated emissions, ultrafine particles and redox activity from 

two heavy duty vehicles. Biodiesel fuels included a soybean oil methyl ester (SME), a 

waste cooking oil methyl ester (WCO), and a methyl ester obtained from animal fat 

(AFME), blended at a 50% level by volume with the CARB diesel. Overall, results 

suggest that biodiesel reduced PM, THC and CO and increased NOx for the older vehicle. 

For the newer vehicle, CO and PM emissions were very low due to the DOC/DPF system 

while NOx increased slightly compared to the CARB ULSD. PM emissions from the 

older engine without aftertreatment were bimodal with peaks at 11nm and 55nm while 

the newer engine equipped with aftertreatment had a unimodal PM peak at 11nm. 

Formaldehyde and acetaldehyde were the most abundant carbonyls for both fuels with 

biodiesel showing reductions compared to CARB ULSD. Results from an oxidative stress 

perspective (DTT assay) suggest that emissions from an older and a modern technology 

vehicle operating on biodiesel blends are less harmful than standard CARB ULSD.   
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In Chapter 7, the benefits of different natural gas compositions were investigated on a 

spark ignited natural gas engine equipped with an oxidation catalyst. The main goal of 

this study was to examine different scenarios in order to look at the wide spectrum of 

Wobbe numbers and methane numbers typically found in gas pipelines. NOx emissions 

trended significantly higher for the higher Wobbe hydrocarbon gases. Higher CO 

emissions were observed with increasing higher Wobbe number fuels as well. Particle 

number emissions were higher for decreasing Wobbe number fuels due to increased 

nucleation mode concentrations. Overall, PM mass showed inconsistent trends due to the 

low PM mass concentrations emitted from natural gas combustion.   

Chapter 8 looked at the PM emissions and gaseous air toxics from commercial cooking 

operations. The emissions were characterized with three novel control technologies. 

Overall, PM was composed mainly of OC (>99%) with very little EC. Results suggest 

that the ESP with sorption (CT3) was the most effective followed by the condensational 

growth and impaction (CT2) and the dual stage filtration control technology (CT1) at 

reducing PM mass and carbonyl emissions. PN emissions were increased with Control 2 

compared to baseline. This study suggests that implementation of control technologies 

have the potential to significantly reduce PM and gaseous toxic emissions from 

commercial underfired charbroiling emissions.  

Chapter 9 looked at the toxicological and biological properties from commercial cooking 

operations. Similar to Chapter 8, the emissions were characterized from the control 

technologies. Similar to PM mass and carbonyl emissions in Chapter 8, results suggest 
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that ESP with sorption (CT3) was the most effective followed by the condensational 

growth and impaction (CT2) and the dual stage filtration control technology (CT1)    in 

removing PAHs, nitro-PAHs, trace metals, organic acids and HAAs. For the health 

effects study, particles had higher levels of prooxidants while the corresponding vapor-

phase contained higher levels of electrophiles. The results showed that prooxidant and 

electrophile contents are predictors of the hemeoxygenase-1 response to challenges by 

particles from the cooking aerosols. The chemical species responsible for this effect 

appears to be organic in nature because of the correlation with organic carbon content. 

The induction of HO-1 by these reactive species appears to reflect an overall activation of 

the ARE, which may be responsible for a negative or null TNFα response by the cells. 

Overall the control technologies reduced hazardous components with the order of 

effectiveness as CT3>CT2>CT1.       

In Chapter 10, a new PM measurement method was developed in conjunction with real-

time PM electronic instrumentation in condensable PM formation due to changes in 

dilution parameters. Results suggest that the majority of in-stack PM2.5 measurements 

with varying dilution ratio and residence time were well below the ambient NAAQS 

standard of 12 µg/m3
. Generally, increased residence times and lower dilution ratios 

resulted in higher PM2.5 concentrations. Traditional impinger based methods 

(M201A/202, M5.1) yielded 3 order of magnitude or greater in-stack PM mass 

concentrations of 7.4±1.9 mg/m3 for Method 201A/202 and 9.2±4.7 mg/m3 for Method 

5.1. Deviations in PM mass concentrations were attributed to differences in measurement 

methodology and significant sampling artifacts in the protocol methods. Implications 
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from this study suggest that current protocol methods may grossly over predict PM mass.  

Changes in dilution ratio and residence time for dilution methods significantly influence 

PM mass concentrations.    

    

 




