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The studies presented in this dissertation represent cutting-edge research in both 

fundamental and applied air quality modeling. In the first three chapters, a 

multidisciplinary approach is used to understand and investigate the importance of new 

chemistry that is not included in current air quality models. The results of laboratory 

experiments and theoretical calculations are used to develop and implement new chemical 

mechanisms into the UCI-CIT airshed model. In addition to the modifications to the model’s 

chemical mechanism, changes to the model’s inputs were also necessary prior to running 

air quality simulations. New chemical species that are unaccounted for in existing 

emissions inventories needed to be added, based on a combination of published 

information, experimental results, and field measurements conducted specifically for these 

studies. Additionally, emissions rates for existing species needed to be adjusted to better 

reflect present day conditions, or in some cases, explore potential future emissions 

scenarios. Results from these studies highlight the importance of collaborations between 

multidisciplinary teams of chemists and engineers to continuously improve air quality 
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modeling capabilities. The novel chemistry included in these state-of-the-science modeling 

studies allows improved capability to simulate gas-phase pollutants, new particle 

formation, and aerosol aging in ways unachievable with other air quality models currently 

available. For example, results from Chapter 1 show that as fossil fuel combustion is phased 

out in an urban coastal area, particle formation will decrease substantially but still continue 

at a reduced rate due to the contribution of organosulfur compound (OSC) oxidation 

products. Furthermore, methanesulfonic acid generated simultaneously in OSC oxidation 

will become a significant contributor to particle formation, which should be taken into 

account in air quality and climate models. Chapter 2 demonstrates that indole is an 

effective precursor to SOA, and the UCI-CIT model showed significant potential for indole 

SOA formation driven by the oxidation of indole by OH. Indole SOA represents a previously 

unconsidered source of SOA that should be included in regional and global models, which 

tend to underestimate SOA concentrations. The air quality simulations conducted in 

Chapter 3 indicate that the inclusion of a previously unaccounted for sink for gas-phase 

ammonia intro an airshed model can significantly affect modeled ammonia and PM25 

concentrations.  Because inorganic particles comprise a large fraction of total PM2.5 mass, 

accurate modeling of gas-phase ammonia concentrations is essential for predicting future 

air quality. Models used in the development of air quality management strategies should 

account for changes in the concentration of ammonia due to its uptake by SOA to ensure 

accurate prediction of PM2.5 concentrations.  

In the final chapter, a diverse team of industry personnel and researchers is 

assembled to assess the potential implementation of natural gas-fired distributed 

generation of electricity (DG) in the contiguous United States, including displacement of 
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power from central power generation, and determine the potential impacts on air quality. 

DG market penetration estimates are translated into spatially and temporally resolved 

emissions and combined with other emissions projected to the year 2030 to conduct the air 

quality modeling. The Comprehensive Air Quality Model with Extensions (CAMx) is used to 

conduct the air quality simulations, which span several weeks and cover both summer and 

winter periods. This study explores a range of plausible scenarios and provides a modeling 

framework and methodology that can be applied in future studies to assess the potential 

implementation and impacts of DG.  Results indicate that the operation of central power 

generation units can be affected by increased DG penetration and that most DG units in the 

U.S. emit at relatively high levels and significant emission reductions can be achieve 

through the implementation of stricter emissions limits. Overall, air quality impacts from 

DG are found to vary greatly based on meteorological conditions, proximity to emissions 

sources, the number and type of DG installations, and the emissions factors used for DG 

units. 
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INTRODUCTION 

 
Atmospheric scientists have been tasked with studying one of earth’s most complex 

systems – the atmosphere. An essential tool for gaining a greater understanding of this 

ubiquitous and highly dynamic system is air quality modeling. Air quality models simulate 

the physical and chemical processes in the atmosphere using mathematical and numerical 

techniques. Although there are different types of air quality modeling, such as dispersion 

modeling, the focus of this dissertation is 3-dimensional (3D) photochemical grid modeling. 

Photochemical models are commonly used in both research and regulatory applications to 

simulate air quality by estimating pollutant concentrations of both inert and chemically 

reactive species at various spatial and temporal scales. They simulate how air pollutants 

disperse and react in the atmosphere, based on inputs of metrological data and emission 

source information like emissions rates. These models are designed to characterize not 

only primary pollutants (those that are emitted directly into the atmosphere) but also 

secondary pollutants that are formed as a result of complex chemical reactions with the 

atmosphere. In other words, air quality models are used to understand and predict the way 

pollutants behave in the atmosphere.  

In regulatory applications, air quality models are frequently used by agencies tasked 

with controlling air pollution because they can be used in numerous ways to aid in the 

development of air quality management strategies. For example, they can be used to 

identify source contributions to air quality problems and estimate the effectiveness of 

control programs in reducing air pollutant concentrations and thus human exposure to 
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potentially dangerous chemicals. In these applications, air quality models are used as a tool 

to inform, make, and justify policy decisions.  

One of the greatest benefits of air quality modeling is that it can be used to simulate 

future and/or theoretical scenarios. In this way, air quality models are used to test theories 

and understand the potential environmental impacts of future changes in emissions and 

metrological conditions, such as those due to climate change. This allows for the 

assessment and analysis of completely hypothetical situations before they occur, which in 

some cases may allow a problem to be solved or mitigated before it even exists. Air quality 

models provide both qualitative and quantitative information, allowing researchers and 

regulators to answer questions and test scenarios that may be either too expensive or 

simply impossible to test in practice. For example, Chapter 4 explores the potential impacts 

on emissions and air quality of the increased implementation of distributed generation of 

electricity in the contiguous United States for the year 2030. Without air quality models, it 

would not be possible to project future air quality in this way and gain valuable insight to 

make informed decisions today that can affect air quality tomorrow.   

An inherent concern in all air quality modeling is that the models are only as 

accurate as the inputs and data that you put into them. Emissions inventories, detailed 

metrological and geographical information for the study domain, and a comprehensive 

chemical mechanism are all required to conduct air quality simulations and each has a 

major influence on the simulation results.  Models rely on accurate and up to date inputs to 

reflect reality with the greatest accuracy possible. Spatiotemporal variations in wind, 

temperature, humidity, solar radiation, and emissions are just a few of the key parameters 
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that need to be well defined as model inputs to ensure accurate predictions of air quality. 

Several studies conducted for this dissertation involve updates, additions, and 

modifications to existing emissions inventories. In some cases, existing emissions rates 

included in the inventories needed to be updated to reflect present-day conditions and new 

species needed to be added into the inventories to include previously unaccounted for 

precursors with the goal of improving air quality modeling capabilities. In others, 

emissions are projected to future years to gain insight into future air quality under 

different scenarios and make informed policy and electricity generation decisions.  

The accuracy of air quality simulations depends not only on the emissions and 

metrological inputs, but also on the model’s chemical mechanism. The model’s chemical 

mechanism is a mathematical description of the photochemical processes of the 

atmosphere through a series of chemical reactions involving both primary and secondary 

pollutants (Dodge, 2000; Jimenez et al., 2003; Byun and Schere, 2006). The chemical 

mechanisms used in air quality models must be simplified to avoid introducing 

unnecessary complexity for a variety of reasons. For example, there are often a large 

number of intermediate species that react quickly and are difficult to detect in the ambient 

atmosphere, there may be a lack of detailed chemical information about a given species 

that precludes its inclusion in a chemical mechanism, and the sheer number of potential 

species inhibits the creation of a fully described mechanism from a computational 

standpoint (Jimenez et al., 2003). Despite these limitations, it is essential that the chemical 

mechanisms included in air quality models generate an accurate representation of the 

ambient atmosphere to ensure correct predictions of air quality. Jimenez et al. (2003) 

showed, through the comparison of seven different model chemical mechanisms, that even 
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for the simulation of extremely simple situations, there can be discrepancies in model-

predicted concentrations.  

Air quality model prediction capabilities have improved in recent years, particularly 

regarding the simulation of particulate-phase pollutants. For example, the conversion of 

inorganic gases into particulate phase sulfate, nitrate, and ammonium is now fairly well 

understood, although significant uncertainties remain in quantitatively describing new 

particle formation from gas-phase sulfuric acid (H2SO4) and methanesulfonic acid (MSA), 

especially given the recently recognized role of amines (Smith et al., 2010; Zhang et al., 

2012). Additionally, disagreements between model predictions and ambient measurements 

remain, particularly for secondary organic aerosols (SOA) (Heald et al., 2005; Volkamer et 

al., 2006; Hodzic et al., 2010; Jiang et al., 2012; Couvidat et al., 2013). Discrepancies may 

result from incorrect or incomplete parameterizations of mechanisms for known SOA 

precursors, as well as from unaccounted precursors of SOA. There is also considerable 

uncertainty over reactions between gas-phase ammonia (NH3) and various compounds in 

SOA. Current air quality models do not consider these interactions, which may result in 

under-prediction of organics in particulate matter (PM), and at the same time, over-

prediction of gaseous ammonia concentrations, and thus inorganic PM concentrations. 

Chemical mechanism development is an ongoing area of research in the air quality 

modeling community, and several of the studies contained in this dissertation involve the 

development and application of unique chemical mechanisms to study complex 

atmospheric processes not included in traditional air quality models. The novel chemistry 

included in these state-of-the-science modeling studies allows improved capability to 
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simulate gas-phase pollutants, new particle formation, and aerosol aging in ways 

unachievable with other air quality models currently available.  

The original formulation of the UCI-CIT model dates back nearly 40 years, with early 

incarnations developed at the California Institute of Technology (Caltech; CIT) and 

Carnegie Mellon University by Gregory J. McRae and Armistead G. Russel (McRae, 1981; 

McRae et al., 1982, 1983). Further development was carried out by Robert A. Harley at 

Caltech (Harley et al., 1992), and the CIT model name along with official documentation 

was released in the early 1990s (McRae et al., 1992a,b,c). The modernized version of the 

UCI-CIT model was created a few years later, arguably originating with the parallel version 

developed by Donald Dabdub at Caltech (Dabdub and Seinfeld, 1994a,b). Over the years, 

countless individuals have contributed to further development and improvements to the 

UCI-CIT model, and have applied it to conduct cutting-edge research studies on air quality 

in the southern California air basin. Early researched focused on the numerical schemes 

implemented in the model to overcome computational challenges and improve 

performance (Dabdub and Seinfeld 1994a,b, 1995, 1996; Dabdub and Manohar, 1997).  

Beginning in the late 1990s and early 2000s, further expansion and development of 

the model’s chemical mechanism accelerated. For example, Meng et al. (1998) developed 

and implemented the thermodynamic model Simulating Composition of Atmospheric 

Particles at Equilibrium 2 (SCAPE2) into the CIT model, which simulated 

condensation/evaporation of volatile inorganic species and included a comprehensive 

treatment of gas-aerosol equilibrium. A few years later, Griffin et al. released a series of 

papers to address the representation of secondary organic aerosol in atmospheric models 
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(Griffin et al., 2002a,b, 2003, 2005). They developed and implemented the Caltech 

Atmospheric Chemical Mechanism (CACM) into the CIT model with a focus on (1) including 

a state-of-the-art treatment of ozone formation chemistry and (2) explicitly predicting the 

concentrations of secondary and tertiary semi-volatile oxidation products that have the 

potential to form SOA. The new secondary organic aerosol simulations were chemically- 

and size-resolved, and these studies represented a significant step forward in air quality 

modeling and laid the foundation for the state-of-the-art aerosol modeling capabilities 

offered by the UCI-CIT model. Simultaneously, Knipping and Dabdub (2002) added a first-

order simulation of a surface-mediated renoxification process into the UCI-CIT model and 

showed that the inclusion of this process improved prediction of ozone concentrations in 

the South Coast Air Basin of California when compared to observed values. A year later, 

Knipping and Dabdub (2003) showed that the addition of chlorine chemistry to the model 

significantly increased ozone concentrations near the coast shortly after sunrise, with 

smaller increases to peak ozone also occurring further inland. Research on computational 

efficiency and performance continued simultaneously, as Nguyen and Dabdub published 

several studies examining issues such as the errors introduced by operator splitting in air 

quality models, and numerical solution of the aerosol condensation/evaporation equation 

(Nguyen and Dabdub, 2001, 2002b, 2003). Most recently, Dawson et al. (2016) 

implemented (1) an updated version of the CACM into the UCI-CIT model designed to 

simulate toluene and m-xylene oxidation over a range of NOX conditions and (2) an updated 

lumped SOA-partitioning scheme that allows partitioning to multiple aerosol phases. This 

study further advanced the state-of-the-art SOA modeling capabilities of the UCI-CIT model, 

particularly with regard to simulating the oxidation of aromatics over a range of NOX levels. 
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This version of the model served as the baseline version prior to the modifications made 

for the studies conducted in Chapters 1-3 of this dissertation. 

Application of the UCI-CIT model to study air quality issues in the SoCAB was 

performed at the same time as the model development and expansion. For example, 

Nguyen and Dabdub (2002a) investigated the effect of NOX and VOC control on the 

formation of aerosols and found that although reducing emissions of these species would 

be somewhat effective in PM control, controlling NH3 emissions was more effective in 

reducing PM concentrations. Rodriguez et al. (2006) examined the potential air quality 

impacts of increased implementation of distributed generation of electricity and found that 

realistic scenarios cause only small changes in ozone and PM2.5 concentrations, and that DG 

operated on a peak duty cycle caused larger air quality impacts than when operated on a 

base load duty cycle. Vutukuru and Dabdub (2008) studied the effects of ship emissions on 

coastal air quality and found that ocean-going ships contribute substantially to both ozone 

and PM2.5 formation in the SoCAB. Cohan et al. (2013) implemented naphthalene emissions 

from on-road gasoline and diesel vehicles into the UCI-CIT model and showed that modeled 

SOA growth increased by up to 10%. Countless other studies have used the UCI-CIT model 

to study topics ranging from the dynamics of both gas- and particle-phase pollutants in the 

SoCAB (Griffin et al., 2004; Carreras-Sospedra et al., 2005; Vutukuru et al., 2006; Cohan et 

al., 2008; Ensberg et al., 2010; Chang et al., 2010) to scenarios related to transportation and 

electricity generation (Rodriguez et al., 2007; Stephens-Romero et al., 2009; Carreras-

Sospedra et al., 2010; Stephens-Romero et al., 2011; Carreras-Sospedra et al., 2014; 

Razeghi et al., 2016).  
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Although there are other air quality models currently available, such as the 

Community Multiscale Air Quality Model (CMAQ), the UCI-CIT model is a highly specialized 

and advanced 3-dimensional air quality model that has several advantages for conducting 

the air quality modeling studies performed in the first three chapters of this dissertation. 

First, the model domain is an ideal test bed for studying complex atmospheric chemistry 

processes as it contains a variety of different microclimates and a wide array of different 

biogenic and anthropogenic emissions sources. The SoCAB contains coastal areas, 

mountainous terrain with national forests, highly concentrated agricultural and animal 

husbandry operations, shipping activities at the ports of Los Angeles and Long Beach, 

urban and suburban areas, and a network of highways with significant automobile traffic 

(Figure 1). Additionally, several field campaigns have been carried out over the southern 

California area, providing data on the composition and ambient concentration of 

atmospheric constituents that can be compared to model results and provide additional 

insights.  Furthermore, because the domain overlaps with the jurisdiction of the South 

Coast Air Quality Management District (SCAQMD), detailed and up to date emissions 

inventories are available, which are essential for creating the spatially and temporally 

resolved emissions required to perform air quality simulations.  The high spatial resolution 

of the model (5km by 5km) is another advantage, which allows for analyzing and 

distinguishing local effects on air quality between different counties or even cities. A high 

resolution air quality model is required to accurately capture and spatially resolve the 

variety of different emissions sources and qualitatively and quantitatively asses impacts on 

air quality in different locales and chemical regimes. From a software development 

perspective, another practical advantage of the UCI-CIT model is the flexibility and ease of 
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modification to the model’s source code. The UCI-CIT model was programmed with 

expansion and further development in mind, facilitating future modifications without the 

need to significantly alter or rewrite the existing modules. Additionally, the model does not 

require external libraries and have dependencies that complicate the compilation process, 

reducing the amount of time it takes to run the model on different platforms for testing and 

development. These practical advantages accelerate the timeframe for conducting the type 

of studies performed in the first three chapters of this dissertation. Finally, the UCI-CIT 

model contains a state-of-the-art chemical mechanism and aerosol modules, specifically 

regarding the treatment of SOA.  This is of particular importance for the studies conducted 

in Chapters 2 and 3 of this dissertation as they directly involve the formation of SOA 

species and reactions between gas-phase species and SOA compounds, respectively. For a 

detailed description of the most recent updates to the UCI-CIT model, its chemical 

mechanism, and SOA modules, the reader is referred to Dawson et al. (2016). Overall, the 

UCI-CIT model is well suited to conduct fundamental air quality modeling studies that lead 

to the development of improved chemical mechanisms designed to improve model 

performance with respect to accurately predicting the concentration of pollutants in the 

atmosphere.  
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Figure 1: Map of the South Coast Air Basin of California. Model domain indicated by shaded area. 
Key locations: A – Central Los Angeles; B – Riverside; C – Anaheim; D – Pomona; E – Hesperia; F – 
Newhall; G – North Long Beach; H – Palm Springs. Map data © 2014 Google, INEGI 

 

Despite the numerous advantages of the UCI-CIT model in conducting fundamental 

air quality modeling studies, there are some disadvantages that must be acknowledged. 

One limitation of the UCI-CIT model is the extent of the simulation period – the 

meteorological inputs, although detailed and representative of typical conditions in the 

region, span only three days. While simulating air quality for only a few days is generally 

acceptable for the types of studies conducted in the first three chapters of this dissertation, 

longer simulation periods are required to determine long terms trends in changes in 

pollutant concentrations in response to changes in precursor emissions. Furthermore, it is 

generally desirable to conduct simulations for both winter and summer periods to provide 

a complete assessment of the overall impacts on air quality. The UCI-CIT model is therefore 

also limited by the fact that it can currently only be used to simulate a summer episode. 

These limitations can be addressed in future work, such as by using the Weather Research 
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and Forecasting (WRF) model to generate updated meteorological fields that span several 

weeks or months and cover both summer and winter periods. Another small limitation is 

that the UCI-CIT model does not consider wet deposition effects, although the impact of this 

process is minimal in the SoCAB region, particularly during the summer episode simulated 

in the studies contained in this dissertation. Finally, the UCI-CIT model does not have the 

capability to simulate feedbacks on meteorology. It is becoming increasingly desirable to 

run simulations in a two-way or fully-coupled “online” mode, such that changes in air 

pollutant concentrations can drive changes in meteorological conditions and vice versa. For 

example, the WRF-CMAQ two-way coupled model was originally released in 2012 (Wong et 

al., 2012) and continues to be under development today. This coupling is likely the goal for 

next-generation air quality modeling, and continuous improvements in computing power 

will allow for further expansion and implementation of this type of modeling.  

The CAMx model is selected for the air quality modeling study discussed in Chapter 

4 of this dissertation for a few reasons. First, this study required a computational domain 

that covered the entire continental U.S., which is outside the bounds of the UCI-CIT model 

in its current formulation. Although simulating a domain of this spatial extent required 

using a model with a lower horizontal resolution (12km by 12km) and less detailed SOA 

chemistry, the purpose of this study was to assess impacts on ozone and PM2.5 

concentrations at the regional level relative to ambient air quality standards. Local effects 

on air quality and in depth analysis of effects on SOA species were not a priority in this 

study. Second, this chapter builds upon a previous study conducted using the CAMx model, 

for which meteorological and boundary conditions had been generated based on the EPA’s 

2007 modeling database for the Regulatory Impact Assessment of the 2012 Final National 
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Ambient Air Quality Standards (NAAQS) for PM2.5 NAAQS modeling (EPA, 2012). 

Furthermore, baseline emissions had been generated and the model was evaluated and 

achieved acceptable performance for ozone and PM.  The availability of long-term 

meteorological and emissions data was essential for this study as it required simulations 

spanning several weeks and covering both summer and winter periods. Overall, the CAMx 

model, although not as detailed in chemistry or spatial resolution as the UCI-CIT model, 

was an ideal choice for the requirements of the study performed in Chapter 4.  

In Chapter 1, a multi-disciplinary approach is used to examine how contributions of 

H2SO4 and MSA to particle formation will change in a large coastal urban area as 

anthropogenic fossil fuel emissions of SO2 decline.  The UCI-CIT airshed model is used to 

compare atmospheric concentrations of gas-phase MSA, H2SO4 and sulfur dioxide (SO2) 

under current emissions of fossil fuel associated SO2 and a best-case futuristic scenario 

with zero fossil fuel sulfur emissions.  Model additions include results from (1) quantum 

chemical calculations that clarify the previously uncertain gas phase mechanism of 

formation of MSA and (2) a combination of published and experimental estimates of 

organosulfur compound (OSC) emissions, such as those from marine, agricultural and 

urban processes, which include pet waste and human breath. This study investigates the 

extent to which atmospheric particulate matter can be controlled through regulation of 

fossil fuel combustion against a background of OSCs, a key question for understanding the 

future impacts of particles and for the development of cost-effective control policies.  

In Chapter 2, the formation, optical properties, and chemical composition of 

secondary organic aerosol (SOA) formed by low-NOx photooxidation of indole is 
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investigated. The SOA yield is estimated from measuring the particle mass concentration 

with a scanning mobility particle sizer (SMPS) while the chemical composition of SOA was 

examined with several mass spectrometry methods. The results of these experiments are 

incorporated into the UCI-CIT airshed model, which contains detailed SOA chemistry, to 

estimate potential impacts on air quality, including the effect of indole on the total SOA and 

on the light-absorbing components of SOA. This is the first study of its kind to investigate 

the formation of SOA from indole.  

In Chapter 3, the UCI-CIT regional airshed model is used to investigate the potential 

air quality impacts of the chemical uptake of ammonia by SOA, a process not included in 

current air quality models. A first-order loss rate for ammonia onto SOA particles is 

implemented into the model to determine the impact of this process on ammonia and PM2.5 

concentrations in southern California. Air quality simulations are performed with a range 

of uptake coefficients to determine the sensitivity of ammonia removal to the magnitude of 

the uptake coefficient. In addition, experiments are performed to estimate the maximal 

possible fraction of nitrogen-containing organic compounds (NOC) in SOA after long-term 

exposure to ammonia. This study represents the first step in characterizing interactions 

between ammonia and SOA in air quality models.  

Chapter 4 assesses the potential impacts on emissions and air quality from the 

increased adoption of natural gas-fired distributed generation of electricity (DG), including 

displacement of power from central power generation, in the contiguous United States. The 

study includes four major tasks: (1) modeling of distributed generation market 

penetration; (2) modeling of central power generation systems; (3) modeling of spatially 
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and temporally resolved emissions; and (4) photochemical grid modeling to evaluate the 

potential air quality impacts of increased DG penetration, which includes both power-only 

DG and combined heat and power (CHP) units, for 2030. It is crucial to ensure a clear 

understanding of the impact of DG on emissions and air quality as emerging DG 

technologies have the potential to be an important component of future electricity 

infrastructure. This chapter provides an updated picture of the potential impacts of 

increased implementation of natural gas-fired DG in the contiguous United States by 

integrating a novel and comprehensive electric power sector model with a DG market 

study. Impacts on emissions are refined from previous studies by using up-to-date 

emission factors from recent technology surveys. Additionally, air quality simulations are 

performed for vast spatial and temporal scales – for both summer and winter conditions 

and over time periods that span several weeks – to provide a complete assessment of 

potential impacts on air quality.   
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CHAPTER 1: The Future of Airborne Sulfur-Containing Particles 

in the Absence of Fossil Fuel Sulfur Dioxide Emissions 

 

Problem and Importance 

Airborne particles play an essential role in many serious environmental issues, 

including visibility reduction (Finlayson-Pitts and Pitts, 2000) and climate change (IPCC, 

2013), and have been linked to health problems associated with air pollution (Pope III and 

Dockery, 2006).  On a global basis, sulfuric acid (H2SO4) is the most significant contributor 

to new particle formation in air, likely through reaction with ammonia and amines (Sipila 

et al., 2010; Smith et al., 2010; Zhang et al., 2012).  In air, the dominant source for H2SO4 is 

the oxidation of SO2 from combustion of sulfur-containing fossil fuels.  Another source of 

new particle formation in air is the oxidation of organosulfur compounds (OSC) generated 

by biological processes and agricultural activities (Aneja, 1990; Bates et al., 1992; Lana et 

al., 2011; Jardine et al., 2015).  For example, oceans are a significant source of dimethyl 

sulfide (CH3SCH3, DMS) (Lana et al., 2011) while a variety of related species such as 

methanethiol (CH3SH, MTO), dimethyl disulfide (CH3SSCH3, DMDS) and dimethyl trisulfide 

(CH3SSSCH3, DMTS) originate from livestock and farming practices (Filipy et al., 2006; 

Trabue et al., 2008; Feilberg et al., 2010; Hansen et al., 2012; Rumsey et al., 2014).  It has 

been shown that even human breath contains OSC (Suarez et al., 2000; Van den Velde et al., 

2008).  Atmospheric oxidation of OSC generates not only SO2 (which ultimately converts 

into H2SO4) but also methanesulfonic acid (CH3S(O)(O)OH, MSA) (Barnes et al., 2006) 

which also reacts with amines to generate new particles in air in presence of water vapor 

(Dawson et al., 2012; Chen et al., 2015).   Increasing regulations are driving the sulfur 
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content and use of fossil fuels down (Stern, 2005), resulting in declining atmospheric SO2 

concentration and particulate sulfate concentrations.  A key question for understanding 

future impacts of particles and for the development of cost-effective control policies is the 

extent to which atmospheric particulate matter can be controlled through regulation of 

fossil fuel combustion against a background of OSC.  This study utilizes a distinctive 

multidisciplinary approach that integrates chemical mechanism development, quantum 

chemical calculations, field measurements and 3-D modeling to examine this issue in the 

context of a large, urban coastal area, the South Coast Air Basin of California (SoCAB). 

 

Approach and Methodology 

Details of the experimental, theoretical and modeling approaches are described in 

the following sections and summarized here. Please note, ambient measurements, quantum 

chemical calculations, and experiments were performed by colleagues in Perraud et al. 

(2015) and were used to develop the updated chemical mechanism and emissions 

implemented into the model. Quantum chemical calculations were carried out to determine 

the energy barriers and total energetics of potential reactions of the CH3S(O)(O)O radical 

to form MSA.  The CCSD(T) method used with Dunning's cc-pV(T+d)Z basis set (Dunning 

1989; Dunning et al., 2001) along with the restricted open-shell approach as implemented 

in MOLPRO package (Werner et al., 2012) was applied to optimize geometries of isolated 

species.   Complexes and transition states were optimized using the MCSCF method.  Single 

point calculations using the CCSD(T)/cc-pV(T+d)Z method were performed to obtain 

energies for reaction profiles.  The harmonic approximation with CCSD(T)/cc-pV(T+d)Z 

method was used to estimate thermodynamic values for the structures.   
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The atmospheric model calculations were performed using the University of 

California, Irvine – California Institute of Technology (UCI-CIT) regional airshed model 

(Carreras-Sospedra et al., 2006).  The meteorological conditions were identical in all runs, 

and were taken from August 27-29, 1987, for which the model has been tested previously 

(Nguyen and Dabdub, 2002; Carreras-Sospedra et al., 2006; Carreras-Sospedra et al., 2010; 

Chang et al., 2010) and which represent an ideal set of conditions for modeling a pollution 

episode.  The 2005 baseline emission inventory documented in the 2007 Air Quality 

Management Plan (AQMP) formulated by the South Coast Air Quality Management District 

(SCAQMD, 2007) was used for all species, except SO2/H2SO4.  Emission rates of all species 

present in the inventory, including NOx, are kept constant for each run, with the exception 

of SO2/H2SO4.  Emissions of methanethiol, dimethyl sulfide and dimethyl disulfide from 

various sources obtained from the literature (Van den Velde et al., 2008; Lana et al., 2011), 

or from direct measurements performed for this study, were incorporated into the model.  

In addition, a detailed oxidation mechanism for OSC was added to the model, including 

reactions of the CH3S(O)(O)O radical with HCHO and larger aldehydes.   

Measurements of gas phase OSC were made using high resolution time-of-flight 

proton transfer mass spectrometry (PTR-ToF-MS 8000, Ionicon Analytik) (Jordan et al., 

2009; Graus et al., 2010) and gas chromatography coupled with flame ionization detector 

(GC-FID, Hewlett Packard 6890) of air samples collected in electropolished stainless steel 

canisters (Colman et al., 2001).  Methanesulfonic acid and markers for sea salt in ambient 

particles were measured using a high resolution time-of-flight aerosol mass spectrometer 

(AMS, Aerodyne) (DeCarlo et al., 2006). 
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Measurements of Ambient Particles in Irvine, CA 

Ambient submicron particle measurements were made with a high resolution time-

of-flight aerosol mass spectrometer (AMS, Aerodyne) (DeCarlo et al., 2006).  Ambient 

aerosol is sampled through a 100 m orifice and an aerodynamic lens, focusing particles in 

the range of 40-1000 nm aerodynamic diameter.  Particles travel through a time of flight 

vacuum chamber for size measurement and are vaporized at 600 °C, the temperature used 

for all measurements presented here.  The vapors are finally ionized by electron impact 

ionization and mass analyzed with a time of flight mass spectrometer. 

Mass spectral analysis was performed using software packages SQUIRREL v1.56D 

and PIKA v1.15D, available at http://cires1.colorado.edu/jimenez-group/ToFAMSResource 

s/ToFSoftware/index.html, with Igor Pro 6.36 (WaveMetrics, Inc., Lake Oswego, OR, USA).  

The default values for SQUIRREL and PIKA fragmentation tables and all ionization 

efficiencies were used, except for two changes.  The first is a correction made in the high-

resolution fragmentation table to the isotopic abundance of 15NN, whose signal interferes 

with quantification of the CHO+ fragment at m/z 29.  The new value was determined by 

sampling through a filter to evaluate the gaseous 15NN signal when the signal from particles 

is expected to be zero, as described in Canagaratna et al. (2015).  Measurements with a 

particle filter were carried out daily for this reason and for determination of the detection 

limits of NaCl and MSA.  This change does not impact the identification or quantification of 

MSA or NaCl peaks.  The second, and more important, is the addition of the Na35Cl+ and 

Na37Cl+ ions to the high-resolution fragmentation table as indicators for the presence of 

particulate sea salt (Nuaaman et al., 2015).  Observations of Na35Cl+ by AMS have been 

reported and used to quantify particulate chloride in submicron sea salt aerosol 
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(Ovadnevaite et al., 2012; Nuaaman et al., 2015).  Sodium chloride is not efficiently 

vaporized at 600 C, thus the actual mass loadings of sea salt chloride are much larger than 

shown in Figure 8.  However, the presence of NaCl+ ions in the mass spectra are used to 

show marine influence in submicron particles sampled by AMS and their possible 

correlation with MSA.   

Figure 7 shows an average mass spectrum for organosulfur ions from ambient 

particles collected in Irvine, CA.  This spectrum is in good agreement with the previously 

reported AMS spectrum of MSA from Ge et al. (2012).  The major ion used for MSA 

identification was CH3SO2+ (m/z 78.985) observed in the high-resolution mass spectrum.  

Additional organosulfur ions were present that are also characteristic of MSA.  However, 

because these additional ions could also be due to other OSC, they were not used in 

calculating MSA mass loadings presented here.  Therefore, the MSA concentrations 

reported are lower limits. 

The observation of MSA and other OSC has been used as an indicator for marine 

influence in particles from coastal and non-coastal regions (Gaston et al., 2010; Cahill et al., 

2012; Ge et al., 2012; Crippa et al., 2013).  However, the data show that this is not 

necessarily the case, even very near the coast, such as in Irvine, CA (about five miles inland 

from the Pacific Ocean).  Results indicate that MSA present in ambient aerosols can have 

continental sources, in agreement with Ge et al. (2012), who observed MSA in the Central 

Valley of California. 
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Measurements of OSC in Urban and Agricultural Areas 

Urban Emissions 

There are a number of potential sources of OSC in urban areas, most of which are 

quantitatively ill-defined. Two sources are considered here that are found in all urban 

areas:  Human breath and pet waste.  Human breath emissions were estimated as 

described in the text based on an average 13.8 ppb DMS in the breath of healthy human 

subjects (Van den Velde et al., 2008) and a total volume of air inhaled and exhaled per day 

of 10,800 L (Graus et al., 2010). Emissions were distributed to each cell according to the 

population. 

To estimate emissions from pet waste, measurements of organic sulfur compounds 

in the headspace of trash bins of measured mass in a residential area were performed using 

a high-resolution time-of-flight proton transfer reaction mass spectrometer (PTR-ToF-MS 

8000, Ionicon Analytik, hereafter cited as PTR-MS) (Jordan et al., 2011; Graus et al., 2010).  

The trash bins were used primarily for pet waste so emissions of OSC are attributed to that.  

The air sample was introduced via a heated 1/16” PEEK tubing maintained at 70°C (343 K) 

at a constant flow of ~145 cc min-1.  The instrument was operated under the standard ion 

drift tube conditions with a total voltage of 600 V and pressure between 2.10 and 2.16 

mbar.  Under these conditions, the ratio of the electric field per number density of the drift 

tube buffer gas molecules E/N was ~ 130 Td leading to the predominance of the cluster 

H3O+ in the ion drift tube over the higher mass water clusters (DeGouw and Warneke, 

2007).  All sulfur compounds of interest, including methanethiol (MTO), dimethyl sulfide 

(DMS), dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) have a proton affinity 

higher than that of water (691 kJ mol-1), which results in an efficient ionization using PTR-
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MS (Table 1).  Calibration of the instrument was performed using pure standards.  Details 

are presented elsewhere (Perraud et al., 2015).  Mass spectra and time profiles were 

extracted using the PTR-MS TOF Viewer software (Ionicon Analytik version 1.4.0) using a 

modified Gaussian function fit for each peak individually (Graus et al., 2010).  Identification 

of the targeted sulfur compounds was performed using accurate mass measurements and 

comparison with the known fragmentation of the standards (Table 2).  For accurate mass 

measurements, masses at m/z 21.0226 (H318O)+ and m/z 123.946 (common contamination 

peak from the Teflon gasket present in the ion source) were used as the lock masses.  

Methanethiol, DMS and DMDS were unambiguously identified (see Table 1, Table 2, and 

Figure 2); although DMTS has been previously measured from animal waste (Meinardi et 

al., 2013; Hales et al., 2015), it was never observed in the samples.  

Table 1: Organosulfur compounds measured by PTR-MS. 

Compound Formula MW  
(g mol-1) 

Proton affinity 
(kJ mol-1)a 

Ions observedc 

Methanethiol (MTO) CH3SH 48 773.4 49 [M+H]+ 
Dimethyl sulfide (DMS) CH3SCH3 62 830.9 63 [M+H]+ 

Dimethyl disulfide (DMDS) CH3SSCH3 94 815.3 95 [M+H]+  
(+ fragment at m/z 79) 

Dimethyl trisulfide (DMTS) CH3SSSCH3 126 b 127 [M+H]+ 

(+ fragments at m/z 79, 
81 and 93) 

a From the Handbook of Chemistry and Physics (Lide, 1994). 
b No data are available for DMTS, but this compound is expected to be similar to the other sulfur compounds.  

c Experimental, from the analysis of pure standards. 

 

Table 2: Accurate mass and elemental composition of the OSC measured from trash bins. 

 Accurate mass (Da) Elemental composition Exact mass (Da) Absolute mass error 
(mDa) 

MT 49.0111 [CH3SH + H]+ 49.0112 -0.1 

DMS 63.0266 [CH3SCH3 + H]+ 63.0268 -0.2 

DMDS 94.9993 [CH3SSCH3 + H]+ 94.9989 +0.4 
 78.9664 CH3SS+ 78.9676 -1.2 
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Figure 2: Typical mass spectrum from a trash bin sample (expanded by a factor of 60 above m/z = 
62) (top); emission curve acquired from PTR-MS measurements for the case of DMS (m/z 63) 
(bottom).  The peak at m/z 49 is assigned to MTO, at 63 to DMS and 95 and 79 to DMDS. 
Identification of these compounds was confirmed by the canister measurements. 
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Emissions rates of each OSC from the trash bin were measured after the PTR-MS 

inlet was attached to the trash bin lid and the lid placed on the top of the bin.  Fluxes of 

individual sulfur compounds were determined by measuring their respective signals as a 

function of time as indicated in Figure 2b.  Note that each bin sample was opened in 

between measurements to refresh the headspace.  Experimentally determined emission 

rates for each sulfur compound were normalized by the mass of the trash bin contents.  

Assuming the contents are all pet waste, these measurements were then normalized to the 

average amount of waste per dog per year, 274 lb year-1 (Natural Reserve Conservation 

Service, 2005).  Emissions for each compound per dog thus obtained are as follows:  1.1 × 

1017 molecules min-1  for CH3SH, 1.9 × 1015 molecules min-1 for CH3SCH3 and 2.6 × 1015 

molecules min-1 for CH3SSCH3.  The measured emissions of the OSC as a ratio to DMS from 

the residential trash bins (taking DMS = 1.0) were 58:1.0:1.4 for CH3SH: DMS: DMDS. 

 
Canister Measurements and GC-MS analysis of Organosulfur Compounds 

Air samples were collected at Chino, CA, which is located in the SoCAB, into 

previously evacuated 2-L electropolished stainless steel canisters between 4:23h and 5:23h 

local time on August 26, 2014.  After collection, the canisters were analyzed in the 

laboratory the same day.  Non-methane hydrocarbon (NMHC) analysis was performed with 

a gas chromatographic system equipped with multi column/detector combinations 

(Colman et al., 2001).  The first step is a cryogenic pre-concentration in liquid nitrogen, 

followed by re-vaporization and injection of 1200 mL of sample at STP into a combination 

of three gas chromatographs (Hewlett Packard 6890), containing a total of six different 

column/detector combinations.  The detectors used include electron capture (ECD), flame 
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ionization (FID), and mass selective detectors (MSD).  Identification of the sulfur species 

was performed by intercomparison of FID and MSD analysis.  This feature can enhance the 

accuracy of the analysis by revealing the presence of co-eluting peaks.  Details of the 

quantification of the OSC and sampling artifacts are described elsewhere (Perraud et al., 

2015).  It should be noted that the DMDS observed in these samples can be formed by the 

reaction of MTO on metal surfaces (Perraud et al., 2015); thus the DMDS measurements 

may include both DMDS and MTO. 

 
Quantum Chemical Calculations 

The major oxidation paths for dimethyl sulfide (DMS) (Barnes et al., 2006; Berndt and 

Richters, 2012) by the hydroxyl radical (OH) are summarized in Figure 3.  Similar pathways 

occur for oxidation at night by nitrate radicals (Barnes et al., 2006).  While many of the 

individual steps have been established experimentally (Barnes et al., 2006), surprisingly, 

the gas phase mechanism of production of MSA remains unclear (Karl et al., 2007).  The 

CH3S(O)(O)O free radical is likely the key intermediate, with one possibility being its 

reaction with water vapor to form MSA and OH (Barnes et al., 2006).  However, theoretical 

studies show that the reverse reaction, MSA + OH, is exothermic by -10 kcal mol-1 

(Jorgensen et al., 2013), so that the reaction of CH3S(O)(O)O radical with water must be 

endothermic.  Quantum chemical calculations performed here confirmed that H for the 

CH3S(O)(O)O + H2O reaction is +6 kcal mol-1, consistent with the studies on the reverse 

reaction (Jorgensen et al., 2013).   
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Figure 3: Mechanism for the oxidation of dimethyl sulfide (DMS). 

 

All geometries of isolated species were optimized using the CCSD(T) method 

together with Dunning's cc-pV(T+d)Z basis set (Dunning, 1989; Dunning et al., 2001).  The 

restricted open-shell approach as implemented in Molpro package (Werner et al., 2012) 

was used.  Because of the system size, complexes and transition states were optimized 

using the MCSCF method with an active space consisting of 11 electrons distributed in 12 

orbitals.  At these geometries obtained using Multi-Configurational Self Consistent Field 

(MCSCF) method, the single point calculations using the CCSD(T)/cc-pV(T+d)Z method 

were performed to obtain energies for reaction profiles.  Thermodynamic values were 
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estimated using the harmonic approximation with CCSD(T)/cc-pV(T+d)Z method for all the 

structures, including transition states and complexes.  Forces acting on atoms according to 

the CCSD(T) method on MCSCF optimized minima were below 10-3 a.u.  The usage of a high 

level ab initio potential like CCSD(T) is essential in this case because of the open-shell 

nature of the system.  A common approach for organic complexes of this and larger sizes is 

DFT.  However, in the case of radical systems like the one studied here, DFT methods suffer 

from the self-interaction problem, that do not exist in post Hartree-Fock methods.  In 

addition, studies of radical complexes require an accurate description of dynamic electron 

correlation effects that are offered by the CCSD(T) method.  The validity of the CCSD(T) 

potential for similar systems was previously confirmed in the work of Jorgensen et al. 

(2013).  Based on prior experience, the usage of MP2 method results in major differences in 

the structure of transition states and the height of energy barriers for studied reactions. 

Another potential mechanism for the formation of MSA is hydrogen abstraction by 

CH3S(O)(O)O radical from organic compounds, proposed earlier based on the overall 

thermodynamics (Hatakeyama and Akimoto, 1983; Yin et al., 1990a; Barnes et al., 2006).  

However, the presence of a significant energy barrier could render the reactions too slow 

to be of importance.  This possibility was explored here using quantum chemical 

calculations investigating the reaction of the CH3S(O)(O)O radical with methane (CH4) or 

formaldehyde (HCHO).  Both the total energetics of the reaction and the energy barriers 

can be discussed in relation to isolated reactants and products or complexes before and 

after the reaction.  Both reactions are exoergic regardless of whether isolated molecules or 

complexes are examined.  For the reaction with CH4, the energy barrier from the isolated 

reactants is 4.6 kcal mol-1, but the binding energy of 4.1 kcal mol-1 for the initial complex of 
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reactants increases the effective barrier to 8.7 kcal mol-1.  For the reaction with HCHO, the 

energy barrier from the isolated reactants does not exist, as the transition state is 6.2 kcal 

mol-1 lower in energy than the isolated reactants.  However, the binding energy of 8.1 kcal 

mol-1 of the initial complex creates the energy barrier of 1.9 kcal mol-1 for the reaction 

starting from the complex.  A collection of relative energies for both processes is presented 

in Table 3, and the different structures for the transition states and minima species are 

presented in Figure 4.  An important implication of these results is that an earlier reported 

enthalpy of formation (Resende and De Almeida, 1999; Barnes et al., 2006) of the 

CH3S(O)(O)O radical (-58 kcal mol-1) must be too small, with the correct value being -73 

kcal mol-1. 

 
Table 3: Relative energies for the reactions of CH3S(O)(O)O with CH4 or HCHO.  Abbreviations for 
structures of complexes are the same as in Figure 4.  ΔETS corresponds to the energy barrier for the 
process. 

Reaction ΔE [kcal mol-1] ΔETS [kcal mol-1] 

CH3S(O)(O)O + CH4 → MSA + CH3 -5.23 4.64 
Min-1 → Min-2 -8.32 8.72 
CH3S(O)(O)O + HCHO → MSA + CHO -22.29 -6.16 
Min-3 → Min-4 -22.95 1.92 

 

It also seems reasonable on a fundamental chemical basis that the reaction of HCHO 

with CH3S(O)(O)O radical is faster than that of HO2.  The reaction mechanism involves first 

formation of collision complex between the two species.  Once a collision complex of 

sufficient lifetime is formed, it undergoes structural changes and the reaction between the 

two species occurs.  For two reactive species confined within a limited distance, the latter 

process is expected to be fast.  The faster rate is thus expected for the case of more efficient 

complex formation.  Due to the -C=O bond, formaldehyde is quite polarizable, implying a 
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relatively strong dispersion interaction, though the molecule is small.  In addition, HCHO 

has a substantial dipole, and interacts with CH3S(O)(O)O radical both with dipole-dipole 

and with dipole-induced dipole effects.  The hydroperoxyl radical has a smaller dipole, and 

is expected to be also less polarizable.  Thus, HCHO is expected to have a stronger and 

longer range van der Waals interaction with CH3S(O)(O)O radical than HO2, and is likely to 

form the collision complex more efficiently.  It is harder to be sure about a larger aldehyde 

(RCHO) versus HCHO.  For sufficiently short R, the complex formation propensity of the 

two is probably about equal.  The fact that HCHO has two available H atoms gives it an 

advantage for the ensuing reaction, after complex formation. 

 

 

Figure 4: Optimized geometries for complexes and transition states in the reactions of 
CH3S(O)(O)O with CH4 or HCHO.  Selected distances are given in Ångstroms.  Geometries are 
optimized using MCSCF/cc-pV(T+d)Z with an active space consisting of 11 electrons in 12 orbitals. 
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In addition, a sensitivity analysis was performed on the CH3S(O)(O)O + HCHO 

reaction using the UCI-CIT model.  Lowering the rate constant of the reaction by a factor of 

10 or 100 doesn’t change the domain-wide average concentration of MSA by more than 5%.  

This is expected since the relative contributions of reaction with HCHO vs HO2 can be 

estimated from the ratio kHCHO.[HCHO]/kHO2.[HO2] where the rate constants are those for 

HCHO and HO2 with CH3S(O)(O)O radical.  The domain wide average HCHO in the model is 

~3 ppb compared to 0.019 ppb for HO2, so that the two removal processes are equal for 

ratios of rate constants kHCHO/kHO2 ~0.006.  With kHO2 = 5 × 10-11 cm3 molecule-1 s-1, this 

would correspond to kHCHO = 3 × 10-13 cm3 molecule-1 s-1. 

 
Description of the UCI-CIT Airshed Model 

The University of California, Irvine – California Institute of Technology (UCI-CIT) 

regional airshed model is used to simulate air quality for the three-day period August 27-

29, 2005, since reliable emissions inventories and field measurements of many species are 

available for those dates (Carreras-Sospedra et al., 2006).  Boundary and initial conditions 

are based on historical values.  The UCI-CIT model contains an expanded version of the 

Caltech atmospheric chemical mechanism (CACM) (Griffin et al., 2002a, 2002b) and has 

been used in numerous other studies to simulate air quality in the SoCAB (Nguyen and 

Dabdub, 2002; Carreras-Sospedra et al., 2006; Carreras-Sospedra et al., 2010; Chang et al., 

2010).  With the addition of the organosulfur compounds oxidation mechanism (see Table 

4), the three-dimensional model contains a total of 523 reactions and 168 gas phase 

species, which includes chemistry that converts SO2 to gas phase H2SO4 via oxidation by 

OH, the Criegee intermediate and the ClO radical.  The barrierless reactions of the 
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CH3S(O)(O)O radical with HCHO and higher aldehydes that were determined from ab initio 

calculations were also introduced into the model assuming rate constants of 1 × 10-10 cm3 

molecule-1 s-1 (see discussion below).  These are the dominant reactions, but the other ones 

were added for completeness.  In the model, the reactions with CH4 and higher alkanes 

were not included because they do not appear to be as energetically favorable as the 

aldehydes. 

 
Table 4: Organosulfur compound oxidation mechanism and kinetics added to the UCI-CIT model. 

Reaction Model Reactiond ka 

CH3SH + OH  CH3S  +  H2O MTO + OH  MTA + H2O 3.30E-11 

CH3SCH3 + OH  CH3SCH2OO + H2O DMS + OH  DMSP + H2O 4.80E-12 

CH3SCH3 +OH  CH3S(OH)CH3  CH3SOCH3 
+ HO2 

DMS + OH  DMSO + HO2 2.20E-12 

CH3SCH2OO + NO  CH3S + HCHO + NO2 DMSP + NO  MTA + HCHO + NO2 1.20E-11 

CH3S + O2  CH3SOO MTA + O2  MTPR 2.41E-14 

CH3SOO  CH3S  +  O2 MTPR  MTA + O2 2.30E+05 

CH3SOO + NO  CH3SO + NO2 MTPR + NO  MTSR + NO2 1.10E-11 

CH3SO + O3  CH3 + SO2 + O2 MTSR + O3  MTLR + SO2 + O2 4.10E-13 

CH3SO + NO2  CH3 + SO2 + NO MTSR + NO2  MTLR + SO2 +NO 3.00E-12 

DMSO + OH  CH3S(O)OH + CH3 DMSO + OH  MSIA + MTLR 8.90E-11 

CH3SSCH3 + OH  CH3SH + CH3SO DMDS + OH  MTO + MTSR 2.30E-10 

CH3SSSCH3 + OH  CH3SH + CH3SSO DMTS + OH  MTO + MDSO 2.30E-10 

CH3SH + NO3  CH3S + HNO3 MTO + NO3  MTA + HNO3 9.20E-13 

CH3SCH3 + NO3  CH3SCH2OO + HNO3  DMS + NO3  DMSP + HNO3 1.10E-12 

CH3SSCH3 + NO3  CH3S + CH3SO + NO2 DMDS + NO3  MTA + MTSR + NO2 7.00E-13 

CH3SSSCH3 + NO3  2CH3S + SO2 + NO2 DMTS + NO3  2MTA + SO2 + NO2 7.00E-13 

CH3SSO + O3  CH3S + SO2 + O2 MDSO + O3  MTA + SO2 + O2 4.24E-13 

CH3SSO +NO2  CH3S + SO2 + NO MDSO + NO2  MTA + SO2 + NO 4.50E-12 

CH3SOO + NO2  CH3SO + NO3 MTPR + NO2  MTSR + NO3 2.20E-11 

CH3S + O3  CH3SO + O2  MTA + O3  MTSR + O2 4.90E-12 

CH3SOO  CH3 + SO2 MTPR  MTLR + SO2 8.00E+00 

CH3S(O)(O)  CH3 + SO2 MSFR MTLR + SO2 4.00E-01 

CH3S(O)OH + OH  CH3 + SO2 + H2O MSIA + OH  MTLR + SO2 + H2O 9.00E-11 

CH3SCH2OO + HO2  CH3SCH2OOH + O2 DMSP + HO2  HYPERA + O2  8.80E-12 

CH3SCH2OO + RO2  CH3S + HCHO + RO + O2 DMSP + RO2T  MTA + HCHO + RO2T + O2 1.00E-11 

CH3SO + O2  CH3S(O)OO MTSR + O2  MSOX 6.26E-14 
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CH3S(O)OO  CH3SO + O2 MSOX  MTSR + O2 5.90E+05 

CH3S(O)OO + HO2  0.44CH3S(O)(O) + 
0.44OH + 0.41CH3S(O)OOH + 0.15MSIA + 
0.15O3  

MSOX + HO2  0.44MSFR +0.44OH + 
0.41HYPERB + 0.15MSIA + 0.15O3 

1.39E-11b 

CH3S(O)OO + NO  CH3 + SO2 + NO2 MSOX + NO  MTLR + SO2 + NO2 1.00E-11 

CH3S(O)OO + NO2  CH3S(O)ONO3 MSOX +NO2  SNITRA 1.20E-12 

CH3SO + NO2  CH3S(O)(O) + NO MTSR + NO2  MSFR + NO 9.00E-12 

CH3S(O)(O) + O2  CH3S(O)(O)OO MSFR + O2  MSAPER 2.10E-14 

CH3S(O)(O) + O3  CH3S(O)(O)O + O2 MSFR + O3  MSARO + O2 3.00E-13 

CH3S(O)(O)OO   CH3S(O)(O) + O2 MSAPER  MSFR + O2 1.95E+05 

CH3S(O)(O)OO + NO  CH3S(O)(O)O + NO2 MSAPER + NO  MSARO + NO2 1.00E-11 

CH3S(O)(O)OO + NO2  CH3S(O)(O)ONO3 MSAPER + NO2  SNITRB 1.20E-12 

CH3S(O)(O)OO + HO2  0.41CH3S(O)(O)OOH 
+ 0.44CH3S(O)(O)O + 0.44OH + 0.15MSA + 
0.15O3 + 0.85O2 

MSAPER + HO2  0.41HYPERC + 
0.44MSARO + 0.44OH + 0.15MSA + 0.15O3 
+ 0.85O2 

1.39E-11b 

CH3S(O)(O)OO + RO2  0.7CH3S(O)(O)O + 
0.7RO + 0.3MSA + 0.3RCHO + O2 

MSAPER + RO2T  0.7MSARO + 0.7RO2T + 
0.3MSA + 0.3ALD2 + O2 

1.00E-11b 

CH3S(O)(O)O + HO2  MSA + O2 MSARO + HO2  MSA + O2 5.00E-11 

CH3S(O)(O)O + HCHO  MSA + HO2 + CO MSARO + HCHO  MSA + HO2 + CO 1.00E-10c 

CH3S(O)(O)O + RCHO  MSA + RO2 MSARO + ALD2  MSA + RO2T 1.00E-10c 

MTPR, MSOX, MSAPER treated as pseudo steady-state approximation (PSSA) 
a 

Units of second order rate constants are cm
3
 molecule

-1
 s

-1
 and units for first order reactions are s

-1
.  Rate 

constants taken from Sander et al., (2011) and Ammann et al., (2015) unless otherwise indicated. 
b 

From Berndt et al., (2012). 
c 
Assumed to be close to diffusion controlled based on quantum chemical calculations that show the reactions are 

barrierless (see text). 
d 

See Table 5 for a list of new species that needed to be added into the model. 
 

 

Table 5: List of newly added species not originally in the UCI-CIT model’s chemical mechanism. 

MSA: Methanesulfonic Acid MSARO: CH3S(O)(O)O 

DMS: Dimethyl Sulfide (CH3SCH3) MSAPER: CH3S(O)(O)OO 

DMDS:Dimethyl Disulfide (CH3SSCH3) MSIA: CH3S(O)OH 

DMTS: Dimethyl Trisulfide (CH3SSSCH3) HYPERA: CH3SCH2OOH 

MTO: Methanethiol (Methyl Mercaptan) (CH3SH) HYPERB: CH3S(O)OOH 

DMSO: Dimethyl Sulfoxide (CH3SOCH3) HYPERC: CH3S(O)(O)OOH 

MTPR: Methylthiol Peroxy Radical (CH3SOO) SNITRA: CH3S(O)ONO3 

MTSR: Methylsulfinyl Radical (CH3SO) SNITRB: CH3S(O)(O)ONO3 

MTLR: Methyl Radical (CH3) MSOX: CH3S(O)OO 

MDSO: Methyl Disulfoxide (CH3SSO) MSFR: Methane Sulfonate Radical CH3S(O)(O) 

MTA: Methanethiolate (CH3S) DMSP: DMS-Derived Peroxy Radical (CH3SCH2OO) 
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Figure 5: Evolution of the monthly average of daily maximum SO2 concentration for the month of 
August for 6 sites in the South Coast Air Basin from 2000 to 2013 (top); Ratio of the average 
concentration of SO2 for the month of August during 2004-2006 to that during 2011-2013 (bottom). 
Concentration data obtained from six sites in the SoCAB. Average SO2 concentrations are calculated 
by averaging the daily maximum concentrations for all days in August each year. Averages for the 
month of August for a 3 year period in the past (2004-2006) are compared to a more recent 3 year 
period (2011, 2012 and 2013 when available) to determine the ratio of past to present SO2 
concentrations.  Data source: http://www.arb.ca.gov/aqmis2/aqdselect.php 
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The modeling domain encompasses the South Coast Air Basin (SoCAB), utilizing 994 

computational cells with a 5 × 5 km2 horizontal grid size.  The model contains 5 vertical 

layers that are variable and terrain-following, spanning 0-1100 m in height.  The bottom 

layer of the modeling domain (0-38 m), which represents ground level, is the focus of this 

study.  The unique modeling domain includes spatially resolved emissions and contains 

coastal regions, urban and suburban areas, and agricultural activity around Chino.  The 

2005 baseline emissions inventory is documented in the 2007 Air Quality Management 

Plan (AQMP) formulated by the South Coast Air Quality Management District (SCAQMD, 

2007).  However, anthropogenic SO2 emissions have been decreasing since 2005 due to 

controls on the sulfur content of fossil fuels.  In order to account for such decreases, 

ambient SO2 concentrations in August over the period from 2004-2013 were analyzed at 

various locations in the SoCAB.  As seen in Figure 5, peak concentrations decreased by a 

factor of approximately four from the 2004-2006 period to 2011-2013.  Thus SO2 emission 

rates (3% of which is assumed to be direct H2SO4 emissions) in the base model were 

decreased by a factor of four compared to the 2005 baseline emissions inventory to be 

consistent with more recent ambient data, as were the boundary and initial conditions for 

SO2 and H2SO4.  This scenario is hereafter labeled as “representative of the years 2011-

2013”.  Previous evaluation of the UCI-CIT model sensitivity to initial conditions suggest 

that two days of spin up time are required to reduce the influence of initial conditions 

(Carreras-Sospedra et al., 2006).  Thus, results presented here are for the third day of 

simulation. 
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Figure 6: Base case model-predicted NH3 concentrations (ppb) in the SoCAB at (a) 04:00h and (b) 
05:00h. 

 

The 2005 base emissions inventory includes ammonia fluxes, which are 

concentrated around the Chino agricultural area.  In previous studies, the average ammonia 

concentration measured in this area between 04:00h-05:00h over six different days in 

2013 was found to be 0.76  ±  0.40 ppm (1 ) (Dawson et al., 2014). Figure 6 shows that the 

model-predicted NH3 concentrations at 04:00h and 05:00h that are very similar to the 

measured average.  This supports the accurate representation of ammonia emissions in the 

model.  Because emission flux measurements were not possible at the time for OSC, fluxes 

of OSC from agricultural activities in the SoCAB were estimated by simultaneously 

measuring OSC and NH3 ambient concentrations adjacent to a cattle feedlot in Chino, CA.  

Measurements of NH3 were made using a cation-exchange resin cartridge as described 

elsewhere (Dawson et al., 2014).  The NH3 concentrations were somewhat smaller in the 

2014 field study (0.15 ± 0.04 ppm (1 )), likely due to different meteorology, but applying 

the ratio of the OSC concentrations to NH3 should be a valid approach to calculating the OSC 

emissions for the chosen model conditions. 
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Results and Discussion 

Measurements of Ambient Particles in Irvine, CA and DMS in the Central Valley 

Ambient submicron particle measurements were made with a high-resolution time-

of-flight aerosol mass spectrometer (AMS) at the north campus of UC Irvine, which is 

located in the SoCAB approximately five miles inland from the Pacific Ocean.  Peaks typical 

of OSC were observed on many days; Figure 7 shows an average mass spectrum of the OSC 

specific ion signals identified by high resolution, and clearly shows the presence of high 

intensity peaks at m/z 78, 79 and 96 corresponding to CH2SO2+, CH3SO2+ and CH4SO3+ 

respectively, characteristic of MSA (Ge et al., 2012).  Some of these days also show the 

presence of peaks typical of sea salt chloride.  Figure 8 shows data in which NaCl and MSA 

are correlated in some cases (Figure 8A) and uncorrelated in others (Figure 8B), suggesting 

that non-oceanic sources of MSA can also be important in this location, despite its 

proximity to the Pacific Ocean.  Previous reports of MSA in particles in Riverside, CA were 

attributed to oxidation of oceanic emissions during transport (Gatson et al., 2010).  On the 

other hand, measurements of MSA in particles in the Central Valley of California, a major 

agricultural area, were reported to be independent of transport from the coast (Ge et al., 

2012).  This finding is in good agreement with the results of this study, indicating that 

continental sources, especially from agricultural activities may be significant sources for 

MSA.  Results from this study have particular significance for future air quality in 

agricultural regions where emissions of OSC can be much higher than those indicated by 

the measurements conducted here.  For example, Figure 9 shows DMS in and around a 

dairy located in the Central Valley, with levels within the dairy itself up to 12 ppb.  Air 

samples were collected into previously evacuated electropolished canisters at a dairy farm 
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in the Central Valley (see Figure 9), which is located about 28 miles south of Fresno, CA.  

The samples were taken during July 2010 as part of the Student Airborne Research 

Program (SARP) field campaign.  Once in the lab, the samples were analyzed using the same 

technique as described above. Exploring alternative agricultural practices that minimize 

such emissions and their impacts on air quality, visibility, health and climate may be 

prudent in such areas in the future. 

 

 

Figure 7: Average AMS mass spectrum of organosulfur ion signals detected in ambient particles 
measured in Irvine, CA (data from May 14, 2012, from 10:35h to 13:55h).   
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Figure 8: Plots of Na35Cl+ ion versus MSA ion (CH3SO2+).  (A) NaCl and MSA are correlated (overall 
r2 = 0.41) for () August 2, 2012 (9:15-14:20), () August 27, 2012 (10:00-20:05), () August 31, 
2012 (10:20-16:50);  (B) NaCl and MSA are uncorrelated (overall r2 = 0.0023) for () July 28, 2010 
(10:10)-July 29, 2010 (15:00), () May 14, 2012 (10:35-13:55), () August 26, 2014 (13:50-
14:05).  Measurements were made in Irvine, CA.  Mass loading for NaCl is uncorrected for its low 
sensitivity in the AMS due to inefficient vaporization.  Data points represent 1-2 minute sampling 
times.  Dashed lines are linear fits to all data points in each plot. 

 

 

Figure 9: Measured concentration of DMS in and around a dairy in the Central Valley of California 
(28 miles south of Fresno, CA).  The measurements were taken from July 19 to July 20, 2010 as part 
of the Student Airborne Research Program (SARP) field campaign.  Imagery ©2015 DigitalGlobe, 
USA Farm Service Agency, Map data ©2015 Google 
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UCI-CIT Model Predictions 

The UCI-CIT model domain includes the Pacific Ocean on the west side, heavily 

populated urban areas and an agricultural region with large cattle feedlots and associated 

sources around Chino, CA, and constitutes the perfect domain for this study.  The model 

includes spatially and temporally resolved emissions and typical meteorological conditions 

for this region, as well as a detailed chemical mechanism described as the 2005 base case 

(Carreras-Sospedra et al., 2006).  However, OSC had not been included in this base case and 

some adjustments had to be made prior to running simulations (see Table 4).  First, the 

original emission rates of SO2 and H2SO4 (3% of total anthropogenic SO2 emitted) in the 

model (including emission, boundary conditions and initial conditions) were decreased by 

a factor of four compared to the 2005 base case to be consistent with the decrease in 

measured ambient SO2 concentrations since 2005 (see Figure 5).  This scenario is hereafter 

described as “representative of the year 2011-2013”.  A separate scenario was also run 

corresponding to a best-case futuristic scenario with no fossil fuel SO2 (emissions, initial 

conditions and boundary conditions all set to zero).  For the scenario representative of the 

years 2011-2013, the boundary conditions include anthropogenic sources of SO2 generated 

from Asia that are transported across the Pacific Ocean, emissions from ships in shipping 

lanes, along with sources from other states surrounding the SoCAB.  In the zero 

anthropogenic SO2 emission scenario, those were turned off.  Lastly, in the standard 

version of the model, H2SO4 partitions into existing particles or forms new particles if the 

concentrations exceed those for nucleation (Wexler et al., 1994).  However, significant 

uncertainties remain in quantitatively describing new particle formation from gas phase 

H2SO4 and MSA, especially given the recently recognized role of amines (Smith et al., 2010; 
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Zhang et al., 2012).  In order to compare the relative contributions of H2SO4 and MSA to 

new particle formation, nucleation and uptake into existing particles were turned off in the 

model to leave these species in the gas phase.  Results from a previous study show that 

under certain conditions, MSA and H2SO4 can form new particles at similar rates (Dawson 

et al., 2014).  As long as the processes such as reactions with amines that convert H2SO4 and 

MSA to new particles are similar for these two acids, their respective concentrations should 

provide an estimate of their potential relative contributions to new particle formation 

under different scenarios.  

Second, three major contributors to OSC were incorporated into the model: (1) 

oceanic emissions, (2) agricultural activities and (3) urban sources.  The first was captured 

by including a typical average emission flux for DMS of 10 mol S/m2-day in the summer 

months (Lana et al., 2011) in the model cells that encompass the coastal waters.  

Agriculture is a second potential source (Williams et al., 1999; Hobbs and Mottram, 2000; 

Filipy et al., 2006; Shaw et al., 2007; Trabue et al., 2008; Feilberg et al., 2010; Hansen et al., 

2012; Rumsey et al., 2014).  It was reported in previous studies that both NH3 and OSC 

emissions are associated with livestock activities and that their concentrations were 

correlated (Hobbs et al., 2004; Blanes-Vidal et al., 2009).  Because emission flux 

measurements were not possible at the time for OSC, fluxes of OSC from agricultural 

activities in the SoCAB were estimated by simultaneously measuring OSC and NH3 ambient 

concentrations adjacent to a cattle feedlot in Chino, CA, before dawn to avoid 

photochemistry.  Fluxes for the OSC were then estimated using the ratio of the measured 

concentrations in air to those of NH3, whose emission fluxes are included in the base case of 

the model (Figure 6).  The average measured concentrations of DMS and DMDS were 1.2 
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ppb and 28 ppt respectively, with a ratio of DMS to NH3 concentrations of (7.6 ± 1.4) × 10-3 

and of DMDS to NH3 of (1.9 ± 1.5) × 10-4 (1 ).  Applying these to the nine model cells with 

agricultural activities around the Chino area yields emission fluxes of NH3, DMS and DMDS 

of 31, 0.24 and 5.8 × 10-3 mol/m2-day respectively.  Finally, heavily populated urban areas 

represent a third source, which includes emissions from human breath and pet waste.  

Dimethyl sulfide was reported in human breath of healthy subjects at an average 

concentration of 13.8 ppb (Van den Velde et al., 2008).  The total volume of air inhaled and 

exhaled per day for an average person is 10,800 L (Phalen, 1984), so that one person will 

typically emit 6.1 moles of DMS per day.  These human-associated emissions of DMS were 

incorporated into the model based on the population in each cell.  Lastly, to assess the 

potential contribution from pets, measurements using proton-transfer mass spectrometry 

were made of the headspace of trash bins from a residential area where the bins are used 

mainly for pet waste.  Methanethiol (MTO), DMS and DMDS were unambiguously detected 

and quantified (Figure 2, Table 1, and Table 2).  Emission fluxes were obtained by closing 

off the top of the container and measuring the increase in concentration of the OSC with 

time.  These were incorporated into the model on a basis proportional to population 

density.  Potential emissions from other sources such as soils, vegetation (Jardine et al., 

2015), biomass burning (Karl et al., 2007), wetlands and landfills, as well as emissions of 

other OSC such as hydrogen sulfide and carbonyl sulfide were not included in the model 

because of the large uncertainties associated with their emissions estimates. 

Third, while many of the individual steps have been established experimentally 

(Barnes et al., 2006), surprisingly, the mechanism of production of MSA from OSC gas phase 

oxidation by hydroxyl radicals (OH, daytime) and nitrate radicals (nighttime) remains 



41 
 

unclear (Karl et al., 2007).  The CH3S(O)(O)O free radical is likely the key intermediate (see 

Figure 3).  The mechanism for the formation of MSA via hydrogen abstraction by 

CH3S(O)(O)O from water and organic compounds, proposed earlier (Hatakeyama and 

Akimoto, 1983; Yin et al., 1990a; Barnes et al., 2006) were explored here using quantum 

chemical calculations.  Results show that the H for the CH3S(O)(O)O + H2O reaction is +6 

kcal mol-1, consistent with earlier studies showing that the reverse reaction is exothermic 

(Jorgensen et al., 2013).  On the other hand, reactions of the CH3S(O)(O)O radical with 

organic compounds such as formaldehyde (HCHO) or methane (CH4) are more favorable.  

Figure 1 shows that for HCHO, an initial complex (Min-3) is formed, which proceeds 

through transition state TS-2 and a second minimum Min-4 to form MSA and the HCO 

radical in what is essentially a barrierless reaction (see Figure 4 and Table 3).  Thus, 

hydrogen abstraction from aldehydes is fast, and provides a feasible pathway to form MSA.  

As seen in Figure 11, similar minima and transition state as for HCHO occur for the CH4 

reaction, but the energetics are not as favorable.  Given that higher alkanes have weaker C-

H bonds, this is a lower limit, and it may be that abstraction of a hydrogen atom from larger 

hydrocarbons can also contribute to MSA in air.  These theoretical studies firmly establish 

that the mechanism of gas phase MSA formation is occurring via hydrogen abstraction from 

organics by the CH3S(O)(O)O radical.  This chemistry, detailed in Table 4, was incorporated 

into the UCI-CIT airshed model.  Note that different mechanisms for DMS oxidation have 

been proposed previously (Yin et al., 1990a; Yin et al., 1990b; Capaldo and Pandis, 1997; 

Lucas and Prinn, 2002; Koga and Tanaka, 1999; Karl et al., 2007; Berndt and Richters, 

2012).  The intent of this study was to provide a reasonable mechanism for the oxidation of 

OSC and to demonstrate that there are different non-fossil fuel-related sources of sulfur 
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compounds throughout the SoCAB that will remain as the dominant anthropogenic SO2 

emissions continue to decrease.  As such, the mechanism and rate constants were set based 

on the recommended chemistry and kinetics rate constants by Sander et al. (2011) and 

Ammann et al. (2015), and the current results from quantum chemical calculations. 

 

 

Figure 10: Model-predicted gas phase H2SO4 and MSA concentrations (ppb) in the SoCAB at 8:00h, 
12:00h, 16:00h and 20:00h.  (A) H2SO4 concentrations (ppb) with SO2 and H2SO4 emissions 
representative of 2011-2013; (B) H2SO4 concentrations (ppb) with sulfur fossil fuel emissions, 
boundary conditions and initial conditions for SO2 and H2SO4 set to zero; (C) MSA concentrations 
(ppb) with sulfur fossil fuel emissions, boundary conditions and initial conditions for SO2 and H2SO4 
set to zero.  The domain-wide average gas phase MSA concentration is not significantly sensitive to 
the scenario chosen for sulfur fossil fuel emissions. 
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Figure 11: Potential energy diagram for the reaction of CH3SO(O)O radical with methane (CH4) or 
formaldehyde (HCHO). 

 

Figure 10 represents the hourly spatial distribution of both end products of the 

oxidation of OSC, i.e., H2SO4 and MSA.  Suppressing the contribution from anthropogenic 

SO2 emissions leads the domain wide average concentrations of H2SO4 to decrease by a 

factor of 60 and the peak concentrations by a factor of 85 but not to zero, due to the 

continuing contribution from OSC. Each map corresponds to the predicted concentrations 

of each species during the third day of simulation, which reflects the combination of 

emissions of OSC and anthropogenic SO2 (for the case representative of 2011-2013), 

chemistry, and meteorology occurring during days 1, 2 and into day 3.  First, while MSA is 

produced solely by oxidation of OSC (no direct emissions), H2SO4 is partly emitted from 

direct emissions associated with fossil fuel combustion (as 3% of SO2 according to the 2005 

baseline emission inventory) under the conditions representative of 2011-2013 and is also 

produced from SO2 oxidation.  As a result, in the early morning of day 3, the H2SO4 peak 
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maximum is observed around the ports of Long Beach in the scenario representative of 

2011-2013 (Figure 10A), reflecting the direct emissions.  As the day proceeds, the air mass 

flows NE, leading to dilution and transport of the H2SO4 plume further inland, while at the 

same time, SO2 is being simultaneously converted to H2SO4.  In addition, a second hot spot 

of H2SO4 is observed north of Riverside in the early morning, which corresponds to the 

residual H2SO4 that has been produced and transported during the previous days.  This 

behavior is typical of the SoCAB, and is due to the sea breeze flowing inland in a NE 

direction during the day (6:00h-20:00h) and back at night, which typically concentrates 

airborne pollutants in that region of the domain (Carreras-Sospedra et al., 2006).  In the 

zero emission scenario (Figure 10B), the observed spatial distribution of H2SO4 is quite 

different.  In this scenario, the peak maximum for H2SO4 originates solely from chemistry 

(oxidation of OSC forming SO2 that is then converted into H2SO4) and meteorology.  The hot 

spot observed early in the morning is primarily due to the residual H2SO4 (and SO2) formed 

and transported from the previous days of simulation.  The fresh formation of both SO2 and 

H2SO4 following the oxidation of oceanic DMS is observed later during the day, due to the 

relatively slow reaction.  The DMS plume formed close to the coast where the highest 

source is found is driven inland following the sea breeze path.  This is visible in Figure 12C 

where the DMS concentration falls during the morning due to both dilution and reaction 

with OH.  Under a typical daytime OH concentration of 5  106 cm-3, the DMS lifetime is 

about ~ 8 hrs while that for the SO2 to H2SO4 conversion is relatively slow (~2 days at an 

OH concentration of 5 × 106 cm-3) which results in somewhat different geographical and 

temporal distributions for H2SO4 and SO2 as the air mass evolves throughout the day.  For 

example, the domain-wide peak maximum for SO2 occurs at 6:00h, whereas the domain-
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wide peak maximum for H2SO4 is observed much later during the day, at around 14:00h, 

but also at a different area of the domain as the air mass has travelled.    

 

 

Figure 12: Model-predicted gas phase SO2 and DMS concentrations (ppb) in the SoCAB at 08:00h, 
12:00h, 16:00h, and 20:00h with urban, agriculture, and ocean organosulfur compounds emission 
sources included.  (A) SO2 concentrations (ppb) with SO2 and H2SO4 emissions representative of 
2011-2013; (B) SO2 concentrations (ppb) with sulfur fossil fuel emissions, boundary conditions and 
initial conditions for SO2 and H2SO4 set to zero; (C) DMS concentrations (ppb) with sulfur fossil fuel 
emissions, boundary conditions and initial conditions for SO2 and H2SO4 set to zero. 
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Figure 10C shows contours for gas phase MSA formed in the DMS oxidation.  The 

chemistry forming MSA occurs faster than the conversion of SO2 to H2SO4.  Once formed, 

the spatial distribution of MSA is predominantly governed by meteorology.  In the zero 

SO2/H2SO4 emission scenario, although both MSA and SO2 are derived from the oxidation of 

OSC, their distribution in the SoCAB is different (see Figure 10C and Figure 12B).  This 

result is not surprising.  As described in the mechanism (Figure 3), MSA formation is 

particularly influenced by NOx. A positive correlation between MSA formation and NOx 

concentration has been previously reported in laboratory experiments (Patroescu et al., 

1999).  Thus, fresh MSA is formed once the DMS plume encounters enough NOx for the 

reactions to occur, such as the ports located around Long Beach, as well as urban areas 

further inland (Figure 13).  This explains why the SO2 distribution largely follows the DMS 

plume contour, whereas MSA is present in more localized and concentrated areas 

associated with higher NOx concentrations.  Again, a second hot spot can be seen north of 

Riverside, which is the residual from the chemistry and meteorology occurring during days 

1 and 2.  In brief, the localized hot spots for the different species are governed by the 

emissions, chemistry and the unique meteorology of the domain. 

In order to investigate the relative source strengths of OSC, the respective source 

contributions for DMS are presented in Figure 14, which indicates the magnitude of the 

different contributions as well as differences in the spatial distributions of the three types 

of sources.  Results for DMS are presented here as a representative for OSC, as it is the 

more abundant species emitted.  Figure 14 clearly shows that the OSC produced from the 

ocean overwhelms the other contributions (peak maximum DMS predicted at 1.4 ppb).  

Agricultural activities also contribute significantly to the total DMS emitted, with up to 
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about a third of the total DMS peak maximum concentration observed from this source 

localized around the Chino/Riverside area.  Urban emissions alone produce a peak 

maximum DMS concentration of only 0.1% of that seen from oceanic sources.  

 

 

Figure 13: Model-predicted NO2 concentrations (ppb) at 08:00h, 12:00h, 16:00h, and 20:00h local 
time from the 2005 baseline emissions inventory.  The concentrations, geographical and temporal 
distributions of NO2 are not impacted by the SO2/H2SO4 emissions scenario. 
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Figure 14: Model-predicted gas phase DMS concentrations (ppb) at 08:00h, 12:00h, 16:00h, and 
20:00h with sulfur fossil fuel emissions, boundary conditions, and initial conditions for SO2 and 
H2SO4 set to zero.  (A) Only urban OSC emission sources including DMS emissions from humans, and 
DMS, DMDS and MTO from pet waste; (B) Urban and agriculture OSC emission sources (same 
conditions as (A) plus DMS and DMDS emissions from Chino, CA); (C) urban, agriculture, and ocean 
OSC emission sources (same conditions as (B) plus DMS from ocean). 

 

For completeness, corresponding source-specific predicted concentrations for MSA, 

SO2 and H2SO4 are presented in Figure 15, Figure 16, and Figure 17 respectively. These 

figures show the concentrations of MSA, SO2, and H2SO4, respectively, taken at different 

times during the day with (i) only urban emissions (left column); (ii) urban and agricultural 

emissions (middle column) and (iii) urban, agricultural, and oceanic emissions (right  
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Figure 15: Model-predicted gas phase MSA concentrations (ppb) at 08:00h, 12:00h, 16:00h, and 
20:00h  local time with sulfur fossil fuel emissions, boundary conditions, and initial conditions for 
SO2 and H2SO4 set to zero. Left column: Only urban organosulfur compound emission sources 
(includes DMS emissions from humans and DMS, DMDS, and MTO emissions from pet waste); 
Middle column: Urban and agriculture organosulfur compound emission sources (left column plus 
DMS and DMDS emissions from Chino); Right column: Urban, agriculture, and ocean organosulfur 
compound emission sources (middle column plus DMS from the ocean). 

 

column). These indicate the magnitudes of the different contributions as well as differences 

in the spatial distributions from the three types of sources.   
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Figure 16: Model-predicted SO2 concentrations (ppb) at 08:00h, 12:00h, 16:00h, and 20:00h local 
time with sulfur fossil fuel emissions, boundary conditions, and initial conditions for SO2 and H2SO4 
set to zero. Left column: Only urban organosulfur compound emission sources (includes DMS 
emissions from humans and DMS, DMDS, and MTO emissions from pet waste); Middle column: 
Urban and agriculture organosulfur compound emission sources (left column plus DMS and DMDS 
emissions from Chino); Right column: Urban, agriculture, and ocean organosulfur compound 
emission sources (middle column plus DMS from the ocean). 
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Figure 17: Model-predicted gas phase H2SO4 concentrations (ppb) at 08:00h, 12:00h, 16:00h, and 
20:00h local time with sulfur fossil fuel emissions, boundary conditions, and initial conditions for 
SO2 and H2SO4 set to zero. Left column: Only urban organosulfur compound emission sources 
(includes DMS emissions from humans and DMS, DMDS, and MTO emissions from pet waste); 
Middle column: Urban and agriculture organosulfur compound emission sources (left column plus 
DMS and DMDS emissions from Chino); Right column: Urban, agriculture, and ocean organosulfur 
compound emission sources (middle column plus DMS from the ocean). 

 

Conclusions and Future Work 

In summary, removing anthropogenic SO2 emissions from a large coastal urban area 

causes methanesulfonic acid to become relatively more important as a particle source, and 

does not decrease H2SO4 to zero.  For example, the ratio of domain wide average 
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concentrations of MSA/H2SO4 changes from 0.005 for the 2011-2013 case to 0.24 for the 

zero fossil fuel emissions case.  Note, however, that these are likely to be lower limits to the 

MSA/H2SO4 ratio for the 2011-2013 scenario since OSC emissions from wetlands, soils, 

vegetation etc. have not been included.  Since H2SO4 and MSA are known precursors to new 

particles, the number concentration of particles should also decrease significantly, as long 

as scavenging by existing particles is not important.  The predicted 21 ppt and 14 ppt peak 

concentrations of MSA and H2SO4 observed respectively at 06:00h and 14:00h, correspond 

to mass concentrations of only 0.08 g m-3 and 0.06 g m-3 respectively, well below current 

air quality standards for PM2.5.  However, because of its acidity, H2SO4 (and potentially 

MSA) can enhance the formation and growth of secondary organic aerosol (SOA) from 

organic compounds (Hallquist et al., 2009; Zhang et al., 2012; Xu et al., 2015) including 

those produced by homogeneous nucleation of low volatility species (Ehn et al., 2014).  

This process would result in higher particle mass concentrations than those predicted 

based on the acids alone.  The importance of this process is not clear in the SoCAB as 

amines and ammonia are always present, especially in agriculture areas where they will 

neutralize the sulfur-containing acid, forming ammonium (or aminium) sulfate salt 

particles.  On the other hand, ammonium sulfate has also been shown to react in particles 

to yield light absorbing ‘brown’ carbon (Nguyen et al., 2012; Powelson et al., 2014; Laskin 

et al., 2015).1 

                                                        
Portions of this chapter are reproduced with permission from: 
Perraud, V., Horne, J.R., Martinez, A.S., Kalinowski, J., Meinardi, S., Dawson, M.L., Wingen, L.M., Dabdub, D., 
Blake, D.R., Gerber, R.B. and Finlayson-Pitts, B.J., (2015). The future of airborne sulfur-containing particles in 
the absence of fossil fuel sulfur dioxide emissions. Proceedings of the National Academy of Sciences, 112(44), 
pp.13514-13519. https://doi.org/10.1073/pnas.1510743112 
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CHAPTER 2: Secondary Organic Aerosol from Atmospheric 

Photooxidation of Indole 

 

Problem and Importance 

Atmospheric particulate matter (PM) absorbs and scatters solar radiation and is 

responsible for diminished visibility in urban areas and for global changes in climate. A key 

component of PM is secondary organic aerosol (SOA). While air quality model prediction 

capabilities have improved in recent years, disagreements between SOA predictions and 

measurements remain (Heald et al., 2005; Volkamer et al., 2006; Hodzic et al., 2010; Jiang 

et al., 2012; Couvidat et al., 2013). Discrepancies may result from incorrect or incomplete 

parameterizations of mechanisms for known SOA precursors, as well as from unaccounted 

precursors of SOA. Atmospheric researchers have investigated in detail the SOA generated 

from oxidation of basic anthropogenic and biogenic volatile organic compounds (VOCs), 

such as isoprene, monoterpenes, saturated hydrocarbons, and aromatic hydrocarbons. 

Much less is known about SOA from nitrogen-containing VOCs, even though such VOCs are 

also common in the atmospheric environment and can potentially provide significant 

additional pathways for SOA formation. For example, photooxidation of amines could serve 

as a possible SOA source (Silva et al., 2008; Price et al., 2014). 

Heterocyclic nitrogen-containing aromatic compounds based on pyrrole, pyridine, 

imidazole, indole, diazines, purines, etc., have been detected in biomass burning emissions 

(Laskin et al., 2009). Such compounds can also be emitted by vegetation, for example, 

indole is produced by wide variety of plants (Turlings et al., 1990; McCall et al., 1993; Gols 

et al., 1999; Cardoza et al., 2003; De Boer et al., 2004; Zhuang et al., 2012). Indole is emitted 
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in response to physical or herbivore-induced stress (Schmelz et al., 2003; Frey et al., 2004; 

Turlings et al., 2004; Niinemets et al., 2013; Erb et al., 2015; Misztal et al., 2015) and during 

flowering events (Gentner et al., 2014). Once emitted, indole performs critical roles in plant 

ecology, for example, in attracting pollinators (Zito et al., 2015). For decades, indole and its 

derivatives (Figure 18) have been utilized in agriculture, dyes, perfumes, and 

pharmaceutical applications. One of the better-known derivatives of indole is indigo dye 

(also known as indigotin), which is used to dye jeans to their characteristic deep blue color.  

Studies of maize plants under stress revealed that indole acts as an aerial priming 

agent, released before terpenoids (Schmelz et al., 2003; Erb et al., 2015). For example, 

Schmelz et al. (2003) examined insect induced volatile emissions in Zea Mays seedlings and 

demonstrated direct positive relationships between jasmonic acid levels and both 

sesquiterpene and indole volatile emissions. Additionally, they showed that indole can 

reach maximal emission levels during nocturnal herbivory and concluded that indole could 

function as an early morning signal for parasitoids and predators searching for insect hosts 

and prey. Niinemets et al. (2013) found evidence that quantitative relationships exist 

between the severity of biotic stress and induced volatile emissions, in addition to the 

previously demonstrated dose-response relationships for abiotic stresses. Erb et al. (2015) 

showed that herbivore induced indole emissions in maize plants precede the release of 

mono-, homo-, and sesquiterpenes, supporting the conclusion that indole is involved in the 

airborne priming of terpenoids. Different plant stress mechanisms typically elicit release of 

the same ubiquitous stress volatile, such as indole, and more stress-specific mono- and 

sesquiterpene blends (Schmelz et al., 2003; Niinemets et al., 2013; Gentner et al., 2014; Erb 

et al., 2015).  
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Figure 18: Chemical structures, common names, molecular formulas, and nominal molecular 
weights (MW) for indole and its oxidized derivatives discussed in this chapter. 
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Emissions of indole have also been well correlated with monoterpene emissions 

during flowering events (Gentner et al., 2014). Ambient measurements conducted by 

Gentner et al. (2014) showed that both daytime and nighttime concentrations of indole at 

their field site in California’s San Joaquin Valley were similar to or greater than the 

dominant monoterpene β-myrcene. The authors stressed the need for future laboratory 

and modelling studies on the SOA formation potential of indole and other novel compounds 

identified in their study. A later study by Misztal et al. (2015) used a combination of 

laboratory experiments, ambient measurements, and emissions modelling to show that 

plants emit a wide variety of benzenoid compounds (including indole) to the atmosphere at 

substantial rates, and that current VOC inventories underestimate biogenic benzenoid 

emissions. They concluded that emissions of benzenoids from plants are likely to increase 

in the future due to changes in the global environment and stressed that atmospheric 

chemistry models should account for this potentially important precursor of SOA. 

An additional potential source of indole is animal husbandry, however, the emission 

rate of indole from this source remains uncertain. In concentrated animal feeding 

operations (CAFOs), indole is primarily emitted from animal waste (Yuan et al., 2017) and 

can contribute significantly to the malodors in cattle feedyards and swine facilities (Wright 

et al., 2005; Feilberg et al., 2010). While Yuan et al. (2017) indicated that indole is emitted 

from dairy operations, beef feedyards, sheep feedyards, and chicken feedyards, the 

emission rate of indole from these sources was not quantified. Other studies have 

quantified the emission rate of indole, but only for pig facilities (Hobbs et al., 2004; Feilberg 

et al., 2010). The United States Department of Agriculture (USDA) 2012 census agriculture 

atlas maps show no hogs or pigs in the model domain used in this study. Furthermore, 
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Hobbs et al. (2004) showed only trace emissions of indole from cattle slurry, and did not 

detect indole from laying hen manure. Thus, emissions of indole from animal husbandry 

are not included in this study, but should be considered when modelling areas with active 

animal husbandry facilities.   

Despite the importance of indole in the atmospheric environment, only a few studies 

exist on the mechanism of its photooxidation. Gas-phase oxidation of indole by OH, O3, and 

NO3 was previously studied by Atkinson et al. (1995). They found that indole reacts with 

OH and NO3 at collision-limited rates, with rate constants of 1.5×10-10 cm3 molec-1 s-1 and 

1.3×10-10 cm3 molec-1 s-1, respectively. The rate for the reaction of indole with O3 (rate 

constant of 5×10-17 cm3 molec-1 s-1) and the rate of direct photolysis were found to be too 

low to compete with the OH and NO3 reactions. Atkinson et al. (1995) observed 2-

formylformanilide (Figure 18) as the major primary product of oxidation of indole by both 

O3 and OH. Oxidation of indole was also studied by Iddon et al. (1971) in -irradiated 

aqueous solutions, where oxidation by OH was the dominant reaction mechanism. The 

reaction produced 3-oxoindole, indoxyl red, indirubin, indigo dye, and eventually resulted 

in a trimer of 3-oxoindole and two indole molecules as the major products.  

Previously, the formation of SOA from indole has not been investigated. One of the 

motivations for investigating indole SOA is that it may possess unusual optical properties. 

Many of the indole-derived products are brightly colored and have distinctive absorption 

bands in visible spectrum. If these products are formed during atmospheric oxidation of 

indole and partition into aerosol particles, they could contribute to the pool of organic 

light-absorbing species. Such organic compounds that absorb radiation strongly in the 



58 
 

near-UV and visible spectral ranges are collectively known as “brown carbon” in the 

atmospheric literature (Andreae and Gelencser, 2006; Laskin et al., 2015).  

In experiments performed by colleagues in Montoya-Aguilera et al. (2017), 

formation of indole SOA was investigated in a smog chamber and its molecular composition 

and optical properties were characterized. The focus of this chapter is quantifying the 

formation of indole SOA from the photooxidation of indole using an airshed model. Thus, 

the experimental results are incorporated into the UCI-CIT model with detailed SOA 

chemistry to estimate the effect of indole on the total SOA and on the light-absorbing 

components of SOA. Results indicate that indole can measurably contribute to SOA loading 

even in urban environments, where anthropogenic emissions dominate over biogenic ones, 

such as the South Coast Air Basin of California (SoCAB). Furthermore, experiments show 

that indole SOA contains unique strongly-absorbing compounds and can contribute to 

decreased visibility, especially under plant-stressed conditions or during flowering events. 

Experimental methods and results are summarized briefly here, while a more complete 

description can be found in Montoya-Aguilera et al. (2017). 

 

Approach and Methodology 

Experimental Methods 

SOA was generated in a 5 m3 Teflon chamber under low relative humidity (RH < 2%; 

Vaisala HMT333 probe). No inorganic seed aerosol was used because it would interfere 

with off-line mass-spectrometric analysis of SOA.  Hydrogen peroxide was introduced into 

the chamber by evaporation of a 30 weight percent solution of H2O2 in water (Fisher 
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Scientific) into a flow of clean air to achieve an initial mixing ratio of 2 part per million by 

volume (ppm). Indole (99% purity, Sigma-Aldrich) was dissolved in methanol (LC-MS 

grade, 99.9% purity, Honeywell) and was evaporated into the chamber to obtain an initial 

mixing ratio of 200 parts per billion by volume (ppb), which is equivalent to 960 g m-3. At 

room temperature, the reported vapor pressure of indole is 0.012 mmHg (Das et al., 1992), 

which is equivalent to 16 ppm.  Therefore, most of the injected indole should have 

remained in the gas-phase although some of it could remain adsorbed to the injection line 

and chamber wall surfaces contributing to the variability in the SOA yield (see below).  The 

content of the chamber was mixed with a fan for 10 min following the injection. After 

mixing was stopped, UV-B lamps were turned on to initiate the photooxidation. In some 

experiments, complete mixing was achieved only after the lamps were turned on as 

evidenced by the measured indole concentrations continuing to increase in the initial 

photooxidation period. Although mixing was not fast, it was faster than the time scale of the 

reaction, so it should not have affected the SOA mass yield calculations. Throughout the 

experiment, size and number concentration of particles were monitored with a scanning 

mobility particle sizer (SMPS; TSI 3936). A proton-transfer-reaction time-of-flight mass 

spectrometer (PTR-ToF-MS; Ionicon model 8000) monitored the decay of indole, as well as 

the formation of volatile photooxidation products. When the SOA particles reached a peak 

concentration in the chamber, the UV irradiation was stopped, and the polydispersed 

particles were collected on one Teflon filter (47 mm diameter, Millipore FGLP04700) at 20 

L min-1 for 3 hours. One filter was collected per each chamber run; therefore, each replicate 

sample was collected from a separate experiment run under the same conditions.  The 

amount of the collected SOA material on each filter was estimated from SMPS data 
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assuming 100% collection efficiency by the filters and SOA material density of 1.4 g cm-3. 

The density of indole SOA is unknown, but the adopted value of 1.4 g cm-3 is similar to the 

reported range of densities of 1.47-1.55 g cm-3 for SOA prepared from another bicyclic 

aromatic compound, naphthalene (Chan et al., 2009; Chen et al., 2016). In addition, 

densities of known indole oxidation products, for example, isatin (1.47 g cm-3), anthranilic 

acid (1.40 g cm-3), indigo dye (1.20 g cm-3), isatoic anhydride (1.52 g cm-3), and oxindole 

(1.20 g cm-3), range from 1.2 to 1.5 g cm-3, suggesting that 1.4 g cm-3 should be a reasonable 

guess for indole SOA. 

The SOA yield was calculated from Eq. (1). 

      
    

    
 ,           (1) 

The increase in the mass concentration of particles, ∆SOA, was obtained from SMPS 

measurements and corrected for the particle wall loss. The wall loss correction was done 

by assuming a first-order particle size independent loss of particle mass concentration 

(PM) 

   

  
       ( )      ( )        ( )         ,     (2) 

where the Source(t) and Loss(t) are time dependent production and removal rates for the 

particles. The effective first-order rate constant kw = 0.00090 min-1 was determined in a 

separate experiment in which indole SOA was produced, the lamps were turned off, and 

mass concentration of SOA was followed with the SMPS for 10 hours without collecting 

SOA on filters. Using the known kw, Source(t) is determined from the actual measured PM 

concentration in every experiment.  
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      ( )  
   

  
        ,        (3) 

The corrected PM concentration (i.e. the hypothetical PM concentration that would be 

achieved if the wall loss was absent) was calculated from: 

           ( )    (   )  ∫       ( )  
 

 
,      (4) 

The integration of data was carried out numerically in Excel. Figure 20 shows a 

representative result of the wall loss correction. The change in the mass concentration of 

indole, ∆VOC, was equated to the initial indole concentration because PTR-ToF-MS 

measurements suggested complete removal of indole during the photooxidation. 

The filter with the collected sample was cut in half. The first half was used for UV-

Vis measurements. The sample was extracted by placing the filter half in a covered petri 

dish containing 3 mL of methanol (LC-MS grade, 99.9% purity, Honeywell) and shaken 

vigorously on a shaker for five minutes. The filter color changed from brown to white 

suggesting that most of the light-absorbing compounds were extracted. The SOA methanol 

extract was then analyzed by UV-Vis spectrophotometry in a dual beam spectrophotometer 

(Shimadzu UV-2450), with pure methanol used as reference. Wavelength-dependent mass 

absorption coefficient (MAC) was calculated for indole SOA from the base-10 absorbance, 

 10, of an SOA extract, the path length, b (cm), and the solution mass concentration,  mass (g 

cm-3): 

   ( )  
   
        ( )     (  )

         
 ,        (5) 

The main uncertainty in the calculated MAC values comes from the uncertainty of the mass 

concentration, which arises from uncertainties in the SMPS measurement of aerosol mass 
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concentration, filter collection efficiency, and solvent extraction efficiency. The estimated 

MAC values should be accurate within a factor of two (Romonosky et al., 2015a). 

 
Modeling Methods 

Air quality simulations were performed to complement laboratory experiments and 

to assess the formation of indole SOA in a coastal urban area. The University of California, 

Irvine – California Institute of Technology (UCI-CIT) regional airshed model with a state-of-

the-art chemical mechanism and aerosol modules was used in this study. The model 

domain utilized 4970 computational cells (five vertical layers with 994 cells per layer) with 

a 5 km  5 km horizontal grid size and encompassed the South Coast Air Basin of California 

(SoCAB), including the Pacific Ocean on the west side, heavily populated urban areas 

around Los Angeles, and locations with a high density of plant life such as the Angeles 

National Forest on the east side. The model included spatially and temporally resolved 

emissions and typical meteorological conditions for this region. The emission inventory 

used in this study was based on the 2012 Air Quality Management Plan (AQMP) provided 

by the South Coast Air Quality Management District (SCAQMD, 2013).  Boundary and initial 

conditions were based on historical values. Simulations were performed for a 3-day 

summer episode. Two days of model spin-up time were used to reduce the influence of 

initial conditions and allow sufficient time for newly added emissions to drive changes in 

air quality. Results shown below are for the third day of the simulations.   

The UCI-CIT model utilizes an expanded version of the Caltech atmospheric 

chemical mechanism (CACM; Griffin et al., 2002a, 2002b, 2005; Dawson et al., 2016) and 

has been used in numerous other studies to simulate air quality in the SoCAB (Nguyen and 
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Dabdub, 2002; Carreras-Sospedra et al., 2006; Carreras-Sospedra et al., 2010; Chang et al., 

2010). The CACM includes a comprehensive treatment of SOA known as the Model to 

Predict the Multiphase Partitioning of Organics (MPMPO) (Griffin et al., 2003; Griffin et al., 

2005). MPMPO is a fully coupled aqueous/organic equilibrium-partitioning-based model 

and is used to calculate gas-particle conversion of secondary organic species. The SIMPOL.1 

group-contribution method of Pankow and Asher (2008) is used to calculate vapor 

pressures of SOA species for use in MPMPO. Activity in both the aqueous and organic 

phases is determined using the UNIFAC model of Hansen et al. (1991). Henry’s law 

constants are calculated according to the group contribution method of Suzuki et al. 

(1992). Several studies have used the UCI-CIT model to investigate SOA formation, 

dynamics, reactivity, and partitioning phase preference in the SoCAB (Griffin et al., 2002b; 

Carreras-Sospedra et al., 2005; Vutukuru et al., 2006; Chang et al., 2010; Cohan et al., 2013; 

Dawson et al., 2016).  For a more detailed description of recent model developments 

incorporated into the UCI-CIT model and its SOA modules, the reader is referred to Dawson 

et al. (2016). 
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Figure 19: Summary of modifications made to the UCI-CIT model chemical mechanism and aerosol 
modules. In the simulation that included oxidation by NO3 an additional similar reaction was added 
with the indole+NO3 rate constant of 1.3×10-10 cm3 molec-1 s-1. 
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For the present study, the chemical mechanism was modified from the base case 

version to include species and processes shown in Figure 19. Two new gas-phase species 

were added: indole and one representative oxidation product, indigo dye. Because of the 

high mass yield of indole SOA, with most of the products ending up in the particle phase, 

any reasonable indole oxidation product with a low vapor pressure would be suitable. 

Indigo dye (C16H10O2N2) is selected because it is a very common derivative of indole and 

because its formula was reasonably close to the average formula of SOA compounds 

determined from nano-DESI (C15H11O3N2). One new gas-phase reaction was added, which 

forms gas-phase indigo dye via oxidation of gas-phase indole by hydroxyl radical. Lastly, 

indigo dye was also added to the model as a new SOA species. Gas-phase indigo dye was 

assumed to partition into the aerosol phase based on its calculated vapor pressure and 

Henry’s law constant. After the modifications described here, the model contained a total of 

202 gas-phase species, 607 gas-phase reactions, and 18 SOA species. Each SOA species was 

sorted into eight distinct size bins based on particle diameter, up to a maximum of 10 µm. 

The activity coefficient of indigo dye was assumed to be one.  

Because gas-phase indole was not included in the base case emissions inventory, its 

emission rate was estimated based on available literature data. As discussed in the 

introduction section, emissions of indole have been shown to be well correlated to 

emissions of monoterpenes in a variety of plant species (Niinemets et al., 2013; Gentner et 

al., 2014; Erb et al., 2015). However, most existing data were obtained from controlled 

laboratory experiments and emissions of indole at the regional scale are not well 

constrained. In this work, emissions of gas-phase indole were added to the base case 

emissions inventory by using a ratio to “BIOL”, an existing gas-phase species in the 
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emission inventory. BIOL is representative of lumped biogenic monoterpenes and contains 

spatially and temporally resolved emissions in the base case inventory. Therefore, the 

spatiotemporal distribution of indole emissions follows that of BIOL, with the magnitude of 

the emissions set to a given percentage of BIOL emissions. Please note, no emissions of 

indole derived from agriculture and animal husbandry activities were added in the model 

because these sources remain uncertain. In addition, no direct emissions of gas-phase 

indigo dye were added to the model. Because of the uncertainty and episodic nature of gas-

phase indole emissions, simulations were performed with a range of possible emission 

factors to determine the sensitivity of indole SOA formation to gas-phase indole emissions.  

Five scenarios were considered for model calculations. The first scenario had zero 

emissions of gas-phase indole. This scenario will be referred to as the “base case” and serve 

as the reference scenario to which the other scenarios are compared to determine changes 

in air quality. The second, third, and fourth scenarios had emissions of gas-phase indole set 

to 5%, 10%, and 25% of BIOL emissions, referred herein as “low”, “medium”, and “high” 

emissions, respectively. When averaged over the entire simulation domain, the 

corresponding average emission factors for indole were 0.25, 0.51, and 1.27 µg m-2 h-1, 

respectively. A comparable emission factor of 0.6 µg m-2 h-1 for indole was used in a 

previous study of Misztal et al. (2015) where indole emissions under average stress 

conditions were incorporated in the MEGAN 2.1 biogenic VOC emissions model to estimate 

total global emissions. Therefore, the medium emission scenario considered in this study 

should be representative of the emissions of indole under average stress conditions, while 

the high emissions scenario is more likely to represent episodic emission events such as 

those during springtime flowering or herbivore infestation.  
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The focus of this modelling work was to study the formation of SOA from the 

photooxidation of indole by OH, in order to complement the experimental work performed 

by colleagues in Montoya-Aguilera et al. (2017). These experimental results are 

summarized briefly in the following section and a more complete description can be found 

in Montoya-Aguilera et al. (2017). While the SOA formation from oxidation of indole by NO3 

was not experimentally studied, the reaction of indole with NO3 is fast and may provide an 

additional source of indole SOA. The fifth and final scenario explored the potential impact 

of including an additional oxidation pathway for gas-phase indole via reaction with NO3. 

This scenario corresponds to the high emissions scenario with one new gas-phase reaction 

included in the model in addition to those described previously. For this new reaction, it is 

assumed that gas-phase indole reacts with NO3 to produce indigo dye, the same 

representative oxidation product assumed for the reaction of gas-phase indole with 

hydroxyl radical. A rate constant of 1.3×10-10 cm3 molec-1 s-1 is used following Atkinson et 

al. (1995). No other changes were made to the model or its inputs in this scenario. 

 

Results and Discussion 

Experimental Results – Properties of Indole SOA 

Figure 20 illustrates the time dependence of mass concentrations of indole and 

particulate matter in a typical chamber experiment. According to PTR-ToF-MS 

measurements, indole decayed with a half-life of approximately 60 min, which translates 

into an average OH concentration in the chamber of 1.4×106 molec cm-3, similar to ambient 

levels. The OH concentration was estimated from the rate of loss of indole (measured using 
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the 13C isotopic ion of protonated indole observed at m/z 119). The slope translates into 

[OH] 1.4×106 molec cm-3. The particles formed in the chamber had a geometric mean 

diameter of approximately 0.3 µm when the filter collection started. The terminal wall-loss 

corrected mass concentration of particles (Figure 20) was higher than the initial 

concentration of indole, suggesting that the SOA yield, defined by Eq. (1), was high. For five 

experiments repeated under the same conditions on separate days, the SOA yields 

calculated from Eq. (1) were 1.21, 1.10, 0.86, 1.77, and 1.46 with an average of 1.3 ± 0.3. 

Normally, much more reproducible yields are obtained for more volatile precursors, such 

as monoterpenes; it is not clear why the yield of indole SOA is so variable. Indole oxidation 

products could be lost to the walls reducing the apparent yield and contributing to its 

scatter. However, this effect is probably minor given that the apparent yield is quite high. 

The yield is higher than that for SOA formed from another bicyclic aromatic compound, 

naphthalene, which has a reported yield range of 0.04-0.73 under low-NOx conditions 

(Chan et al., 2009; Chen et al., 2016). The high yield suggests that the major fraction of 

indole oxidation products ends up in the particle phase at the concentrations used in this 

work. The yield of 1.3 would require that, on average, at least two oxygen atoms should add 

to the indole during oxidation (C8H7N → C8H7NO2.2), which is quite reasonable and 

qualitatively consistent with mass spectrometric observations. Of the compounds shown in 

Figure 18, tryptanthrin (C15H10O2N2; MW = 250 Da), indirubin (C16H10O2N2; MW = 262 Da), 

indigo dye (C16H10O2N2; MW = 262 Da), and dihydro indigo dye (C16H12O2N2; MW = 264 Da) 

were the most abundant dimer peaks detected. 
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Figure 20: The mass concentration of indole (solid trace), the mass concentration of particles 
(open circles), and the wall loss corrected mass concentration of particles (solid circles) over time. 
Indole was not yet fully mixed in the chamber by the time photooxidation started at t=0 resulting in 
an apparent initial rise in the measured indole concentration. 

 

Figure 21 shows the MAC values measured for an extract of indole SOA in methanol.  

MAC values reached ~2 m2/g at λ = 300 nm. At λ = 400-700 nm, the MAC values ranged 

from 0.5 to 0.02 m2/g. These high MAC values are comparable to values of strongly 

absorbing SOA derived from naphthalene or methylpyrroles (Romonosky et al., 2015b), as 

well as to MAC values of biomass burning organic aerosol (Sun et al., 2007). The 

wavelength dependence of MAC deviates from the power law commonly observed for 

brown carbon, e.g., see reviews of Laskin et al. (2015) and Moise et al. (2015), and has a 

reproducible broad band at 350 nm, possibly due to the well-known derivatives of indole: 

indirubin, indigo dye, and indoxyl red, which have characteristic absorption bands at this 

wavelength. For the wavelength range of 300-600 nm, the absorption Angstrom exponent 

was 6, comparable to the value of 5 reported for brown carbon from biomass burning 

(Kirchstetter et al., 2012).  



69 
 

 

Figure 21: Wavelength-dependent mass absorption coefficient (MAC) of indole SOA. The inset 
shows the log-log version of the same data used to determine the absorption Angstrom exponent 
(fitted from 300 to 600 nm) as well as photographs of the indole SOA collected on a filter and 
extracted in methanol. 

 

The precursors to indoxyl red and indigo dye, dihydro indoxyl red and dihydro 

indigo dye, respectively, were also identified in the experimental analysis, and were 

observed in nano-DESI mass spectra. This observation supports a mechanism similar to the 

aqueous-phase indole oxidation proposed by Iddon et al. (1971), in which indole first 

oxidizes to 3-oxindole, then to dihydro indigo dye or dihydro indoxyl red, then finally to 

indigo dye and indoxyl red. The mechanism by Iddon et al. (1971) was developed for the 

aqueous oxidation of indole. While the experiments in this study were performed under 

dry conditions, it is conceivable that similar oligomerization processes can occur in the gas 

phase and/or in the organic particle phase. For example, Healy et al. (2012) observed 

efficient dimerization of naphthoxy radicals in the gas phase leading to rapid formation of 

SOA following photolysis of 1-nitronaphthalene. The dimerization of oxindole to dihydro 
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indigo dye, as well as other oligomerization processes in indole SOA, could follow a 

mechanism similar to the one described by Healy et al. (2012). The mechanism of 

photooxidation is clearly complex involving a large number of secondary reactions. The full 

mechanism of indole photooxidation cannot be obtained from this data set.  In the 

discussion that follows, the focus will be on modeling the formation of indole SOA assuming 

indigo dye as a representative oxidation product. 

 

Figure 22: nano-DESI and DART mass spectra of indole SOA plotted versus the molecular weights 
of the neutral compounds. The nano-DESI mass spectra contain only peaks assignable to specific 
formulas, while DART mass spectra contain all observed peaks. The five most abundant peaks in 
each mass spectrum are indicated with letters: (a) 248 Da, C15H8O2N2; (b) 250 Da, C15H10O2N2, 
tryptanthrin; (c) 262 Da, C16H10O2N2, indigo dye; (d) 264 Da, C16H12O2N2, dihydro indigo dye; (e) 266 
Da, C15H10O3N2; (f) 147 Da, C8H5O2N, isatin; (g) 252 Da, C15H12O2N2; (h) 280 Da, C16H12O3N2; (i) 282 
Da, C16H14O3N2; (j) 121 Da, C7H7ON, 2-formylformanilide; (k) 162 Da, C8H6O2N2; (l) 163 Da,C8H5O3N2, 
isatoic anhydride (m) 165 Da, C8H7O3N. 
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Modeling Indole SOA Formation – Impacts on Air Quality 

The spatiotemporal distribution of indole SOA is likely controlled by a combination 

of: (i) the spatiotemporal distribution of gas-phase indole and its emissions sources, (ii) the 

availability of hydroxyl radical for gas-phase oxidation chemistry and (iii) meteorological 

conditions in the region, including temperature, humidity, and wind direction. Once 

emitted, indole reacts with hydroxyl radical to form gas-phase indigo dye. Gas phase indigo 

dye can then partition into the aerosol phase to form indole SOA. The presence of a sea 

breeze in the SoCAB results in a prevailing wind direction of north-northeast, transporting 

pollutants inland during the daytime hours. As a result, peak concentrations of indole SOA 

should be located further inland than peak concentrations of gas-phase indole and occur in 

areas that are already burdened with poor air quality. 

 

Figure 23: 24-Hour average gas-phase indole concentrations (ppb) in the (a) low emission 
scenario, (b) medium emissions scenario, and (c) high emission scenario. 
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Figure 23 shows the spatial distribution of 24-hour average gas-phase indole 

concentrations in the SoCAB for the low, medium, and high emissions scenarios considered 

in this study. The amount of indole SOA formed in the model, and thus the impact of indole 

on the total predicted SOA concentrations, depends strongly on the emissions of gas-phase 

indole. In the high emissions scenario, hourly gas-phase indole concentrations peaked at 

0.3 ppb, with the highest concentrations occurring in the early morning hours before 

sunrise (Figure 25). For comparison, during a field measurement campaign in the San 

Joaquin Valley of California, Gentner et al. (2014) reported gas-phase indole concentrations 

of about 1-3 ppb in ambient air during a springtime flowering event. Measured 

concentrations of indole were slightly higher during the late night and early morning hours 

than during the daytime, consistent with the model results obtained in this study. Gentner 

et al. (2014) also showed that flowering was a major biogenic emissions event, causing 

emissions of many compounds to increase by several factors to over an order of magnitude. 

Therefore, episodic emissions of indole in rural areas are likely to be significantly greater 

than the emissions used in this study. Based on the high SOA yield from gas-phase indole 

found in this study, biogenic emissions events such as springtime flowering may degrade 

local air quality.  

Figure 24a shows 24-hour average SOA concentrations in the base case model 

simulation, and Figure 24b-d show the additional SOA resulting from indole in the three 

emissions scenarios. The highest SOA concentrations occurred directly east of Riverside 

where a combination of biogenic and anthropogenic precursors accumulated during days 

one and two and into day three. The 24-hour average indole SOA concentrations peaked at 

about 0.13 µg/m3 in the high emissions scenario (Figure 24d). The highest concentrations 
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of indole SOA occurred north of Los Angeles and Riverside. To put this number in 

perspective, aerosol with mass concentration of 0.1 µg/m3 and MAC of 0.5 m2/g will have 

an absorption coefficient of 0.05 Mm-1 (the particle size effects are neglected in this 

estimation). Thompson et al. (2012) reported an absorption coefficient of 4 Mm-1 at 532 

nm during the 2010 CalNex campaign in Pasadena, California, with the absorption being 

dominated by black carbon. The average absorption coefficients reported for “average 

urban USA” and “average remote USA” by Horvath et al. (1993) were 22 Mm-1 and 0.7 Mm-1, 

respectively. While the absorption by indole SOA is unlikely to compete with that by black 

carbon in urban areas, it may contribute to the aerosol absorption in more remote areas, 

where the black carbon concentrations are smaller.   

 

 

Figure 24: 24-hour average concentrations (µg/m3) of total SOA in the base case shown in (a). 
Additional SOA resulting from indole photooxidation shown in (b) for the low emissions scenario, 
(c) for the medium emissions scenario, and (d) for the high emission scenario. 
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Figure 25: Gas-phase indole concentrations in the (a) low emissions scenario, (b) medium 
emissions scenario, (c) high emissions scenario, and (c2) high emissions scenario with indole 
oxidation via reaction with NO3 included in the model. Domain wide average concentrations are 
shown in the top panel and domain maximum concentrations are shown in the bottom panel. 

 

SOA concentrations averaged over the entire domain are shown in Figure 26 for the 

first four modelled scenarios. The averaged SOA concentrations were computed by 

averaging the concentration of total SOA in all computations cells in the domain. Therefore, 

changes in the averaged SOA concentrations are representative of the overall impact on 
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total SOA concentrations for the entire basin. In the high emissions scenario, the averaged 

SOA concentrations increased by about 4-13%, indicating that indole SOA can contribute 

significantly to total organic aerosol concentrations. While base case SOA concentrations 

peaked during the early morning and late-night hours when metrological conditions were 

favorable, the largest changes in SOA concentrations occurred during the late morning and 

afternoon hours. The formation of gas-phase indigo dye and indole SOA depends on the 

availability of the hydroxyl radical, which reaches peak concentrations during daylight 

hours when photochemistry is active. Therefore, increased production of hydroxyl radical 

during the daytime accelerates the oxidation of gas-phase indole, ultimately resulting in 

increased formation of indole SOA. Increases in total SOA are due mostly to the formation 

of indole SOA, with only small changes in the concentration of other SOA species. 

 

Figure 26: Domain wide average SOA concentrations in the base case (black line, left axis) and the 
relative increase in domain wide average SOA concentrations (right axis) driven by the oxidation of 
indole by OH in the (a) low emissions scenario, (b) medium emissions scenario, and (c) high 
emissions scenario. Figure 27 shows the effect of inclusion of the indole+NO3 reaction on the model.   
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Figure 25 and Figure 27 suggest that the oxidation of indole via reaction with NO3 

may also be an important pathway to indole SOA formation during the late night and early 

morning hours when photochemistry is inactive. When the oxidation of indole via reaction 

with NO3 is included in the fifth modelled scenario, gas-phase indole concentrations are 

lower (Figure 25) and indole SOA concentrations are higher (Figure 27) than in the fourth 

scenario. The differences are most pronounced during the late night and early morning 

hours due to the different diurnal profiles of OH and NO3; OH concentrations peak during 

the daytime hours when photochemistry is active, whereas NO3 concentrations peak at 

night. Thus, the relative increase in total SOA concentrations due to indole SOA shows less 

temporal variability throughout the day when the reaction of gas-phase indole with NO3 is 

included in the model, but peak indole SOA concentrations remain essentially unchanged.  

The amount of indole SOA formed in each scenario was found to be directly 

proportional to the emissions of gas-phase indole. In the low emissions scenario, gas-phase 

indole and indole SOA concentrations were about a factor of five lower than those seen in 

the high emissions scenario, with 24-hour average indole SOA concentrations peaking at 

about 0.025 µg/m3. Similarly, relative increases in the averaged SOA concentrations ranged 

from 1-3% in the low emissions scenario. In the medium emissions scenario, 24-hour 

average indole SOA concentrations reached about 0.05 µg/m3, causing total SOA 

concentrations to increase by 2-6%. In all three emissions scenarios, the spatial 

distribution of indole SOA remained essentially the same, with peak concentrations 

occurring in the northeast portion of the basin, an area already burdened with poor air 

quality. 
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Figure 27: Domain wide average SOA concentrations in the base case (black line, left axis) and the 
percent increase in domain wide average SOA concentrations (right axis) due to indole SOA in the 
(c) high emissions scenario, and (c2) high emissions scenario with indole oxidation via reaction 
with NO3 included in the model. The daytime concentrations are not significantly affected by the 
NO3 reaction but the nighttime concentrations increase. 

 

Conclusions and Future Work 

This work demonstrates that indole is an effective precursor to SOA. At the 

concentrations used in this chamber study, the majority of indole oxidation products ended 

up in the particle phase, with an effective SOA yield of 1.3 ± 0.3. The resulting SOA was 

found to be strongly light-absorbing, with MAC values ranging from 0.5 to 0.02 m2/g across 

the visible spectrum and approaching those of strongly-absorbing brown carbon from 

biomass burning. The high MAC values were due to well-known chromophoric products of 

indole oxidation, including tryptanthrin, indirubin, indigo dye, and indoxyl red, which were 
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identified by their molecular formulas and characteristic peaks in their absorption spectra. 

These observations suggest that N-heterocyclic compounds may be important contributors 

to secondary brown carbon.  

Contribution of indole to SOA formation can potentially result in reduced visibility, 

particularly in regions where plants are exposed to biotic and abiotic stresses. When 

combining the experimental MAC values with peak SOA concentrations predicted in the 

model, the estimated maximum absorption coefficient is 0.05 Mm-1 due to indole SOA. This 

is smaller than the values typically reported for SoCAB but comparable to values reported 

in more remote areas. Thus, despite its large MAC, indole SOA is not likely to contribute to 

particle absorption in urban areas, where anthropogenic black carbon dominates the 

aerosol absorption. However, the situation could be different in remote areas, where black 

carbon does not contribute to aerosol absorption, and indole emissions are higher. 

The UCI-CIT regional airshed model showed significant potential for indole SOA 

formation driven by the oxidation of indole by OH. Simulations indicate that the oxidation 

of indole via reaction with NO3 may also be an important SOA formation pathway during 

the late night and early morning hours when photochemistry is inactive. While the mass 

loading of indole SOA in the SoCAB was relatively low in all scenarios, it represents a 

previously unconsidered source of SOA in air quality models, which have been improved in 

recent years, but still tend to disagree with measured SOA concentrations (Heald et al., 

2005; Volkamer et al., 2006; Hodzic et al., 2010; Jiang et al., 2012; Couvidat et al., 2013). 

Indole SOA can interact with other aerosol phase species, causing indirect changes in the 

concentration of total SOA. Such interactions were not considered in this study because an 

activity coefficient of unity was used for indole SOA in the model simulations. Rural or 
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agricultural regions with significant biomass burning or a high density of plant life likely 

have much higher emissions of gas-phase indole than the SoCAB. For example, field 

measurement studies (Gentner et al., 2014) reported ambient indole concentrations up to 

an order of magnitude greater than the peak modelled concentrations employed in this 

study, indicating a significant potential for indole SOA formation in rural areas. 

Furthermore, future climate change is likely to increase gas-phase indole emissions 

through environmental and physical stress factors such as drought, elevated temperatures, 

increased CO2 and O3 concentrations, and enhanced herbivore feeding (Yuan et al., 2009). 

Therefore, indole represents a potentially important source of biogenic SOA that should be 

included in regional and global models.2  

                                                        
Portions of this chapter are reproduced with permission from: 
Montoya-Aguilera, J., Horne, J.R., Hinks, M.L., Fleming, L.T., Perraud, V., Lin, P., Laskin, A., Laskin, J., Dabdub, D. 
and Nizkorodov, S.A., (2017). Secondary organic aerosol from atmospheric photooxidation of 
indole. Atmospheric Chemistry and Physics, 17(18), pp.11605-11621. https://doi.org/10.5194/acp-17-11605-
2017 
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CHAPTER 3: Reactive Uptake of Ammonia by Secondary Organic 

Aerosols: Implications for Air Quality 

 

Problem and Importance 

Atmospheric particulate matter (PM) is formed from a wide variety of natural and 

anthropogenic sources. Primary aerosols are emitted directly from sources such as 

biomass burning, combustion of fossil fuels, volcanic eruptions and wind-driven 

suspension of soil, mineral dust, sea salt, and biological materials. Secondary aerosols are 

formed in the atmosphere by gas-to-particle conversion processes such as nucleation, 

condensation, and heterogeneous and multiphase chemical reactions (Seinfeld and Pandis, 

2016). Atmospheric aerosols consist of inorganic species such as sulfate, nitrate, chloride, 

ammonium, water, soil dust, elemental carbon, and a wide variety of organic compounds. 

Inorganic and organic compounds roughly comprise 25-50% and 40-65% of fine particle 

(PM2.5) mass, respectively (Gray et al., 1986; Zhang et al., 2000). Gaseous ammonia is a 

precursor to inorganic aerosols, and is often the limiting species in their formation (Wang 

et al., 2013; Lelieveld et al., 2015). Ammonium (NH4+) containing aerosols exhibit well-

documented effects on climate (Adams et al., 2001; Martin et al., 2004; Abbatt et al., 2006; 

Henze et al., 2012) and health (Pope et al., 2002; Lelieveld et al., 2015). On the global scale, 

the largest sources of atmospheric ammonia are agricultural activities and fertilizer use 

(Amann et al., 2013; Warner et al., 2017). Recent studies have shown increases in 

atmospheric ammonia concentrations during the last two decades, a trend that is expected 

to continue into the future due in part to rising temperatures and increased agricultural 



81 
 

activity and fertilizer use owing to population growth (Amann et al., 2013; Warner et al., 

2017).  

In the South Coast Air Basin of California (SoCAB), a large fraction of total PM2.5 

mass is comprised of ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2SO4) 

(Kim et al., 2010). They are formed from the reaction of ammonia (NH3) with nitric acid 

(HNO3) and sulfuric acid (H2SO4), respectively, and can cause adverse health effects and 

reduce visibility in the troposphere (US EPA 2009). In the SoCAB, the largest NH3 emissions 

sources are agricultural activities (e.g., dairy facilities) and automobiles (Nowak et al., 

2012), whereas HNO3 and H2SO4 are formed from the oxidation of NOX and SO2 emitted 

mostly from combustion sources. The total automobile and agricultural NH3 emissions are 

estimated as similar in magnitude. However, the spatial concentration and high emissions 

rates of dairy facilities cause downwind NH3 mixing ratios to be a factor of 10 higher than 

those from automobile emissions sources (Nowak et al., 2012). These concentrated NH3 

plumes can be transported from their source region and react with inorganic acids to form 

ammonium salts. The high concentration of NH3 in these plumes drives all of the H2SO4 and 

most of the HNO3 into the particle phase, resulting in high PM2.5 concentrations in the 

northeast portion of the SoCAB (Neuman et al., 2003; Nowak et al., 2012).  

The conversion of inorganic gases into particulate phase sulfate, nitrate and 

ammonium is well understood now. However, there is considerable uncertainty over 

reactions between gas phase ammonia and various compounds in secondary organic 

aerosols (SOA). Ammonia can react with SOA compounds by participating in reactions with 

certain carbonyl compounds, as documented in a recent review on this topic (Laskin et al., 
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2015).  These reactions convert ammonia into heterocyclic nitrogen-containing organic 

compounds (NOC) that remain in particles. The neglect of this process may result in under-

prediction of organics in PM, and at the same time, over-prediction of gaseous ammonia 

concentrations, and thus inorganic PM concentrations, in models.  

 In 2015, Liu et al. reported for the first time chemical uptake coefficients for 

ammonia onto SOA particles measured by direct observation of NOC in particles by an 

aerosol mass spectrometer (AMS). These coefficients were on the order of 10-2 to 10-3, 

dropping to 10-5 after six hours of reaction. Several other studies demonstrated chemical 

reactions between ammonia and various types of SOA but have not quantified the uptake 

coefficients, rate constants, or equilibrium constants that could be used in models (Bones et 

al., 2010; Laskin et al., 2010; Updyke et al., 2012). However, there are indications that the 

yield of NOC in these reactions is modest, on the order of a few percent (Laskin et al., 

2014).  

In this study, a first-order loss rate for ammonia onto SOA is implemented into the 

University of California, Irvine – California Institute of Technology (UCI-CIT) model based 

on the NH3 uptake coefficients onto SOA report by Liu et al. (2015) to estimate the impact 

of this process on ammonia and PM2.5 concentrations. In addition, experiments are 

performed by colleagues in the department of chemistry at UCI to estimate the maximal 

possible fraction of NOC in SOA after long-term exposure to ammonia. Air quality 

simulations are performed with a range of uptake coefficients to determine the sensitivity 

of NH3 removal to the magnitude of the uptake coefficient. In the next section the modeling 

and experimental methods used in this study are described, while the following section 
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presents and discusses the results of the experiments and the air quality simulations. In the 

final section of this chapter, the importance of including this process in air quality models is 

discussed alongside recommendations for future work. 

 

Approach and Methodology 

Modeling Methods 

The UCI-CIT regional airshed model was used for air quality simulations. The 

modeling domain covers the SoCAB, utilizing 994 computational cells with an area of 5 km 

x 5 km. The grid used by the UCI-CIT model encompasses Orange County and part of Los 

Angeles, Ventura, San Bernardino and Riverside counties (Figure 28). The unique modeling 

domain contains coastal regions, urban and suburban areas, and agricultural activity 

centered around Chino. The UCI-CIT model contains an expanded version of the Caltech 

Atmospheric Chemical Mechanism (CACM) (Griffin et al., 2002a, 2002b, 2005; Dawson et 

al., 2016) and has been used in countless studies to simulate air quality in the SoCAB 

(Nguyen and Dabdub, 2002; Carreras-Sospedra et al., 2006, 2010; Chang et al., 2010; Horne 

and Dabdub, 2017; Montoya-Aguilera et al., 2017). The model includes spatially and 

temporally resolved emissions and typical summertime meteorological conditions for this 

region. Air quality is simulated for the 3-day period August 27-29, for which the model has 

been previously evaluated (Nguyen and Dabdub, 2002; Carreras-Sospedra et al., 2006, 

2010; Chang et al., 2010), using 2008 emissions. The 2008 emissions inventory used in this 

study is based on the 2012 Air Quality Management Plan (AQMP) provided by the South 

Coast Air Quality Management District (SCAQMD, 2013). A previous study using the UCI-
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CIT model showed good agreement between model-predicted ammonia concentrations and 

those measured in Chino during a field study (Perraud et al., 2015 and Chapter 1), 

supporting the accurate representation of ammonia emissions in the model. Boundary and 

initial conditions are based on historical values. All results shown are for the third 

simulation day using 2008 emissions.  

 

 

Figure 28: The UCI-CIT model domain (dashed outline). County borders shown as dashed-dot lines. 

 

In order to investigate the potential air quality impacts of the heterogeneous uptake 

of NH3 by SOA, a parameterization of the removal of gas-phase NH3 by SOA species was 

implemented into the UCI-CIT model as follows. First, the total concentration of SOA in 

each of the eight size bins (Cmass1, Cmass2, …, Cmass8) was calculated. Next, assuming 

spherical particles with a density of 1.2 g/cm3, the area of SOA particles per volume of air 

was computed for each size bin (Carea1, Carea2, …, Carea8) from the mass concentration of 
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SOA in each bin (Cmass1, Cmass2, …, Cmass8) and the representative (average) diameter of 

particles in that bin (dp1, dp2, …, dp8).  

       
      
 

 
 

   
  

The total available area of SOA particles per volume of air was then determined by 

summing the combined area of SOA particles in each of the eight size bins.  

      ∑      

 

   

 

Using an average speed of NH3 molecules of 6.1102 m/s (vNH3) at 298 K, the first-order 

loss rate constant, k, was calculated as  

    
          

 
  

where γ is the reactive uptake coefficient for ammonia. The above calculations were 

performed separately for each grid cell in the domain at every time step to determine the 

effective first order rate constant in that cell at that time. The loss rate for NH3 was then 

determined from the first-order rate constant and the gas-phase ammonia concentration in 

that cell at that time, with one limitation. The loss rate for ammonia was limited by the 

yield of NOC observed in previous studies (Laskin et al., 2014) and estimated in this work 

(see below). That is, it is assumed that the yield of NOC from reactions between ammonia 

and SOA compounds cannot exceed 10%. Therefore, the maximum amount of ammonia 

that can be taken up by SOA in each cell grid cell at each time step is 0.1 mole of ammonia 

per mole of SOA compounds.  
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Ammonia uptake coefficients (γ values) were obtained from Liu et al. (2015), who 

studied particulate NOC formation after SOA from ozonolysis of α-pinene and OH oxidation 

of m-xylene were exposed to ammonia. They showed that NOC compounds can be formed 

reasonably quickly via the uptake of NH3 by SOA and reported uptake coefficients for 

ammonia onto SOA ranging from 10-5 to 10-2, with an average value of 4.0×10-3. Here, 

simulations were performed with a variety of γ values as reported by Liu et al. (2015) to 

determine the sensitivity of NH3 removal to changes in the uptake coefficient. In total, five 

scenarios were considered: (a) base case with no NH3 uptake, (b) NH3 uptake with γ=10-2, 

(c) NH3 uptake with γ=10-3, (d) NH3 uptake with γ=10-4, and (e) NH3 uptake with γ=10-5. 

Results for (b), (c), (d), and (e) were compared to base case model simulations in (a), 

where the removal of NH3 by SOA was not included, to determine the impact on ammonia 

and PM2.5 concentrations. This study assumes that γ remains constant in each scenario (i.e., 

no saturation effects) and therefore each scenario represents an upper limit to the amount 

of NH3 removed by SOA with the chosen value of the uptake coefficient. However, the 

uptake is programmed to stop once the fraction of NOC in SOA particles reaches 0.1, as 

mentioned above. No other changes were made to the model or its inputs (emissions, 

meteorology, etc.) between each scenario. Results shown are for the third day of simulation 

to minimize the effect of initial conditions and allow sufficient time for NH3 removal 

processes to occur. 

This study assumes that the NOC products of reactions between ammonia and 

particulate organics remain in the particles and do not cause a significant increase in the 

mass concentration of particulate organics. In these reactions, carbonyl groups are first 

converted into primary imines, and further reactions lead to more stable secondary imines 
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and heterocyclic compounds (Laskin et al., 2015). The uptake of ammonia is accompanied 

by loss of one or several water molecules, and the molecular weight and volatility of the 

NOC product should not be too different from those of the starting SOA compound. Indeed, 

experiments by Liu et al. (2015) and experiments described below show that there is no 

significant change in the particle mass concentration after exposure of SOA particles to 

ammonia.  

This study also assumes that NOC are less effective in neutralizing inorganic acids 

than ammonia is. In other words, the formation of nitrates and sulfates of protonated NOC 

(salts containing an organic cation and inorganic anion) is neglected. If the basicity of NOC 

were as high as that of ammonia, the conversion of ammonia into NOC would have little 

effect on the PM concentration. However, ammonia is a stronger base compared to the 

stable NOC products it forms: the pKb=4.8 of ammonia is smaller than pKb of secondary 

imines (pKb10) and nitrogen containing aromatic compounds (e.g., pyrrole pKb = 13.6, 

pyridine pKb = 8.8). Therefore, neglect of NOC salts is a reasonable approximation. 

 

Experimental Methods 

In order to confirm NOC formation in SOA + NH3 reactions, and establish an upper 

limit on the fraction of SOA compounds that can be converted to NOC, a series of smog 

chamber experiments were performed by colleagues in the department of chemistry at UCI. 

SOA were synthesized in a 5 m3 Teflon chamber by ozonolysis of limonene (LIM/O3 SOA), 

by low-NOx oxidation of toluene (TOL/OH SOA) and by low-NOx oxidation of n-hexadecane 

(HEX/OH SOA). Details of SOA preparation are described in detail in the following 

paragraphs. Once sufficient particle mass concentration was produced, a 100 ppb pulse of 
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ammonia was injected into the chamber. Low-NOx conditions are used intentionally to 

avoid interference between NOC formed during the oxidation and NOC resulting from the 

reactive uptake of NH3 onto SOA particles. The mass concentration of particles was 

monitored with a scanning mobility particle sizer (SMPS). A time-of-flight aerosol mass 

spectrometer (ToF-AMS) was used to track the O/C and N/C ratio in the SOA organics. 

Samples of SOA particles were collected onto Teflon filters. A separate set of experiments 

were also performed where the SOA was exposed to NH3 after collection on a filter. The 

filter exposure lasted for two days at an estimated NH3 mixing ratio of 300 ppb. All the SOA 

samples were extracted subsequently with acetonitrile and analyzed via direct analysis in 

real time mass spectrometry (DART-MS). 

A biogenic (limonene) or an anthropogenic (toluene, n-hexadecane) VOC was 

oxidized in a 5 m3 Teflon chamber at a desired relative humidity to generate SOA. No 

inorganic seed aerosol was used to avoid interference with mass-spectrometric analysis of 

SOA. Limonene (97%, Sigma) was introduced to the chamber to reach a mixing ratio of 500 

parts per billion by volume (ppb). Subsequently, 1000 ppb of O3 was introduced into the 

chamber, and gases in the chamber were mixed with a fan for 10 minutes. The fan was 

turned off after that to slow down particle wall loss. Anthropogenic SOA was produced 

from photooxidation of 1000 ppb toluene (99.8%, Fischer) or 500 ppb n-hexadecane (99%, 

Sigma-Aldrich). In these photooxidation experiments, hydrogen peroxide was introduced 

into the chamber by evaporation of a measured volume of 30 weight percent solution of 

H2O2 in water (Fisher Scientific) into a flow of clean air to achieve an initial mixing ratio of 

2 part per million by volume (ppm). After mixing with a fan for 10 minutes, UV-B lamps 

were turned on to initiate the photooxidation. After the particle mass concentration of SOA 
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reached a peak value, a measured volume of gas mixture containing NH3 (1000 ppm NH3 in 

N2, Airgas) was introduced into the chamber. The target mixing ratio of NH3 in the chamber 

was 500 ppb, however, due to losses in the inlet lines and chamber walls the actual mixing 

ratio of NH3 was around 100 ppb as verified with an Ecotech 9842 NH3/NOx analyzer 

(which uses an external converter to convert NH3 to NO and then measures NO).  Particle 

growth was monitored with a scanning mobility particle sizer (SMPS; TSI 3936). The 

chemical composition of SOA particles was probed online with a Time-of-Flight Aerosol 

Mass Spectrometer (ToF-AMS). The ToF-AMS data were analyzed using PIKA 1.16I with 

SQUIRREL 1.57I software. 

The polydispersed particles were collected on a Teflon filter (47 mm diameter, 

Millipore FGLP04700) at 20 L min-1 for 3 hours and prepared for composition analysis via 

direct analysis in real time mass spectrometry (DART-MS). The sample was extracted by 

placing the filter face down in a petri dish containing 3 mL of acetonitrile (LC-MS grade, 

99.9% purity, Honeywell) and placed in a shaker for 5 minutes. Aliquots from the 

acetonitrile SOA extracts were transferred onto a clean stainless-steel mesh, dried in air 

and manually inserted between the DART ion source and mass spectrometer inlet. The 

DART-MS consisted of a Xevo TQS quadrupole mass spectrometer (Waters) equipped with 

a commercial DART ion source (Ion-Sense, DART SVP with Vapur ® Interface). It was 

operated with the following settings: -350 V grid electron voltage, 3.1 L/min He gas flow, 

350°C He gas temperature, and 70°C source temperature. The samples were analyzed with 

DART-MS in both positive and negative ion modes. Background spectra from the pure 

solvent were also collected and subtracted from the DART mass spectra. 
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Additional experiments were performed in which SOA particles were exposed to 

NH3 vapor directly on a filter, after the collection. The Teflon filter containing the collected 

particles was cut in half. Each filter half was placed in a small petri dish and was allowed to 

float on the surface of a liquid in a larger petri dish. One of the larger petri dishes contained 

nanopure water and another contained a 0.1 M ammonium sulfate (>99%, EMD) solution. 

Each larger petri dish was covered separately and stored in the dark. The filter never got 

into direct contact with water but it was exposed to the vapors above the liquid. The 

estimated mixing ratio of gaseous ammonia above 0.1 M ammonium sulfate solution is 

about 300 ppb according to AIM-II model (Clegg et al., 1998). After two days of aging, the 

samples were extracted in acetonitrile and analyzed with DART-MS as described above. In 

some cases, for example for limonene SOA, the filter that was aged over the ammonium 

sulfate solution became visibly brown, in agreement with previous observations (Laskin et 

al., 2010).  

In a typical DART ionization, a proton is either added (positive mode) or subtracted 

(negative mode) leading to largely unfragmented molecular ions of with an m/z of [M+H]+ 

or [M-H]- ions, respectively.  It is expected that the SOA compounds which were not 

exposed to NH3 to consist of only C, H, and O atoms (CHO compounds). The CHO 

compounds have even nominal molecular weights and appear in the DART mass spectra at 

odd nominal m/z values. After the exposure, some of the CHO compounds were expected to 

be converted into molecules having one nitrogen atom. The resulting CHON compounds 

would have odd nominal molecular weights and appear at even m/z values. The occurrence 

of the CHO + NH3 → CHON reaction is tested by comparing the combined abundances of all 

even peaks and odd peaks before and after the exposure to ammonia. Specifically, the 
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average nitrogen fraction (fN) of nitrogen-containing organic compounds (NOC) in the SOA 

sample exposed to NH3 was estimated with the following equations: 

   
 

 
(                     ) 

      
∑       

∑      
  

The variable “σ” accounts for the different ionization probability of CHON compounds 

(typically higher in the positive ion mode mass spectra) relative to that of CHO compounds. 

In the absence of better information, the average detection sensitivity for CHO and CHON 

was assumed to be equal ( = 1). Note that this is a highly approximate treatment, and 

therefore, the fractional amount of nitrogen obtained from these equations should be 

treated as an order-of-magnitude estimate. 

 

Results and Discussion 

Experimental Observations 

After an exposure of SOA to NH3, there was no change in the particle mass 

concentration for any of the three SOA systems (Figure 29). However, the chemical uptake 

of NH3 did occur based on the ToF-AMS data. Specifically, when LIM/O3 SOA was exposed 

to NH3, there was a slow increase in the N:C ratio (Figure 30), while H:C and O:C ratios 

remained constant. In contrast, there was no significant change in the N:C ratio in the 

TOL/OH SOA and HEX/OH SOA particles after NH3 exposure (Figure 30), indicating that 

NH3 reacts more strongly with LIM/O3 oxidation products than with TOL/OH or HEX/OH 
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oxidation products. Furthermore, NH3 exposure led to browning of all three types of SOA 

material on the filters and to a general increase in the abundance of even m/z peaks in the 

mass spectra of the SOA (Figure 31, Figure 32, and Figure 33). The fraction of NOC was 

estimated from the increases in the relative abundance of the even m/z peaks in the DART 

mass spectra based on the procedure described previously. The estimated nitrogen fraction 

was the highest in the LIM/O3 SOA samples exposed to NH3 in the chamber (fN=20%). The 

LIM/O3 SOA sample exposed to NH3 on a filter had an fN value of 11%. These results 

suggest that NH3 reacts with SOA more efficiently in the aerosol phase than in the bulk 

sample. This may be due to the higher surface area and faster diffusion of NH3 through the 

aerosol particles in the chamber compared to the bulk SOA material. The fN for the TOL/OH 

SOA and HEX/OH SOA exposed to ammonia on filters was a factor of two smaller than for 

LIM/O3 SOA, with an fN of 5% for both samples. This suggests that different types of SOA 

exhibit different reactivity towards ammonia.  In summary, the experiments described here 

confirm the assumptions made in the model, specifically that on the order of 10% of SOA 

compounds can be converted to NOC. 
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Figure 29: Plots showing the particle mass concentration over time. The time during which NH3 
was injected in the chamber is shown by the shaded region. For all three SOA tested: limonene/O3 
SOA (top), toluene/OH SOA (middle), and n-hexadecane/OH SOA (bottom) the injection of ammonia 
did not have an effect on the total particle mass loading. 
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Figure 30: Plots showing the N:C ratio of the particle composition over time. Ammonia exposure 
(shaded region) caused a small increase in the N:C ratio in the limonene/O3 SOA (top). In contrast, 
after NH3 exposure, no clear changes in N:C ratio were observed in the toluene/OH SOA (middle) 
nor n-hexadecane/OH SOA (bottom). The H:C and O:C ratios (not shown) remained approximately 
constant in all three SOA systems over time. 
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Figure 31: DART mass spectra of limonene/O3 SOA samples in the absence of NH3 (black) and in 
the presence of NH3 (red). The shaded box in the top panel is magnified in the middle panel. In the 
bottom panel, the ratio of the peak abundance of the SOA exposed to NH3 over the peak abundance 
of SOA not exposed to NH3 is plotted as a function of m/z.  The bottom plot illustrates how presence 
of NH3 generally leads to an increase in the abundance of even m/z peaks in the limonene SOA 
system. The peak abundance at each m/z has been normalized with respect to the sum of total peak 
abundances in each mass spectrum. 
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Figure 32: DART mass spectra of toluene/OH SOA samples in the absence of NH3 (black) and in the 
presence of NH3 (red). The boxed region in the top panel is magnified in the middle panel. In the 
bottom panel, the ratio of the peak abundance of the SOA exposed to NH3 over the peak abundance 
of SOA not exposed to NH3 was plotted as a function of m/z.  The bottom plot illustrates how NH3 
exposure generally leads to an increase in even m/z peaks in toluene SOA products. The peak 
abundance at each m/z has been normalized with respect to the sum of total peak abundances in 
each mass spectrum. 
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Figure 33: DART mass spectra of n-hexadecane/OH SOA samples from the vapor study in the 
presence of H2O (black) and NH3 (red). The shaded box in the top panel is magnified in the middle 
panel. In the bottom panel, the ratio of the peak abundance of the SOA exposed to NH3 over the peak 
abundance of SOA exposed to H2O was plotted as a function of m/z.  The bottom plot illustrates how 
NH3 exposure generally leads to an increase in even m/z peaks in the n-hexadecane SOA system. 
The peak abundance at each m/z has been normalized with respect to the sum of total peak 
abundances in each mass spectrum. 
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Model Predictions 

Table 6 shows the impact of the ammonia-SOA reactions on the domain-averaged 

hourly NH3 and PM2.5 concentrations. The impact varies greatly between scenarios 

depending on the magnitude of the uptake coefficient. When using γ=10-2, domain wide 

average ammonia concentrations decrease by 15-40%, with the greatest percentage 

decreases (30-40%) occurring between 08:00h and 17:00h local time. Because domain 

wide averages are computed by averaging all cells in the model domain, this indicates that 

more than one third of all gas-phase ammonia in the basin is removed in this scenario 

during these times (Figure 35). However, the decrease in ammonia concentrations is highly 

spatially dependent. In certain areas, such as those with a high concentration of SOA and 

relatively low (<40 ppb) gas-phase NH3 concentrations in the base case, hourly ammonia 

concentrations decrease by over 60% (See Figure 34 for base case SOA concentrations). On 

the other hand, areas near the coast or along the far western and southern edges of the 

domain experience little change in ammonia concentration due to low concentrations of 

both gas-phase NH3 and SOA in the base case.  

Figure 36 shows the spatially resolved 24-hour average ammonia concentrations in 

the base case and the changes induced by the reactive uptake of ammonia. The greatest 

decreases occur near and downwind of areas with agricultural activity and large quantities 

of NH3 emissions. 24-hour average ammonia concentrations near Chino peak at 250 ppb in 

the base case, and are reduced by up to 15 ppb in the same area when using γ=10-2 (Figure 

36b). Although the greatest decreases occur near the strongest emissions sources, 

ammonia continues to be removed by SOA as it is transported further inland. As a result, 

hourly and 24-hour average ammonia concentrations decrease by 15-20 ppb and 5-10 ppb, 
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respectively, for many areas in the northeast portion of the basin. Changes in the 

concentration of gas-phase ammonia can affect the formation of inorganic PM due to its 

rapid reaction with different acids (e.g., nitric and sulfuric) to form corresponding salts, 

which contribute to secondary particle formation and particle growth (Schiferl et al., 2014). 

 

 

Figure 34: 24-hour average concentrations of SOA (µg/m3) in the base case. 

 

Table 6 shows domain wide average PM2.5 concentrations in the base case, as well as 

the difference and percent difference in concentration for scenarios (b), (c), and (d) versus 

the base case, (a). With the uptake coefficient of 10-2 used in this scenario, decreases in 

domain wide average concentrations range from 2% late at night to 11% during midday 

(Figure 35). In some locations, the impact on hourly PM2.5 concentrations is far greater, 

with decreases up to 35 µg/m3 (60%) in areas northeast of Riverside. A combination of 

meteorological and geographical features in the SoCAB cause the buildup of pollutants in 

the downwind (northeastern) portion of the basin. The presence of a sea breeze during the 

daytime hours results in predominantly southwesterly winds while the San Gabriel 
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Mountain Range, located along the northeastern edge of the domain, acts as a barrier to the 

transport of pollutants further inland. Thus, ammonia continues to be taken up by SOA as it 

is transported further inland, causing the largest impacts on PM to occur in the downwind 

areas of the basin where a variety of anthropogenic and biogenic precursors accumulate, 

rather than near ammonia emissions sources.  

Table 6: Domain wide average concentrations of (left columns) ammonia (NH3, ppb) and (right 
columns) PM2.5 (µg/m3) in the base case shown in (a). Difference and percent difference in 
concentration versus the base case shown in (b), (c), and (d) when using (b) γ=10-2, (c) γ=10-3, and 
(d) γ=10-4. Negative values represent decreases in concentration with respect to the base case. The 
double dash (--) indicates that the difference is less than the number of significant figures shown 
(i.e., less than 0.1 change from base case levels). Ammonia and PM2.5 concentrations change less 
than 1% when using (e) γ=10-5 (not shown). 

 
NH3 

   
PM2.5 

 a b c d Hour a b c d 

13.5 -2.4,-17.8% -0.6, -4.7% -0.1, -0.5% 1 25.7 -1.3, -4.9% -0.4, -1.4% -0.1, -0.3% 

14.1 -2.6,-18.5% -0.8, -5.3% -0.1, -0.8% 2 26.4 -1.3, -4.9% -0.4, -1.5% -0.1, -0.3% 

14.9 -2.8,-18.8% -0.9, -5.8% -0.1, -0.9% 3 27.4 -1.2, -4.5% -0.3, -1.2% -- 

15.4 -2.9,-18.8% -0.9, -6.0% -0.1, -0.8% 4 28.4 -1.5, -5.2% -0.4, -1.4% -0.1, -0.3% 

16.2 -3.1,-19.0% -1.0, -6.2% -0.1, -0.9% 5 28.8 -1.2, -4.3% -0.4, -1.4% -0.2, -0.7% 

17.4 -3.2,-18.7% -1.1, -6.3% -0.2, -1.0% 6 29.7 -1.2, -3.9% -0.4, -1.2% -0.2, -0.6% 

14.3 -3.3,-23.3% -1.1, -7.9% -0.2, -1.1% 7 28.5 -1.3, -4.5% -0.3, -0.9% -0.1, -0.2% 

9.4 -3.2,-34.0% -1.1,-11.5% -0.2, -1.7% 8 25.9 -1.7, -6.6% -0.4, -1.5% -0.1, -0.3% 

7.1 -3.0,-41.8% -1.0,-14.3% -0.1, -1.9% 9 23 -1.9, -8.1% -0.4, -1.8% -0.1, -0.2% 

6.4 -2.6,-41.5% -0.9,-13.6% -0.1, -1.7% 10 22.5 -2.3,-10.0% -0.7, -2.9% -0.1, -0.4% 

5.3 -2.2,-41.8% -0.7,-13.8% -0.1, -2.0% 11 21.9 -2.2,-10.3% -0.7, -3.0% -- 

4.8 -2.0,-42.5% -0.6,-13.2% -0.1, -1.9% 12 21.6 -2.4,-11.3% -0.9, -4.1% -- 

4.4 -1.8,-41.9% -0.5,-12.4% -0.1, -1.3% 13 21.7 -2.5,-11.3% -0.9, -4.3% -0.2, -0.7% 

4 -1.6,-40.6% -0.5,-12.4% -0.1, -2.1% 14 21.4 -2.2,-10.3% -0.6, -2.7% -- 

3.8 -1.4,-37.2% -0.4,-11.1% -- 15 20.8 -1.8, -8.7% -0.3, -1.4% -- 

3.6 -1.3,-35.3% -0.3, -9.1% -- 16 20.3 -1.5, -7.5% -0.2, -1.1% -0.1, -0.2% 

3.5 -1.2,-32.9% -0.3, -7.8% -- 17 19.7 -1.3, -6.4% -0.2, -0.7% -- 

3.7 -1.1,-29.7% -0.2, -6.4% -- 18 19.4 -1.2, -6.0% -0.2, -0.9% -0.1, -0.4% 

4.4 -1.0,-22.6% -0.2, -3.9% -- 19 19.4 -1.0, -5.3% -0.2, -1.2% -0.2, -0.9% 

6.2 -1.1,-17.3% -0.2, -3.1% -- 20 19.9 -0.8, -4.1% -0.2, -1.1% -0.1, -0.6% 

8.3 -1.3,-15.7% -0.2, -2.9% -- 21 21.3 -0.7, -3.0% -0.2, -0.8% -0.1, -0.2% 

10.1 -1.5,-15.2% -0.3, -3.0% -- 22 22.7 -0.5, -2.3% -0.1, -0.4% -- 

10.9 -1.7,-15.8% -0.3, -3.1% -0.1, -0.5% 23 24.2 -0.5, -2.0% -0.1, -0.4% -- 

12.1 -2.0,-16.6% -0.5, -3.7% -0.1, -0.5% 24 26.1 -0.6, -2.3% -0.1, -0.4% -- 
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Figure 35: Domain wide average concentrations of ammonia (NH3, top panel) and PM2.5 (bottom 
panel) in the (a) base case, (b) γ=10-2 scenario, (c) γ=10-3 scenario, and (d) γ=10-4 scenario. 
Ammonia and PM2.5 concentrations change by less than 1% at all hours of the day in the γ=10-5 
scenario (not shown). 
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Figure 36: 24-hour average concentrations of ammonia (NH3, ppb) and PM2.5 (µg/m3) in the base 
case shown in (a). Difference in concentration versus the base case shown in rows (b), (c), (d), and 
(e) when using (b) γ=10-2, (c) γ=10-3, (d) γ=10-4, and (e) γ=10-5. Negative values represent 
decreases in concentration with respect to the base case. 
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Figure 36 shows that the greatest impacts on 24-hour average PM2.5 concentrations 

occur in the northeast portion of the basin. Here, base case levels range from 40-55 µg/m3 

(Figure 36a, right column), and decrease by up to 15 µg/m3 in this scenario (Figure 36b, 

right column). Previous studies showed that concentrated NH3 plumes from agricultural 

activity shift the NH4NO3 equilibrium towards the particle phase, leading to coincident 

formation of NO3- and NH4+ particles and depletion of gas-phase HNO3 in downwind areas 

of the basin (Neuman et al., 2003; Nowak et al., 2012). Additionally, these studies suggested 

that NH4NO3 particle formation in the SoCAB could be best controlled by reducing the 

highly concentrated ammonia emissions from agricultural activity, rather than emissions 

from automobiles, which are well distributed throughout the domain. Results shown here 

indicate that decreases in ammonia concentration due to uptake by SOA reduce the 

availability of gas-phase ammonia to react with nitric acid and sulfuric acid (H2SO4) to form 

ammonia nitrate and ammonium sulfate particles, and that the largest impacts occur 

directly downwind of strong ammonia emissions sources. Changes in the concentration of 

gas-phase HNO3 and H2SO4, shown in Figure 38, are consistent with this result. Because 

gas-phase nitric acid and sulfuric acid concentrations are inversely correlated with gas-

phase ammonia concentrations, HNO3 and H2SO4 concentrations are generally higher in 

scenarios (b), (c), (d) and (e) than in the base case. In particular, areas that show decreases 

in ammonium nitrate particle concentrations typically show increases in gas-phase nitric 

acid concentrations. This confirms that reductions in gas-phase ammonia concentrations 

cause the ammonia-nitric acid system to shift toward the gas phase. 

Figure 37 show base case levels and the change in 24-hour average concentrations 

of nitrate (NO3-), ammonium (NH4+), and sulfate (SO42-) particles for scenarios (b), (c), (d) 
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and (e) versus the base case, (a). These figures show that although the spatial distribution 

of nitrate, ammonium, and sulfate particles differs in the base case (because of the different 

patterns of SO2 and NOx emissions), the largest changes in 24-hour average concentrations 

for all three particulate species occur in the same general area northeast of Riverside. 

Together, reductions in the concentration of nitrate, ammonium, and sulfate particles 

account for nearly all of the decrease in total PM2.5 concentrations. The spatial distribution 

and magnitude of model-predicted nitrate particle concentrations in the base case (Figure 

37a, left column) agree with those measured by Neuman et al. (2003), who reported a peak 

concentration of 12.7 µg/m3 near Rubidoux.  

In scenario (c), when the uptake coefficient is set to 10-3, the magnitude of the 

impact on ammonia and PM2.5 concentrations is lower than in scenario (b), although the 

spatial distribution of changes remains similar. In this case, hourly domain wide average 

ammonia concentrations decrease by 3-14% (Table 6), with some locations experiencing 

decreases of over 25% compared to base case levels. Figure 36c (left column) shows that 

the largest impacts on gas-phase ammonia occur in the same areas as in scenario (b), with 

decreases in 24-hour average concentrations of about 7 ppb near Chino where the 

strongest ammonia emissions sources in the basin are located. Although 24-hour average 

ammonia concentrations decrease by only 2-4 ppb in areas downwind of Riverside, the 

spatial distribution of changes in total PM2.5 (Figure 36), as well as in nitrate, ammonium, 

and sulfate particle concentrations is similar in scenarios (b) and (c) (Figure 37). In both 

scenarios, the largest reductions in 24-hour average particle concentrations occur 

northeast of Riverside. Comparing parts (b) and (c) of Figure 36 and Figure 37 illustrates 

this result. Although the impact is lower than in scenario (b) due to the uptake coefficient 
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being reduced by an order of magnitude, significant reductions in PM2.5 concentrations still 

occur in this scenario. Decreases in 24-hour average concentrations of 2-4 µg/m3 cover 

large areas in the northeast portion of the basin, with peak decreases reaching 10 µg/m3. 

Given that the national standard for 24-hour average PM2.5 concentrations is 35 µg/m3, 

decreases of this magnitude have important implications for reaching attainment of 

national ambient air quality stands for fine particulate matter. Reducing 24-hour average 

gas-phase ammonia concentrations by only a few ppb significantly reduces the formation of 

ammonium nitrate and ammonium sulfate particles. Similar to scenario (b), the impact on 

hourly PM2.5 concentrations is even greater, with decreases exceeding 20 µg/m3 (33%) in 

downwind areas of the basin during the afternoon hours. Coastal areas and locations 

upwind of ammonia emissions sources again experience little to no change in ammonia or 

PM2.5 concentrations.  

In scenario (d) with γ=10-4, domain wide average ammonia concentrations decrease 

by only a few percent at all hours of the day (Table 6). Although isolated locations in the 

basin experience larger decreases, the overall impact on ammonia concentrations is small 

when an uptake coefficient of 10-4 is used. Decreases in 24-hour average ammonia 

concentrations peak at 2 ppb and show a similar spatial distribution to those seen in 

scenario (c) (Figure 36). Areas downwind of strong emissions sources show decreases of 

0.5-1 ppb, causing 24-hour average PM2.5 concentrations to decrease by 1-5 µg/m3. This 

indicates that the formation of ammonium nitrate and ammonium sulfate particles in the 

SoCAB is highly sensitive to changes in gas-phase ammonia concentrations, consistent with 

Schiferl et al. (2014). The largest decreases in PM2.5 concentrations again occur in the far 

northeast portion of the basin where pollutants accumulate. Peak decreases in hourly PM2.5 
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concentrations reach 12 µg/m3 (20%) in some locations, although decreases of this 

magnitude are localized to highly impacted areas. Overall, the impact on 24-hours average 

ammonia and PM2.5 concentrations is about a factor of 2-3 lower in this scenario than 

scenario (c). 

 

Figure 37: 24-hour average concentrations of particulate nitrate (NO4
-, µg/m3), ammonium (NH4

+, 
µg/m3) and sulfate (SO42-, µg/m3) in the base case shown in (a). Difference in concentration versus 
the base case shown in rows (b), (c), (d) and (e) when using (b) γ=10-2, (c) γ=10-3, (d) γ=10-4 and (e) 
γ=10-5. Negative values represent decreases in concentration with respect to the base case. 
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Figure 38: 24-hour average concentrations of nitric acid (HNO3, ppb) and sulfuric acid (H2SO4, ppb) 
in the base case shown in (a). Difference in concentration versus the base case shown in rows (b), 
(c), (d) and (e) when using (b) γ=10-2, (c) γ=10-3, (d) γ=10-4 and (e) γ=10-5. Negative values 
represent decreases in concentration with respect to the base case. 
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In the final scenario (e), an uptake coefficient of 10-5 is utilized. Although this uptake 

coefficient is three orders of magnitude lower than that used in scenario (b), peak 

decreases in PM2.5 concentrations are only a factor of three lower. However, decreases of 

this magnitude are isolated to only a small area in the northeast corner of the basin. There 

are only small changes in ammonia concentrations in this scenario. Hourly domain wide 

average ammonia concentrations change by less than 1%, and most individual locations 

show decreases of only a few percent. Changes in 24-hour average ammonia 

concentrations are less than 0.5 ppb, as shown in Figure 36e (left column). In contrast to 

scenarios (b) and (c), the increases and decreases in ammonia concentrations are similar in 

magnitude in this scenario. Additionally, changes in ammonia concentrations in this 

scenario are less localized and occur throughout the inland portion of the basin. Reducing 

the magnitude of the uptake coefficient increases the lifetime of ammonia, causing the 

spatial distribution of impacts to be more dependent on the meteorological conditions in 

the basin during the first two days and into day three. Figure 36 shows that the spatial 

distribution of changes in PM2.5 concentrations is also much different in this scenario than 

in scenarios (b) and (c). Here, changes in 24-hour average PM2.5 levels of ±1 µg/m3 occur at 

various locations, with decreases of 1-2 µg/m3 occurring in downwind areas of the basin. 

However, domain wide average PM2.5 concentrations decrease by less than 1% at all hours 

of the day, indicating that the overall impact on fine particle concentrations is small. As in 

the previous scenarios, changes in the concentration of ammonium and nitrate particles are 

responsible for the majority of the change in total PM2.5 levels. Overall, the impact on both 

gas-phase and particulate species is of variable sign when the lowest uptake coefficient of 

10-5 is utilized. 
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Conclusions and Future Work 

Results shown here indicate that the chemical uptake of NH3 by SOA can reduce 

significantly the concentration of gas-phase ammonia, thereby reducing the potential to 

form ammonium nitrate and ammonium sulfate in the particle phase. The main chemical 

mechanism for this is the conversion of ammonia in SOA particles to less basic nitrogen-

containing organic compounds that are less efficient in neutralizing inorganic acids. The 

inclusion of this previously unaccounted for sink for gas-phase ammonia into an urban 

airshed model reduces modeled 24-hour average PM2.5 concentrations by up to 15 µg/m3. 

Results also indicate that the formation of inorganic PM is highly sensitive to changes in the 

concentration of gas-phase ammonia, as decreases in 24-hour average ammonia 

concentrations of 2-4 ppb cause PM2.5 concentrations to decrease by up to 10 µg/m3. 

Previous studies showed that ammonium nitrate particles form when concentrated 

ammonia plumes are mixed into areas of active urban photochemistry, such as the 

northeast portion of the SoCAB (Nowak et al., 2012; Schiferl et al., 2014). Both primary and 

secondary pollutants accumulate in the northeast portion of the basin, which is 

photochemically active and where high temperatures are observed during the summer 

months. Thus, while the largest decreases in gas-phase ammonia concentrations occur near 

the strongest emissions sources, the largest decreases in PM2.5 concentrations occur in 

downwind areas, particularly northeast of Riverside. Together, changes in the 

concentration of nitrate, ammonium, and sulfate particles account for essentially all of the 

decrease in total PM2.5 concentrations. 

Because inorganic particles (including nitrate, ammonium, and sulfate) account for a 

large fraction of the total PM2.5 mass in the SoCAB (Kim et al., 2010; Schiferl et al., 2014) 
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and many other locations around the world, accurate modeling of gas-phase ammonia 

concentrations is essential for predicting future air quality. Although this study focuses on 

the South Coast Air Basin of California, results shown here have important global 

implications as ammonia emissions have shown increasing trends over the last few 

decades and are expected to continue increasing in the future (Amann et al., 2013; Warner 

et al., 2017). Models used to simulate air quality and climate should take into account the 

uptake of NH3 by SOA, which is especially important in agricultural areas with strong 

ammonia emissions sources. Models used in the development of air quality management 

strategies should account for changes in the concentration of ammonia due to its uptake by 

SOA to ensure accurate prediction of PM2.5 concentrations. 
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CHAPTER 4: Air Quality Impacts of Future Emissions Changes 

from Distributed Energy Resources 

 

Problem and Importance 

Distributed electric power generation (DG), as a subset of distributed energy 

resources (DER), entails the use of small capacity power generation technologies, such as 

gas turbines, internal combustion engines and fuel cells on the order of a few tens of MW or 

less, to produce electricity, and in some instances thermal energy, for local use. While DG 

also includes renewable energy technologies such as solar photovoltaic (PV) and wind 

turbines, the focus of the present study is an environmental analysis of the potential air 

quality impacts of natural gas-fired DG units. 

A variety of electricity industry drivers are converging to allow for a resurgence of 

interest in natural gas fired distributed generation. These drivers include improved DG 

technologies, low natural gas prices, high electric retail rates, flat load growth, and policy 

and incentive programs in certain areas of the country. If installed correctly, DG 

technologies can fulfill the energy needs of numerous customers and provide overall 

emissions reduction, energy efficiency, and cost savings in multiple applications. For 

instance, DG units can deliver critical customer loads with emergency stand-by power; 

support available capacity to meet peak power demands; improve user power quality; and 

provide low-cost total energy in combined Cooling, Heating and Power (CHP) applications. 

Typical uses of DG deployments include cogeneration, peak shaving, backup generation, 

and on-site generation (EPRI, 2014). Typical customers for fossil fuel fired DG systems 

include commercial and industrial enterprises, which are the focus of this study. Industrial 
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applications account for 86% of existing CHP capacity, which is driven by DG units, while 

14% is operated in commercial and institutional applications such as hospitals, schools, 

and apartment complexes (ICF CHP Database, 2014). Emerging DG technologies have the 

potential to be an important component of future electricity infrastructure, as the 

traditional grid is expected to morph into a smart power system capable of supporting the 

needs of the digital society of the twenty-first century. Therefore it is crucial to ensure a 

clear understanding of their potential environmental impacts, including air emissions and 

any resulting changes to air quality.  

There have been a number of studies that analyzed the potential effects of DG on air 

quality in some areas in the United States. In general, the modeling studies were limited to 

simulations that spanned only a few days, although the time periods selected for the 

modeling were representative of conditions that typically lead to adverse air quality. Most 

research has focused on California and, to a lesser extent, the northeastern United States.   

California is an important region to study for various reasons: it is experiencing the highest 

penetration of DG currently, it includes highly populated areas like Los Angeles which 

demand high energy needs; it experiences high concentrations of air pollution; and it tends 

to lead the way in new environmental regulations and clean technologies.  Stricter emission 

standards have been implemented since the last studies were carried out.  It is also 

important for future studies to look further afield to other areas that project increasing 

implementation of DER in the future.   

Allison and Lents (2002) determined potential emission impacts of distributed 

generation, including criteria pollutant emissions and greenhouse gases.  The study 
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evaluated benefits of combined heating and power and compared DG with central power 

plants and concluded that only low-emitting DG units, i.e. fuel cells, with high heat recovery 

would be marginally competitive with central generation with respect to emissions.  The 

study advocated for manufacturer-based regulations, which would ensure minimum 

emissions from DG units. 

Strachan and Ferrell (2006) also determined potential emission impacts of 

distributed generation, including criteria pollutant emissions and greenhouse gases.  The 

study evaluated benefits of combined heating and power based on heat-to-power ratio 

(HPR) in applications under summer and winter conditions.  As in Allison and Lents 

(2002), the study compared DG with central power plants but added district heating (DH) 

to maintain HPR in all applications. Strachan and Farrell (2006) concluded that the use of 

HPR in the assessment of emissions from DGCHP applications provides a more accurate 

account of emission benefits of the use of CHP.  At high HPR values, combustion-based 

DGCHP technologies provide an alternative that could be more competitive than central 

generation, contrary to what other studies have suggested. As a result, they suggested that 

emission standards or other regulations should be based on metrics that account for total 

supplied energy output to account for all major efficiency advantages of DER-CHP 

technologies. 

Venkatram et al. (2010), and Jing and Venkatram (2011) evaluated impacts of DG 

using the dispersion model AERMOD.  The studies analyzed some scenarios in Rodriguez et 

al. (2006) and compared air quality impacts of DG with central generation.  The studies 

determined overall exposure to primary pollutants in the South Coast Air Basin of 
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California, and concluded that even though dilution from a central power plant stack is an 

order of magnitude higher than from a DG installation, and although basin-wide cumulative 

effects of DG on air pollutants may be higher than central generation, air quality impacts 

around central generation stations are 3+ times higher than DG, due to the high total 

emissions from central generation.  The implication of these studies is that location of 

power plants is crucial for determining air quality impacts of power generation and that 

spatially-resolved methods are required to assess air quality impacts of DG and power 

generation in general. 

Samuelsen et al. (2005), Rodriguez et al. (2006), Samuelsen et al. (2009) and 

Vutukuru et al. (2011) developed a large set of scenarios that identified a wide range of 

potential implementation instances in Southern and Central California.  Those studies 

investigated effects of new emissions regulations, duty cycle and spatial distribution of DG 

installations and used air quality modeling to evaluate air quality impacts of DG on ozone 

and particulate matter (PM) in those regions and their effects on attainment of ozone 

standards. The studies concluded that the most important parameters that define the 

potential air quality impacts are the total installed capacity and emission factors for DG.  

Various plausible spatial distributions showed little effect on overall air quality impacts.  

New California Air Resources Board emissions regulations and the use of CHP would limit 

the potential air quality impacts from DG to ≤1 ppb and ≤1 µg/m3 changes in ozone and 

PM2.5 concentrations.  In general, the largest increases in air pollutant concentrations tend 

to occur in areas where concentrations are typically the highest.  This implies that despite 

small effects on air quality, changes in pollutant concentrations affect zones where air 

quality is already poor, and even a slight increase in ozone and PM may hinder air quality 
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standards attainment efforts.  Carreras-Sospedra et al. (2008) evaluated a potential 

scenario that would replace highly emitting power plants with distributed generation in 

the Northeastern United States. The study used an air quality model to determine air 

quality impacts of DG on ozone and particulate matter, and found that replacing high-

emitting power plants with DG resulted in significant reductions in PM and ozone.   Such 

scenario could reduce PM concentrations over highly populated areas, suggesting that 

there is potential for air quality improvements by replacing highly emitting power plants 

with lower-emitting DG technologies.  

Carreras-Sospedra et al. (2010) compared potential air quality impacts of DG with 

central power plants in the South Coast Air Basin of California, by using a three-

dimensional air quality model to determine air quality impacts of DG on ozone and 

particulate matter. The study evaluated the sensitivity of air quality to power plant location 

and operation and determined pollutant exposure by population.  Central generation 

showed stronger localized effects on particulate matter compared to the same installed 

capacity of DG, even though overall DG emissions were 2-3 times higher.  Location of 

central power plants is a defining parameter, with power plants located along the coast – 

upwind from populated areas like Los Angeles – having the strongest impacts on air 

pollution and exposure.  This stresses the importance of determining spatial distribution of 

emissions to evaluate resulting atmospheric chemistry and transport   

Gilmore et al. (2006) and Gilmore et al. (2010) analyzed the air quality impacts of 

diesel back-up generators, with various emission control options, used as peaking units in 

several cities in the United States.  The studies used a three dimensional regional air quality 



116 
 

model and a Gaussian plume model to determine changes in ambient concentrations of 

pollutants, and used concentration-response functions and economic parameters to 

evaluate the monetary cost of health impacts.  Results showed that uncontrolled diesel 

backup generators as peaking DG units would increase PM concentrations but would cause 

both increases and decreases in ozone concentrations. Increases in PM concentrations up 

to 5 µg/m3 were found in all four modeled cities and were due mostly to primary 

emissions. Increases in NOX emissions caused modeled ozone concentrations to decrease in 

urban centers due to titration effects but increase in the surrounding areas where the 

NOx/VOC ratio is lower. Retrofitting diesel units with emission controls would reduce the 

social costs significantly despite the increase of private costs related to retrofits.  In 

conclusion, authors suggested that controlled backup generators would be a cost-effective 

method of meeting peak demand on a full cost basis.  This implies that retrofitting diesel 

generators with emission controls for PM2.5 and NOx allows them to operate to meet peak 

electricity demand for approximately 200 hr/yr without severe air quality degradation and 

adverse human health effects.   

Other studies have examined the impact of a shift from centralized power plants to 

fuel-powered (e.g., natural gas or diesel) small-scale distributed electricity generation on 

population inhalation exposure of primary pollutants in California (Heath et al., 2006; 

Heath and Nazaroff, 2007). They found that the low stack height of DG sources and their 

proximity to densely populated areas dramatically increases human exposure to air 

pollutant emissions compared with central station power plants. 



117 
 

This study estimates the potential implementation of natural gas-fired DG in the 

contiguous United States, including displacement of power from central power generation, 

and simulates the potential impacts on emissions and air quality. The study includes four 

major tasks: 

1. Modeling of distributed generation market penetration using the DISPERSE model 

2. Modeling of central power generation systems using the US-REGEN model 

3. Modeling of spatially and temporally resolved emissions  

4. Photochemical grid modeling using the CAMx model 

The methodology for each of the tasks is described in the following section. This article 

provides an updated picture of the potential impacts of increased implementation of 

natural gas-fired DG in the contiguous United States by integrating a novel and 

comprehensive electric power sector model with a DG market study. Impacts on emissions 

are refined from previous studies by using up-to-date emission factors from recent 

technology surveys. Additionally, air quality simulations are performed for both summer 

and winter conditions and over time periods that span several weeks, rather than only a 

few days, to provide a more complete assessment of potential impacts on air quality. This 

study explores a range of plausible scenarios while providing a modeling framework and 

methodology that can be applied in future studies to assess the potential implementation 

and impacts of distributed generation of electricity. The results of this analysis are not 

intended to be definitive predictions of future DG deployment or future air quality but 

rather provide insights on potential degrees of DG deployment and the resulting impacts 
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on emissions and air pollutant concentrations. Limitations of this study and 

recommendations for future work are summarized in the final section of this chapter. 

 

Approach and Methodology 

The potential air quality impacts of increased DG penetration are evaluated for a 

winter and summer period in 2030 using year 2007 meteorology. DG units include power-

only distributed generation  (power-only DG) and combined heating and power (CHP) 

units that are located near the place of use and are used to supply electricity and thermal 

energy to a specific commercial or industrial load. In this study, “DG” will be used to refer 

to both power-only DG and CHP units. Projections of DG penetration throughout the 

contiguous United States are estimated using the DISPERSE model, which produces hourly-

resolved and size-resolved electricity generation for both power-only DG and CHP 

applications for up to 34 states where DG penetration was projected to be cost effective. DG 

market penetration estimates are translated into spatially and temporally resolved 

emissions and combined with emissions from other sources. The US-REGEN model is used 

to determine the impact of additional distributed generation on the capacity and dispatch 

mix of the electric sector, and thus, the impact on electric sector emissions. For other 

source sectors, the 2030 baseline emissions for the reference case are described in the 

recent national modelling study conducted by Nopmongcol et al. (2017). The resulting total 

emissions are used as input to the Comprehensive Air Quality Model with Extensions 

(CAMx) to conduct the air quality modelling. The various scenarios considered in this study 

are outlined in Table 7 and described in detail in the following sections. 
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Table 7: Name, application, and description of all scenarios considered in this study. 

Scenario Model/Application Description 

Reference Case US-REGEN 

CAMx 

The Reference Case scenario includes no 

additional projected DG penetration and serves 

as the baseline to determine changes in 

emissions and air quality.  

Low DG Penetration 

 

DISPERSE 

US-REGEN 

CAMx  

The Low DG Penetration scenario represents the 

lowest projected DG penetration in this study. 

High DG Penetration 

 

DISPERSE 

US-REGEN 

CAMx 

The High DG Penetration Scenario represents 

the greatest projected DG penetration in this 

study. 

CARB Certification CAMx The CARB Certification scenario uses the same 

DG penetration as the High DG Penetration 

scenario but assumes the lowest emissions 

factors for all DG units, which correspond to 

CARB certification limits. 

Medium DG Penetration DISPERSE The Medium DG Penetration scenario is 

considered only in the DISPERSE model analysis. 

 

Modeling of Distributed Generation Market Penetration 

The DG market penetration analysis is performed using the DIStributed Power 

Economic Rationale SElection (DISPERSE) model (RDC, 2014). DISPERSE is a spreadsheet-

based model that is used to estimate the achievable economic potential for distributed 

generation systems by comparing the cost to obtain, operate, and maintain the DG system 

to the cost of traditional utility-purchased heat and power. The model determines which 

combination of size, rate schedule, and operating mode is the most economical for a given 

facility. That is, the DISPERSE model determines the sites where the adoption of DG is 

economical for each of the three scenarios discussed below, using a payback period of 10 

years or less. The sites with successful economics (i.e., those that can support a payback 
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period of 10 years or less) represent the total economic potential (in MW). The total 

economic potential values are held static throughout the analysis period (2015-2030), with 

no growth in number of sites nor change in DG technology price or performance 

characteristics over time.  

The following key inputs are used by the DISPERSE model: 

1. Technology price and performance parameters. The model requires price and 

performance data on the mix of technologies that are being analyzed. Data for each 

type of DG technology includes installed cost, fuel type, heat rate, electrical 

efficiency, usable thermal output for CHP units, and fixed and variable operating and 

maintenance costs. Current data for DG technologies is collected from EPRI’s 

request for information process for a 2014 national assessment (EPRI, 2014) and 

are shown in Table 9 (cost parameters in Table 9 are in 2014 dollars). The price and 

performance parameters do not change over time in a given scenario but they 

change between the low DG penetration scenario and the medium/high DG 

penetration scenarios. The justification for keeping cost and performance 

parameters (in each scenario) fixed is twofold. First, a study of projected changes in 

capital costs of generating technologies including CHP indicated that no increase in 

costs were projected over the 2014-2034 timeframe (Energy and Environmental 

Economics, 2014). Second, the medium and high DG penetration scenarios explore 

how higher electric efficiencies at lower installed costs (i.e., improved price and 

performance characteristics based on possible future improvements in DG 

technologies) could affect the potential future penetration of the DG technologies 

considered in this study. These changes in price and performance parameters for DG 



121 
 

units are based on reductions from a previous study that were found to have a 

significant impact on the market while constituting reasonable but still aggressive 

cost reductions from the technology manufacturer (EPRI, 2014). Typical part-load 

performance data for DG units is obtained from manufacturer’s literature and 

incorporated into the model when the systems are operating at partial capacity. 

2. Building characteristics. Load profiles, including electricity and fuel use by square 

foot for each building type used in the analysis, are generated using DOE2 building 

models and average weather data (J. J Hirsch 2014). Buildings are scaled to different 

square footage sizes. Industrial load profiles are generated from data collected by 

the contractor and simplified 24-hour load profiles that can be adjusted for different 

facility sizes based on the number of employees. 

3. Database of natural gas and electricity prices. Commercial and industrial 

electricity rate schedules are identified and modeled for all utilities analyzed, 

including standby service rates and options for time-of-use and demand-based rate 

schedules.  Natural gas prices are taken from 2013 monthly state average prices 

reported by the Energy Information Administration (EIA).  For high load factor sites 

(industrial facilities, universities, hospitals and hotels) the lesser of the average 

industrial price and the average city gate price plus $1/MMBtu is used.  For other 

commercial facilities, the lesser of the average commercial price and the average 

city gate price plus $2/MMBtu is used. Escalation rates for both electricity and 

natural gas are taken from the 2014 EIA Annual Energy Outlook (National escalation 

estimates applied to all projects). 
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4. Financial parameter assumptions. A project life of 10 years is assumed, reflecting 

the anticipated life of smaller DG projects and conservative financial planning from 

customers. Most of the DG units do have longer lifespans when properly maintained, 

but since payback periods of over 10 years were not incorporated into the analysis, 

the 10-year life is not seen as a constraint. The installed cost of the system, 

maintenance costs, and fuel costs are the primary variables, along with the 

calculated electricity bills for the building before and after DG is installed.  A 

discount rate of 7 percent is used when calculating the net present value of the 

investment.  

For the projected DG penetration analysis (estimated market adoption through 

2030), the sites with successful economics are evaluated for adoption by first grouping by 

payback period range. Drawing from a study that quantified the likelihood for a customer 

to adopt DG based on payback period (EPRI, 2003), the pool of potential sites is evaluated 

based on their payback period, and the percent that adopt DG is based on the DG adoption 

percentages for each payback period range shown in Table 8. These percentages represent 

the likelihood of a customer to adopt DG at a moment in time, but this decision is not 

continuously being made. To estimate the effects over time, the assumption is made that on 

average, businesses would seriously evaluate these types of decisions once every five years, 

as facility requirements, market conditions, and economics change. Therefore, this process 

is repeated every five years from 2015 to 2030, for each of the three scenarios, to 

determine the total MW adopted (Figure 48). As sites adopt DG, they are then removed 

from the pool of potential sites evaluated for subsequent adoption. DG adoption increases 

in future years as only a certain percentage of customers adopt DG at a moment in time, 
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and the remaining pool of sites is re-evaluated for adoption five years later. Those with 

payback periods of 7-10 years are unlikely to move forward with a DG project, but as the 

payback period is decreased, facility owners would be more likely to consider the 

investment.  The analysis assumes that CHP from reciprocating engines, combustion 

turbines and microturbines are established technologies, and that owners of large facilities 

with high electric and thermal demands are aware of CHP as an option.  These are known 

as “soft” prospects, while “strong” prospects are those who are actively evaluating CHP 

systems.  This is the convention that was used in the market study on DG adoption (EPRI, 

2003), which continues to be used as a standard guideline for evaluating DG market 

adoption scenarios.  For this analysis, the survey results for soft prospects are used to 

estimate the percentage of customers that would adopt power-only DG or CHP systems.  

One adjustment is made, however, to reflect that a 6-7 year payback period, where a 

customer could see a positive NPV on their investment with a 7% discount rate, is more 

attractive than a 7-10 year payback period.  The DG adoption percentages used are shown 

in Table 8. 

 

Table 8: DG adoption percentages by payback period range for soft prospects used in the DISPERSE 
model analysis. 

Payback 
Period 

Likelihood of 
Adoption 

0-1 year 100% 

1-2 years 67% 

2-3 years 60% 

3-4 years 37% 

4-5 years 37% 

5-6 years 18% 

6-7 years 10% 

7-10 years 5% 
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The steps through which the DISPERSE model analysis proceeds can be summarized 

as follows: 

1. The process starts with the total economic potential, which is determined by 

comparing the cost to obtain, operate, and maintain the DG system to the cost of 

traditional utility-purchased heat and power. The total economic potential (in MW) 

represents all possible customers for DG/CHP units that could achieve payback in 

10 years or less, based on the DISPERSE model inputs listed above, for each of the 

three scenarios described in the main manuscript.  

2. The total economic potential results are then sorted by payback period.  

3. Using the sorted results, the likelihood of adoption percentages are applied to the 

economic potential in each payback period range. This determines the “new” MW of 

DG adopted in a given year (e.g., 2015). The customers who adopted DG at this 

moment in time are removed from the remaining pool of economic potential.  

4. The decision to adopt DG is then re-evaluated five years later (e.g., in 2020) for 

those customers who showed economic potential but have not yet adopted DG 

(since only a percentage of customers adopted previously – e.g., in 2015). When the 

decision to adopt DG is re-evaluated, the economic potential does not change other 

than removing any sites that have adopted DG. However, the payback periods for 

remaining customers change based on escalated electricity and natural gas prices. 

Using the new payback periods, the remaining customers (i.e., the economic 

potential not yet adopted) are evaluated for adoption by applying the likelihood of 

adoption percentages. This determines the “new” DG adopted at this moment in 

time (e.g., in 2020), while the cumulative adoption at this moment in time would be 



125 
 

the sum of the adoption in 2015 plus the “new” adoption in 2020. The cumulative 

adoption over time is what is shown in Figure 48, and the cumulative DG adoption 

for the year 2030 is that used in the spatial allocation of DG units and environmental 

analysis (Figure 49). 

5. The steps above are repeated every five years through 2030. Adoption increases 

over time since only a portion of the potential customers adopt DG at a moment in 

time (e.g., in 2015, 2020, 2025, etc.), and the remaining customers who did not yet 

adopt DG reconsider the decision 5 years later using new payback periods from 

escalated gas and electricity prices.  

For the DISPERSE model analysis, no market growth is assumed (i.e., the total 

economic potential remains fixed throughout the analysis period), and potential DG 

installations are grouped into three size categories: 

1. Small (<1 MW) DG systems: Microturbines provided the most favorable economics 

in the DISPERSE modeling, but small engines were nearly identical, with the 

difference in estimated payback periods typically limited to less than one year. Small 

engines are used for both power-only DG and CHP applications in this size category 

due to their superior electric and total CHP efficiencies (Table 9). 

2. Medium (1-5 MW) DG systems: Reciprocating engines are easily the most favorable 

technology in this size category, whether for power-only DG or CHP applications. 

3. Large (>5 MW) DG systems: Large engines and combustion turbines both produce 

favorable economics, although the large engine proved to be the most beneficial in 

the analysis.  For industrial facilities, large combustion turbines provided close 
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competition, and they are generally preferred for CHP applications because of 

higher-volume, higher-quality steam production. All power-only DG potential in this 

size category comes from large engines, due to their superior electric efficiencies. 

Hourly load impacts are estimated every five years through 2030, based on modeled 

load profiles and DG usage patterns. For the hourly impacts, the total capacity of DG 

adopted was modeled to operate by meeting the 24-hour site load profiles for a typical 

weekday, a weekend, or a holiday. These results are provided for each state, broken down 

by commercial, institutional, and industrial sectors, for three different size classifications. 

The economic potential for commercial and institutional facilities (e.g., office buildings, 

hotels, hospitals, colleges, etc.) is grouped in the “Commercial” category while the potential 

for industrial and manufacturing facilities is labeled as “Industrial”. The database of sites 

comes from publicly available data including County Business Patterns (CBP, 

http://www.census.gov/econ/cbp/) and Commercial Business Energy Consumption and 

Manufacturers Energy Consumption Surveys (CBECS, 2010; MECS, 2010). For the CBECS 

and MECS data, each building is treated as a site. The CBP data provides the number of 

establishments, and each industrial sector establishment is treated as a site. No residential 

applications were considered in this study. Figure 39 illustrates how the DISPERSE model 

organizes the key data inputs and generates the desired outputs. One limitation of the 

DISPERSE model analysis is that several of the inputs are fixed throughout the analysis 

period (2015-2030). These inputs include DG technology price and performance 

parameters and other market characteristics, such as the database of sites, building 

characteristics (e.g., load profiles), and financial parameter assumptions. For example, 

future growth in the number of potential sites for DG is not considered in the DISPERSE 
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model analysis, nor are possible changes in financial parameter assumptions that could 

affect the percentage of customers who adopt DG. The assumption was made to keep these 

market characteristics fixed throughout the analysis period as they build upon the 

predecessor study (EPRI, 2014), which focused on looking at current market potential for 

DG based on best available information at the time of the study. The results of the 

DISPERSE analysis are not intended to be definitive predictions of future deployment, but 

rather provide insight as to potential degrees of DG market adoption under various 

plausible scenarios with inputs and assumptions for each described below. Note what 

while price and performance parameters for DG units are fixed over time, the medium and 

high DG penetration scenarios explore how possible future improvements in natural gas-

fired DG technologies could affect the projected penetration DG.   

 

 

Figure 39: Organization of key data inputs and outputs of the DISPERSE model. 
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Thus, for this effort, the DISPERSE model is configured to: 

 Evaluate the contiguous United States market for DG applications using natural gas 

as a fuel, with price and performance parameters for each scenario described below. 

 Examine the potential for DG applications at a variety of commercial and industrial 

sites. 

 Process the costs and benefits for each DG unit at each site (versus utility power) 

and determine the DG system with the most attractive economics for each site that 

is analyzed. 

The DISPERSE model performs a life-cycle cost economic analysis, based on fuel 

expenses, cost and performance data, electricity bill savings from modeled tariffs, and 

monthly state average fuel prices. The model determines whether any power-only DG or 

CHP technology option can achieve a 10-year payback compared to utility energy 

purchases. These results constitute the total economic potential, from which DG adoption is 

projected using the likelihood of adoption percentages shown in Table 8. The likelihood of 

adoption drops as low as 5 percent at payback periods of 7 to 10 years, and 0 percent at 

payback periods of over 10 years (EPRI, 2003). Thus, sites are limited to 10-year payback 

periods as longer periods would have no effect on DG adoption (EPRI, 2003). The best DG 

technology option is selected based on the shortest estimated payback period. This process 

is repeated hundreds of thousands of times, once for each group of sites within a 

combination of a DG unit size range/customer sector in the database of sites, to obtain the 

optimal configuration. Certain DG technologies meet the needs of certain applications 

and/or size categories more effectively than other technologies, and this is reflected in the 

relative economics of the various technologies. The resulting selection of DG technologies is 
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used to model spatially resolved emissions for DG units. Note that while fuel cells were 

considered in the study from which the DG market potential results were derived (EPRI, 

2014), they were not found to be economic with price and performance data from the year 

2014 and earlier. Similarly, Stirling generators were found to not be commercially available 

and lacked reliable cost and performance data (EPRI, 2014). Thus, the DG technologies 

considered in this study are microturbines, turbines, and reciprocating internal 

combustion engines of various sizes (all natural gas-fired) with price and performance 

parameters shown in Table 9. 

 
Table 9: Price ($2014) and performance parameters for the low, medium, and high DG penetration 
scenarios used in the DISPERSE model analysis. 

 

 

Three scenarios for DG market penetration are analyzed in this study: 

1. Low DG Penetration scenario – this scenario assumes 2014 cost and performance 

specifications for power-only DG and CHP applications collected from recent 

technology survey (EPRI, 2015), along with load profiles of commercial and 

industrial facilities and market counts of these establishments. The price and 
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performance parameters used in all three scenarios considered in the DISPERSE 

model analysis are provided in Table 9. 

2. Medium DG Penetration scenario – the same load profiles and site data from the low 

DG penetration scenario are used, but the price and performance characteristics are 

altered to reflect a scenario where higher electric efficiencies at lower installed costs 

for power-only DG and CHP are prevalent. Electric efficiencies are improved by 10 

percent for the medium and high DG penetration scenarios, while installed costs for 

DG units are lowered by 20 percent, based on reductions from a previous study that 

were found to have a significant impact on the market while constituting reasonable 

but still aggressive cost reductions from the technology manufacturer (EPRI, 2014). 

In both the medium and high DG penetration scenarios, the additional cost of heat 

recovery for CHP applications remains the same, and the 10 percent ITC credit for 

CHP systems is removed. The ITC for CHP systems was authorized through 2016, so 

an assumption was made that it would no longer be available during most of the 

study period.  Thus, to be consistent, it was not considered at all. These adjustments 

create more favorable economics for power-only DG applications. However, with the 

improved electric efficiency and lower installed costs, many CHP applications also 

became more attractive, as the value of recovered thermal energy is still significant. 

This scenario is considered only in the DG market penetration analysis; it is not 

considered in the US-REGEN modeling of central power generation systems or in the 

air quality simulations performed using the CAMx model.  

3. High DG Penetration scenario – The high DG penetration scenario explores how a 

natural gas cost of $4/MMBtu would affect the potential market adoption of power-
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only DG and CHP units, keeping the medium DG penetration scenario price and 

performance parameters described above. The $4/MMBtu price was established in 

the predecessor study (EPRI, 2014) and was seen as a fairly aggressive reduction in 

gas cost that was also being considered as a potential price with increasing gas 

supplies. It is not intended to be a projection of future natural gas prices, albeit 

actual natural gas prices have since declined further to nearly $3/MMBtu. With the 

low natural gas costs, the value of recovered thermal energy from CHP units is 

diminished, and more power-only DG applications become attractive, especially for 

small commercial applications. 

In the low and medium DG penetration scenarios, the 2013 Energy Information 

Administration (EIA) state level gas prices are used. For example, industrial gas prices 

ranged from $4.1/MMBtu in Louisiana to $8.6/MMBtu in New Hampshire for industrial, 

and $5.5/MMBtu in Idaho to $11.6/MMBtu in Delaware for large commercial. Different gas 

prices and escalation rates (for both electricity and natural gas), taken from the 2014 EIA 

Annual Energy Outlook (AEO), are used for industrial/high load factor and commercial/low 

load factor applications in the economic analysis (EIA, 2014). Another limitation of the 

DISPERSE model analysis is that gas prices are fixed at $4/MMBtu high DG penetration 

scenario, but electricity rates still escalate according to AEO forecasts. Although this may 

seem inconsistent given the correlation between natural gas prices and electricity rates, the 

degree to which changes in natural gas prices affect electricity prices in the U.S. is 

regionally dependent and can also depend on the degree of fuel switching (e.g., from coal-

fired generation to gas-fired generation) that occurs (Linn et al., 2014). When there is more 
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fuel switching, the reduction in electricity prices in response to decreased natural gas 

prices is generally smaller.     

Of the three DG scenarios considered in the DISPERSE model analysis, two are 

chosen for the environmental analysis (which includes spatial allocation of emissions and 

subsequent air quality modeling). The emissions and air quality impacts of DG are analyzed 

for the low DG penetration scenario and the high DG penetration scenario to show the 

bounds in potential air quality impacts between the cases with the lowest and highest DG 

market adoption. Although the medium DG penetration scenario is not considered in the 

environmental analysis, it provides insight as to how higher electric efficiencies at lower 

installed costs can affect the future penetration of the DG technologies considered in this 

study, while electricity and natural gas prices still escalate according to the 2014 EIA AEO.  

The reference case described in the next section is a scenario with no additional DG 

penetration, and serves as the baseline to determine changes in emissions and air quality. 

For the market penetration analysis, sites with existing CHP applications are 

removed from the economic potential estimates. The sites that showed economic potential 

in the model are compared to a database of existing CHP installations. For each state and 

utility service territory, when facilities with the same principal building activity or 

Standard Industrial Classification/North American Industry Classification System 

(SIC/NAICS) code are found to have existing CHP installations of a similar size to what is 

found with the DISPERSE model, those installations are removed. With the current CHP 

installations netted out, all of the reported economic potential can be considered to be for 

new power-only DG and CHP installations. Existing CHP installations are obtained from ICF 
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Combined Heat and Power Installation Database (http://www.eea-inc.com/chpdata/, 

2014). 

 

Modeling of Central Power Generation Systems 

The U.S. Regional Economy, Greenhouse Gas, and Energy (US-REGEN) model was 

developed by the Electric Power Research Institute (EPRI, 2014b). The model combines 

detailed power sector capacity planning and dispatch for the contiguous 48 U.S. states with 

a dynamic computable general equilibrium (CGE) model of the economy. For this study, the 

electric sector model is used by itself, as the exogenous projections of distributed 

generation were small relative to total load in most regions, so feedback effects from the 

rest of the economy were expected to be minimal. The model is run in a 15 region mode 

(Figure 40) using 5-year time steps from 2010 to 2030. Additional information on the US-

REGEN model is available at http://eea.epri.com/usregen.  

The electric sector model is a detailed dispatch and capacity expansion model of the 

US electric system. It includes a partially disaggregated representation of both existing 

generation unit capacity and the hourly profile of load and variable resource availability. 

These details allow the model to explicitly evaluate dispatch decisions (when and for how 

long installed capacity operates) as distinct from capacity decisions (new investment, 

retrofit, or retirement). The model can also evaluate and build new inter-region 

transmission if this is economic to meet load. 
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Figure 40: Regional aggregation used in the US-REGEN analysis 

 

The model simultaneously determines a cost-minimizing solution for all regions 

over the entire time horizon subject to technical and policy-related constraints.  This 

modelling structure places US-REGEN in a class of dynamic, forward-looking capacity-

expansion models. Furthermore, US-REGEN’s spatial and temporal detail ensure resource 

adequacy for each region and capture market dynamics not only for electricity but also for 

regulatory instruments such as RPS credits. Costs include variable costs that scale with 

dispatch (mainly fuel and variable operating and maintenance (VOM) costs), fixed 

operating and maintenance (FOM) costs that scale with installed capacity, and investment 

costs associated with new capacity additions (of both generating and inter-region transfer 

capacity). A 5% discount rate is assumed to compare costs across different time steps.  
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The goal of this analysis is to understand the impact of additional distributed 

generation on the capacity and dispatch mix of the electric sector, and thus, the impact on 

electric sector (e.g., EGU) emissions. To study this question, three scenarios are explored. 

1. Reference Case – EPRI’s Energy and Environmental Analysis Group’s 2014 

(EAO2014) reference case assumptions (as described below) with no additional DG 

penetration. The reference case scenario serves as the baseline to determine 

changes in emissions and air quality.  

2. Low DG Penetration scenario – Reference case assumptions combined with a 

conservative forecast of DG penetration. This scenario uses the DG penetration 

projected in the low DG penetration scenario described previously. 

3. High DG Penetration scenario – Reference case assumptions combined with a more 

aggressive forecast of distributed generation penetration. This scenario uses the DG 

penetration projected in the high DG penetration scenario described previously. 

However, note that the natural gas prices used in the US-REGEN model analysis still 

escalate in this scenario, despite being fixed at $4/MMBtu in the DISPERSE model 

analysis. This is a limitation of the high DG penetration scenario as changes in the 

price of natural gas can affect the generation mix projected by the US-REGEN model. 

Key assumptions for the reference case are drawn from EPRI’s EAO2014 reference 

scenario. These include: 

1. Regional load growth and fuel price paths calibrated to the EAO2014 reference case. 
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2. Key existing environmental regulations, including the Mercury and Air Toxics 

Standards (MATS), State Renewable Portfolio Standards, the RGGI cap and trade 

market, and EPA’s New Source Performance Standard for CO2 Emissions.  

3. Age limits for all units, except for existing coal. However, the model can retire a unit 

at any time for economic reasons. 

4. Limitations on new transmission and nuclear builds per year. These include a 7 GW 

per decade limit for new nuclear and a limit of 20% increase in transmission (GW-

miles) per decade over the base stock. More details on growth limits can be found in 

the US-REGEN model documentation (EPRI, 2014b). 

5. Technology costs per EPRI’s Generation Options Report (EPRI, 2012). The EPRI 

Technical Assessment Guide (TAG) program is soon to publish the 2017 Generation 

Options Report, which shows little change in most technology costs except for solar 

and wind.  While solar and wind do show cost reductions compared with the 2012 

report, the subsequent drop in gas prices (also not captured in the 2012 report) 

essentially reverses any increased renewable penetration in the US-REGEN 

modeling. 

The emissions processing steps for the preparation of US-REGEN EGU emissions for 

CAMx air quality modeling can be summarized as follows. The US-REGEN model estimates 

hourly emissions using a bottom-up inventory approach. The model simulates temporal 

variation in load and emissions based on temperatures for a historical year (2007). Hourly 

emissions are estimated for NOX and SOX; other criteria pollutant emissions were scaled 

with NOX. Hourly emissions from US-REGEN are converted into SMOKE input format. 

Because US-REGEN emissions are provided hourly, SMOKE can utilize this information 
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directly without using temporal profiles. Next, each US-REGEN unit is assigned Source 

Classification Code (SCC) based on fuel type and matched to a stack in the PM NAAQS 2007 

point inventory based on the Office of Regulatory Information System (ORIS) code to obtain 

stack location. The ORIS code is a number assigned by the Energy Information Agency 

(EIA) to power plants owned by utility companies.  Stack parameters are assigned to each 

unit based on SCC. As a result, co-located stacks with different SCC (for example, co-located 

stacks using distillate oil and coal) were treated differently in the CAMx model. For new 

EGUs added to the future years, US-REGEN only tracks gross energy at regional level for the 

regions shown in Figure 40. Emissions related to these new units are calculated based on 

the following energy-emission assumptions developed in the EPRI-ET study (EPRI, 2015b; 

Nopmongcol et al., 2017), which is described later: 

 PM: 0.09 lb/MWh (gross energy)  

 SO2: 1.0 lb/MWh (gross energy)  

 NOX: 0.47 lb/MWh (gross energy)  

The resulting emissions from new EGUs were spatially distributed to sources within the 

corresponding region.  

The Clean Power Plan, which was not finalized at the time of this analysis, is not 

included in any of the scenarios. Similarly, the CSAPR Update Rule is not included in the 

scenarios. The two central power scenarios with additional distributed generation include 

all of the reference case assumptions, and in addition include penetration of DG projected 

in the DISPERSE market analysis. This is modeled as a reduction in load growth by state, so 

that the US-REGEN model solves to find the least cost capacity and dispatch mix for the 



138 
 

residual load after the DG is subtracted. Load shapes for the different types of distributed 

generation are accounted for in determining the shape of the residual load. The unique 

integration of the US-REGEN model with the DG market penetration analysis provides an 

updated picture of potential impacts of widespread implementation of DG in the 

contiguous United States. The DISPERSE and US-REGEN modeling explore plausible 

scenarios of future DG deployment and the resulting impacts on the electric sector and are 

not intended to be definitive predictions of future generation.   

 
Modeling of Spatially Resolved Emissions for DG Units 

Projections of power generation resolved by activity sector and by state are further 

processed to provide the desired spatial resolution to conduct air quality modeling. To 

accomplish the desired resolution, land use (LU) geographical information systems (GIS) 

data is used. For this study, GIS data are obtained from the US EPA Emissions Modeling 

Clearinghouse (http://www.epa.gov/ttn/chief/emch/index.html). Land use GIS data are 

used to generate spatial surrogates that are used by the Sparse Matrix Operational Kernel 

Emissions (SMOKE) model to spatially resolve emissions from a county-wide resolution to 

a regular grid resolution, e.g. 12 km by 12 km resolution used to simulate air emissions and 

air quality in the contiguous United States. The land use GIS data include total surface area 

dedicated to specific activity sectors by census block. Activity sectors with DG penetration 

include colleges, hospitals, office buildings, hotels, and warehouses. A complete list of 

activity sectors that exhibit DG penetration and their corresponding land use categories is 

shown in Table 10.  
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Table 10: Land use categories and corresponding activity sectors used in the spatial allocation of 
DG units. All categories listed exhibit DG penetration.  

Abbreviation Activity Sector Land Use Category 

Coll Colleges and Universities EDU2 

Elec Electronics IND5 

Food Food and Chemicals IND3 

Hosp Hospitals COM6 

Hote Hotels COM8 

Indu All Industrial IND1+IND2 

Meta Metals and Mineral Products IND4 

Nurs Nursing Homes COM7 

Offi Office Buildings COM4 

Rest Restaurants COM8 

Reta Retail Stores COM1 

Scho School K-12 EDU1 

Ware Warehouses COM2 

 

Census blocks have irregular shapes and sizes, and in general, census blocks with 

higher population density tend to be smaller than census blocks in less populated areas. 

For air quality modeling, emissions need to be allocated over a regular-sized grid. Thus, the 

first step to use land use data for the allocation of emissions requires the processing of 

census-block-based spatial distribution into regular-grid-based spatial resolution. To 

accomplish this step, GIS spatial analysis tools are used to calculate the average square 

footage of a particular sector in a grid cell. Because penetration of DG in each scenario is 

estimated at the state level, the square footage of a particular sector is then normalized by 

the total area of that particular sector in each state. The resulting normalized spatial 

distribution is multiplied by the total state-wide power generation for that sector to 

determine the spatial distribution of DG units.  

The methodology to allocate DG units throughout the modeling domain takes into 

account the discrete size distribution of DG installations (shown in Table 11). Hence, the 
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methodology assumes that an integer number of units of a particular size are used to meet 

the power demand projected by a particular scenario. For example, if a particular cell 

requires 1.20 MW of size category 1, a total of 5 units of 0.25 MW should be installed to 

meet that demand. As a result, the total installed capacity of DG units in the low and high 

DG penetration scenarios (Figure 42) may be greater than the estimated market adoption 

projected in the DISPERSE model analysis (Figure 48). 

 
Table 11: Representative unit sizes and preferred prime mover for each size category used in the 
spatial allocation of DG units. 

Size Category Installation Type Representative Size for 
Spatial Allocation 

1 
2 
3 

Small engines <1 MW 
Engines 1-5 MW 
Turbines or large engines >5 MW 

0.25 MW 
1.00 MW 
5.00 MW 

 

The following steps describe the methodology used to spatially allocate DG units 

into rectangular grid cells for a representative state “X”: 

1. For each activity sector in state X, grid cells are ranked from the highest to the 

lowest land use density by dividing the square footage of each sector in that cell by 

the total area of that sector in state X. 

2. Starting from the cell with the highest land use density, the total number of units of 

each size that should be installed in that cell is calculated by multiplying the land 

use density of each activity sector in that cell times the total power projected for 

that activity sector in state X.  

3. DG units continue to be added into grid cells in order of decreasing land use density 

until the total power demand projected for each activity sector in state X is met.  
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The steps above are repeated for each state that exhibits DG penetration. To illustrate how 

DG units are spatially allocated following the methodology described above, consider a 

sample state “X” with the following projected DG penetration for the commercial sector: 

 Size:  <1 MW  Penetration:   2 MW 

 Size: 1-5 MW  Penetration:   8 MW 

 Size:  >5 MW  Penetration: 20 MW 

If state X spans throughout 5 grid cells, with the commercial sector area distribution 

between those cells depicted below, then DG units are discretely distributed to the grid 

cells as shown in Figure 41. The resulting spatial distribution of DG unit installations for the 

low DG penetration and high DG penetration scenarios is shown in Figure 42. The total 

installed capacity for the contiguous United States is 7.6 GW and 25.4 GW for the low DG 

penetration and high DG penetration scenarios, respectively. 
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Figure 41: Example illustrating the spatial allocation DG units into rectangular grid cells. 
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Figure 42: Spatial distribution of DG unit installations in 2030 for (a) the low DG penetration 
scenario and (b) the high DG penetration scenario. Total installed capacity for the contiguous 
United States is 7.6 GW in the low DG penetration scenario and 25.4 GW in the high DG penetration 
scenario. 
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Emissions Factors for DG Units 

Emissions factors for natural gas-fired turbines and reciprocating internal 

combustion engines used in previous studies vary widely, sometimes by more than an 

order of magnitude, depending on assumptions regarding after-treatment, unit size, 

operating conditions, and emissions limits application to the study region (Allison and 

Lents, 2002; Rodriguez et al., 2006; Strachan and Farrell, 2006; Carreras-Sospedra et al., 

2008; Vutukuru et al., 2011). In general, there is a lack of current, systematic emissions test 

data for criteria pollutants from currently available, commercial DER technology, 

particularly for VOC and PM emissions (EPRI, 2015). Note also that with current 

commercial technology, highest efficiency and lowest NOX emissions are not achieved 

simultaneously, and CO and VOC emissions are higher in engines optimized for minimum 

NOX (EPRI, 2015). The emission factors used in this study are extracted from a recent DG 

technology survey (EPRI, 2015), which compiled and reviewed available information on 

measured and estimated emissions factors, air regulatory requirements for permitting DG 

devices, and knowledge gaps on air emissions, with a focus on natural gas-fired DG 

technologies. It provides information on emission factors reported by manufacturers and 

those obtained from emission testing data available at the time of the survey. Emissions 

from DG units are regulated by federal emissions standards, and some states and regional 

regulatory agencies establish more stringent emission limits. In particular, there are 

specific emission standards for the states of California, Texas, Massachusetts and 

Connecticut. Following the methodology of Carreras-Sospedra et al. (2008), emission 

regulations for New Jersey and New York are assumed to be the same as Connecticut in this 

study. For the rest of the states, federal emission regulations apply.  
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For the calculation of total emissions from DG in this study, the highest value of the 

emission factors reported by manufacturer and test data (i.e., with no after-treatment) is 

assumed as the baseline factor for each technology. However, these values are capped at 

the applicable emission standards. Namely, DG units are not allowed to exceed the 

emission limits applicable in a particular region. Some emission factors reported by 

manufacturers or from emission testing are lower than the emission limits applicable in 

various states. For these instances, the lower value is used to calculate DG emissions. The 

resulting emission factors used in this study are presented in Table 13. While no after-

treatment is assumed when determining the baseline emissions factor for DG, the CARB 

certification scenario (described below) explores how implementing more stringent 

emissions limits for DG units, which typically reflect emissions factors with after-treatment, 

can affect the emissions and air quality impacts of increased DG penetration.  

PM emissions from DG units are assumed to be all PM2.5. Emission speciation of PM 

follows generic speciation profiles based on standard classification codes (SCC) extracted 

from the SMOKE model. The SCC codes assumed in this study are the following: 

 Natural gas engines:  20100202 for sub-categories internal combustion engines; 

electric generation; Natural gas; reciprocating engines 

 Natural gas turbines: 20100201 for sub-categories internal combustion engines; 

electric generation; Natural gas; turbines 

 Natural gas boilers: 10100600 for sub-categories external combustion boilers; 

electric generation; Natural gas 
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For these SCC codes, PM speciation profiles are the same, with the following breakdown of 

species: 9% sulfate particles, 2% nitrate particles, 25% organic carbon, 38% elemental 

carbon and 26% unresolved inorganic particles. VOC speciation also uses the generic 

profiles for the three SCC codes associated with DG units and boilers.  Note that for natural 

gas-fired turbines, U.S. EPA profile 0007 from the SPECIATE repository indicates that VOC 

(NMHC) emissions are speciated as 100% formaldehyde (https://cfpub.epa.gov/speciate/ 

ehpa_speciate_browse_details.cfm?ptype=G&pnumber=0007). The speciation profiles for 

NOX, SOX, VOCs, and PM2.5 are shown in Table 12.  

 
Table 12: Speciation profiles for boilers, engines, and turbines used in this study. 

 
 

Boilers Engines Turbines 

 SCC 10100600 20100202 20100201 

 
    

NOX 
NO 0.90 0.90 0.90 

NO2 0.10 0.10 0.10 

 
    

SOX 
SO2 0.90 0.90 0.90 

SULF 0.10 0.10 0.10 

 
    

VOCs 

OLE (Alkenes) 
 

0.06 
 

PAR (Alkanes) 0.74 0.21 
 

TOL (Toluene) 0.05 
  

FORM (Formaldehyde) 0.21 0.04 1.00 

ETH (Ethene) 
 

0.03 
 

ETHA (Ethane) 
 

0.66 
 

     

PM2.5 

PSO4 (Sulfate Particles) 0.09 0.09 0.09 

PNO3 (Nitrate Particles) 0.02 0.02 0.02 

POA (Organic Carbon Particles) 0.25 0.25 0.25 

PEC (Elemental Carbon Particles) 0.38 0.38 0.38 

Unresolved Inorganic Particles 0.26 0.26 0.26 
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Based on the economic analysis of this study conducted using the DISPERSE model, 

reciprocating engines will be the dominant prime mover in all power-only DG installations. 

Also, reciprocating engines are found to provide better economics for CHP applications that 

are 5 MW and smaller. Only CHP installations larger than 5 MW present economic 

conditions favorable for gas turbines. Consequently, emissions factors for CHP units larger 

than 5 MW were assumed to correspond to gas turbines, whereas the emission factors 

assumed for the rest of the power-only DG and CHP units correspond to reciprocating 

engines.  

 
Table 13: Emission factors for engines and gas turbines (lb/MWh) used in the low DG penetration 
scenario and high DG penetration scenario. 

 

 
Region 

 
 

Federal CA East TX West TX CT MA 

Reciprocating Internal Combustion Engines 
 NOX 1.80 0.50 0.14 1.80 0.15 0.15 
 CO 6.20 1.90 6.20 6.20 1.00 1.00 

 VOC 1.00 0.50 1.00 1.00 1.00 1.00 
 SO2 0.01 0.01 0.01 0.01 0.01 0.01 
 PM 0.05 0.05 0.05 0.05 0.03 0.03 

Gas Turbines 
 NOX 0.70 0.25 0.14 0.70 0.15 0.14 
 CO 0.70 0.20 0.70 0.70 0.70 0.09 
 VOC 0.08 0.04 0.08 0.08 0.08 0.08 
 SO2 0.01 0.01 0.01 0.01 0.01 0.01 
 PM 0.09 0.09 0.09 0.09 0.03 0.09 

       

CHP applications offset the heat that would otherwise be produced by boilers, 

reducing the overall impact on emissions. The methodology to account for emissions 

displacement by CHP is described in Medrano et al. (2008), and was first used in Rodriguez 

et al. (2006), then Carreras-Sospedra et al. (2010) and Vutukuru et al. (2011) to determine 
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the overall air quality impacts of CHP. The methodology can be summarized as follows. The 

heat utilization factors for different prime movers are taken from the 2012 Self-Generation 

Incentive Program Impact Evaluation and Program Outlook 

(http://www.cpuc.ca.gov/NR/rdonlyres/25A04DD8-56B0-40BB-8891-A3E29B790551/0/ 

SGIP2012ImpactReport_20140206.pdf). These factors indicate the amount of heat utilized 

per unit of electricity generated by the CHP unit (MWheat/MWelec) and are used to determine 

the amount of boiler emissions that are offset through the use of CHP. The heat utilization 

factors used in this study correspond to 1.03 for gas turbines and 1.08 for engines, as 

shown in Table 14. To determine the overall heat recovery utilization (fCHP) based on these 

factors, one needs the electric and overall efficiencies for the main prime movers and 

boilers. Based on the parameters assumed in the economic analysis described earlier, the 

fCHP values are presented in Table 14, where electric and total are the electric and overall 

efficiencies of DG units and boiler is the efficiency of boilers. 

 
Table 14: Efficiency parameters for CHP prime movers used in this study and the overall heat 
recovery utilization (fCHP) calculated assuming 2012 heat utilization factors. 

Prime Mover Engine Engine Turbine 

Size Category < 1 MW 1-5 MW > 5 MW 
DG Size (MW) 0.250 1.000 5.000 

electric 29% 37% 32% 

total 79% 82% 74% 

boiler 80% 80% 80% 
Displaced Boiler Size (MW) 0.539 1.520 8.203 
Heat Utilization Factor  1.08 1.08 1.03 

fCHP  50% 71% 63% 
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The size of the boiler that can be displaced by CHP is calculated as follows: 

                      (       )  
(                )

                 
 

The overall heat recovery utilization, fCHP, can then be calculated as: 

     

      
      

(
                     

       
)

⁄  

Using fCHP, the amount of thermal heat recovered and thus the amount of offset fuel and 

emissions from boilers can be calculated. The net flux of emissions from CHP units in a grid 

cell is calculated by subtracting the displaced boiler emissions from the total CHP 

emissions in that cell. The methodology to account for emissions displacement by CHP 

using the fCHP values shown in Table 14 is described below.  

1. Evaluate the total amount of thermal heat recovered in each hour, QHR, taking into 

account the electric energy produced by the CHP unit, Qelec, the electrical and total 

efficiencies of each fuel-driven DG technology, elec,i and total,i,, respectively, and the 

particular mix of DG, fDG,i, which can vary hour by hour due to possible differences in 

duty cycle for each technology. 

  
 

CHP

n

i elec

ielecitotal

DGelecHR ffQQ

i

i













 
 




 (1) 

2. Evaluate the total amount of offset fuel that would otherwise be burnt in the boilers to 

produce the same quantity of thermal energy delivered by the CHP units considering 

boilers efficiencies (e.g., ηboiler = 0.8). 
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boiler

HR
fuel
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Q


  (2) 

3. Use emissions factors for boilers (efboiler) and calculate the avoided emissions in each 

grid cell.  As an example, the expression for displaced boiler CO emissions is presented 

below: 

  
COboilerfueloffCO efQM ,,   (3) 

 The emission factors for boilers used to calculate emissions displacement due to CHP 

are presented in Table 15. Emission factors obtained from the AP-42 database are 

applied throughout the United States, except for California. The factors for California 

are based on the South Coast Air Quality Management District Rule 1146.1, which limits 

boiler NOX emissions to 12 ppm.   

Table 15: Emission factors for boilers used for the calculation of emissions displacement by CHP 

 
AP-42* CA BACT** 

 
lbs/MMBtu lbs/MMBtu 

NOX 0.0490 0.0150 

CO 0.0824 0.0824 

SOX 0.0006 0.0006 

VOC  0.0054 0.0054 

PM2.5 0.0075 0.0075 
*AP-42 - Controlled - Low NOX burners, small Boilers < 100 MMBtu/hr Heat Input 
**Based on Rule 1146.1 of the South Coast Air Quality Management District, for a limit of 12 ppm NOX  

 

4. Determine the net flux of emissions for each pollutant in a grid cell due to CHP by 

subtracting the displaced boiler emissions from the total CHP emissions contribution in 

that cell. For example, in the case of CO, the net CHP emissions can be written as 

follows: 
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offCODGtotCODGnetCO MMM ,,,   (4) 

To explore the potential air quality benefits of implementing more stringent 

emissions limits on all DG (including both power-only DG and CHP) units and provide a 

lower bound in the potential emissions and air quality impacts of the increased DG 

penetration projected in this study, an additional scenario is considered for air quality 

modeling. This scenario corresponds to the high DG penetration scenario with all DG units 

meeting CARB certification limits and is termed the CARB certification scenario. This 

sensitivity scenario uses the same DG penetration as the high DG penetration scenario, but 

assumes the lowest emission factors for all DG units, which correspond to the CARB 

certification limits of 0.07 lbs/MWh for NOX, 0.02 lb/MWh for VOC, 0.1 lb/MWh for CO, and 

0.03 lb/MWh for PM. Note that in California, only very small DG units are exempt from 

being regulated by air quality districts. That is, microturbines up to 250 kW, engines less 

than 50 HP (~37.3 kW), and fuel cells are exempt from district permits (CARB, 2006). 

Moderate and large DG units need to be permitted by districts, whereas the small DG units 

that are exempt need to be certified by the state (CARB certification). Therefore, in the low 

and high DG penetration scenarios, it is assumed that all DG units in California need to be 

permitted by districts due to their size. The CARB certification limits are tested as a 

separate sensitivity scenario in case the districts (along with all other areas in the 

contiguous U.S.) adopt the more stringent limits for all DG units. The California emissions 

factors listed in Table 13 correspond to DG units permitted by districts, while the CARB 

certification limits correspond to those certified by the state.  
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Air Quality Modeling 

CAMx version 6.20 (Ramboll Environ, 2016) is used to assess the potential air 

quality impacts of DG deployment. The CAMx model has been used extensively in research 

and regulatory applications (Kemball-Cook et al., 2015; Koo et al., 2015; Heo et al., 2016; 

Nopmongcol et al., 2016). The CAMx model domain used in this study includes the 

contiguous United States at a 12 km by 12 km grid resolution. Although local air quality 

impacts of DG may not be captured in detail with a 12 km by 12 km resolution, the goal of 

the air quality modeling is to determine potential air quality impacts at the regional level 

and assess their importance relative to national ambient air quality standards. The 2007 

meteorology and boundary conditions used in this study are based on the EPA’s 2007 

modeling database for the Regulatory Impact Assessment of the 2012 Final National 

Ambient Air Quality Standards (NAAQS) for PM2.5 NAAQS modeling (EPA, 2012). CAMx 

model setup, including baseline emissions for the reference case, follows that of 

Nopmongcol et al. (2017) who used the same PM2.5 NAAQS modeling inputs. As described 

by Nopmongcol et al., the 2007 baseline simulation demonstrated acceptable ozone 

performance achieving the EPA’s ozone performance goals for normalized error (< 35%) 

and normalized bias (< ±15%) with an over-estimation tendency in the summer and under-

estimation in winter. PM performance is generally comparable to EPA’s 2007 PM2.5 NAAQS 

modeling.  

Meteorological fields for the year 2007 are generated by the US EPA using the 

Advanced Research Weather Research and Forecasting Model (version 3.1), WRF-ARW 

(Skamarock et al., 2005). The WRF model is initialized using the 12 NAM analysis product 

provided by NCDC 
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(http://nomads.ncdc.noaa.gov/data.php?name=access#hires_weather_dataset) and 

backfilled with 36 km AWIP/EDAS analysis (ds609.2) from NCAR 

(http://www.mmm.ucar.edu/mm5/mm5v3/data/free_data.html) where 12NAM is not 

available. The meteorological model was evaluated by the U.S. EPA and achieved acceptable 

performance (EPA, 2011). Conversion of WRF output to CAMx-ready inputs are prepared 

using WRFCAMx version 3.4 (Skamarock, 2008). The US EPA simulated the entire year 

2007, and for this study two time periods from the full-year simulation are extracted and 

used in the air quality simulations: the winter episode extends from January 1st to February 

28th, whereas the summer episode extends from July 1st to August 31st. 

Baseline emissions for the year 2030 are based on a national modeling study that 

evaluated the air quality impacts of on-road vehicle and off-road equipment electrification 

for the lower-48 states in 2030 (EPRI, 2015b; Nopmongcol et al., 2017), referred to as the 

“EPRI-ET” study. The EPRI-ET study considered two scenarios: a base case with no 

electrification and an electrification case with a significant penetration of electric 

technology. This study implements revised DG and EGU emissions for the three scenarios 

varying in assumptions of DG penetration described previously. Emissions from all other 

sectors remain unchanged from the EPRI-ET’s 2030 base case. Thus, the 2030 baseline 

emissions used in the reference case, which assumes no additional DG penetration beyond 

the amount assumed in the EPRI-ET base case, are obtained directly from the EPRI-ET 

study 2030 base case. For scenarios that assume DG penetration, revised DG emissions are 

determined following the methodology described in the previous sections while revised 

EGU emissions from the US-REGEN model were processed through the SMOKE modeling 

system as described previously. SMOKE requires emissions inventory files and ancillary 
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data files as input data that are obtained from EPA’s 2007 National Emissions Inventory 

(NEI) PMNAAQS platform (ftp://ftp.epa.gov/EmisInventory/2007v5/). This study 

generates spatially resolved EGU emissions using the same SMOKE setup used in the EPRI-

ET study. For additional details on the EPRI-ET study, the reader is referred to 

Environmental Assessment of a Full Electric Transportation Portfolio, Volume 3: Air Quality 

Impacts (EPRI, 2015b) and Nopmongcol et al. (2017). 

Baseline air quality in the reference case without any additional DG penetration is 

shown in Figure 43 (ozone, summer) and Figure 44 (PM2.5, winter). However, the results of 

the reference case are not intended to be projections of future air quality as they do not 

include regulations such as the Clean Power Plan and the CSAPR Update Rule. The focus of 

the present study is the changes in air quality due to increased DG penetration in the low 

DG penetration and high DG penetration scenarios. The CARB certification scenario is 

considered as an additional air quality modeling sensitivity scenario to investigate the 

potential air quality benefits of more stringent emissions limits on DG units.  
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Figure 43: Peak of the maximum daily 8-hour average ozone concentration (ppb) during the period 
July 8 to August 31: reference case. 

 

 

Figure 44: Peak of daily 24-hour average PM2.5 concentrations (µg/m3) during the period January 8 
to February 28: reference case. 
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To quantify changes in air quality due to increased DG penetration, results for ozone 

and PM2.5 in the low DG penetration and high DG penetration scenarios are compared to 

the reference case using different metrics. For ozone, the maximum delta in peak 8-hour 

average ozone concentrations is computed for each episode (summer and winter). This 

metric shows the maximum difference between the peak 8-hour average ozone 

concentration that occurs on any day during an episode and the peak 8-hour average ozone 

concentration that occurs in the reference case on the same day. Similar to ozone, a 

maximum delta metric is also utilized for PM2.5. However, PM2.5 concentrations are 

averaged over 24 hours rather than 8 hours to be consistent with the averaging time used 

in ambient air quality standards. This metric shows the maximum change in 24-hour 

average PM2.5 concentrations that occurs on any day during each of the winter and summer 

episodes. A summary of the maximum increases and decreases in ozone and PM2.5 

concentrations that occur anywhere in the domain when using the maximum delta metric 

is provided in Table 22.  

The difference in 24-hour average concentrations of various PM2.5 components is 

also computed for the high DG penetration scenario to determine the relative contributions 

of different compounds to the total change in PM2.5 concentrations. The specific PM2.5 

components examined include primary elemental carbon (PEC), primary organic carbon 

(POA), nitrate aerosol (PNO3), sulfate aerosol (PSO4), and ammonium aerosol (PNH4). 

These results are shown in Figure 61 through Figure 66 for the high DG penetration 

scenario on February 8 (the day with highest PM2.5 concentration in the reference case).  



157 
 

Results and Discussion 

DG Market Penetration 

Upon completion of the DISPERSE model analysis, only the most economical power-

only DG and CHP projects, those with a payback period of 10 years or less, are selected to 

represent the total economic potential. The total economic potential for each scenario is 

shown in Figure 45 while Figure 46 shows the breakdown of economic potential for the 

three different scenarios by size range and preferred prime mover. The potential for 

commercial and institutional facilities (office buildings, retail stores, hotels, hospitals, 

colleges, etc.) is grouped in the “Commercial” category, while the potential for industrial 

manufacturing facilities is labeled as “Industrial”.  

 

 

Figure 45: Total economic potential for DG for all three scenarios considered in the DISPERSE 
model analysis. 
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Figure 46: Total economic potential for DG for all three scenarios considered in the DISPERSE 
model analysis, by size range and preferred prime mover. 

 

For most states, economic potential is not achievable with the low DG penetration 

scenario assumptions due to low electricity prices, relatively high natural gas prices, a lack 

of large facilities ideal for DG applications, or a combination of these factors. However, 

several states do show economic potential, with the majority located in California, the 

Northeast, and the Midwest states. The total economic potential for the low DG penetration 

scenario is summarized by Census division and economic selection criteria in Figure 47. 

The Pacific region, consisting entirely of potential CHP applications in California, shows the 

most economic potential.  
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Figure 47: Total economic potential for DG by census region in the low DG penetration scenario. 

 

In the medium DG penetration scenario, the additional cost of heat recovery for CHP 

applications remains the same, and the 10 percent ITC credit for CHP systems is removed. 

These adjustments create more favorable economics for power-only DG applications. 

However, with the improved electric efficiency and lower installed costs, many CHP 

applications also become more attractive, as the value of recovered thermal energy is still 

significant. Overall, the effect is about a 5.4 GW increase in projected market adoption in 

2030 (11.7 GW, up from 6.3 GW), mostly from new power-only DG applications. The results 

for the medium DG penetration scenario indicate that possible future improvements in DG 
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the potential adoption of DG, as the adoption projected in the medium DG penetration 

scenario is nearly double that in the low DG penetration scenario. In the high DG 

penetration scenario, many states that normally have unfavorable economics for DG 

applications begin to show economic potential, with 33 states and the District of Columbia 

being capable of supporting payback periods under 10 years. The total projected market 

adoption for the high DG penetration scenario is over 24 GW in 2030, double that shown in 

the medium DG penetration scenario and a factor of four higher than the low DG 

penetration scenario. The large increase in projected market adoption for the high DG 

penetration scenario compared with the medium DG penetration scenario highlights the 

importance of fuel expenses in determining DG project economics. 

The total results for projected DG penetration are estimated by technology/size 

category and sector. The medium and high DG penetration scenarios show an increase in 

economic potential for all DG size ranges, but the increase is by far the most prominent for 

small (<1 MW) units, primarily at commercial facilities like office buildings and retail 

stores. Microturbines and small engines provided nearly identical economics in this size 

range, with the difference in estimated payback periods typically limited to less than one 

year. Small engines are used for both power-only DG and CHP applications in this size 

category due to their superior electric and total CHP efficiencies. For larger size ranges, 

engines or combustion turbines provide the most attractive economics. Based on the 

characteristics that are evaluated, large engines tend to be preferred for commercial and 

power-only DG applications, while combustion turbines are more ideal for industrial CHP 

applications, especially over 5 MW in size, where large amounts of steam from CHP heat 

recovery can be utilized. Figure 48 shows the total estimated adoption over time, after 
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applying the adoption percentages to the total pool of economic DG applications as 

described previously.  

Temporal profiles are resolved for each month, estimating specific DG loads for 

weekdays, weekends, and holidays, with hourly MWh totals. Overall, the penetration of 

future DG units is expected to be largest in California, followed by the Mid-Atlantic States 

(New York, New Jersey, and Pennsylvania) and Massachusetts as shown in Figure 47 for 

the low DG penetration scenario. Several states in the Midwest including Michigan, Ohio, 

and South Carolina also show significant potential in the high DG penetration scenario. 

Figure 48 shows the total estimated adoption over time for all three scenarios considered 

in the DISPERSE model analysis. In general, the total capacity in MW can be considered to 

be the total coincident peak hourly load, as the modeled DG applications are for power 

applications that tend to operate at full-load during daytime hours on weekdays.  

 

 

Figure 48: Estimated DG market adoption through 2030 for the three scenarios considered in the 
DISPERSE model analysis. 
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The total estimated DG market adoption in 2030 for the low DG penetration 

scenario and high DG penetration scenario is summarized in Figure 49, broken down by 

size category and power-only DG versus CHP. Recall that based on the economic analysis of 

this study, all power-only DG units and CHP units < 5 MW correspond to engines. Only CHP 

installations larger than 5 MW are found to present economic conditions favorable for gas 

turbines. 

  

 

Figure 49: Total estimated DG market adoption in 2030 projected by the DISPERSE model for the 
low DG penetration scenario and high DG penetration scenario. Only CHP units > 5 MW correspond 
to gas turbines. All power-only DG units and CHP units < 5 MW correspond to engines.  
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Changes in Electric Power Sector 

The projected reference case generation mix in the contiguous United States is 

depicted in Figure 50a. The AEO2014 gas price path rises steadily to ~$8/MMBtu ($2010), 

accounting for the relatively flat share of gas in the mix. Load growth thus is largely met by 

increasing renewable generation, both wind and solar, in the reference case. New nuclear is 

an economic alternative to other technologies given the assumed gas price path, but is 

constrained by the build limits of 7 GW per decade. Coal generation is largely flat – recall 

the reference case does not include any representation of the Clean Power Plan or the 

CSAPR Update Rule.   

Figure 50b and Figure 50c show the projected generation mix in the contiguous 

United States for the low DG penetration scenario and high DG penetration scenario, 

respectively. Notice that the natural gas distributed generation projections (seen as the 

white space between the baseload and the sum of generation) comprise a very small share 

of total load in the contiguous U.S., even in the high DG penetration scenario. At the national 

level, the impact is largely reflected in lower generation from gas-fired units and solar PV. 

Figure 51 shows that high DG penetration (all of which is gas-fired) serves to offset 8 GW of 

new natural gas combined cycle (NGCC) units, and 19 GW of solar PV installations by 2030, 

the latter being rooftop PV as opposed to utility PV. Note that the difference between total 

displaced power and total projected DG deployment is due to differences in capacity factor. 

While DG often runs at close to 100% capacity factor, NGCC typically operates at less than 

70% and solar PV around 15%. 
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Figure 50: US-REGEN generation mix projected for the contiguous United States in the (a) 
reference case, (b) low DG penetration scenario, and (c) high DG penetration scenario. Distributed 
generation projections are shown as the white space between the baseload and the sum of 
generation. 

 

Although the impacts were minimal at the national level, reducing other capacity by 

no more than 3%, most of the DG projections were concentrated in the Midwest, New 

England, New York, and California. The impacts on New England and California, in 

particular, were more pronounced, as illustrated in Figure 52 for the year 2030. Figure 52 

shows that the additional DG backed off new NGCC units and rooftop PV in New England, 
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and rooftop PV in California. The changes in rooftop PV are due in good part to the 

generation profile of DG in the projections – much of it was assumed to be running during 

the day, and switched off at night. This coincides with the generation profile of solar PV, 

lowering the returns from additional PV installations. This also explains why wind, which 

in the U.S. is often stronger at night, was not as affected by additional DG penetration. Note 

that rooftop PV typically gets chosen over utility PV in the modeling because the existing 

electricity rate structures in the U.S. means that consumers are comparing rooftop PV 

against the retail price, whereas the decision to build utility PV is made by looking at the 

wholesale price. Therefore, when the increased DG penetration enters the generation mix, 

rooftop PV is the also the first to be displaced. 

 

 

Figure 51: Projected capacity additions through 2030 in the contiguous United States for the three 
scenarios considered in the US-REGEN analysis. The blue color not shown in the legend 
corresponds to hydro and geothermal.  
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Figure 52: Projected capacity additions through 2030 in (a) New England and (b) California for the 
three scenarios considered in the US-REGEN analysis.  
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Impacts on Emissions and Air Quality  

Impacts on Emissions 

Average emissions of NOX, VOC, PM2.5, CO, and SOX for all lower 48 states during the 

summer episode are shown in Table 16 through Table 20 on the following pages. Table 16 

through Table 20 present emissions from area and point sources in the reference case for 

2030, as well as the changes in emissions due to the low and high DG penetration scenarios 

in 2030. Changes in area sources are due to the addition of DG units, whereas changes in 

point sources are due to perturbation of central power plants (EGUs). While there are only 

increases in emissions from DG units, EGU emissions increase in some locations and 

decrease in others due to changes in the capacity and dispatch mix of the electric sector. 

More specifically, the changes in EGU emissions occur for two general reasons: (1) 

additional DG penetration re-distributes the use of different existing NGCC units and (2) 

additional DG penetration results in fewer new NGCC units being built, which leads to a 

higher utilization of existing, less efficient, NGCC units. For example, in some states (e.g., 

Florida, Alabama, and Kansas) total generation from gas-fired units decreases in response 

to additional DG penetration. Fewer new NGCC units are built, and there is also slightly 

lower generation from the existing NGCC units. However, the mix of generation within the 

NGCC units shifts, with less generation from the more efficient units and more generation 

from the less efficient units. This is due to the profile of the DG generation, which is 

relatively flat, meaning additional DG penetration substitutes more for highly efficient 

baseload units than it does for less efficient peaking units. When the (slightly) lower 

generation from all existing NGCC units is offset by the shift of overall generation to the less 

efficient NGCC units, that can lead to an increase in emissions from EGUs. Changes in EGU 
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emissions are determined through the US-REGEN model analysis and represent only one 

plausible way that power plants may be deployed in response to increased DG penetration. 

Regarding area emissions, note that a variety of factors can influence emissions from DG 

units, and the projected changes in statewide area emissions reported here reflect the 

spatial distribution of DG penetration shown in Figure 42, using the emissions factors given 

in Table 13 and accounting for emissions displacement by CHP as described previously.   

 
Table 16: Average summertime NOX emissions (tons/day) by state in the reference case for 2030, 
and the change in NOX emissions in the low DG penetration scenario and the high DG penetration 
scenario. Changes in area sources are due to the addition of DG units, whereas changes in point 
sources are due to perturbation of central power plants (EGUs). 

 Reference Case Low DG Penetration Scenario High DG Penetration Scenario 

State AREA POINT TOTAL ΔAREA ΔPOINT ΔTOTAL ΔAREA ΔPOINT ΔTOTAL 

AL 196.87 44.66 241.53 0.00 1.96 1.96 0.35 2.33 2.68 

AR 156.02 80.16 236.18 0.00 -1.34 -1.34 0.00 -0.90 -0.90 

AZ 244.45 6.11 250.56 0.00 -0.27 -0.27 0.28 -0.48 -0.19 

CA 724.19 6.05 730.24 8.33 0.12 8.45 39.43 -0.10 39.33 

CO 208.18 49.42 257.60 0.00 -0.01 -0.01 0.02 -0.09 -0.07 

CT 46.99 12.63 59.62 0.00 -0.25 -0.25 0.65 -0.20 0.45 

DC 20.31 0.00 20.31 0.00 0.00 0.00 0.40 0.00 0.40 

DE 35.28 7.07 42.35 0.00 0.05 0.05 0.25 0.01 0.26 

FL 423.37 17.12 440.50 3.48 -2.16 1.33 11.61 -2.18 9.44 

GA 267.72 65.19 332.91 0.00 -0.02 -0.02 0.03 0.02 0.04 

IA 295.54 42.74 338.28 0.00 0.67 0.67 0.03 -0.01 0.02 

ID 285.16 5.43 290.59 0.00 0.00 0.00 0.00 0.00 0.00 

IL 492.29 104.86 597.16 0.00 0.02 0.02 1.83 0.00 1.83 

IN 360.19 117.47 477.66 0.00 -0.25 -0.25 0.13 -1.77 -1.65 

KS 333.94 12.28 346.22 0.00 2.88 2.88 0.00 -0.05 -0.05 

KY 184.20 71.65 255.85 0.00 0.16 0.16 0.00 0.22 0.22 

LA 320.98 19.95 340.93 0.00 -0.36 -0.36 0.00 0.15 0.15 

MA 89.60 2.20 91.80 0.24 -0.07 0.17 3.95 -0.23 3.71 

MD 88.54 8.74 97.28 0.00 0.05 0.05 0.83 0.03 0.87 

ME 42.34 0.40 42.74 0.27 -0.08 0.19 4.20 -0.22 3.99 

MI 318.48 95.02 413.51 0.30 0.02 0.31 13.04 -0.11 12.93 

MN 241.68 11.37 253.05 0.00 0.22 0.22 0.50 0.04 0.54 

MO 358.27 109.65 467.92 0.00 2.88 2.88 0.00 0.21 0.21 

MS 161.99 25.85 187.84 0.00 -0.90 -0.90 0.00 0.14 0.14 
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MT 341.44 19.01 360.45 0.00 0.00 0.00 0.00 0.00 0.00 

NC 233.67 27.76 261.43 0.30 -0.09 0.21 1.79 1.10 2.89 

ND 107.06 29.85 136.91 0.00 0.00 0.00 0.00 0.00 0.00 

NE 264.63 20.95 285.58 0.00 -0.07 -0.07 0.00 -0.27 -0.27 

NH 22.59 2.40 24.99 1.09 0.14 1.23 9.86 0.05 9.91 

NJ 107.63 27.37 135.00 0.00 0.02 0.02 2.91 0.08 2.99 

NM 233.72 30.46 264.18 0.06 0.30 0.37 0.33 0.12 0.45 

NV 107.61 1.56 109.16 0.00 -0.58 -0.58 0.03 -0.59 -0.56 

NY 323.99 37.61 361.60 0.00 2.45 2.45 1.20 1.16 2.36 

OH 356.50 98.58 455.08 1.04 0.41 1.45 3.24 1.85 5.09 

OK 369.67 13.20 382.87 0.00 -0.50 -0.50 0.00 0.10 0.10 

OR 172.04 0.79 172.82 0.00 0.01 0.01 0.48 0.00 0.48 

PA 311.13 171.89 483.02 0.00 0.27 0.27 8.50 0.82 9.32 

RI 15.03 1.58 16.61 0.83 -0.05 0.78 3.48 -0.20 3.29 

SC 130.63 41.17 171.80 3.02 -1.15 1.87 9.02 -1.01 8.01 

SD 199.02 22.77 221.79 0.00 0.00 0.00 0.00 0.00 0.00 

TN 218.47 31.67 250.14 0.00 -0.01 -0.01 0.06 0.05 0.11 

TX 1584.85 137.99 1722.84 0.00 -1.22 -1.22 0.00 0.37 0.37 

UT 107.52 52.50 160.02 0.00 -0.35 -0.35 0.00 -0.67 -0.67 

VA 190.31 34.66 224.96 0.00 0.01 0.01 0.01 0.60 0.61 

VT 13.22 0.00 13.22 0.00 0.00 0.00 0.11 0.00 0.11 

WA 221.53 20.25 241.79 0.00 -0.01 -0.01 0.18 -0.02 0.16 

WI 218.58 47.71 266.29 0.13 1.10 1.23 2.53 -0.81 1.72 

WV 67.36 51.08 118.44 0.00 -0.04 -0.04 0.00 -0.07 -0.07 

WY 180.91 39.12 220.03 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 17: Average summertime VOC emissions (tons/day) by state in the reference case for 2030, 
and the change in VOC emissions in the low DG penetration scenario and the high DG penetration 
scenario. Changes in area sources are due to the addition of DG units, whereas changes in point 
sources are due to perturbation of central power plants (EGUs). 

 Reference Case Low DG Penetration Scenario High DG Penetration Scenario 

State AREA POINT TOTAL ΔAREA ΔPOINT ΔTOTAL ΔAREA ΔPOINT ΔTOTAL 

AL 20354.19 1.67 20355.84 0.00 0.12 0.12 0.04 0.14 0.18 
AR 17350.55 2.47 17353.08 0.00 -0.09 -0.09 0.00 -0.06 -0.06 
AZ 4623.76 0.36 4624.12 0.00 -0.02 -0.02 0.01 -0.03 -0.02 
CA 9795.88 0.40 9796.28 1.51 0.01 1.52 8.58 -0.01 8.58 
CO 2865.72 1.37 2867.09 0.00 0.00 0.00 0.00 -0.01 0.00 
CT 873.09 0.68 873.77 0.00 -0.02 -0.02 1.39 -0.01 1.38 
DC 127.68 0.00 127.68 0.00 0.00 0.00 0.88 0.00 0.88 
DE 388.57 0.33 388.91 0.00 0.00 0.00 0.01 0.00 0.01 
FL 11494.93 0.71 11495.59 0.37 -0.14 0.22 1.43 -0.14 1.28 
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GA 21453.96 2.35 21456.28 0.00 -0.02 -0.02 0.00 -0.03 -0.03 
IA 3900.93 1.17 3902.10 0.00 0.04 0.04 0.00 0.00 0.00 
ID 8380.15 0.15 8380.31 0.00 0.00 0.00 0.00 0.00 0.00 
IL 5572.39 2.84 5575.23 0.00 0.00 0.00 0.09 0.00 0.09 
IN 4828.24 3.76 4831.99 0.00 -0.01 -0.01 0.00 -0.09 -0.09 
KS 4880.98 0.40 4881.39 0.00 0.19 0.19 0.00 0.00 0.00 
KY 9213.16 2.24 9215.41 0.00 0.00 0.00 0.00 -0.01 -0.01 
LA 11860.24 0.79 11861.01 0.00 -0.02 -0.02 0.00 0.01 0.01 
MA 970.60 0.11 970.71 0.03 -0.01 0.02 5.48 -0.01 5.46 
MD 1813.95 0.32 1814.27 0.00 0.00 0.00 0.86 0.00 0.87 
ME 1368.35 0.03 1368.37 0.02 -0.01 0.01 0.51 -0.01 0.50 
MI 6330.22 2.78 6333.00 0.01 0.00 0.02 0.79 0.00 0.79 
MN 5628.16 0.35 5628.51 0.00 0.01 0.01 0.02 0.00 0.03 
MO 20431.61 3.41 20435.02 0.00 0.19 0.19 0.00 0.01 0.01 
MS 15667.62 1.18 15668.83 0.00 -0.06 -0.06 0.00 0.01 0.01 
MT 8064.28 0.51 8064.80 0.00 0.00 0.00 0.00 0.00 0.00 
NC 15142.73 1.59 15144.38 0.03 -0.01 0.02 0.18 0.06 0.24 
ND 1122.81 0.81 1123.61 0.00 0.00 0.00 0.00 0.00 0.00 
NE 2541.69 0.68 2542.37 0.00 0.00 0.00 0.00 -0.02 -0.02 
NH 495.73 0.16 495.89 0.08 0.01 0.09 1.64 0.00 1.65 
NJ 1072.26 1.04 1073.30 0.00 0.00 0.00 5.67 0.01 5.68 
NM 4895.15 0.89 4896.05 0.00 0.02 0.02 0.02 0.01 0.03 
NV 2696.53 0.10 2696.63 0.00 -0.04 -0.04 0.00 -0.04 -0.04 
NY 4702.32 1.40 4703.72 0.00 0.16 0.16 3.11 0.08 3.19 
OH 5115.46 3.65 5119.12 0.05 0.03 0.08 0.23 0.12 0.35 
OK 10510.29 0.65 10510.94 0.00 -0.03 -0.03 0.00 0.01 0.01 
OR 4174.26 0.05 4174.31 0.00 0.00 0.00 0.02 0.00 0.02 
PA 6140.62 5.82 6146.44 0.00 0.03 0.03 0.73 0.07 0.81 
RI 127.20 0.11 127.32 0.08 0.00 0.08 0.42 -0.01 0.42 
SC 9452.28 1.33 9453.61 0.26 -0.08 0.18 0.99 -0.07 0.92 
SD 2318.22 0.62 2318.83 0.00 0.00 0.00 0.00 0.00 0.00 
TN 13030.40 1.04 13031.50 0.00 0.00 0.00 0.00 0.00 0.00 
TX 33793.17 4.72 33797.91 0.00 -0.08 -0.08 0.00 0.03 0.03 
UT 2672.47 1.51 2673.98 0.00 -0.02 -0.02 0.00 -0.04 -0.04 
VA 10867.40 1.69 10869.09 0.00 0.00 0.00 0.00 0.02 0.02 
VT 505.98 0.00 505.98 0.00 0.00 0.00 0.06 0.00 0.06 
WA 4226.15 0.67 4226.82 0.00 0.00 0.00 0.01 0.00 0.01 
WI 5246.96 1.54 5248.50 0.00 0.07 0.08 0.10 -0.02 0.08 
WV 5546.77 1.47 5548.24 0.00 0.00 0.00 0.00 -0.01 -0.01 
WY 2960.84 1.06 2961.89 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 18: Average summertime PM2.5 emissions (tons/day) by state in the reference case for 2030, 
and the change in PM2.5 emissions in the low DG penetration scenario and the high DG penetration 
scenario. Changes in area sources are due to the addition of DG units, whereas changes in point 
sources are due to perturbation of central power plants (EGUs). 

 Reference Case Low DG Penetration Scenario High DG Penetration Scenario 

State AREA POINT TOTAL ΔAREA ΔPOINT ΔTOTAL ΔAREA ΔPOINT ΔTOTAL 

AL 268.22 1.56 269.78 0.00 0.01 0.01 0.01 0.00 0.01 
AR 609.14 2.74 611.88 0.00 -0.01 -0.01 0.00 -0.01 -0.01 
AZ 518.40 0.07 518.47 0.00 0.00 0.00 0.03 0.00 0.03 
CA 2793.80 0.04 2793.83 0.81 0.00 0.81 2.72 0.00 2.72 
CO 461.19 1.80 463.00 0.00 0.00 0.00 0.00 0.00 0.00 
CT 19.66 0.28 19.94 0.00 0.00 0.00 0.12 0.00 0.12 
DC 6.56 0.00 6.56 0.00 0.00 0.00 0.07 0.00 0.07 
DE 11.83 0.20 12.03 0.00 0.00 0.00 0.03 0.00 0.02 
FL 288.22 0.44 288.66 0.12 -0.01 0.11 0.21 -0.01 0.20 
GA 386.92 2.46 389.39 0.00 -0.01 -0.01 0.00 -0.02 -0.01 
IA 469.98 1.57 471.55 0.00 0.00 0.00 0.00 0.00 0.00 
ID 3339.45 0.20 3339.66 0.00 0.00 0.00 0.00 0.00 0.00 
IL 808.46 3.88 812.34 0.00 0.00 0.00 0.16 0.00 0.16 
IN 400.10 4.20 404.30 0.00 0.00 0.00 0.01 -0.01 0.01 
KS 1430.98 0.40 1431.38 0.00 0.02 0.02 0.00 0.00 0.00 
KY 229.51 2.73 232.24 0.00 0.00 0.00 0.00 -0.01 -0.01 
LA 219.81 0.54 220.35 0.00 0.00 0.00 0.00 0.00 0.00 
MA 110.71 0.06 110.77 0.01 0.00 0.01 0.54 0.00 0.54 
MD 50.16 0.27 50.44 0.00 0.00 0.00 0.08 0.00 0.08 
ME 36.61 0.00 36.62 0.02 0.00 0.02 0.08 0.00 0.08 
MI 476.29 3.36 479.65 0.03 0.00 0.03 1.01 0.00 1.00 
MN 1043.08 0.39 1043.47 0.00 0.00 0.00 0.04 0.00 0.05 
MO 723.52 3.72 727.23 0.00 0.02 0.02 0.00 0.00 0.00 
MS 300.59 0.58 301.17 0.00 -0.01 -0.01 0.00 0.00 0.00 
MT 2907.98 0.70 2908.69 0.00 0.00 0.00 0.00 0.00 0.00 
NC 257.96 1.04 259.00 0.01 0.00 0.01 0.07 0.02 0.09 
ND 857.71 1.11 858.82 0.00 0.00 0.00 0.00 0.00 0.00 
NE 698.58 0.70 699.28 0.00 0.00 0.00 0.00 0.00 0.00 
NH 12.25 0.02 12.27 0.07 0.00 0.07 0.24 0.00 0.24 
NJ 40.78 1.07 41.85 0.00 0.00 0.00 0.51 0.00 0.51 
NM 851.99 1.08 853.06 0.01 0.00 0.01 0.02 0.00 0.02 
NV 957.13 0.01 957.14 0.00 0.00 0.00 0.00 0.00 0.00 
NY 216.61 1.34 217.95 0.00 0.01 0.01 0.25 0.00 0.26 
OH 156.52 3.50 160.02 0.09 0.00 0.10 0.22 0.02 0.23 
OK 1381.83 0.26 1382.08 0.00 0.00 0.00 0.00 0.00 0.00 
OR 990.91 0.00 990.91 0.00 0.00 0.00 0.05 0.00 0.05 
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PA 132.88 6.66 139.53 0.00 0.01 0.01 0.53 0.03 0.56 
RI 10.82 0.02 10.84 0.03 0.00 0.03 0.07 0.00 0.07 
SC 173.56 1.46 175.02 0.16 -0.01 0.15 0.28 -0.01 0.28 
SD 492.58 0.85 493.42 0.00 0.00 0.00 0.00 0.00 0.00 
TN 281.76 1.07 282.83 0.00 0.00 0.00 0.01 0.00 0.01 
TX 4094.57 4.34 4098.90 0.00 -0.01 -0.01 0.00 0.00 0.00 
UT 366.06 1.87 367.93 0.00 0.00 0.00 0.00 0.00 0.00 
VA 140.11 1.44 141.55 0.00 0.00 0.00 0.00 0.01 0.01 
VT 12.00 0.00 12.00 0.00 0.00 0.00 0.01 0.00 0.01 
WA 1259.49 0.65 1260.15 0.00 0.00 0.00 0.01 0.00 0.01 
WI 266.55 1.57 268.12 0.01 0.01 0.02 0.25 -0.03 0.21 
WV 52.32 1.87 54.20 0.00 0.00 0.00 0.00 0.00 0.00 
WY 1288.89 1.45 1290.34 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 19: Average summertime CO emissions (tons/day) by state in the reference case for 2030, 
and the change in CO emissions in the low DG penetration scenario and the high DG penetration 
scenario. Changes in area sources are due to the addition of DG units, whereas changes in point 
sources are due to perturbation of central power plants (EGUs). 

 Reference Case Low DG Penetration Scenario High DG Penetration Scenario 

State AREA POINT TOTAL ΔAREA ΔPOINT ΔTOTAL ΔAREA ΔPOINT ΔTOTAL 

AL 3339.46 36.36 3375.83 0.00 5.63 5.63 1.26 6.52 7.78 
AR 2848.36 41.56 2889.92 0.00 -3.98 -3.98 0.00 -2.65 -2.65 
AZ 3192.67 15.11 3207.76 0.00 -0.81 -0.81 0.22 -1.43 -1.21 
CA 19086.12 18.14 19104.19 22.59 0.37 22.95 147.71 -0.29 147.43 
CO 2298.19 15.18 2313.37 0.00 -0.04 -0.04 0.07 -0.28 -0.21 
CT 882.42 24.89 907.31 0.00 -0.74 -0.74 5.98 -0.60 5.37 
DC 368.54 0.00 368.54 0.00 0.00 0.00 3.80 0.00 3.80 
DE 398.36 10.38 408.74 0.00 0.15 0.15 0.20 0.01 0.21 
FL 7553.48 21.97 7575.46 10.15 -6.47 3.68 40.73 -6.52 34.21 
GA 4613.43 44.25 4657.68 0.00 -0.59 -0.59 0.03 -1.03 -1.00 
IA 1628.99 12.17 1641.16 0.00 2.02 2.02 0.02 -0.04 -0.02 
ID 31289.43 1.41 31290.86 0.00 0.00 0.00 0.00 0.00 0.00 
IL 4330.97 27.48 4358.45 0.00 0.06 0.06 2.10 0.02 2.12 
IN 2973.56 62.93 3036.49 0.00 -0.42 -0.42 0.10 -4.26 -4.16 
KS 2539.60 8.08 2547.68 0.00 8.62 8.62 0.00 -0.14 -0.14 
KY 2143.08 31.30 2174.38 0.00 0.06 0.06 0.00 -0.14 -0.14 
LA 2627.15 22.98 2650.13 0.00 -1.07 -1.07 0.00 0.46 0.46 
MA 1720.24 3.36 1723.60 0.69 -0.23 0.46 26.90 -0.67 26.22 
MD 1696.61 7.82 1704.43 0.00 0.14 0.14 5.10 0.10 5.19 
ME 638.86 1.21 640.07 0.43 -0.23 0.20 14.67 -0.65 14.03 
MI 4883.94 38.86 4922.80 0.35 0.09 0.43 19.78 0.01 19.80 
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MN 4434.97 5.60 4440.57 0.00 0.66 0.66 0.56 0.12 0.69 
MO 3692.87 59.02 3751.89 0.00 8.63 8.63 0.00 0.64 0.64 
MS 2452.53 40.21 2492.74 0.00 -2.69 -2.69 0.00 0.42 0.42 
MT 25869.38 4.94 25874.34 0.00 0.00 0.00 0.00 0.00 0.00 
NC 4497.41 47.60 4545.01 0.74 -0.27 0.47 5.10 2.13 7.23 
ND 778.17 7.75 785.93 0.00 0.00 0.00 0.00 0.00 0.00 
NE 1497.67 13.09 1510.76 0.00 -0.22 -0.22 0.00 -0.81 -0.81 
NH 436.84 7.18 444.02 2.16 0.41 2.57 35.26 0.15 35.40 
NJ 2126.98 20.31 2147.30 0.00 0.11 0.11 25.81 0.28 26.09 
NM 1492.97 12.44 1505.42 0.05 0.91 0.96 0.64 0.37 1.01 
NV 3662.63 4.67 3667.30 0.00 -1.74 -1.74 0.03 -1.78 -1.75 
NY 5314.83 30.02 5344.86 0.00 7.49 7.49 13.34 3.76 17.10 
OH 4138.93 77.60 4216.53 1.18 1.14 2.32 5.98 5.49 11.47 
OK 2938.43 23.81 2962.24 0.00 -1.50 -1.50 0.00 0.30 0.30 
OR 8680.65 2.36 8683.01 0.00 0.02 0.02 0.38 0.01 0.39 
PA 4246.96 93.69 4340.64 0.00 0.96 0.96 17.43 2.90 20.33 
RI 295.09 4.88 299.98 2.30 -0.14 2.16 12.06 -0.50 11.56 
SC 2157.62 23.03 2180.65 7.03 -3.51 3.51 27.63 -3.24 24.39 
SD 1379.70 6.11 1385.81 0.00 0.00 0.00 0.00 0.01 0.01 
TN 3077.27 19.77 3097.04 0.00 -0.08 -0.08 0.05 0.04 0.09 
TX 10955.85 104.49 11060.35 0.00 -3.55 -3.55 0.00 1.20 1.20 
UT 1580.19 20.15 1600.33 0.00 -1.03 -1.03 0.00 -2.00 -2.00 
VA 3269.99 41.11 3311.10 0.00 0.00 0.00 0.04 0.80 0.83 
VT 234.14 0.00 234.14 0.00 0.00 0.00 0.52 0.00 0.52 
WA 11016.85 13.94 11030.84 0.00 -0.03 -0.03 0.28 -0.05 0.23 
WI 2590.01 29.82 2619.83 0.10 3.28 3.38 2.07 0.19 2.26 
WV 1122.20 18.25 1140.45 0.00 -0.19 -0.19 0.00 -0.34 -0.34 
WY 5818.40 10.16 5828.56 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 20: Average summertime SOX emissions (tons/day) by state in the reference case for 2030, 
and the change in SOX emissions in the low DG penetration scenario and the high DG penetration 
scenario. Changes in area sources are due to the addition of DG units, whereas changes in point 
sources are due to perturbation of central power plants (EGUs). 

 Reference Case Low DG Penetration Scenario High DG Penetration Scenario 

State AREA POINT TOTAL ΔAREA ΔPOINT ΔTOTAL ΔAREA ΔPOINT ΔTOTAL 

AL 10.54 60.42 70.97 0.00 0.10 0.10 0.00 0.11 0.12 
AR 17.23 122.19 139.42 0.00 -0.06 -0.06 0.00 -0.06 -0.06 
AZ 20.53 2.02 22.56 0.00 -0.01 -0.01 0.00 -0.02 -0.02 
CA 135.94 0.35 136.28 0.19 0.00 0.19 0.78 -0.01 0.77 
CO 9.10 77.62 86.72 0.00 0.00 0.00 0.00 0.01 0.01 
CT 2.94 8.64 11.59 0.00 -0.01 -0.01 0.06 0.00 0.07 
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DC 1.88 0.00 1.88 0.00 0.00 0.00 0.04 0.00 0.04 
DE 3.70 6.83 10.53 0.00 0.01 0.01 0.00 0.00 0.01 
FL 19.46 17.71 37.17 0.03 -0.06 -0.04 0.06 -0.09 -0.03 
GA 9.18 94.96 104.13 0.00 -0.02 -0.02 0.00 -0.05 -0.05 
IA 5.94 71.19 77.14 0.00 0.05 0.05 0.00 0.05 0.05 
ID 210.16 8.11 218.28 0.00 0.00 0.00 0.00 0.00 0.00 
IL 26.95 171.81 198.76 0.00 0.09 0.09 0.03 0.08 0.10 
IN 47.43 180.51 227.94 0.00 -0.25 -0.25 0.00 -0.71 -0.71 
KS 48.18 17.32 65.51 0.00 0.00 0.00 0.00 0.00 0.00 
KY 6.82 113.17 119.98 0.00 -0.01 -0.01 0.00 -0.02 -0.02 
LA 13.31 22.49 35.80 0.00 0.00 0.00 0.00 0.00 0.00 
MA 6.73 2.04 8.77 0.00 -0.02 -0.01 0.25 -0.02 0.23 
MD 5.34 10.99 16.32 0.00 0.00 0.00 0.04 0.00 0.04 
ME 3.58 0.01 3.59 0.00 0.00 0.00 0.02 0.00 0.02 
MI 57.33 149.65 206.97 0.00 -0.04 -0.03 0.16 -0.33 -0.17 
MN 32.23 17.05 49.28 0.00 0.02 0.02 0.01 0.02 0.03 
MO 99.28 163.13 262.42 0.00 0.04 0.04 0.00 0.07 0.07 
MS 4.46 21.88 26.34 0.00 -0.01 -0.01 0.00 0.00 0.00 
MT 176.70 30.84 207.54 0.00 0.00 0.00 0.00 0.00 0.00 
NC 27.09 26.18 53.27 0.00 0.00 0.00 0.01 0.69 0.71 
ND 3.42 48.21 51.63 0.00 0.05 0.05 0.00 0.05 0.05 
NE 7.63 29.74 37.37 0.00 -0.01 -0.01 0.00 -0.01 -0.01 
NH 4.32 0.07 4.39 0.01 0.01 0.02 0.08 0.00 0.08 
NJ 4.48 39.30 43.78 0.00 0.00 0.00 0.27 0.00 0.27 
NM 4.11 44.18 48.29 0.00 0.02 0.02 0.00 0.01 0.02 
NV 30.96 0.06 31.03 0.00 -0.03 -0.03 0.00 -0.02 -0.02 
NY 43.69 60.89 104.58 0.00 -0.02 -0.02 0.14 -0.18 -0.04 
OH 37.60 136.15 173.75 0.01 -0.02 0.00 0.04 -0.08 -0.04 
OK 20.58 9.71 30.30 0.00 -0.01 -0.01 0.00 0.00 0.00 
OR 48.56 0.05 48.61 0.00 0.00 0.00 0.01 0.00 0.01 
PA 139.07 263.42 402.49 0.00 0.00 0.00 0.09 0.00 0.10 
RI 1.65 0.07 1.72 0.01 0.00 0.01 0.02 0.00 0.02 
SC 10.80 60.40 71.21 0.03 -0.08 -0.05 0.06 -0.02 0.04 
SD 4.91 37.61 42.53 0.00 0.00 0.00 0.00 0.00 0.00 
TN 19.07 44.99 64.06 0.00 0.00 0.00 0.00 0.01 0.01 
TX 51.60 188.40 240.00 0.00 -0.06 -0.06 0.00 -0.06 -0.06 
UT 7.85 78.32 86.18 0.00 -0.01 -0.01 0.00 -0.02 -0.02 
VA 42.20 42.70 84.90 0.00 -0.01 -0.01 0.00 0.46 0.46 
VT 3.34 0.00 3.34 0.00 0.00 0.00 0.00 0.00 0.00 
WA 66.14 23.63 89.76 0.00 0.00 0.00 0.00 0.01 0.02 
WI 13.28 69.53 82.81 0.00 0.04 0.04 0.04 -0.81 -0.78 
WV 11.11 82.70 93.82 0.00 -0.01 -0.01 0.00 -0.01 -0.01 
WY 54.15 63.90 118.05 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 21 shows total NOX, VOC, and PM emissions from EGUs and new DG units in 

2030 for the contiguous U.S. by source type for all scenarios considered in the CAMx model 

analysis, including the CARB certification scenario. Projected area emissions from new DG 

sources are nearly the same between the winter and summer episodes, but vary 

significantly between the different scenarios. In the high DG penetration scenario, NOX and 

PM emissions from DG units are 5-6 times greater than in the low DG penetration scenario, 

and VOC emissions are more than 10 times greater. The differences in DG emissions 

between the low DG penetration scenario and high DG penetration scenario reflect the 

differences in projected DG penetration shown in Figure 49. For example, the large increase 

in VOC emissions between the low and high DG penetration scenarios is due to the 

significant increase in projected penetration of power-only DG, for which engines are the 

preferred prime mover in all size categories. The VOC emissions factors used for engines in 

this study are much greater than those for turbines, which explains the large increase in 

VOC emissions from DG units in the high DG penetration scenario. In fact, the 33 tons/day 

increase in VOC emissions from DG units in the high DG penetration scenario is more than 

half of total VOC emissions from EGUs (49.5-63 tons/day), highlighting the importance of 

controlling VOC emissions from DG units. Implementing CARB certification limits (the 

lowest emissions factors for all DG units) with high DG penetration significantly reduces 

NOX and VOC emissions from new DG units. Direct PM emissions are reduced 

simultaneously, although to a lesser extent. The greatest reduction occurs for VOC 

emissions, which are less than 0.5 ton/day in the CARB certification scenario compared 

with more than 30 tons/day in the high DG penetration scenario. In the CARB certification 

scenario, both NOX and VOC emissions from DG units are lower than in the low DG 
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penetration scenario, despite having the same DG penetration as the high DG penetration 

scenario. The changes in DG emissions in the CARB certification scenario indicate that most 

DG units in the United States emit at relatively high levels, and significant emissions 

reductions can be achieved through the implementation of stricter emissions limits such as 

those required for CARB certification. Note that total EGU emissions in the contiguous U.S. 

change only slightly in response to increased DG penetration since emissions from power 

plants increase in some locations and decrease in others as discussed previously. To 

understand how these changes in emissions affect the concentration of criteria pollutants 

such as ozone and PM2.5, the CAMx model is used to simulate air quality for both summer 

and winter episodes. The resulting changes in air quality are discussed in the following 

section. 

Table 21: Total NOX, VOC, and PM emissions (tons/day) from EGUs and new DG units in 2030 for 
the contiguous United States by source type for all scenarios considered in the CAMx model 
analysis. 

 
NOX VOC PM 

 
Winter Summer Winter Summer Winter Summer 

 
DG EGU DG EGU DG EGU DG EGU DG EGU DG EGU 

Reference 0.0 1639.8 0.0 1878.0 0.0 50.0 0.0 63.0 0.0 60.2 0.0 65.6 

Low DG 19.2 1638.8 19.1 1881.9 2.5 49.9 2.4 63.3 1.4 60.1 1.4 65.6 

High DG 122.1 1635.4 121.3 1877.5 33.4 49.5 33.3 63.0 7.7 60.0 7.6 65.5 

CARB 7.1 1635.4 7.2 1877.5 0.4 49.5 0.4 63.0 3.1 60.0 3.2 65.5 

 

Impacts on Air Quality 

The highest ozone concentrations in the reference case occur during the summer 

episode in southern California and the northeastern states, particularly around New York 

and New Jersey (Figure 43). These are the same areas that show the greatest DG 

penetration in both the low DG penetration scenario and the high DG penetration scenario 
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(see Figure 42 for map of projected DG unit installations). Several different regions across 

the United States show wintertime maximum 24-hour average PM2.5 concentrations over 

35 µg/m3 in the reference case, including California, the Midwest, and several states in the 

Northeast (Figure 44). High PM2.5 concentrations in Louisiana during the winter episode 

are due to a wildfire in the area. The results of the reference case are provided for context 

and are not intended to be projections of future air quality as they do not include 

regulations such as the Clean Power Plan and the CSAPR Update Rule. The focus of the 

present study is the changes in air quality due to increased DG penetration and the 

importance of these changes relative to ambient air quality standards.  

 
Table 22: Maximum changes in ozone (8-hour average, ppb) and PM2.5 (24-hour average, µg/m3) 
concentrations that occur in the low DG penetration scenario and the high DG penetration scenario 
using the maximum delta metric. 

  Maximum Increase Maximum Decrease 

Scenario Episode PM2.5 

MaInc 

O3 PM2.5 O3 

Low DG Summer 0.39 5.16 -0.70 -5.81 

Low DG Winter 0.46 1.71 -0.33 -1.75 

High DG Summer 0.93 5.70 -0.86 -9.90 

High DG Winter 0.79 1.74 -0.32 -3.42 

 

A summary of the maximum increases and maximum decreases in ozone and PM2.5 

concentrations that occur anywhere in the domain when using the maximum delta metric 

are provided in Table 22. Figure 53 shows that the largest ozone increases in the low DG 

penetration scenario summer episode occur in Florida, Kansas, Pennsylvania, and Alabama. 

Peak increases in ozone concentrations reach 5 ppb but are isolated to areas near strong 

emissions sources. In the surrounding areas, ozone concentrations increase by only 1-2 
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ppb. Similarly, ozone concentrations increase by only about 1 ppb in California, South 

Carolina, and the northeastern United States. Ozone increases in Kansas, Pennsylvania, 

Alabama and Florida are due primarily to increases in EGU emissions, whereas increases in 

California, South Carolina, and the northeastern U.S. are due to DG emissions. Thus, DG 

emissions in the low DG penetration scenario cause ozone concentrations to increase by 

only about 1 ppb, and the largest ozone increases occur in response to increases in EGU 

emissions. While the majority of the United States exhibits little to no change in ozone 

concentrations, increases of 3-5 ppb may impede attainment of ambient air quality 

standards for ozone in highly impacted areas. Reductions in EGU emissions cause ozone 

concentrations to decrease in some areas during the summer episode, although the 

decreases are typically less than 1 ppb and only occur in isolated locations. One exception 

is Florida, where summertime ozone concentrations decrease by 3-5 ppb over a large area 

due to reductions in EGU emissions. While modeling the future capacity and dispatch mix 

of the electric sector is a highly uncertain issue, the results from the low and high DG 

penetration scenarios indicate that the operation of large EGUs can be affected by 

increased DG penetration, thereby impacting emissions and air quality. Results shown here 

represent one plausible way that power plants may be deployed under scenarios of 

increased DG penetration and are not intended to be definitive predictions of future 

deployment. 
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Figure 53: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period July 8 to August 31: Low DG penetration scenario minus baseline. 

 

In the low DG penetration winter episode, DG emissions cause ozone concentrations 

to decrease by about 0.5 ppb in some areas of California due to titration effects. Changes in 

EGU emissions cause slight reductions in ozone concentrations for isolated locations in 

Pennsylvania, and both increases and decreases in ozone concentrations in Florida. 

However, the impact on ozone concentrations in Florida (±1-2 ppb) is much lower in the 

winter episode than in the summer episode. Figure 54 shows that peak decreases in 

maximum daily 8-hour average ozone concentrations are less than 1 ppb in California and 

2 ppb Florida. There is little to no change in winter ozone concentrations for the remainder 

of the United States.  
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Figure 54: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period January 8 to February 28: Low DG penetration scenario minus baseline. 

 

The peak changes in 24-hour average PM2.5 concentrations during the low DG 

penetration scenario summer episode are +0.4 µg/m3 and -0.7 µg/m3 in Florida and Rhode 

Island, respectively (Figure 55). Decreases in PM2.5 concentrations up to 0.4 µg/m3 also 

occur in Florida and Pennsylvania, while increases of about 0.25 µg/m3 occur in southern 

California. Figure 56 shows that the maximum impacts on PM2.5 concentrations in the low 

DG penetration scenario are similar in magnitude for both the summer and winter 

episodes. However, increases are more widespread during the winter episode than the 

summer episode due in general to more stagnant conditions and increased formation of 

ammonium nitrate during the wintertime. Changes in EGU emissions are responsible for 

the isolated decrease that occurs in Rhode Island during the summer episode as well as the 
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impacts seen in Pennsylvania and in the southeastern U.S., while DG emissions cause the 

increases in PM2.5 concentrations seen in California, South Carolina, and the Northeast. The 

vast majority of the United States experiences no change in PM2.5 concentrations in this 

scenario during both the winter and summer episodes. Because the maximum increases in 

PM2.5 concentrations are less than 0.4 µg/m3, the DG penetration projected in the low DG 

penetration scenario is unlikely to affect attainment of ambient air quality standards for 

fine particulate matter.  

 

 

Figure 55: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period July 8 
to August 31: Low DG penetration scenario minus baseline. 
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Figure 56: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period 
January 8 to February 28. Low DG penetration scenario minus baseline. 

 

Although the maximum increases in ozone concentrations shown in Table 22 are 

similar in magnitude for the low and high DG penetration scenarios, the increases in ozone 

that result from DG emissions are about 3-4 times greater and more widespread in the high 

DG penetration scenario summer episode (Figure 57). In southern California and several 

states in the Northeast, 8-hour average ozone concentrations increase by 3-6 ppb due to 

increased NOX, VOC, and CO emissions from DG units. Increases in these precursor 

emissions tend to increase ozone concentrations, particularly during the summer months. 

Figure 57 shows that increases in ozone concentrations of about 1 ppb can extend 

hundreds of kilometers from emissions sources during the summer episode, covering a 

significant portion of the western and eastern United States. Increases of this magnitude 
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and spatial extent may result in noncompliance of ambient air quality standards for ozone, 

particularly for highly impacted urban areas that are already burdened with poor air 

quality. In particular, the largest ozone increases that occur in California occur in 

designated nonattainment areas for the 2008 8-Hour ozone standard (EPA, 2017). Note 

that the magnitude of the impact on ozone concentrations depends on the density of DG 

installations in a given area. For example, although significant DG penetration exists in 

Michigan and South Carolina, installations are distributed throughout the state (Figure 42) 

and thus cause relatively small increases in ozone, but over a large area (Figure 57). In 

contrast, a high density of DG penetration in southern California causes large increases in 

ozone, despite lower emissions factors for DG units in California. California, New 

Hampshire, Maine, Massachusetts, Rhode Island, and South Carolina show the largest 

increases in 8-hour average ozone concentrations in response to DG emissions. Increases of 

1-2 ppb in Tennessee, Kentucky, and Missouri and 2-4 ppb in Florida, Alabama, and 

northern Wisconsin are due to increases in EGU emissions. Decreases in ozone 

concentrations due to changes in EGU emissions do occur during the summer episode, but 

are mostly isolated to specific locations in Florida and Indiana. 

In the winter episode with high DG penetration, ozone concentrations decrease in 

many of the areas that experienced the largest ozone increases during the summer episode, 

as shown in Figure 58. In southern California and the San Francisco Bay area, 8-hour 

average ozone concentrations decrease by up to 3 ppb in areas with a high density of DG 

penetration (see Figure 42 for map of DG penetration). Michigan, New Hampshire, Maine, 

Rhode Island, Massachusetts, and surrounding areas in the far northeastern U.S. also 

experience decreases in ozone concentrations of 1-2 ppb due to DG emissions. Areas that 
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are near strong NO emissions sources experience ozone titration throughout the winter 

episode, causing maximum daily 8-hour average ozone concentrations to decrease by up to 

3 ppb. Both increases and decreases in ozone concentrations occur in Florida in response 

to changes in EGU emissions, but they are typically less than 1 ppb during the winter 

episode. As is the case in the low DG penetration scenario, any significant changes in ozone 

concentrations that occur during the winter episode in response to DG emissions occur in 

areas with the highest density of DG penetration. The central United States again remains 

unaffected, with no change in ozone concentrations during both the summer and winter 

episodes.  

 

 

Figure 57: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period July 8 to August 31: High DG penetration scenario minus baseline. 
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Figure 58: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period January 8 to February 28: High DG penetration scenario minus baseline. 

 

The magnitude of the impact on PM2.5 concentrations is about 3-4 times greater for 

the high DG penetration scenario (Figure 59) compared with the low DG penetration 

scenario (Figure 56) in California, the northeastern U.S., and other areas affected by DG 

emissions. The spatial extent of the impact of PM2.5 concentrations is also much greater in 

the high DG penetration scenario compared with the low DG penetration scenario. 

Although the increases are relatively small in magnitude (<0.5 µg/m3), high DG penetration 

causes PM2.5 concentrations to increase over much of the eastern seaboard and over most 

of Michigan and the surrounding Great Lakes region during the winter episode. The largest 

increases in PM2.5 concentrations due to DG emissions are isolated to the same general 
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areas as in the low DG penetration scenario, mostly in California and the northeastern U.S., 

while the majority of the United States remains generally unaffected.  

 

 

Figure 59: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period 
January 8 to February 28. High DG penetration scenario minus baseline. 

 

The primary difference between the summer (Figure 60) and winter (Figure 59) 

episodes is more widespread increases in PM2.5 concentrations in central California and 

along the Pacific coast during the winter episode. Another notable difference is that 

changes in EGU emissions cause PM2.5 concentrations to increase by about 0.5 µg/m3 in 

Minnesota, Iowa, Wisconsin, and Indiana, but only during the summer episode. Increases of 

0.5-1 µg/m3 in Alabama and changes of 0.5 µg/m3 in Florida occur during both the winter 

and summer episodes due to changes in EGU emissions. Despite relatively small effects on 
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PM2.5 concentrations, increases in concentration typically affect zones where air quality is 

already poor and even a slight increase PM may hinder attaint of air quality standards, 

particularly under stagnant conditions during the wintertime. For example, some of the 

largest increases occur in designated PM2.5 nonattainment areas in California (EPA, 2017).  

 

 

Figure 60: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period July 8 to 
August 31: High DG penetration scenario minus baseline. 

 

Increases in PM2.5 concentrations are due to a combination of increased precursor 

emissions as well as direct particulate emissions. Figure 61 through Figure 66 on the 

following pages show the relative contributions of different PM components to the change 

in total PM2.5 concentrations in the high DG penetration scenario on February 8, the day 

with the highest PM2.5 concentrations in the reference case. Together, changes in the 
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concentration of these five species account for essentially all of the change in total PM2.5 

concentrations seen in Figure 61. In most of California, nitrate aerosol accounts for half of 

the change in total PM2.5 concentrations, but shows only small changes in concentration 

outside of California. The spatial distribution of changes in ammonium aerosol 

concentrations closely follow that of nitrate aerosol as expected from the formation of 

ammonium nitrate in the particles. Thus, in central California and the coastal areas of 

southern California, increases in PM2.5 concentrations are due mostly to increases in the 

concentration of ammonium and nitrate aerosol that result from increased NOX emissions 

in areas with sufficient gas-phase ammonia to form ammonium nitrate. Increases in 

primary elemental carbon and primary organic carbon concentrations are due to direct 

emissions and are mostly isolated to the northeastern U.S. and one area in southern 

California and around the San Francisco Bay. Sulfate aerosol concentrations increase 

slightly in Florida, the San Francisco Bay area, and southern California due to localized 

increases in SOX emissions and direct emissions of PSO4. However, increases in sulfate 

aerosol concentrations contribute only marginally to the overall increase in total PM2.5 

concentrations in most areas. Direct particulate emissions and increased formation of 

ammonium nitrate both contribute to increased PM2.5 concentrations in the northeastern 

United States. 
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Figure 61: Delta in 24-hour average total PM2.5 concentration (µg/m3) on February 8 (day with 
highest PM2.5 concentration): High DG penetration scenario minus baseline. 

 

 

Figure 62: Delta in 24-hour average primary elemental carbon (PEC) concentration (µg/m3) on 
February 8 (day with highest PM2.5 concentration): High DG penetration scenario minus baseline. 
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Figure 63: Delta in 24-hour average primary organic carbon (POA) concentration (µg/m3) on 
February 8 (day with highest PM2.5 concentration): High DG penetration scenario minus baseline. 

 

 

Figure 64: Delta in 24-hour average nitrate aerosol (PNO3) concentration (µg/m3) on February 8 
(day with highest PM2.5 concentration): High DG penetration scenario minus baseline. 
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Figure 65: Delta in 24-hour average sulfate aerosol (PSO4) concentration (µg/m3) on February 8 
(day with highest PM2.5 concentration): High DG penetration scenario minus baseline. 

 

 

Figure 66: Delta in 24-hour average ammonium aerosol (PNH4) concentration (µg/m3) on 
February 8 (day with highest PM2.5 concentration): High DG penetration scenario minus baseline. 
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Figure 67 shows that using CARB certification emissions factors with high DG 

penetration nearly eliminates the increases in ozone concentrations that occur in response 

to DG emissions. In California for example, peak changes in 8-hour average ozone 

concentrations during the summer episode are less than 0.5 ppb in the CARB certification 

scenario compared with increases of 2-4 ppb in southern California in the high DG 

penetration scenario (Figure 57). The reduced impact on ozone concentrations is due to 

significantly lower NOX, VOC, and CO emissions from DG units in the CARB certification 

scenario, reflecting the use of the lowest emissions factors for all DG units. Nearly all 

impacts on ozone in South Carolina and the northeastern United States are mitigated when 

using CARB certification limits, suggesting that the penalty to air quality from increased 

natural-gas fired DG penetration can be significantly reduced by implementing more 

stringent emissions limits for DG units, such as those required for CARB certification. In 

fact, the increases in ozone concentrations that occur in response to DG emissions are 

actually lower in the CARB certification scenario than in the low DG penetration scenario, 

despite having the same DG penetration as the high DG penetration scenario. The air 

quality benefit is greatest in the northeastern United States, where the maximum increase 

in summertime 8-hour average ozone concentrations is reduced from nearly 6 ppb in the 

high DG penetration scenario to less than 0.5 ppb in the CARB certification scenario. Note 

that the changes in ozone concentrations in Florida, Alabama, Indiana, northern Wisconsin, 

and other areas impacted by EGU emissions are essentially the same as those seen in the 

high DG penetration scenario. Aside from small changes in Florida, there is almost zero 

change in ozone concentrations anywhere in the United States for the CARB certification 

scenario winter episode (Figure 68).  
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Figure 67: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period July 8 to August 31: CARB certification scenario minus baseline. 

 

 

Figure 68: Peak delta in maximum daily 8-hour average ozone concentration (ppb) during the 
period January 8 to February 28: CARB certification scenario minus baseline. 
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The impact on PM2.5 concentrations during the winter along the eastern seaboard is 

significantly reduced in the CARB certification scenario (Figure 69) compared with the high 

DG penetration scenario (Figure 59). In California, the changes in PM2.5 concentrations in 

the CARB certification scenario are similar to those seen in the low DG penetration 

scenario, where PM2.5 concentrations increase by about 0.25 µg/m3 in response to 

increased DG emissions. Similarly, using CARB certification limits for all DG units 

essentially eliminates the increases in PM2.5 concentrations that occurred in Michigan and 

over the Great Lakes region in the high DG penetration scenario. Changes in winter and 

summer PM2.5 concentrations in the CARB certification scenario, shown in Figure 69and 

Figure 70, indicate that California and New Jersey experience the largest increases in PM2.5 

concentrations in response to increased DG emissions. The impact on PM2.5 concentrations 

in areas affected by changes in EGU emissions remains mostly unchanged from that seen in 

the high DG penetration scenario. One exception is that PM2.5 concentrations decrease 

slightly (<0.25 µg/m3) in South Carolina and some areas of the northeastern U.S. in 

response to decreases in EGU emissions when emissions from new DG units are reduced in 

the CARB certification scenario. Overall, the CARB certification scenario shows that 

conforming to low emissions factor requirements for DG units can significantly mitigate 

some of the negative impacts of increased DG penetration on air quality, even with high DG 

penetration. The impact of increased DG penetration on ozone concentrations is nearly 

eliminated, while the impact on particulate air quality is reduced simultaneously, although 

to a lesser extent. These results indicate that attainment of air quality standards for both 

ozone and PM2.5 are unlikely to be affected by increased natural gas-fired DG penetration if 

CARB certification limits are adhered to for new DG units. 



195 
 

 

Figure 69: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period 
January 8 to February 28. CARB certification scenario minus baseline. 

 

 

Figure 70: Peak delta in daily 24-hour average PM2.5 concentration (µg/m3) during the period July 
8 to August 31: CARB certification scenario minus baseline. 
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Conclusions and Future Work 

This study assesses the potential implementation of natural gas-fired distributed 

generation of electricity in the contiguous United States, including displacement of power 

from central power generation, and determines the potential impacts on emissions and air 

quality. Projections of DG penetration estimated using the DISPERSE model show 6.3 GW 

and 24 GW of market adoption in 2030 for the low DG penetration and high DG penetration 

scenarios, respectively. Both low and high DG penetration scenarios estimate the largest 

penetration of future DG units in three regions – New England, New York, and California. 

DG market penetration estimates are translated into spatially and temporally resolved 

emissions, which are then added to the rest of the emissions, including estimates of 

changes to emissions from central power generation units based on the US-REGEN 

modeling. High DG penetration (all of which is gas-fired) serves to offset 8 GW of new NGCC 

units and 19 GW of solar PV installations by 2030. The changes in rooftop solar are due 

mostly to the generation profile of DG in the projections – much of it was assumed to be 

running during the day and switched off at night, which coincides with the generation 

profile of solar PV, lowering the returns from additional PV installations. While there are 

only increases in emissions from DG (area sources), EGU emissions (point sources) 

increase in some locations and decrease in others due to changes in the capacity and 

dispatch mix of the electric sector. The changes in DG emissions for the CARB certification 

scenario indicate that most DG units in the United States emit at relatively high levels and 

significant emissions reductions can be achieved through the implementation of stricter 

emissions limits for natural gas-fired DG units, such as those required for CARB 

certification.  
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The greatest changes in ozone and PM2.5 concentrations in response to increased DG 

emissions occur in California and several states in the northeastern U.S. that show the 

greatest DG penetration. On the other hand, changes in ozone concentrations in Florida, 

Alabama, and Kansas are due to the changes in EGU emissions, which reflect the nature of 

the dispatch modeling used in this analysis. While modeling the future capacity and 

dispatch mix of the electric sector is a highly uncertain issue, the results of this study 

indicate that the operation of large EGUs can be affected by increased DG penetration, 

thereby impacting emissions and air quality. In California and the northeastern states, the 

largest increases in summer ozone concentrations typically occur in the same areas that 

have high ozone concentrations in the reference case. Increases in ozone concentrations of 

3-6 ppb relative to a 70 ppb standard indicate a significant penalty to air quality in the high 

DG penetration scenario. Thus, high DG penetration may cause exceedance of applicable 

federal and state ozone standards in highly impacted areas during the summer months. 

Although peak increases in PM2.5 concentrations are less than 1 µg/m3 in all scenarios, 

some of the largest increases occur in designated PM2.5 nonattainment areas such as 

California (EPA, 2017). The CARB certification scenario indicates that conforming to low 

emissions factor requirements for DG units can mitigate most of the negative impacts of 

increased DG penetration on air quality, particularly for ozone, although there are still 

tangible impacts on PM2.5 concentrations in areas with significant DG penetration. In all 

scenarios, air quality in the central United States and the northwest remains unaffected as 

there is little to no DG penetration projected for those states. Overall, air quality impacts 

from distributed generation vary greatly based on meteorological conditions, proximity to 
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emissions sources, the number and type of DG installations, and the emissions factors used 

for DG units. 

This study explores a range of plausible scenarios while providing a modeling 

framework and methodology that can be applied and refined in future studies to assess the 

potential implementation and impacts of distributed generation of electricity. The results 

of this analysis are not intended to be definitive predictions of future DG deployment or 

future air quality but rather provide insights using information available at the time of the 

study. For example, the projected changes in the electric sector represent only one 

plausible scenario of how power plant may be deployed in response to increased DG 

penetration. Additionally, changes in electricity and natural gas prices, updated price and 

performance data for both fossil-based and renewable DG technologies, and an evolving 

regulatory environment are just some of the factors that may alter projections of DG 

deployment and the resulting impacts on emissions and air quality. For example, although 

fuel cells were not found to be economical in the DISPERSE model analysis based on price 

and performance data available prior to the year 2014, numerous stationary fuel cell 

installations exist throughout the United States. For example, as of 2016, more than 235 

MW of large stationary fuel cells were currently operating in the United States, and this 

number is expected to be over 400 MW today (EIA, 2016). According to the EIA’s 

November 2016 report, fuel cell power plants are located in at least 43 states, and 25 states 

offer funding assistance and incentives for fuel cells, which can lower the overall cost of the 

installation. Additionally, fuel cells are a highly efficient and low emission DG technology 

capable of meeting the stringent CARB certification emission limits without additional after 

treatment, which often result in an additional cost the natural gas-fired engines and 
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turbines that are the focus of this study. Such additional costs are beyond the scope of this 

analysis, but if considered, would likely result in fuel cells being an economic alternative to 

the NG-fired units considered here. For example, several fuel cell units are currently 

certified to meet CARB requirements, ranging in size from 125 kW to 2.8 MW, and using 

fuels ranging from natural gas to digester gas (CARB, 2018). Fuel cell installations and 

deployments are increasing every year, both in number and in installed capacity. Fuel cells 

can also be used in CHP applications, displacing emissions from boilers in the same way as 

the other DG technologies discussed previously. When used in CHP applications, the 

thermal energy supplied by the fuel cell displaces criteria pollutant emissions from boilers 

while simultaneously improving the operating economics of the DG system. Additionally, 

unlike many other DG technologies, fuel cells maintain efficient performance at partial 

loads, with efficiency at 50 percent load generally within 2 percent of full load efficiency. 

Finally, although the focus of this study is stationary fuel cells for distributed generation of 

electricity, it is important to note that fuel cells are also already in use for other 

applications such as forklifts and fuel cell vehicles and buses. Overall, fuel cells are 

expected to be an important component of future electricity infrastructure as they can 

provide low cost, clean energy for a variety of commercial and industrial loads while 

meeting the emissions standard applicable in any region of the United States.  

However, the overall change in results using updated information is expected to be 

minimal. For example, although the cost of solar and wind technologies has dropped in the 

past few years, the simultaneous reduction in natural gas prices essentially reverses any 

increase in projected solar and wind deployment. Thus, while future studies may refine 
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projections as new information becomes available, the methodology and conclusions of this 

analysis provide valuable insight that can be used in subsequent analyses. 3 

   

                                                        
Portions of this chapter are reproduced with permission from: 
Horne, J.R., Carreras-Sospedra, M., Dabdub, D., Lemar, P., Nopmongcol, U., Shah, T., Yarwood, G., Young, D., 
Shaw, S.L. and Knipping, E.M., (2017). Air quality impacts of projections of natural gas-fired distributed 
generation. Atmospheric Environment, 168, pp.8-22. https://doi.org/10.1016/j.atmosenv.2017.08.046 
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CONCLUSIONS 

 
Air quality models simulate the physical and chemical processes in the atmosphere 

using mathematical and numerical techniques. These models require emissions 

inventories, detailed metrological and geographical information for the study domain, and 

a comprehensive chemical mechanism to conduct air quality simulations. Each of these has 

a major influence on the simulation results and models rely on accurate and up to date 

inputs and mechanisms to reflect reality with the greatest accuracy possible. Several of the 

studies contained in this dissertation involve the development and application of unique 

chemical mechanisms to study complex atmospheric processes not included in traditional 

air quality models.  

This dissertation presents cutting-edge research in both fundamental and applied 

air quality modeling. In the first three chapters, a multidisciplinary approach is used to 

understand and investigate the importance of new chemistry that is not included in current 

air quality models. The results of laboratory experiments and theoretical calculations are 

used to develop and implement new chemical mechanisms into the UCI-CIT airshed model. 

In addition to the modifications to the model’s chemical mechanism, changes to the model’s 

inputs were also necessary prior to running air quality simulations. In some cases, existing 

emissions rates included in the inventories needed to be updated to reflect present-day 

conditions and new species needed to be added into the inventories to include previously 

unaccounted for precursors with the goal of improving air quality modeling capabilities. In 

others, emissions are projected to future years to gain insight into future air quality under 

different scenarios and make informed policy and electricity generation decisions. Results 
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from these studies highlight the importance of collaborations between multidisciplinary 

teams of chemists and engineers to continuously improve air quality modeling capabilities. 

The novel chemistry included in these state-of-the-science modeling studies allows 

improved capability to simulate gas-phase pollutants, new particle formation, and aerosol 

aging in ways unachievable with other air quality models currently available.  

For example, results from Chapter 1 show that as fossil fuel combustion is phased 

out in an urban coastal area, particle formation will decrease substantially but still continue 

at a reduced rate due to the contribution of OSC oxidation products. Since H2SO4 and MSA 

are known precursors to new particles, the number concentration of particles should also 

decrease significantly, as long as scavenging by existing particles is not important. 

However, because of its acidity, H2SO4 (and potentially MSA) can enhance the formation 

and growth of SOA from organic compounds (Hallquist et al., 2009; Zhang et al., 2012; Xu et 

al., 2015) including those produced by homogeneous nucleation of low volatility species 

(Ehn et al., 2014).  This process would result in higher particle mass concentrations than 

those predicted based on the acids alone.  The importance of this process is not clear in the 

SoCAB as amines and ammonia are always present, especially in agriculture areas where 

they will neutralize the sulfur-containing acid, forming ammonium (or aminium) sulfate 

salt particles. MSA generated simultaneously in OSC oxidation will become a significant 

contributor to particle formation, which should be taken into account in air quality and 

climate models. For example, the ratio of domain wide average concentrations of 

MSA/H2SO4 changes from 0.005 for the 2011-2013 case to 0.24 for the zero fossil fuel 

emissions case.  Note, however, that these are likely to be lower limits to the MSA/H2SO4 
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ratio for the 2011-2013 scenario since OSC emissions from wetlands, soils, vegetation, etc., 

have not been included. 

Chapter 2 demonstrates that indole is an effective precursor to SOA, and the UCI-CIT 

model showed significant potential for indole SOA formation driven by the oxidation of 

indole by OH. The oxidation of indole via reaction with NO3 may also be an important SOA 

formation pathway during the late night and early morning hours when photochemistry is 

inactive. While the mass loading of indole SOA in the SoCAB was relatively low in all 

scenarios, it represents a previously unconsidered source of SOA in air quality models, 

which have been improved in recent years, but still tend to disagree with measured SOA 

concentrations (Heald et al., 2005; Volkamer et al., 2006; Hodzic et al., 2010; Jiang et al., 

2012; Couvidat et al., 2013). Indole SOA can also interact with other aerosol phase species, 

causing indirect changes in the concentration of total SOA. Such interactions were not 

considered in this study because an activity coefficient of unity was used for indole SOA in 

the model simulations. Rural or agricultural regions with significant biomass burning or a 

high density of plant life likely have much higher emissions of gas-phase indole than the 

SoCAB. For example, field measurement studies (Gentner et al., 2014) reported ambient 

indole concentrations up to an order of magnitude greater than the peak modeled 

concentrations in this study, indicating a significant potential for indole SOA formation in 

rural areas. Furthermore, future climate change is likely to increase gas-phase indole 

emissions through environmental and physical stress factors such as drought, elevated 

temperatures, increased CO2 and O3 concentrations, and enhanced herbivore feeding (Yuan 

et al., 2009). Therefore, indole represents a potentially important source of biogenic SOA 

that should be included in regional and global models. 
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The air quality simulations conducted in Chapter 3 indicate that the inclusion of a 

previously unaccounted for sink for gas-phase ammonia intro an urban airshed model can 

significantly affect modeled ammonia and PM2.5 concentrations.  The chemical uptake of 

NH3 by SOA can reduce significantly the concentration of gas-phase ammonia, thereby 

reducing the potential to form ammonium nitrate and ammonium sulfate in the particle 

phase. The main chemical mechanism for this is the conversion of ammonia in SOA 

particles to less basic nitrogen-containing organic compounds that are less efficient in 

neutralizing inorganic acids. The inclusion of this previously unaccounted for sink for gas-

phase ammonia into an urban airshed model reduces 24-hour average PM2.5 

concentrations by up to 15 µg/m3. Results also indicate that the formation of inorganic PM 

is highly sensitive to changes in the concentration of gas-phase ammonia, as decreases in 

24-hour average ammonia concentrations of 2-4 ppb cause PM2.5 concentrations to 

decrease by up to 10 µg/m3. Together, changes in the concentration of nitrate, ammonium, 

and sulfate particles account for essentially all of the decrease in total PM2.5 concentrations. 

Because inorganic particles (including nitrate, ammonium, and sulfate) account for a large 

fraction of the total PM2.5 mass in the SoCAB (Kim et al., 2010; Schiferl et al., 2014) and 

many other locations around the world, accurate modeling of gas-phase ammonia 

concentrations is essential for predicting future air quality. Although this study focuses on 

the South Coast Air Basin of California, results shown here have important global 

implications as ammonia emissions have shown increasing trends over the last few 

decades and are expected to continue increasing in the future (Amann et al., 2013; Warner 

et al., 2017). Models used to simulate air quality and climate should take into account the 

uptake of NH3 by SOA, which is especially important in agricultural areas with strong 
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ammonia emissions sources. Models used in the development of air quality management 

strategies should account for changes in the concentration of ammonia due to its uptake by 

SOA to ensure accurate prediction of PM2.5 concentrations. 

In the final chapter, a diverse team of industry personnel and researchers is 

assembled to assess the potential implementation of natural gas-fired distributed 

generation of electricity (DG) in the contiguous United States, including displacement of 

power from central power generation, and determine the potential impacts on air quality. 

DG market penetration estimates are translated into spatially and temporally resolved 

emissions and combined with other emissions projected to the year 2030 to conduct the air 

quality modeling. The Comprehensive Air Quality Model with Extensions (CAMx) is used to 

perform the air quality simulations, which span several weeks and cover both summer and 

winter periods. Projections of DG penetration estimated using the DISPERSE model show 

6.3 GW and 24 GW of market adoption in 2030 for the low DG penetration and high DG 

penetration scenarios, respectively. Both low and high DG penetration scenarios estimate 

the largest penetration of future DG units in three regions – New England, New York, and 

California. While there are only increases in emissions from DG (area sources), EGU 

emissions (point sources) increase in some locations and decrease in others due to changes 

in the capacity and dispatch mix of the electric sector. The changes in DG emissions for the 

CARB certification scenario indicate that most DG units in the United States emit at 

relatively high levels and significant emissions reductions can be achieved through the 

implementation of stricter emissions limits for natural gas-fired DG units, such as those 

required for CARB certification. The greatest changes in ozone and PM2.5 concentrations in 

response to increased DG emissions occur in California and several states in the 
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northeastern U.S. that show the greatest DG penetration. In California and the northeastern 

states, the largest increases in summer ozone concentrations typically occur in the same 

areas that have high ozone concentrations in the reference case. Increases in ozone 

concentrations of 3-6 ppb relative to a 70 ppb standard indicate a significant penalty to air 

quality in the high DG penetration scenario. Thus, high DG penetration may cause 

exceedance of applicable federal and state ozone standards in highly impacted areas during 

the summer months. The CARB certification scenario shows that conforming to low 

emissions factor requirements for DG units can mitigate most of the negative impacts of 

increased DG penetration on air quality, particularly for ozone. The results of this study 

also indicate that the operation of large EGUs can be affected by increased DG penetration, 

thereby impacting emissions and air quality. In all scenarios, air quality in the central 

United States and the northwest remains unaffected as there is little to no DG penetration 

projected for those states. Overall, air quality impacts from distributed generation vary 

greatly based on meteorological conditions, proximity to emissions sources, the number 

and type of DG installations, and the emissions factors used for DG units. 

 Air pollution and climate change regulations have important implications for public 

health and environmental welfare, and these critical policy decisions must be made based 

on sound scientific evidence. Air quality models are an essential and invaluable tool for 

researchers and policymakers working to tackle air pollution and climate change in the 21st 

century as they provide the only means of projecting future changes in air quality resulting 

from changes in emissions, climate, and other environmental conditions such as land use. 

Because most sources emit pollutants that impact both air quality and climate, and because 

climate change can affect air quality and vice versa, the interrelationship between climate 
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and air quality is highly dynamic. Solving 21st century air pollution and climate problems 

will require a heightened awareness of these interactions and require even more advanced 

chemistry and climate models. Significant progress has already been made, as fully coupled 

chemistry-climate models have greatly advanced in recent years. These integrated models 

consider both the effects of meteorology on air quality and the effects of atmospheric 

composition on weather. As air quality models continue to evolve and their prediction 

capabilities improve, effective prevention and mitigation strategies can be implemented 

across the globe, potentially saving countless lives and preserving the natural world as we 

know it.   
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