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ABSTRACT OF THE DISSERTATION 

 

Anthropogenic Impacts on Air Pollution - From Primary Marine Emissions to Secondary 

Organic Aerosol Formation 

by 

Weihan Peng 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, September 2020 

Dr. David R. Cocker III, Chairperson 

 

 

Anthropogenic air pollution consists of primary and secondary pollutants resulted 

from human activities. It is related to different environmental and health issues such as 

climate change, visibility and respiratory diseases. 

The maritime transport is an important source of anthropogenic primary air 

pollution. Natural gas (NG) vessels have become more widely used due to the more 

stringent emission regulations; however, emission data from NG maritime operations is 

still limited. This thesis conducted a comprehensive analysis on the air quality, health 

effects and climate change impacts of switching from diesel to NG. Results showed that 

PM2.5, NOx, CO2 were reduced by about 93%, 92% and 18%, respectively. However, 

HCHO and CH4 increased several-fold. A health risk assessment showed the diesel plume 

increased long-term health risk and the NG plume increased short-term health risk. A 

global warming potential (GWP) analysis was performed and revealed that the average NG 

exhaust GWP was increased by 38%. Mitigation strategies for further reducing pollutants 
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from NG exhaust are discussed and showed potential for reducing short-term health and 

climate impacts. 

Anthropogenic secondary organic aerosol (SOA) is formed from the oxidation of 

volatile organic compounds (VOCs) such as aromatics and is critically impacted by NOx. 

Global transport models use the SOA parameters from the two major chemical pathways, 

RO2+NO and RO2+HO2 and the branching ratio of RO2+NO pathway (β), to predict SOA 

formation. This thesis improved the model prediction by experimentally investigating the 

SOA formation from those pathways with a novel approach of maintaining β constant 

throughout chamber experiments. At low-NOx conditions, multiple SOA yield curves 

were observed. The yield increased with HO2/RO2, indicating the contribution of 

RO2+RO2 pathway. The GEOS-Chem model showed that for the regions with high 

aromatic emissions but lower HO2/RO2, aromatic SOA was overestimated by up to 

100%. At high-NOx conditions, SOA parameters were developed when controlling β at 

one during the chamber experiments to simulate the RO2+NO pathway without 

significant contribution from the other pathways. The global surface β was modelled 

using GEOS-Chem and four β scenarios were observed. SOA formation was investigated 

when simulating the daytime β profiles for those scenarios.  
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Chapter 1 : Introduction 

1.1 Introduction 

Air pollution is a major global issue that is detrimental to human health and the 

environment. The different types of air pollutants are the major sources that cause 

adverse impacts on air quality, human health, climate change and atmospheric visibility 

(Comer et al., 2018; Giechaskiel et al., 2014; Jimenez et al., 2009; Pope III, 2002).  The 

ambient and household air pollution was estimated to cause about seven million 

premature deaths every year according to the World Health Organization. The ambient 

air pollution alone was estimated to contribute to about 8% of all deaths in 2016 (WHO, 

2016). Anthropogenic air pollution refers to air pollutants from human-activities, 

specifically, particulate matter (PM), nitrogen oxides (NOx), sulfur oxides (SOx), carbon 

dioxide (CO2), carbon monoxide (CO) from fossil fuel combustion for power plants or 

transportation and methane (CH4) and hydrogen sulfide (H2S) from agricultural activities.  

Air pollutants are often categorized into primary and secondary pollutants. 

Primary pollutants are those directly emitted into the atmosphere from emission sources 

such as engine combustion in vehicles or marine vessels. Secondary pollutants, on the 

other hand, are those formed in the atmosphere from the chemical reactions of volatile 

organic compounds (VOC) suspended in the atmosphere.  

Maritime transport is an important source for primary pollutant. The International 

Maritime Organization data shows maritime transport emits 940 million tonnes of CO2 and 

is responsible for about 2.5% of global greenhouse gases (GHG) (IMO, 2015). It was also 
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estimated that the emissions of NOx and SOx from maritime transport around Europe would 

be equal or larger than the total emission from stationary and land-based mobile sources 

by 2020 (Komar and Lalić, 2015). As new environmental regulations are mandating 

cleaner fuels and lower emissions from all maritime operations, natural gas (NG) became 

the fuel that enabled mariners to meet regulations. However, emission data from maritime 

operations using natural gas is limited. As the number of natural gas vessels and NG 

refueling infrastructures  is increasing (Burel et al., 2013; Le Fevre, 2018; Pavlenko et al., 

2020; Sharafian et al., 2019), it is necessary to have a comprehensive understanding on the 

environmental impacts of switching from traditional marine fuels to natural gas and is also 

important to provide guidance on mitigation measures for NG vessels owners. 

Organic aerosol (OA) accounts for up to 90% of global sub-micro aerosol budget 

(Jimenez et al., 2009). Secondary organic aerosol (SOA), as an important category of 

secondary pollutants, is formed through VOC oxidation initiated by hydroxyl radical (OH), 

nitrate radical (NO3) or ozone (O3) in the atmosphere. SOA comprises about 70% of OA 

(Hallquist et al., 2009; Tsigaridis and Kanakidou, 2003) in atmosphere. It was found that 

SOA from aromatic compounds, which are the major anthropogenic SOA precursors, 

accounted for 50% to 70% of SOA in urban areas. Studies suggested the SOA from 

anthropogenic VOCs more important than previous reported (Farina et al., 2010; Henze et 

al., 2010), raising the interests of further investigations on the anthropogenic SOA 

formation mechanisms.   

SOA yield (Y) is a measure of the amount of SOA formation from consuming a 

certain amount of the precursor hydrocarbons, represented by Equation 1.1 where ∆Mo 
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is the formed SOA mass and ∆HC is the consumed hydrocarbon (Odum et al., 1996a, 

1997). A gas/particle absorptive partitioning model was developed to represent the SOA 

formation (Odum et al., 1996b). The absorption equilibrium constant (Kom,i) is defined as 

Equation 1.2, where Ai,om is the concentration of compound i in absorbing organic 

material (particle) phase (ng/m3), Gi is the concentration of compound i in gas phase 

(ng/m3), Mo is the concentration of total absorbing organic aerosol (µg/m3), R is the ideal 

gas constant (8.206×10-5 m3 atm mol-1 K-1), T is the temperature (K), MWom is the 

average molecular weight of organic material (g/mol), ξi is the activity coefficient of 

compound i in organic material phase and pL,i
o  is the saturation liquid vapor pressure 

(torr) of compound i. Combing the SOA yield and gas/particle partitioning, it was derived 

that SOA yield could be calculated by Equation 1.3, where αi is the mass-based 

stoichiometric coefficient of product i formed (Odum et al., 1997, 1996b). 

Y =
∆Mo

∆HC
  Equation 1.1 

K𝑜𝑚,i =  
Ai,om

Gi∗𝑀𝑜
=  

760∗R∗T

MWom∗106∗ξi∗pL,i
o  Equation 1.2 

Y = Mo ∑(
αiKom,i

1+Kom,iMo
) Equation 1.3 

 

Different models have been developed and used based on the gas/particle 

partitioning theory to estimate the gas- and particle- distribution of a mixture of products 

formed from SOA precursors. A two-product model was developed by assuming there 

are two types of semi-volatile products that partition to the absorbing organic material 
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phase formed from SOA precursors (Odum et al., 1996a). The parameters of α1, Kom,1, 

α2 and Kom,2 were used to represent the stoichiometric coefficient and absorption 

equilibrium constant of those two types of products. Later on, a volatility-basis set (VBS) 

framework was developed by categorizing the semi-volatile products into a wide range of 

products represented by the effective saturation pressure of each product (C∗
) (Donahue 

et al., 2006). The concentration of condensed-phase organic materials COA (ug/m3) can be 

calculated using Equation 1.4 and 1.5, where Ci is the total concentration of product i, Ci
∗ 

is the effective saturation pressure of product i and αi is the mass-based stoichiometric 

coefficient of product i. A basis set of parameters αi with the corresponding C∗ were used 

to represent the products and their gas-particle partitioning from a certain SOA precursor. 

COA = ∑ Cii ∗ (1 +  
Ci

∗

COA
)

−1

 Equation 1.4 

Ci = αi ∗ ∆HC Equation 1.5 

Different parameters such as NOx level, temperature and relative humidity impact 

the anthropogenic SOA formation (Cocker et al., 2001b; Ng et al., 2007; Song et al., 

2005; Svendby et al., 2008). It was shown that SOA formation from photo-oxidation of 

aromatic compounds was highly dependent on NOx, one of the major anthropogenic 

emissions in atmosphere. Higher SOA yield was observed in lower NOx conditions and 

lower SOA yield was observed in higher NOx conditions (Henze et al., 2010; Li et al., 

2015; Ng et al., 2007; Song et al., 2005). In order to understand the impacts of NOx on 

aromatic SOA formation, different indicators have been used for different NOx conditions 

in previous studies. Song et al. observed two SOA yield trends from m-xylene from 
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experiments with different ratios of initial hydrocarbon (HC) to NOx (higher yield when 

HC/NOx > 8 and lower yield when HC/NOx < 5.5). Ng et al. simulated high- and low-

NOx conditions in chamber with the injection of HONO and H2O2, respectively, then 

reported SOA yield parameters from aromatics using two-product model. It was 

suggested that the more volatile products such as RONO2 (organic nitrates) of RO2+NO 

and the less volatile products such as ROOH (organic hydroperoxides) of RO2+HO2 be 

related with SOA yield trend at high- and low-NOx conditions, respectively (Kroll and 

Seinfeld, 2008). The ratio of [NO] to [HO2] was used as the indicator of NOx conditions 

and proposed that aromatic compounds have higher SOA yield in the areas with lower 

[NO]/[HO2] (Henze et al., 2010). However, the branching ratio of RO2+NO pathway 

compared with RO2+HO2 pathway explicitly represents the contribution of each pathway 

resulted from NOx and should be used to represent the NOx conditions (Presto and 

Donahue, 2006; Pye et al., 2010). The branching ratio of RO2+NO pathway (β)  is 

represented with Equation 1.6, where kRO2+NO and kRO2+HO2
 are the reaction constants 

of RO2 with NO and HO2, respectively.  

β =
kRO2+NO[NO]

kRO2+HO2
[HO2]+kRO2+NO[NO]

  Equation 1.6 

Current global transport models such as GEOS-Chem and CMAQ use β coupled 

with SOA yield parameters (GEOS-Chem: VBS; CMAQ: two-product model) from 

RO2+NO and RO2+HO2 pathways to predict global SOA concentrations. A large range of 

global anthropogenic SOA (0.05 to 9.7 Tg/yr) prediction was reported (Farina et al., 2010; 

Guillaume et al., 2007; Tsigaridis and Kanakidou, 2003), indicating the importance of 
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investigating what drives the large difference on model predictions and the contribution 

those SOA yield parameters to the prediction uncertainties. The SOA yield parameters for 

RO2+NO and RO2+HO2 pathways were obtained from high- and low-NOx chamber 

experiments, which were represented by different NOx indicators as discussed earlier. 

Those traditional high-NOx experiments where the initial HC/NOx was below 5.5 or HONO 

was used may not accurately simulate the RO2+NO pathway when β is equal to 1. 

Similarly, traditional low-NOx may not represent RO2+HO2 pathway. The branching ratio 

β needs to be evaluated in those experiments to verify the accuracy of the obtained SOA 

yield parameters. The ratio also needs to be controlled constantly at an intermediate β value 

(0 to 1) to better represent the SOA formation from RO2+ HO2 and RO2+ NO pathways, 

respectively.  

This thesis is seeking to expand the understanding of the release and formation of 

anthropogenic air pollution and its environmental impacts from primary marine vessel 

emissions to secondary organic aerosol formation from anthropogenic VOC emissions. 

The comprehensive impact analysis of switching a marine vessel from diesel to natural 

gas was conducted by field emission measurements of a marine vessel with a dual-fuel 

engine. The test matrix was designed considering different engine loads, fuels and 

combustion optimization methods. The corresponding data and analysis were provided. 

The other important goal of this thesis is to expand the understanding of SOA formation 

under the influences of NOx. While the SOA parameters of RO2+ HO2 and RO2+ NO 

pathways are normally derived from chamber experiments, more parameters need to be 

considered. Three SOA yield curves were observed from m-xylene at low NOx 
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conditions, but the SOA parameters currently used in global transport models can only 

represent one of those yield curves. The ratio of HO2/RO2 increased SOA yield, 

indicating the contribution of RO2+RO2 pathway with the lower SOA forming potential 

compared with the RO2+HO2 pathway. In addition, a novel approach of investigating the 

NOx impacts on SOA formation was developed by keeping the branching ratio (β) of the 

RO2+ NO pathway constant in chamber. Using this approach constrains the contribution 

of RO2+ NO pathway with a constant and known fraction during the course of a chamber 

experiment, compared with the traditional experiments where the branching ratio changes 

drastically. Two SOA yield curves were observed from m-xylene when β was controlled 

at 1. A higher SOA yield curve where less NO was injected while still maintaining β at 1 

suggests the auto-oxidation of RO2. The SOA formation at constant intermediate β was 

characterized in the first time. While it was generally believed that the SOA parameters at 

an intermediate β could be extrapolated linearly from the parameters at β=0 and β=1, 

experimental data suggested that the linear extrapolation might not accurately represent 

the SOA condition for an intermediate β and they needed to be obtained from chamber 

experiments. 

Chapter 2 presents the comprehensive analysis of the impacts of switching a 

marine vessel from a traditional diesel fuel to natural gas, in the aspects of air quality, 

health risks and climate change, for the first time. Criteria pollutants such as NOx, SOx 

and CO, PM (including black carbon, elemental carbon and organic carbon), greenhouse 

gases such as CO2 and CH4 and a toxic gas, formaldehyde (HCHO), were measured when 

the vessels engine was operated at the engine load from idling to 90% and powered with 
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diesel or NG. The routine activity of the engine on the vessel was obtained to calculate 

the overall activity-weighted emission factors, coupled with the modal emission data. It 

was found that PM2.5, BC, NOx, CO2 were decreased by 93%, 97%, 92% and 20%, 

respectively, however, increased CO and HCHO by >4 and >6 times and CH4 to >11 

g/kWh. In order to estimate the overall impact of the emission changes, a worst-case 

scenario health risk assessment and global warming potential (GWP) analysis were 

conducted for the diesel and NG emissions. The switch to NG reduces the cancer risk and 

long-term health effects due to the large PM reduction but significantly increases the 

shorter-term health risks due to the HCHO increase. The engine-activity weighted 

average GWP on a 100-year basis (GWP100) from engine emissions was increased by 

38% when switching from diesel to NG, however, it was comparable for both fuels for 

the scenarios when engine was operated at >70% load. Three mitigation measures were 

proposed and analyzed and suggested the potential of much lower health risks and 

comparable GWP when switching diesel to NG with appropriate mitigate measures.  

Chapter 3 discusses the driving forces of the large variance of SOA formation 

from m-xylene at low NOx conditions while current chemical transport models such as 

GEOS-Chem and CMAQ use a constant SOA yield to represent SOA formation potential 

from aromatic compounds at low NOx conditions. A strong dependence of SOA potential 

on HO2/RO2 ratio was observed: SOA formation potential increases with the HO2/RO2 

ratio when the ratio is smaller, then it levels off when the ratio increases to a certain level. 

Three different SOA yield curves were observed at different HO2/RO2 conditions and the 

HO2/RO2-dependent volatility basis set (VBS) parameters were developed. The 
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RO2+RO2 pathway was found to be important at low NOx and low HO2/RO2 conditions 

and it shows a lower SOA forming potential compared to the RO2+HO2 pathway. A 

series of SOA experiments, with the addition of a reactive organic gas (ROG) surrogate 

mixture to represent the atmosphere in urban conditions showed the measured SOA was 

consistent with the lowest HO2/RO2 yield curve generated in this work. As H2O2 and 

SOA precursor are popularly used for very low NOx SOA studies, it is recommended to 

control the initial aromatic and H2O2 ratio, thus controlling the HO2/RO2 ratio for 

chamber experiment design. A global surface HO2/RO2 ratio dataset obtained from 

GEOS-Chem showed lower HO2/RO2 ratios in regions such as east coast of America, east 

China and India with more human activities and more aromatic emissions. The SOA 

formation from m-xylene in such regions could be overestimated by up to 100%, 

indicating an overestimation of SOA form other aromatic compounds and possibly 

biogenic compounds depending on the volatility of RO2+RO2 pathway products. The 

effects of light intensity and NOx off-gassing from chamber wall were also investigated 

and found not significant on affecting aromatic SOA potential at low NOx conditions.  

Chapter 4 evaluates the m-xylene SOA formation at high-NOx conditions when 

the branching ratio (β) was controlled at ~1 or other constant intermediate values between 

0 and 1. A novel approach was developed to control β at a relative constant value by 

continuously injecting NO with customized injection rates. A constant β during chamber 

experiment simulates the SOA formation from RO2+NO pathway without the significant 

contribution from other pathways and enables the development of SOA parameters of 

RO2+NO pathway. When maintaining β at ~1, multiple SOA yield curves were observed 
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and the runs of β = ~1 with higher NO injection rates showed lower yields. This is 

consistent with the NO impacts on RO2 auto-oxidation observed in atmosphere that 

existence of NO reduces the extent of RO2 auto-oxidation. When NO is sufficient (β = 

~1), less highly oxygenated RO2 from auto-oxidation is expected with more NO present, 

leading to less heavy products and lower SOA formation. Since β is an important 

indicator of NOx conditions, the global surface β was modelled using GEOS-Chem and 

four β scenarios were observed. The global β during daytime is relatively constant. The 

SOA formation potential at constant intermediate β which represent each global surface β 

scenario was also investigated. It was shown that the current approach of estimating SOA 

yield parameters for intermediate β might not be accurate as the measured SOA yield was 

lower than those from the linear extrapolation between the two pathways (β=0 and β=1). 

Those parameters at intermediate β need to be obtained experimentally to be used in 

global transport models. 
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Chapter 2 : Comprehensive Analysis of the Air Quality Impacts of Switching a 

Marine Vessel from Diesel Fuel to Natural Gas 

2.1 Introduction 

The global seaborne trade accounts for 80% volume of international trade and is 

continually growing (UNCTAD, 2019). This activity results in air pollution both at sea and 

in coastal regions. Emissions from shipping were estimated to be responsible for 14% nitric 

oxides (NOx), 16% sulfur oxides (SOx) and 5% particulate matter (PM2.5) in coastal areas 

(European Environment Agency, 2013) and leading to environmental, health and climate 

impacts (Corbett et al., 2007; Huang et al., 2018; Liu et al., 2016; Matthias et al., 2010; 

Monteiro et al., 2018; Sharafian et al., 2019). It was estimated that around 60,000 

cardiopulmonary and lung cancer deaths were caused by ship PM emissions every year and 

predicted that mortalities would increase by 40% from 2007 to 2012 (Corbett et al., 2007). 

Greenhouse gases (GHGs) such as CO2 and CH4, and aerosols from shipping emissions 

also play an important role in climate change (Lashof and Ahuja, 1990). Without 

increasingly stringent controls on emissions, marine-transport pollutants will lead to 

further degradation of air quality and human health, and exacerbation of global warming. 

In order to control and limit emissions from marine vessels, the International 

Convention for the Prevention of Pollution from Ships (MARPOL) was adopted at the 

International Maritime Organization (IMO) to set emission standards and designate sulfur 

emission control areas (ECAs) where marine vessels must operate on fuels with sulfur 

content limited to 0.1%. Various control options are being used by marine vessel operators 
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to meet the increasingly stringent standards, including exhaust aftertreatment technologies, 

or switching to cleaner fuels such as natural gas (Anderson et al., 2015; Khan et al., 2012).  

Natural gas (NG) is widely used in trucks and buses due to its availability and often 

lower cost and lower emissions of PM2.5 and NOx (Ayala et al., 2002; Yang et al., 2013). 

However, NG only represented less than 3% of global shipping fuel through 2013 to 2015 

(Olmer et al., 2017). The major challenge has been the lack of NG refueling infrastructure 

and the associated costs. Now with many vessels on order, larger scale facilities are being 

built (Thomson et al., 2015), thus creating availability of NG refueling at a lower cost. The 

number of NG-fueled vessels in operation has grown from 34 in 2013 to 121 in 2018, with 

135 vessels under construction in addition to more than 400 LNG carriers that are largely 

fueled by natural gas. This growth has been driven by orders placed for vessels such as 

cruise ships, containers and oil tankers, and was estimated to reach to about 600 in 2021. 

(Burel et al., 2013; Le Fevre, 2018; Pavlenko et al., 2020; Sharafian et al., 2019; Thomson 

et al., 2015).  

There are limited measurement data on emissions from NG fueled marine engines. 

To the best of our knowledge, only one study previously reported on-board measurements 

of particle and gaseous emissions from an NG powered ship (Anderson et al., 2015). 

Anderson et al. shows that NG combustion in a marine engine results in a significant 

decrease in PM, particle number (PN), NOx and CO2 emissions, and increase in total 

hydrocarbon, CH4 and CO emissions. However, the overall environmental, climate and 

health impacts require further investigation. Further, the paper does not report the major 

incomplete combustion product formaldehyde (HCHO). HCHO is defined as a 
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carcinogenic substance (International Agency for Research and Cancer (IARC)) and 

contributes to other severe health effects, including asthma and nasopharyngeal cancer 

(Krzyzanowski et al., 1990; McGwin et al., 2010; Nielsen and Wolkoff, 2010; Zhang et 

al., 2018). In addition, HCHO contributes to photochemical smog and ground-level ozone 

in atmosphere (Finlayson-Pitts and Pitts, 2000) which are also related to adverse health 

effects. Earlier results with on-road vehicles showed an increase in formaldehyde (HCHO) 

from NG (Ayala et al., 2003, 2002; Hesterberg et al., 2008), however, no carbonyl data 

from NG marine vessels has been reported thus far. 

Given the limited number of reports comparing on-board marine-engine emissions 

from diesel and NG fuels, this study aims to provide a comprehensive analysis of the 

comparative emissions of criteria pollutants (NOx, CO, SO2, PM2.5 mass, elemental carbon 

(EC) and organic carbon (OC)), greenhouse pollutants (CO2, CH4, black carbon (BC)) and 

toxic air pollutant (HCHO) from a large modern commercial vessel operating at sea during 

normal revenue service in the Vancouver, BC, Canada area in April 2018. In particular, 

combining the measured real-world dual-fuel engine activity or E2 cycle from ISO 8178 

and modal emissions, this study provides an assessment on the impacts on local air quality, 

human health risks and global climate change when switching from diesel to NG. This 

chapter discussed trade-offs in health risks for lower PM with increased HCHO and the 

effect on the global climate when BC and CO2 emissions are decreased but CH4 emissions 

are increased. 
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2.2 Materials and Methods 

2.2.1 Test Platform: Vessel and Propulsion System 

The 6,750-deadweight-tonnage (DWT) test vessel was the first LNG-battery hybrid 

roll-on/roll-off (RO/RO) cargo ferry operating in North America. The heart of the 

propulsion system was the twin NG-diesel dual fuel engines coupled to constant-speed 

generators. The engines employ direct injection of liquid fuel and indirect injection of NG 

fuel. The 4-stroke, 9-cylinder, turbocharged dual-fuel engines have a maximum power 

output and speed of 4,320 kW and 720 rpm, respectively and can be operated in either NG 

or diesel mode. In NG mode, the diesel pilot fuel supplies less than 10% of the total fuel 

energy at 10% engine load and much less at higher loads (1% at 75% load).  

2.2.2 Engine Operating Conditions 

Emissions were measured while the vessel operated as closely as possible to the 

four certification loads specified in the ISO 8178 E2 cycle (International Organization for 

Standardization, 1996). Measurements at the certification loads allowed a check of the 

performance of this engine compared to certification values. Some deviation from the E2 

cycle loads occurred as the vessel had to maintain published schedules. Operating at 100% 

was impractical hence the highest load was 90%. In addition to measurements at the four 

E2 cycle modes, tests were carried out at idle where the vessel spent considerable time 

during the loading and unloading of cargo. Usually idle emissions are not discussed in most 

studies because this type of operation is avoided; however, it is relevant to coastal vessel 
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operations and is considered here. One to three repeat measurements at the same loads were 

carried out when possible.  

The vessel used liquefied natural gas (LNG) with 92% mole fraction of methane. 

The boil-off gas was routed to engine and burned in the gas mode. The fuel used in diesel 

mode or as pilot fuel in gas mode was a regular Canadian on-road use ultra-low sulfur 

diesel fuel (ULSD) with <15 ppm sulfur. The typical fuel used by this specific engine was 

NG. The vessel was first tested on NG and then on diesel. 

2.2.3 Emission Measurements 

The emission measurements were conducted following ISO 8178-2 protocol 

(International Organization for Standardization, 1996). A summary of test points is 

shown in Table 2.1. The exhaust was sampled from a partial flow venturi dilution system 

as described by Agrawal et al. (Agrawal et al., 2008). A key feature in the experimental 

design was for all diagnostic instruments to measure from the same dilution tunnel during 

the campaign to eliminate dilution ratio as a variable for instrument comparison.  

The exhaust emissions were measured using various gaseous- and particulate-, 

on-line and off-line instruments (Figure 2.1). For gas-phase species, a HORIBA portable 

gas analyzer (PG-350) was used to measure NOx, CO and CO2 with and a J.U.M. total 

hydrocarbon analyzer HFID 3-200 with 100 ppb detection limit, was used for total 

hydrocarbon (THC) and methane (CH4) measurement. FID and PG350 were sampling 

from either dilution tunnel or exhaust, alternately, controlled by a three-way valve. 2,4 - 

Dinitrophenylhydrazine (DNPH) coated silica cartridges (Waters Corp., Milford, MA) 
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were used to collect carbonyl gases with a critical flow orifice restricting flow at 1 LPM. 

Sampled cartridges were extracted using acetonitrile and injected into an Agilent high 

performance liquid chromatograph (HPLC) equipped with a diode array detector and a 

variable wavelength detector. For the particle-phase, real-time black carbon 

concentrations were measured by an AVL 483 Micro Soot Sensor. The PM sample 

collection was conducted by passing samples through Pall Gellman Teflon and 2500 

QAT-UP Tissuquartz (quartz) Pall 47 mm filters at a flow rate of 15 LPM. Teflon filters 

were weighted to quantify PM mass and quartz filters were analyzed by Sunset 

Laboratory OCEC carbon aerosol analyzer model 3 with NIOSH 5040 method to 

quantify elemental carbon (EC) and organic carbon (OC) (Ashley et al., 2017; Bautista et 

al., 2014).  

2.2.4 Data Analysis 

The exhaust flow rate was calculated with the differential pressure measurements 

of static pressure (tube facing away from the flow) and stagnation pressure (tube facing 

the flow) as well as the stack temperature, following EPA Method 2 (United States 

Environmental Protection Agency, 2011). There are three major sources of the 

uncertainties of this method: probe coefficient, temperature and differential pressure 

measurements (Bryant et al., 2014). The type-S Pitot tube used in this study was 

calibrated annually to assure the accuracy of probe coefficient. At each test point, 

pressure and temperature measurements were averaged from three replicated 

measurements to minimize the measurement error. The less than 10% uncertainties flow 

measurement were observed when engine was at idle and 2% to 7% at other engine loads 
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while a few studies shows a less than 5% flow measurement uncertainties (Bryant et al., 

2014; Johnson et al., 2016).  An excellent agreement (Figure 2.2) was observed when 

comparing with measured exhaust flowrate with those from manufacturer manual and 

calculated with carbon balance method (only data at 50%, 75% and 100% engine load 

were available) (WÄRTSILÄ Engines, 2016).  

The modal emission factors (g/kWh) of each species at each engine load were 

calculated with concentration (g/m3), exhaust flow rate (m3/hr) and engine power (kW) 

using Equation 2.1 where 𝐸𝐹𝑖 is the emission factors of species i in g/kWh, 𝑐𝑖,𝑗 is the 

concentration of species i at engine load j in g/m3, �̇�𝑗 is the exhaust volumetric flowrate at 

engine load j in m3/hr and 𝑃𝑗 is the power measured at engine load j. In order to avoid 

instrument drift from invalidating the measurement results, a drift correction was applied 

by applying drift correction factors obtained from the instruments response to reference 

zero and span gases before and after each test interval, following guidelines from CFR 

1065.672 drift correction (United States Environmental Protection Agency, 2010). 

EFi =
ci,j× V̇j

Pj
  Equation 2.1 

Real-world activity profiles of the vessel were collected for two weeks of routine 

operation from the vessel on-board control and data acquisition software and categorized 

into 0-25%, 25-50%, 50-75% and 75-100% engine load ranges. The engine modal activity 

was used as weighting factor to calculate average weighted emission factors using 

Equation 2.2 where 𝐸𝐹𝑊𝑀 is the weighted mass emission level (CO, CO2, PM2.5, NOx, 

etc.) in g/kWh, gi is the emission rate in g/hr, Pi is the power measured during each mode 
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in kWh and WFi is the weighting factor (the fraction of time that a vessel operates at, or 

close to, the corresponding engine load). Average weighted emission factors were also 

calculated with certification weighting factors specified in ISO 8178- E2 cycle as 

comparison.  

EFWM =
∑ (gi× WFi)i=n

i=1

∑ (Pi× WFi
i=n
i=1 )

 Equation 2.2 

A health risk assessment of exhaust emissions for diesel and NG combustion was 

conducted following the guidelines from California Office of Environmental Health 

Hazard Assessment (OEHHA) and South Coast Air Quality Management District 

(SCAQMD) (California Office of Environmental Health Hazard Assessment, 2015; South 

Coast Air Quality Management District, 2017) for specifying operational and compliance 

requirements for a stationary air pollutant source by considering hazard identification, 

exposure assessment, dose-response assessment and risk characterization. Emission factors 

when a vessel is at berth and assuming Gaussian dispersion from a stationary stack were 

used. The health risk assessment uses a complex model and the calculated health indices 

are highly dependent on the meteorological location and target population of the emissions. 

However, our study focuses on the impact of switching from diesel to NG; thus, the relative 

change of health index from diesel to NG exhaust was calculated, which allows the 

elimination of effects from meteorological and population factors. The carcinogenic and 

non-carcinogenic, acute and chronic health risks, including maximum individual cancer 

risk (MICR), chronic hazard index (HIC), 8-hr chronic hazard index (HIC8) as well as 

acute hazard index (HIA) were calculated. HIC, HIC8 and HIA indicate the cumulative 



 

 

23 

 

 

health impacts from multiple substances on the target organ in the long term, 8-hr exposure 

and short term, respectively. 

The cancer risk (MICR) was calculated with the pollutant concentration, exposure 

factor and unit cancer potency of the pollutant. The concentration was calculated from 

emission rate and χ/Q factor which is obtained from a pre-calculated table using Gaussian 

dispersion model with input parameters including stack height, downwind distance and 

other meteorological location parameters such as wind speed, terrain and surrounding 

land use (South Coast Air Quality Management District, 2017). The exposure factor 

represents the exposure situation of the target population, considering the age 

distribution, daily breathing rate, exposure frequency and duration, etc. This factor is also 

obtained from SCAQMD health risk assessment package. Cancer potency is a pollutant-

dependent factor. 

As explained in the previous section, the health impacts relative differences from 

NG exhaust to diesel exhaust were calculated. Exposure factor is a product of combined 

exposure factor, worker adjustment factor and multi-pathway adjustment factor (MP) 

(Equation 2.6). The first two terms are not pollutant-dependent, and MP is 1 for both 

formaldehyde and PM because inhalation is the only major cancer-related pathway for 

formaldehyde and PM, therefore the exposure factor is the same for both NG and diesel 

exhaust.  In the concentration term, only the emission rate depends on the pollutants and 

𝜒
𝑄⁄  and MWAF are the same for both NG and diesel exhaust (Equation 2.4). Only 

emission rate and cancer potency, MP and MWAF (Table 2.2) are pollutant-dependent, 
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and MP and MWAF are 1 for both PM and formaldehyde, thus only emission rate and 

cancer potency are needed to calculate the relative difference of MICR (Equation 2.9). 

MICR = Concentration × Exposure Factor × Cancer Potency (CP) × 10−6     

 Equation 2.3 

Concentration = GCL = Qtpy ×
χ

Q⁄ × MWAF  Equation 2.4 

Qtpy = EF ∗ Power  Equation 2.5 

Exposure Factor = CEF × MP × WAF  Equation 2.6 

MICR = EF ∗ Power ×
χ

Q⁄ × MWAF × CEF × MP × WAF × Cancer Potency (CP) ×

 10−6    Equation 2.7 

MICRfuel = MICRHCHO +  MICRPM = (EFHCHO × CPHCHO × MWAFHCHO × MPHCHO +

 EFPM × CPPM × MWAFPM × MPPM) × Power ×  
χ

Q⁄ × CEF × WAF ×  10−6    

 Equation 2.8 

MICR% =
MICRNG − MICRDiesel

MICRDiesel

=
(EFNGHCHO

× CPNGHCHO
+  EFNGPM

× CPNGPM
) −  (EFDieselHCHO

× CPDieselHCHO
+ EFDieselPM

× CPDieselPM
 )

EFDieselHCHO
× CPDieselHCHO

+  EFDieselPM
× CPDieselPM

 

 Equation 2.9 

For the above equations (Equation 2.3 – 2.9), CP is the cancer potency (mg/kg-day)-1 of 

a compound, GLC is the ground level concentration (ug/m3), 𝑄𝑡𝑝𝑦 is the emission rate 
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(tons/yr), EF is the emission factor (g/kWh), Power is the annual power usage (kW/year), 

MWAF is the molecular weight adjustment factor (used to correct metal amount from 

compounds with various elements along with toxic metal atom. 1 for both PM and 

formaldehyde), 10-6 is the unit conversion factor, CEF is the combined exposure factor 

(target-population-dependent), MP is the cancer multi-pathway factor (1 for both PM and 

formaldehyde), WAF is worker adjustment factor (target-population-dependent), 
𝜒

𝑄⁄  is 

the concentration at a receptor distance/Emission rate [(ug/m3)/(tons/yr)] (location-

dependent) and exposure factor is the exposure situation for target population to a 

pollutant. 

Cumulative effects of formaldehyde and PM on all affected organ systems (Table 

2.3) are considered when calculating the chronic, 8-hour-chronic and acute health indices. 

Similar to MICR, the relative difference of HIC, HIC8, HIA were calculated using 

Equation 2.11, 2.13 and 2.15, respectively. 

Total HICtarget organ = {[Qtpy × (
χ

Q⁄ ) × MPTAC1 × MWAF]/Chronic RELTAC1}target organ +

{[Qtpy × (
χ

Q⁄ ) × MPTAC2 × MWAF]/Chronic RELTAC2}target organ   Equation 2.10 

HIC% =  (HICNG −  HICDiesel) / HICdiesel =

 
{EFNGHCHO / Chronic RELHCHO + EFNGPM / Chronic RELPM}respiratory − {EFDieselHCHO / Chronic RELHCHO + EFDieselPM / Chronic RELPM}respiratory 

{EFDieselHCHO / Chronic RELHCHO + EFDieselPM / Chronic RELPM}respiratory

 Equation 2.11 

Total HIC8target organ = {[Qtpy × (
χ

Q⁄ ) × WAF × MWAF]/8 − Hour RELTAC1}target organ +

{[Qtpy × (
χ

Q⁄ ) × WAF × MWAF]/8 − Hour RELTAC2}target organ   Equation 2.12 
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HIC8% =  (HIC8NG −  HIC8Diesel) / HIC8diesel =

 
{EFNGHCHO / 8hr−RELHCHO}respiratory − {EFDieselHCHO / 8hr−RELHCHO}respiratory 

 {EFDieselHCHO / 8hr−RELHCHO}respiratory
 Equation 2.13 

Total HIAtarget organ = {[Qtpy × (
χ

Q⁄ ) × MWAF]/Acute RELTAC1}target organ + {[Qtpy × (
χ

Q⁄ ) ×

MWAF]/Acute RELTAC2}target organ   Equation 2.14 

HIA% =  (HIANG −  HIADiesel) / HIAdiesel =
{EFNGHCHO / Acute RELHCHO}eye − {EFDieselHCHO / Acute RELHCHO}eye 

 {EFDieselHCHO / Acute RELHCHO}eye

 Equation 2.15 

For the above equations (Equation 2.10 – 2.15), MP is chronic multi-pathway factor (1 

for both formaldehyde and PM), REL is reference exposure level (ug/m3) and TAC is 

toxic air contaminant (1: PM2.5 and 2: formaldehyde). 

The GWP for 20- and for 100-years were calculated: for CH4, the GWP (CO2 

equivalent g/kWh) of 84 and 34 were used (Myhre et al., 2013) and for BC, the GWP of 

3200 and 900 were used (Bond et al., 2013), respectively. Global temperature change 

potential (GTP) (Shine et al., 2005), indicating the potential of global surface temperature 

change, is also calculated using the values Table 2.4 and the average emission factors of 

CO2, CH4 and black carbon. 

2.3 Results and Discussion 

2.3.1 Real-world Engine Activity 

To accurately calculate the emission contribution to an air mass, it is essential to 

know both the emissions at each engine load and the fraction of time that the vessel operates 

at the corresponding load. A concern in applying the weighting factors of ISO 8178 E2 
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Cycle (International Organization for Standardization, 1996) is that this vessel operated in 

harbor service; not the open sea. The actual ship weighting factors (Table 2.5) are 

significantly different from the standard E2 weighting factors due to the fraction of time 

when engine was at idle.  

2.3.2 Modal and Weighted Average Emission Rates and Factors 

The modal emission rates (g/hr) and emission factors (g/kWh) for NOx, CO2, 

HCHO, CO, CH4, total hydrocarbon (THC) and PM2.5 as well as BC, EC and OC 

emissions at five engine modes are shown in Table 2.5. Measurement uncertainties were 

analyzed by considering duplicate measurement of exhaust flow, sample measurement 

and instrument uncertainties (Farrance and Frenkel, 2012).  

The average weighted emissions factors (EF) are listed in Table 2.5-b for both real-

world operation and standard E2 cycle. Although Table 2.5-a showed that the percentage 

of time at each load was significantly different for these two cycles, the average weighted 

emission factors for most pollutants were similar. However, EFTHC and EFCH4 calculated 

from the E2 cycle were about 40% lower than those calculated from the actual vessel 

activity due to the high emissions at idle where the vessel spent 32% of operation time. 

Unless specified, the average weighted emission factors discussed here were calculated 

from the real-world cycle of this vessel. The switch from diesel to NG resulted in reductions 

in NOx, PM2.5, BC, OC and CO2 by 92%, 93%, 97%, 92% and 18%, respectively, along 

with increases in CO and HCHO by 424% and 615%, respectively. An average methane 
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emission factor of 11.5 g/kWh was measured when the engine was in NG mode, while it 

was under limit of detection (< 0.002 g/kWh) in diesel mode. 

  The EFNOx for diesel was 9.6 ± 0.3 g/kWh, similar to the IMO Tier II certification 

value (9.7 g/kWh) and for NG was 0.76 ± 0.02g/kWh, much lower than the Tier III standard 

(2.4 g/kWh) (Shallcross et al., 2012). The reductions of both NOx and PM2.5 provide 

immediate benefit in terms of air quality in non-attainment areas if a significant number of 

harbor craft and ocean-going vessels switched to NG. The EFCO2 for NG was 521 ± 10 

g/kWh, with an 18% reduction compared to diesel. This reduction shows the potential of 

reducing global CO2 emission inventory from shipping, while still far from the IMO CO2 

reduction goal of 70% by 2050 (Comer et al., 2018). The greatest reductions of NOx (92-

94%) and CO2 (20-24%) were observed at >50% loads (Figure 2.3), where more than half 

of engine operating time was spent. However, these emissions reduction benefits must be 

considered together with the HCHO and CH4 emissions of NG, as discussed below.  

Simultaneously observed with reduced NOx and PM2.5 were increased levels of CO, 

HCHO and CH4. The higher emission factors of two major incomplete combustion 

products, CO and HCHO, are believed to be caused by imperfect flame propagation in 

uneven-temperature regions of combustion chamber from NG engines (CIMAC, 2014; Liu 

et al., 2013). EFCO and EFHCHO increased from 0.67 ± 0.01 g/kWh and 34 ± 2 mg/kWh to 

3.5 ± 0.1 g/kWh and 244 ± 24 mg/kWh, respectively when switching from diesel to NG. 

This observation is consistent with earlier results for on-road applications for NG (Ayala 

et al., 2003, 2002). With respect to modal emission factors (Figure 2.3), the CO and HCHO 

emissions for both NG and diesel modes becomes smaller as engine load increases but are 
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still considerably higher in NG mode. With a similar trend to CO, HCHO modal emission 

factor data show more variability, which is caused by the more complex sampling and 

analysis process for HCHO (chemical capture followed by transport to a laboratory for 

analysis) (Delgado et al., 2008; Sebaei et al., 2018).  

Between 103 and 104 ppm of methane was measured from NG exhaust for engine 

loads from 90% to idle loads. This slip of unburned NG fuel is characteristic of pre-mixed 

natural gas combustion systems and results from similar sources as that for CO and HCHO. 

It was calculated a coefficient of determination of 99% and 98% (Figure 2.4) between 

HCHO, CH4 and CO concentrations at all test points, suggesting that these three incomplete 

combustion products share similar origins, unlike other emissions (Table 2.6). Near-zero 

methane emissions (<100 ppb) were detected from diesel exhaust since diesel contains no 

methane. Unlike the emission factor profiles of NOx, CO2 and PM2.5 where EF is higher at 

idle and decreases and stabilizes at >20% engine load, EFCH4 decreases as engine load 

increases and combustion becomes less lean. This is due to an improved flame propagation 

with reduced excess air in combustion, leading to less unburnt methane emitted (Sommer 

et al., 2019; Woodyard, 2009). This observation indicates a potential for limiting CH4 and 

other incomplete combustion products (CO and HCHO) from NG exhaust by advanced 

combustion techniques.  

The average weighted emission factors of the PM2.5 mass, EC and OC are shown 

in Figure 2.5. The gravimetric PM mass measurements show a good agreement with 

OC/EC results. The results show that OC is about and 80% of the mass emitted from diesel 

fuel and 95% with NG and the lubrication oil has been argued as the major source of the 
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OC in NG exhaust (Anderson et al., 2015; Corbin et al., 2020). The average weighted 

EFPM2.5 from NG is 13.5 ± 0.6 mg/kWh, 93% lower than that from diesel and well under 

the 100 mg/kWh Tier 4 emission standards for non-road engines. Comparing these results 

with a previous study (Anderson et al., 2015) shows that their PM2.5 emission factors in 

NG mode from a different model of dual-fuel engine with maximum output of 7600 kW, 

were 1-2 orders of magnitude lower that those presented here. This difference can be 

explained by the difference between the engines and the approach used to measure PM2.5 

mass. This study used a standard PM2.5 gravimetric analysis method (United States 

Environmental Protection Agency, 1998) and an Engine Exhaust Particle Sizer (EEPS) was 

used in the other study (Anderson et al., 2015) to measure particle number and PM2.5 mass 

was calculated with particle size distribution and an assumed effective density. As stated 

by those authors and discussed previously (Corbin et al., 2020; Trivanovic et al., 2019), 

this approach is of limited accuracy. It was noted that the trends in PM2.5 characteristics 

with load agree between the two studies. In addition, (Lehtoranta et al., 2019) reported a 

PM emission factor of ~20 mg/kWh for a smaller marine engine (1.4 MW output) powered 

by NG, which is consistent with the PM2.5  emission factor measured in this study.  

2.3.3 Health Risks of Exhaust 

Exhaust from internal combustion engines contains constituents that can harm 

human health and for that reason, pollutant levels in exhausts are regulated. For example, 

when burning NG, HCHO is the primary concern,  therefore the US Environmental 

Protection Agency (EPA) has a HCHO exhaust limit for clean-fuel fleet for heavy duty 

engines of 0.067 g/kWh (United States Environmental Protection Agency, 1994) and the 
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Occupational Safety and Health Administration (OSHA) established an 8-hour maximum 

permissible exposure level (PEL) for HCHO (OSHA, 2003) for workers. Furthermore, 

IARC has classified diesel PM2.5 as a carcinogen (Hesterberg et al., 2012; Nielsen and 

Wolkoff, 2010) resulting in limits on engine exhaust concentrations of PM2.5 becoming 

more stringent. Both pollutants are carcinogenic and linked with a number of health effects 

related to eyes, skin, lung and other human organ systems (Krzyzanowski et al., 1990; Lin 

et al., 2018; Nielsen and Wolkoff, 2010; Pope et al., 2002).  

Assessing health issues for both fuels over the whole voyage of a vessel is complex 

given that for a considerable portion of time, the vessel is stationary at berth and near 

communities. Ship emissions at harbor have a significant impact on local pollutants level 

and subsequent health impacts (Alastuey et al., 2007; Xiao et al., 2018). Therefore, the 

comparative analysis of local health risks for both fuels was limited to the time when the 

vessel was stationary and at-berth as that is when personal exposure would be the highest. 

When the vessel was at-berth, the engines operated at <10% load. At low loads, fuel 

combustion efficiency is the poorest and emissions of partial oxidation products like PM 

and HCHO are the highest as evidenced in the modal data from this study (Table 2.5-b). 

The health risk assessment results in Table 2.6 show the maximum individual cancer risk 

(MICR) and chronic non-carcinogenic health index are reduced by 92% and 35%, 

respectively when switching from diesel to NG, due to the PM reduction. However, when 

the non-carcinogenic shorter-term health risks were estimated, the acute hazard index 

(HIA) and 8-hr chronic hazard index (HIC8) increased more than 6-fold with NG due to 

increased HCHO levels. A difference not captured in the risk analysis is that though 
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diluted, the aged diesel PM will remain in the atmosphere for a few days to a few weeks 

(Seinfeld, 2015). However, the lifetime of HCHO in atmosphere is only a few hours (Miller 

et al., 2008; Pamler et al., 2003) during daytime due to the reactions with OH radicals and 

photolysis in atmosphere,  causing it to both dilute and get consumed.   

2.3.4 Health Risk Mitigation/Control Strategies 

Given that harmful constituents are emitted in the engine exhaust from burning 

either NG or diesel, the original vessel design included mitigation/control measures to 

ensure that the exhaust plume was diluted before reaching public areas. For this vessel, the 

engineering control technology used a tall stack to move the hot, high-velocity plume away 

from the vessel, and reduce concentration and exposure in public areas. This chapter 

discuss three mitigation strategies: 1) use of shore power at berth; 2) cylinder-deactivation; 

and 3) oxidation catalysts. 

 Following the measurements reported here, the vessel operator decided to use 

shore power while at-berth to eliminate the emissions from the internal combustion 

engines, thus eliminating the health risks associated with exhaust emissions.  

For facilities where shore power is not an option, changing the engine operation, 

such as the use of cylinder deactivation, which improves fuel economy and reduces 

emissions by deactivating the fuel injection to a sub-set of cylinders (Kutlar et al., 2005; 

Vos et al., 2019), will reduce formaldehyde emissions at idle. During this study, the 

manufacturer reprogramming reduced CO by 30% and 44% respectively when two and 

three cylinders were deactivated at idle (Figure 2.6). While no HCHO measurements were 
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performed during cylinder deactivation, it was assumed the same reduction (44%) 

according to the correlation between CO and HCHO. With the HCHO reduction from 

cylinder deactivation technology, it was estimated that between NG and diesel, the 

reduction of the longer-term health risks such as MICR and HIC from NG would increase 

to 93% and 61%, respectively, and the shorter-term risks such as HIC8 and HIA would 

reduce from 6-fold to 3-fold (Table 2.7). 

The use of an oxidation catalyst has been employed as a control measure to reduce 

HCHO emissions from NG engines. While there is no available data on the oxidation 

catalyst HCHO removal efficiency of emissions from a marine vessel, one study reported 

a 95% reduction of HCHO on NG buses with oxidation catalyst under different drive 

conditions and another study on NG engines (2 to 5 MW) with similar power to this study, 

found 40% to 95% HCHO removal efficiency with oxidation catalysts from various 

manufacturers. (Ayala et al., 2003; Kristensen, 2007). While the removal efficiency 

depends on the manufacturers and catalyst operation time, it was assumed the maximum 

of reported value range (95%) HCHO removal to investigate the largest health benefit 

potential of using NG as a marine fuel. The health risk assessment estimated that, with 

catalyst installed on exhaust, all four health risk indexes from NG exhaust were 63% to 

94% lower compared to diesel exhaust (Table 2.7). This indicates the potential of short-

term health benefits from NG when HCHO is properly controlled in the exhaust. 
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2.3.5 Climate Impacts 

In addition to the local and regional impacts of switching from diesel to NG, there 

are global climate impacts associated with an increase in CH4 emissions and the 

reduction of CO2 and BC emissions from shipping. These impacts result from the direct 

and indirect effects of radiative forcing (Chung and Seinfeld, 2002; Lashof and Ahuja, 

1990) in the atmosphere for the long-term climate pollutant, CO2, and the short-lived 

climate pollutants, CH4 and BC. Although the atmospheric lifetime of black carbon is 

about 5-8 days (Cape et al., 2012), its climate effects may persist after deposition onto 

surfaces such as ice and snow (Bond et al., 2013) as the deposited BC continues to absorb 

solar radiation by changing the albedo of highly reflective and white surfaces. Bond et al. 

suggested a CO2 equivalent global warming potential (GWP) – the amount of CO2 

equivalent climate forcing – for BC based on total climate forcing of 3200 for 20 years 

and 900 for 100 years with high uncertainties of -90%, +100% due to the large 

difficulties in BC lifetime and distribution estimation (Bond et al., 2013). Using these 

GWPs, it was found that the BC GWP was reduced by 97% by switching from diesel fuel 

to NG. Such a reduction would make a significant difference for vessels sailing near 

snow or ice-covered surfaces, such as in the Arctic (Gong et al., 2018). It should be 

emphasized that the climate impacts of BC are more complex than GWP alone may 

capture (Bond et al., 2013). 

Methane emissions are also of concern since their warming potential is many 

times that of CO2. To describe the climate effects of methane emissions, this chapter 

again use the GWP (IPCC, 2007), which is widely accepted for comparing the impact 
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from greenhouse pollutant emissions relative to CO2. The detailed exhaust-pollutant-

based GWP modal analysis using values from Table 2.4, for both diesel fuel and NG at 

20- and 100-years, are presented in Figure 2.7. The GWP is greatest for both NG and 

diesel at idle with the GWP of NG being a factor of 7 that of diesel over 20 years 

(GWP20), and a factor of 4.8 over 100 years (GWP100), with the difference being 

largely attributable to the additional CH4 emissions of the NG mode.  

The additional GWP from CH4 emissions largely outweighs the expected GWP 

benefit from the 18% reduction in CO2 emissions from NG. While CH4 accounts for the 

greatest fraction of GWP at lower engine loads, its contribution decreases significantly as 

engine load increases. The modal data shows that at loads above 75%, the GWP of NG 

exhaust is largely reduced. It is only 1.5 times that of diesel at 20-years, and the two fuels 

are equivalent at 100-years. The analysis shows the importance of NG emissions on GWP 

and the need to reduce the time spent at low engine loads, especially at idle. 

The average GWP20 (Figure 2.7) from NG exhaust is 1515 CO2 equivalent g/kWh, 

about 109% higher than that from diesel exhaust, 725 CO2 equivalent g/kWh. Due to the 

shorter lifetime of CH4  in the atmosphere (Myhre et al., 2013) compared to CO2, while 

still 38% higher than that of diesel, NG GWP100 (914 CO2 equivalent g/kWh) decreases 

40% relative to GWP20, reflecting the atmospheric oxidation of methane effects to CO2.  

In order to understand the comprehensive climate change impacts of switching from 

diesel to NG for the whole fuel cycle, it was estimated that GWP from well-to-tank (WTT) 

emissions including emissions from production, purification, and distribution, using WTT 
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emission values of NG (6.9 g CO2 eq/MJ) and diesel (10.9 g CO2 eq/MJ) from Global 

Transport Model of energy and emissions of shipping (MAN B&W, 2019). NG shows a 

GHG emission benefit from well to tank compared to diesel due to its lower WTT carbon 

emissions. The 100-year GWP from WTT emissions in Figure 2.7 was added. It was found 

that when considering impacts of the whole fuel cycle, NG provides further GWP benefits 

when engine load was 75% or higher and the GWP gap between NG and diesel for smaller 

engine load was reduced.  

Although Global warming potential (GWP) is widely used for studying global 

warming effects, a one-step down metric from climate change cause-effect chain, global 

temperature change potential (GTP) was estimated (Shine et al., 2005) in order to 

understand the impact directly on global surface temperature when switching from diesel 

to NG. Since GTP is an end-point metric and GWP is a time-integrated metric, these 

metrics provide different implications on climate change, especially for short-lived 

compounds such as CH4 and black carbon. Figure 2.8 shows that, compared with GWP, 

the GTP of CH4 and black carbon tend to become much less from 20-year to 100-year since 

GTP focuses on end-point temperature change after 100 years and CH4 is a short-lived 

compound; for example, CH4 GTP reduced by 94% (67 to 4) when moving from an 20-

year-basis to an 100-year-basis but its GWP only reduces by 60% (86 to 34). When 

considering the overall impacts from exhaust of all three compounds, the ratio of NG 

GWP20 to diesel is 2.10 and that of GTP20 is slightly lower (1.96), and the NG GWP 100 

to diesel drops to 1.38 and that of GTP further drops to 0.89 (Figure 2.8). The lower GTP 

ratio compared to the GWP ratio indicates that the increased climate impacts when 
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switching to NG from diesel may be less or even negative when considering global 

temperature change than that indicated by GWP. For 100-year term, the end-point metric 

GTP shows that the global temperature change potential from the switch to NG is about 

11% less than that of diesel mainly because CH4 GTP becomes significantly less after 100 

years, while GWP indicates the time-integrated climate effects in 100 years are about 38% 

higher when switching to NG. While GWP results show switching to NG for a marine 

vessel increases time-integrated climate warming effects within 100 years, little to no 

difference on the global temperature change potential after 100 years is indicated from GTP 

results. 

2.3.6 Climate Change Mitigation/Control Strategies  

While the CO2 emissions are unavoidable when the engine is operating, reducing 

CH4 emissions is possible via different strategies such as using shore power or cylinder 

deactivation. Table 2.8 shows that with these mitigation methods, the GWP increase from 

NG is reduced due to lower methane emissions.  

As stated previously for health effects, use of shore power when at-berth is the 

simplest and most efficient control measure. With shore power, the average weighted 

emission factors of CO2, CH4 and BC were estimated to decrease by 6%, 50%, and 22% to 

489 g/kWh, 5.82 g/kWh, and 7 mg/kWh, respectively. By reducing emissions of 

greenhouse pollutants, the use of shore power reduces the GWP20 and GWP100 from NG 

exhaust, leading to a comparable GWP100 between NG and diesel. 
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Cylinder deactivation technology is an option for vessels when no shore power is 

available. When the engine was at idle and three cylinders were deactivated, CH4 emissions 

were reduced by ~ 56% to 60% (Sommer et al., 2019), leading to the decrease of GWP20 

and GWP100 from NG exhaust while still 67% and 20% larger compared to the GWP of 

diesel. 

In addition, blending hydrogen in NG or using renewable NG (RNG) are also 

options to reduce carbon emissions and the corresponding climate impacts. While the 

emissions from RNG or NG and hydrogen blends were not measured and directly 

compared in this study, other studies  have showed that blending 20% hydrogen in natural 

gas reduced brake-specific CO2 emission factor by 5 to 15% (Akansu et al., 2004; Navarro 

et al., 2013), which reduces the corresponding GWP from CO2, and liquefied biogas 

reduced ~70% life-cycle GWP100 (CO2 equivalent g/km) compared to LNG (Bengtsson 

et al., 2012, 2014), indicating the potential climate benefits from NG. 

2.4 Conclusion 

Switching a dual-fuel marine vessel from diesel fuel to natural gas reduced 

emissions of NOx, PM2.5, CO2, and BC by 92%, 93%, 18% and 97%, respectively, whereas 

CO and HCHO emissions increased by factors of 4 and 6, respectively, and CH4 increased 

from < 0.002 g/kWh to 11.5 g/kWh. The reductions in criteria pollutants such as PM and 

NOx are significant and would have a notable effect on local air quality near coastal areas 

where a great fraction of these pollutants come from shipping. Over the long term, the 

reduction in PM from NG leads to a 92% lower cancer risk but the short-term effects of 
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high levels of formaldehyde were of concern. However, mitigation measures are available 

to significantly reduce formaldehyde emission rates below that of diesel. The global 

warming analysis showed that NG increased 100-year fuel cycle GWP by 29%. However, 

when the engine operated at higher loads (>75%), the impact of the reduction of CO2 

outweighed that of CH4 emissions, making GWP of NG comparable to diesel for these 

loads. In the long term, the global climate risks associated with unburned CH4 and 

substantial CO2 suggest the necessity of transitioning from fossil NG to renewable NG. 
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Tables & Figures 

Table 2.1: Summary of test points. The rightmost column ‘Filter Sample’ represents the 

number of PM sample pairs (Teflo® + Quartz) taken.  

Test 

Point 
Fuel 

Engine Load 

(%) 

Dilution 

Ratio 

Duration 

(min) 

Filter 

Sample 

1 NG 5 5.99 69 1 

2 NG 30 5.09 36 1 

3 NG 32 5.85 38 1 

4 NG 47 5.79 40 1 

5 NG 50 5.21 84 1 

6 NG 75 5.23 43 1 

7 NG 90 5.74 38 1 

8 NG 90 5.55 58 1 

9 Diesel 5 7.77 42 3 

10 Diesel 26 6.51 45 3 

11 Diesel 50 6.60 51 3 

12 Diesel 75 6.03 55 3 
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Table 2.2: Health risk parameters 

Parameters 
EF 

MWAF 
MP Cancer Potency 

(CP) 

REL 

NG Diesel Cancer Chronic Acute 8-hr Chronic 

Compounds g/kWh    (mg/kg-day)-1 ug/m3 ug/m3 ug/m3 

Formaldehyde 2.52 0.34 1 1 1 0.02 5.50 9.00 9.00 

PM2.5 0.13 2.17 1 1 1 1.10 / / 5.00 

 

 

Table 2.3: OEHHA Approved Target Organs 

(South Coast Air Quality Management District, 2017) (“+” indicates an organ is affected 

by a pollutant and needed to be considered in a health index) 
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Table 2.4: GWP and GTP CO2 equivalent of methane and black carbon 

(Bond et al., 2013; Myhre et al., 2013) 

 GWP GTP 

Time (Year) 20 100 20 100 

CO2 1 1 1 1 

CH4 86 34 67 4 

Black Carbon 3200 900 920 130 
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Table 2.5: a: Engine activity: real-world and certification cycle. b: Modal and average 

weighted emission factors 

a 
Engine Load 

Idle 25% 50% 75% 100% 

Actual Vessel Cycle 0.32 0.09 0.06 0.31 0.22 

Standard E2 Cycle 0.00 0.15 0.15 0.50 0.20 
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Table 2.5: a: Engine activity: real-world and certification cycle. b: Modal and average weighted emission factors (continue.) 

b Engine Load a Weighted  

Pollutant 
Fuel 

Type 
Idle 25% 50% 75% 100% 

Actual Vessel 

Cycle 

Standard E2 

Cycle 

NOx 

(g/kWh) 

NG 3.68 ± 0.30 1.12 ± 0.03 0.64 ± 0.02 0.52 ± 0.03 0.73 ± 0.03 0.76 ± 0.02 0.63 ± 0.02 

Diesel 15.7 ± 1.0 10.6 ± 0.5 10.9 ± 0.4 9.2 ± 0.4 9.2 ± 0.4 9.6 ± 0.2 9.4 ± 0.2 

CO 

(g/kWh) 

NG 36.3 ± 0.5 7 ± 0.1 4.7 ± 0.1 2.1 ± 0.1 1.5 ± 0.1 3.5 ± 0.1 2.5 ± 0.1 

Diesel 7.79 ± 0.17 0.83 ± 0.02 0.6 ± 0.01 0.36 ± 0.01 0.36 ± 0.01 0.67 ± 0.01 0.41 ± 0.01 

CO2 

(g/kWh) 

NG 1380 ± 90 572 ± 19 567 ± 18 490 ± 17 468 ± 12 521 ± 10 497 ± 10 

Diesel 1180 ± 60 588 ± 14 657 ± 11 613 ± 11 613 ± 11 635 ± 7 617 ± 7 

THCb 

(g/kWh) 

NG 188 ± 18 31 ± 1 15.6 ± 0.6 6 ± 0.3 4.4 ± 0.2 13.6 ± 0.7 8.0 ± 0.2 

Diesel n/a n/a n/a n/a n/a n/a n/a 

CH4
 c 

(g/kWh) 

NG 162 ± 16 25.5 ± 0.9 12.8 ± 0.5 5 ± 0.3 3.7 ± 0.2 11.5 ± 0.6 6.6 ± 0.2 

Diesel <LOD <LOD <LOD <LOD <LOD <LOD <LOD 

HCHO 

(mg/kWh) 

NG 2520 ± 520 466 ± 61 303 ± 41 139 ± 26 124 ± 17 244 ± 24 171 ± 16 

Diesel 337 ± 40 32 ± 4 16 ± 2 23 ± 2 23 ± 2 34 ± 2 22 ± 2 

PM2.5 

(mg/kWh) 

NG 126 ± 14d 9 ± 0.3 7.1 ± 0.2 13.9 ± 0.7 4.5 ± 0.3 13.5 ± 0.6 10.2 ± 0.4 

Diesel 2170 ± 120 212 ± 9 131 ± 4 119 ± 4 119 ± 4 199 ± 5 125 ± 3 

OC 

(mg/kWh) 

NG 110 ± 13d 13.9 ± 0.7 7.8 ± 0.4 12.6 ± 1.0 6.1 ± 0.4 13.2 ± 0.7 10.3 ± 0.6 

Diesel 2360 ± 160 151 ± 8 99 ± 4 85 ± 4 85 ± 4 172 ± 6 108 ± 3 

EC 

(mg/kWh) 

NG 6 ± 1d 1.0 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 

Diesel 277 ± 17 38 ± 2 28 ± 1 14.9 ± 0.8 14.9 ± 0.8 26.2 ± 0.8 17.6 ± 0.5 

BC 

(mg/kWh) 

NG 5.6 ± 2.4 1.0 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.6 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 

Diesel 296 ± 18 41 ± 2 27 ± 1 16 ± 1 16.2 ± 1 28 ± 1 19 ± 1 

 

4
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a Due to the practical limitations associated with measuring these emissions during commercial operation of the vessel, the exact 

engine loads for idle, 25%, 50%, 75% and 100% on this vessel were 6%, 29 – 31%, 47-50%, 75% and 90% for LNG mode and 

5%, 26%, 50%, 75% and 75% for diesel mode. 

b Total hydrocarbon emission factors from diesel exhaust were not reported here since a heated line was not used for the 

hydrocarbon analyzer. 

c CH4 concentration was under LOD (100 ppb) in diesel mode. 

d Due to that only BC measurement was available at this test point, EC, OC and PM2.5 were estimated from BC and average 

OC/EC ratio.
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Table 2.6: Correlation statistical analysis between measured concentrations of HCHO, 

CO, CH4, NOx and CO2: Determination coefficients. 

 HCHO CO CH4 NOx CO2 

HCHO -     

CO 99.6% -    

CH4 99.9% 98.8% -   

NOx -67.1% -72.5% 23.1% -  

CO2 -38.5% -44.8% -93.5% 59.2% - 
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Table 2.7: Differences in hazards risk index and climate impacts of NG compared to 

diesel. 

 Health Risk Index Actual Shore Powera 
Cylinder 

Deactivation 

Oxidation 

Catalyst 

Carcinogenic MICR -92% / -93% -94% 

Non-

Carcinogenic 

HIC -35% / -61% -92% 

HIC8 649% / 320% -63% 

HIA 649% / 320% -63% 

 

a With the use of shore power, emissions from exhaust were eliminated when vessel was 

at berth. 

 

Table 2.8: Differences in global warming potential of NG exhaust emissions compared 

to diesel. 

 (Calculated as [GWPNG – GWPdiesel] / GWPdiesel). 

GWP Actual Shore Power 
Cylinder 

Deactivation 

20-year 109% 37% 67% 

100-year 38% 4% 20% 
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Figure 2.1: Schematic of Measurement Setup 

(Smoke Meter: AVL Smoke Meter; PG350: Horiba Portable Gas Analyzer; FID: J.U.M. 

Flame Ion detector ; MSS: AVL Micro Soot Sensor; KO: Water Knock-out; Q: Quartz 

filter; T: Teflon filter; MFC: Mass flow control; CFO: Critical Flow Orifice; DNPH: 

Waters 2,4-Dinitrophenylhydrazine cartridges.) 
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Figure 2.2: Exhaust volumetric flow rate: measured values, values from engine’s manual 

(WÄRTSILÄ Engines, 2016) and calculated values using carbon-balance method 
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Figure 2.3: Modal Emission Rates and Factors for NOx, CO2, CO, HCHO, CH4, Total 

hydrocarbon (THC) and PM2.5 as well as BC, EC and OC emissions 

(Square symbols represent diesel emissions and circle symbols represent NG emissions. 

In the “THC and CH4” sub-figure, open and solid circles represent THC and CH4 

emissions from NG, respectively. CH4 from diesel exhaust was below the detection limit 

(100 ppb) and THC from diesel was not measured. The “PM” sub-figure shows total PM 

mass, EC, OC and BC.) 

 



 

 

51 

 

 

 

Figure 2.4: Correlation of methane and formaldehyde with CO 
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Figure 2.5: Actual-ship-cycle-weighted emission factors for both fuel modes. a: gaseous 

emissions (g/kWh); b: particle emissions (g/kWh). EC and OC are represented by black 

and green color, respectively 
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Figure 2.6: Exhaust CO concentration profile when engine was at idle with various 

numbers of cylinders deactivated (0, 2 and 3 cylinders deactivated) 
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Figure 2.7: Modal and average weighted CO2 equivalent GWP with zoomed-in view (0 to 3000 CO2 equivalent g/kWh 

zoomed-in subfigure) from NG and diesel fuel exhaust using 20-year and 100-year timeframe at different engine loads  

Well-to-tank (WTT) GWP were estimated using emission values from GloTraM (MAN B&W, 2019) and shown in 100-year 

GWP only 
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Figure 2.8: CO2 equivalent GTP from NG and diesel fuel exhaust using 20-year and 100-year timeframe at different engine 

loads
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Chapter 3 : Secondary Organic Aerosol (SOA) Formation from Aromatic 

Compound at Very Low NOx Conditions: The Dependence on RO2+RO2 Pathway 

3.1 Introduction 

Particulate matter (PM) has adverse effects on air quality, visibility, human health 

and climate change and up to 90% of sub-micro PM are organic aerosol (Corbin et al., 

2020; Jimenez et al., 2009; Myhre et al., 2013; Zhao et al., 2013). Secondary organic 

aerosol (SOA) is estimated to account for a dominant fraction of atmospheric organic 

aerosol mass (Hallquist et al., 2009). Aromatic hydrocarbons, as a major anthropogenic 

SOA precursors, contribute to 50 – 70% of the SOA formation in urban regions 

(Kanakidou et al., 2005; Na et al., 2004).     

In the atmosphere, the oxidation of aromatic volatile organic compounds (VOCs) 

can be initiated by hydroxyl (OH) radicals followed by the abstraction of a hydrogen 

atom and the addition of O2, leading to the formation of alkylperoxyl (RO2) radicals. The 

fate of RO2 radicals plays an important role on aromatic SOA formation. It is generally 

believed that the reactions of RO2 with hydroperxyl (HO2) radicals and nitric oxide (NO) 

are the two major pathways that forms SOA in OH-initiated aromatic oxidation systems. 

SOA formation potential under high- and low-NOx (no injection of NOx) conditions in 

chamber studies are usually used to represent the products from RO2+HO2 and RO2+NO 

pathways, respectively (Li et al., 2015; Ng et al., 2007; Pye et al., 2010; Song et al., 

2007a). The corresponding SOA parameters for RO2+HO2 and RO2+NO are used along 

with a branching ratio term (β) of RO2+NO with respect to RO2+HO2 to estimate SOA 
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formation at different NOx conditions (Carlton et al., 2010; Pye et al., 2010). The β is 

calculated with Equation 3.1, where 𝑘𝑅𝑂2+𝑁𝑂 and 𝑘𝑅𝑂2+𝐻𝑂2
 are the reaction constants of 

RO2 with NO and HO2 respectively.  

β =
𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]

𝑘𝑅𝑂2+𝐻𝑂2
[𝐻𝑂2]+𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]

  Equation 3.1 

A few studies have investigated SOA formation from aromatic at low NOx conditions 

in chamber. Song et al. proposed that organic hydroperoxide compounds from HO2+RO2 

pathway contribute to SOA formation and reported a 9% to 31% SOA yield from m-

xylene in the absence of NOx by introducing H2O2 as the OH source (Song et al., 2007a). 

Ng et al. reported a constant 36% yield of non-volatile products from m-xylene in the 

absence of NOx (Ng et al., 2007). Later, Nakao et al. reported a 19 – 28%, 17 – 23%, and 

10 – 32% SOA yield for benzene, toluene, and m-xylene with no injected NOx (Nakao et 

al., 2011).  

In the current global transport models, a constant yield of non-volatile products is 

used to represent the SOA yield of different aromatic compounds from HO2 pathway as 

opposed to NO pathway: GEOS-Chem (30% to 37%) and CMAQ (37% to 48%) (Carlton 

et al., 2010; Ng et al., 2007; Pye et al., 2010). However, the large variance of the reported 

SOA yield shows that SOA yield may be impacted by other parameters in chamber, thus 

a constant yield may not be accurate to represent the SOA formation potential of aromatic 

compounds at low NOx conditions. It is critical to understand what is driving the large 

variance of SOA yield as it can potentially explain the large uncertainties on 

anthropogenic SOA prediction from global transport models (Farina et al., 2010).  
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While RO2+NO and RO2+HO2 are believed to be the most important pathways 

for SOA formation, RO2 radicals can also compete with HO2 and NO through self- and 

cross- reactions and this pathway becomes more important for regions with less NOx and 

more RO2 (Berndt et al., 2018; Kroll and Seinfeld, 2008; Kwan et al., 2012; Schervish 

and Donahue, 2020). There are three major pathways that represent RO2 self- and cross- 

reactions (R1- R3) (Kroll and Seinfeld, 2008; Kwan et al., 2012): R1 propagates RO 

radicals; R2 forms carbonyl and alcohol products which are more volatile than the 

hydroxperoxide (ROOH) products from RO2+HO2 pathway; and through R3, the large 

RO2 radicals undergo dimerization and form organic peroxides (ROOR’) with very low 

vapor pressures. Currently the SOA from RO2+RO2 pathway is not well understood and 

not included in models. While under high NOx conditions, RO2+RO2 is less important 

and RO2+NO is the dominant pathway on SOA formation, it may be important under no 

or low NOx conditions when RO2+NO is not significant, depending on the competition 

between RO2+RO2 reactions and RO2+HO2 reactions. To the best of our knowledge, no 

studies have discussed the contribution the aromatic SOA from RO2+RO2 pathway. It is 

necessary to investigate this pathway under low NOx conditions.  

RO2+R’CH2O2 → RO+R’CH2O+O2       (R1) 

RO2+ R’CH2O2 → ROH+R’CHO+O2      (R2) 

RO2+RO2→ ROOR’+O2         (R3) 

The ratio of HO2/RO2 can be an indicator on the competition between RO2 and 

HO2 that consumes RO2 and form lower volatility products. A few studies investigated 
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the impacts of HO2/RO2 of SOA formation from alkene ozonolysis in chamber and 

suggested that increasing HO2/RO2 ratio increased SOA formation from alkene with an 

endocyclic double bond (e.g., α-pinene and cyclohexene),  but decreased SOA formation 

from alkene with an exocyclic double bond (e.g.,  β-pinene) (Docherty and Ziemann, 

2003; Henry and Donahue, 2011; Keywood et al., 2004). However, the contribution of 

RO2+RO2 pathway resulted from the HO2/RO2 change to SOA formation was not further 

discussed. To fill the gap from those studies, it is important to explore the impact on 

chamber aerosol yield from the contribution of the RO2+RO2 pathway.  

Other parameters such as light-intensity and NOx off-gassing from the chamber 

wall may also impact the SOA yield at low NOx conditions. Studies showed that 

increasing light intensity could increase SOA formation from m-xylene (Warren et al., 

2008) and α-pinene (Liu et al., 2009) with the presence of high NOx in chamber, 

however, the impact may be different in low or no NOx conditions. In addition, while the 

RO2+HO2 pathway is often represented by chamber experiments with no NOx injected, it 

is almost impossible to achieve the absolute NOx-free condition in a Teflon 

environmental chamber due to the wall effects such as NOx off-gassing (Carter et al., 

2005), thus the impact of NOx off-gassing to gas-phase chemistry is more important for 

low NOx conditions in chamber. The NOx off-gassing difference from different chamber 

and different experiment may also be responsible for the SOA yield variance at low NOx 

conditions.  

In this study, the SOA formation from m-xylene with no injected NOx in 

UCR/CECERT environmental chamber with different light intensities, NOx off-gassing 
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from wall and H2O2 concentrations (HO2/RO2 ratios) was investigated. The impact of 

those factors on SOA formation and the contribution of RO2+RO2 pathway to SOA 

formation were evaluated. Three types of yield curves were observed under different 

HO2/RO2 conditions and the corresponding volatility basis set (VBS) parameters were 

developed. The HO2/RO2 – dependent parameters were fitted with real-time chamber data 

to predict real time SOA as compared with the parameters from GEOS-Chem. A reactive 

organic gases (ROG) surrogate mixture was added in several experiments to simulate the 

urban environments to investigate if the HO2/RO2 – dependent parameters still holds with 

the presence of other VOCs. A global average HO2/RO2 ratio for January and July and 

the impacts on SOA prediction from aromatic compounds when using different SOA 

yield curve at low NOx conditions were estimated using GEOS-Chem. In addition, the 

suggestions on chamber experiment design were provided when studying SOA formation 

at low NOx conditions. 

3.2 Method 

All 29 m-xylene photo-chemical experiments (Table 3.1) were conducted in the 

UC Riverside/CE-CERT 90 m3 environmental chamber with the maximum of 272 115W 

Sylvania 350nm black-lights, where the temperature, pressure, humidity and light 

intensity are well controlled (Carter et al., 2005). m-Xylene (99%) and H2O2 (50%) from 

Sigma Aldrich were injected into the chamber before the photo-oxidation as SOA 

precursor and OH and HO2 source. The initial concentration of m-xylene and H2O2 varied 

from 11 to 229 ppb and 0.4 to 4 ppm, respectively. Since no additional NOx were added 

into any experiments and the only NOx source was off-gassing from the chamber wall 
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with the rate varying from 0.8 to 2.5 ppt/min (Carter et al., 2005), all the experiments 

were defined as very low NOx conditions. The wall effects from our chamber reactors 

were characterized on a regular basis by determining the magnitude of NOx off-gassing 

rate so that the model could correctly predict ozone yields from a series of chamber 

characterization experiments, as described by Carter et al. (Carter et al., 2005). 1 ppm of 

a reactive organic gas (ROG) surrogate mixture (Table 3.2) was added into several 

experiments to simulate the environment of a regular urban atmosphere (Kacarab, 2013). 

Different number of black lights were used to simulate light intensities represented by 

NO2 photolysis rate k1 from 0.125 to 0.401 /min. All the experiments were run at 301 ± 1 

K and dry condition (RH < 0.1%) in the absence of seeds. 

A home-built scanning mobility particle sizer was used to obtain particle size 

distribution (27 to 686 nm) (Cocker et al., 2001a). A Kanomax aerosol particle mass 

analyzer (APM) was used to measure particle density (Malloy et al., 2009). An Agilent 

gas chromatography (Model 6890) with flame ion detectors (GC-FID) was used to 

measure the hydrocarbon concentrations. A gas-phase chemistry mechanism SAPRC11 

was used to obtain the concentrations of radicals such as NO, OH, HO2 and RO2 (Carter 

and Heo, 2012). Figure 3.1 shows a typical profile of the branching ratio of RO2+NO 

pathway (𝛽) when only considering competition with RO2+HO2 pathway, m-xylene, O3 

and NOx from SAPRC11 mechanism and experiment measurements. The RO2+NO 

pathway in very low NOx experiments studied here is resulted from NO off-gassing from 

chamber wall and accounts for at most 3% of RO2 branching for all experiments (mostly 

< 1%). The average OH concentrations (Figure 3.2) of all experiments studied here are 
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obtained from SAPRC11 mechanism and a typical method of calculating OH radical 

using m-xylene decay (Li et al., 2018).  The great agreement of m-xylene decay, and O3 

formation between SAPRC11 and measurement and average OH concentrations between 

SAPRC11 and m-xylene decay method indicates the gas-phase chemistry in chamber is 

well estimated using SAPRC11.     

The SOA yield (Y) was calculated using Equation 3.2 where ∆𝑀𝑜 is the formed 

SOA mass and ∆𝐻𝐶 is the consumed hydrocarbon (Odum et al., 1996a). The VBS 

parameters were developed using Equation 3.3 (Donahue et al., 2006) where 𝐶𝑂𝐴 is the 

total SOA mass, 𝐶𝑖
∗ is the effect saturation concentration of each of the four products 

(0.1, 1, 10, 100 ug/m3) and 𝐶𝑖 is the total concentration of a product in gas- and particle- 

phase. A VBS chamber model considering real-time HO2/RO2 effect was developed to 

estimate SOA formation from m-xylene in chamber with m-xylene decay profile (10-

minutes resolution) using the parameters from current models and those obtained from 

this study. 

Y =
∆Mo

∆HC
  Equation 3.2 

COA = ∑ Ci ∗ (1 +  
Ci

∗

COA
)

−1
4
i  Equation 3.3 

A global 3-d model (GEOS-Chem) of atmospheric chemistry driven by the 

assimilated meteorological data from the Goddard Earth Observing System (GEOS) was 

used in this study to estimate the global HO2/RO2 ratio. The m-xylene SOA parameters at 
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low-NOx conditions were replaced with those obtained from this study to estimate the 

impact on m-xylene SOA when considering the impacts from RO2+RO2 pathway.  

3.3 Results and Discussion 

A large range of SOA yield (10% to 42%) was observed under different initial m-

xylene and H2O2 concentrations, light intensity and wall off-gassing at the very low NOx 

conditions (Figure 3.3). No clear single yield curve can be directly obtained from the 

scattered data points on Figure 3.3 and the current applied yield parameter (36%) can 

only represent a small fraction experiments in this study. It is important to understand 

what drives the difference on SOA potential from m-xylene under very low NOx 

conditions and provide more representative SOA parameters to improve the SOA 

prediction accuracy of models. 

3.3.1 Light Intensity  

Light intensity impacts the photolysis of H2O2 and the formation of OH and HO2. 

In this study, three light intensity scenarios (k1 of 0.125, 0.150 and 0.401 min-1) were 

used. With similar initial m-xylene and H2O2 conditions, SOA formation and m-xylene 

consumption rates increased as k1 increases (Figure 3.4) except that m-xylene 

consumption rate was the fastest for the run with the medium k1 (0.15 /min) due to its 

largest initial m-xylene concentration. The product of HO2 and RO2 concentrations for 

those three k1 scenarios is plotted in Figure 3.4 and its value is higher for runs with 

higher k1. This can be explained by the fact that the faster OH formation from the faster 

H2O2 photolysis with the higher light intensity leads to faster oxidation of m-xylene and 
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the formation of RO2 and HO2. The similar dependence of [HO2]*[RO2] and SOA 

formation rate on k1: SOA forms in a faster rate when [HO2]*[RO2] is higher, further 

supports that HO2+RO2 reaction is the major pathway for m-xylene SOA formation at the 

very low NOx conditions (Ng et al., 2007; Song et al., 2007a). 

Before the SOA formation levels off, the experiment with the largest k1 shows the 

fastest and highest SOA formation. However, the final SOA formation for the three cases 

are very similar (Figure 3.4), corresponding to the similar [HO2]*[RO2] exposure (2 to 3 

*1024 (molecules/cm3)2
*s). This indicates that the light intensity dose not significantly 

affect SOA potential from m-xylene at very low NOx condition since the final SOA yields 

are similar for all three scenarios (~20%). Figure 3.5 suggests no obvious k1 dependence 

on SOA yield curves from all the experiments in this study. A Pearson correlation 

analysis (Swinscow, 1976) (Table 3.3) was performed between final SOA mass and m-

xylene consumption and adding light intensity as the third variable did not significantly 

improve the correlation, indicating that the light intensity is not the key factor of the large 

variance of SOA yield. 

3.3.2 Wall Off-gassing 

While this study is focusing on the SOA formation in the absence of injected 

NOx, the effects of NOx off-gassing from wall still needs to be considered when 

simulating gas-phase chemistry in chamber with SAPRC11 mechanism. NOx wall off-

gassing is more important for very low NOx experiments but can be ignored in high NOx 

experiments due to its low magnitude. The NOx off-gassing rate for all experiments in 
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this study was within 0.8 ppt/min to 2.5 ppt/min. However, a maximum range of 0.8 

ppt/min to 7 ppt/min historically observed for this chamber was used for a sensitivity test 

with SAPRC11 mechanism to understand the maximum impact of NOx off-gassing to 

gas-phase chemistry (Figure 3.6) assuming initial 80 ppb m-xylene and 2 ppm H2O2. The 

m-xylene profiles with the three off-gassing rates are almost identical. The average 

branching ratio of RO2+NO compared with HO2+RO2 increases from 0.2% to 3%, 

indicating that an increasing fraction of m-xylene forms SOA through RO2+NO pathway 

while still significantly smaller than the SOA formation from RO2+HO2 pathway. This 

extent of change on branching ratio would not likely change the SOA yield as significant 

as observed in Figure 3.3. The slight increase of HO2 and decrease of RO2 lead to the 

insignificant change of the product of average HO2 and RO2 in chamber when changing 

the NOx off-gassing rate from the lower bound to upper bound. The gas-phase chemistry 

sensitivity test indicates NOx off-gassing cannot explain the large variance on the SOA 

yield (10% to 42%) within the experiments conducted here and may only slightly affects 

the SOA formation from m-xylene in the absence of NOx by changing the branching ratio 

of HO2+RO2 pathway. In addition, Figure 3.7 indicates no obvious dependence of SOA 

yield curve on the NOx off-gassing rate from all the experiments in this study. The 

insignificant change of the Pearson correlation coefficient (Table 3.3) between final SOA 

mass and m-xylene consumption after adding a third variable NOx off-gassing rate also 

indicates that it is not the key factor of the large variance of SOA yield. 
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3.3.3 H2O2 Impacts 

Although H2O2 has been popularly used in very low NOx chamber studies, how its 

concentration impacts SOA formation is still not well understood. A series of 

experiments with ~100 ppb initial m-xylene and 0.4, 1, 2 and 4 ppm H2O2 were 

conducted. SOA forms faster and the final amount is larger for the run with higher initial 

H2O2 concentration (Figure 3.8) and the run with 4ppm H2O2 showed the largest SOA 

yield (42%). While m-xylene consumption was also increasing with H2O2, SOA 

formation reached the highest (~50 ug/m3) for the run with 4ppm H2O2 and the lowest 

(~15 ug/m3) for the run with 0.4 ppm H2O2, after 150 ug/m3 of m-xylene was consumed 

in both cases. The OH exposure and the average of HO2/RO2 ratio increased as the initial 

H2O2 increased. This indicates that the impacts of H2O2 on SOA formation potential are 

likely due to the change of the OH exposure and HO2/RO2 ratio in chamber.  

Figure 3.9 shows that the correlation between the total SOA formation and m-

xylene consumption can be influenced by the initial H2O2 concentration for the runs with 

less than 400 ug/m3 of m-xylene consumption. Increasing initial H2O2 concentration in 

chamber increases SOA formation: with ~300 ug/m3 m-xylene consumption, SOA 

formation was about 50-70, ~90 and 110-130 ug/m3 with 1, 2 and 4 ppm H2O2 injected. 

The H2O2 impacts observed here indicates the difference of SOA formation at low NOx 

conditions from different chambers (Nakao et al., 2012; Ng et al., 2007; Song et al., 

2007b) might related to different amount of H2O2 used. It is critical to understand how 

initial H2O2 concentration impacts m-xylene oxidation system and this must be 

considered when studying SOA formation from m-xylene and other aromatic compounds 
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in absence of NOx. However, for the runs with higher m-xylene consumption, the SOA 

yield, represented by the slope in Figure 3.9, was lower than the cases where less m-

xylene was consumed but with the same amount of initial H2O2. This indicates that H2O2 

alone may not be sufficient to explain the variety of SOA yield from m-xylene at low 

NOx – the impact of initial m-xylene might also need to be considered.   

The increase of OH and HO2/RO2 as H2O2 increases is playing an important role 

in SOA formation at low NOx condition. While SOA yield increases as initial H2O2 when 

similar m-xylene was present (Figure 3.9), Figure 3.10 indicates no obvious dependence 

of SOA yield curve on OH exposure in chamber when initial m-xylene was varied. 

Similar to light intensity and NOx off-gassing, the Pearson correlation analysis (Table 

3.3) shows that the OH exposure is not the key factor of the large variance of SOA yield 

as well. Among all the experiments in this study, RO2+HO2 is always the dominant 

pathway compared with RO2+NO as its branching ratio is about 30 – 550 times higher. 

While RO2+HO2 pathway is commonly used to represent low NOx conditions, the self- 

and cross- reactions of RO2 radicals can also contribute to the loss of RO2 and impact the 

final SOA formation. The ratio of HO2/RO2 is used as the indicator of the impacts of 

RO2+RO2 pathway. Increasing the initial H2O2 increases the average HO2/RO2 with 

similar initial m-xylene, leading to higher SOA formation, further proving the importance 

of considering RO2+RO2 pathway in m-xylene + H2O2 oxidation systems.  

Figure 3.11 shows the correlation between SOA mass and the average HO2/RO2 

ratio with grouped by the m-xylene consumptions. The SOA mass increases drastically 

with HO2/RO2 in low HO2/RO2 region and tends to level off as HO2/RO2 ratio further 
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increases. This indicates that RO2+RO2 pathway has impacts on SOA formation but the 

products from this pathway is more volatile compared to those from RO2+HO2 pathway. 

The impacts from RO2+RO2 pathway are comparable with RO2+HO2 when the HO2/RO2 

ratio is low, thus increasing HO2/RO2 ratio increases the branching ratio of HO2 with RO2 

radicals and then results in an increased SOA formation. As HO2/RO2 ratio raise to a 

certain level when the RO2+RO2 pathway impacts are far less significant, increasing 

HO2/RO2 ratio is not able to change the HO2+RO2 branching ratio or boost the SOA 

formation as almost all RO2 radicals react with HO2. Having considered both HO2+RO2 

and RO2+RO2 pathways in our study, the ratio of HO2/RO2 was used to represent the 

contribution from HO2+RO2 pathway. While the branching ratio of HO2+RO2 better 

represents the HO2+RO2 pathway, the large uncertainties of RO2+RO2 reaction constant 

(slow to fast, 8.8*10-13 to 1*10-11)  (Orlando and Tyndall, 2012; Peng et al., 2019) create 

a large uncertainty on the branching ratio itself. 

Three different yield curves of m-xylene at three different HO2/RO2 scenarios are 

presented in Figure 3.12: 0 to 0.75, 0.75 to 1.5 and >1.5 and developed VBS parameters 

for those three scenarios are presented in Table 3.4. A constant yield (36%) of non-

volatile SOA from m-xylene in the absence of NOx was reported and is applied in current 

models (e.g. GEOS-Chem) to represent the SOA yield of HO2 pathway (Ng et al., 2007; 

Pye et al., 2010). The constant 36% yield is the closet to our SOA yield curve at 

HO2/RO2>1.5 and the branching of HO2+RO2 (Table 3.4) is the largest (97% to 99% for 

slow RO2+RO2 and 80% to 95% for fast RO2+RO2) where SOA yield levels off at ~40%. 

This indicates that the current-used yield curve is only representing SOA yield from 
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HO2+RO2 pathway for larger aerosol mass loadings and may overestimate the SOA 

formation at lower mass loadings. However, only one constant yield curve cannot 

represent SOA formation potential at low NOx conditions. Two other yield curves at 

lower HO2/RO2 conditions (<1.5 and <0.75) lead to less SOA yield and indicate the 

lower SOA formation from RO2+RO2 pathway.  

The hydroperoxide products from HO2+RO2 reactions are with quite low 

volatilities and are a major component of SOA from m-xylene oxidation, especially in the 

scenarios in the absence of NOx. Although the SOA formation from RO2+RO2 pathway is 

not well understood, the self- and cross- reactions of RO2 impact the SOA formation in 

m-xylene+H2O2 system where RO2 concentrations are sufficient and their impact is not 

overwhelmed by the presence of NOx (Kroll and Seinfeld, 2008; Schervish and Donahue, 

2020). The alcohol and carbonyl products from pathway (R2) tend to be more volatile 

than HO2+RO2 reactions products in average thus contributing to less SOA mass. While 

the organic peroxides (ROOR) formed through pathway (R3) are likely in very low 

volatility and may contribute to more particle mass compared with HO2+RO2 reactions 

(Ziemann, 2002), the branching ratio of ROOR forming pathway (R3) is only about 3-4% 

thus that of carbonyl- and alcohol-forming pathway is much more dominant (59-77%) 

among those three RO2+RO2 pathways (R1-R3).  

These SOA yield curves are obtained from experiments with only m-xylene 

presented and did not consider the impacts from the presence of other VOCs and their 

corresponding RO2. In this study, a reactive organic gas (ROG) surrogate mixture 

(Kacarab, 2013) was used to simulate urban atmosphere in several m-xylene+H2O2 
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experiments. Without surrogate mixture added, the average HO2/RO2 ratios varied from 

0.5 to 5 with the injection of 25-100 ppb m-xylene and 1ppm H2O2. With 1 ppm 

surrogate, the ratios dropped to a more constant level (0.19 to 0.30) (Figure 3.13), 

indicating that the presence of surrogate mixture could control the HO2/RO2 ratio to a 

relatively constant level with varied initial m-xylene. SOA yield of runs with surrogate is 

presented in Figure 3.12 and they all agree with SOA yield curve at HO2/RO2<0.75 

scenario. With the addition of the RO2 from other VOCs, there are more RO2 radicals 

competes with HO2, leading to a lower final SOA formation.  

3.3.4 SOA prediction in chamber experiments 

A customized VBS model was developed to predict SOA formation with the real-

time HO2/RO2 ratio and m-xylene profile. The SOA parameters currently used in GEOS-

Chem (HO2/RO2- independent) (Pye et al., 2010) and those obtained from this study 

(HO2/RO2-dependent) were used in this model. Figure 3.14 presents the comparison 

between the predicted SOA mass using the VBS model and measured SOA mass in 

chamber, colored by the average HO2/RO2 ratios during the chamber experiments. 

Experiments with the HO2/RO2 ratio >1.5 show a decent agreement but those with lower 

HO2/RO2 show large a SOA overestimation when using HO2/RO2-independent 

parameters. However, when using HO2/RO2-dependent parameters, a great agreement 

was observed between estimated and measured SOA in chamber, indicating a significant 

improvement on SOA prediction when different HO2/RO2 conditions apply. Noting that 

the HO2/RO2-dependent parameters were obtained from final SOA yield and average 

HO2/RO2 ratio of each chamber experiment, and were applied into the course of the 
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experiment during which, HO2/RO2 ratio and m-xylene consumption are different at each 

time segments (every 5 minutes), 100% agreement between the final measured and 

estimated SOA formation was not expected. This indicates that it is important to consider 

both RO2+RO2 and HO2+RO2 pathways when predicting SOA formation from aromatic 

in the absence of NOx, especially for regions with lower HO2/RO2 ratios. 

3.3.5 SOA prediction in GEOS-Chem model 

As discussed previously, m-xylene SOA might be potentially overestimated in 

lower HO2/RO2 regions because RO2+RO2 pathway, which has relatively lower SOA 

formation potential, is not considered in current model and tend to be more important at 

these regions. Figure 3.15 presents the average global HO2/RO2 ratio during a typical 

summer month (July 2013) and shows the lower HO2/RO2 ratios in higher-populated 

regions such as east coast of America, southeast China, and India, where higher aromatic 

emissions are expected. This indicates the necessity of considering RO2+RO2 pathway as 

it has the largest impact on m-xylene SOA for the regions discussed. Figure 3.16 and 

3.17 show the m-xylene SOA using current parameters and the absolute difference when 

applying the parameters for the low HO2/RO2 case (HO2/RO2 < 0.75) from this study. Up 

to 0.05 ug/m3 of m-xylene overestimation (up to 100%) for these regions was observed 

where the global SOA was originally estimated as 0.1 to 0.3 ug/m3. The fact that the m-

xylene SOA alone shows such a large overestimation indicates the importance of 

applying HO2/RO2 impact to all the other aromatic compounds and possible biogenic 

compounds.  
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3.3.6 Implications on chamber experiment design 

Since HO2/RO2 significantly affects the competition between HO2+RO2 and 

RO2+RO2 and may explain the SOA yield variance between chambers, it needs to be 

controlled within a certain scenario if one wants to obtain a SOA yield curve or compare 

SOA at low NOx conditions from different chambers. The initial condition of m-xylene 

and H2O2 is the key to control HO2/RO2 ratio. As a wide concentration range of initial 

VOC and H2O2 was used in chamber studies to investigate SOA formation at low NOx 

conditions, it is important to control the H2O2/VOC ratio to control the HO2/RO2 ratio 

when designing chamber experiments. Figure 3.18 shows a colormap of simulated 

HO2/RO2 ratio when using different concentrations of m-xylene (0 to 200 ppb) and H2O2 

(0 to 8 ppm) using SAPRC11 mechanism(Carter and Heo, 2012) and such ranges are 

commonly within chamber capabilities. The HO2/RO2 is constant when the slope of H2O2 

to m-xylene is constant and such slope defines the HO2/RO2 scenario. The colormap 

saturates when HO2/RO2 ratio is larger than 3 as almost all RO2 radicals go to RO2+HO2 

pathway.  

In most of the chamber studies, constant concentration of H2O2 with various 

initial concentrations of SOA precursor were typically used (Li et al., 2015; Nakao et al., 

2011) (scenario a) when obtaining the SOA yield curve for RO2+HO2 pathway. In this 

scenario, increasing m-xylene leads to the drop of HO2/RO2 ratio, increasing the impact 

from RO2+RO2 pathway thus the SOA yield curve from this scenario may not correctly 

represent absolute RO2+HO2 SOA yield. In scenario b, increasing H2O2 while keeping 

the m-xylene constant provides a valid method to study the impacts from RO2+RO2 and 
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RO2+HO2 pathways for a specific amount VOC consumption. In order to obtain the SOA 

yield from each pathway, the control of the contribution of each pathway (scenario c) 

when changing the initial H2O2 and m-xylene concentration at the same time is necessary. 

Noting that it is important to control HO2/RO2 within a valid range as when HO2/RO2 

reaches a certain level, increasing HO2/RO2 would not increase the branching of 

HO2+RO2 as it is close to 100%.    

Another way to control the HO2/RO2 ratio in chamber is to apply the surrogate 

mixture. In simple m-xylene+H2O2 system, the initial concentrations of m-xylene being 

25, 50, 100 ppb and H2O2 being 1 ppm could lead to three different HO2/RO2 scenarios 

(Figure 3.13) thus to different SOA formation potential regions. However, when initially 

adding 1ppm surrogate into the system, the average HO2/RO2 ratios were located within 

0.19 to 0.30 as the presence of the surrogate dilutes the impacts of varying initial VOC 

conditions within a certain range. 

3.4 Conclusion 

This study investigated the driving forces of the variance of SOA formation from 

m-xylene at very low NOx conditions by evaluating the impacts of light intensity, NOx 

off-gassing from chamber wall and H2O2. SOA yield from m-xylene at very low NOx 

conditions was found to be strongly depending on the HO2/RO2 ratio in chamber. As the 

HO2/RO2 ratio increases, the SOA yield increases since HO2/RO2 ratio decrease the 

branching ratio of RO2+RO2 pathway, which forms more volatile products compared 

with RO2+HO2 pathway lowering the final SOA formation. A ROG surrogate mixture 
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was used to simulate urban atmosphere and it controlled the HO2/RO2 ratio to a relatively 

constant lower level (0.2 to 0.3) while varying the initial m-xylene concentrations. The 

measured SOA yield data from surrogate runs was consistent with the SOA yield curve at 

the lowest HO2/RO2 ratio (< 0.75). The light intensity impact was also investigated that 

higher light intensity increases the SOA formation rate but does not affect the final SOA 

yield from m-xylene at very low NOx condition. NOx off-gassing from the chamber wall 

is the only major NOx source in chamber at very low NOx conditions but the level of NOx 

would not significantly affect SOA formation according to the sensitivity test based on 

the gas-phase chemistry. 

The global surface HO2/RO2 ratio was modelled using GEOS-Chem. It was found 

that the higher populated regions with higher aromatic emissions normally has lower 

HO2/RO2 ratio, where the weakening impact of SOA from RO2+RO2 pathway is the 

largest. The m-xylene SOA can be overestimated by up to 100% in those regions. This 

indicates the importance of including RO2+RO2 pathway in current models when 

predicting SOA formation m-xylene and potentially other aromatic compounds.  

Suggestions on chamber experiment design are provided when investigating SOA 

at very low NOx conditions. A simulated HO2/RO2 ratio colormap is presented when 

using varied initial H2O2 and VOC concentrations. The HO2/RO2 ratio can be constrained 

constant when controlling the initial H2O2/VOC ratio. It is important to set the HO2/RO2 

ratio constant to rule out the HO2/RO2 impact if one wants to obtain the SOA yield curve 

at known contribution of RO2+RO2 and RO2+HO2 pathways. 
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Tables & Figures 

Table 3.1: Summary of very low NOx experiments 

Run 
Time k1 

NOx Off-

gassing 

Tempe-

rature 

Initial 

VOC 
H2O2 

Consumed 

VOC 

SOA 

Mass 
Yield OH RO2 HO2 

min /min ppt/min K ppb ppm ug/m3 ug/m3  molecules/cm3 

471A 710 0.15 0.81 301.8 105.8 0.4 168.0 17.3 10% 3.9E+5 4.0E+9 6.4E+8 

471B 764 0.15 0.81 301.8 102.4 0.4 175.7 23.9 14% 4.0E+5 3.9E+9 6.5E+8 

472B 695 0.15 0.81 301.8 111.2 1.0 241.8 48.6 20% 7.2E+5 4.1E+9 1.3E+9 

472A 695 0.15 0.81 301.8 118.5 1.0 255.4 44.4 17% 6.8E+5 4.4E+9 1.2E+9 

473B 732 0.15 0.81 301.8 108.0 2.0 299.0 91.2 30% 1.1E+6 2.7E+9 2.8E+9 

473A 732 0.15 0.81 301.8 108.0 2.0 281.5 85.4 30% 1.1E+6 2.7E+9 2.8E+9 

474B 710 0.15 0.81 301.7 105.0 4.0 310.5 130.2 42% 1.4E+6 1.8E+9 5.4E+9 

474A 710 0.15 0.81 301.7 105.0 4.0 302.2 114.8 38% 1.4E+6 1.8E+9 5.4E+9 

476A 721 0.15 0.81 301.7 53.8 1.0 141.0 36.0 26% 1.1E+6 1.9E+9 2.0E+9 

476B 721 0.15 0.81 301.7 54.9 1.0 153.4 38.7 25% 1.0E+6 2.0E+9 1.9E+9 

478B 634 0.15 0.80 301.5 26.3 1.0 75.2 21.3 28% 1.4E+6 9.4E+8 2.6E+9 

750A 889 0.12 1.25 300.5 74.8 1.0 227.6 44.0 19% 7.9E+5 2.2E+9 1.6E+9 

1180B 296 0.40 2.48 303.8 234.0 4.0 621.0 192.8 31% 2.8E+6 6.6E+9 6.2E+9 

1209A 371 0.40 2.48 300.6 229.0 2.0 656.0 126.0 19% 1.9E+6 9.3E+9 2.9E+9 

1209B 371 0.40 2.48 300.6 177.0 2.0 509.0 95.0 19% 2.2E+6 7.4E+9 3.3E+9 

1212B 348 0.40 2.48 300.8 52.0 2.0 188.9 65.8 35% 3.9E+6 1.9E+9 6.2E+9 

1212A 348 0.40 2.48 300.8 114.0 2.0 385.1 126.0 33% 2.8E+6 4.5E+9 4.4E+9 

1248B 281 0.40 2.48 299.9 121.3 1.0 305.2 67.9 22% 1.8E+6 6.6E+9 2.0E+9 

1424B 365 0.40 2.48 300.3 101.0 1.0 300.4 56.5 19% 2.0E+6 5.7E+9 2.2E+9 

1860A 570 0.40 2.48 301.3 60.7 1.0 207.9 50.6 24% 2.9E+6 2.8E+9 3.2E+9 

1860B 570 0.40 2.48 301.3 109.6 1.0 433.4 98.7 23% 1.9E+6 5.1E+9 2.4E+9 

2563B 422 0.40 2.48 300.7 81.5 1.0 277.0 49.7 18% 2.3E+6 4.4E+9 2.7E+9 

8
3
 

8
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Table 3.1: Experiment summary (continue). 

Run 
Time k1 

NOx Off-

gassing 
Tempe-

rature 

Initial 

VOC 
H2O2 

Consumed 

VOC 

SOA 

Mass 
Yield OH RO2 HO2 

min /min ppt/min K ppb ppm ug/m3 ug/m3  molecules/cm3 

2567A 431 0.40 2.48 301.0 72.8 1.0 231.9 45.7 20% 2.5E+6 3.9E+9 2.8E+9 

2567B 431 0.40 2.48 301.1 72.7 1.0 234.6 42.2 18% 2.5E+6 3.8E+9 2.8E+9 

2568B 374 0.40 2.48 301.1 28.0 1.0 115.9 24.9 22% 3.5E+6 1.9E+9 3.9E+9 

2569B 392 0.40 2.48 300.2 20.8 1.0 73.2 14.9 20% 4.3E+6 1.1E+9 4.6E+9 

2569A 392 0.40 2.48 300.3 47.1 1.0 157.7 24.9 16% 3.1E+6 2.5E+9 3.5E+9 

2570B 348 0.40 2.48 300.7 11.0 1.0 45.4 8.2 18% 5.0E+6 5.9E+8 5.1E+9 
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Table 3.2: ROG surrogate mixture composition 

Compound 
acet-

aldehyde 
m-xylene 

1,2,4-

trimethyl-

benzene 

n-butane 

2-

methyl-

propene 

trans-2-

butene 
toluene 

ppb/ppmC 38.76 4.35 4.22 76.8 5.72 2.38 12.02 

Compound 
1-

pentene 
ethylene 

methyl-

ethyl-

ketone 

propylene 

2-

methyl-

butane 

methylcyclo-

pentane 
isoprene 

ppb/ppmC 2.61 11.91 14.22 2.68 37.72 21.34 1.51 
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Table 3.3: The Pearson Coefficient between SOA mass and m-xylene consumption with and without a third variable. 

Original 

Adding A Third Variable 

k1 
NO  

Off-gassing 

OH 

Exposure 
HO2/RO2 

86% 88% 88% 90% 98% 

 

Table 3.4: SOA yield VBS parameters at different HO2/RO2 conditions. 

HO2/RO2 
RO2+HO2 branching C* (ug/m3) 

Slow† RO2 Fast† RO2 0.1 1 10 100 

<.75 >70% >20% 0 0 0.1584 0.1436 

<1.5 >90% >50% 0 0 0.25 0.1441 

>1.5 >96% >80% .0378 0 0.2681 0.2087 

†: slow: kRO2+RO2=8.8*10-13; fast: kRO2+RO2=1*10-11.
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Figure 3.1: A typical profile of the branching ratio (beta) of RO2+NO (considering 

RO2+NO and RO2+HO2 pathways), VOC (ppb), O3 (ppb) and NOx (ppb) versus time 

(min) from SAPRC11 and experiment measurements 
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Figure 3.2: Averaged OH concentrations of each experiment from SAPRC11 and 

estimation of m-xylene decay 
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Figure 3.3: Final SOA Yields from m-xylene experiments at very low NOx conditions 
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Figure 3.4: SOA formation, [HO2]*[RO2] and accumulative m-xylene consumption of 

three m-xylene experiments with different light intensities 
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Figure 3.5: Final SOA yields from m-xylene experiments with no additional NOx at 

different light intensities (represented by k1) 
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Figure 3.6: The sensitivity test of gas-phase chemistry simulation of a typical m-xylene 

and H2O2 experiment (80 ppb m-xylene and 2 ppm H2O2) with different NOx off-gassing 

rates 
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Figure 3.7: Final SOA yields from m-xylene experiments with no additional NOx at 

different NOx off-gassing from chamber wall (represented by NOx off-gassing rate) 
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Figure 3.8: SOA formation from four m-xylene experiments with different initial 

concentrations of H2O2 
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Figure 3.9: Final SOA mass and m-xylene consumption from m-xylene experiments with 

no additional NOx with different initial H2O2 
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Figure 3.10: Final SOA yields from m-xylene experiments with no additional NOx at 

different OH exposures (color represents OH exposure) 
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Figure 3.11: Final SOA formation with average HO2/RO2 for each experiment 
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Figure 3.12: Final SOA yields from m-xylene experiments with no additional NOx at 

different HO2/RO2 
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Figure 3.13: The average HO2/RO2 from m-xylene experiments with 1ppm H2O2 and 25, 

50 and 100ppb initial m-xylene, with or without 1 ppmC surrogate mixture 
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Figure 3.14: Estimated SOA using VBS parameters and measured SOA in chamber 

(a: HO2/RO2-independent parameters; b: HO2/RO2-dependent parameters) 
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Figure 3.14: Estimated SOA using VBS parameters and measured SOA in chamber 

(continue.) 

(a: HO2/RO2-independent parameters; b: HO2/RO2-dependent parameters) 
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Figure 3.15: Monthly average global surface HO2/RO2 
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Figure 3.16: Monthly average global surface SOA from m-xylene from GEOS-Chem 

using previous low-NOx parameters 

 

 

Figure 3.17: Monthly average global surface SOA from m-xylene from GEOS-Chem 

using HO2/RO2 < 0.75 SOA parameters as low-NOx parameters 
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Figure 3.18: The average HO2/RO2 ratio heatmap with initial H2O2 (0 to 8 ppm) and m-

xylene (0 to 200 ppb) in chamber 
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Chapter 4 : Organic Aerosol (SOA) Formation from Aromatic Compounds: The 

Dependence on The Branching Ratio (β) of RO2+NO Pathway 

4.1 Introduction 

Organic aerosol (OA) accounts for 20% to 90% of sub-micro aerosol in the 

atmosphere. It plays an important role in environmental and health issues such as air 

quality, visibility, climate change and lung-related diseases (Corbin et al., 2020; Jimenez 

et al., 2009; Myhre et al., 2013; Zhao et al., 2013). Secondary organic aerosol (SOA), 

formed from atmospheric oxidation reactions of various volatile organic compounds, 

contributes up to 70% of the OA (Kanakidou et al., 2005). Aromatic compounds, as one 

category of the most important anthropogenic SOA precursors, were estimated to 

contribute up to 50% to 70% of total SOA formation in urban atmosphere (Na et al., 

2004). It was modelled that the total annual emissions of BTX compounds (benzene, 

toluene and xylene) are about 18 Tg/yr and xylene emission accounts for about 30%. 

The SOA formation in atmosphere is initiated by three major oxidants, hydroxyl 

radical (OH), nitrate radical (NO3) and ozone (O3) and it is influenced by different 

environmental parameters such as NOx level, temperature, relative humidity and acidity 

(Cao and Jang, 2008; Li et al., 2015; Nakao et al., 2011; Ng et al., 2007; Qi et al., 2010; 

Song et al., 2005). It was shown that NOx, which is another important anthropogenic 

emission, impacts SOA formation from the photo-oxidation of aromatic compounds. 

Higher SOA yield was observed in lower NOx conditions. The reactions between organic 

peroxy radicals (RO2) and hydroperoxyl radicals (HO2) are believed to be the dominant 
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pathway on SOA formation in low NOx condition thus the products, organic 

hydroperoxides, are less volatile than the organic nitrate from RO2+NO pathway, which 

is the major pathway at high-NOx conditions (Kroll and Seinfeld, 2008). 

The two-product model and volatility basis set (VBS) are commonly used to 

characterize SOA formation from a precursor under certain conditions (Donahue et al., 

2006; Odum et al., 1997, 1996). The SOA parameters for two-product model or VBS for 

RO2+NO and RO2+HO2 pathways can be obtained from high- and low-NOx chamber 

studies. Current global transport models use those parameters of the two pathways as well 

as the branching ratio of the RO2+NO pathway (β) to account for the NOx effects when 

predicting SOA formation from aromatic compounds (Carlton et al., 2010; Pye et al., 

2010). The β is calculated with Equation 4.1, where 𝑘𝑅𝑂2+𝑁𝑂 and 𝑘𝑅𝑂2+𝐻𝑂2
 are the 

reaction constants of RO2 with NO and HO2, respectively. A large range of 

anthropogenic SOA prediction (0.05 to 9.7 Tg/year) was reported (Farina et al., 2010; 

Guillaume et al., 2007; Tsigaridis and Kanakidou, 2003). The SOA parameters might 

contribute to such large uncertainties because the traditional high- and low-NOx 

experiments may not accurately represent those two pathways and β needs to be 

evaluated for those experiments.  

β =
𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]

𝑘𝑅𝑂2+𝐻𝑂2
[𝐻𝑂2]+𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]

  Equation 4.1 

Multiple chamber studies have investigated the SOA formation from aromatic 

compounds using different indicators to represent the NOx conditions in chamber. Song 

et al. observed two distinct SOA yield trends from OH initiated m-xylene experiments 
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with different ratios of initial hydrocarbon (HC) to NOx (high yield when HC/NOx > 8 

and low yield when HC/NOx < 5.5). Ng et al. simulated high- and low-NOx conditions in 

chamber with the injection of HONO and H2O2, respectively, and reported aromatic 

compounds SOA yield parameters for RO2+NO and RO2+HO2 pathways using the two-

product model. It was suggested that [NO]/[HO2] be a more appropriate measure of NOx 

as it represents the fate of RO2 which is important in SOA formation. However, the 

[NO]/[HO2] ratio does not explicitly show the competition of RO2+NO and RO2+HO2 

pathways and it needs to be combined with the reaction constants of those two pathways 

to obtain the branching ratio (β). While HONO or low initial HC/NOx were used to 

represent high-NOx conditions in chamber, it may not represent the absolute RO2+NO 

pathway because RO2+HO2 may still contribute to SOA formation if β cannot be controlled 

at 1. Thus, more investigation is needed to evaluate the branching conditions in chamber 

for those experiments to verify the accuracy of the SOA parameters obtained from those 

experiments.  

Besides the SOA parameters for those two pathways (β = 1 and β = 0), the method 

of estimating SOA parameters for intermediate β may also become one of the sources of 

the uncertainties in model predictions. Lane et al. proposed an approach of determining 

the mass yield coefficients, α, of four products for intermediate β by linearly combining 

the mass yield coefficients from each pathway with β for products with the same effective 

saturation pressure (Lane et al., 2008). This approach is also currently used in global 

models (e.g. GEOS-Chem) to represent NOx impact on SOA (Henze et al., 2010; Pye et 
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al., 2019). However, no experimental data is available to verify this approach thus it is 

important to investigate the SOA yield parameters at different β in chamber. 

To the best of my knowledge, there has not been any reported experimental study 

on the relationship between the SOA yield and branching ratio. In this study, a novel 

approach of controlling β at 1 during the whole course of chamber experiments was 

developed to simulate RO2+NO pathway without the significant contribution from other 

pathways. The SOA yield parameters for this pathway were developed. Since β is an 

important indicator of NOx conditions, the global surface β was estimated using GEOS-

Chem and four β scenarios were observed. By controlling β to simulate the daytime β 

profile of the four scenarios, the m-xylene SOA formation was investigated. 

4.2 Method 

The University of California, Riverside (UCR) dual-90m3 Teflon indoor smog 

chambers (details were described elsewhere (Carter et al., 2005)) were used for both 

traditional and controlled-β chamber experiments (Table 4.1), which were conducted at 

dry conditions (RH < 0.1%), 300 ± 1 K with no inorganic- or organic-seed presence. The 

chamber reactors were maintained at a positive differential pressure of ~0.015” H2O 

compared to the enclosure to avoid the dilution. 272 UV black lights (115W Sylvania 

350BL, NO2 photolysis rate at 0.4 min−1) were used for photooxidation. For controlled-β 

experiments, m-xylene and H2O2 were injected before the black lights were turned on and 

NO was continuously injected throughout the experiments at different rates to maintain β 

at a constant value. The atmosphere chemistry mechanism, SAPRC11, was used to 

simulate gas-phase chemistry in the chamber (Carter et al., 2012).  It was used to design 
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the NO injection rate before experiments and to estimate the concentration of gas-phase 

species such as HO2, RO2 and NO after experiments. m-Xylene concentration was 

measured with an Agilent 6980 (Palo Alto, CA) gas chromatographs equipped with flame 

ionization detectors (GC-FID). NOx and O3 concentrations were measured with a Thermal 

Environmental Instruments Model 42C chemiluminescence NOx analyzer and a Dasibi 

Environmental Corp. Model 1003-AH O3 analyzer. Particle concentration was measured 

using a home-built dual scanning mobility particle sizer and particle wall loss was corrected 

using the method as described by (Cocker et al., 2001). A Kanomax aerosol particle mass 

analyzer (APM) (described in Malloy et al. (Malloy et al., 2009)) was used to measure the 

density of SOA.  

The volatility basis set (VBS) parameters using Equation 4.2 (Donahue et al., 

2006) were developed for β = 1 condition, to represent the RO2+NO pathway. 𝐶𝑂𝐴 is the 

total SOA mass, 𝐶𝑖
∗ is the effect saturation concentration of each of the four products (0.1, 

1, 10, 100 ug/m3) and 𝐶𝑖 is the total concentration of a product in gas- and particle-phase,. 

For β = 0 scenario, the three sets HO2/RO2-dependent parameters discussed in Chapter 3 

to represent the combination of RO2+HO2 and RO2+RO2 pathways. For intermediate β, the 

amount of hydrocarbon reacting through RO2+HO2 and RO2+RO2 pathways (low NOx) 

and RO2+NO pathway (high-NOx) were calculated using Equation 4.3 and 4.4. The mass 

coefficient  αi were calculated using Equation 4.5 (modified from (Henry and Donahue, 

2011; Lane et al., 2008; Presto and Donahue, 2006)) when considering the contribution of 

all three pathways, where αNO,i  is the mass coefficient of compound i from RO2+NO 

pathway and αHO2 and RO2,i is the mass coefficient of compound i from the combination of 
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RO2+RO2 and RO2+HO2 pathways, which is dependent on HO2/RO2 ratio. The theoretic 

SOA yields at intermediate β were obtained using the mass coefficients and effective 

saturation pressure of the four products. 

COA = ∑ Ci ∗ (1 +  
Ci

∗

COA
)

−1
4
i  Equation 4.2 

∆HCHO2 and RO2
= ∆HC ∗ (1 −  β) Equation 4.3 

∆HCNO = ∆HC ∗  β Equation 4.4 

αi(β, HO2/RO2) =  β ∗  αNO,i + (1 −  β) ∗  αHO2 and RO2,i(HO2/RO2) Equation 4.5 

A global 3-d model of atmospheric chemistry driven by the assimilated 

meteorological data from the Goddard Earth Observing System (GEOS-Chem) was used 

in this chapter to estimate the daily profile and average of global surface β.  

4.3 Results and discussion 

4.3.1 Traditional chamber experiments 

The average branching ratio of 105 traditional chamber experiments with varied 

initial m-xylene (11 to 291 ppb) and NOx (0 to 282 ppb) was calculated with the average 

concentration of HO2 and RO2 using Equation 4.1 where 𝑘𝑅𝑂2+𝐻𝑂2
and 𝑘𝑅𝑂2+𝑁𝑂 are 1.5 * 

10-11 cm3/(molecule * s) and  8.5 * 10-12 cm3/(molecule * s). The average branching ratio 

for each chamber experiment varies from 0 to 1 depending on the initial VOC and NOx 

conditions. Figure 4.1 and 4.2 show the final SOA mass and total m-xylene consumption, 

and final SOA yield and SOA mass from each experiment, grouped by the average 

branching ratio. While the data points are scattered, the runs with lower branching ratio are 
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above the runs with higher branching ratio in both figures, suggesting the negative impacts 

of branching ratio on SOA formation from m-xylene. This agrees with the previous studies 

on NOx impact on aromatic SOA formation (Li et al., 2015; Ng et al., 2007; Song et al., 

2007).  For the runs with similar final SOA mass loadings or total m-xylene consumption 

(Figure 4.3), SOA yield decreases with β, further suggesting the negative impact of β. 

However, the scattered data points show large uncertainties when using average branching 

ratio for a chamber experiment since the branching ratio may not hold constant in those 

experiments.  

Figure 4.4 shows the branching ratio profiles of typical high- and low-NOx 

chamber experiments. For the chamber runs with initial NO injections, β started at 1 

because the injected NO is significant compared to HO2 at the beginning of the experiment. 

After the photo-oxidation started, β dropped drastically as NO decreased to sub-ppb level 

(Figure 4.5) from the NOx photolysis cycle. A delay effect was observed that the β drops 

slower compared with NO. This is resulted from the fact that while NO drops drastically, 

it is still significant and competitive against HO2 at the beginning of the experiment. When 

β dropped to a certain level, it leveled off and stayed at a relative constant value for the rest 

of the experiment. 

Traditional high-NOx methods, with high initial NOx or initial NOx/HC, have been 

widely used to simulate RO2+NO pathway in chambers. The SOA parameters derived from 

those chamber experiments are used in current global transport models to represent the 

SOA yield for the RO2+NO pathway. However, the β profiles of those experiments shows 

that those experiments do not represent RO2+NO pathway alone and the contribution of 
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RO2+HO2 pathway may be significant, especially for the later part of the experiments when 

β levelled off at a constant low value (Figure 4.4). Thus, using SOA parameters from those 

experiments may lead to bias in SOA prediction. Traditional low-NOx experiments have 

their β values constantly maintained at close to 0. As discussed in Chapter 3, β is slightly 

above 0 because it is impossible to achieve the absolute NOx-free condition in chamber 

due to the wall off-gassing. Noting that while β is close to 0, SOA formed may not represent 

RO2+HO2 pathway alone and RO2+RO2 pathway can also contribute depending on the 

HO2/RO2 ratio.  

4.3.2 Controlled-β chamber experiments 

As β changes drastically for a traditional NOx chamber experiment, the contribution 

of each pathway may be very different at different times during the experiment. For the run 

with 12.5 ppb initial NOx (Figure 4.4), for example, RO2+NO pathway accounts for 55% 

at 15 minutes after the blacklights were turned on, and this fraction was lowered to 15% at 

100 minutes. This suggests that it is necessary to keep β constant so the contribution of 

RO2+NO pathway is known and constant throughout the experiment. By controlling β at 

one, one can simulate and obtain the SOA parameters from RO2+NO pathway.  

The fact that the initial NO is often consumed to sub-ppb level right after the 

blacklights were turned on suggests that continuously injecting NO throughout the 

experiment keep β from dropping that fast in chamber. NO was injected continuously in 

our chamber and the rate was changed step-wisely in order to maintain β in a relatively 

constant value. Figure 4.6 and 4.7 show that the β was maintained at a relatively constant 
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level (0.9 to 1) compared with a traditional high-NOx experiment. The gas-species such as 

NO, O3 and m-xylene were measured and estimated using SAPRC11. A descent agreement 

between measurement and simulation suggests the confidence of gas-phase chemistry 

simulated by SAPRC11.  

4.3.3 RO2+NO pathway (β = 1) 

In order to understand the difference between SOA formation in traditional high-

NOx experiments and β = 1 experiments, as shown in Figure 4.8, the two types of 

experiments were conducted with similar initial m-xylene concentration (100 ppb). The 

initial HC/NOx ratio was 12 for the traditional high-NOx experiment and the NO injection 

rate was adjusted in the range of 20 to 200 ppb/hr throughout the controlled-β high-NOx 

experiment to maintain β at 1. For the traditional high-NOx experiment, β dropped from 1 

to 0.4 in the first 100 minutes of photo-oxidation and levelled off at 0.4 for the rest of the 

experiment, while β was controlled at 1 in the controlled-β high-NOx experiment. 

Starting from the similar initial m-xylene concentration, the controlled-β high-NOx 

experiment shows that m-xylene was consumed faster compared to the traditional high-

NOx experiment, indicating a higher OH level when NO was injected continuously. This 

agrees with previous findings that OH level could be enhanced when low levels (sub-

ppb) of NO were artificially maintained (Li et al., 2015). In Figure 4.8, for the first 45 

minutes when β was similar, the enhanced OH increased the m-xylene consumption and 

SOA formation in controlled-β high-β experiment; however, when β started to drop and 

more RO2 started reacting with HO2 for the traditional experiment, SOA yield started 

increasing and levelled off at more than twice as much as that from controlled-β high β 
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experiment. This observation agrees with the fact that RO2+HO2 pathway has a higher 

SOA formation potential compared to the RO2+NO pathway. More importantly, it 

suggests that the traditional high-NOx experiments do not accurately represent SOA 

formation from RO2+NO pathway. One needs to force 𝛽 at 1 for chamber experiments in 

order to obtain the SOA parameters for RO2+NO pathway. 

A set of controlled-β high-NOx experiments where 𝛽 were continuously 

maintained at ~1 was conducted, and the SOA yields are shown in Figure 4.9. Noting 

that it is difficult to reach absolute 𝛽 = 1 condition since HO2 cannot be eliminated in 

chamber, all of the high-NOx (𝛽 = 1) experiments are defined as 𝛽 being maintained at 

>0.97. The RO2+RO2 pathway only accounts for <1% for all 𝛽 = 1 experiments. Figure 

4.9 shows two SOA yield curves where higher SOA yield was observed for the runs with 

smaller NO/RO2 ratio (< 200). This suggests that other factors such as NO/RO2 may 

impact the SOA formation, when almost all of the RO2 reacts through the RO2+NO 

pathway (other pathways such as RO2+HO2, RO2+RO2 or RO2+NO3 were insignificant). 

In order to understand the impact of NO/RO2 on SOA formation, one should note that 

RO2 is a general term for all of the organic peroxyl radicals here. It includes highly 

oxygenated RO2 radicals formed through the intramolecular hydrogen migration and O2 

addition processes on primary RO2 radicals, as known as RO2 auto-oxidation. While 

highly oxygenated RO2 cannot be clearly speciated in this study, it has been suggested in 

recent studies that those RO2 radicals play an important role in SOA formation due to its 

high oxygen content (Molteni et al., 2018; Praske et al., 2018; Pye et al., 2019; Wang et 

al., 2020, 2017). As an important sink for RO2 at 𝛽 = 1 scenario, the presence of NO 
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terminates the RO2 auto-oxidation to form highly oxygenated RO2. It is proposed here 

that the observation of lower SOA yield at higher NO/RO2 ratio may be caused by less 

highly oxygenated RO2 formed due to the higher NO. It was observed that the runs with 

higher NO/RO2 ratio and similar initial m-xylene tend to have lower RO2 ratio in general, 

suggesting that more RO2 was terminated with in RO2+NO pathway. The lifetime of RO2 

in those runs tend to be shorter.  

To investigate the NO effect on RO2 auto-oxidation, the biomolecular (with NO 

and other radicals) lifetime of RO2 (τbimolecular) were calculated for the two NO/RO2 

scenarios using Equation 4.6 (Praske et al., 2018), as comparison with unimolecular 

(auto-oxidation) lifetime (τunimolecular). The runs with NO/RO2 ratio > 200 show larger 

τbimolecular (1 to 3s) compared to the runs with lower NO/RO2 ratio (<1s). While the 

τunimolecular data is limited, a theoretical study reported τunimolecular for aromatic RO2 of 

7s to 14s (Wang et al., 2017). This further suggests that the τbimolecular  under both 

NO/RO2 scenarios would affect the extent of RO2 auto-oxidation. Recent studies have 

also showed the negative NO effects on RO2 auto-oxidation from biogenic SOA 

precursors in chamber studies and field measurements (Praske et al., 2018; Pye et al., 

2019; Schervish and Donahue, 2020; Wang et al., 2020; Yan et al., 2020), further 

investigation on aromatic system in the aspect of aerosol composition is suggested.  

τbimolecular =
1

𝑘𝑅𝑂2+𝐻𝑂2
[𝐻𝑂2]+𝑘𝑅𝑂2+𝑅𝑂2

[𝑅𝑂2]+𝑘𝑅𝑂2+𝑁𝑂[𝑁𝑂]
 Equation 4.6 

In order to understand which one of the SOA yields curves (𝛽 = 1) can better 

represent the SOA formation in the atmosphere, the bimolecular RO2 lifetime was used as 
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an indicator of RO2 auto-oxidation in chamber. The bimolecular RO2 lifetime 

(τbimolecular) of the lower-NO/RO2 runs falls into atmosphere range (1 to 100s) (Praske 

et al., 2018) thus it better represents the auto-oxidation condition and SOA formation in 

the atmosphere compared to the higher-NO/RO2 runs. Noting that even though the lower-

NO/RO2 only covers the lower bound of RO2 lifetime in atmosphere and the current 

chamber study may not represent regions with higher RO2 lifetime and more RO2 auto-

oxidation, the results still suggest that auto-oxidation is a source of underprediction of 

SOA in current models. Further investigation on SOA at even lower NO/RO2 is needed to 

simulate the SOA formation and RO2 auto-oxidation on the regions with higher RO2 

lifetime. 

4.3.4 Intermediate β  

The global surface β in a typical summer month (July) was modelled and 

categorized based on its value and daily profile into four categories (Figure 4.10 and 

Figure 4.11). Categories “long” (daytime β: 0.6 to 0.8) and “short” (daytime β: 0.4 to 

0.6) represent more and less populated continents, respectively. Categories “high” 

(daytime β: 0.5) and “low” (daytime β: 0.2) represent the Arctic, the Antarctic and the 

ocean regions with less impacts from human-activities. Noting that the category “high” 

shows a constant β at 0.5 throughout the whole day and the category “low” shows that β 

only maintains at 0.2 for a short period of the day. This is because the longer daytime is 

expected in the Northern hemisphere (midnight sun in the Arctic) and the sunlight 

maintains NO and β at a certain level due to the NO2 photolysis. Figure 4.11 shows that 

the β value for all categories is relatively constant during the daytime when the sunlight 
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was available compared with the traditional chamber experiments, further suggesting the 

important of controlling β in chamber experiments.  

Figure 4.12 shows the comparison between a traditional NOx experiment and an 

intermediate controlled-β (β = 0.4) experiment. During the first 100 minutes when β 

dropped from 1 to 0.4 for the traditional experiment, β in the controlled-β experiment was 

maintained at 0.4. While less m-xylene was consumed for the controlled-β experiment 

during this period, the SOA formation was more because β was smaller (0.4) and more 

fraction of RO2 was expected to be consumed in RO2+ HO2 pathway compared with 

RO2+NO pathway. After the first 100 minutes, β was almost constant at 0.4 for both 

experiments, the larger amount of m-xylene available leads the higher final SOA 

formation. The final SOA yield was larger from the traditional chamber experiment. 

Controlling β during chamber experiment constrains the contribution from each pathway 

at a fixed fraction throughout the experiment and provides a useful measure to 

characterize the SOA yield parameters from each pathway. 

SOA formation from m-xylene was investigated when controlling β constantly at 

four different levels (0, 0.4, 0.8 and 1) (Figure 4.13). It was shown that for the runs with 

higher β values in chamber, m-xylene decreased in a faster rate, suggesting the higher OH 

available for higher β runs. However, the lower SOA formation was observed for those 

runs due to the higher fraction of RO2+NO pathway. While it is generally believed that 

the value of β negatively impacts the SOA formation from aromatic compounds as the 

products from RO2+NO pathway are more volatile than those from RO2+HO2 pathway, 

no experimental data was available on intermediate β. Figure 4.13 presents the SOA 
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formation at different β conditions including intermediate β and further confirms the 

negative β impact on SOA. In order to understand the β impacts on SOA yield, Figure 

4.14 shows three controlled-β experiments (β = 0, 0.4 and 1) with similar SOA mass 

loading (~25 ug/m3). It is shown that when ruling out the organic material absorbing 

effects by comparing the runs with similar mass loading, the SOA yield decreased with β 

(Figure 4.15).  

The SOA yields of controlled-β experiments with β ranging from 0 to 1 are shown 

in Figure 4.16. Since most experiments with β > 0 showed the HO2/RO2 > 1.5, only 

those runs are presented in Figure 4.17 to reduce the complexity of the figure. The SOA 

yield curves for β = 0 (HO2/RO2 > 1.5) and β = 1 (NO/RO2 < 200) were fitted with 

measured data. A linear combination approach of VBS parameters based on β has been 

used to estimate the SOA at intermediate betas (Lane et al., 2008; Pye et al., 2010). In 

order to verify if the linear combination approach represents the actual SOA formation 

condition, the theoretical SOA yield parameters were calculated using Equation 4.5 with 

the three sets of SOA yield parameters at β = 0 and one set of parameters at β = 1. Figure 

4.17 shows a disagreement between the measured SOA yield and theoretical prediction 

for the intermediate β runs and the measured SOA yields were lower. This suggests that 

the linear combination approach may not represent the complicated chemistry for the 

SOA formation from aromatic oxidation and the SOA yield parameters for intermediate β 

need to be obtained experimentally. 
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4.4 Conclusion 

This study evaluated the current approach of estimating SOA formation from 

aromatics with different levels of NOx.  The branching ratio of RO2+NO pathway (β) 

profile of traditional high NOx experiments suggests that those experiments do not fully 

represent RO2+NO pathway and the contribution of RO2+HO2 pathway maybe 

significant. A novel approach of controlling the branching ratio of RO2+NO pathway (β) 

in chamber experiments was developed to obtain the SOA yield parameters for this 

pathway. When almost all RO2 was forced to react in RO2+NO pathway (β = 1), multiple 

SOA yield curves were observed and more NO led to lower SOA yield. The analysis of 

RO2 lifetime under β = 1 condition suggests the presence of NO may suppress the extent 

of RO2 auto-oxidation and lead to lower SOA formation. While similar NO impacts on 

RO2 auto-oxidation was reported in other chamber and field studies on biogenic SOA 

precursors (Praske et al., 2018; Pye et al., 2019; Schervish and Donahue, 2020; Wang et 

al., 2020; Yan et al., 2020), further investigation on aromatic system is suggested. The 

controlling-β approach is also used for intermediate β conditions. It was shown that the 

current linear combination approach using yield parameters at β = 0 and β = 1 with β do 

not accurately estimate SOA yield for intermediate β and those parameters need to be 

obtained experimentally. 
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Tables & Figures  

Table 4.1: Summary of controlled-β experiments 

Run 
Time 

β 
H2O2 

Consumed 

VOC 

SOA 

Mass Yield 
OH RO2 HO2 NO NO3 

min ppm ug/m3 ug/m3 molecules/cm3 

474B 710 0.0 4.0 310.50 130.20 42% 1.43E+06 1.84E+09 5.36E+09 1.66E+07 6.44E+02 

474A 710 0.0 4.0 302.22 114.80 38% 1.43E+06 1.84E+09 5.37E+09 1.67E+07 7.14E+02 

1180B 296 0.0 4.0 621.00 194.60 31% 2.84E+06 6.57E+09 6.22E+09 2.06E+07 8.30E+02 

473A 732 0.0 2.0 281.52 85.40 30% 1.08E+06 2.71E+09 2.82E+09 1.77E+07 7.98E+02 

473B 732 0.0 2.0 298.96 91.18 30% 1.08E+06 2.71E+09 2.82E+09 1.76E+07 7.87E+02 

1209A 371 0.0 2.0 656.00 126.00 19% 1.86E+06 9.30E+09 2.88E+09 1.86E+07 1.96E+03 

1209B 371 0.0 2.0 509.00 95.00 19% 2.15E+06 7.42E+09 3.32E+09 2.32E+07 1.48E+03 

1212A 348 0.0 2.0 385.10 126.00 33% 2.83E+06 4.45E+09 4.44E+09 3.71E+07 2.56E+03 

1212B 348 0.0 2.0 188.91 65.80 35% 3.91E+06 1.89E+09 6.16E+09 7.99E+07 6.73E+03 

472A 695 0.0 1.0 255.38 44.42 17% 6.83E+05 4.39E+09 1.20E+09 1.62E+07 1.04E+03 

472B 695 0.0 1.0 241.77 48.58 20% 7.17E+05 4.06E+09 1.26E+09 1.75E+07 1.46E+03 

1248B 281 0.0 1.0 305.25 67.87 22% 1.83E+06 6.63E+09 1.99E+09 3.43E+07 2.43E+03 

476B 721 0.0 1.0 153.42 38.65 25% 1.04E+06 1.98E+09 1.95E+09 3.44E+07 2.25E+03 

1424B 365 0.0 1.0 300.37 56.47 19% 1.98E+06 5.66E+09 2.24E+09 4.01E+07 4.45E+03 

476A 721 0.0 1.0 140.96 36.04 26% 1.06E+06 1.94E+09 1.97E+09 3.51E+07 2.11E+03 

2563A 422 0.0 1.0 301.79 58.09 19% 2.24E+06 4.65E+09 2.56E+09 5.19E+07 5.23E+03 

2563B 422 0.0 1.0 277.00 49.67 18% 2.33E+06 4.37E+09 2.65E+09 5.54E+07 5.82E+03 

2567A 431 0.0 1.0 231.92 45.70 20% 2.50E+06 3.86E+09 2.84E+09 6.32E+07 9.87E+03 

2567B 431 0.0 1.0 234.62 41.92 18% 2.51E+06 3.85E+09 2.84E+09 6.34E+07 6.42E+03 

750A 889 0.0 1.0 228.14 43.98 19% 7.95E+05 2.20E+09 1.58E+09 4.00E+07 2.97E+03 

478B 634 0.0 1.0 75.42 21.26 28% 1.42E+06 9.37E+08 2.65E+09 6.72E+07 4.95E+03 

2569A 392 0.0 1.0 157.69 24.13 15% 3.15E+06 2.48E+09 3.52E+09 9.67E+07 9.71E+03 

1
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Table 4.1: Experiment summary (continue) 

Run 
Time 

β 
H2O2 

Consumed 

VOC 

SOA 

Mass Yield 
OH RO2 HO2 NO NO3 

min ppm ug/m3 ug/m3 molecules/cm3 

1860B 570 0.0 1.0 434.44 100.52 23% 1.94E+06 5.08E+09 2.44E+09 8.29E+07 9.16E+03 

2568B 374 0.0 1.0 115.88 24.94 22% 3.55E+06 1.88E+09 3.92E+09 1.24E+08 1.47E+04 

1860A 570 0.0 1.0 208.37 51.94 25% 2.90E+06 2.82E+09 3.25E+09 1.49E+08 2.80E+04 

2569B 392 0.0 1.0 73.24 14.92 20% 4.34E+06 1.05E+09 4.61E+09 2.10E+08 4.57E+04 

471A 710 0.0 0.4 168.39 17.28 10% 3.91E+05 3.99E+09 6.40E+08 3.34E+07 3.73E+03 

471B 764 0.0 0.4 176.13 23.93 14% 4.02E+05 3.92E+09 6.46E+08 3.37E+07 2.82E+03 

2570B 348 0.0 1.0 45.42 7.92 17% 4.98E+06 5.88E+08 5.11E+09 3.01E+08 1.11E+05 

2574B 349 0.2 1.0 465.30 52.66 11% 2.28E+06 3.59E+09 3.45E+09 1.78E+09 3.54E+05 

2582B 369 0.2 1.0 471.95 56.09 12% 2.25E+06 3.64E+09 3.41E+09 1.86E+09 3.85E+05 

2600B 400 0.2 2.0 592.01 85.12 14% 3.95E+06 3.27E+09 5.46E+09 2.99E+09 6.06E+06 

2581B 351 0.3 1.0 66.61 8.67 13% 8.06E+06 6.65E+08 4.80E+09 3.29E+09 1.68E+07 

2580B 292 0.3 1.0 95.22 13.54 14% 6.63E+06 9.87E+08 4.63E+09 2.74E+09 6.75E+06 

2571A 309 0.3 1.0 97.29 11.22 12% 7.27E+06 9.43E+08 4.62E+09 3.34E+09 1.25E+07 

2570A 348 0.4 1.0 162.75 23.58 14% 6.77E+06 1.32E+09 4.31E+09 4.01E+09 2.02E+07 

2572A 303 0.4 1.0 365.78 39.89 11% 4.02E+06 2.48E+09 3.92E+09 4.07E+09 3.96E+06 

2599B 370 0.7 0.0 910.79 64.68 7% 2.56E+06 2.15E+09 2.76E+09 1.08E+10 5.83E+07 

2575B 358 0.7 0.0 201.51 12.67 6% 3.32E+06 1.13E+09 1.46E+09 6.22E+09 5.72E+06 

2576B 340 0.8 0.0 402.88 29.07 7% 5.05E+06 1.22E+09 1.75E+09 1.42E+10 5.67E+07 

2573B 371 0.9 0.0 393.61 27.38 7% 5.79E+06 6.26E+08 9.38E+08 4.83E+10 8.99E+07 

2546A 486 1.0 0.0 361.42 33.00 9% 5.03E+06 5.21E+08 7.84E+08 8.99E+10 8.70E+07 

2564A 392 1.0 0.0 356.12 21.62 6% 5.43E+06 5.33E+08 7.93E+08 7.19E+10 7.16E+07 

2565A 362 1.0 0.0 357.19 20.02 6% 5.60E+06 5.31E+08 7.86E+08 7.06E+10 6.59E+07 

1
2
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Table 4.1: Experiment summary (continue) 

Run 
Time 

β 
H2O2 

Consumed 

VOC 

SOA 

Mass Yield 
OH RO2 HO2 NO NO3 

min ppm ug/m3 ug/m3 molecules/cm3 

2596B 348 1.0 1.0 1014.29 33.08 3% 6.33E+06 4.60E+08 9.48E+08 1.68E+11 4.36E+08 

2566A 337 1.0 0.0 372.89 18.15 5% 5.67E+06 4.42E+08 6.54E+08 8.18E+10 6.67E+07 

2591B 377 1.0 1.0 687.23 22.98 3% 7.18E+06 4.75E+08 1.05E+09 1.16E+11 3.21E+08 

2568A 374 1.0 0.0 160.81 5.81 4% 5.89E+06 2.85E+08 4.17E+08 9.94E+10 2.40E+07 

2598B 369 1.0 1.0 1568.83 67.08 4% 5.23E+06 4.06E+08 7.51E+08 3.60E+11 3.02E+08 

2590B 310 1.0 1.0 409.86 7.06 2% 8.27E+06 1.87E+08 5.28E+08 1.48E+11 1.64E+08 

2597B 378 1.0 0.0 629.18 11.38 2% 4.61E+06 2.01E+08 3.21E+08 2.44E+11 1.10E+08 
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Figure 4.1: Final SOA mass and total m-xylene consumption of traditional chamber 

experiments grouped by the average branching ratio 
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Figure 4.2: Final SOA yield and mass of traditional chamber experiments grouped by the 

average branching ratio. 

 

 

 

Figure 4.3: Final SOA yield and mass of traditional chamber experiments with (blue) 

similar final mass (30 to 47 ug/m3) and (red) similar m-xylene consumption (265 to 290 

ug/m3) 
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Figure 4.4: The branching ratio of RO2+NO pathway for four traditional chamber 

experiments with 80 ppb of initial m-xylene, 1 ppm of initial H2O2 and 0, 12.5, 25 and 50 

ppb of initial NOx 
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Figure 4.5: The measured NO concentration for four traditional chamber experiments 

with 80 ppb of initial m-xylene, 1 ppm of initial H2O2 and 0, 12.5, 25 and 50 ppb of 

initial NOx 
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Figure 4.6: Comparison between SAPRC11 simulation and experimental measurements 

for the profile of NOx (ppb), the branching ratio (β) of RO2+NO (considering RO2+NO 

and RO2+HO2 pathways), O3 (ppb) and VOC (ppb) versus time (min) from a typical 

traditional high-NOx experiment 
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 Figure 4.7: Comparison between SAPRC11 simulation and experimental measurements 

for the profile of NOx (ppb), the branching ratio (β) of RO2+NO (considering RO2+NO 

and RO2+HO2 pathways), O3 (ppb) and VOC (ppb) versus time (min) from a typical β-

controlled (β = 1) experiment 
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Figure 4.8: β, m-xylene (top) and SOA yield (bottom) profiles from a typical traditional 

high-NOx experiment and a typical controlled- β high-NOx experiment (β = 1) 
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Figure 4.9: SOA yield of controlled-β high-NOx experiments (𝛽 = 1) 
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Figure 4.10: Global surface 𝛽 (four categories) patterns modelled from GEOS-Chem 

 

 

Figure 4.11: The average daily profile of the global surface 𝛽 (four categories) modelled 

from GEOS-Chem 
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Figure 4.12: β, m-xylene (top) and SOA yield (bottom) profiles from a typical traditional 

high-NOx experiment and a typical controlled-β high-NOx experiment (β = 0.4) 
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Figure 4.13: β, m-xylene (top) and SOA yield (bottom) profiles of four controlled-β 

experiments (β = 0, 0.4, 0.8 and 1) with similar initial m-xylene concentrations (~100 

ppb) 
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Figure 4.14: β, m-xylene (top) and SOA yield (bottom) profiles of three controlled-β 

experiments (β = 0, 0.4 and 1) with similar final SOA mass loading (~25 ug/m3) 
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Figure 4.15: SOA yields of three controlled-β experiments (β = 0, 0.4 and 1) with similar 

SOA mass loading (~25 ug/m3) 
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Figure 4.16: Final SOA yields from controlled-β m-xylene experiments at different β 
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Figure 4.17: Final SOA yields from β-controlled m-xylene experiments at different β 

assuming RO2+RO2 accounts for < 3% and the theoretical SOA yield calculated using 

parameters for RO2+NO pathway (NO/HO2 < 200) and RO2+HO2 pathway (HO2/RO2 > 

1.5) 
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Chapter 5 : Conclusion & Future Work 

Overall, this thesis has sought to improve the understanding of anthropogenic air 

pollutant in the aspects of primary marine emissions and secondary organic aerosol 

formation. Valuable field emission, chamber experiment and model simulation data, and 

chemical mechanism investigation as well as insights and suggestions on marine 

emission regulation, chamber experiment design and global modelling are provided.  

This thesis conducted a comprehensive analysis on the air quality, health effects 

and climate change impacts of switching from diesel to NG by measuring and analysis the 

data of emissions from a marine vessel when operated at either fuel and engine load from 

idling to 90%. Particulate matter (PM2.5, black carbon and organic carbon), criteria gases 

(NOx, SOx and CO), greenhouse gases (CO2 and CH4) and toxic gas (formaldehyde 

(HCHO)) were measured. The engine activity was calculated from the two-week routine 

activity of the vessel. The overall activity weighted emission factors showed that PM2.5, 

BC, NOx, CO2 were reduced by about 93%, 97%, 92% and 18%, respectively. However, 

HCHO and CH4 increased several-fold. A worst-case health risk assessment, when 

considering the PM2.5 and HCHO emission when vessel was at berth, showed the diesel 

plume increased long-term health risk and the NG plume increased short-term health risk. 

A global warming potential (GWP) analysis was performed using the overall emission 

factors of CO2, CH4 and BC and it revealed that the average NG exhaust GWP was 

increased by 38%. A detailed engine load specific GWP analysis is provided. Mitigation 

strategies for further reducing pollutants from NG exhaust are discussed and showed 

potential for reducing short-term health risks and climate impacts. 
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SOA formation from aromatics was further investigated at different NOx level to 

evaluate the SOA parameters that represent the two major chemical pathways, RO2+NO 

and RO2+HO2. Three SOA yield curves were observed at very low NOx condition. While 

the highest SOA yield curve is similar to the one currently being used in GEOS-Chem 

model for the higher mass loading scenario, the observed multiple curves indicates that 

other factors may affect SOA formation in very low NOx condition and it is important to 

understand what drives the difference since very low NOx conditions are typically used to 

simulate RO2+HO2 pathway in chamber. This work found that the m-xylene SOA 

strongly depends on the HO2/RO2 ratio at very low NOx condition and suggested that a 

third pathway RO2+RO2 cannot be ignored at very low NOx condition and it showed a 

lower SOA formation potential compared with RO2+HO2 pathway. Three sets VBS 

parameters were developed and applied with real-time chamber HO2/RO2 ratio to 

estimate SOA formed in chamber. It showed a significant improvement compared with 

the estimation using current GEOS-Chem m-xylene SOA parameters. In addition, GEOS-

Chem simulation shows for the regions with lower HO2/RO2 ratio and higher aromatic 

emissions such as east coast of US and southeast of China, the m-xylene SOA can be 

over-predicted by 100%. Suggestions are provided that the initial VOC and H2O2 should 

be maintained same when designing a set of very low NOx experiments in order to obtain 

a single SOA yield curve that represent the SOA formation from known contribution of 

RO2+HO2 and RO2+RO2 pathways. 

The NOx impacts on SOA formation were investigated the branching ratio (β) of 

RO2+NO pathway. The highly variable β in traditional high NOx chamber experiments 
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suggests that those experiments may not accurately represent RO2+NO pathway. A novel 

approach was developed to maintain the β constantly at 1 to simulate RO2+NO pathway 

without the significant interferences from other pathways. Two SOA yield curves were 

observed at β = 1 condition. While β was maintained at 1, the runs with higher NO/RO2 

ratio showed lower SOA yield. One possibility is that auto-oxidation may play an 

important role, and the presence of NO suppresses the extent of highly oxygenated RO2 

formation, leading to a lower SOA yield. However, further investigation is needed to 

verify this hypothesis.  

The global surface β was modelled using GEOS-Chem. It showed that the β 

ranges from 0.2 to 0.8 around the world and stays in a relative constant level during 

daytime with sunlight. The intermediate β was firstly simulated constantly in chamber 

study and the m-xylene SOA formation at constant intermediate β was investigated. SOA 

formation decreased as β increased. However, the SOA yield at intermediate β did not 

agree with that estimated form the linear combination of products from RO2+HO2 and 

RO2+NO pathways. This indicates that the current approach of estimating SOA yield 

directly from two pathway is not accurate enough and the SOA yield parameters 

representing the intermediate β condition need to be experimentally obtained.  

This thesis provides valuable data and analysis on using natural gas on a single 

marine vessel and future work on evaluating the impacts on a global level is 

recommended. Other forms of NG have been discussed and implemented as a marine 

fuel, such as renewable NG or NG+H2 mixture, due to their potential of less 
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environmental impacts. The on-board emissions of those fuels need to be investigated. 

The NOx impacts SOA formation from m-xylene was investigated in this thesis using a 

novel approach of controlling β. The same approach should be applied to other aromatic 

compounds as well as biogenic SOA precursors in the future work. 




